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Intrinsic drawbacks of Si, a well adapted material in photovoltaics, including the high
valence band position compared to the proton reduction level, the unfavorable self-oxidation level
compared to the one of water oxidation, and indirect energy band, prevent Si as a good candidate
for applications in photoelectrochemical water splitting, despite its small band gap which matches
the solar irradiance spectrum. Strategies need to be developed to overcome these problems. This
dissertation presents a study of metal oxides integrated Si photoelectrode for solar driven water
splitting. Different metal oxides including zinc oxide, titanium dioxide, indium tin oxide, and
nickel oxide are coated on polished and nanotextured p-type and n-type Si from various methods.
This heterogeneous uniform coating effectively replaces the problematic water|Si interface which
can be corrosive and oxidative to Si. The Schottky junction formed either using an n-type coating

(Zn0O and TiO,) on p-type Si or a p-type coating (NiO) on n-type Si is able to effectively separate

XiX



the photo-generated charges in Si. In addition, nanotextured Si is able to dramatically improve
light absorption and provide enlarged surface chemical reaction sites. In this case, integration of
metal oxides in the form of nanoscale structures on the nanostructured Si, a so-called branched
nanowire structure or a "nanotree" array, is able to enhance the light absorption and reduce the
radius of curvature to ease the gas evolution. Earth abundant transition metal, primarily Ni, was
used to catalyze the water reduction and oxidation reaction. Solution-casted NiO from a cost-
effective approach provides higher activity compared to the one prepared from gas phase
sputtering. Surfactant and thermal treatment effect are studied to achieve an optimized catalytic
activity. This catalyst is then successfully demonstrated on a surface inverted n-Si photoanode
protected with a novel semitransparent conducting oxide. Considerable contributions have been

made through this dissertation study. Suggestions on future improvements are provided.
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CHAPTER 1

1.1 Introduction

After about 150 years’ exploitation and utilization of fossil fuels, nowadays the human
have been encountering two great global problems of expected depletion of fossil fuels and
increasingly serious environmental pollution. To maintain our sustainable living and
development, it is imperative to discover a viable alternative to reduce the excessive use earth's
natural energy resources - fossil fuels. Importantly, this alternative energy should be in principle
environmental friendly with minimum or zero greenhouse gas emission, renewable, storable, and
economical. Sunlight and seawater are the ultimate sustainable energy sources on earth among the
clean energy resources. Together they constitute a potential solution to the global energy and
environmental crisis. Low-cost harvesting, conversion and storage of solar energy as chemical
fuels, an artificial photosynthesis process, are believed to be of great economic and environmental
interests.

Since the pioneer work by Fujishima and Honda in 1972, the technology of solar-fuel
production from water, mainly H, production and CO, reduction, via a semiconductor
photocatalytic or photoelectrochemical process, becomes to be one of the hottest research topics
in multi-disciplinary fields related to energy, material science, chemistry and physical sciences®.
In the past few decades, tremendous research efforts on photocatalysis and photoelectrocatalysis
have yielded better understanding of the processes involved in solar driven H, production and
CO, reduction in water, along with exploration and development of efficient and stable catalytic
materials, including oxides, sulfides and (oxy)nitrides, and others®. Some significant progresses
have been achieved, for example, Rh,,Cr,O3/GaN-ZnO (pure water splitting, quantum yield at
420-440 nm: 5.9%) as a photocatalyst*, np-junction GaAs/p-GalnP, (solar-hydrogen conversion
efficiency: 12.4%)°, and Cu,O (incident photon-to-current conversion efficiency: 40 % at 0 V vs.

RHE in the wavelength range of 350-480 nm)® as photoelectrodes, to name a few. Regarding the



energy conversion efficiency, material cost and durability, none of the so-far developed materials
is capable for practical application with the goal of high-performance and long-term solar fuel
production.

Silicon (Si), as the second most abundant element in the earth's crust, is widely used for
photovoltaic applications, due to its superior advantages of low cost and narrow band gap (Eq =
~1.1 eV) which matches to the solar spectrum. This property equally renders Si as a promising
material for photoelectrodes in a photoelectrochemical system for solar fuel production. Si, in
fact, is one of the most examined materials in the early evolution of the semiconductor
photoelectrochemistry field for various reasons, such as high level of technological infrastructures
that already exists, rich chemical/physical properties, etc.

Solar fuel production using Si can be realized in two approaches. The first one is a
technical approach, in which one can connect a Si solar panel to an electrolyzer. This method
requires high-cost photovoltaic panels and electrolyzer typically composed of precious noble
metal catalysts. This approach does not meet the requirement as a major energy production in a
cost-effective mannar. Meanwhile, energy conversion efficiency using this method for H,
generation compared to other renewable sources remains the lowest based on a recent reported
exengy analysis’. The other one is a much under-developed scientific approach through Si based
photoelectrodes. This method, on the other hand, relies on the fundamental understanding on Si
photoelectrochemistry particularly in aqueous solution for proton/carbon dioxide reduction and/or
water oxidation. The goal of the second approach is to replace the two expensive components
from the first one by a significantly cheaper photoelectrolysis cell (or solar fuel cell)®. Enabling Si
as photoelectrodes for a practical solar fuel production from water is nature mimicking, where
light absorption and catalytic reaction does not happen on the same material. Different from other
widely studied oxide photoactive materials, practical Si-based solar fuel production should be

consisting of a photoabsorber - Si, rectified linked to an electrocatalyst, on which the



aforementioned reactions take place. Toward this, there have been tremendous research efforts
spanning from fundamental science to system design and engineering to overcome intrinsic
problems of Si, and from screening and synthesis outperforming cost-effective electrocatalysts in
order to realize artificial photosynthesis for distributed energy production®.

This review covers most of the literatures about silicon photoelectrochemistry since
1976%. To differentiate from many recent review articles’, the emphasis of this work is on
fundamental problems of silicon electrolyte interface, materials/strategies developed to modify
interfacial energetics, and finally Si-based solar fuel conversion devices from spontaneous water
splitting and artificial photosynthesis. Rather than attempting to provide specific technical details,
the goal of this review is to educate readers with the development of solar-fuel production
primarily water and CO, reduction in aqueous electrolyte using Si photoelectrochemistry, to
review innovative ideas, and most importantly to trigger research effort for practical

photoelectrochemical cells/panels for artificial photosynthesis.

1.2 Properties of Si and Si/electrolyte interface

We start with fundamental Si electrochemistry with an introduction of important
properties of Si and Si electrolyte interface (S/E) relevant to the solar fuel conversion process,
including topics such as light absorption, thermodynamic limitations, Fermi level pinning due to
surface states, S/E energetics', barrier height between Si and electrolyte® and etc. To gain
background in broader semiconductor electrochemistry, readers are recommended to refer books
by Memming® and Morrison®. The interfacial energetics for a p- and n-Si in an electrolyte
solution under equilibrium, flat band position (Fig.1a) and anodic bias are as indicated in the
Figure 1 below. Ey is the energy band gap, E; is the Fermi level or electrochemical potential, Evg
is the potential of the top of the valence band at the interface, Ecg is the potential of the bottom of

the conduction band, and H*/H, and H,0/O, is the electrochemical potentials for proton reduction



and water oxidation. For a given solution, positions of Ecg and Eyg are generally fixed. For p-Si
interfacing H'/H, (Fig.1b) the majority holes are effectively blocked by the energy barrier, but
photogenerated electrons in the depletion region in Si can be driven by the electric field to the S/E
interface to reduce proton to get H, spontaneously if additional electron donors are present.
Similarly, for n-Si interfacing with H,O/O, (Fig.1c) typically operating under anodic bias,
electrons are blocked, but photogenerated holes rise to the Eyg and are ideally capable of
oxidizing water to obtain O, under certain conditions that we are going to discuss in this section.
Electron excited to the conduction band are driven to the bulk of the semiconductor away from
the interface, which can further drive electrons with sufficient energy to the counter electrode for

the water reduction reaction.
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Figure 1. Si band edge positions with respect to water redox level at flat band condition (a), and
energy band diagram of p-Si at equilibrium (b), and n-Si under anodic bias (c).
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1.2.1 Optical absorption

Electronic band structure of single crystal Si (sc-Si) shows the band edge absorption is
indirect, in which the conduction minimum and valence band maximum are located at different
position in the wave vector space (first Brillouin zone). The indirect band gap affects the
absorption of incident photons, which complicates the light absorption process and makes the
absorption less effective than direct band gap materials™. This unique optical property of Si leads
to a poor absorption coefficient resulting in a requirement for a long optical pathway for effective
light absorption.

GaN, ZnO and TiO, exhibit wide band gaps due to low valence band position from filled
N 2p or O 2p states limiting their absorption in the UV region, which is only about 5% in the
whole solar spectrum (Fig.2 purple area). Some other commonly seen photoactive
semiconductors, such as GaP, Cu,O, Fe,0;, CdSe etc, could absorb visible light (Fig.2
purple+blue area). Nonetheless, the 1.1-eV band gap of sc-Si which effectively absorbs light
spectrum from UV to near IR (Fig.2 purple+blue+gray area) leads to a higher maximum
theoretical photocurrent (Fig.2 blue curve, assume 100% above energy band gap photon-to-
electron conversion) than that from other aforementioned direct band gap semiconductors.
Acceptable electron mobility leads to a wide application of Si in photoactive material for solar
energy conversions.

To further justify the use of small band gap materials photoactive material in water, it is
important to confirm the water absorption spectrum. It was reported by Hale et al.' that - water
showed near perfect transmittance to visible and UV light, but stronger near IR absorption. One
can see from Fig.2 (red curve) that absorption peaks of water are consistent with the dips in solar
spectrum due to the water vapor in atmosphere. Considerable IR loss occurs at wavelength above

1500 nm where absorption coefficient reaches above 1 cm™, meaning within the useful



wavelength range that Si can effectively absorb water absorption effect can be reasonably

neglected.
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Figure 2. Solar AM1.5G solar spectrum (black curve, data from National Renewable Energy
Laboratory), calculated maximum photocurrent density (blue curve), and absorption coefficient of
water (red curve) data from ref '°. Band absorptions of solar spectrum of several commonly
studied photoactive semiconductors are highlighted by the shaded areas.

1.2.2 Thermodynamics
Fundamental thermodynamic energy required for spontaneous water splitting is 1.229
eV"'. Considering all the losses including reaction overpotentials, ohmic and transportation loss,
this minimum requirement lands in a more realistic range of 1.5-1.6 eV, meaning the minimum
band gap of semiconductor should be in this range in order to be capable to provide 1.229-eV free
energy for water splitting without an external power assistance®®. Si, apparently, does not have
enough band gap energy for spontaneous water splitting (1.1 eV for single junction crystal, which

can theoretically provide a maximum photovoltage of 0.8 eV). Although a single crystal Si is not



able to split water spontaneously, Si is good for proton reduction spontaneously since Ecg of Si is
well above water reduction level (Fig.1a). H2 generation can be realized in this case if one can
add an electron donor that has a lower redox potential than H,O/O, (less redox potential means
higher in the energy band diagram, for example 1/1, redox couple). The conduction band, on the
other hand, is too high, which limits the electron energy need to reduce water for H, production
due to low photovoltage and low surface band bending. Moreover, although Si is an attractive
semiconductor with a broad spectrum utilization, thus high photocurrent density in comparison
with some other typical photoelectrochemical materials as discussed in section 2.1, it rapidly
forms an insulating oxide under irradiation or under anodic bias in aqueous solution and gradually
passivates™. Technically, oxidation of Si occurs when a Si surface atom meets holes from the
valence band that are potential induced on p-Si where accumulation of majority carriers is formed
upon anodic polarization. The oxidation can also occur on n-Si where minority carriers are
excited by incident energetic photons®. This deleterious effect can substantially suppress the
photo conversion process due to the thick insulating oxide layer formed effectively blocking the
charges from reaching electrolyte. This photo/anodic oxidation of Si photoelectrodes in aqueous
solution is more feasible than oxidation of water (equation 1), while reductive degradation of Si is
kinetically difficult at normal condition. Stability against anodic decomposition is widely studied
during the early development of Si photoelectrochemistry. Research focus to enable Si for solar
fuel production from water is to alter kinetics to reduce the current efficiency for the growth of
insulating SiO, at the interface and improve the current efficiency for the net interfacial reduction
or oxidation of water®.

Photo/anodic oxidation reaction (Exp) on Si with the presence of water can be expressed
in the equation (1) as below:

Si+ 2H,0 + 4hyp(hv/V,) — Si0, + 4H3, (1)



This passivation reaction occurs at a potential range of -0.887 ~ -0.889 V vs. reversible
hydrogen electrode (RHE) depending on the form of SiO,"", where 4v and V, are incident photon
and anodic polarization, respectively. The rate of passivation in a given solution depends on
anodic bias level, light intensity, stirring rate, previous history of electrodes, and etc®. p-Si
passivation under idle conditions (under dark and at zero bias) is also possible and observed.
Proper protection to block hole transfer to the S/E surface across the barrier through surface
defects is also essential for practical p-Si photocathodes.

Taking into consideration of the water oxidation reaction level,

2H,0 + 2h* - 0, + 4H™ (2)

which theoretically occurs at 1.229 V (vs. RHE) without considering the overpotential
losses, Si self-oxidation (Enp) is much more thermodynamically viable, which is competing with
the water oxidation process. This competing reaction needs to be well suppressed for efficient and
practical water oxidation. Thus, a fast, irreversible oxidation of water for O, generation is highly
desired in order to preclude photoanodic surface decomposition. On the cathode side, unfavorable
reduction processes reproducing water instead limits the H, fuel evolution, including oxygen and
carbon dioxide reduction reactions:

0, +4H" + 4e~ - 2H,0 (3a)

CO, +8H* +8e~ - CH, + 2H,0  (3b)

Therefore, research experiments on photoelectrochemical water splitting for H,
production normally utilize purged solution with inert gas (N, or Ar) to suppress rates of these
reactions and finally ignore these competing processes. In addition, separating H, and O, products
from each other to prevent back reactions is essential. In section 5.2, CO, reduction for
hydrocarbon or CO production is the main reaction on the cathode in artificial photosynthesis, in

which water/proton reduction needs to be suppressed for better selectivity. Nevertheless, most of



the discussions here focus on the water reduction and oxidation reaction for H, and O, formation

unless specified.

1.2.3 Kinetics:

At an ideal S/E interface, change of potential between the bulk semiconductor and bulk
solution mainly results in the change of potential in the space charge region in the semiconductor
instead of Helmholtz layer or diffusion double layer in the liquid®. It is estimated that when a
surface states density becomes larger than 10** cm™, charge density from surface states becomes
larger than the charge density in depletion region for moderately doped nondegenerate
semiconductor. Roughly, since the number of atoms on the surface is around 10™ cm?, surface
states representing ~1% surface coverage will bring about Fermi level pinning. High surface
states density increases surface recombination velocity and this large number of energy states
“pinned” the Fermi level at the surface, which leads to a fixed energy barrier independent from
redox level or electrolyte pH. In other words, the pinned Fermi level effectively shift the band
edge position with the redox level or pH level. With the Fermi level pinning at the surface states,
the change of potential mainly occurs in the Helmholtz layer rather than in the space charge
region as in the case of ideal S/E interface. Therefore, charge-transfer kinetics is profoundly
affected by the surface states induced change in surface chemistry and electrochemistry®. Surface
state level plays a role as an electron transfer mediator. It is worth noticing that the nature of the
surface states energy distribution typically including uniformly distributed surface states density
over a range of energy and localized surface states density at a single energy levels also affects
the potential distribution®. Detailed calculations on an surface-states free interface as well as
practical SC surface with surface states can be found in Green’s work®. Surface chemistry will be
useful in changing the nature of the surface states. For example, Lieber et al. pointed out that

surface state is not a limiting factor compared to the bulk electrode properties and solution
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overpotential losses, through which one can provide rational control and design of
semiconductor—liquid interface®.

Therefore, Fermi level at the surface can be un-pinned from surface states level by
chemical treatment. Inversion layer developed when the surface states becomes too high at the

interface can also effectively un-pin the surface Fermi level®’

. Surface treatment to regain the
control of energy barrier at S/E was considered as one of the key focuses to alter the surface
kinetics of Si before. Various techniques have been developed such as surface functionalization
using monolayer molecules®®, converting the surface to highly doped inversion layer®,
heterogeneous p-n junction®, and etc. Similar strategies of surface modification to improve light
utilization and surface kinetics were also important to other oxides photo(electro)catalysts™.
Competing thermodynamic reactions and slow charge transfer kinetics of Si in contact
with an aqueous solution are critical issues to solve, besides poor light absorption. Surface
alteration techniques are desired to overcome these intrinsic disadvantages of Si for solar fuel
production from water. Surface treatment affects cell performance in several ways. Controlling
the gross topography modifies the ratio of absorbed to reflected light and the local current
density. It can also modify the surface states density and distribution (which, in turn, influence the
open-circuit voltage and the fill factor), the population of surface traps (which increase surface
recombination rates and thus decrease the photocurrent), the electrochemical reaction rate (which

contributes to the apparent internal resistance)®, and interfacial charge transfer kinetics (which

improves the long-term stability)®.

1.3 Surface texture
Similar to solid-state photovoltaic cell, surface textures can be preferably introduced to Si
photoelectrochemical cells to solve the problem of low light absorption. Efficient light

management from surface textures is physically due to the suppressed Fresnel reflection from a
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smooth refractive index transition from that of the electrolyte to that of Si**, the enhanced internal
reflection, and intensity multiplication®. Surface textures could further suppresses the incident
angle effect and minimize the polarization sensitivity®. Therefore, the light absorption can be
enhanced and hence the energy conversion efficiency in energy conversion devices and
sensitivity/limit of detection in photon detectors can be enhanced. Because of the efficient light
utilization, surface texture is believed to offer possibility to reduce cost by cutting down material
usage with a comparable performance to that of bulk substrates®. In addition to the light
management, surface texture provides large junction area and shorter collection length of
photogenerated minority carriers than the optical penetration depth, which significantly decouple
the light absorption and charge separation process for improved charge collection efficiency®. In
addition, surface texture fabricated from bottom-up or top-down method provides defects-free
crystal with reduced charge recombination. However, increased surface area (or roughness factor,
defined as the ratio of the surface area of the surface textures and polished surface) by introducing
surface textures reduces the open circuit voltage because of the reduced splitting of quasi-Fermi
levels at the S/E interface®. Surface texture of <100> Si for photoelectrochemical cell was first
proposed by Lewis and co-workers®*. In this section, we will review the studies on the surface
textured Si with improved light utilization. Typical sub-wavelength nanostructures of Si and
related techniques developed for nanostructure design, as well as microscale Si wires will be

discussed.

1.3.1 Light absorption and anti-reflection
To enhance the absorption of sc-Si without sacrificing charge carrier collection efficiency
over a thick absorption layer, orthogonalizing the processes of light absorption and charge carrier
collection were proposed using wire array structures. In this structure, light is effectively

absorbed due to smoothed transition of refractive indices from media to substrate, enhanced
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internal reflection, broadened absorption wavelength range, and minimized sensitivity to incident
angle and polarization. Light trapping feature provides significant improvement on the generation
of free carriers which results in increased photocurrent. Light trapping effect greatly depends on
the physical profile and geometry of the wire array disregarding the substrate absorption®.
Various attractive profiles were introduced and experimental/computational analysis were
conducted®*, such as, random array, cylindrical wire array with uniform diameter** (Fig.3a and
¢), multi-size cylindrical wire array*’, pyramid array®®, cone array with sharp tips** (Fig.3b),
sphere array*, hole array”’, inverted pyramid® (Fig.3d), and wire array with other controlled
sidewall profiles*’. Technologies for patterning wire geometries on Si include photolithography,
electron-beam lithography, focused ion beam, and nano-lithography using scanning tunneling
microscope tips or atomic force microscope tips. Application of these technologies is a trade-off

between design flexibility and productivity.
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Figure 3. Surface textures on single crystal Si for reduced reflection and enhanced absorption.
(a) nanopillar from dry-etching through a self-organized silica sphere masks* (copy right Wiley),
(b) nanotip from plasma etching™ (copy right AAA Science), (c) nanopillar from sphere
nanoimprinting and RIE-etching®® (black curve: plain Si, colored curves: nanopillar array with
different diameters, copy right Nature), and (d) inverted nano-pyramid from interference
lithography and KOH wet etching® (copy right American Chemical Society). Insets show
scanning electron microscopic images of the surface structure.

To demonstrate a direct comparison of the profile dependent absorption, we did a
simulation based on effective refractive media theory using the transfer matrix method on
textured Si substrates. Si wire arrays with two profiles of refractive index transition were
compared, including a step profile typically from a cylindrical wire array and a parabolic profile
from a cone-shape array (Fig.3a insets i and ii). The effective refractive index transition profile
from water media (n,=1.33) to Si substrate (n5;=4.015) of these two structures at a wavelength of
570 nm are shown in Fig.4a. The effective refractive index of the cylindrical wire array (ny)
remains constant of 1.5985 with sharp transitions at the water/wire and wire/substrate interfaces

(red curve in Fig.4a). However, cone-shape wire array with a parabolic profile shows (n.)
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smoothed transition at both interfaces (green curve in Fig.4b), which is recognized as the main
reason of light trapping®. The mathematical model of n,, and n. can be described by the two
equations as below,

Ny = ff Xnm + A = ff) Xng (4a)

Ne = N,y + (ng; — nypy) X (1083 — 15¢% + 6t°) (4b)

where t = [0, L] and L is the wire length.

It is assumed that Si is immersed in aqueous electrolyte, all the spaces between the wires
are filled with water, and n,, of water is wavelength independent. Real and imaginary of the
refractive index of Si are wavelength dependent and data used in this simulation were based on a
refractive index database from Filmetrics®. In this set of simulation, wavelength-dependent
absorptions coefficient of Si as well as distinction coefficient of water (Fig.2 red curve) were not
considered. Wire length and incident angle vs. wavelength of arrays with step and parabolic
profile are shown in Fig.4b/c and 4d/e, respectively. It can be seen that with the increase of wire
length in the cylindrical wire array, reflectance does not show much difference particularly at the
wavelength below 400 nm, primarily due to the retarded absorption of Si in the UV region
(Fig.4b). Resonance peaks are shifted with the increase of the wire length. The incident angle
effect for the cylindrical wire array with wire length of 1 um and fill factor of 0.5 is shown in
Fig.4d. One can see that with the increase incident angle from parallel (0 degree) to near
perpendicular to the wire axis (80 degree), the reflection increases over the entire spectrum. Due
to the vertical orientation and considerable area of the flat tip, the reflectance is significant at the
normal incident (O degree). Similar effect was reported before on microwire arrays*. For the
cone-shape wire array, a broadband suppression of reflectance and minimized resonance over a
wide wavelength region can be reached. Reflectance can be reduced using longer wires. It can be
seen that with a wire length around 1 um, the reflectance spectrum does not change with the

increase of length, indicating a minimum length requirement for effective light trapping using this



15

cone-shape wire array structure (Fig.4c). The incident angle effect on the cone wire array with a

length of 1 pum is also shown in Fig.4e. Under normal incidence (0 degree), reflectance is

effectively suppressed due to the strong coupling of the light at the wire tip. Although the

reflectance increases with the increasing incident angle similar to that observed on the cylindrical

wire array, the broadband reduction of reflectance is realized using the cone array with a

parabolic sidewall profile of n,, which is consistent with previous results®.

—_
()
-
»
o

2
w o s

25

Effective refractive index

Reflectance

Reflectance

Reflectance

()

Reflectance

Figure 4. Comparison of cylindrical wire array (with a fill factor of 0.5) and cone array,
reflectance verses wire length and incident angle. (a) Transition profiles of refractive index from
water to Si substrate on wire array with step shape (ii-red) and parabolic profile (i-green) at
wavelength of 570 nm. Insets show schematics of these two wire arrays. Length dependent (b and
¢) and incident angle dependent (d and e) reflectance spectrum over a wavelength range of 250

nm to 1100 nm.
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1.3.2 Si wet etching and sub-wavelength structure:

To create textured surface on a crystal Si, a standard chemical method adopted by PV
industry for surface texturing has been well established since 1960 by using a mixture of
sodium/potassium hydroxide (NaOH or KOH) with water or isopropyl alcohol (IPA). This
technology was well-investigated and typical surface morphology was realized from this
orientation dependent etching (Fig.5a)°. However, KOH/NaOH-IPA solutions have some
limitations®. Potassium and sodium are believed to contaminate the dielectrics in
microelectronics as well as in optoelectronic devices which could potentially degrade the
performance and stability®®. Moreover, IPA is flammable, not cost-effective and hard for disposal,
which requires searching for IPA-free alternatives. For example, the KOH/NaOH-IPA system
could be replaced with TMAH water solution (tetramethyl ammonium hydroxide)®, NasPO,
water solution®, Na,COs/NaHCO; water solution®, or hydrazine (N,H,) water solution®.
Laboratory bulk Si processing to create holes and pillars are also developed based on the gas
phase etching, which is known as dry etching®, such as reactive ion etching® and ultrafast laser
texturing™. Both wet etching and dry etching techniques can be controlled anisotropically as well
as isotropically to create surface textures on Si. Although dry etching has been proposed and
investigated, wet etching using chemical solutions remains as a cost-effective method for mass-
productions. It should be noted that the success of wet chemical texturing depends on orientation
dependent etch rate, which indicates a limited application to poly-crystal or amorphous Si.
Surface textures on these materials normally relies on the drying etching (Fig.5d) or directly
using textured conductive substrates (ZnO:Al or stainless steel) particularly for
tandem/multijunction amorphous Si solar cells.

As discussed in the section 2.2, Si photoelectrochemical oxidation is one of the most

critical issues to overcome in photoelectrochemical devices to ensure a durable lifetime.
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However, when this instability-related phenomenon is in a good control, it can be of extreme
potential to produce highly ordered surface textures. Porous Si fabricated from
photoelectrochemical etching was first introduced in the 50's when an electrochemical polishing
experiment was carried out at Bell labs®. Electrochemical etching of p-Si in the dark and n-Si
under light illumination in fluoride-contained electrolyte is typically used to dissolve the oxidized
Si from the energetic holes and porous Si can be formed with anodic current less than the critical
current density. In addition, morphology of pores can be further controlled by adjustable
parameters such as HF concentration, pH value, electrolyte temperature, Si dopant concentration,
Si crystal orientation, and illumination density®®. Photoelectrochemical method is recognized to
be most cost-effective for porous Si fabrication with a high controllability for various applications
such as reflector, waveguide, photonic crystals, antireflection coating, and sensors. An important
early review paper about the porous Si forming mechanism was reported by Smith and Collins in

1992 providing a close-look at the formation models™.
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Figure 5. (a) Micro pyramid from alkaline wet etching of (100) Si** (copy right Elsevier), (b)
randomized Si microwire array fabricated from chemical vapor deposition* (copy right Nature),
(c) hierarchical microhole array from patterned dry etching using CIF; gas® (copy right Elsevier),
and (d) nanosphere patterned and RIE-etched textures on amorphous Si®* (copy right American
Chemical Society). Insets show scanning electron microscopic images of structures.

Metal assisted chemical etching or so called electroless etching was proposed by Zhu's
group®. Large area textured Si can be fabricated from ionic metal HF solution containing Ag, Fe,
Ni and etc® without external anodic bias or light illumination. This mechanism fully relies on the
localized micro-electrochemical redox reaction process. Later, to investigate the fundamental
mechanism, researchers from the same group used two-step etching. Metal nanoparticles (NPs)
were first electrodeposited by dipping Si substrate in metal ion-contained HF solution. Then,
metal NPs coated Si substrates were continuously etched in Fe**-HF solution®. In this etching
scheme, Fe** works as an oxidizing agent for Si. Metal ions in the etchant can be substituted by
H,0,% and other oxidants®. A recent review covering different aspects in metal assisted etching

f *. To reach a better anti-reflection effect, post alkaline etching in diluted

of Si can be found in re
KOH was proposed to generate tapered Si nanowires tips following the two-step electroless

etching method as described above®.
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All the techniques briefly mentioned above are applicable for lithography-free, maskless
and low-cost surface texturing of Si. In these cases, exact position of Ag nanoparticles where Si is
etched catalytically, is self-oriented and spontaneous. Therefore, textures directly patterned from
these methods are random. To define a regular array of either holes or pillars on the Si surface
with spatial ordering and diameter uniformity, one can use patterning techniques such as
lithography and nano-imprinting to define metal masks either by electrochemical or gas phase
deposition. In addition, one can also use self-assembled polystyrene beads lithography (Fig.4a
and ¢)®, anodic aluminium oxide (AAO) film as a mask®, interferometric lithography (Fig.3d)*,
block co-polymer lithography®’, and stamping/nano-imprinting®.

Anodically etched n- and p-Si have been studied for photoanode and photocathode

applications by Koshida et al®

. With the increased thickness of the porous layer from 8 to 57 um,
photo-sensitivity (defined as the ratio between saturation current and light intensity) and the
guantum efficiency (obtained at 632nm laser 1W power) were both decreased (Fig.6b). Further
spectral response study revealed that the reduced sensitivity in the short (<600 nm) and long
(>800 nm) wavelength region with the increased thickness of porous layer was due to the
enhanced surface recombination rate of photogenerated carriers (Fig.6a). Interestingly, porous
structure in p-Si demonstrated suppressed dark current when compared to the polished Si
electrode. However, stability study revealed a certain degree of dissolution of porous layer, which
resulted in increased dark current after long-term operation. Mechanism for this dissolution was
related to the out-diffusion of holes under illumination. Similar nanoporous structure was recently
studied and similar results were reported™. It was shown that onset potential for H, evolution was
anodic shifted on the black Si photocathode (Fig. 6¢). This surface area-induced anodic shift was
presumably due to the catalytic activity of metal impurities in porous Si and the increased number

of reaction sites for H, production. Poor spectral response of the nanoporous black Si at short

wavelengths was likely due to the high surface recombination originating from increased surface
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area and/or recombination at Au impurities. This loss of blue response suggests that the
maximum H, production rate might actually decrease even further if effective surface area of the
nanostructured electrode is increased. This observation drew a conclusion similar to Koshida’s
studies®. Increased surface area induced by nanoporous structure also increased the bubble
nucleation density and led to an increase in the hydrophilicity of the nanostructured surface®,
which could maximize the gas evolution and minimize the current fluctuation. Oh et al. used
really long Si nanowires of 20 um in length also from chemical etching process and then
decorated with Pt nanoparticles’™. They demonstrated an anodic turn on voltage at -0.42 V vs.
RHE and 17 mA/cm? at 0 V vs. RHE in H,S0, and 0.5 M K,SO, solution (pH=1). Author also
noticed degradation of photocathode when biased at positive bias in dark, suggesting a protective

coating on this photocathode when in idle conditions.
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Figure 6. Bare p-Si photocathode with sub-wavelength and microwire surface structures. (a)
decreased spectral response in short as well as long wavelength on samples with thicker porous
layer, (b) reduced quantum yield with the increased porous Si thickness® (a and b, copy right
Electrochemical Society), (c) electrochemically etched black Si (left) and its photocathodic
behavior (right)” (copy right Royal Society of Chemistry), and (d) p-core/n*-shell Si microwire
photocathode (left) and its polarization curves under different light intensity (right)’ (copy right
American Chemical Society).

On the other hand, it has been pointed out that using porous n-Si as a photoanode can
improve the long term stability operation with no significant irreversible reaction noticed” and
can also improve the efficiency”. Prolonged lifetime of nanoporous n-Si photoanode was realized
without additional protective coating or catalytic treatment in aqueous electrolyte containing 0.01

M Na,HPO,. It was also shown that the onset potential was cathodic shifted for the porous Si
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which led to an improved water oxidation efficiency. Although the photoanode remained alive
over a longer period, the stability is still far from that required for practical use. As the goal of
photoelectrode lifetime by the Department of Energy (DOE) is 1000 hrs by 2015, further
improvement is in great need.

The capacitance and impedance analysis can be used to reveal the importance of the
surface states density to photoelectrode performance. A recent study compared the difference of
the surface states density on chemically etched and gas-phase grown Si nanowires”™. The
capacitance of surface states with nearly 2 orders of magnitude higher was noticed on Si
nanowires from gas phase growth, leading to the inferior energy conversion efficiency in
comparison with the chemical etched ones. This extremely high surface state density was actually
recognized as the major reason for the loss of photovoltage and photocurrent in nanostructure
compared to their planar counterpart. Meanwhile, finite element study revealed pathways for
carrier recombination, providing a guidance to the advanced nanostructured design of

photoelectrodes for solar fuel conversion™.

1.3.3 Microwire array

Microscale Si wires are developed to avoid complete depletion as commonly noticed in
sub-wavelength nanostructures and to achieve efficient carrier collection,”” with wire diameter
similar to the minority carrier diffusion length. Light trapping in Si microwire array was studied
experimentally (Fig.5d)** and computationally’ based on Ray optics, for the significantly larger
size of wires compared to wavelength. This is quite different from the sub-wavelength nanoscale
structures, in which wave optics dominates. Fabrication of Si microwire array relies on the vapor-
liquid-solid (VLS) mechanism’, and Si microwire can be also obtained through top-down wet
etching or dry etching from proper masked planar Si substrates. For example, metal Cu islands

were patterned and confined in a thermal Si oxide film (300-nm thickness), which acted as the
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guidance for vertical wire growth. P-type doping in Si wire was realized by controlling the BCl;
concentration in the reactive gas on p*-Si substrate, which did not contribute to the photoresponse
due to lack of photo-activity. Majority carrier concentration ca, 7><10"" cm™ showed optimum
photoelectrochemical energy conversion performance, presumably due to the wire geometry,
redox chemical potential, and thus the optimized junction energetics. As-grown wires were then
chemically treated to remove Cu, Cu contaminants near Si wire surface, and native oxides
developed during growth. Later on, modified system using a cold-wall process and rectangular
quartz tube (holding 6 inch wafer) provided predictable growth over large area®, showing a
potentially commercializable technique.

This microwire structure has successfully demonstrated outstanding photovoltaics
performance than nanostructure based devices with similar core-shell geometry®*®!. Radial solid-
state p-n junction can be formed by thermal diffusion of a solid source, which results in a shallow
diffusion profile in Si microwire. 200-nm junction depth was realized on a planar control sample
with a background concentration (Np) of 2.2x10™ cm™®, which was more than 1 order of
magnitude lower than that of the wire configuration (7><10"" cm™®). Theoretically, because of the
higher Np, the junction depth should be shallower on the microwire considering the identical
processing temperature and drive-in time, assuming the microwire structure does not cause
disturbance and difference in diffusion process. Nonetheless, p-base in microwire was still more
than 7 times larger in length than the n*-emitter. Wire diameter (2.8 pm) was much smaller than
the minority diffusion length (>30 pum). Therefore, this structure can be considered as a narrow
base emitter. As-grown Si microwire arrays were tested and reduced V¢ and significantly lower
Jsc compared to the planar control were noticed (Fig.6d). However, this Jsc value was larger
considering the low filling factor (~12.6%) of the wire array with respect to the optical plane.
This was primarily owed to the efficient light management in wire geometry and large surface

area’.
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Photoelectrochemical cells using p- and n-Si microwires in organic electrolyte have been
demonstrated®®°®2, Si microwire decorated with high performance electrocatalysts and
heterostructures using Si microwire array as a platform for solar fuel production have been
reported. All these, together with effects of surface inversion and metal catalyst coating will be
discussed in later sections.

Besides aforementioned gas phase growth of Si to eliminate the use of high cost crystal
Si, researches are continued by searching for other cost-effective alternatives to produce Si
photoelectrodes. Very recently, Cho et al. explored the electrodeposition of Si for photoelectrodes
applications®. The electrodeposition of Si was realized from a direct electroreduction of SiO, in a
CaCl, melt under a constant bias at high temperature. The p-type photoresponse of the Si was
believed due to the incorporation of catalyst Ag during the electrodeposition. A comparable
photoresponse to crystal p-Si was realized. However, a sharp drop of photocurrent was noticed

due to the surface recombination at the Ag.

1.4 Modification of interfacial energetics

The focus on Si based materials for photoelectrochemical solar fuel conversion is to alter
surface kinetics to reduce the current efficiency for the growth of insulating SiO,* and to
improve the current efficiency for the net interfacial decomposition of water®’. In addition to the
surface texturing as discussed in the previous section where considerable success has been
achieved in terms of improved photoelectrode efficiency and stability, one can also introduce a
heterogeneous coating on the Si surface for these purposes. General criteria for selecting surface
coating to modify the interfacial energetics include, (1) this coating should be a pin-hole free film,
particularly important for n-Si; (2) this film should offer minimum light reflection and absorption

resulting in a majority light absorption at the Si; and (3) this film should be also capable of
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driving photo-induced charges efficiently to the electrolyte for water oxidation or reduction with
minimum self-reduction or -oxidation.

In a Si|coating|electrolyte (S/C/E) system, photo-electro-chemistry involves a number of
different processes: light absorption in Si (photo), charge separation/transport in Si
photoelectrode, charge transfer across the Si/coating (S/C) interface, charge transport through the
coating (electro), charge transfer at the coating/electrolyte (C/E) interface, mass transport and
reaction in the electrolyte solution (chemistry)'®. To simplify the analysis, the following
assumptions are normally considered valid. For example, work function, position of conduction
and valence band edges of semiconductors are not changed during interaction with redox and
aqueous electrolyte. Also the possibility for the formation of intermediate compounds at the

junction creating additional barriers or the surface states is small®

. However, study on such a
heterogeneous system is not an easy task even with all the valid assumptions. One still needs to
consider consequential changes and practical issues involved in this multiphysics process, for
example, potential distribution across the multiple junctions, interfacial states at S/C, doping
modification between coating and underneath Si during preparation, electrical/optical loss in the
coating and interfaces, photoresponse and band bending at the C/E interface, and chemical
stability. Last but not the least, one may also consider the morphology and inherent properties of
the film, such as ionic/covalent (non-uniqueness of surface atoms in ionic solid was pointed out
before®) and hydrophobic/hydrophilic nature.

It is worth to point out that the S/C interface is very critical, as spontaneous oxidation of
Si occurs at room temperature resulting in the formation of a native oxide on the Si surface.
Removing native oxide using HF or buffered oxide etching (BOE) prior to coating process leads

to a formation of stable hydride-terminated Si (H-Si), which is known as one of the best surfaces

with low recombination velocity®. However, it was suggested that the native oxide at the S/C
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8. 87 considering some advantages that this intermediate

interface is not necessarily to prevent
native oxide layer between heterogeneous coating and underneath Si provides:

1) the native oxide provides a smooth transition from the semiconductor substrate to the
overlying coating and minimizes problems related to high interface state densities caused by
mismatch in lattice constants, expansion coefficients, and other geometric factors;

2) the native oxide reduces the leakage (diode) current generated by the flow of majority
carriers in the opposite direction and thus improves the V. relative to an abrupt S/C junction; and
most importantly,

3) e7h* direct tunneling (normally ~3 nm in thickness) is effective®’.

In this section, we will review important research efforts on surface coating and several

related techniques to enable Si for solar fuel production.

1.4.1 Metal, metal alloy, silicide and 1D/2D carbon

It is believed that metal coating, particularly noble metals, provides the most complicated
modification to semiconductor properties due to unique shape-, size-, cyrstallanity-, chemical
position-, and environment-dependent optical (Fig. 7a), physical (Fig. 7b), and chemical (Fig. 7c)
characteristics, such as surface plasmon resonance, scattering/anti-reflection, hot carrier injection,
energy band bending, electrocatalytic effect, modification of substrate doping, and more.
Although some of these effects have not been demonstrated on Si and even photoelectrochemistry
yet, these scientific findings certainly will develop new understandings and trigger innovative

ideas for efficient artificial photosynthesis and solar fuel production in the foreseen future.
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Figure 7. Modulation of metal nanoparticles on a photoactive substrate: (a) optical effect of
plasmon resonance and nanoparticle light scattering, (b) physical effect of surface recombination
and hot electron injection, and (c) chemical effect of catalytic effect and surface doping
modulation. All these effects depend greatly on crystal orientation, nanostructure geometry, and
chemical composition of nanoparticles.

Noble metal: Several noble metals including Pd®, and Pt*® are used to coat Si in the early
development stage of Si photoelectrodes, as well as other photocatalysts®. Regarding the
thermodynmic and kinetic problems of Si, metal coating is initially proposed to suppress the
photocorrosion of n-Si and to catalyze H, evolution on p-Si. A thin layer of metal and the formed
Schottky junction are desired to isolate Si from direct contact to oxidizing electrolyte, meanwhile
to allow minimum optical loss at the reflecting/absorbing metal layer, and to provide sufficient
driving force for photo-induced carriers®. The barrier height of metal/Si junction is ideally

controlled by the difference between the Fermi level of Si and the work function of the metal.
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Therefore, in addition to the excellent catalytic activity, the barrier height is also important in the
selection of metal coating while considering the semiconductor Fermi level. Surface
recombination becomes significant on metal coated Si, resulting in reduced quasi-Fermi level
separation, reduced carrier concentration at the surface, and thus low photovoltage. This surface
recombination is believed to occur due to the metal-induced gap states®®. Therefore, in order to
reach the most effective potential barrier for charge generation and separation at the S/E interface,
sparse nanoparticles with in-between spaces filled with thick passivation SiO, could be
introduced to replace uniform metal film*. In this case, the loss of photovoltage and the loss of
light intensity reaching Si depletion region could be minimized, thus photocurrent could be
effectively enhanced. Therefore, metal decoration in forms of nanoparticles is necessary to
maximize light absorption and photovoltage in Si, while to provide large surface area for catalytic
reactions. Actually, the catalytic performance is also very sensitive to the size, orientation and
density of nanoparticle coating®.

Ru, Ir and their oxides are known as the best OER catalysts®*. Ru metal and oxides from
electron beam evaporation and spray method were applied on Si photoanode before by
Tsubomura et al*?. Ru electrocatalysts minimized the high resistance loss at the S/E interface with
a reduced Tafel slope at the onset potential region. Ir metal with a thickness of only 3 nm from
physical vapor deposition was coated on n-Si photoanode to catalyze OER reaction®. Recently, a
study on the intrinsic catalytic activity of Ru, Ir, and Pt nanoparticles was presented by Reier et
al®. In this study, the catalytic activity and stability of carbon supported nanoparticles and bulk
materials were studied and compared. Pt showed the lowest OER activity and complete
deactivation and Ru showed the highest activity, but strong corrosion and deactivation. Ir
nanoparticles showed high OER activity comparable to Ru, and extended lifetime. This study
provided insights on the selection of durable nanoscale OER catalysts that could significantly

reduce the use of expensive bulk materials.
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To lower the amount of precious metal usage using Pt as an example, while maintaining
the outstanding electrocatalytic activity®™, monolayer of alloy*® (Fig.8a), mesoporous film®
(Fig.8b), controlled surface orientation/cyrstallanity (Fig.8c), and low cost material supported
structure (Fig.8d)% with large surface area are of potential interest towards developing of highly
active, stable, and cheap electrocatalysts. Major concern on nanoparticle or other types of high
surface area metal coating is the potential failure of underneath Si photoelectrode in the
working/idle condition due to the porosity in the metal layer and (photo)anodic attack at the
surface of Si through the pores®. Thus, strategies to satisfy both requirements for both durability
of both underneath Si and metal coating, large surface area and thus reaction sites are highly

desired.
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Figure 8. (a) monolayer of Pt® (copy right AAA Science), (b) mesoporous Pt*" (copy right

American Chemical Society), (c) Pt nanoparticles with different size and shape® (copy right
Wiley), and (d) transition metal carbide supported Pt*** (copy right American Chemical Society)

Besides surface band bending and catalytic effects, noble metal nanoparticles are known

to provide optical modulations, such as plasmon resonance, light scattering'®, and etc. Surface
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plasmon resonance of metal nanoparticles, particularly Ag and Au, for improved light absorption
was introduced for photovoltaics and photodetectors'®. For photoelectrochemical devices, this
effect is firstly introduced in TiO, photocatalyst to enhance visible light absorption'®. Later study
also demonstrated plasmon enhanced photocatalytic effect on Fe,05'% and WO;'* using Au or
Ag nanoparticles. A review on this research topic was reported recently, which provides a
thorough survey of the plasmonic photoelectrochemical cell*®®. The first application of core-shell
metal nanoparticles (Au particles coated with Pt shell) and investigation of plasmon enhanced Si
photocathode based on this core-shell particle were demonstrated recently by Lublow et al'®. The
authors found that this configuration, depending on the Pt shell thickness, could provide enhanced
light absorption up to 20% in the wavelength above 600 nm with slight loss of absorption below
600 nm.

Besides effects discussed above, hot electron/hole injection®® and light scattering® from
noble metal nanoparticles could also provide additional enhancement to photoelectrochemical
devices. However, to the best of our knowledge, there is no demonstration of hot carrier effect
from metal nanoparticles on small band gap materials based photoelectrochemical devices like Si
yet. Identification of contributions from each of these effects listed above is controversial and

certainly is not an easy task'®

, which still requires a continuous development of fundamental
studies in respected areas.

Non-noble metal, alloy and doping: The fundamental reason of superior catalytic
behavior from transition metals over non-transition metal is mainly due to the vacant d-orbital
which acts as both the bonding and adsorptive orbitals for intermediates. Additional effect from
electronic density defines the overall kinetics and reaction rates*®. Normally, earth abundant
materials containing elements from the first row of group 8, 9 and 10 are earth abundant

materials, which are widely used in industry-scale electrolysis. Ni or Ni coated metal is wide used

in commercial electrolyzer as a cathode due to its chemical stability. Its kinetics in the HER
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catalytic reaction were also studied**. Raney-Ni, a Ni alloy with porous structure, has showed a
low HER overpotential than Ni. Nickel nanoparticles normally come from the reduction of metal
salt in solution'™ or gas phase'™. Nanoparticle dimension and crystal orientation have to be
controlled for optimized activity. Nanoparticles with high active surface areas have been
extensively demonstrated as effective HER catalysts with activities comparable to Pt. For
example, Yamada et al. reported that Ni nanoparticles with different size and crystal structure
have been synthesized and studied as a HER catalyst™%. It was observed that Ni nanoparticles
with hexagonal close-packed structure and smaller sizes were more active than those with face-
centered cubic structure and greater size. Ni nanoparticles showed significant higher catalytic
activity than other metals including Fe, Co, and Cu. Based on a theoretical study, Ni metal

102 similar

showed the highest exchange current compared to other first row transition metals
trends for exchange current density and potential were also observed on the other two group 10
elements among other elements in the same row (Fig.9).

Ni-contained metal alloys have also been developed to obtain improved catalytic activity.
Majority researches are focused on alloying Ni with other low-cost transition metals, such as Mo,
Fe, Co, Cu and Zn, as well as adding small amount of platinum group metals, like Rh, Pt, and Pd.
These alloys are typically formed on conductive substrates through electrodeposition in a mixture
bath containing Ni and other metal salts at low temperature, in which the composition is simply
controlled by the ratio between the metals in the mixed solution. For example, NiMo alloy can be
electrochemically deposited on Si surface in an acidic bath'** to avoid instability of Si and
improve adhesion between NiMo and Si. Ni/Mo ratio is controlled by the concentration of Mo-
contained salt in Ni plating solution. Results showed that the increased Mo concentration caused
poor adhesion and lower HER catalytic activity than the pure Ni metal catalyst, which was similar

115

to previously observed results—. Importantly, proper cathodic current density during

electrochemical deposition is essential to obtain more active NiMo catalysts with high surface
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area. However, large surface area of NiMo does not necessarily enhance the energy conversion

efficiency of Si photocathode due to the lower photovoltage between NiMo and Si compared to

that between Ni and Si. Fe can be another additive to Ni for enhanced HER activity. For example,

Carvalho et al. has demonstrated that NiFe electrocatalyst in the form of micron size clusters co-

deposited from electrochemical method exhibited high activity and maintained operational for

more than 1000 hrs''®. Meanwhile, Co, Fe and their metal mixtures were also used as HER

catalyst alternatives. For example, CoMo has been fabricated through electrodeposition*!” and

sputtering™®. As a HER catalyst, CoMo showed the lowest overpotential compared to other

binary metal alloys, such as NiMo, NiW and CowW"’. Co metal also showed higher OER'"*

activity than other noble metal such as Au and Pt'%.
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Techniques have been developed to combine superior catalytic activity with enhanced
surface area by introducing a third metal, which can be (partially) etched, resulting in a porous
structure with beneficial catalytic activity. Zn and Cu, as sacrificial components, are typically
used. Giz et al., for example, fabricated ternary NiZnFe from electrochemical deposition and
subsequently removed Zn partially in concentrated alkaline solution to obtain porous NiFe
alloy’®. Recently, He et al. synthesized mesoporous Si/SiO, nanorods array by selectively
etching Cu in the Cu-Si/SiO, composite'®. Silica or alumina can be used as a template for
fabricating mesoporous or freestanding wire array structure. The oxide template can be simply

etched by acid and provide enhanced active surface area'

. As a third component, carbon is also
widely used in alloy HER metal catalyst to enhance charge transfer between metal ions. For
example, carbon has been introduced to NiFe'?*, CoFe'®, NiCoFe'® alloy and more. In these
work, effects of additive carbon on the activity and durability have been investigated. Results
showed that carbon can effectively prevent the corrosion and dissolution of Fe and thus can
maintain the activity.

Electrochemical activation is generally used to treat the coated electrode for improved
catalytic activity through the modification of active sites under a constant bias'*’ or cyclic sweep

in a bias range®

. Additives can be introduced during this post activation process. For example, a
small amount of Pd was added during the post activation of Ni nanoparticles to form NigPd;,
which successfully showed enhanced activity over non-activated sample'®. Finally, it should be
noted that anodic bias applied on the metal-coated photoanode could introduce competition
between metal and water oxidation, due to the typically lower oxidation potentials of metal than
the oxygen evolution level. In this case, one should consider the oxidation current of metal

together with water oxidation current. This is important when reporting the ultimate water

oxidation efficiency based on current density values.
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Moreover, novel structure using graphene as a supporting material for electrocatalysts has
demonstrated enhanced activity in OER and ORR. Particularly for HER, Agegnehu et al. recently
demonstrated that Ni nanoparticles/graphene composite showed improved H, evolution activity
due to the facile electron transfer from graphene to Ni catalyst**.

Surface inversion: Surface inversion of Si at the S/E interface was introduced in our

previous sections. This approach can effectively unpin the Si surface and regain the control of the

Si band edge position and most importantly the energy barrier height. This idea has been

131 29,132

demonstrated on n-Si photoanode™" and on p-Si photocathode™**, through a doping of group IlI
(B, Al, and In) and V (P) elements, respectively. It was realized by solid source diffusion at high
temperature in inert environment. This modification of surface doping could elongate lifetime of
n-Si at certain level due to the downward band bending at the S/E interface, which is effective to
confine energetic holes away from S/E interface. Further conversion of the p-type surface to p*
could thinner the barrier and enhance the hole tunneling. PtSi coated surface inverted n-Si
showed stable photoresponse for over 4500 hrs in electrolyte containing I,/I" redox couples®™.
Enhanced photovoltage could be also realized utilizing this simple surface inversion strategy®.
Transition metal silicide: Transition metals could form silicides that are metallic and
chemically resistive. Noble metal silicide such as PtSi***** and IrSi*** are formed on Si through
metal deposition (4 nm in thickness) and subsequent thermal annealing in vacuum. Silicide coated
n-Si showed extensively improved stability than naked n-Si, and no significant reduction of
photocurrent in aqueous solution over 20 days discontinuous measurement was noticed®. IrSi
showed improved photoanodic response. However, slow degradation was also noticed over long
time study. It was shown that adding RuO, on IrSi could further improve the long-term stability.
However, RuO, coating did not change the voltammetric behavior of the n-Si|lrSi electrodes,

presumably due to the outstanding OER catalytic behavior from Ir metal. In this study, it was

shown that over 7 days test, electrode showed no significant degradation of photocurrent from n-
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Si|Silr|RuO,, while the photocurrent dropped below half of the initial value in 3 hrs without RuO,
coating.

Metallic CNT and graphene: Graphene and carbon nanotubes (CNT) have received a
lot of attention in various fields*®*. Researchers also demonstrated application of these materials
on Si photoelectrode to enhance its photoelectrochemical performances. Particularly, graphene
with extremely high optical transmittance and electron mobility could be applied to Si surface to
suppress reflection and enhance the surface charge transfer kinetics'®. Investigations on graphene
decorated ITO glass showed improved cathodic current and negatively shifted on-set potential,
indicating the HER catalytic effect of graphene. However, since graphene was applied to
substrate through electrophoresis, the graphene multilayer (4-6 layers) coated porous p-Si
photocathode showed instable performance due to the mechanical adhesion. Carbon based
materials, like black carbon, carbon nanotube (CNT), and graphene, provide potentials for
scalability and low-cost to replace precious-metal ORR electrocatalysts in fuel cells. However,
previous research showed insufficient activity and low stability of CNT ORR catalyst. Fe and N
doped CNT/graphene complexes proposed by Li and co-workers have demonstrated good ORR
catalytic activity’®”’. Recent work also showed great potential of doping of group Il and V

elements to enhance the activity of carbon based ORR catalyst**®

. Although this structure has not
been demonstrated as a HER catalyst yet, this is of great potential in the future. Similar to metal
coating, this carbon-based approach requires a Schottky junction between graphene or CNT and
Si. Later research actually showed excellent energy barriers. For example, Miao et al. showed a
barrier height of 0.89 eV between single layer graphene and n-Si**. Recently Li et al. showed
chemical modulation on the graphene work function to tune the barrier height between graphene
and n-Si**°. Tune and co-workers measured a 0.4 eV barrier height between CNT and n-Si**.

Yang et al. showed that a single layer doped graphene from chemical vapor deposition (CVD)

formed a Schottky junction on p- and n-Si with a barrier height of 0.45 eV**?, Therefore, tuning



36

the dopant into graphene and CNT, as well as the interface between graphene/CNT to Si could be
a potentially attractive surface modification approach in addition to metal coatings. Moreover,

unlike metal Schottky junction to Si, light arriving at the graphene (CNT)/Si interface in this

strategy is improved.
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Figure 10. Multilayer graphene enabled porous p-Si photocathode before (a) and after (b)
graphene coating, and (c) polarization study in 0.01 M Na,SO,™* (copy right of Wiley)

1.4.2 Compound semiconductor

This section is focused on heterogeneous coatings on Si using semiconductors. Based on
the properties of the coating, this section is categorized into three parts, including coatings a) that
are stable non-degenerately doped semiconductors with photocatalytic properties, b) that are
degenerately doped semiconductors with no significant photosensitivity or electrocatalytic
activity, and c) that are compound semiconductors containing first-row d-band transition metals,
normally recognized as cost-effective electrocatalysts. One of the most important differences
between type a) and b) coatings is the resistivity of the coating film. An intrinsically doped

coating usually shows a moderate resistivity. When a potential is applied to an S/C electrode, a
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large portion of the potential drop is across the coating film considering the mildly doped Si
(doping concentration 10™-10' cm™). This reduces the band bending and the thickness of
depletion layer of Si and thus decreases the photoresponse™. In the low-biasing potential region,
the resistance of the coating limits the charge transport through the S/C system. High resistance
film also assists the accumulation of holes at the interface and slow oxidation of n-Si could
present when water penetration occurs through the cracks or grain boundaries. On the other hand,
the highly conductive coating film can remove photogenerated holes more rapidly from the Si
surface. In this case, only a small potential drop in the low-resistance film occurs, which increases
the band bending in the Si and suppresses the recombination, as compared to the highly resistive
film. Finally, type c) coating, acting as a mediator or electrocatalyst, completely alters the charge
transfer and reaction pathways, similar to effects offered from noble metals, but with lower
material costs. Several preliminary demonstrations using this type coating on Si photoelectrode
are discussed. Many other developed materials of this type with outstanding performances have
not been applied to photoelectrode yet. Integration considerations and strategies will be also

discussed in this section.

1.4.2.1 Non-degenerate photocatalytic semiconductor: oxide and I11-V compound
Wide band gap semiconductors are normally stable and for this reason, they are selected
to protect n-type photoelectrode that are unstable in aqueous solution. Non-degenerate
semiconductors are also typically photoactive. The band bending in this case occurs in n-type
substrates as well as in the non-degenerate photocatalyst coating at both S/C and C/E interfaces.
The first semiconductors applied to Si is TiO,, reported by Kohl in 1977, a high quality
n-type rutile TiO, thin film from chemical vapor deposition (CVD) method was deposited on p-
GaAs and n-InP as well as n/p-Si. The small band gap photoelectrodes were stabilized by the

stable TiO, with completely reproducible results and with no passivation or change in behavior
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for days (Fig.11a). When cracks were present, photocurrents caused by substrate dissolution at
absorption wavelengths of the Si at a typically lower bias were observed. Initial demonstration of

¥ The results for n-

TiO, protected photoelectrode used a coating with a thickness of above 1 pm
type photoanode with TiO, on the surface showed the photo-oxidation of water could only be
accomplished by the UV excitation of an electron-hole pair in this thick TiO, (Fig.11a inset). This
was because holes excited in the n-type substrate were effectively blocked from transferring
through the TiO, to the solution even the TiO, coating was partially reduced by H, to enhance
conductivity. It was further observed that TiO, coating annealed at higher temperature (curve ¢ in
Fig.11b) showed improved onset behavior compared to the one deposited (curve a in Fig.11b) or
annealed at lower temperature (curve b in Fig.9b). Incorporation of Ru-catalyst showed enhanced
photoanodic behavior (curve d in Fig.9b). This pioneer demonstration of photoanode protection
was successful and promising. However, with such a thick protection coating, photoanode
exhibited a minimum utilization of solar spectrum due to the unfavorable energy band alignment
and charge transfer. The same protection concept can be applied to nanostructured Si photoanode.
Yang’s group, for example, examined TiO, protected Si photoanode (Fig.11c)***. The charge
transportation process was further clarified by the energy band analysis under filtered incident
light. It is important to note that the current depended upon not only the band bending of the TiO,
at the solution interface, but also the band bending of the substrate and TiO, at the
heterojunctions interface. A given current corresponded to a unique band-bending situation at
both junctions under a particular condition. So far, saturated photocurrent from Si photoanode
protected by thick TiO, coating of <0.3 mA/cm? at ~1.23 V vs. RHE) was around 10 times
smaller than that from the best TiO, photoanode, which is presumably due to the unfavorable
interfacial recombination and two photon-to one charge process**®. Thus, a thinner but high
quality protection layer is desired. For example, Tsubomura et al. demonstrated a more promising

TiO, coating with a thickness of 5-20 nm to protect surface inverted n-Si*. Different from the
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direct interface between TiO, and n-Si, the surface inversion p* layer eased the charge
recombination. It should be noted that Nb doping in TiO, and heat treatment made the TiO,|p*Si
junction ohmic. Different from early results, visible light response from underneath Si in this case
was maintained with a photocurrent of 26.6 mA/cm? (AM1 condition). TiO, was also used to
effectively protect photocathode from cathodic reduction. For example, in the initial attempt from
Kohl et al., TiO, coated p-Si and p-GaAs showed improved cathodic photocurrent and
durability®. Recently, Paracchino et al, demonstrated application of this stable material with a
thickness of 11 nm to stablize p-Cu,O photocathode for elongated operation lifetime®. Highly
doped ZnO:Al prepared using atomic layer deposition (ALD) was used as an n* coating before
deposition of TiO, protection layer. In this work, photocurrent at 0 V vs. RHE reached about 5.7
mA/cm?. Compared to bare Cu,O photocathode which deactives in 5 mins in aqueous solution,
multilayer structure protected Cu,O showed operational lifetime of more than 20 mins in their

initial attempt.
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Figure 11. TiO, coated Si photoelectrode: a) CVD TiO, coated p-Si photocathode®
(measurement was taken in 0.5 M Na,SO,. Inset shows the photocurrent vs. wavelength at anodic
as well as cathodic bias. Copy right Journal of Electrochemical Society), b) np*-Si photoanode®
(measurement was taken in 7.6 M Hl and 0.05 M I, aqueous solution. Curves shown are from
samples with different TiO, treatment. Copy right Canadian Journal of Chemistry), ¢c) ALD TiO,
on n-Si and p-Si nanowire array** (measurement was taken 1 M KOH electrolyte, copy right
American Chemical Society), and d) ALD TiO, coated n-Si photoanode®® (measurement was
taken in various electrolyte, copy right Nature Publishing Group)
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To further overcome charge transfer problem, an ultrathin TiO, with a thickness around 2
nm was deposited on n-Si photoanode using ALD without removing the native oxide®. Similar to
Tsubomura early work®, major light absorption and carrier generation were confined in the Si
photoelectrode. Majority carriers were effectively blocked by the Schottky junction, while
minority carriers can still tunnel through. Extended lifetime of more than 24 hrs for protected Si
photoanode compared to less than 0.5 hr for unprotected ones under working condition was
demonstrated. Finally, Ir metal was deposted on the protected Si photoanode which showed the
highest catalytic activity and photocurrent (>5 mA/cm? at 1.23 V vs. RHE, Fig.11d) compared to
previously discussed results using a TiO, based coating.
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taken in 0.1 M NaOH, copy right The Japan Society of Applied Physics).
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ZnO (~3.1 eV), a very similar metal oxide to TiO,, has also been studied on Si. A thin
coating of ZnO from sputtering on p-Si photocathode replaced the retarded S/E interface and
effectively improved the charge transfer kinetics, similar to reported work using surface inverted
p-Si photocathode. Optimization of the heterojunction was conducted by altering the thickness,
doping, and morphology of the ZnO coating®**°. Based on these results, it was concluded that
despite the inferior chemical stability of ZnO, photocurrent of p-Si photocathode measured in
near neutral electrolyte was enhanced due to the improved surface kinetics (Fig.12b). Similar
conclusions can be found using an n-type WO; (~2.7 eV) to anodically shift the flat band
potential and to improve the photocurrent density (~7 mA/cm? at 0 V vs. RHE in 0.1 M H,SO,
solution)of p-Si photocathode as reported by Yoon et al.****°. Effects of electrical resistivity,
carrier concentration, and surface band bending of WO; coating were investigated. Annealing
temperature dependent polarization characteristics of p-SilWO; is shown in Fig.12a, where
further increased annealing temperature showed degraded photocurrent.

Another stable wide-band gap semiconductor is GaN. Demonstration of nanostructured
n-GaN coating on n-Si was reported by Fujii et al'*’. Slightly higher photocurrent (~0.4 mA/cm?
at 1.23 V vs. RHE) compared to thick TiO, coated Si was achieved (Fig.12c). Stable device
performance was realized using acidic electrolyte and lower anodic bias (< 1.3 V vs. RHE).
However, surface morphology of the coating was not reported in this paper, which might be the
key reason of the electrode failure due to the possible non-uniform nanodot coating and exposed
Si to the oxidizing aqueous solution. Moreover, electrochemical dissolution of GaN nanodots was
noticed after test, which could contribute to further accelerate the anodic passivation process of
the exposed Si photoanode.

Compositional modification leads to the band gap engineering of GaN, which can be
realized by incorporating In doping results in GaN*'. Nanostructured n-type InGaN with an

energy band gap of 2 eV was grown on highly doped n*-Si wire and used as a photoanode for
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water splitting recently (Fig.13a)**. Stability of InGaN in extremely acidic and basic electrolytes
is a concern and could be effectively improved through a thin and robust TiO, coating.
Photoelectrochemical performance of GaP (~2.2 eV) from metal organic chemical vapor
deposition (MOCVD) coated on n*-Si microwire was recently demonstrated by Strandwitz et al
(Fig.13b)™. Further optimization was suggested by maximizing absorption, optimizing charge
transportation and shunting resistance through controlling experimental conditions. Another
example that uses heterogeneous coating on highly doped n*-Si was presented by Shi et al. using
TiO, nanowire (Fig.13c)™*. In these examples, degenerately doped Si was not active for the light
absorption and free carrier generation, but acted as a high surface area and freestanding template.
Meanwhile, n*-Si with electrons as majority carriers in these cases acted as a conducting channel

for electrons injected from respective n-type photoactive coatings on the its surface.
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Figure 13. Heterogeneous n*-Si wire array based photoanode coated with: a) InGaN
nanowires™*? (copy right of American Chemical Society), b) GaP thin film'>* (copy right of

Wiley), ¢) TiO, nanowires™ (copy right of American Chemical Society), and Fe,Oj thin film**®
(copy right of American Chemical Society). Second row shows polarization curves of
corresponding structures in the first row measured in: (a) pH 3 H,SO, solution with 0.5 M of
Na,SQO,, (b) 0.50 mM ferrocenium tetrafluoroborate, 20 mM ferrocene, and 1.0 M lithium
perchlorate, (c) 1 M KOH, and d) 1 M NaOH (curves correspond to different Si doping levels).

Besides wide band gap materials such as TiO,, ZnO, WO; and GaN as discussed above,
photoelectrochemical properties of n-Si coated with smaller band gap materials have been

studied. For example, Yazawa and co-workers used stoichiometric a-Fe,O5 to coat n-type Si as an
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efficient heterogeneous photoanode in 1980™°

. Thickness of the Fe,O; layer affected the
performance of the heterostructure photoanode in terms of spectral response and stability. Thicker
Fe,O; film blue-shifted the spectral response and improved stability, while thinner Fe,O; film
maintained Si spectrum response up to 1140 nm*™’. These conclusions were consistent with the
case using TiO, coating. It was further shown in the study that film thickness < 20 nm showed
notable degradation of photocurrent during continuous operation presumably due to the Si
passivation from the failed protection. Most importantly, although heterostructure improved the
hole injection from n-Si to the solution, spontaneous photodecomposition of water was still not
realized using this structure due to the positive flatband potential of the heterostructure

photoanode (on-set potential 1.35 V vs. RHE). In Yazawa’s follow-up research*®

, & negative on-
set potential of 0.603 V vs. RHE was reported using the same heterostructure with Fe,Os film
fabricated from a different method, which led to improved conversion efficiency (Fig.12d).
Interestingly, saturation current at higher anodic potential was not noticed in this study, but a
decreased photocurrent after reaching maximum. It was proposed that a more significant
mechanism dominated the current at higher anodic potential. Electrons could tunnel through the
barrier to the conduction band creating dark current and recombine with valence holes
contributing to the decreased photocurrent, when electron potential was high enough to reach the
surface states on Fe,0s. Although this design exhibited negatively shifted onset potential, the
photoanode suffered from the limited spectrum response primarily below 600 nm. As discussed in
previous sections, sub-wavelength nanostructure provides significantly enhanced light absorption
and surface area. Applying a photoactive n-Fe,O3; conformal coating (20 nm in thickness) from
ALD on n-Si nanowire array with various background doping levels (carrier concentration of
10*-10" cm™®) as a photoanode was demonstrated by Mayer et al**®. Successful protection of n-Si

was realized. Filtered light measurement confirmed a two photon-to charge conversion process in

the proposed structure. Spectrum response measurement showed photocurrent response up to 600
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nm, which also confirmed the dual absorber mechanism. In addition, this heterostructure lowered
the on-set of anodic photocurrent, potentially from the catalytic effect of Fe-based electrocatalyst.
These studies on Fe based OER catalysts indicates that if one can significantly lower the
thickness while maintain the uniformity of the catalyst coating to maximize the light absorption in
Si, one may reduce the overpotential to drive water oxidation using n-Si. This has been

1'% which will be discussed in the next section.

demonstrated already by Jun et a

Another photosensitive compound semiconductor used for Si coating is the intrinsically
p-type Cu,0™, different from previously discussed n-type semiconductors. To reach an efficient
hole-injection, higher valence band edge than that of Si is desired. An enhancement of
photoanodic current and spectra response over unprotected n-Si was noticed. However, high
overpotential was still needed to drive the reaction and small photocurrent at zero overpotential
was observed on n-Si|p-Cu,O photoanode. Moreover, competitive processes between Cu,O
anodic decomposition and H,O oxidation could be potentially troublesome with such an unstable
coating.

Finally, besides electrical modifications on Si, semiconductors could also provide optical
modulations like metal particles. Dielectric nanoparticles made of semiconducting materials can
provide efficient scattering'® as well as absorption at the surface plasmon resonances for some

highly doped semiconductors, such as metal nitride, oxides, silicides and etc'®

. Importantly,
optical loss can be minimized in semiconducting materials compared to typical metals such as Au
or Ag'®. Actually, results simulated by Akimov et al. showed dielectric nanoparticles can
provide more effective photocurrent enhancement owing to the larger permittivity (abs(Re[g]))
and smaller light dissipation (abs(Im[e])) in dielectric materials. Besides scattering, recently
simulation studies by Grandidier et al. showed when an array of SiO, nanospheres are placed on

an amorphous Si surface, light absorption can be enhanced through a guided whispering gallery

mode(WGM)*. Close coupling between adjacent spheres were very important to reach strong
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optical dispersion, and the enhancement of photocurrent can be up to 15% in an optimized
structure. When the size and arrangement of the nanospheres are well-controlled, light absorption
can be further optimized. Simulation results showed higher improvement than the typical

backside nanodome textured amorphous Si solar cells*®.

1.4.2.2 Degenerate non-electrocatalytic ssmiconductor
Most of the aforementioned thick photocatalytic semiconductors coated Si
photoelectrodes suffer from limited spectrum photoresponse primarily because of the
photoresponse from the coating materials. Degenerate semiconductor oxides, known as
transparent conducting oxides (TCO), such as mixture of SnO, and In,O3 (ITO, 90:10 mole ratio
composition), can be effective coatings to Si for the following reasons: (1) the wider band gap
(3.6 eV) results in minimal spectrum loss in the coating and thus allows for efficient light
absorption by Si, (2) the lower optical loss admits a thicker protection coating which reduces
chances of electrode failure; (3) the lower refractive index (~2.0 for ITO) makes it a partial
antireflection coating on Si; (4) the higher electron conductivity reduces ohmic loss in the system;
and (5) the minimized interdiffusion between Si and TCO coating due to the low deposition

temperature, which in turn improves short-wavelength response.
The first successful demonstration of TCO coated Si photoelectrodes using 3-100 nm
ITO film was reported by Thompson et al*®*. However, ITO coating on p-Si showed instability in
prolonged experiments under acidic conditions at a negative bias. In fact, chemical or
electrochemical stability of 1TO highly depends on the deposition and operation conditions'®,
including deposition temperature, oxygen concentration in chamber, film thickness, and
electrolyte pH. The most stable ITO was observed on a thick film deposited under substrate
heating and without addition of O, in the sputtering chamber, and importantly measured in basic

electrolyte. Although thicker ITO became more stable, the thickness of the ITO layer had to be
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optimized, so that photogenerated carriers arriving at the Si/ITO interface could traverse the ITO
layer without experiencing too much ohmic loss within the ITO layer. Moreover, researchers
pointed out that the major loss mechanism in S/C/E structures was the overpotential at the C/E
interface. Charge transfer across this interface will have to be optimized (either by choice of a
couple with fast kinetics or by suitable electrocatalytic modification of the surface layer), so that
the useful photovoltage gained at the Si/ITO interface could be reflected in the ultimate
performance of the overall photoelectrochemical system'®. To solve the dilemma of having
stable and effective TCO coating, FTO (fluorine doped tin oxide) glass was further used to
protect ITO layer through a conductive epoxy'®. Other degenerate TCO such as SnO,™® and
Sh/Ru-Sn0,™" were reported for Si photoanode. Sb and Ru dopants introduced in the SnO,
significantly reduced the Tafel slope and onset potential due to the improved conductivity and
catalytic activity.

Note that additional metallic doping would generally reduce the transmittance of the
coating, thus reduce the amount of light arriving at the S/C interface. Therefore, optical loss
should be considered while optimizing the electrical and catalytic properties of the coating to
reach an optimum photoelectrochemical performance. Moreover, the energy band dispersion
suggests that the upper valance band are relatively flat, which means a large effective mass of
holes are present in typical n-type TCOs (n-TCOs). This property normally results in a fact that n-
TCOs are typically effective for conducting electrons but not holes. For n-Si as well as other n-
type photoanode materials, it could be important to look into wide band gap TCOs with p-type

168

conductivity ™. Cu,O based p-type hole conductors have been already developed. However, Cu(l)

is not able to survive in the competition reaction of self-oxidation to Cu(ll) and water

oxidation'®®

. Meanwhile, Cu oxides exhibit strong light absorption with direct energy band gaps
with reported values ranging in 1.2-1.5 eV for CuO* and 2.0-2.2 eV for Cu,0'. Other

transparent and stable p-type materials should be developed. For example, In doped MoO;'",
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Mn/N doped Cr,05*"3, Znlr,0,/", and more transition metal oxides that are typically p-type will

be discussed in the next section.

1.4.2.3 Electrocatalytic late d-band transition metal containing compound

Conduction band of Si is well above the H,/H" redox potential (Fig.1a), which results in a
small band bending leading to slow charge transfer kinetics (Fig.1b). Moreover, due to the lack of
oxidation energy of holes, Si is not capable of spontaneous water splitting without external bias
(Fig.2c). Therefore, heterogeneous hydrogen and oxygen evolution reaction (OER/HER) catalysts
to reduce the overpotential needed to drive the reactions are highly required for Si as well as for
other materials to reach efficient electrochemical fuel production'’, energy storage devices'”,
and fuel cells'””. Pt group metals (PGMSs) are recognized as the best electrocatalysts for water
electrolysis. For example, Pt and Pd are the best HER catalysts, and Ru and Ir are considered the
best OER catalysts'’®. In fact, electrocatalytic activity is largely determined by the binding energy
of the reaction intermediates to the electrode surface®. DFT (density function theory) study
provides an approach to estimate this energy accurately. Progress in DFT studies on HER and
OER catalysts could be found in ref*®® and ref'®. Recently an experimental in-situ study also
provided evidence to support numerical studies on the relationship between surface binding
energy and the catalytic activity'®. Strategies to synthesis of nanostructured'® or supported*®
catalysts based on precious metals or metal alloys which dominate at the top of the pyramid in the
famous "volcano plot" (Fig.8a and 8d) should be developed to reduce the extensive use of
expensive noble metals without sacrificing their catalytic activity. On the other hand, cost-
effective and PGM-like catalysts (left curves in Fig.9a and 9b) that are typically located at the
shoulder or lower part of the "volcano plot" attract research attentions. These catalysts normally
consist of first row or late transition metals in forms of inorganics, such as oxide, hydroxide,

nitride, carbide, chalcogenide, and complex organic compound. These cheap materials with
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comparable or outperforming activity compared to PGMs are recognized as the ultimate solution
to large scale solar fuel production. Successful demonstrations on the development of HER and
OER catalysts based on earth-abundant metals, namely Mo, Mn, Ni, Fe and Co, have been

realized®®

, Which contribute continuous expending of the "volcano plot" (Fig.14a and 17). To
differentiate from previously published review work, we will focus on inorganic catalysts
developed for solar fuel production from water using Si photoelectrodes. Also, we will review
very recent published/conference-reported milestones of low cost transition metal-based catalysts
with improved performance, as well as novel strategies using 1D or 2D carbon (CNT and
graphene), which have not yet demonstrated applications to photoactive substrates. At the end, we

will briefly discuss the molecular complex based biochemical water splitting through

hetero/homo-geneous catalyzed semiconductors or organic photosensitizers®.

1.4.2.3.1 HER catalysts

Mo HER: MoS; is widely used in industry as a hydrodesulphurization (HDS) catalyst®’.
Recently, its nanocrystal form exhibited promising catalytic activities for electrochemical water
splitting as an inexpensive alternative to expensive Pt metal'®. First demonstration of MoS; as a
catalyst on photocatalytic CdS substrate can be found in ref **°,

It was experimentally recognized that MoS, showed high activity at the edges of S-Mo-S
single trilayers instead of the basal plane in desulfurization reactions through a scanning
tunneling microscopic (STM) study*®. It was also suggested by Lauritsen et al. in their study that
the catalytic property was dependent on the MoS; nanocrystals size. Lately, Jaramillo et al. used
STM and identified the edges of S-Mo-S single trilayers as the activation site in the H, evolution
reaction'®. Experimental verification was conducted through a study of the nanoparticle size

dependent catalytic activity. MoS, nanoparticles in this report were deposited from gas phase and

the controlled edge length was obtained by varying sintering temperature. Results showed the
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highest TOF of around 0.02 s™ and a j, of 810" mA/cm? (Fig.14a). The low atomic H coverage
at the edge was recognized as the reason of inferior activity. Recently, researchers from the same
group demonstrated a synthesize of mesoporous MoS, using a mesoporous silica template®®
through a Mo electrodepostion and subsequent sulphidization at 200 C in H,S/H, (1:9)
environment. This mesoporous MoS, film showed comparable catalytic activity with a jo=
6.7x10* mA/cm? and Tafel slope of 50 mV/dec to the amorphous MoS, that we are going to
discuss in later text. This work demonstrated a versatile technique using the powerful mesoporous
substrates as a template.

To further utilize the large basal plane potentially having a larger H coverage, rational
control of the crystal orientation in order to activate the basal plane for improved HER activity
was demonstrated. Chhowalla’s group recently showed that the basal plane of the 1T metallic
phase of MoS,'* from solution processing was actually more active than the edges, due to an
additional strain in this phase. By optimizing the strain in the basal plane, one can tune the Gibbs
free energy for atomic hydrogen adsorption (AGy+)'*. It was found that 2.7% strain could result
in a nearly zero AGy-~Suggesting an improved activity than edge active MoS, nanoparticles.

Another class of Mo-S cluster-based catalysts composed of incomplete cubane-like MoS,
was synthesized and characterized by Jaramillo et al**>. The MoS, showed similar behavior
compared to MoS, (Fig. 13b). Application of this MoS, on p-Si photocathode was presented by
Hou et al. in 2011 (Fig. 18a and b)**®. MoS, cluster was adsorbed on Si through a ligand bonding.
Photocurrent can be as high as 8 mA/cm? from MoS, decorated planar Si and 9 mA/cm? on p-Si
microwire substrate at 0 VV vs. RHE under red light illumination (>620 nm, 28.3 mW/cm?).
Decreased limiting current was noticed at high cathodic bias, presumably due to the
hydrophobicity of the modified Si surface resulting in bubble accumulation. Moreover, MoS,
modified p-Si microwire showed reduced turnover frequency (TOF, 65 s™) than the planar

counterpart (960 s™) based on the assumption of comparable surface coverage of catalyst at
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identical condition. In this study, MoS, centred molecules demonstrated comparable catalytic
activity to noble Pt catalyst and no deactivation was noticed within 24 hrs operation. However,
degradation was actually noticed on the Si part that was not decorated with MoS, electrocatalysts.
This is primarily due to the passivation of Si by forming oxides at dark under idle condition. To
prevent oxidation of Si during the cycling deposition of MoS, catalysts, researchers from the
same group further sputtered a robust Ti metal coating (9 nm) on the surface inverted p-Si prior to
the MoS, catalysts formation'*’. This MoS,Ti|n*p-Si photocathode showed onset potential of
0.33 V vs. RHE comparable to that of Pt electrode (0.44 V vs. RHE). This Ti protection layer has
to be optimized to minimize the light loss while maintaining the effective lifetime. Further
improvement using cubane-like heterobimetallic sulfide compounds was also achieved'®. It was
found that Cu contained MoS, showed reduced Tafel slope and improved photocurrent density,
while Co contained MoS, showed instable performances*®. Similar finding was also reported by
Tran et al™®.

Amorphous MoS; nanoparticle and partially reduced MoS; are also alternatives of
molybdenum sulfide catalysts. Recently, Tang et al. demonstrated the application of an
amorphous MoS; film on CdSe/CdS photosensitizer through a low temperature one-step solution
based coating process. The MoS; was partially reduced to form an under-coordinated species

which showed HER catalytic activity®®

. Vrubel et al. synthesized amorphous MoS; particles from
acidification of a mixture of MoO3 and Na,S?. A superior catalytic activity was realized on this
amorphous MoS; (Fig. 13c) due to the larger number of unsaturated S atoms at the surface than
that on crystal MoS, and sintered MoSs. For another example, Benck et al. recently showed a
study of amorphous MoS; prepared by mixing a molybdenum and sulphur precursor solution at

room temperature®”

. This method is capable of large-scale synthesis of low-cost transition metal
HER catalyst with high activity (10 mA/cm? at ~200 mV overpotential). The amorphous

nanoparticles prepared using this method showed prolonged lifetime in the 10000 cycles study.
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Merki et al. recently reported that addition of first row transition metals (Fe, Co and Ni)
to MoS; significantly enhanced the HER activity in both acidic and neutral condition (Fig.14d)'%.
Other interesting structures based on supported MoS, can be also found like graphene supported

MoS, nanoparticles®®*

, MoO; supported MoS; thin film coating®®, and etc. A recent perspective
on MoS, HER catalyst was presented to point out a further enhancement on catalytic activity can
be realized using MoS,/CNT nanocomposites and controlled alignment with maximized exposure

of actives sites?®,
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Figure 14. Molybdenum sulfide based HER catalysts and their performances. (a) single crystal
MoS, showed similar trend as the pure metals in the "volcano plot" of exchange current density
as a function of calculated Gibbs free energy of adsorbed atomic hydrogen®®* (inset: atomically

resolved MoS, particle showing the predominance of the sulfided Mo-edge) (copy right AAA

science), (b) polarization curves of incomplete cubane-like MoS, in 0.5 M H,SO,'* (inset:
molecular structure of incomplete cubane-like MoS, Blue (Mo), yellow (S), and red (O).) (copy
right American Chemical Society), (c) polarization curve of amorphous MoS; compared to
reduced MoS; and crystal MoS, at 1 M H,SO, solution®? (copy right Royal Society of
Chemistry), and (d) polarization curve of other transition metal promoted a-MoS; in a standard
phosphate buffer solution (pH=7)?"" (inset: molecular structure of promoted MoS, nanocrystals.
(yellow) S, (dark cyan) Mo and (red) Co/Ni.) (copy right Royal Society of Chemistry).
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Another low-cost HER electrocatalyst is based on transition metal nitride. Similar to
previously mentioned MoS,, properties of MoNy is also governed by the surface structure and
stoichiometry?®. Comparable catalytic activity to that of Pt noticed on MoN, makes this non-
noble metal nitride a good candidate to replace Pt as a new cost-effective counter electrode®®.
NiMoN, nanosheet with Ni/Mo ratio around 0.21 was synthesized by reducing Ni and Mo
containing salt and substantially further transformed to nitride by annealing in ammonia gas.
Compared to MoN, catalyst, NiMoN, showed reduced onset potential (80 mV shift), reduced
Tafel slope (18.6 mV/dec shift) and dramatically increased exchange current density (6.7 times
higher). Compared to its alloy counterpart (NiMo) as a HER catalyst, nitride form showed
dramatically enhanced catalytic activity and improved stability (Fig.15a). Ni-rich surface or edge
was noticed and was believed as the primary formation force of the nanosheet geometry.
Furthermore, Ni-rich surface/edge also resulted in reduced Mo-H bond strength and increased
density of states near the Fermi level due to d-band modification. Further optimization was
suggested by controlling the surface distribution and ratio of Ni.

Other forms of Mo based compound materials as HER catalysts were reported before. For
example, Chen et al. recently used carbon supported Mo,C for H, generation from water
(Fig.15b)**°. Carbon supported Mo,C prepared from solid-state carburization method showed
higher activity compared to bulk Mo,C as well as the metal Mo due to enhanced surface area.
Similarly Wirth et al. showed WC, Mo,C and WB exhibited the lowest onset potential and lowest
overpotential for a certain current density among 18 other early transition metals 1VB-VIB
transition metal carbides, nitrides, sulfides, silicides and borides?!. Moreover, very recently
Vrubel and Hu demonstrated tha Mo,C showed superior HER catalytic activity than MoB in both

acidic and basic environment after activation®*2.
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Figure 15. Polarization characteristics of some HER catalysts. (a) NiMoN, measured in 0.1 M
HCIO, solution®® (copy right Wiley), (b) Mo,C measured in H,-saturated 0.1 M HCIO,
solution® (copy right American Electrochemical Society), (c) Co-Cat measured at 0.5 M KPi
(pH=7)*2 (solid line: current density, dotted line: H, evolution rate) (modified copy right Nature),
and (d) hydroxide of Ni, Co, Fe and Mn measured in 0.1M KOH/LiOH electrolyte** (copy right
Nature)

Co HER: a cobalt based HER catalyst was recently electrochemically synthesized
through a Co-contained salt in phosphate buffered aqueous solution”®. The H,-CoCat
electrocatalyst consisting of a metallic Co coated with a cobalt-oxo/hydroxo-phosphate showed
significantly improved HER catalytic activity (overpotential 50 mV and exchange current of 10°°
A cm™) compared to Co metal (exchange current of 10° A cm™) and previously reported NiMo,
as well as MoS, catalysts (Fig.15c). Recent demonstration of CoSe, as a replacement of Pt
counter electrode in dye sensitized solar cell (DSSC) was reported to show a comparable
activity®™.

Oxyhydroxide of Ni and Co island decorated Pt also showed higher activity than pure Pt

metal. Subbaraman et al. showed in their experimental study that Pt electrode needed nearly 200
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mV overpotential to drive 5 mA/cm? cathodic current?. However, for electrodes that were
covered by Co(OH), and Ni(OH), showed lower overpotentials of ~125 mV and ~30 mV at 5
mA/cm?, respectively (Fig.15d).

Ni HER: Nickel metal and alloys, were also developed as low-cost HER catalysts and
showed considerable activity to replace precious Pt in industrial electrolysis. Ni compounds, such
as Ni-S*® and Ni-Se?"’, have also been studied for HER catalysts. Major concern of using later
group V and VI non-metal elements is the toxicity and chemical stability in aqueous solution.
Gao et al. showed a electrochemical measurement of NiSe based HER catalyst and noticed that
the loss of catalytic activity was significant in 0.5 M H,SO, presumably due to the NiSe oxidation
at high potentials®’. Successful demonstration of some sulfide and selenide can be found with the
presence of sacrificial agents?'®. Surface attached species are recognized as effectively promoters
to the catalytic reactions®®. Recently, Danilovic et al. demonstrated a utilization of Ni(OH),
nano-island to tailor the HER activity of the noble metal in alkaline environment?®. HER activies
remains low in alkaline conditions due to the limited proton availability. This study applied
Ni(OH), on metal surface which locally enhanced the dissociation of H,O and thus proton ions
for hydrogen generation. The structure effectively reduced the overpotential of metal for H,
generation and a comparable activity to the acidic condition.

1.4.2.3.2 OER catalysts

Mn-OER: Inspired by nature's Mn centered (Mn,Ca) molecular complex which is
considered as the most efficient and stable catalyst with TOF up to 400 s, biomimicing Mn-
complex catalysts were developed for efficient water oxidation?*".

Mn oxide, a well-received inorganic Mn contained compound, can be simply
electrodeposited at low temperature. For example, Jaramillo et al. presented a MnO, based
electrocatalyst deposited from a constant potential. This bi-functional material was active in both

oxygen reduction and evolution reaction (ORR/OER) directions?2. Current density of ~0.5
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mA/cm? at 1.23 V vs. RHE was reached, approaching to those from Ru and Ir metal catalysts. For
another example, Zaharieva et al. recently reported that MnO, electrochemically deposited
through a simply controlled voltage-sweeping technique (MnCat) could improve OER catalytic

activity??

. For comparison, the authors reproduced some representative electrodeposition
techniques for Mn oxide synthesis, including constant potential used in ref 2, cycling from two
constant potentials, and various buffer solutions. At overpotential of 565 mV, Faradaic efficiency
was quite close to 100% and TOF is about 0.01 s™, which was comparable to Co (0.017 s™) and
Ni-based (0.01 s™) electrocatalysts from electrodeposition. At overpotential of 590 mV, current
density reached at 1 mA/cm?® Identification of oxidation states was conducted using
electrochemical measurement and x-ray absorption spectroscopy (XAS). It was revealed that the
activated MnCat from the controlled voltage-sweeping technique contained a mixture of Mn(l11)
and Mn(IV) while inactive MnCat contained mainly Mn(1V). Detailed structural studies also
revealed that di-p-oxo bridging existing in synthesized MnCat was recognized crucial to OER
catalysts, similar to nature’s MnyCa complex and other first-row transition metal catalysts
containing Co and Ni. The high activity of MnCat was attributed to the high concentration of
mono-p-0Xxo bonds, relatively low concentration of saturated pz.s-0x0 bonds, and high availability
of coordination sites for water binding. However, the reason for catalytic activity loss in stability
test was still unclear, although authors claimed it might result from the dissolution of the catalyst.
Very recently, Takashima et al. provided insights on reaction mechanism targeting on providing
guidance on developing strategies to further lower the overpotential on MnO, based OER

224 They have found that effectively suppress the formation of Mn** and Mn** from Mn®*

catalysts
is important to maintain the activity. Surface functionalization using N-Mn bonds through surface
bonded amine groups stabilize the surface Mn** species and further reduced the overpotential.

Addition of other cations in the Mn oxides was studied, which could be potentially a

facile approach for improved OER catalytic activity. For example, hydrate CaMn,0O, synthesized
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from precipitation of a mixed aqueous solvent was introduced by Najafpour et al?®. Incorporation
of Ca greatly enhanced the catalytic performance. Interestingly, it was also observed that the
hydrate catalysts showed better activity than anhydrous ones in their study. Other transition
metals were also introduced to MnO,. For example, Ghany et al presented a Mn-Mo-Fe oxides
system using anodic deposition®®, which was able to electrolyze seawater with enhanced OER
efficiency and long term stability. Matsui et al. presented a ternary Mn-Mo-W oxide from anodic

deposition®’

. They noticed the deposition condition-dependent activity, selectivity and durability
on their OER catalysts.

MnO, coating on n-Si was demonstrated by Kainthla et al. using electrochemical
deposition in a bath containing 3 mM MnCl,, 0.25 m NH,CI and 1.4 M NH,;OH aqueous
solution®®. Mn,0; in a thickness of 20 nm was formed by removing water from Mn(OH),
precipitated on the Pd monolayer coated Si surface at 250 T in vacuum for 15 min, in which Mn
was mainly in 3+ oxidation states,. From the polarization study shown in Fig.16a, the
Mn,Os|Pd|n-Si demonstrated onset potential of 1.285 V vs. RHE in 0.2 M NaOH (pH=13.3)
(Fig.16a) and Mn,O4|Ti showed an overpotential of 800 mV at 1 mA/cm?® This Mn,Os|Pd|n-Si
showed stable photocurrent response of around 1 mA/cm*for more than 650 hrs operation which
did not show any mechanical or chemical degradation. Recently Strandwitz et al. (unpublished
data presented in IPS-19 meeting at Caltech 2012) reported MnOx from ALD on p +/n-Si
microwire array. A thin MnO, of 10-20 nm was conformally coated on an n-Si microwire array
substrate with surface inverted to p* emitter. Catalyzed photooxidation of water was successfully
realized using this structure, while photodecomposition of n-Si was substantially suppressed.

Fe-OER: In the previous section, we reviewed the investigation of Fe,O3; coating on a Si
photoanode. Here, we will make a further discussion on catalytic effect offered by Fe containing

oxides as OER catalysts. Recently, Jun et al. demonstrated an application of high-quality hematite

(0-Fe,03) thin film coating from chemical vapor deposition (CVD) on n-Si photoanodes for
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efficient water oxidation™®. Photocurrent of 1 mA/cm? at 1.23 V vs. RHE was achieved by
coating a 10-nm Fe,O; layer on polished n-Si. Such a thin coating maintained the Si
photoresponse without strong electronic or optical modification introduced to S/E interface.
Optimized system by converting backside to highly doped n*-Si and by utilizing Si microwire
array eventually gave a record-breaking photocurrent of 20 mA/cm? at 1.23 V vs. RHE (Fig.16b).

Dopants can be also introduced in Fe,O3. For example, Singh et al. introduced a mixture
of Mo and Fe oxides through a co-precipitation of a mixed aqueous solution®*. It was found that
OER electrocatalyst with a Mo/Fe ratio of 1.0 was able to provide the best activity with the
lowest Tafel slope (35 mV). To guide an efficient search for dopants in Fe,Os, Liao et al. recently
used periodic density function theory +U calculations to screen the cation doping effect in Fe,Os
(including Ti, Si, Mn, Co, Ni, and F)*. A predicted "volcano plot" was obtained (Fig.17d),
where Ni and Co were considered as the best dopants for favorable OER catalytic reaction on
Fe,0O; surface, inviting further experimental verification on their findings.

Co-OER: Theoretical calculation suggested that Co- and Ni-oxide are among the OER
catalysts with comparable overpotential to the best PGM-oxides such as RuO, and IrO,'!
(Fig.17a). Nanostructured Cos0,4 based OER catalysts containing Co(ll) and Co(lll) have also
been studied extensively”®!. For example, Cong et al. showed that Co;0, nanoparticles decorated
TasNs nanotube array photoanode showed comparable OER activity to IrO, decorated nanotubes,
particularly at high anodic bias with three times higher than bare TasNs***. However, Co;0,
showed less activity at zero or small anodic bias region compared to Co-Pi (a cobalt phosphate
OER catalyst, which will be further reviewed in later text). Improvement on the Co;0, catalytic
activity can be realized by manipulation of surface orientation, nanoparticle size and shape.
Recently Xiao et al. presented a facile method to control the shape and surface orientation of
Co30, and its effect on electrochemical performances®:. The control on the morphology of the

nanoparticles were realized by varying the concentration of NaOH and Co(NOs), 6H,0. The
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phase dependent activity was noticed which could be helpful to understand and achieve higher

OER catalytic activity using such materials. Koza et al. reported a electrodeposited spinel Co30,

from Co(lltartrate in alkaline solution without additional heat treatment®*. This Co;0, showed a

Tafel slope of 49 mV/dec and a j, of 2.0x107 mA/cm?, which exhibited an outperformed activity

to the Co-Pi catalyst. This film was crack-free and provided stable current for more than 50 hrs,

which showed great potential to protect and catalyze n-Si photoanode.

Supported Co0;04 nanoclusters using mesoporous silica (SBA-15) synthesized from

thermal annealing method was reported by Jiao and Frei®®. The synthesized Co;04 nanorod

clusters with average diameter of ~7.6 nm showed spinel structure in SBA-15 scaffold. The

estimated TOF of samples with SBA-15/4% Co3;0, at mild conditions (pH=5.8) was about 1140 s

! which is the highest among Co oxide based catalysts reported.
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Figure 16. First row transition metal-based electrocatalysts decorated n-Si photoanodes for
water oxidation. (a) MnO, from ALD coated p*/n-Si microwire measured in 0.2 M NaOH and 0.5
M K,S0,** (copy right American Electrochemical Society), (b) Fe,O3 from CVD grown on n-Si
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(copy right Wiley), (c) CoPi from electrochemical deposition on surface
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Introduction of other cations can also improve the OER catalytic activity. For example,
Li et al. presented Ni doped Co3;0O4 nanowire array was synthesized from solution based method
showed considerable OER catalytic activity?®®. Mixed valence state of Co(ll/IlI) and Ni(ll/111)
were discovered in the doped nanowire. Additional Ni in Co30, nanowire enhanced the
conductivity, surface roughness, and increased surface active sites, compared to pure Co030,4
nanowire. For another example, Lu et al. investigated the OER properties of Ni substituted Cos0,
nanowire array (Ni,C03.x04)**. It was found that the optimum OER activity and stability was
realized at the 1:1 ratio of Ni:Co. To further obtain a high specific surface area, mixed Ni-Co
oxide in the form of aerogel was prepared®*. The aerogel was synthesized from a Co and Ni
chloride gel and dried in a supercritical dryer. NiCo,0,4 aerogel with a specific surface area of the
about 134 m?g, which was 10 times larger than typical NiCo,0O, nanoparticles, showed the
lowest overpotential of 184 mV at 100 mA/cm?. This superior OER activity was due to the high
porosity and low charge transfer resistance associated with the OER process.

Recently, Liang et al. introduced Mn into Coz0, together with nitrogen doped graphene
(MnCo,04/N-rmGO, 5 nm particle size)®. This nanocomposite was synthesized by low-
temperature solution based method. The Mn substituted Co;0, showed lower Co** concentration,
while Mn in the hybrid was mainly of 3+ state. Co®* and Mn** were considered as OER and ORR
active sites, respectively. Therefore, Mn doping showed reduced OER activity*>. However, the
MnCo,04/N-rmGO exhibited much higher OER activity than MnCo,0,, suggesting an excellent
strategy for developing novel OER electrocatalysts using *** from the reduced charge transfer
resistance offered by the hybrid structure with the presence of nitrogen doped-graphene. For
another example, Koninck et al. synthesized Cu,Co0;,04 (x=0 and 1) nanoparticles from a sol-gel

d243

based method“™. Addition of Cu reduced the resistivity of Co;0, and most importantly the metal-

OH bond strength, both of which led to an enhanced catalytic activity in CuCo,0, composites.
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Figure 17. (a) Negative theoretical overpotential verses the binding energy difference (AGo»-
AGow~) showing a volcano-shape activity trend of several transition metal oxides™" (copy right
Wiley), (b) overpotential needed to drive 5 mA/cm? anodic current between oxyhydroxide of
Mn, Fe, Co and Ni on Pt substrates measured in 0.1M KOH/LiOH electrolyte?™ (copy right
Nature), (c) overpotential to drive 50 pA/cm? verses the occupancy of the eg-symmetry electron
of several perovskites*** (copy right AAA Science), and (d) negative theoretical overpotential
verses the binding energy difference (AGo+-AGop+) Showing a volcano-shape activity trend of

several transition metals doped Fe,O; (0001) surface®’.

Research effort on optimizing the first row transition metal based electrocatalysts has
been continuing with the hope of outperformance relative to noble metals or their oxides in order
to replace expensive elements in scaled-up systems. Ternary metal oxides such as Co-Fe-Cr
oxide?® and Co-Fe-Ni/Mn oxides®® were also investigated. Recently, Suntivich et al. reported

that a quaternary perovskite oxide BagsSrosC0ogF€02035 (BSCF) showed much higher OER

244

activity than state-of-the-art IrO, catalysts in alkaline media (Fig.17c)=™. Different from

previously proposed surface binding energy between metal and OH ions'®** this newly
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developed strategy suggested that the near unity occupancy of 3d electrons and the high
covalency of transition metal-oxygen bonds would enhance the OER activity**®. The successful
discovery of the new compound materials for OER electrocatalyst relies on the new strategies and
principles developed.

Besides oxides, the most well-studied Co based inorganic OER catalysts is certainly Co-
Pi (cobalt phosphate) initially proposed by Nocera in 2008%°. Afterwards, this catalysts has been
extensively applied and studied on various photocatalysts, such as TasNs>>, BiVO,*°, Fe,05%",
Zn0%2 Ti0,**, as well as Si®**** (Fig. 15c), to enhance OER activity and efficiency. Co-Pi OER
catalyst can be (photo)electrodeposited on the surface of conductive substrates or photoelectrodes
in a mixture of phosphate and Co salt in aqueous electrolyte. The electrolyte played an important
role in chemical composition, activity, as well as the selectivity of Co based catalysts*®. Further
insights on nucleation and growth of Co catalysts during electrodeposition were revealed through

an electronkinetic study?®*®

. Co-Pi OER catalyst on Si photoanode was demonstrated for efficient
water oxidation?*, Optimization of Si photoanode led to an improved Tafel slope, minimized
ohmic loss®®®, and eventually capability of spontaneous water splitting with the assistance of
multijunction Si cell®*,

Ahn and Tilley recently reported another cobalt based electrocatalysts synthesized from
thermal processing of molecular precursors®’. The prepared metaphosphate, Co(POs), exhibited
improved catalytic activity compared to Cos0, as well as Co-Pi. The TOF of 0.1-0.21 s*
remained the highest among the first row metal heterogeneous catalysts, showing its great
potential as one of the promising catalysts for water oxidation.

The other Co-based catalyst recently developed by Gao et al. was CoSe, nanobelt”®. The
CoSe, was synthesized from a hydrothermal based method by mixing Co(Ac), and Na,SeO; with

diethylenetriamine (DETA) and water. Pure CoSe, was realized by removing amine from DETA

at elevated temperature. The synthesized nanobelt showed layered nanostructure of CoSe,
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assisted by the amine groups during the formation. Recently, a hybrid nanocomposite system of
Mn;O, and CoSe, were developed and showed superior OER catalytic activity™®. Mn;O,
nanopartilces decorated CoSe, nanobelt realized via a heterogeneous nucleation process showed
improved OER activity and stability than pure CoSe, nanobelt or Mn;O, nanorods in 0.1 M KOH
electrolyte. The fundamental of the improved activity was confirmed by x-ray absorption
spectroscopic study. The measurement confirmed a positive shift of the binding of Co 2p due to
the electron donation from Mn3;O,. This transferred electrons increased the acidicity of MnzOy,
which leads to the enhanced OER activity through the Lewis acid-base interaction.

Ni-OER: Ni in forms of (oxy)hydroxides, compared to Mn, Fe and Co is believed to give
the lowest overpotential for a fixed current density which was experimentally verified by
Subbaraman recently (Fig.17b)?. This was consistent with the observation in the study by
Brockis et al. on transition metal terminated perovskites®”’, in which Ni-terminated perovskite
showed highest current density level at a fixed overpotential. All these results triggered further
utilization of Ni based OER catalysts.

Ni oxide has been widely used as a co-catalyst on transition metal oxides based
photocatalysts for oxygen evolution”®. The first demonstration of NiO coating on Si
photoelectrode was reported by Li et al®®’. Ni metal with a thickness of 10-30 nm was first
sputtered on n*/p-Si substrate and further anodically treated to form NiO(OH). This catalyzed
photoanode showed much higher OER activity than Pt. Further improvement was realized by
incorporation of W in the Ni film. This structure showed extended lifetime compared to NiO(OH)
directly decorated Si photoanode. Recently, Sun et al. synthesized a high quality
nonstoichiometric NiO, thin film from cost-effective low temperature solution based sol-gel
method on n-Si photoanode which showed significantly higher catalytic activity than near
stoichiometric sputtered NiO*? This film served as a protection layer to elongate the lifetime of

Si photoanode, an electrocatalyst to reduce the external bias, and a p-type coating for rectifying
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junction formation to further provide junction voltage. Compared to results presented in ref ™,
inferior water oxidation performance from this preliminary study (photocurrent density of 0.2
mA/cm? at 1.23 V vs. RHE, Tafel slope of 129 mV/dec in Fig. 15d) was presumably due to the
high back-contact resistance, high ohmic loss from NiO, coating, interfacial loss between NiO,
and Si, and low surface active sites. The demonstrated NiO, coated n-Si photoanode also suffered
with low stability primarily due to developed substantial porosity and subsequent Si corrosion.
Combinatorial method by adding alkaline metals or other transition metals in the uniform and

pin-hole free NiOy film to further enhance the catalytic activity and conductivity®®®

hopefully with
the maintaining photovoltage is current under investigation. Further performance improvement
approaches are also under investigation, for example enhancing surface activation sites by

introducing mesoporous layer, using passivated "black Si" to replace the polished one, and

introducing post-activation processing such as electrochemical or heat treatment.
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Figure 18. Polarization characteristics of several Ni based OER catalysts. (a) electrochemically
deposited Fe-NiO** measured in 5.5 M KOH showing reduced Tafel slope with incorporated Fe
in the NiO and elongated lifetime after 100 cycle scan (copy right Electrochemical Society), (b)
co-sputtered Fe-NiO measured in 1 M KOH showing reduced onset oxygen evolution potential

with increased Fe concentration, further increasing Fe concentration reduced the activity”®** (copy
right Electrochemical Society), (c) anodization activation and rejuvenation of Ni catalysts on Ni
rod under anodic bias for hours effectively reduced the Tafel slope measured in 1 M KOH*®
(copy right Electrochemical Society), and (d) time of anodization activation effect on NiBi
catalyst measured in 1 M KBi (pH=9.2), showing anodization dependent OER activity*?’ (copy
right American Chemical Society).

Doping NiO using other transition metals (Fe, Co) could improve its activity. Miller et al,
for example, showed that adding Fe into NiO film improved the catalytic activity by reducing the
anodic on-set potential (Fig.18a)?*. They demonstrated the improved stability using reactive
sputtering. Fe doping showed reduced Tafel slope (95 to 35 mV/dec) and overpotential (447 to
285 mV at 8 mA/cm?) compared to bare NiO, but exchange current density was dropped
significantly (10°® to 107°*° A/cm?®). Similar observations were also noticed by Corrigan®®.

However, the Tafel slope and overpotential to reach the same current density reported by Miller
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et al. were much worse than the electrodeposited film presented by Corrigan®. It was also
noticed that addition of Fe in the NiO effectively elongated the operation lifetime. However,
Miller et al. demonstrated a low temperature processing of electrocatalysts, which showed non-
degradation during 7000 hrs of operation, while Corrigan observed the porosity developed in the
electrodeposited counterpart. Recently, Landon et al. presented a detailed spectroscopic study on
Ni/Fe mixed oxides and revealed that 10 mol% Fe should give the best OER activity with a Tafel

slope as low as 40 mV/dec®®

. X-ray absorption study revealed the oxidation state of Fe mainly in
3+, which indicated the improved activity was not due to the Fe active sites but the introduced
NiFe,O4 phase. To the best of our knowledge, the most active NiFe-oxide OER catalyst was
presented by Merrill et al*®” using cathodic electrodeposition, in which NiFe-oxide exhibited j, of
9.4x10"° mA/cm? and Tafel slope of 33.7 mV/dec. Another example of study of transition metals,
including Fe, Co, and Cu, doped NiO from cathodic deposition and thermal decomposition was
presented by Li et al*®. Similarly conclusions that Fe doping led to an improved catalytic activity
of NiO compared to other metal dopants were drawn (Fig.18b). Lena et al. presented a study of
several typical transition metal oxide based OER catalysts including NiO,, CoOy, Co-NiOy, Fe-
NiO,, MnO,, FeO, and IrO, from solution based method®®. Films with ultrathin thickness of 2-3
nm were studied. The NiOx based catalyst doped with Fe also showed the best OER catalytic
activity with a Tafel slope of 30 mV/dec and current density of 10 mA/cm? at overpotential of
336 mV.

In addition to foreign dopants using other transition metals, the activity of Ni based OER
catalysts can be improved by electrochemical treatment. Activation and rejuvenation of aged
oxides film can be realized by applying anodic bias for a period of time, which was attributed to
the recovery of active sites on the surface®®. The film rejuvenated at a lower anodic bias (1.5 V
vs. Hg/HgO) compared to the operation bias (1.8 V vs. Hg/HgO) at room temperature for 2 hrs

showed comparable performance, compared to fresh activated samples (Fig.18c curve 3 and 4).
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Another Ni based OER catalyst electrodeposited from borate or phosphate buffer (NiCat)
showed similar structure to Co based catalysts prepared using similar methods®®. Most
importantly, NiCat and CoCat prepared using this method shared some common features with the
well-known natural Mn,Ca catalysts. The detailed structure study was recently elaborated by
Bediako et al*”*. Ni Borate (Ni-B;) with a formula of Ni"'O(OH),s(H,BO3)y3 1.5H,0)
synthesized from electrochemical deposition was demonstrated by Nocera's group as a good
alternative to previously proposed Co-OERs. Initial study on non-optimized coating on ITO glass
showed catalytic activity of 1 mA/cm? at overpotential of 425 mV. Recently researchers
demonstrated improved performance (2 orders of magnitude increased in OER activity) by

introducing anodic activation on the electrodeposited film (Fig.18d)"*

. X-ray absorption studies
revealed increased oxidation state (average from +3.16 to +3.6) and local structure change in the
activated Ni-Bi catalyst. Important experimental evidences brought to conclusions that Ni(IV)
oxidation state was more active and y-NiOOH phase was more efficient than B-NiOOH phase,
which was against well-accepted theories.

OER catalytic activities of other transition metal compounds were also investigated. For
example, Osaka et al. prepared the transition metal borides including Ni,B, Co,B and Fe,B were
prepared through solid state reaction by annealing metal and boron powder?’2. They found metal
borides showed higher Tafel slope than that of the metals and Tafel slope reduced with the

increasing metal concentration. Transition metal boride showed higher OER activity than pure

metals in the order of Ni,B=Co,B>>Fe,B>LaBs>Co~Fe>Ni.

Others: A small band gap degenerate TI,O; film was coated on n-Si using
photoelectrochemical deposition. A band bending of 1 eV through the junction of n-Si and
degenerate T1,0; with an energy band gap of 1.4 eV and first direct transition of 2.2 eV was

reported””. This semi-transparent film also showed antireflection, but significant absorption with
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increased thickness. Interestingly, this coating showed enhanced catalytic activity similar to Pt
and good stability in alkaline solution under anodic bias.

Outperforming and cost-effective catalysts containing earth abundant elements are
essential for high efficiency and large-scale production of solar fuel. There is a great demand on
engineering new transition metal electrocatalysts with high activity and stability, through
compositional and local structural manipulation. To understand the local structure of transition
metal based compound and active sites, oxidation states, reaction intermediates/kinetic, as well as
degradation pathways are extremely important in order to design and engineer optimized
electrocatalyst meeting all the required criteria. Well accepted techniques for obtaining these
insights through in-situ measurements include ellipsometry®®, x-ray absorption near edge
spectroscopy (XANES)?™, x-ray absorption fine structure (EXAFS)?"*, Raman spectroscopy®”,
X-band electron paramagnetic resonance (EPR) spectroscopy?’, and FT-IR spectroscopy?’’.
Recently, it was reported to use high energy x-ray scattering and pair distribution function
analysis for structural information that are not able to be obtained directly from other previously

used methods, such as full range of atom-atom distances®’®

. To obtain improved surface area or to
expose edge/face active sites for high-current density applications, electrocatalysts with
mesoporous or nanoscale structures are desired. However, porous/nano-structure does not provide
integrity of Si protection, which could result in photopassivation of Si over long time reaction.
Not only is this true for semiconductors that have anodic decomposition potential more negative
than water oxidation level”, but also for semiconductors that have cathodic reduction level more
positive than water reduction level®®®. In this case, additional interfacial layer between
electrocatalyst and underneath photoactive material should be considered for protection purpose,
which has to be stable and meanwhile maintains the facile carrier transportation to oxidant or

reductant in electrolyte. Rectifying interfaces between electrocatalysts and underneath

photoactive materials are also critical in system design to prevent back flow of electrons. When
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examining the developed catalysts, materials are typically coated on TCO substrates and undergo
high temperature thermal treatment. Thus, one should be aware of the interdiffusion of elements
from TCO to the catalysts and loss of conductivity of substrates when conducting temperature
dependent activity studies. Therefore, there is a continuous need for catalysts that can be
processed at low temperature that is compatible with the processing of temperature sensitive
substrates like multijunction amorphous Si?®. Finally, fundamental understanding of the
degradation process with great effort on developing nanoscale electrocatalysts is critical to design
stable electrocatalysts with long-term stability. Meier et al. recently reported an aging study using
transmission electron microscope (TEM)?!. Processes of stability loss were revealed including
detachment, dissolution, Ostward ripening, agglomeration, and support corrosion. Understanding

these fundamental issues will assist on designing and optimizing electrocatalyst coating on

photoelectrodes in solar fuel production applications.

1.4.3 Hybrid system

Physically, a qualified organic modification should effectively unpin the surface Fermi
level and regain the control of energy barriers, meanwhile isolate Si from aqueous solution, and
separate/conduct photo-induced charge carriers. These requirements are similar to the previous
discussed inorganic approach. Most concerns of the organic system include its stability under
illumination in aqueous solution with harsh environment (basic/acidic or even neutral), adhesion
strength to underneath substrates, and efficiency of charge transfer. However, organic approach
does have some advantages. For example, typical organic coating does not require high
temperature or high vacuum, and thus does not need high profile equipments for deposition,
which could make this approach relatively cheap and affordable. Moreover, hybrid system
utilizing redox couples as a sacrificial agent enables the use of single junction Si photoelectrode

for H, fuel production. Hybrid systems are typically realized in several different ways. We will
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first review methods including organic polymer coatings, molecular approach to modify Si
surface termination, and electroactive polymer containing redox couples. In the second sub-
section, we will brief summarize the development of heterogeneous and homogeneous molecular

HER and OER catalysts.

1.4.3.1 Polymer, surface derivatization, and redox couples

Polymer: Specifically, bare n-Si passivates completely in a few seconds under
illumination with light intensity close to 100 mW/cm?. Besides inorganic materials discussed in
previous sections, organic polymers were proposed and used to protect photoelectrode from this
undesirable passivation®®”. Advantages include convenience of preparation and facile
characterization of the polymer, rapid deposition of films onto a variety of surfaces, and stability
of the electrostatically bound ion systems. Apparently, conductive polymer has superior
advantages over non-conductive one due to the lower ohmic loss in the coating. Skotheim et al.
demonstrated an addition of conductive polypyrrole film on n-Si using electrochemical deposition
which showed a low resistance resulting in an improved fill factor due to the rapid electron
transfer kinetics, and improved photovoltage due to a lower degree of surface pinning®®. Further
improvement on conversion efficiency was realized by integrating with a thin Pt film*®*.

Another hole conductive polymer for n-type photoelectrode protection is polyacetylene
(CH),, the simplest conjugate polymer. The n-Si|(CH)4 photoanode was able to maintain structure
integrity and current density up to 23 hrs operation at low light intensity®®*. The formed Schottky
junction and conductive nature of the polymer helped the photogenerated holes transfer to the
electrolyte.

Unlike polypyrrole or polyacetylene, polyaniline film shows good conductivity for both
holes and electrons, meaning its potential application for both photocathode and photoanode.

Polyaniline coated n-Si showed significantly improved stability up to 72 hrs, while polyaniline
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coated p-Si showed cathodic shifted onset potential which assisted on the improvement of charge

transfer kinetics?®

. The photopassivation of Si was greatly suppressed by polymer coating on n-
Si, due to the improved kinetics of charge transfer to electrolyte®®. Limited long-term stability in
previous studies was believed due to the non-uniform coating of a thick film with weak adhesion
strength. Moreover, optical properties of the polymer in the early development of photoelectrode
coating are not considered, such as the dielectric constant, refractive index and absorption
coefficient®®’.

Application of phthalocyanine (Pc, a covalently bonded mediators) as a dye to sensitize
wide band gap materials, such as TiO,**®, W03, and SnO, has been demonstrated, because of its
visible light sensitivity?®. P-type semiconducting nature has enabled metal phthalocyanines (M-
Pc) to be broadly applied in organic optoelectronics devices*”. Pc films are potentially useful for
photoelectrochemical cells because of their hydrophobicity and catalytic properties™®?*.
Applications of metal-free phthalocyanine (H,Pc)®' and metal-Pc like Cu-Pc'® and Fe-Pc?*?
coating on n-Si have been conducted. These formed heterojunctions showed rectifying current-
voltage behavior, indicating a formed Schottky barrier which was essential to provide driving
force for charge separation®”. The photocorrosion process was remarkably decreased on the Pc
coated Si photoelectrode, but the rate of formation of the insulating layer was greatly dependent
upon the nature of the redox couple in the measurement electrolyte. Addition of iodine, which is a
dopant for the Pc layer, led to larger photo effects and a lower rate of photopassivation. However,
the electrode was still unstable after long time irradiation. Bard et al. reported that Pc coated n-Si
never showed long term stability at high light intensities (135 mW/cm?)™. Moreover, light
absorption could be significant in the Pc coating, which would limit the Si response and also lead
to photoresponse and significant surface band bending at the Pc coating/electrolyte interface®*.

Toshiyuki et al. demonstrated that H,Pc outperformed metal-Pcs with higher surface kinetics and

activity as a photoanode coating®”. Recently, Yang et al. extended this Pc on n-Si nanowire array
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coated with iodine doped PEDOT polymer. The nanowire array was etched using a metal assisted

chemical etching®®

. Only H, gas was generated due to introduced redox shuttles with a solar fuel
conversion efficiency of 3%.

Surface functionalization: Hydride-terminated Si shows lowest density states and
recombination velocity®, but it is not stable in aqueous solution as discussed above. Different
from polymer coated Si, surface functionalization of Si through molecular monolayer treatment
by forming alkyl-group®’, methyl-group (C,Hs), ethyl-group (CHs), allyl-group (CH,CHCH),),
and mixed functional groups terminated surface could maintain the electrical properties of Si. For
example, H-Si, through a facile tunneling barrier, provided improved stability in aqueous
solution®®?®, Meanwhile, this surface functionalization could also manipulate S/E energetics to
allow the surface band edge position independent from pH change, while energy barrier depends
on the pH value. Moreover, the surface functionalization could minimize the surface defects and
thus recombination velocities. Moreover, functionalized Si surface can be further derivatized by
attaching some redox couples, such as Fc®*°, to modify the charge transfer kinetics.

Redox couples: Organic or nonaqueous solvents were used to effectively limit the
photopassivation of Si, in which dissolved redox couples were the electron donor instead of
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water™™, and to provide more options on selecting efficient intermediate redox couples with

different redox potentials between the band edge of Si for Si photoelectrodes®!. Moreover,
electrolyte containing redox couples can avoid hassles in fabricating conformal metal contact

particularly when dealing with nanostructured photoelectrodes in liquid junction solar cell. For
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example, Legg et al. used ferrocene/ferricenium couple on n-Si*". Yuan et al. used a methanolic

electrolyte solution consisted of dimethylferrocene (MeyFc) and Me,FcBF, to study the

photoanodic behavior™. Similarly, Santori et al. investigated lightly doped n-Si microwire in

+/0

contact with a 1-1’-dimethylferrocene (Me,Fc™). Heller et al. presented p-Si photocathode with
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vanadium®®, and Warren et al. used N,N’-dimethyl-4,4’-bipyridiniumredox (MV*"*) on p/n*-Si
microwire®.

Concept of water splitting using this strategy relies on the mediated redox reaction (A/A",
B/B*) by manipulating charge transfer kinetics*®, which can be described using the equations

below:

—Si,h
At +e N A (52)

Catalyst
2A + 2H,0 — 2A* + 20H" + H, 1 (5h)

n-Si,hv

Bt +ht ——B (6a)

Catalyst
2B + 2H,0 — 2B* 4+ 4H* + 0, T (6b)

Based on these studies, a wide selection of electroactive redox couples either covalently
bonded to surface or confined in supporting polymers close to the electrode surface, has also been
studied and applied to Si surface™. For example, Wrighton et al. proposed a new structure
containing a photoelectrochemical active ferrocene (Fc) covalently attached to the surface

21304 This derivatized n-Si

derivatized n-Si to stabilize the electrode from photocorrosion
exhibited acceptable durability in acidic condition, while corrosion of Fc coating happened in
alkaline solution?. This surface-attached Fc species can be repetitively cycled between its
oxidized and reduced form by linearly sweeping the illuminated electrode cyclically. Results
using this derivatized surface showed that this structure did protect the n-Si to a substantial extent
from SiO, formation up to over 30 min, and the surface attached species were
photoelectrochemically active. Mediation reaction of Fc in this system was further investigated
by Bocarsly et al. using a two-electron reductant-N,N,N',N'-tetramethyl-p-phenylenediamine

(TMPD),which showed separated one-electron transfer on a Fc derived n-Si*®

. In this study, Fc
was first attached on cleaned and NaOH treated Si surface through Si-O-Si bond®*. It was

observed that n-Si without surface derivatization gave a very irreproducible behavior at low
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TMPD concentrations presumably because the Si oxidation was competitive with the TMPD
oxidation, while the derivatized n-Si showed mediated TMPD oxidation through the regeneration
of surface ferricenium. This surface derivatization method successfully inhibited the Si
photopassivation. However, energetically the Fc derivatized Si was not able to oxidize water
spontaneously.

Besides covalent attachment of redox mediators onto Si surface, redox couples can be
also incorporated in a polymer. For example, the polymer incorporated with Fc redox ions was
electroactive and applied to the n-Si photoanode surface®®. Because of the positive charges on the
backbone, negatively charged ions were attracted to the polymer. Increased negatively charged
ions on the polymer surface helped to increase the capability to capture holes generated from the
n-Si. Improved photocurrent stability of p-Si with surface decorated with a N,N'-dialkyl-4,4'-

2+/+

bipyridiniumredox (PQ*"*) contained polymer was reported by Bookbinder et al®’ based on a

2+/+ 303

previous research on the liquid junction containing a PQ redox couple™. The coating
significantly lowered the cathodic photocurrent onset potential by 0.3 VV compared to naked p-Si.
However, this structure did not exhibit a significantly improved HER efficiency without addition
of catalyst. Pt was then introduced into the polymer through ion exchange followed by
photoreduction of PtCl¢®, which resulted in a uniform Pt distribution in the PQ contained
polymer®®.

Another electroactive polymer layer containing polybenzylviologen (PBV) with a
thickness of 50 nm ~ 2 pum, presented by Abrufia and Bard, was deposited on p-Si*®. PBV
electroactive polymer dramatically catalyzed the water reduction reaction by shifting the onset
potential anodically and improving photocurrent. Incorporating a HER catalyst of photoreduced
Pt into the polymer coating could further enhance the H, evolution, which would successfully

regenerate the reduced PBV. For this system, the loss of photocurrent was mainly due to the

decomposition of viologen even at low light intensity.
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Others: Early development on Si electrochemistry/photoelectrochemistry was involved
in the use of HF containing electrolyte to in-situ etch away the insulating oxides during Si
operation in aqueous solution. Examples electrolytes include HF/HNO5*™°, HF buffered by HCI,
fluoride/HF®. It was also reported to have a greater improvement in stability when a
concentrated electrolyte was used®?. This can be attributed to a decrease in water activity and a
concomitant decrease in the rate of water penetration through the film'®. However, these methods
require harsh acidic/toxic electrolytes, which could not be a low-cost environmental friendly

approach for solar fuel production.

1.4.3.2 Molecular complex
Inspired by hydrogenases for water reduction and Mn-centered complex catalyst for
water oxidation existing in nature®, engineers can certainly apply highly active enzymes on
inorganic light absorber for a hybrid system. The first breakthrough of the hybrid system using
molecular complex on inorganic photoactive material was demonstrated by Nann et al. using Fe-

Fe hydrogenase linked onto a layered nanocrystal InP photocatalyst®*

to realize electrocatalyzed
proton reduction for H, generation. The catalytic reaction was recognized through the Fe-H
and/or S-H bond. The system demonstrated no-deactivation for 1 hr operation at low
overpotential in neutral electrolyte. Recently, homogeneous Fe-Fe hydrogenase catalyst
demonstrated robust H, generation from proton reduction together with p-Si photocathode
(Fig.19c and d)*°. All these pioneer work paved promising future for efficient solar fuel
production using such a hybrid system, like DS-PEC (dye sensitized photoelectrochemical cell)
by attaching molecular electrocatalysts on molecular dyes in DSSC®*®. There is lots of research

focusing on this area®’. Organic complexes surface functionalized Sican be realized by

effectively binding the enzyme to the substrate through active binding sites. However, research
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should focus on the intra- and inter-molecular charge transfers to reach high activity by lowering
the overpotential, minimizing back charge transfer/reaction, and increasing exchange current.
Light sensitivity of molecules and its photo-stability are also important. Interfacial protection

layer between complex catalysts and Si substrate is highly required to prevent Si photoabsorber

from passivation.

(a) Connected

to anode

Cubane-like (b) .

cluster on Si surface

ent density (mA cm™)

p-Si pillar

:

g
2

Current Density (Acm™)

04 06 0.8 10 12 14 16
Potential vs. Fc'/Fc® (V)

Figure 19. Hybrid photocathode based heterogeneous and homogeneous catalyst modified p-Si.
(a) schematic of Si microwire decorated with MoS, molecular catalyst, (b) polarization
characteristics of catalyzed planar Si and microwire array measured in 1 M HCIO, solution
showing improved HER activity'*® (copy right Nature), and (c) energy band diagram and
illustration of charge transfer process on [Fe-Fe] homogeneous catalyzed Si for proton reduction,
and (d) cyclic voltammetric study measured in 0.2 mM [Fe,(u-bdt)(CO)e] (bdt=benzene-1,2-
dithiolate) in 0.5 M TBAH/acetonitrile with varying HCIO, concentrations®™ (copy right Royal
Society of Chemistry).

Thermodynamic and kinetic issues of Si photoelectrode in aqueous solution are
considered as the major problems for Si as practical photoelectrodes. In this section, we have
reviewed research efforts aiming to solve these issues through a heterogeneous alternation at the

S/E interface using metal, compound semiconductors, organics etc. An ideal method should
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provide a coating, that 1) is robust with minimum corrosion in the operation window and high
guality to lower the chance of electrode degradation both in dark and under operation, 2) provides
large photovoltage to lower the bias needed to drive the reaction, 3) enhances light scattering or at
least does not absorb too much light, and 4) offers electrocatalytic activity to further lower the
externally applied electrical energy input. Some developed approaches have successfully
demonstrated improved efficiency and lifetime of Si photoelectrodes. The high quality Schottky
junction between the coating and Si is essential to replace the direct junction between Si and
electrolyte and isolate Si from photoanodic passivation. The solar conversion efficiency of
surface modified Si photoelectrode greatly relies on the new Schottky junction formed between

the coating materials and underneath Si**®

, as well as the charge transfer between coating material
and redox couple in aqueous electrolyte, though there are limited examples of different

approaches that have been successfully demonstrated to be applied to Si photoelectrode yet.

1.5 Spontaneous water splitting and artificial photosynthesis
1.5.1 Spontaneous water splitting

Regarding the intrinsic limitations of Si, spontaneous water splitting using Si was
proposed, which can be realized through two typical configurations: a photochemical diode (Fig.
19a) and a tandem junction photoelectrochemical cell (Fig. 20a).

Photoanode and photocathode configuration (Fig.20a) or so called photochemical diode
was firstly proposed by Nozik®. This system is represents an inorganic analogy of biological
photosynthesis (z-scheme), where two photons are absorbed to generate one electron®”. Design
strategies considering the material band gap and overpotential loss were presented by Weber®,
Generally, overlapping of the photoanodic and photocathodic current is necessary to obtain a

spontaneous water splitting device. Ideally, the two photoelectrodes with high fill factor cross at

high current density level (curve a and d in Fig.20b) exhibits high efficiency. On the other hand,
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if two photocurrents cross at low current density (curve b and e in Fig.20b) or even do not cross,

external bias will be needed.
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Figure 20. (a)Photoelectrochemical diode configuration using microwire arrays® (copy right
Nature) (b) Efficiency analysis®* in which curve a, ¢, and e are photoanodic current, curve b and
d are photocathodic current (copy right Elsevier).

As illustrated in Fig. 19a, this design consists of 4 important components: n-type
photoanode material which has Eyg lower than the water oxidation level, p-type photocathode
material which has Ecg higher than the water reduction level, an ohmic contact between cathode

and anode, and finally a proton exchange membrane (PEM) for proton transfer and pH balancing.
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Using Si for spontaneous water splitting and artificial photosynthesis can be simply realized by
incorporation a p-Si photocathode with a photoanode, which can effectively handle the water
oxidation half reaction (Fig.22 Scheme 1). In this scheme, a minimum required photovoltage
from the photoanode is 1 V assuming that the amorphous Si photocathode with HER provides an
onset potential of 0.3 V' vs. RHE. This photovoltage can be translated to an anodic photocurrent
onset potential at around 0.2 V vs. RHE. Several wide band gap photoanode materials can be
selected. For example, n-type WO; and InGaN could be candidates as the photoanode materials
that can be used to couple with p-type Si in a spontaneous water splitting device. Considering the
solar spectrum and absorption coefficient, the theoretical maximum photocurrent from anode and
cathode should match (Fig.20a shaded spectrum on the left), otherwise total photocurrent and
thus conversion efficiency are limited by the low current end. Transparent ohmic contact to both
photoanode and photocathode is important to provide charge conducting channels and to allow
maximized light with longer wavelength arriving at the Si photocathode side.

Ohmic contact and PEM that are electrically and ionically conductive are required to
allow charge transfer between photoelectrodes and protons transport from one side to the other
side of photoelectrodes. Widely used PEM provides transportation of protons; meanwhile
separate the reactants and products. PEM is a critical component, actually, in both of the
spontaneous water splitting devices as illustrated in Fig.20a and Fig.21a, to minimize the ionic
loss and electronic loss*”?. Typically, metal junction to connect anode and cathode has to be
avoided to maximize the light arriving at the cathode through the membrane (Fig.20 incident light
comes from the anode side and longer wavelength light arrives at the cathode side). Therefore,
this PEM also serves as the transparent ohmic contact between the photoanode and photocathode
to minimize the optical loss through this membrane. In addition to the capability of transporting
charge carriers and ions with minimal ohmic losses, this membrane should be

chemically/mechanically stable.
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A demonstration of this membrane was realized through a simple mixture of PEDOT-
PSS (poly(3,4-ethylenedioxythiophene)—poly(styrene sulfonate)) and Nafion. The electrical and
ionic conductivity of the composite, as well as the transmittance, mechanical stability was
characterized as a function of the PEDOT-PSS weight concentration in the composite. Suitability
studies on this composite material for this technique are currently under investigation. For
example, investigation on the electrical conductivity particularly at the composite membrane and
single Si microwire interface was demonstrated by Yahyaid et al**®. The polymer composite of
PEDOT-PSS/Nafion with 12 wt% PEDOT/PSS was drop casted on the p-Si microwire or on both
p- and n-Si  microwire. The total resistance of the microwire/polymer and
microwire/polymer/microwire system, in which the ohmic junction were formed by applying
smaller amount of pressure (12 mN/um?) on both p- and n-Si microwire, was measured using a
force-assisted probing method. The resistance measured at low bias region was larger (1040 kQ)
than the desired resistance (480 kQ) needed in the proposed system. This additional loss can be
minimized by applying a highly doped region between the polymer and Si, as well as by
effectively removing the native oxides. Two membranes of Si microwire embedded in Nafion
were assembled through an intermediate PEDOT-PSS film by Spurgeon et al®*. Addition of
PEDOT-PSS offered minimum reduction of ionic conductivity of Nafion membrane. This hybrid
system showed impermeability of produced H, comparable to the commercial Nafion. Although
the assembly showed acceptable ionic and electrical resistance, further improvement was
suggested. For example, metallic ohmic metal contact can be applied to semiconductor before
embedding in membrane to reduce the contact resistance.

Interestingly, in the report by Spurgeon et al**, the anion exchange membrane (AEM)
consisting anion exchange ionomer poly(arylene ether sulfone) functionalized with quaternary
ammonium groups (QAPSF) was also proposed and for the alkaline electrolysis. Needs for

alkaline electrolysis over traditional acid electrolysis increase for various reasons: 1) oxygen
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evolution reaction is inherently easier at alkaline condition, 2) eliminate the use of expensive Pt
usage as HER catalyst and enable to use of non-noble transition metal catalysts which show
alkaline activity and extended stability in alkaline environment®*® (see Table. 1), and 3) enable the
use of cheaper materials with controllable corrosions®®. Recently Xiao et al. demonstrated the

first alkaline solid electrolyte which allowed the device to work in pure water environment®’.
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Figure 21. (a) Si multijunction solar cell based solar fuel cell (modified from ref %), and (b)
Analytical model for photoelectrolysis based on a solid-state photogenerator (shown for a triple-
junction device) driving an electrochemical load**® (copy right American Chemical Society).

So far we have discussed the photochemical diode configuration for spontaneous water
splitting and fundamental consideration in the system design in the material and device level. The
other format of device capable of spontaneous water splitting is based on tandem junction solar

cell with two sides decorated with property electrocatalysts (Fig.21a). First demonstration of

practical solar water splitting was realized by utilizing a tandem junction amorphous Si
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photoelectrode built on stainless steel (SS)*?. Thin Pt film was evaporated on the n-Si side to
catalyze water reduction and heat-treatment of deposited Pt could slow down the photocurrent
decay. H, evolution was noticed at the bias that was 0.8 VV more positive to Pt electrode, due to
the high photovoltage generated by the SS|p-i-n|Pt junction. The solar fuel conversion efficiency
(SCE) was calculated to be 2.3% in 0.5 M H,SO, electrolyte and later optimized to be as high as
3.56% under assistance of an external bias®®’. The double junction SS|2>{p-i-n]|Pt tandem cell
showed onset of photocurrent and H, evolution at 1.6 V more positive to Pt electrode. This
photovoltage was higher than the thermodynamic required for water splitting 1.23 V, indicating
the spontaneous decomposition of water in this double junction tandem cell. In this case, the
conversion efficiency was as low as 0.25% under standard condition. Improved energy
conversion efficiency of 1.98% was achieved on RuO,|SS|2>{p-i-n]|Pt tandem cell, due to the
utilization of Ru-OER catalyst®”®. H, evolution and photocurrent onset potential could further
reach as high as 2.08 V and dark current was suppressed based on a new tandem structure,
Galn|crystal p-Silmicrocrystal n-Si|2>{p-i-n]|Pt. The net SCE was improved to be 2.93% on
RuO,|Galn|crystal p-Sijmicrocrystal n-Si|2>{p-i-n]|Pt tandem cell with a short circuit current (Jsc)
of 2.38 mA/cn’.

The first wireless demonstration of spontaneous water splitting using triple junction
amorphous Si and low-cost electrocatalysts in a system of NiFeO|SnO,|3>{p-i-n]|ZnO|MoNi
showed a SCE efficiency of 2.5%°*° with Jsc of 3.9 mA/cm?® An improved SCE as high as 5-6%
and a photocurrent of 4 mA/cm? were achieved utilizing an inverted structure Ni/Pt|SS|3>{n-i-

1% 1TO was recognized as the main cause of

p]IITO|JFTO working in alkaline electrolyte
photoelectrode deactivation. Success in protection of 1TO resulted in extended lifetime up to 50
hrs. Pt|SS|3>{n-i-p]|Pt showed Jsc=6.6 mA/cm? and SEC efficiency of 7.8%%*. By replacing Pt
with cost effective CoMo alloy as HER catalyst and Fe doped NiO as more effective OER

catalyst, a higher photocurrent of Jsc=6.48 mA/cm”and an improved SCE of 7.45% could be
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obtained on a system of CoMo|SS|3>{n-i-p]|TCO|NiFeO,™®. Recently, another amorphous Si-
based triple junction tandem cell with a structure of NiMoZn|SS|3>n-i-p]|ITO|Co-Pi was
demonstrated by Reece et al. as a water splitting device?®*. The wireless configuration of this
device could operate stably for over 30 hrs in KBi supported electrolyte, and demonstrated a SCE
efficiency of 1.7% with Jsc=5.9 mA/cm?, while the wired configuration gave 4.7% for the SCE
efficiency with Jsc=6.5 mA/cm?. The reduced efficiency from the wireless configuration was
presumably due to the ohmic loss through longer transfer pathway and low ionic conductivity of
the electrolyte. Again, authors argued the instability of the photoelectrode was primarily due to
the ITO. Replacing ITO with a more stable TCO that is compatible with the low temperature
processing of amorphous Si could potentially elongate the operation lifetime. Actually, the
records held for spontaneous water splitting were from group I1-V based tandem junction cell
with a Jsc=120 mA/cm? and SCE of 12.4%". Licht et al. demonstrated a hybrid 111-V/Si with
efficient RuO, OER catalyst which showed a Jsc=20.5 mA/cm? and SCE of 18.3%°*2. Overall,
SCE greatly depends on the tandem cell design and performance of electrocatalysts. Generally, it
is concluded that PV cells with low V¢ should be matched well to the catalysts with higher
catalytic activity, while PV cells with high Voc is less sensitive to the catalytic activity®*. A
detailed discussion on the tandem solar cell method and system-level comparisons of various

milestone electrocatalysts developed in literatures can be found in section 5.3.
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Figure 22. Si based solar fuel production schemes based on alkaline electrolysis: (scheme 1)
photoelectrochemical diode using Si photocathode and a semiconductor photoanode, (scheme 2)
hybrid solar fuel cell using Si photocathode and a DSSC, (scheme 3) multijunction Si cell and
photoanode, and (scheme 4) multijunction amorphous Si.

Besides the two aforementioned strategies for Si based spontaneous water splitting and
artificial photosynthesis (scheme 1 and 4 in Fig.22), two other schemes for these purposes are
also promising. All the viable schemes for spontaneous water splitting and artificial
photosynthesis are summarized in Fig.22. Note that light management, such as light trapping or
guiding features, on photoactive components is not shown in the schemes proposed in Fig.22 for
simplicity. All the physical geometries are not to scale.

In scheme 1, besides selections of photoanode discussed by Weber®?!, additional features
developed in the literatures can be incorporated. For example, light comes in from the large band
gap material side - the photoanode side. TCO between the anode and cathode maximizes the light
arriving at the Si, provides minimum electrical ohmic loss. Metallic cathode decorated with HER

or CRR catalysts also works as a back metal mirror to reflect light, and provides protection of the
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photocathode particularly at idle conditions. Between the p-Si and metallic cathode layer, a n*
layer can be incorporated between the metallic cathode and p-Si photocathode to enhance the
photovoltage. Anode and cathode are effectively isolated by an anion exchange membrane to
conduct OH" ions, because most low-cost transition metal-based catalysts are active and stable in
alkaline environment. Red broken line shows the movement direction of OH™ ions. The principle
is balancing the ionic current and electric current while minimizing the distance (d) that OH" ions
have to travel from the cathode to the anode. Therefore, geometrical arrangement of photoactive
electrodes and the AEM membrane similar to “zero-gap electrolysis cell” has to be optimized
considering the complex mass transfer problem under certain hydrodynamic conditions with
evolving bubbles at the electrode surface®*. The ohmic loss in the electrolyte is proportional to
the distance and invert proportional to the specific conductivity, which is expressed below,

§r=Jj-xkt-d ()

where k is the specific ionic conductivity and d is the distance between electrodes®*. Al
these engineering approaches to optimize the mass transfer in the photoelectrolysis process ensure
the maximized energy conversion efficiency.

Two other schemes, which can be future promising research directions are presented in
Fig.22 scheme 2 and 3. In order to gain additional photovoltage to drive the Si photocathode
(scheme 2) or the photoanode (scheme 3), one can integrate with a photovoltaic cell. Scheme 2
relies on the high photovoltage from a dye-sensitized solar cell (DSSC). Yum et al. presented a
Co based redox for DSSC with high Voc of 1 V**, which is still not able to split water by itself.
Coupling with a Si photocathode could further pump up the electron energy for spontaneous
artificial photosynthesis. Considering the absorption spectrum of the dye (Y123) up to 650 nm
allowing the rest of the light (700-1100 nm) to reach Si which could potentially generate a Jsc of
6.52 mA/cm? at a light intensity of 51 mW/cm?®based on the result reported by Boettcher et al”.

Similarly, the DS-PEC proposed by Meyer®*’ relies also on the DSSC where organic sensitizers
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are linked to organic catalysts for water splitting. In order to reach a minimum energy of 1.23 V
for water splitting and 1.28 V for CO, reduction to CH,. Researchers are right now focusing on
the molecular dye and electrocatalysts, interconnection and bonding. Another practical question is
what performance one can get from the DSSC. Therefore, future research direction include
replacing TiO, with other nanostructured semiconductors (such as Nb,0s**®), tandem DSSC by
coupling a traditional n-DSSC with p-DSSC using p-type semiconductors such as NiO**,
CuGa0,*°, and CuCrO,*** to further improve the Voc, and a new redox couple for example
[Co(bpy-pz),]3/2* with lower redox potential, hydroquinone/benzoquinone®?, or Fc/Fc***® to
replace inferior two electron redox couples I3/I'.

Scheme 3, on the other hand, relies on a photovoltage from a single™®*

or double junction
Si cell (Fig.22). In this case, the battle from having wide band gap requirement for the
photoanode in scheme 1, while maintaining high photocurrent density is eased. In this case, front
side of the photoanode can be coated with low cost alkaline catalysts, which is not critical for the
photoanode in scheme 1 with a wider energy band gap. Importantly, the OER catalyst coating
should be transparent to light with minimum absorption to maximize the light arriving at
photoactive substrates underneath. Actually, those catalysts that effectively absorb light are not
favorable and cannot be directly applied to any other schemes that have photoactive materials
underneath.

Besides design criteria in management of light, electron, and ion, researches on practical
photoelectrochemical panel modeling are currently conducted in the Joint Center of Atrtificial
Photosynthesis (JCAP)***, Imperial College London*** and more others through multiphysics
modeling, also for water, gas, and heat management in a practical scaling-up
photoelectrochemical reactor. lIdeally, what desired are bubbles with small size and short

departure time in order to avoid formation of a bubble shield on the electrode surface, which

results in a fluctuation of current density, a reduced current density at a fixed bias or an increased
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overpotential for a fixed current density. So far, researchers from photoelectrochemical field
mainly focus on the materials properties of catalysts. Certainly, bubble behavior is a material-
related behavior. In industrial electrolysis, it is well-known that the bubble evolution depends

greatly on the electrode geometry®®

. In fact, strategies developed in commercial electrolysis
could be adopted directly here in the solar fuel devices, for example, at a fixed current density,
one may increase the flow-rate of feed-in water, and increase the concentration/temperature of

electrolyte®®. One may also, increase the hydrophilicity of the electrode surface by applying

nano-textures.

1.5.2 Artificial photosynthesis

Artificial photosynthesis can be described in the equation below

€O, + H,0 it 0, + hydrocarbon/(CO + H,) (8)

Thermodynamically compared to water splitting, CO, reduction (equation 3b as an
example) potentials are slightly positive to proton reduction potentials, meaning theoretically if
electrons are able to reduce proton, these electrons can be used for CO, reduction. Bond strength
of carbon oxide and hydrocarbon bond on catalysts surface, similar to OH and H bond on OER
and HER catalysts is the key controlling parameter and design guidance for new class of

catalysts®*°

. Possible pathways of CO, reduction reaction are enormous. Selectivity on CO,
reduction reaction in terms of reaction products with undesired side reaction prevented is crucial.
The selectivity is normally a function of catalyst materials, surface morphology/orientation, and
interestingly on external bias.

Noble metals, such as Pt**" and Au®*® showed improved CO, reduction catalytic activity
by controlling the surface morphology and size. Late transition metal, Cu, is one of the most well

studied CO, reduction catalysts**°. Cu, together with Au and Ag decorated on p-Si showed CO,

reduction capability under illumination®°. Surface morphology and cyrstallanity can be
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351

controlled for improved selectivity". Cotineau et al. demonstrated Cu nanoparticle decorated p-

Si photocathode for CO, reduction®®

. Cu particles were deposited from electrochemical
deposition and the size of Cu particles was controlled by the deposition conditions. It was found
that pulsed deposition assisted the formation of nanometer size particles with an optimized Cu
coverage. However, this electrode showed severe degradation from unstablized Si substrates due
to significant oxidation at exposed area. Further modification can be realized by replacing Cu

with oxidized Cu(l) and Cu alloy nanoparticles®? for better catalytic activity**

. CO, reduction on
other low-cost 3d transition metals has been theoretically and experimentally studied before. For
example, Liu et al. recently presented a computational study of intrinsic catalytic activity of 3d
transition metals (Fe, Co, Ni and Cu) by investigating the CO, reduction on the (100) surface of
FCC (face centered cubic) lattice structure®*. Based on their plane-wave density functional
theory (PW-DFT) calculation, Cu showed minimum interaction with CO,, while Fe is the most
favorable surface for CO, adsorption. Both Co and Ni showed favorable thermodynamics and low
CO, decomposition energy barriers.

Besides inorganic CRR catalysts, application of metal organic complexes for CO,
reduction are developed. For example, Arai et al. demonstrated a heterogeneous Ru complex or
complex containing polymers as a heterogeneous catalysts on a small band gap material CZTS
(Cu,ZnSnS,) or p-InP for CO, reduction to generate organic compound such as HCOO™**. Kumar
at al. demonstrated Re-complexes in electrolyte and Si as an electron source when illuminated by
sun light for CO, reduction was reported using p-Si®*®. Free electrons excited in p-Si by photons
are able to transfer to the S/E interface to generate H, with p-Si operated in aqueous electrolyte.
Meanwhile, excited electrons are able to work with the homogeneous Re complex based catalysts
with TOF > 200 s in the electrolyte for CO, reduction to generate CO as another kind of fuels.

The competition of reduction of CO, and water could be tuned by varying the concentration of

the Re complex and water content. The Re complex catalyst exhibited selectivity of CO, over
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water reduction. The origins of the selectivity and deactivation were investigated and reported

recently®’

, to understand the basic principles for the improved performance. Surface
functionalized Si using phenylethyl-group showed improved catalytic current behavior over H-Si,
suggesting a scientific importance to understand the charge transfer from Si to electrocatalyst for
designing future artificial photosynthesis system®®. Innovative ideas to avoid struggling on poor
selectivity for direct reduction of CO, on various catalysts were demonstrated on p-Si hanowire
by mimicking the CO, fixation reaction in Calvin Cycle*®. Si nanowire in this experiment was
treated by metal assisted electroless etching. CO,, instead of directly reduced with free electrons,
was first fixed through surface attached benzophenone on Si nanowires. Electrochemical
carboxylation reaction was then driven by the free electrons excited at the rectifying junction with
energy barrier height of 0.86 V between benzophenone and illuminated p-Si in organic solvent.

This system showed Faradic efficiency of over 94% and TOF of up to 25.8 s™ under AM 1.5

illuminations and at low overpotential.

1.5.3 Electrocatalyst evaluation and system efficiency analysis
Among all the aforementioned spontaneous water splitting schemes based on Si, scheme
4 is the only one that has demonstrated practical prototypes together with advanced

electrocatalysts. In this section, we will extend the discussions in ref 3%

and compare the system
using different combination of some outperforming electrocatalysts summarized in section 4.2.3.
The analytical model of tandem junction driven electrolysis was first proposed by Miller et al
(Fig.21b)"®. The total conversion efficiency can be expressed by equation below.

1N = Nopt * Mele (9)

Where 1 is the ultimate SCE, nqp and e are the multifunction solar cell and electrolysis

efficiency, respectively. nop Can be expressed by standard solar cell I-V curve.
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FF-Voc]
Nopt = CI;C 5 (10)

where FF is the fill factor, Voc is the open circuit voltage, Jsc is the short circuit current
and P is the incident solar energy.

Nopt OF SOlar energy conversion can be expressed by the equation below.

Nopt =Ma"Ng " Ns " Ne (11)

where ., g, Ms, and 1, are light absorption, charge generation, separation and collection
efficiency, respectively. One can introduce surface texture, antireflection, or plasmonics to
enhance the m,, optimize the solar cell design such as graded band gap, multijunction, intrinsic
layer and etc, to enhance the ng and ns, and finally minimize the bulk and contact loss to enhance
Ne-

Practical solar cell IV curve can be modeled using the equation below

q(V_jph.Rs) _ 1) _ V_jph'RS (12)

Jon =Jsc — Jo <e nkT

RsH
where j, is the photocurrent density under illumination, Jo is the dark saturation current
density, Rs and Rsy are the series resistance and shunt resistant, respectively, Jsc is the short

circuit current, k, g are constants and T is temperature. J, can be calculated

Jo=Jsc" (3%‘? - 1) (13)

The electrolysis efficiency can be described (Fig.21b left right half) as

1.229
1-229+5HER(§CRR)+§0ER+§jR

Nele = (14)

where &uer and Eoer are the overpotentials for HER and OER half reaction in V,
respectively, Ecrr IS the carbon dioxide reduction reaction (CRR) overpotential in V, when
current reaches j, j is the electrolysis current density in mA/cm?, and R in ohm sums all the ohmic
loss from cell®®, electrocatalyst and ion transfer in bulk solution. Based on Butler-Volmer model,

one can reconstruct the kinetic 1-V behavior of electrocatalysts from the equation below,
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—p. i
SHER/CRR/OER — D 10810 i (15)

where b is the Tafel slope in mV/dec and j, is the exchange current density in mA/cm?.
The kinetic data (b and j,) of some milestone electrocatalysts reviewed in previous sections
compared to state-of-the-art novel metal-based electrocatalysts are summarized in Table 1. The
Tafel behavior describes the overpotential needed to overcome the activation barrier and to force
the current to flow for the reaction to happen. This model typically works for higher bias where
reverse reaction rate is negligible. In fact, a typical catalytic kinetic behavior switches from
Butler-Volmer kinetics to resistive kinetics when working bias is switched to higher values,
which can be expressed using the equation below.

éHER/CRR/OER = (] - ]b) *Riim (16)

where j, and Ry, are the resistive kinetic parameters at high working biases. As we can
see, smaller Ry, and greater j,, correspond to lower overpotential and thus better catalytic Kinetics.
Typically the resistance loss becomes significant and cannot be neglected when the current
density exceed 100 mA/cm?. Therefore, for the PV-electrolysis water splitting device with an
efficiency of 10%, it is reasonable to ignore the high resistive kinetics and assume the
electrocatalysts are still governed by the Butler-Volmer model which is not limited by the
transportation. Other important assumption one may think about is that gas bubbles are released
from the electrode surface immediately up on formation, meaning bubbles do not increase the
overpotential need to drive the same amount of current density. The last but not the least, we
assume that there is no additional efficiency loss when connect optical system (left half) and
electrical system (right half) of Miller’s model in Fig 20b. In practical cases, this additional loss is
significant and strategies have to be considered, which will be discussed later.

On the other hand, looking at the efficiency from thermodynamic point of view, one can

simply have the efficiency of the whole system using the equation below
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_ 1.229j
)

(17
from which, assuming a "holy grail" of solar fuel production efficiency of 10%, one can

get current density j is around 8.13 mA/cm?.

Furthermore, having

_ 1229 _ FFVoclsc . 1.229 (18)
p P 1'229+5HER(iCRR)+'§OER+éjR

we can get a general guidance on the design of a such a system

jr (1229 +¢,) =Jsc - FF - Voc (19)

where &, represents the summation of all the overpotential of OER and HER half
reactions and ohmic loss.

Table 1. Kinetic parameters for some HER and OER catalysts reported

Catalysts b jo (MA/cm?®)  E(mV@8.13  Condition Ref
(mV/dec) mA/cm?)

HER

Pt 30 1.0 27 %ol
PtRulr 30 3.6x10" 131 0.5M H,S0, 362
PtBi 0.56 pH=0.4 H,SO, %63
NiMoCd 26 102 75 1M NaOH %4
MoS, 55 5.0x10™ 232 pH=0.23 H,S0, 187
MoS2 50 6.7x10™ 225 0.5 M H,SO, 192
MoS; 39 1.2x10"* 188 pH=7 PBS solution 207
a-MoS; 41 107 230 1M H,SO, 202
NiMoN, 35.9 0.24 55 0.1M HCIO, 208
Co-MoS, 43 5.0x10™ 181 pH=7 PBS solution 207
CoCat 140 10%° 547 0.5M KPi 213
Co(OH), - - 186* 0.1M KOH/LiOH 214

Cu,MoS, 95 0.04 219 0.5M H,SO, 200
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Table 1. Kinetic parameters for some HER and OER catalysts reported continued

Catalysts b jo (MA/cm?®)  E(mV@8.13  Condition Ref
(mV/dec) mA/cm?)

HER

FeMo 78 0.67 85 30 W/O KOH 355
NiVO 33.8 2.7x10° 118 1M KOH 267
OER

RuO; 42 11.7x10° 203 5M KOH 356
IrO, 33 9.5x107 163 5M KOH 366
Mn-Cat 59 10° 585 0.1M KH,PO,/ K,HPO, **
Ni-Bi 29 510" 441 1M KBi 333
NiFeO 33.7 9.4x10°3 99 1M KOH 267
Co-Bi 52 2>10° 499 1M KBi 333
Co-oxide 69 3.0<10° 582 0.1M 367

NaH,PO,/Na,HPO,

Co-Pi 59 - 0.1 M KPi 236
Co304 49 2>107 373 1 M KOH 234
NiogFeo10x 30 - >310 1 M KOH 269

*186 mV at 8.13 mA/cm?’ is extracted from ref ?* at Co(OH), coated Pt (111) surface with a
coverage of 40%

Theoretically, Voc has to be equal or bigger than the 1.229+&,, and then electrolysis
current j cannot be bigger than Jsc +F. Therefore, j will be higher if multijunction solar cell has a
better fill factor. On the other hand, maximum electrolysis current j equals to Jsc. Therefore, with
the same overpotential loss, better fill factor lowers the requirement for high Voc. That is to say at
a fixed fill factor, increased overpotential loss requires a larger Voc. Based on reported data of
some typical electrocatalysts and milestones (Table.1), one can extract the exchange current and

Tafel slope, typically given at the onset potential region defined by researchers. It is possible to
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extend the PV-electrolysis plot (presented by Surendranath et al.**

) in a PV-electrolysis system
by compared different combination of low-cost HER and OER catalysts (Fig.23).

Based on an ideal Si triple junction PV, the maximum efficiency of this spontaneous
water splitting devices can be estimated. One can see that state-of-the-art system with RuO, and
Pt, as OER and HER, respectively, gives the best efficiency of 10%, disregarding their high cost.
Similarly, Ni based alkaline catalysts (NiFeO-OER/NiVO-HER) contained system showed
comparable maximum efficiency of 10%. NiBi was demonstrated as a very effective neutral
water OER catalyst recently. The system consisting of NiBi combined with some breakthrough
HER catalysts, such as NiMoN,, NiMoCd and CoMoS; presenting noble metal-like behavior,
could theoretically give efficiency of 9.94%, 9.88% and 7.50%, respectively. System utilizing a
combination of MnCat and CoMoS; gives the maximum efficiency of 1.79%. Using both cobalt
based catalysts, CoBi-OER and CoCat-HER, one can reach efficiency as low as 0.17%.
Moreover, the efficiency of the system drops when considering a practical solar cell with a finite
shunt resistance (Rsy) and a series resistance (Rs). The polarization curve of a practical solar cell
is shown as the dotted line in Fig.23. As one can see, cross points of Tafel curves of

electrocatalysts and the solar cell 1V curve drop significantly indicating a loss of conversion

efficiency.
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Figure 23. Theoretical efficiency analysis of PV-electrolysis system based on some state of the
art cheap transition metals electrocatalysts. NiFeO-OER/NiVO-HER(1), RuO,-OER/Pt-HER (2),
NiBi-OER/NiMoNx-HER (3), NiBi-OER/NiMoCd-HER (4), NiBi-OER/CoMoS3;-HER (5),
MnCat-OER/CoMo0S;-HER(6), CoBi-OER/CoCat-HER(7). PV cell is based on a triple junction
amorphous Si solar cell with typical parameters, Jsc=8.13 mA/cm?, Voc=1.94 V, ideal factor=1,.
Kinetics behaviors of electrocatalysts are reconstructed from Table 1. Dotted line shows the
practical solar cell IV curve with Rsy=5 ohm-cm? and Rs=0.005 ohm-cm?.

Fabrication and characterization conditions for these electrocatalysts may need harsh
environment namely high temperature sintering or extremely basic/acidic electrolyte. The
synthesis condition could worsen the Si PV/electrocatalyst interface, which gives reduced charge
kinetics, and thus the Tafel behavior may not be retained over long-term operation. Moreover, it
is also possible that the charge recombination channels at this interface can be facilitated during
the catalyst deposition or the catalyst treatment, such as conditioning procedures like high
temperature or leaching in highly concentrated alkaline for long time. In this case, a correction
factor is needed in equation 6, representing an additional loss when these two systems are

integrated®®, primarily from deconstructive processes, which could lead to degraded or
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compromised performances from each system. The correction factor should also include the
optical modulation from the integration of these two systems including positive and negative
from each component and process, which are discussed primarily in section 4.

Screening and searching for excellent photoactive materials as well as electrocatalysts are
currently world-widely recognized through combinatory experimental. High throughput screening
methods to identify new materials through an identical synthesis conditions and a single
experiment are developed®®, which can be realized either from direct electrochemical
polarization measurement or from indirect measurement through a gas product induced optical
modulation. For example, Parkinson’s group from the University of Wyoming presented fast

370 Materials screened

screening method using ink-jet printed precursors on conductive substrates
in this study were then activated through a thermal annealing process. Electrochemical
monitoring and mapping of the photocurrent under a laser excitation were recorded. Jordan et al.
presented a similar study of high through-put screening of photoactive materials by monitoring
photocurrent and polarity/magnitude of photovoltage®”*. Recently Liu et al. reported an ultrafast
photocatalysts characterization with a rate of 1000000-fomulations/hour with up to 8-component
compositions®’%. Fast identification of cost-effective and efficient photocatalysts for H, generation
was achieved through a multidimensional group testing strategy. McFarland’s group from the
University of California, Santa Barbara, also presented a fast screening through monitoring the
photocurrent®®. McFarland’s group presented in 2001 a screening of HER metal catalysts made
from electron beam evaporation®”*. The fast screening was realized by monitoring the reduce of
reflectance from the WO3:Pd film H, sensor. Similarly, Gerken et al. recently presented a work
on screening non-noble metal based electrocatalysts for photooxidation of water through an

optical approach with a potentially high through-put®”.

Commercially available dual-
chromophore paint is placed above the metal oxides in a three-electrode measurement setup. The

activity of the OER catalyst containing Ni and Co with non-redox active Lewis-acidic metal ions
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was investigated. Oxygen evolution was monitored by the color change of the paint using a
digital camera.
In addition to the extensive development in experimental screening, new computational

376 Based on

screening plays an important role on predicting and identifying new materials
surface electronic structures which in turn determines the adsorption free energy and thus
catalytic activity, DFT-based kinetic models are used and have showed great accuracy and
consistency to experimental results®”’. Computational models could also consider the stability
based on evaluation of free-energies needed for the change of surface morphology, oxygen
adsorption, and dissolution®™. Greeley et al. presented a computational screening based on density

33 1t was

function theory on the activity study of over 700 binary surface alloys for HER catalysts
found that BiPt is found to have improved HER catalytic activity than pure Pt, which was proved
experimentally (Fig.9a). On the other hand for OER catalysts, Castelli et al. presented a
computational screening of 19000 compound semiconductors with cubic perovskite structures®.
Several combinations were selected through this recent study, which could provide guidance for
experimental verifications.

However, the reported experimental screening of photocatalytic or electrocatalytic
materials for better catalysts are only judged by activity. We believe a more considerable criterion
on the performance judgment should include the stability. Selectivity should be also evaluated

317 Therefore, future research

through the modeling of each possible competing reaction pathways
focused on developing new criteria and respective high throughput screening experiments should
be conducted searching for cheap, outperforming, specific, and stable electrocatalyst and
photocatalyst materials. A larger database including electrocatalysts behavior under standard
synthesis (compatible to amorphous Si processing) and measurement conditions (current range,

pH of electrolyte, etc) is essential during the screening study towards an optimized system design

for future practical devices. This kind of tandem junction configuration can be eventually applied
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to the development of Si based artificial photosynthesis system by simply replacing the water

reduction catalyst with an CO, reduction catalyst (as shown in Fig.22)%%.

1.6 Conclusion and prospects

Over the past few decades, human has dedicated tremendous efforts to solve the energy
problem and to deal with the consequences from excessive use of fossil fuels. Solar energy is
recognized as the ultimate solution to all the energy and environmental crisis due to its unlimited
power. Mimicking the natural photosynthesis to synthesize chemical fuels from light for
conventional energy consumption devices in a clean and cheap fashion is one of the promising
approaches. Exploration of this approach using organic molecular photochemistry or inorganic
semiconductor photoelectrochemistry has been enormously successful. Si is widely used for
photovoltaic applications, due to its superior advantages of low cost and narrow band gap (Eq =
~1.1 eV) matched to the solar spectrum. Thermodynamics and kinetics of Si photoelectrode in
aqueous solution are considered as the major issues to solve in order to enable Si for
photoelectrochemical solar fuel production. Surface alteration techniques are desired for
overcoming intrinsic disadvantages of Si for solar fuel production from water. An ideal
heterogeneous coating should 1) be robust and high quality to lower the chance of electrode
degradation both in dark and under illumination operation, 2) provide large photovoltage to lower
the bias needed to drive the reaction, 3) enhance light scattering or at least does not absorb too
much light, and also 4) offer electrocatalytic activity to further lower the externally applied
electrical energy input. Strategies to enable Si for solar fuel production are broadly reviewed in
this article, including surface textures, inorganic metallic and semiconductive coating, as well as
organic polymers and briefly discussed molecular complexes. Significant successes obtained
from these studies provide fundamental design guidance for developing unassisted solar fuel

production. To develop practical spontaneous water splitting and artificial photosynthesis based
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on Si photoelectrodes, prototypes based on configurations such as a photoelectrical diode and a
triple junction amorphous Si solar cell were proposed and studied. Hybrid configurations by
integrating molecular sensitized solar cell and Si photocathode could be another alternative
approach and a future research direction to realize practical fuel production from solar energy.
Research are focus on rational management of efficiencies of each steps in this complex
multiphysics and chemistry process, such as light absorption, free carrier collection/transportation,
ion conduction, gas evolution, as well as material stability, catalyst activity, heat/water flow
control and etc. In addition, cost-effective fabrication process like inkjet printing and solution
processing, as well as abundant and cheap materials such as late first row transition metal based
nanoscale electrocatalyst through compositional and structural modifications are developed.
Computational screening together with combinatorial experimental verification provides an
effective way to successful identification of novel, extremely durable and selective

photocatalysts/electrocatalysts with high activity.
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CHAPTER 2

2.1 Abstract

In this chapter, we will focus on p-type Si based photocathode integrated with nanoscale

ZnO film or ZnO nanowire arrays. This chapter includes three published journal articles,
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Abstract: This Communication reports a low-cost solution fab-
rication of wafer-scale ZnO/Si branched nanowire heterostruc-
tures and their high photodetection sensitivity, with an ON/OFF
ratio larger than 250 and a peak photoresponsivity of 12.8 mA/W
at 900 nm. This reported unique 3D branched nanowire structure
offers a generic approach for the integration of new functional
materials for photodetection and photovoltaic applications.

Branched nanowires (NWs) are 3D nanoscale tree-like structures
that consist of a NW core (“trunk™) and NW “branches™.! The
formation of branched NWs offers direct homo- or heteroepitaxal®
integration of materials with very different properties at the nanometer
scale, which often lead to function integration or novel materials/
applications. Moreover, 3D branched NW heterostructures offer greatly
enhanced surface area and function and thus promise very attractive
potential applications in optoelectronics, photocatalysis, photovoltaics,
and sensing.® ZnO and Si are the most investigated NW materials.*
Zn0 is a direct band gap semiconductor with a wide band gap (E, =
3.4 eV). It has a large exciton binding energy of 60 meV and is
piezoelectric,® and thus it has been broadly studied for use in light-
emitting diodes® and lasers,” photodetectors,® electrical generators,”
photovoltaics,'” transparent electrodes,'' chemical and biological
sensors,'? etc. On the other hand, Si NWs have an indirect band gap
of 1.12 eV and are piezoresistive; they have been intensively researched
for applications as transistors," logic circuits,"* photodetectors,'
photovoltaics,'® chemical and biological sensors,'” thermoelectric
devices,'® etc. Herein we report a low-cost, wafer-scale synthesis of
Zn0O/Si branched NW heterostructures and their application as high-
sensitivity photodetectors. The direct integration of ZnO and Si and
the growth of 3D branched NW heterostructures enable new functional
materials to be synthesized for applications in optoelectronics, catalysis,
and photovoltaics.

The Si NW core and ZnO NW branches were synthesized using
simple and cost-effective aqueous solution methods. Both methods
are applicable for large-scale synthesis. The wafer-scale Si NW
arrays were obtained using a previously reported metal-assisted
chemical etching process.'” Figure la shows a scanning electron
microscopy (SEM) image of NW arrays that were etched for 5 min
on a 2-in. p-type Si wafer. SINWs were about 680 nm in length,
showing single-crystalline structure (Supporting Information). An
optical image (Figure 1b) shows a very dark brownish color in the
NW region, in significant contrast to the surrounding area that was
covered from etching electrolyte, indicating that the light absorption
was due to the waveguide effect.'® Light absorption was then

" University of California—San Diego.
* National Institute for Material Science, Japan.

Figure 1. (a) Cross-sectional SEM image and (b) optical image of NW
arrays on a 2 in. p-type Si wafer (etched for 5 min). (¢) 45° view SEM
micrographs of the ZnO/Si branched nanowire heterostructures at low
magnification. (d) 89° view and (e) top view SEM micrographs of the ZnO/
Si branched nanowire heterostructures at high magnification. (f) LR-TEM
image on a single Si/ZnO branched NW. (g) 45° view SEM image of a
photodetector device with top ITO contact.

further improved by integration of ZnO NWs on Si NW surfaces,
revealed by reflectance evaluations. This enhancement is due to
smoothing of the refraction index on going from the environment
to the Si substrate. Hydrothermal growth of ZnO NWs is attractive
due to its low reaction temperature and large-scale synthesis
capability. Compared to gas-phase approaches, this method does
not require expensive equipment, metal—organic source materials,
or high temperatures. Hydrothermal growth of ZnO NWs on the
seeded Si NW arrays was conducted according to the technique
reported elsewhere.'” To ensure a uniform coating over the Si NW
surface, low-pressure sputtering was used for seeding. The as-grown
ZnO NW/Si NW heterostructures are shown in Figure lc—e.
Hexagonal ZnO NWs with diameter around 30 nm and very high
density grow nearly perpendicular to the surface of the Si NW core
and form highly ordered 3D branched NW heterostructures, as can
be seen in a low-resolution transmission electron microscopy (LR-
TEM) image (Figure 1f). It also appeared that the ZnO NWs grown
on Si NW tips have larger diameter, presumably because there is
less spatial hindrance and higher reactant concentration from
diffusion. Devices were then fabricated by embedding the hetero-
structure into an insulating polymer, followed by reactive ion
etching (RIE) and top transparent contact deposition using indium
tin oxide (ITO) and a Ti/Au probing pad (Figure 1g). Nanowire
synthesis and fabrication procedures can be found in the Supporting
Information.
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Figure 2. (a—d) Schematics of the ZnO/Si branched NW heterostructures:
(a) top (NW tip) junction and energy band diagram; (b) bottom junctions
and depletion layer in the silicon substrate; (c.d) cross-sectional view of
the sidewall junctions and energy band diagram. (e) Current—voltage (I-V)
characteristics measured in the dark and under xenon lamp illumination.
(f) Spectral photoresponsivity and external quantum efficiency of ZnO/Si
NW heterostructure photodetector from 400 to 1100 nm.

The current—voltage (/—V) characteristics of the AwWT/ITO/Mm-
ZnO/p-Si/In device were tested in the dark and under illumination.
Figure 2a—d illustrates the schematics of junctions along a single
ZnO/Si NW heterostructure formed at different positions of the Si
NW substrate. which are superimposed with the energy band
diagrams. The carrier concentration was about 10'® cm ™ in ZnO
NWs'% and about 10 cm™ in Si NWs. AE-= 0 eV and AEy =
2.78 eV were derived from the electron affinity and band gaps of
ZnO and Si and confirmed by using a 1D Poisson solver*® (Figure
2a.d). ZnO NWs had a carrier concentration 3 orders of magnitude
higher than that of Si NWs. Therefore, the depletion width (r,)
was much larger in the Si NW core than in the ZnO branches (r,)
(Figure 2c). and the Si NWs were fully depleted and partially
inverted to n-type (Figure 2d). p/n junctions were also formed
between the ZnO NWs grown on Si substrate between the Si NWs,
with larger depletion width (W) under the area between the Si NWs
and smaller depletion width under the Si NWs, as shown in Figure
2b. Figure 2e shows the dark and photocurrent (under xenon lamp
illumination) at room temperature. Both dark and
photocurrent voltage characteristics were rectifying. and the best
ON/OFF ratio achieved at —1 V was about 250. Because of the
clean interface between ZnO and Si NWs, the rectifying behavior
was assigned to the ZnO/Si heterojunction and the Si substrate
(Figure 2a—d). High-resolution TEM studies showed an oxide-free
interface between ZnO and Si NWs (Figure S1. Supporting
Information). A photovoltaic effect was observed. and the best solar
cell device performance showed a power conversion efficiency
under 1.5 a.m. solar simulator lumination of # = 0.154%, with Jsc
= 4.1 mA/em?, Ve = 0.15 V. and FF = 0.25.

The spectral photoresponse of the ZnO/Si NW heterostructure
device (400—1100 nm) was measured under a reserve bias of —1
V using a calibrated Si p-i-n photodiode (model 818-UV from
Newport with OD3 attenuator) and monochromator (see Supporting
Information for setup details). The photoresponsivity was calculated
by calibrating the measured photocurrent density to that of the Si
photodetector. Responsivity was calculated on the basis of eq 1.

J.
R, = Pph = Rzaarph 1)

where R; and Rjs, are the photoresponsivity of the ZnO/Si
heterostructure device and calibration Si photodetector. respectively.

Jon and Jy, are the measured current density from our device and
the calibrated Si photodetector. and P, is the incident optical power.
The external quantum efficiency (EQE) can be calculated by

=R = & x 1240 2)
=% T 7

where 7 is the EQE, g. h. and v are the electron charge. Planck’s
constant. and frequency of the incident photon, respectively. and 4
is the wavelength. Figure 2f shows the photoresponsivity and EQE
of the heterostructure device. The distinctive peak is the band edge
absorption in the Si NW/substrate layer.?' The maximum respon-
sivity measured for this ZnO/Si heterostructure was as high as 12.8
mA/W at around 900 nm, and the maximum quantum efficiency
was 2.20%.

In summary. ZnO/Si branched NW heterojunction photodiodes
are fabricated using a cost-effective solution-phase process. This
unique chemical integration of NW branches to vertical NW arrays
promises enhanced light-trapping due to the aperiodically arranged
nanowire array and high refractive index material filling, as well
as advantages in broadband photon detection. Although ongoing
research is addressing some of the challenging issues (such as
uniform top contact and defects concentration) in order to further
improve device performance. this unique branched NW hetero-
structure shows a peak responsivity of 12.8 mA/W at around 900
nm. These results indicate that the branched heterostructures, along
with the wafer scale and low-cost solution processing, offer new
functional materials for photodetection and photovoltaic cells.
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3D branched nanowire heterojunction photoelectrodes for high-efficiency solar

water splitting and H, generationf
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We report the fabrication of a three dimensional branched ZnO/Si heterojunction nanowire array by
a two-step, wafer-scale, low-cost, solution etching/growth method and its use as photoelectrode in

a photoelectrochemical cell for high efficiency solar powered water splitting. Specifically, we
demonstrate that the branched nanowire heterojunction photoelectrode offers improved light
absorption, increased photocurrent generation due to the effective charge separation in Si nanowire
backbones and ZnO nanowire branching, and enhanced gas evolution kinetics because of the
dramatically increased surface area and decreased radius of curvature. The branching nanowire
heterostructures offer direct functional integration of different materials for high efficiency water
photoelectrolysis and scalable photoelectrodes for clean hydrogen fuel generation.

Introduction

Currently over 90% of electricity and over 95% of hydrogen are
produced from fossil fuels and biomass.' Fossil fuels are believed
to be the major cause of negative and irreversible environmental
consequences,” which contribute the largest amount of green-
house gas (carbon dioxide)** and air pollution (nitrous oxide and
smog). Hydrogen is believed to be one of the sustainable and
clean-energy alternatives to overcome the environmental chal-
lenges, which can work by itself as a source of energy or together
with other carbon source to generate liquid hydrocarbons.® In
order to be economically competitive and environmentally
beneficial, it is essential to find a cost-effective and clean method
for mass production of hydrogen.® Techniques for directly con-
verting water to hydrogen using solar energy, known as photo-
electrolysis, are receiving great attention recently, despite the fact
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that the electrolysis effect was discovered more than 200 years
ago.” Mechanisms of water splitting driven by semiconductor
photoelectrochemical (PEC) electrodes (photoelectrodes) are
depicted in previous review works.®* Continuous research effort
and current challenges are to optimize photoelectrodes towards
practical PEC applications with a broad spectrum of absorption,
matching energy band to water reduction/oxidation energy
levels, long-term stability in harsh conditions (like seawater or
effluent, under both dark and illumination conditions), and most
importantly high photocurrent density in order to reach high
photo-to-hydrogen conversion efficiency.*

Materials that are currently attracting research interests
include semiconductors (Si,'3'% III-V,'%!7 TI-VL,'*2 eze) and
metal oxides (TiO,,>2 ZnO,* Fe,05,22¢ W0,>2%). Moreover,
using heterojunction®23 or homojunction®-3 and tandem cells
enhances light absorption, charge separation and appropriate
carrier energy, all of which could lead to a potentially viable
device for spontaneous water splitting. Among all of the afore-
mentioned materials, Si as one of the cheapest, most abundant,
and most important semiconductor materials, has demonstrated
broad application as solid-state solar cells and PEC cell devices.
Recently, a one-dimensional nanowire (NW) array utilized in
a Si solar cell provides conceptual advantages, such as improved
light absorption and potentially improved charge separa-
tion.3*# On the other hand, Si nanostructure based photo-
electrodes interfacing with liquid electrolyte as an alternative
format of solar cells have shown great potential due to the
advantages of high quality and conformal junction interface.
Meanwhile, this structure improves the junction area, essentially
eases the carrier separation and collection. Previously studies
have demonstrated photoelectrodes with improved PEC prop-
erties using a p-type'**' or an n-type*** doped Si NW array as

This journal is © The Royal Society of Chemistry 2012
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a photocathode or a photoanode, respectively. A large surface
area provides significantly increased photoelectrochemical sites
for water reduction/oxidation. However, problems with NW
structures happen at the electrolyte interfaces where increased
surface state recombination occurs. Moreover, poor interface
kinetics further limits the performance of Si based photo-
electrodes, resulting in low H, evolution.*®* In this article, we
present a low-cost two-step solution phase integration of ZnO
NW branches to Si NW backbones and the use of these p/n
branched heterostructures for solar water splitting. The
branched N'W array structure is studied using scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HR-TEM). Structures with different lengths of Si
NW backbones and ZnO NW branches are studied as a photo-
cathode for H, production. Light absorption and transient
current density at chopped light are studied.

Experimental
1. Device fabrication

p-Type boron doped (111) silicon wafers with a thickness of
250 pm (WaferWorld 1-10 Q cm) were cleaned with solvent,
rinsed with deionized (DI) water (>17.8 M cm) and dried with
N,. The metal assisted chemical etching used to prepare the SINW
substrate is described in previous literatures**” and as follows:
a cleaned 2 wafer, with both the edge and backside protected
from exposure to the solution with polymer coating, was fixed on
ahomemade etching setup and immersed in the etching solution (a
mixture of 0.02 M AgNO; and 4 M HF in DI water). The etching
was performed at 50 °C with gentle agitation (100 rpm) for varying
time periods, followed by immediate removal from the etching
solution and thorough rinse with DI water for 5 min. The as-
etched Si NWs were normally coated with a thick layer of chem-
ically reduced Ag, the latter was etched in dilute nitricacid (1 : 10)
for at least 1 h (depending on the length of NW). Finally, samples
were rinsed well in DI water and dried gently with N,.

For ZnO nanowire growth, a thin ZnO seeding layer was
deposited on the Si NW substrates with low-pressure argon
plasma RF sputtering using 99.99% ZnO target. Prior to the
seeding process, Si NW samples were dipped in buffered oxide
etching (1 : 6 BOE) solution for 10 s to remove the native oxide.
Then, samples were carefully spray-cleaned using DI water, dried
with N», and immediately transferred to a deposition chamber to
minimize oxidation. During the sputtering, pressure in the
chamber was maintained at 1.7 mTorr. The deposition rate was
first characterized on a planar Si substrate. A thin layer of ZnO
with 45 nm in thickness was achieved after 16 min, based on the
deposition rate calculated from thin film deposition on the planar
Si substrate. Hydrothermal growth of ZnO NWs*** was carried
outas follows: Si substrates were fixed on a supporting glass slide
facing down and immersed in the reaction solution—25 mM
solutions of zinc acetate and hexamethylenetetramine (HMTA,
Sigma) in DI water at 85 °C with gentle agitation for varying time
periods. The as-grown samples were ultrasonicated at low power
(<30 W) to remove ZnO particles on the surface, thoroughly
rinsed with DI water, and gently blow-dried with N, gas.
Samples were stored under vacuum to minimize oxygen and
water absorption before further measurement.

2. Morphological study

The NW morphology was examined using a field emission
secondary electron microscope (FESEM, FEI-XL30) with an
accelerating voltage of 5.0 kV. Energy dispersive X-ray (EDX)
analysis was used to examine the efficiency of Ag etching. A
cross-sectional transmission electron microscope (XTEM, JEOL
JEM-3100FEF) equipped with an OMEGA-type energy filter in
the microscope column with an accelerating voltage of 300 kV
was used to study the crystalline structures and the ZnO/Si het-
erostructure interfaces. Images were collected using the Gatan
image recording system with a resolution of 0.5 nm.

3. Reflectance measurement

Optical extinction spectra were measured using a halogen lamp
and a CCD spectroscope coupled with an optical microscope.>®
Samples are in focus of microscope objectives. Specular and
diffuse scattered light from the sample were collected using 50x
objective lens (Carl Zeiss 422370-9960-000) with a numerical
aperture of 0.8 and working distance of 0.6 mm. Reflected light
was measured using a CCD spectrometer (Andor Shamrock).
The diameter of the effective field of view collected by the CCD
was around 50 pm.

4. PEC measurement

Prior to PEC measurement, indium paste was applied at the back
of the sample and a copper wire was soldered to the sample
providing ohmic electrical contacts. The backside and edges of
samples were protected using epoxy and the copper wire was
sealed in plastic tubes to prevent electrical shorts to the electro-
Iyte such that only the sample front side was in contact with the
electrolyte. Si NWs without ZnO NW branches were etched for
10 seconds in HF solution at room temperature and rinsed with
DI water immediately prior to measurement, the ZnO/Si
branched NW samples were tested directly without further
treatment. The area of the samples exposed to the electrolyte
varies and ranges about 0.5-12 cm® In electrochemical
measurement using one-compartment cell setup, Pt wire was
used as the counter electrode (CE) and was positioned as close as
possible to the photocathode, while the Ag/AgCl (1 M KCI)
reference electrode (RE) was placed as close as possible to the
photocathode working electrode (WE). A xenon lamp from
a solar simulator providing an output light intensity of 130 mW
cm~2 was incident normal to the sample through a quartz
window. Steady-state photocurrent density—voltage (J-V') curves
under a slow scan rate (5mV s~'), and photocurrent density—time
(J-1) curves were obtained by using a potentiostat (Digi-Ivy Inc).
All data were recorded using software DY?2300. The electrolyte
solution was always 400 ml of 0.25 M Na,SO, buffered with PBS
with pH = 7.2, which was measured using a pH meter (Acorn-
Oakton pHS5).

Results and discussions

Fig. 1 shows the cross-sectional and top views of Si/ZnO
branched NW arrays with different backbone and branched
lengths. Similar to the growth on the plain Si substrate, hexag-
onal ZnO N'Ws grown on the surface of Si NW backbones were
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Fig.1 Cross-sectional view (top row) and top view (bottom row) SEM images of Si/ZnO branched NW arrays with different backbone and branch
lengths. ZnO NW branches from growth for 2.5 h on Si NWs with different lengths by chemical etching for (a) 5 min, (b) 10 min, and (c) 15 min,
respectively (scale bar = 500 nm). ZnO N'W branches grown for various times of (d) 30 min and (e) 2.5 h on Si NW arrays etched for 15 min (scale

bar = 1 pm).

nearly perpendicular.® Geometries, distributions, and even
optical properties of the ZnO branches strongly depend on the Si
NW array. ZnO NW branches grown on short Si NWs (5 min
etching) showed position-dependent sizes: ZnO NWs on the
sidewall were smaller in both the diameter and length than those
growing on top of the Si NW array (Fig. la). The position-
dependent non-uniformity of ZnO NW growth is believed to be
due to the limited diffusion of ZnO nanoparticles (NPs) during
the hydrothermal growth from the reaction solution to nucle-
ation sites on the sidewalls of the Si NWs. However, better
uniformity was reached when ZnO NW branches grow on longer
Si NWs (10 and 15 min etching), as shown in Fig. 1b and c.
Longer Si NWs give smaller moments of inertia and spring
constants; therefore they are more flexible, allowing van der
Waals forces to deform adjacent NWs into clusters, which
consequently affect the overall optical and electrical properties.
This will be discussed in detail in later sections. Collapsed long
NWs leave wider openings and thus ease the diffusion of ZnO
NPs, which results in a uniform growth independent of the
position. Moreover, ZnO NW branches grown on the same Si
NW substrate for varying amounts of time are shown in Fig. 1d
and e. Shorter and thinner branches were realized from 30 min
growth (Fig. 1d), while branches were longer and wider in the
case of 2.5 h growth (Fig. le). Estimation showed the extraor-
dinary high density of ZnO NWs in the highly ordered 3D
branched NW array. Techniques used for etching Si NW and
growth of ZnO NW provided the advantages and potential
applications in large-scale fabrications and cost-effective solu-
tion phase integration of nanoscale heterojunctions.

Fig. 2 shows TEM images of the branched NW sample
fabricated on 5 min etched Si NW array. The cross-sectional
TEM image at low magnification in Fig. 2a illustrated the non-
uniform distribution of ZnO NWs on Si NWs, which may be due
to the non-uniformity of Si NW diameters (20-200 nm) from the
wet etching and the uneven coating of a ZnO seeding layer from
RF magnetron sputtering. Secondly, samples could be slightly

damaged during the TEM sample preparation process using the
focus ion beam (FIB) milling. It can be seen from the high
resolution TEM image (Fig. 2b) that there is no noticeable
amorphous SiO,, at the ZnO/Si interface, even for samples that
were stored in air for days prior to the TEM characterization. We
believe that this is due to the HF etching, prior to sputtering of
the ZnO seeding layer. H-terminated Si NW surfaces were
effectively generated which made the Si NWs less prone to
oxidation.’* On the other hand, the interfacial native oxide layer
as one kind of passivation layers could also benefit the device
performance and its effect on optoelectrical properties was dis-
cussed before.®=*° In our experiments, the rough surface of
solution etched Si NWs provided high density of nucleation sites
during the seeding layer deposition, which in turn promoted the
growth of ZnO NW branches in the high aspect ratio Si NW
arrays.

The wet-etched Si NW samples were dark and discoloration
was observed after the growth of ZnO NW branches. Extinction
spectra in the visible range (500-750 nm, which was limited by
the optics of the measurement setup) were measured using
a microscope with samples in focus and a CCD spectrometer
(measurement setup details can be found in supporting docu-
ment). Extinction spectra and optical images of different samples
with the same Si NW length but different ZnO NW lengths are
shown in Fig. 3. The Si NW sample etched for 5 min showed
excellent and uniform light absorption around 95% (Fig. 3a-2
and red curve in Fig. 3b). This was due to the aperiodic and
sharp-tip structure of the etched Si NW, which in turn smoothed
the transition of refractive index of air to that of Si substrate®
and also suppressed the angle of incident (AOI) effect.*"*” Short
time (30 min) growth of ZnO NW on Si NW (Fig. 3a-1 and blue
curve in Fig. 3b) showed improved light absorption (up to
97.5%). This is believed to be due to the filling of ZnO (nzno =
1.94-2.4)°%* in between Si NWs (ng; = 3.54-6.8)% in the wave-
length range 240-1100 nm further smoothening the refractive
index transition from light incident media (n,;. = 1) to the Si
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Fig. 2 TEM images of ZnO/Si branched NW arrays: (a) low resolution
TEM showing the branched structure, (b) high-resolution TEM showing
the interface of a typical single ZnO N'W branch or a seeding particle on
the surface of Si NWs. Insets are fast Fourier transform (FFT) patterns of
the corresponding areas in (b).

substrate. However, the AOI effect became worse in ZnO NW
branched samples (Fig. 3a). This can be seen in Fig. 3a where the
optical image taken from a 45 degree viewing angle (second row)
revealed the reflection patterns on this sample. Furthermore, the
sample with longer ZnO NW branches (green curve in Fig. 3b)
did not show further improvement in the light absorption.
Careful investigation under SEM showed a more disordered
structure of ZnO NWs from longer growth time, which scatters
more light resulting in a light gray color (Fig. 3a-3). Therefore,
we can conclude that the light absorption enhancement by
vertical NW arrays minimizing light reflection/scattering is
a combination effect of NW size, density, and shape.*

Fig. 3¢ shows the SEM image of ZnO NWs (branches grown
on a single Si NW backbone) superimposed with the energy band
diagram and water reduction level (at pH = 7). Si NWs with
diameters larger than 20 nm were assumed to have the same
electronic band gap as the bulk Si.* The conduction band of

y &)

€
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= 550 650
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Fig. 3 (a) Optical images (first row: top view and second row: ~45
degree view) and (b) extinction spectra of different substrates: (1) 0.5 h
ZnO NW growth on 5 min etched Si NW array (dark black, blue cure),
(2) 5min as-etched Si NW array (dark brownish, red curve), and (3) 2.5h
ZnO NW growth on 5 min etched Si NW array (light gray, green curve),
and (4) polished Si reference sample (black curve). Sample size in this
experiment is kept at 0.5 x 0.5 in%. (c) Single Si/ZnO branched NW
interfacing with the electrolyte superimposed with the energy band
diagram at zero external bias with light illumination (scale bar = 200 nm).

ZnO is lower than that of Si, which assists photo-generated
electrons to transfer across the ZnO layer to the water reduction
level, whereas holes flow to the back contact of Si. Band bending
and an electron barrier at the ZnO/electrolyte interface due to the
interaction with oxygen and water were also illustrated, which,
we believe, is very important to the understanding of device
performances. In addition, trapped O,*2 on the ZnO N'W surface
results in a higher electron barrier at the electrolyte/ZnO inter-
face, and thus a high onset potential. Branched NWs also offer
other additional advantages as photoelectrodes in photo-
electrochemical cells such as large surface area and large surface
curvature leading to enhanced surface chemical reaction and
more efficient H, evolution. Fig. 4a shows the J-V characteristics
of the ZnO/Si branched N'Ws with different Si NW lengths. The
longer Si NWs (from 15 min etching) give 50-100% higher
photocurrent compared to that of the 5 min etched sample,
which is believed to be due to the enhancement of light absorp-
tion and the larger overall surface area of the ZnO branches.
Note that the dark current from the 15 min etched sample is
much larger than the 5 min etched sample (Fig. 4a, inset), due to
the much increased junction and surface area and thus recom-
bination centers. Significant photocurrent was noticed starting at
—1 V external potential and H, evolution was easily observed
with the naked eyes in both samples (Fig. 4c). No photocurrent
plateaus were observed indicating no light intensity limited
photocurrent at the potential range measured.

Fig. 4b and the inset compare the current density from the
branched NW photoelectrodes with different lengths of ZnO
NW branches but the same Si NW length (etched for 5 min). The
electrodes tested are 5 min etched Si NWs coated with the ZnO
seeding layer, ZnO NWs grown for 30 min and 2.5 h, respec-
tively. The photocathodic currents turn on at around —1 V and
increase with the applied negative bias for the branched NW
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Fig. 4 Steady state current density vs. external bias (/' ¥) on (a) 30 min
growth of ZnO NW branches on Si NW arrays from various etching
times (5 and 15 min) and (b) ZnO NW branches grown for varying times
on 5 min etched Si NW arrays. Insets show the dark current of corre-
sponding samples. (C) Optical image of a 3D branched NW photo-
electrode: (left) in the dark and (right) H, gas evolution under
illumination.

electrodes compared to the core—shell Si/ZnO NW sample (Si
NWs are coated with the seeding ZnO layer). The photocurrent
density increases with the length of ZnO NW branches, which
reaches 8 mA em= at —1.5 V for the electrode with ZnO NW

branches grown for 2.5 h, which is about twice and 80 times
compared to that for electrodes with ZnO NW branches of 30
min growth and ZnO coated Si N'W electrodes, respectively. This
enhancement in the photocurrent for photoelectrodes with
longer and wider ZnO branches is probably due to the increase in
the surface reaction area, which dominates the deficiency in
reduced light absorption due to scattering (Fig. 3a and b). The
superior current density levels achieved here are mainly due to
the heterojunction that promotes the separation of photoinduced
charge carriers, as well as the much enlarged surface area for
efficient reaction. The inset compares the dark current of 5 min
etched Si NWs coated with the ZnO seeding layer, ZnO NWs
grown for 30 min and 2.5 h, which shows a clear trend of increase
in current with the increase in ZnO NW growth time and the
surface area. Note in Fig. 4, anodic current was observed both in
the dark and under light illumination. The anodic currents in
Fig. 4a and the inset (red curves) are most likely due to the band
bending at the ZnO NW surface which leads to injection of
thermal and photo-induced holes from ZnO to electrolytes,
which increase as the Si NWs are longer and the surface area are
larger. A similar increase of anodic dark and photo-currents in
Fig. 4b and the inset (red curves) is due to the surface area
increase for electrodes with 30 min ZnO NW branches compared
to that with ZnO seeding layer alone. However, the anodic dark
and photo-currents were suppressed for electrodes with longer
ZnO NW branches (Fig. 4b blue curve), which is probably due to
the increase of the ZnO NW diameter further leading to less
charge separation to the surface 5%

In addition, the transient photocurrent (J—) test of the
branched heterostructural samples was carried out under inter-
mittent light illumination and constant external bias (—1.5 V vs.
Ag/AgCl RE), as shown in Fig. 5a and b. The dark current of
polished Si is almost zero, which is negligible and consistent with
previously reported data. The photocurrent density at —1.5V of
the polished p-type Si photocathode was about 0.012 mA ecm™2
under illumination. Si NW array and branched heterostructure
array electrodes increased the photocurrent density by 250 and
400 times compared to the polished p-type Si photocathode,
respectively, despite the small difference from sample to sample
for the Si NW array and branched heterostructure array. Si and
branched heterostructure NW arrays increased the surface area
and thus the surface states, which result in increased dark
currents of 7.5 and 25 times compared to that of the polished Si
substrate, respectively.’* The polished p-Si photoelectrode
sample did not show significant photocurrent for H, evolution,
because of the low kinetics for H, evolution.**% It was pointed
out that the H, generation rate is low at large values of photo-
voltage, due to the competing e~/h* recombination at the surface.
Conversion efficiency is limited by this competing process.
Kinetics for reduction of H,O is so poor that little or no current
for H,O reduction occurs until Eis more negative than the H*/
H, potential 1436

One can observe a large cathodic current jump responding to
the illumination due to the photo-induced electron-hole pair
separation. This photocurrent decayed quickly until reaching the
steady state due to the recombination of electrons and holes via
surface and interface states. Moreover, due to the limitation of
the seeding process particularly non-uniformity on the longer Si
NWs, this recombination may be partially caused by the



128

View Article Online

H12 T

%

< 8 .

£

=

2 15 min

g 4

;&; 5min

3 0 on _o,ff. - |
0 100 200

Time (s)

u12 :

%

< 8F J

E

2 25h

v

g 4} ety

é . off

3 Seeded

o 0 |
0 100 200

Time (s)

Fig. 5 Transient current density (J ¢) study on (a) 30 min growth of
ZnO NW branches on Si NW arrays from various etching times (5 and 15
min) and (b) ZnO N'W branches grown for varying times on 5 min etched
Si NW arrays. These were measured at the external bias of —1.5V (vs. Ag/
AgCI RE).

exposure of Si NWs to the electrolytes and also accumulation at
the ZnOlelectrolyte interface due to surface band bending.
Seeded Si NW array showed minimum dark and photocurrent
response compared to the branched Si NW samples, which
confirmed that the passivation of Si NW surface states using un-
doped ZnO seeding layer results in the ignorable recombination
and consequently low dark current. Therefore, an increase in the
dark current and cathodic current overshot were mainly due to
the recombination at the ZnO NW/solution interface. Note that
uniform seeding layer coating was obtained on 5 min etched Si
NW array leaving minimum Si NW exposure to the solution. The
photoelectrochemical stability of ZnO NW|planar Si photo-
cathodes was studied and significant degradation and even
complete removal were noticed in acidic and basic solutions after
about 1 hour. Coating of metal thin films (for example ~5 nm Pt)
as a co-catalyst on ZnO photoelectrodes showed improved
stability and minimized the cathodic decomposition, in addition
to the strongly improved electrochemical hydrogen reduction
kinetics.*

Conclusions

In summary, we report the synthesis of 3D ZnO/Si branched NW
arrays using the low-cost solution etching/synthesis method and
the utilization as photoelectrodes in a PEC cell. The 3D nanowire
heterostructures compared to ZnO NW/Si planar hetero-
structures, Si NW array, and Si planar structures demonstrated
large enhancement in photocathodic current density (8 mA cm=2)
and overall hydrogen evolution kinetics. This solution-based
technique for NW synthesis and heterojunction formation is
inexpensive and most importantly can be scaled up to the level
that would be required as a primary energy production method
in the near future.
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Abstract

We report a systematic study of Si|ZnO and Si|ZnO| metal photocathodes for effective
photoelectrochemical cells and hydrogen generation. Both ZnO nanocrystalline thin films and
vertical nanowire arrays were studied. Si|ZnO electrodes showed increased cathodic
photocurrents due to improved charge separation by the formation of a p/n junction, and
Si|Zn0:Al (nT-Zn0) and Si|ZnON>) (thin films prepared in No/Ar gas) lead to a further
increase in cathodic photocurrents. Si|ZnONW (nanowire array) photocathodes dramatically
increased the photocurrents and thus photoelectrochemical conversion efficiency due to the
enhanced light absorption and enlarged surface area. The ZnO film thickness and ZnO
nanowire length were important to the enhancements. A thin metal coating on ZnO showed
increased photocurrent due to a catalyzed hydrogen evolution reaction and Ni metal showed
comparable catalytic activities to those of Pt and Pd. Moreover, photoelectrochemical
instability of Si|ZnO electrodes was minimized by metal co-catalysts. Our results indicate that
the metal and ZnO on p-type Si serve as co-catalysts for photoelectrochemical water splitting,
which can provide a possible low-cost and scalable method to fabricate high efficiency
photocathodes for practical applications in clean solar energy harvesting.

(Some figures may appear in colour only in the online journal)

1. Introduction

After the idea of photoelectrolysis (solar-energy-assisted
water splitting process) using a semiconductor electrode was
introduced by Fujishima in 1972 [1], lots of research has
been done, particularly in the past two decades, to search
for a sustainable electrode material for photoelectrolysis
(the device used for photoelectrolysis is well known as a
photoelectrochemical cell or PEC cell), which is believed

0957-4484/12/1940134-10$33.00

to be the essential approach to the clean Hz economy. A
photocathode is one of the electrodes for photoelectrolysis
supplying photogenerated electrons to react with protons from
the electrolyte and directly generate H, gas. An appropriate
photocathode material should have band bending favorable
for transfer of photogenerated electrons to the solid/solution
interface, which requires the conduction band edge to be more
negative than the Hyo/H' redox potential, the Fermi level to
be more positive than the Hyo/Ht redox potential, and for

© 2012 IOP Publishing Ltd Printed in the UK & the USA



electrons to be the minority carriers. P-type Si meets these
requirements and is one candidate photocathode material.
Moreover, Si is abundant and cheap, and has a small bandgap
(1.12 eV), which is good in terms of having a broad absorption
coverage of the solar spectrum.

Surface kinetics is a very important parameter deter-
mining device performance, particularly for Si. Si shows
extremely low surface kinetics leading to a competing process
of recombination at an interface to an aqueous solution where
band bending is minimal [2-6]. This is the result of a large
number of surface states which cause ‘Fermi level pinning’ at
the surface of the electrode, forcing band bending independent
of the redox level of the solution.

However, studies of p-Si photoelectrodes also showed
some problems, such as (i) the band alignment between Si
and water redox levels does not allow spontaneous water
splitting without an external bias and (i) more seriously,
Si is not chemically stable and photodecomposes (Si is
particularly unstable under anodic bias). There is no single
material that can meet all the criteria for photocathode
selection and nature tends to be lacking in other choices of
low-cost and stable p-type materials for photocathodes [7].
One possible approach is to integrate different materials to
form a heterogeneous system with more desirable properties.
Recent studies on coating an n*-layer onto a p-type Si surface
has shown to reduce the external bias due to the additional
photovoltage generated at the n'/p junction [8, 9]. Various
metals in the form of particles or thin films deposited on the
semiconductor photoelectrode surface are used to improve
the catalytic activity. However, this metal|semiconductor
structure is recognized to contribute to a large decrease
in photovoltage because the metal coating promotes carrier
recombination at the surface and decreases surface band
bending [10].

In this paper, we report metal and metal oxide
co-catalyzed p-type Si-based photocathodes, where an n-type
wide bandgap metal oxide layer is sandwiched between the
metal layer and p-Si. This structure allows enhanced charge
separation and transport of photo-induced electrons from
p-type Si to n-type metal oxide due to the internal p/n
junction and band bending, as well as improved carrier travel
across the metal oxide (electrons are majority carriers) to the
electrolyte/electrode interface. Furthermore, a nanostructured
metal oxide layer can improve the overall effective surface
area for the chemical reaction, thus improving the cathodic
photocurrent density. The metal thin film coating on metal
oxide nanowire surfaces offer catalysis and protection to the
heterostructure photocathodes.

2. Experimental procedures
2.1. Si wafer cleaning

Boron-doped prime grade p-type (100) Si wafers (1-10 €2 cm,
University Wafer) were initially cleaned with a standard
solvent cleaning process. Wafers were then dried with a
stream of N7 gas and immediately transferred to the sputtering
deposition chamber avoiding further oxidation.
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2.2. ZnO seeding layer coating and ZnO nanowire growth

A thin layer of different seeding materials was then deposited
on the polished side of the wafer through magnetron RF
sputtering. Normally argon gas was used to ignite the
plasma. A mixed Ar with 10% N2 was also used during
ZnO sputtering. Deposition was conducted without substrate
heating or RF bias. Different seeding materials used for
investigation include 99.99% ZnO sputtered in Ar, labeled as
ZnO(Ar), in mixed Ar/10% N3, labeled as ZnO(N?2), and 2%
AlyO3-doped ZnO sputtered in Ar, labeled as ZnO:Al. The
deposition rate was kept at a constant value of 3 nm min ! and
thickness of the seeding layer was varied from 25 to 170 nm.
During deposition, sputtering power was fixed at 200 W with
a constant gas flow rate of 30 sccm. Working pressure was
kept at no higher than 1.9 mTorr at room temperature.

Seeded Si wafers were then diced into 6.35 x 6.35 cm?
and stored under vacuum for further processing. To grow
Zn0O nanowires using a solution-based method, a solution
of 0.25 M hexamethylenetetramine (HMTA, sigma) and the
same concentration of zinc acetate (Zn(AC),, Sigma) was
made in the reaction container (three-necked flask). Diced
samples were then fixed on supporting glass slides face down
and carefully transferred to the flask. The flask was purged
with N2 and immersed in the oil bath during growth. Growth
was carried out at 90°C. The growth timer was started once
the solution temperature reached 60 °C. Samples were grown
for various times from 10 min to 2 h. The samples were rinsed
with DI water (17.6 M Q cm) immediately after being taken
out of the reaction solution. Gentle sonication was then used
to remove surface particle residuals and the samples were then
blown dry with a stream of N.

2.3. Metal catalyst deposition

Gas phase deposition of metal catalysts was realized using
electron-beam evaporation at a base pressure of 8 x 10~ Torr.
The metal coating thickness was monitored by the quartz
resonator. 5 nm of Pt, Pd and Ni was evaporated onto the
various samples (plain Si, ZnO thin-film-coated Si and ZnO
nanowire-coated Si).

2.4. Surface morphology analysis

A scanning electron microscope (SEM, Philips XI.30 ESEM)
equipped with a field emission gun and an energy dispersive
spectroscopy (EDX) detector was used to investigate the
surface morphology and chemical composition. A tapping-
mode atomic force microscope (AFM, Veeco scanning probe
microscope) equipped with a standard silicon probe (Umasch
NSC15/mo Al) was also used to evaluate the surface nanoscale
topological differences between the thin film coatings. Raw
data collected by AFM were processed using NanoScope
software; surface roughness and grain size were obtained
using NanoScope Analysis software.

2.5. Hall measurement

The resistivity and carrier concentration of the sputtered ZnO
thin films were tested using a home-built Hall measurement
set-up.
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band diagram at equilibrium: (d) bare p-Si with Fermi level pinning, (e) p-Si|n-ZnO|ZnO nanowires and (f) p-Sijn*-Zn0O|ZnO nanowires.

2.6. Electrode and electrolyte solution preparation

The backsides of the Si samples were gently scratched
and Ga/In eutectic alloy was applied to produce an ohmic
contact between an insulated copper wire and the Si sample.
The edges and backside of the samples were protected
by epoxy to isolate them from contacting the electrolyte
(figure 1(a)). Areas of epoxy-protected samples in contact
with the electrolyte were calculated using image processing.
All the electrochemical experiments were carried out in a PBS
buffered 0.25 M sodium sulfate (Na;SO4 pH = 7.2) at room
temperature. The pH was measured and monitored using a
pHS pH meter (Acorn, Oakton).

2.7. Photoelectrochemical measurement

In all the electrochemical measurements, a single cell
and three-electrode set-up was used. The three electrodes
consisted of a Pt mesh counter electrode (CE), Ag/AgCl
reference electrode in 1 M KCI (RE) and the sample as a
working electrode (WE). The measurement set-up is shown
in figure 1(b). All of the electrodes were kept as close as
possible and their position kept constant for every sample.
A xenon lamp solar simulator (UV-enhanced, Newport) with
1.5AM filter was used as a light source. Distance from sample
to the solar simulator was 22 cm which provided a constant

power density of 100 mW cm ™ at the sample position. Power
intensity and spectrum at this particular position was initially
calibrated for a more accurate estimation of the efficiency and
spectrum response. Irradiation was applied perpendicularly
to the sample surface through a quartz window to minimize
spectrum loss. A magnetic stir bar was employed to agitate
the electrolyte, to remove bubbles at the sample surface and
to further minimize the thickness of the diffusion layer on
the electrode surface, which could introduce error into the
measured current density. An inert gas purge using N» was
applied prior to each measurement for at least 5 min to remove
dissolved O, and mainly CO; in the electrolyte. This served
to minimize the effect of these dissolved gases. Samples were
stabilized in the electrolyte after each scan by monitoring the
open circuit voltage for at least 10 min. During measurement
the N2 purge was kept running to maintain a N saturation
environment at the electrolyte/air interface. A potentiostat
(DY?2322, Digi-Ivy) was employed for the data collection.

3. Results and discussions

Figure 2 summarizes the structures of the photoelectrodes
studied in this paper, where figures 2(a)-(c) show the
schematic of the photoelectrodes of planar p-Si, n- or
nt-doped metal oxide thin-film-coated p-Si (n/p junction)
and ZnQ nanowire-coated n/nt-ZnO/Si, respectively.



0

133

400 nm 0 400 nm

Figure 3. SEM and AFM images of different ZnO-coated Si photocathodes: (a) ZnO(Ar), (b) ZnO(N,) and (c) ZnO:Al. Scale bar in SEM

images is 50 nm and the scan range in AFM images was 400 nm.

Figures 2(d)—(f) show the energy band diagrams. Metal thin
films were also coated on the three kinds of photoelectrodes,
particularly as co-catalysts with the oxide or oxide nanowires,
which were not shown in figure 2.

From the theoretical design point of view, a single-
material electrode using Si alone offers limited photocurrent
and low Hs evolution kinetics, which is due to the competitive
carrier recombination process (figure 2(a)) particularly when
the band bending at the interface is small (figure 2(d)).
Generally, this is true for Si where the Fermi level is pinned
at the surface, without considering the energy distribution of
the surface states or the large density of surface states [11,
12]. The pinned Fermi level results in the change of
applied potential in the Helmholtz layer instead of the
space charge region [3]. Unlike the single-material system,
a binary system using n-type ZnO on p-type Si (figures
2(b) and (c)) forms a p/n junction between the materials,
which can provide an effective electric field to separate the
photogenerated carriers, minimizing carrier recombination
in Si (figures 2(e) and (f)). In addition, the heterojunction
between Si and ZnO maximizes the light absorption by
allowing separate absorption in the UV and visible spectra
and reduces the hot electron effect. Moreover, the growth
of ZnO nanowires in figure 2(c) further increases light
absorption due to light trapping effects and, more importantly,
increases the surface area for photoelectrochemical reaction
and photocurrent density. Note that figure 2(f) shows the
extreme case that the seeding layer is heavily doped, which
offers high electrical conductivity, but the double-sided barrier
does not favor the carrier transport when compared to an
unintentionally/intrinsically doped ZnO film.

Figure 3 shows SEM and AFM images of the deposited
thin films on polished p-Si, which shows the effect of
deposition conditions through the addition of nitrogen during
sputter, with flow rate and deposition rate held constant.
The SEM images of the ZnO film prepared using pure Ar
gas in figure 3(a) show similar morphology compared to
those prepared in Ar:Np = 9:1 in figure 3(b), although the
latter shows larger variation in grain size. However, AFM
studies reveal that ZnO(Ar) films have average grain sizes of
about 14.34 nm and a surface roughness of Ra = 0.59 nm
(figure 3(d)), while ZnO(N>) films have an average grain
size of 13.64 nm and a surface roughness of Ra = 0.48 nm
(figure 3(e)). Under normal conditions, sputtered ZnO films
showed primarily c-plane orientation [13]. Although we are
not quite clear what effect No has on sputtered ZnO, by
comparing figures 3(a)/(d) and (b)/(e), it seems that ZnO(N3)
thin films have a larger portion of smaller size crystallites
or amorphous phase that is below the AFM resolution
using a 10 nm Si tip. Both films are too resistive for Hall
measurements. Figure 3(c) shows an SEM image of ZnO
doped with 2% Al sputtered using pure Ar gas, which
shows an even larger particle size distribution compared to
figure 3(a). AFM images show ZnO:Al films have rougher
surfaces (Ra = 0.86 nm) but larger average grain size of
16.75 nm compared to that of the undoped ZnO films
sputtered using Ar. Note that the ZnO:Al films sputtered at
the identical conditions have a slightly higher deposition rate,
which might contribute to the large variation in crystallinity
and orientation. The ZnO:Al thin films are reported to have
mixed orientation of crystallinity, because Al dopants could
migrate to the grain boundaries and surfaces to form Al,O3
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photocurrent from heterostructure (25 nm ZnO(N») on Si) and bare Si. (¢) Dark current of p-Si|ZnO(N») with different ZnO thickness.

via reaction with oxygen [14]. Hall measurements shows very
conducting ZnO:Al films with 2% Al dopants before thermal
annealing with average resistivity 0.1 € cm and average
carrier concentration of 5.5 x 1019 cm~3 from three samples.
Note that the AFM images show larger grain sizes compared
to the corresponding SEM images, presumably due to the
limitation of the Si AFM tip size (10 nm).

The I-V behavior of heterojunction photocathodes
was tested (figure 4). For comparison, a single-material
electrode using Si (figures 2(a)/(d)) alone was studied, which
showed limited cathodic current at negative potential and an
exponentially increasing anodic current density at positive
potentials (figure 4(a) black curve and the inset). Under light
illumination, a decrease in the exponentially behaving current
density region was noticed under positive potential and a
significant photoresponse was noticed in the limited current
density region at negative bias. Photo-reduction of water
directly at the p-Si electrode surface is slow and inefficient,
due to the high overpotential (high kinetic loss) [3], which
indicates a large external potential is needed to drive the
water reduction reaction. Adding an n/n™ layer on p-Si
and formation of the heterojunction photocathode between
ZnO and Si improves the interfacial charge transfer kinetics
by minimizing electron-hole recombination and assisting in
the injection of photogenerated electrons across the ZnO
layer to the electrolyte. First of all, with a ZnO coating,
the onset potential is effectively reduced, while the current
density was enhanced about 20 times at biases above —1 V
(versus Ag/AgCl 1 M KCI) (red curve). Second, ZnO:Al/Si
electrodes (dark cyan) showed improved photocurrent level
compared to ZnO(Ar) This can be attributed to the conductive
nature of the ZnO:Al film (average resistivity 0.1 €2 cm with
average carrier concentration of 5.5 x 1019 em—3, and even
as high as 4 x 10% cm™3 after thermal treatment). The
highly doped n-ZnO can potentially increase light absorption
due to the larger depletion range in p-Si and also provides
a more efficient electron extraction from p-Si as well as
transport in ZnO to the electrolyte. Finally, and interestingly,
the ZnO(N3) film on p-type Si (50 nm ZnO thickness after
10 min sputtering with a similar deposition rate and under
the same sputtering conditions by adding 10% N3 in Ar gas)

showed dramatically enhanced photocathodic current, about
80 times at —1.5 V (versus Ag/AgCl 1 M KCl, blue curve)
and a sharper current increase after onset potential, which
is even higher than that of Si|ZnO:Al photoelectrodes. The
mechanism behind this observation is unclear at this point
and further investigation is needed to clarify the enhanced
photocurrent effect in ZnO(Nz). Note that (i) ZnO films
sputtered with and without adding N2 were measured using
a four-point Hall measurement, but reasonable readings on
resistivity and doping type were not able to be obtained due
to the limitation of the Hall measurement set-up, indicating
the highly resistive nature of the ZnO film. (ii) Nitrogen’s
effect on the ZnO impurity energy band shallow/deep or
donor/acceptor has been proposed [15-18], which might
contribute to the visible light absorption, similar to that in
TiO2 [19]. (ili) The ZnO(N2) films showed smaller grain
sizes but rougher surfaces, which might lead to a larger
effective surface area for catalytic reaction (figures 3(b)/(d)).
(iv) ZnO|Si photoelectrodes show large hysteresis in the
cathodic I-V scan and waves around —0.5 V (versus Ag/AgCl
1 M KCl), indicating photochemical instability under PEC
operational conditions. Finally, also note in figure 4(a)
the anodic photocurrents showed the opposite trend with
photocurrent decreasing in the order of ZnO(Ar) > ZnO:Al >
ZnO(N3). This trend was fairly consistent with our study
on the ITO|ZnO photoanode, where ZnO(Ar) gave the best
photoanodic response.

The p-Si photocathode is effectively catalyzed by large
bandgap n-type semiconductor material in this case, which
can be actually quantified by introducing the definition of
the current enhancement factor as the ratio between the net
photocurrent from the heterostructure and bare Si (inset of
figure 4(b)). Figure 4(b) shows the cathodic photocurrent
dependence to oxide film thickness for p-SiZnON;)
samples, where photocurrent at a cathodic bias above —1 V
(versus Ag/AgCl 1 M KCI) decreases with increasing
thickness. ZnO has a smaller refractive index than Si over
the same wavelength range and thus with ZnO coating
it smooths out the refractive index transition from media
(aqueous solution) to the Si substrate and minimizes light
loss due to reflection. However, a thicker ZnO(Nj) film
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Figure 6. Cyclic voltammetry on p-Si|ZnO(N;, 50 nm)|ZnO
nanowire with various nanowire growth times.

results in a reduced transmittance and increased number
of photogenerated holes from ZnO at the ZnO/electrolyte
interface (figure 2(b)/(e)), which can significantly degrade the
overall cathodic current. Also note that the diminished waves
around —0.5V (versus Ag/AgCl 1 M KCl) with the increased
ZnON3) film thickness is presumably due to the improved
stability of thicker films. Figure 4(c) shows the dark currents
of p-Si|ZnO(N7) with different ZnO thickness. In general and
within experimental fluctuation, thicker oxide films produce
larger dark current and are more stable.

Figure 5 shows typical SEM images of samples with
different lengths of ZnO nanowires from different times
of hydrothermal growth (10, 20, 30 min and 2.5 h) on
7ZnO(Ar) seeded p-Si (figures 5(a)—(d)). The first ever reported
ZnO crystal growth based on a hydrothermal method using

seed crystals was documented by Laudise in 1960 [20].
Hydrothermal growth of compound materials is a low-cost
and low-temperature technique which does not require
high-profile equipment. This method has been extensively
studied during the last few decades [21-24] and provides
an approach to growing micro/nanocrystalline structures on
various substrates for flexible and transparent optoelectronics
devices. Significant progress on understanding the mechanism
to achieve a controllable growth (e.g. crystal size [25], face
of growth [26, 27], doping [28] and more) were developed.
In our experiment, a thin seeding layer was used providing
nucleation sites for nanowire growth, which can differentiate
from seedless growth [29]. Preparation of ZnO nanowires on a
polished bare Si substrate was done individually from separate
processes due to the limited size of the reactor. However, it
is confirmed that five samples fabricated separately showed
a similar trend within acceptable errors. The cross section
of a single ZnO nanowire is a hexagonal wurtzite structure
with growth direction along the ¢ axis (figures 5(a)—(d)
bottom). As growth time increases, average size and length
of ZnO nanowires generally become larger and longer [30],
as shown in figure 5(e) (top and bottom). Growth in both
length and diameter directions were saturated in the growth
versus time curve (figure 5(¢)) due to the limited reaction
solution (100 ml). Growth rates in the linear fit region
(1030 min) were direction-dependent, with an average
growth rate of 28 nm min~! in the length (axial) direction
and about 4 nm min~! in the diameter (radial) direction. This
statistical study showed high yield of device fabrication and
repeatability from substrate cleaning, seeding layer sputtering
and nanowire syntheses.

Figure 6 shows the I-V characteristics of the photo-
cathodes of ZnO nanowires with different growth times on
50 nm ZnO(Ny) seeding layer on p-Si. All the data reported
here were measured from at least three samples. With the
increasing nanowire growth time, photocurrent density and
catalytic effect initially increase from 0 min (seeding layer
only, black curve) to 10 min (red curve) and 20 min (blue
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curve) growth, and decrease with growth time for longer
nanowires, e.g. 30 and 60 min growth (dark cyan and magenta
curves in figure 6, respectively). The peak photocurrent
densities were summarized in figure 6, inset, with a peak
photocurrent of 4.2 mA cm~2 for 20 min growth of ZnO
nanowires at —1.5 V (versus Ag/AgCl 1 M KCI). These
data suggest that the dependence of photocurrent to nanowire
growth time is an overall effect of surface area (increase with
nanowire length and thus growth time), ratio of accessible
effective surface area (decrease with nanowire radius and
thus growth time), light absorption (increase with nanowire
length and thus growth time), charge separation and transport
efficiency (decrease with nanowire length and thus growth
time), surface trap states (decrease with nanowire radius and
thus growth time), etc. Cathodic waves around —0.5V (versus
Ag/AgCl 1 M KCl) also showed length-dependent behavior,
where longer nanowires showed minimum cathodic wave.
This is believed to be due to the longer growth time which
leads to an increase in nanowire array density and results in a
reduced overall exposed area to the electrolyte.

The hydrogen evolution reaction (HER) catalyst remains
an important part of the hydrogen economy for the conversion
processes of HY to Hy in artificial photosynthesis, as well as
the reverse reaction of Hp to HY in fuel cells. Platinum is the
well-accepted and most-efficient HER catalyst. However, Pt
metal is not able to meet large-scale production applications
due to its limited availability and high cost. In order to address
this problem, researchers are actively seeking non-noble
alternatives. These alternatives containing metals from the
transition metals in the form of heterogeneous metal alloy
(Mo-Ni [31], AL-Ti [32]), metal oxides/sulfides (MoSy [33])
or enzyme hydrogenases-like complexes (Pt-complex [34],
Ni-Ru complex [35], Co-complex [36]) are the three
major categories of catalysts attracting research interest. In
this work, Ni, Pt and Pd metal were deposited on ZnO
thin-film-coated p-Si, as well as ZnO nanowire-coated p-Si in
order to reduce the overpotential. 5nm of metal was coated on

Zn0 using e-beam evaporation. This thickness was chosen to
produce a non-continuous film to minimize the loss of incident
light. Compared to Pt, Ni and Pd showed higher activity
on sputtered ZnO(N3) film, as shown in figure 7(a). Direct
metal coating on planar p-Si showed electrocatalysis in dark
and minimized the photoresponse under cathodic bias. Metal
catalyst deposited on the semiconductor surface dramatically
decreases the photovoltage since it effectively lowers the
energy barrier at the semiconductor/electrolyte interface,
resulting in an enhancement in carrier recombination [10].
Using ZnO as an intermediate layer helps to maintain the
photovoltage at ZnO/Si junction, which effectively separates
the photogenerated carriers from Si and enhance the transport
in ZnO and to the ZnO/electrolyte interface.

Figure 7(b) shows the photoelectrochemical activity
increase of samples with metal coatings on ZnO nanowires
in the order of Ni < Pd < Pt. The reason for this difference in
catalytic activity of metals on ZnO thin film versus those on
nanowires is not clear. One possibility is the difference in light
scattering/absorption from the metal coating: light scattering
from the metal coating on ZnO nanowires is minimal due to
the vertical nanowire geometry and the light trapping effect.
Pt showed higher activity on nanowire samples than on thin
films, presumably due to improved catalytic behavior from
the rough metal coating on nanowires. Moreover, it has been
pointed out that electroless-deposited metals showed better
performance than gas-phase-deposited metal film in terms of
the catalytic effect due to the smaller particle sizes and larger
surface area. However, we were not able to apply the metal
nanoparticles to ZnO by electrochemical methods due to its
fairly weak chemical stability in various pH environments.
The bias scale versus Ag/AgCl 1 M KCl is converted to
reversible hydrogen electrode values (top x axis in figure 7),
which is independent of pH can be converted using the
equation [37]

ERrue = EAg/AgC] + 0.059pH + EOAg/AgC] €8]
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Figure 8. SEM images of photoelectrochemical stability: (a) cross-sectional view of p-Si|ZnO(N,, 50 nm) photoelectrode at pristine
condition, (b) cross-sectional view and (c) top view after one typical dark/photo 7-V scan; cross-sectional view of p-Si|ZnO(N,

50 nm)|ZnO NW(20 min) photoelectrode at (d) pristine condition, (e) after one typical dark/photo CV scan and (f) tested under illumination
and biased at —1.5 V (versus Ag/AgCl 1 M K1) for 1 h; 45° view of p-Si|ZnO(Ar)|ZnO NW (30 min)|Pt photoelectrode at (g) pristine
condition, (h) 45° view and (i) cross-sectional view of the tested sample under illumination and biased at —1.5 V (versus Ag/AgCl 1 M

KCl) for 1 h.

where Egg /AsCl is the potential difference to the standard
hydrogen potential, which is 0.236 V. One can see that metal
coating effectively moves the onset potential, defined as when
the photocurrent density exceeds 0.1 mA cm™2, below the
zero RHE level.

As mentioned earlier, the hysteresis of /-V scan indicated
chemical instability of the photoelectrodes. Actually, ZnO
is an amphoteric metal oxide which reacts with both
acids and bases. An acidic environment has a much faster
etching rate than a basic solution. Under bias, ZnO cathodic
decomposition in acidic conditions and photodecomposition
of ZnO is normally a concern when used as a photoanode.

Cathodic decomposition [38]:

ZnO + 2~ + 2HT = Zn + H,0. @)

Photoanodic decomposition [39]:
27n0 + 4hT = 2Zn** + 0,. (3)

To better understand the photoelectrochemical stability
of Si|ZnO photocathodes, samples after a typical /-V scan
in dark and under illumination in an electrolyte with pH
of 7.2 were investigated under SEM. As shown in figure 8§,
oxide particles (via SEM-EDX) were noticed on both ZnO
thin-film and nanowire-coated p-Si after -V scans. Figures
8(a) and (b) show the cross-sectional images of the ZnO
thin films and changing into oxide particles, while figure 8(c)
shows the top view of the re-deposited oxide particles. Figures
8(d)—(f) show the cross-sectional images of a p-Si|ZnO
nanowire photoelectrode in pristine condition, after one
typical I-V scan, and tested under illumination and biased



at —1.5 V (versus Ag/AgCl 1 M KCl) for 1 h, respectively.
Even more severe damage of ZnO and even complete
removal was noticed in acidic and basic solutions. Metal
co-catalyzed photoelectrodes showed improved stability and
minimized the cathodic decomposition, in addition to the
strong effect of improving the electrochemical hydrogen
reduction kinetics. For example, figure 8(h), compared to
(g), shows platinum-metal-coated p-Si|ZnO nanowires with
minimized damage after -V scans, which is also shown
by the cross-sectional SEM of photoelectrodes tested under
illumination and biased at —1.5 V (versus Ag/AgCl 1 M KCl)
for 1 h in figure 8(i) compared to figure 8(f).

4. Conclusions

We report the systematic study of Si|ZnO and Si|ZnO|
metal photocathodes for effective photoelectrochemical cells
and hydrogen generation, where ZnO was in the form
of nanocrystalline thin films and vertical nanowire arrays.
ZnO thin films were deposited on p-Si under Ar or Ar/N»
mixture atmosphere and 2% Al,O3-doped ZnO thin films
were studied. ZnO coatings increase the photocathodic current
due to the formation of a p/n junction, thus improving
charge separation. The doped ZnO:Al (n™-ZnO) thin films
further increase the cathodic photocurrent because of higher
conductivity. Interestingly ZnO thin films prepared in No/Ar
gas demonstrated the highest enhancement in photocurrent,
which is probably due to increased light absorption in the
visible range (due to N levels in ZnO) and to increased
surface area due to smaller nanocrystal sizes. An optimal
oxide thickness of around 25 nm was found for the
best photocurrent enhancement. Growth of vertical ZnO
nanowires, with optimal growth time on Si|ZnO was found to
dramatically increase the photoelectrochemical efficiency due
to the enhanced light absorption and enlarged surface area.
Metal co-catalysts on ZnO to further catalyze the hydrogen
evolution reaction were studied and Ni was demonstrated to
have comparable catalytic activities to that of expensive Pt and
Pd. Finally, the photoelectrochemical instability of Si|ZnO
photoelectrodes was demonstrated in pH neutral electrolytes,
which can be minimized by metal co-catalysts. Co-catalysts
using metal and metal oxides on p-type Si provide a
low-cost and scalable solution for improved performance of
photocathodes for practical applications in clean solar energy
harvesting and conversion to clean H; fuel.
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CHAPTER 3

3.1 Abstract

To maximize the photocurrent from Si, a coating which functions as a protection layer, a
hole conducting layer, and a catalyst layer is needed. In this chapter, I will introduce three
strategies that have been explored based on p-type nickel oxide (NiO). The first work published
on the Journal of Energy and Environmental Science is based on a sol-gel NiO directly coated on
polished n-type Si. Highly transparent non-stoichiometric NiO (NiO,) was able to allow
maximized light absorption at Si. p-type nature of the NiOx was able to provide a Schottky
junction to effectively separate the charges up on illumination. Meanwhile, this coating
effectively catalyzed the oxygen evolution reaction (OER). Finally, this coating successfully
protected the Si from photooxidation. The second work published on the Nano Letters presents
some improvement to the previous one, where a NiRuO, nanocomposite was synthesized using
co-sputtering technique. This composite effectively reduced the ohmic loss in the NiO, layer and
further improved its OER catalytic activity. We also introduced a nanotextured Si to improve the
light absorption and enhance the chemical reaction sites. The OER current density under
illumination has been greatly improved. Lastly, the work presented in the last attached manuscript
is based on a study of solution-casted NiO, from thermal-decomposition of a nickel containing
precursor which resulted an ultrathin NiO, catalyst. The effect from the addition of a non-ionic
surfactant and the thermal treatment process is studied. This coating was then synthesized on a
surface inverted n-type Si (np*-Si) photoanode. A novel semitransparent conducting oxide
coating was used to effectively protect the Si substrate, to isolate the photovoltaics cells from the
electrocatalyst reaction, and also to provide activation contact for the NiO,. We finally

demonstrated a further improved photoanodic performance.
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‘We report a nickel oxide (NiO,) thin film, from a cost-effective sol-
gel process, coated n-type silicon (n-Si) as a photoanode for efficient
photo-oxidation of water under nentral pH condition. The NiO, thin
film has three functions: (i) serves as a protection layer to improve
the chemical stability of the Si photoelectrode, (ii) acts as an oxygen
evolution catalyst, and (iii) provides junction photovoltage to further
reduce overpotential. The oxygen evolution onset potential is
reduced to below the thermodynamic water oxidation level and
oxygen evolution was observed at low overpotentials. Our results
demonstrate the fabrication of robust photoelectrodes from low-cost
NiO, and Si, which enable a practical solar water oxidation with
high efficiency.

Traditional hydrocarbon-based energy sources emit large amount
of green-house gases to the atmosphere and have caused serious
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environmental issues. Converting and storing solar energy has great
potential to address these problems.' Artificial photosynthesis (AP)
mimics photosynthesis by using solar energy to drive a water
oxidation reaction and to produce free electrons which consequently
generate hydrogen® or carbohydrate with CO, participation.’> One
viable approach to AP is via inorganic semiconductor photo-elec-
trochemistry, where semiconductor photoelectrodes harvest solar
energy, generate photocarriers (electrons and holes), and then
conduct electrochemical reactions at semiconductor-electrolyte
interfaces. This creates a huge potential to produce sustainable energy
and to reduce CO, emission* with a minimum number of energy
conversion steps and thus offers a theoretically higher efficiency.” A
major challenge with this particular approach for AP is to engineer
and manufacture efficient photoelectrodes and catalysts from stable,
non-toxic, and low cost materials to meet the global energy demand.

Silicon is an attractive candidate for photovoltaic applications in
terms of moderate energy band-gap and great abundance on earth.®
However, one of the problems with Si for photoelectrochemical
(PEC) cell applications is that an insulating oxide film rapidly forms
on the surface in aqueous solutions under either working or idle
condition and thus the Si photoelectrode becomes immediately
disabled from the oxide passivation. Approaches for this purpose
include coating the Si surface with organic polymers,”® derivatives, >
metals or silicides,*** wide band-gap semiconductors,'>'¢ and/or
selecting proper electrolytes.'”2°

Besides the unfavourable thermodynamics discussed above, the
other critical problem with the n-Si photoanode is associated with the
kinetics of the competing carrier recombination. This results in the
high overpotential loss; thus a high anodic bias is needed to drive the
water oxidation process/oxygen evolution reaction (OER). In
general, research focused on using the n-Si photoanode by means of
altering charge transfer kinetics at the semiconductor-liquid interface
to improve the current efficiency for the net water oxidation while

Broader context

Silicon is a very attractive photovoltaic material for efficient solar energy harvesting and has been broadly used for solar cells.
However, it is not chemically robust enough for practical photolysis or solar water splitting applications. Herein, we report nickel
oxide coated silicon as a highly efficient photoelectrode for water oxidation. The reported electrode offers improved oxidation
overpotential from p/n junction formation, catalyzed oxygen evolution, and prolonged operation lifetime. Moreover, the hetero-
geneous photoelectrode uses cheap and earth abundant materials, employs low cost and scalable processes, and is potentially
practical for solar hydrogen production.




limiting the anodic decomposition current. To make OER as well as
the hydrogen evolution reaction (HER) as facile as possible, elec-
trocatalysts have been broadly studied theoretically and experimen-
tally.2?* Widely reported OER catalysts in the form of organic
molecular, metal particles, or inorganic oxides normally contain
transition metals of high electrochemical activity such as Mn,? Co*
and RwIr® On the other hand, non-stoichiometric nickel oxide
(NiO,) is considered as one of the best OER electrocatalysts.”
Although with higher overpotential than RuQO, and 1rO,,”” an NiO,
based electrocatalyst is more abundant and thus cost-effective (Ni is
the 9™ most abundant element in the earth’s crust). Moreover, NiO,,
has a wide band-gap and is one of the very few stable and p-type
transition metal oxides.®

In this communication, we report the use of an inexpensive sol-gel
NiO, thin film coated n-Si photoanode for photo-oxidation of water
operated under neutral pH condition. The NiO,, thin film has three
functions — it protects Si from direct contact with aqueous solution
and thus prevents severe anodic decomposition of Si during PEC
operation. It serves as an OER electrocatalyst and provides junction
photovoltage, both of which assist in the improvement of surface
kinetics, reduction of the oxygen evolution onset potential, and
therefore improvement of the overall water oxidation efficiency.

The NiO, film was prepared using a previously reported sol-gel
method®* and subsequently dried in air at 300 °C afterwards
(see ESIt). Further annealing at 400 °C in an inert environment was
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Fig. 1 (a) SEM images of the n-Si|NiO, photoelectrode with a cross-
sectional view (left) and 75 degree tilted view (right), (b) AFM image of
the annealed NiO, surface. XANES total electron yield spectra of O
K-edge (c) and Ni L-edge (d) and XPS spectra of O Is (¢) and Ni 2p (f).
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conducted to improve the crystallinity. Fig. 1a shows the typical
scanning electron microscope (SEM) images with the cross-sectional
view and 75° angle view of an annealed NiO, film on n-Si. Both the
as-prepared and annealed films were very uniform and crack-free
(Fig. S1f). An atomic force microscopy (AFM) study on the
annealed film revealed a root mean square-RMS surface roughness
of 1.07 nm, indicating a very smooth surface. The annealed NiO, film
with a thickness of 37.4 nm showed >90% transmittance at a wave-
length of 600 nm, indicating a very transparent coating (Fig. S21). In
addition, the annealed NiO, film also showed a decreased refractive
index (1.74 measured at a wavelength of 632.8 nm). Therefore, the
NiO, film also served partially as an anti-reflection coating on planar
Si allowing minimized optical loss in the NiO, film as well as at the
interfaces.

The energy-dispersive X-ray spectroscopy (EDXS) analysis
showed an oxygen rich composition in the annealed NiO, film. The
films were further characterized using the X-ray absorption near edge
spectroscopy (XANES) and X-ray photoelectron spectroscopy (XPS)
(see ESIT). O K-edge absorption in the photon energy range of 535
550 eV in the XANES study corresponds to O 2p state hybridized
with Ni 4sp state,*’ or the multiple scattering states.”? The distin-
guished peaks resolved from the broad peak in the as-prepared film
suggested a film with an improved crystallinity by thermal annealing
(Fig. lc). Moreover, the peak at ~532 eV to ~533 eV indicated
a transition to O 2p state hybridized with Ni 3d state.? Relative peak
intensity and peak shape of the transition to O 2p/Ni 3d states
reflected the Ni-O covalence, ie. an intensive peak could mean
stronger Ni 3d/O 2p hybridization (stronger covalence). Therefore the
relatively reduced peak intensity and sharpened peak profile in the
annealed film hinted at a more ionic Ni-O bonding,** which also
shifts the O K-edge threshold negatively. The Ni L-edge spectra
(Fig. 1d) showed that the Ni** oxidation dominated in both samples
and an increase of peak ratio of 852.5 eV over 854.4 ¢V at the L; edge
of the annealed sample clearly indicated a reduced oxidation state by
annealing in an inert environment.**

Fig. le shows the O 1s spectrum of the as-prepared and annealed
NiO, films. The broad peak at 532.5 eV was the only peak resolved
from as-prepared sol-gel NiO, film, probably due to C-O bonding of
the residual organic species in the sol-gel film. This broad peak
diminished during the annealing process. The peaks at 529.5 and
531.2 ¢V indicated the presence of Ni** and Ni** in the annealed film,
respectively. The peak intensity ratio suggested a Ni** rich film.
Analysis of the main peak of Ni 2p;» photoelectron spectra
(854.0 eV) and satellite of the as-prepared and annealed NiO, films
provided semi-quantitative evidence of the degree of non-stoichi-
ometry (Fig. 1f). Satellite intensity (855.9 ¢V) dropped while the main
peak (854.0 eV) intensity increased from the annealed NiO, film
suggesting a reduction in Ni** concentration, which strongly supports
the XANES and EDXS results. Further Ar* plasma depth profiling
showed an increased intensity at a new peak (852.6 ¢V) due to the
partial reduction of the film (not shown), which was also strongly
dependant on the Ni** concentration.®® In addition, an XPS depth
profiling study revealed the reduced oxygen concentration from
surface (Ni: O = 1:1.41) to bulk (Ni: O = 1:1.15), which was
believed to originate from the adsorption of oxygen mainly at the
surface.

Fig. 2 shows a cyclic voltammetry (CV) measurement (Fig. S3t)
comparison of various well-accepted metal oxide protected n-Si
photoanodes in a PBS buffered 0.25 M Na,SO, electrolyte



Bias vs. RHE (V)
0.0 0.5 1.0 1.5 2.0 25

1.5 T T T T T
0
E H,0/0,

—

£ 1-n-Si|NiO,

<

< 10}

= 2-n-si|ITO
>

2

‘@

c

[}

© }

g 0.5 [

= i

=

o

0.0} i
! 3-n-S||T|O2
L 1 l: > A 'l

0.5 0.0 0.5 1.0 1.5 2.0
Bias vs. Ag/AgCl (V)

Fig. 2 CV characteristics of Si photoelectrodes with different coatings,
including TiO,. ITO, and NiO, under 100 mW cm? illumination. All the
voltammetrics were scanned at 10 mV s~! at room temperature.

(pH = 7.2) including titanium dioxide (TiO,) and tin-doped indium
oxide (ITO), together with proposed NiO, which represent three
typical material selection strategies in n-Si based heterojunction
photoanodes. Although all three are intrinsically wide band-gap, they
show distinguished optoelectrical and electrochemical properties.
TiO, is a well-known ultra-violet (UV) sensitive photocatalyst
exhibiting n-type conduction, while ITO is non-photosensitive but
highly conductive. NiO,, on the other hand, is a non-photosensitive
p-type electrocatalyst. Differences between these strategies are
compared and discussed in detail below. n-Si[NiO, (curve 1) showed
the lowest onset potential (Fyponse) in the CV studies, which is
defined as the potential where photocurrent density is higher than
0.1 mA cm™? under 100 mW cm? illumination. This value of 0.52 V
was lower than that of the photoelectrodes with ITO coatings by RF
sputtering and ultrathin TiO, by atomic layer deposition (ALD, see
ESIt). Moreover, the Vyponse: of n-SiNiO, was even below the
thermodynamic oxidation level of water (Ey,o/0,, green dashed line).
Indeed, oxygen bubbles were observed to form on the surface at a low
overpotential (132 mV). Furthermore, the n-SijNiO, photoelectrode
showed a much sharper turn-on of photocurrent compared to the
samples coated by ITO and TiO, (curves 2 and 3) and a minimum
difference between forward and backward scans suggesting a greater
stability of the NiO, protected Si. Curve 3 in Fig. 2 shows the CV
scan of the n-Si photoanode protected by TiO, coating, which is
a well-accepted passivation layer.*® The n-Si[TiO, electrode showed
the highest Vyponset Of 1.646 V and lowest current density. The TiO,
layer was deposited using ALD for 50 cycles and was about 2.5 nm in
thickness. The purpose of the ultrathin TiO, layer was to minimize
the strong photocatalytic effect from TiO, while the photogenerated
carriers from Si and Si-TiO; interface can tunnel through. A detailed
study showed that an increase of TiO, thickness (from 2.5 to 75.5 nm)
resulted in an increase of photoanodic current from TiO,, which
changed the tunnelling current to recombination-limited current.””
Curve 3 also showed an irreversible reaction in the n-Si|TiO, system.
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This is presumably due to the non-optimized ALD growth condition
in our system, caused by trapped Cl atoms in the film.*® Consecutive
multiple linear scans with a minimum stabilization time of 20 min
between each scan and a long term stability scan at fixed external bias
were collected (Fig. S4f). Current density at anodic bias (2 V)
dropped from 0.3 to 0.07 mA cm . This current degradation could
be explained by the existence of pinholes providing pathways for Si
oxidation in the presence of water. Most importantly, an ultrathin
TiO; coating does not change the surface kinetics for charge transfer;
therefore a large overpotential is still needed to drive a significant
oxygen evolution current. In addition, as-grown TiO, showed high
resistivity, which potentially causes the accumulation of holes at the
interface and reduces current level.

Curve 2 (n-SiITO) in Fig. 2 shows overall higher photocurrent
density in the same bias range and lower Viponset (1.454 V) compared
to curve 3 (n-Si|TiO5). Hall measurement revealed that the annealed
ITO showed resistivity of as low as 5.9 x 107" Q cm (carrier
concentration 4.09 x 10* cm~* and Hall mobility 23.4 cm* V' s71).
The high conductivity of ITO coating facilitated the hole trans-
portation and removed photogenerated holes rapidly from the Si
surface to the water,'® which is one of the major reasons for the
improved photocurrents. ITO protected n-/p-Si photoelectrodes were
studied before,” and chemical stability of ITO is still a concern
(Fig. S41), which is related to the grained structure and chemical
composition of ITO, as well as the bias polarity and pH environment.

Compared to ultrathin TiO, coating and conductive ITO coating,
the coating of NiO, to the n-Si photoanode has different electron
transfer process at the interface. The mechanism of the NiO,, catalytic
effect is summarized in a reversible process below:*

Si— " htte (1)

Ni(n/m) + H,O + h* — Ni(w/m)OH) + H* 2)
2Ni(i/ury(OH) — Ni(i/ur)(O) + Ni(u/mr) + H,O 3)
2Ni(/m)(0) — 2Ni(w/mr) + O, 1 4)

where Ni(1/11) in the equation above is the divalent or trivalent active
site of Ni at the surface. Photogenerated free electrons in Si (eqn (1))
are blocked by a high conduction band barrier at the Si-NiO,
junction and flow to the back-contact. Holes, on the other hand, drift
across the junction by the built-in field and participate in a series of
surface reactions (eqn (2)) at potentials significantly lower than the
water oxidation potential. Interstitial O and higher state Ni ions
(Ni**) exist in NiO, and Ni** ions act as acceptors leading to the
p-type conductivity,” as well as OER catalytic centres.*** The
catalytic performance of the photoelectrodes was also investigated
using a Tafel plot* extracted from the voltammetric scan (Fig. S5t),
where one can see the greatly reduced overpotential as well as the
reduced Tafel slope by switching ITO (n-SilITO blue A) to NiO,
(n-Si[NiO,, black m). To further evaluate the catalytic effect of the
NiO, thin film, we performed a comparative study on NiO, and Ir
coatings. Ir is in the same transition metal group with Pt and is
broadly used in catalysis, which is also the best corrosion-resistant
metal. In our study, an ultrathin Ir layer (2-3 nm), with small grain
sizes and a high transmittance, was sputtered on n-SijITO and n-Si|
NiO, photoelectrodes. Fig. 3a shows that n-Sil[TO|Ir (dark cyan ¥)
had lower overpotential compared to that of n-SiITONiO,
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comparison of voltammetric behavior of samples showing dark catalytic
properties of NiO, and Ir coated n-Si[ITO sample.

(magenta <€), which is consistent with previously reported results.””
However, the n-Si[NiO,|Ir (red @) photoelectrode showed minuscule
improvement with respect to n-SijNiO,. The lowest Tafel slope from
the best of device was 129 mV per decade, which is close to the
generally accepted 120 mV per decade on high surface area cata-
lysts.® This value is considerably large compared to the previously
reported best NiO, electrocatalysts,” presumably due to the limited
mass transport,’® the high resistivity of the NiO, film, as well as the
low concentration of Ni** in annealed film.

The electrocatalytic effect of NiO, and Ir can be further identified
by electrolysis in the dark (Fig. 3b). One can observe that due to the
metallic nature of ITO and change of interface energetics by adding
ITO between the electrolyte and Si, the dark electrolysis current of
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n-Si|ITO exponentially increased after an anodic bias of 2 V (curve 1)
with an actual Vpp.onst at 2.46 V. NiO, and Ir coating on n-SiITO
showed clear dark catalysis (curve 2 and 3) with ¥ oneer of 1.39 V
and 1.18 'V, respectively. This was due to the intrinsically higher
catalytic activity of Ir compared to NiO,. Anodic waves prior to the
oxygen evolution current (curve 2) are due to oxidation and regen-
eration of Ni** jons."

In order to isolate the catalytic effect from the photovoltage effect
in the n-Si|p-NiO PEC electrode, we also characterized the NiO,
coating on n-SilITO whose overpotential and Tafel slope, interest-
ingly, fall between that of n-SiITO and n-SilNiO,. The n-Si|ITO|
NiO, showed a reduced overpotential and Tafel slope compared to
that of n-SijITO and demonstrated the catalytic effect of NiO,, while
increased values compared to that of n-SijNiO, indicated an addi-
tional effect from the p-NiO,-n-Si junction owing to the junction
photovoltage. Rectifying /¥ behaviour in the dark indicated a solid-
state p-n junction between p-NiO,, and n-Si (Fig. S6). The solid state
n-Sip-NiO, heterojunction photovoltaic devices showed an open
circuit voltage (V) of 300 mV under 100 mW cm 2 solar irradiation,
which could further reduce the overpotential needed. A similar idea
using photovoltage to reduce overpotential was demonstrated
earlier.® The p-NiO,—n-Si junction facilitated the separation of
photo-induced charge carriers under the built-in electric field and
p-NiO, also served as a hole transporter and electron blocking
layer** minimizing the leakage and dark current. However, we were
not able to obtain the conductivity of NiO, film presumably due to
the small hole mobility.* The non-optimized conductivity of the film
was believed to be one of the limiting factors to the low photocurrent
density. !

The applied bias solar conversion efficiency (ABCE) was calcu-
lated using eqn (3),

n(%) = T—a)pP

%)
where J is the current density (mA cm ), V,p, is the applied electrode
bias (¥ vs. Pt counter electrode), E is the Nernst potential for water
oxidation (¥ vs. Ag/AgCl 1 M KCl at pH = 7.2), P is the incident
optical power density (100 mW cm~2 in all the measurement), and « is
the integrated optical attenuation coefficient introduced by the
measurement setup (Fig. S7t). In order to take into account the
ohmic losses and overpotential losses at the counter electrode, we
used a two-clectrode setup for this calculation® (Fig. S8t). Together
with the aforementioned CV results, performances of various n-Si
photoanode-based structures are summarized in Table 1. Power
conversion efficiency was calculated at an additional overpotential of
432 mV to the water oxidation level (1 V of applied bias vs. Pt counter
electrode). The n-SiNiO, photoelectrodes showed 1.34% overall
conversion efficiency, which is orders of magnitude higher than that
of n-Si|ITO or n-Si|TiO, photoelectrodes. It is also much larger than
the conversion efficiency of n-SilITO[NiO,, (0.30%). Coating catalytic
Ir thin film on n-SiiNiO, and n-SilITO photoelectrodes showed
increase of conversion efficiency to 1.37% and 0.33%, respectively.
No noticeable changes or damages on the NiO, surface were
observed after the CV study in PEC measurements, indicating the
chemical and mechanical robustness. The ability of forming
a uniform and robust thin film is one of the most critical merits for
a photoanode protection layer. Although the photoelectrode was still
able to provide efficient water oxidation current after 4 h of



Table 1 Summary of photoelectrode performance

Electrode Vin-onset —  Tafel slope ABCE
(thickness in nm) Egoi0,(V)* (mV per decade) (%oat1V)
n-Si|TiOx(2.5) 1.078 6.5x10 ¢
n-Si[lTO(29.3) 0.886 385 8.6 x10 3
n-Si[NiO,(37.4) —0.048 129 1.34
n-Si[ITO(29.3)|NiO,(37.4)  0.316 129 0.30
n-Si[[TO(29.3)|Ir 0.067 129 0.33
n-Si[NiO,(37.4)|Ir —0.066 129 137
n-Si[TiOx(2)|1r** —0.298

“ Ep,o/0, at pH = 7.2 is 0.568 V at room temperature, which was
calculated based on Eg o0, (vs. SHE) = 1.229 — 0.059 x pH and also
considering the potential difference using E (vs. SHE) = E (vs. Ag/
AgCl 1 M KCl) + Eggusger (vs. SHE). In this equation, Eggsger (v5
SHE) = 0.236 V.** Tafel slopes were measured across the onset
potential region (0.1 1 mA cm ?).

intermittent operation over 3 days (Fig. S91), the n-SiNiO,. photo-
electrode showed current degradation over time. Possible reasons
inchuded deactivation of NiO,, limited diffusion of hydroxide, and
deconstructive high current density. These possibilities are currently
under investigation through various approaches.

Conclusions

Sol-gel NiO,, functionalized Si photoanodes were studied for high
efficiency water photo-oxidation. n-Si[NiO,. shows a negative-shifted
onset potential to about 1.18 V (vs. RHE), which is lower than that of
other metal oxide coatings and is below the thermodynamic water
oxidation level. Catalytic effects of the photoelectrodes are investi-
gated and demonstrated using Tafel plots from comparisons of
various systems under illumination and in the dark. The n-SiNiO,
photoelectrode shows 1.34% overall conversion efficiency, which is
more than 4.5 times larger than that of n-S{ITONiO,. and orders of
magnitude higher than that of the n-SiITO or n-Si|TiO, photo-
electrode. A minimum difference between forward and backward
scans is observed from the NiO,. coated electrode indicating a greater
electrochemical stability. The sol-gel based approach is cost-effective
and does not require any high-profile equipment for film deposition.
The highly transparent NiO,. film from this technique also minimizes
the light loss. These results enable a stable, low-cost and protective
electrocatalyst made of an earth abundant element™ and its coating
ton-Si. This structure offers a potential solution to scalable and mass-
producible low cost photoelectrochemical cells for practical clean
hydrogen fuel production and artificial photosynthesis.
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ABSTRACT: We present a study of a transition metal oxide
composite modified n-Si photoanode for efficient and stable
water oxidation. This sputter-coated composite functions as a
protective coating to prevent Si from photodecomposition, a
Schottky heterojunction, a hole conducting layer for efficient
charge separation and transportation, and an electrocatalyst to
reduce the reaction overpotential. The formation of mixed-
valence oxides composed of Ni and Ru effectively modifies the
optical, electrical, and catalytic properties of the coating

NiOx cpated
polished Si
o)

Current density (mA/cm’)

0 15 20
Bias vs. RHE (V)

i To counter electrode

material, as well as the interfaces with Si. The successful application of this oxide composite on nanotextured Si demonstrates
improved conversion efficiency due to enhanced catalytic activity, minimized reflection, and increased surface reaction sites.
Although the coated nanotextured Si shows a noticeable degradation from 500 cycles of operation, the oxide composite provides
a simple method to enable unstable photoanode materials for solar fuel conversion.

KEYWORDS: Solar water oxidation, electrocatalyst, nanotextured Si

An optical band gap of 1.12 eV makes Si, the second most
earth abundant material, a very attractive candidate for
solar fuel conversion. However, the fundamental photo-
electrochemistry properties of Si, when in contact with aqueous
solution, do not favor Si for solar water splitting, in which solar
energy is typically converted and stored in chemical bonds.
Thermodynamic oxidation potential of Si is above the water
oxidation level, which introduces a competition reaction when
operating with energetic holes." This oxidation effectively
passivates the Si, which also becomes a concern when p-Si
photocathode is in idle condition” or has to go through a
destructive subsequent coating process.” Moreover, having a
significantly higher conduction band edge of Si to the proton
reduction level results in a slow charge transfer kinetics. This
fact limits the conversion efficiency of Si-based photoelectrode
when directly interfacing with electrolyte. To replace this
troublesome interface at the Si/electrolyte junction, a new
conformal and rectifying junction is essential to suppress the
self-oxidation and improve the kinetics." Structures using
homogeneous junctions through surface inversion have been
utilized to solve aforementioned problems and have been
demonstrated on both n and p-type Si photoelectrode.® On the
other hand, strategies using heterogeneous coatings on Si
photoelectrode have also been developed using molecule
surfaéce functionalization, metals, alloys, or other semiconduc-
tors.

Theoretically, a rectifying junction relies on the work
function difference between the coating material and Si. For
n-Si, a coating with a high work function is essential to form a
rectifying junction to separate the free charges. However, high
work function metals such as Pt or Pd have inferior oxygen
evolution reaction (OER) catalytic activity compared to Ir or
Ru. Meanwhile, they are typically of high cost and limited
resources, which are the main obstacles for large scale
applications of noble metals in catalysis. In addition, noble
metals are not stable in alkaline environment.” On the other
hand, earth abundant transition metal oxides (such as Mn, Fe,
Co, and Ni) show typically lower activity® but reasonable
stability in alkaline environment. Furthermore, metal oxide
outperforms metal because metal oxide can achieve a much
higher work function than metals due to oxygen vacancies and
cation oxidation states.” The work function of a transition metal
oxide can be tuned through the incorporation of other metal or
metal oxides. In addition, metal oxide can minimize the optical
loss due to a typically larger optical band gap. Moreover, metal
oxides with technically unlimited combinations are typically
stable and nontoxic. Therefore, this stable metal oxide coating
with a high work function and high transmittance is desired for
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unstable n-type photoanode materials to form a Schottky
barrier to assist the transportation of photoexcited holes to the
reductant in the electrolyte and to maximize the amount of
photons arriving at the underneath photoactive material.

From a design point of view for an optimized junction, a p-
type coating with a higher hole-conductivity is essential. Ni
oxide is intrinsically p-type and Ni-based oxides showed great
potential. Doped or mixed nickel oxide is recognized as one of
the promising OER catalyst that showed great stability in an
alkaline environment.'® Other applications of mixed-valence Ni
oxide, such as supercaPacitors,“ batteries, fuel cells, and dye-
sensitized solar cells,> were demonstrated because of its
tunable functionalities. Ru oxide has been known as an
excellent candidate for electrochemical capacitors due to its
fast and reversible reduction/oxidation reactions from proton
adsorption/desorption.'> Meanwhile, Ru and its oxide are also
known as the best OER catalysts. Applications of RuO, to
improve the water oxidation reaction have been demonstrated
before in some milestones solar driven water splitting devices.'*
Actually, the oxide composite (NiRuO,) has also demonstrated
applications as electrical contact,'® pseudocapacitor electrode,'®
and OER catalyst.”

We hypothesize that (i) an oxide mixture of NiO, with a
small amount of RuO, can maintain the stability of NiO, coated
Si-based photoanode, and (ii) by controlling the synthesis
condition this composite can improve the catalytic activity and
thus improve the conversion efficiency of Si-based photoanode.
In this work, we report a single-step protection and catalysis
using a composite of Ru and Ni oxides on an n-type Si
photoanode. This composite protects the Si photoanode from
direct contact with the oxidizing water and thus prevents the
photoanodic passivation of Si. The nanometer scale coating
maintained its integrity and functionality during the long-term
operation. Therefore, this composite coating eliminates the
need for extra process of protection. The composite with a low
resistivity significantly minimized the kinetic energy loss during
the charge traveling across the coating to oxidize water. The
rectifying junction between mixed oxides and Si improved
charge transport and collection efficiency. The composite
coated Si photoanode showed comparable activity to that of the
Ru metal directly coated Si. Finally, we also demonstrated that
a conformal coating of this composite on a nanotextured black
Si photoanode can further improve the water oxidation
efficiency.

Various strategies were developed to suppress the self-
passivation of n-Si as well as other unstable photoanode
materials under anodic bias and under illumination. Consid-
erable success has been made using heterogeneous coating
from various method, such as TiOZ,17 I'l"O,18 Fe203,1
MnOz,éh';'0 CoPi)”! and NiO.*> Nonstoichiometric NiO
(NiO,) coated Si photoanode with and without native oxides
were tested and the native oxides effect was studied and the
cyclic voltammograms (CV) are shown in Figure la. All
electrochemical studies were measured using Ag/AgCl
reference electrode at room temperature. However, all the
biases discussed are converted to RHE (reversible hydrogen
electrode) unless specified. NiO, coating from sputtering was
very uniform and crack-free. Si photoanode without native
oxides showed overall larger dark current density (not shown
here) and slightly higher photocurrent at high bias as well. As a
control and for comparison, polished bare n-type (100) Si was
also tested (Figure la inset). Both studies in the dark and under
illumination were conducted on n-Si with native oxides with
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Figure 1. Electrochemical characterization: (a) NiO, coated n-Si with
and without native oxides (inset: bare n-Si with native oxides), (b)
thickness effect of NiO,, (inset: stability of NiO, coated n-Si with a
thickness of 23.5 nm biased at 2.25 V under AM 1.5G illumination).

dark scan first. In the dark, since majority carriers in n-type Si
are electrons, anodic bias in this case was not able to drive
significant anodic current. Slightly increased anodic current was
noticed under a high bias of 1.25 V (black curve). On the other
hand, significant anodic photocurrent was noticed at an anodic
bias of 0.25 V due to the excess concentration of holes in n-type
Si under illumination (blue curve). This current immediately
saturated showing a diffusion limited behavior, indicating an
irreversible reaction, which was primarily due to the anodic
photopassivation of Si. The photocurrent dropped to dark
current level after the first scan because of the thick SiO,
developed at the Si surface. Actually, thermodynamic oxidation
potential of Si, which is well below the water oxidation level
(1.229 V), makes Si a strong reactant when interfacing with an
aqueous electrolyte.”

The effect of NiO, thickness was also investigated. As shown
in Figure 1b with the thickness increased from 10 to 37.5 nm,
the photocurrent density increased and then dropped. Because
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of the trade-off between increased depletion of Si and series
resistance loss on thick NiO, film, an optimum thickness
configuration should be expected when one of the parameters is
dominant over the other. In our case, we have found that NiO,
film with a thickness of 23.5 nm was able to provide smaller on-
set potential and better photocurrent density. The ampermetric
study at a constant bias voltage of 2.25 V revealed a stable
photoanode without noticeable signs of photocurrent degrada-
tion in the first 90 min of operation (Figure 1b inset).
Compared to previous reported work, the sputtered film
showed inferior activity but extended lifetime.>* This is believed
due to the compact protective film that did not develop pin-
holes and thus pathways for oxidation of Si underneath during
the operation. Apparently, improvement to further lower the
external bias is needed to drive a considerable current density
for consecutive chemical conversion.

The oxide composite (NiRuO,) was synthesized using
cosputtering technique and detailed deposition conditions can
be found in the Supporting Information. Optical transmittance
of the NiO, and NiRuO, on cleaned soda lime glass substrates
was measured and shown in Figure 2. Morphology of the
coating before and after annealing did not show significant
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Figure 2. (a) Optical transmittance of oxide composite films before
and after annealing. Inset: NiO, (first row) and NiRuO, (second row).
Scale bar = 200 nm. (b) Tauc plots for NiO, and NiRuO, before and
after annealing.

changes (Figure 2a insets). On the NiO, sample, transmittance
above 400 nm improved from 91 to 98% after annealing. This
increase of transmittance at long wavelength maybe due to the
enhancement of crystallinity with the thermal treatment, as well
as out-diffusion of interstitial O atoms that acted as scattering
centers to the incident light”™* On the other hand, the as-
prepared NiRuO, sample before annealing showed a less
recognizable band edge transition. Moreover, the transmittance
of NiRuO, at wavelength above 400 nm was reduced after
annealing. The transition in the wavelength range of 300—400
nm appeared to be steeper after annealing due to the strong
interband absorption of NiO,. The direct band gap, owning to
the unoccupied Ni 3d and mixed O 2p/Ni 3d, from
extrapolating the linear portion of the Tauc relation (ahv® vs
hv) showed a blue shift for annealed samples from 3.33 to 3.66
eV for NiO, and 2.96 to 3.37 eV for NiRuO, (Figure 2b). This
observation suggests a reduced density of structural defects and
surface states under thermal treatment conditions that could
contribute to the intraband absorption.25 However, tails in the
annealed NiRuO, film (Figure 2b black curves) suggest an
existing multiple-interband transition besides the defects and
surface states, presumably due to the smaller band gap of
RuO,.?® Van der Pauw resistivity measurement on NiO, and
NiRuO, samples revealed the reduced resistivity through the
incorporation of Ru and thermal treatment processes. Ohmic
contact with low resistivity was achieved using a sandwich
layered ITO/Au/ITO structure deposited using gas phase
sputtering. Detailed data on the ohmic contact and rectifying
junction (Supporting Information Figure s1) and the resistivity
of the composite before and after annealing (Supporting
Information Table s1) can be found in Supporting Information.

X-ray photoelectron spectroscopy (XPS) studies and
deconvoluted peaks of the spectra of the annealed NiO, and
NiRuO, film are shown in Figure 3. Interpretation of Ni 2p
XPS spectrum can be difficult because of multiple splitting,
shakeup, and plasmon loss.”” It has been pointed out by
Grosvenor et al. that it was difficult to assign single state to one
peak ™ However, since Ni(Ill) states dominated at higher
energy level in the main peak,”” we adopted a simple two peak
ﬁttin§ on the main Ni 2p3/2 peak to study the Ru effect on the
NiO.* Ni 2p spectrum shown in Figure 3a suggests that the
sputtered NiO, exhibited coexisting valence states of Ni(II)
2p3/2 (binding energy at 854.04 eV) and Ni(1lI) 2p3/2
(binding energy at 855.53 eV) (top curve in Figure 3a). On the
other hand, composite NiRuO, (bottom curve in Figure 3a)
showed significantly lower Ni(II)/Ni(1II) ratio in the main Ni
2p3/2 peak compared to that of the pristine NiO, film,
indicating an increase of valence state of Ni and an oxygen-rich
composite film. Meanwhile, interstitial O atoms in the oxygen-
rich NiRuO, composite could cause scattering or absorb the
incident light, which also support the observation of reduced
transmittance in the visible range and thus absorption tales into
longer wavelength (Figure 2).

The Ru 3d5/2 peak with a binding energy at 281.12 ¢V and a
spin—orbit splitting 3d3/2 of 285.11 eV revealed that Ru in the
annealed NiRuO, composite was mainly composed of Ru(IV)
in the oxidized state (Figure 3b). XPS spectra by peak fitting
revealed the extra component at 282.16 eV with its splitting
peak at 286.32 eV. Note that the XPS spectrum in the range
showing in Figure 3b also includes superimposed Cls core-level
(284.8 V) besides Ru 3d level causing an intense Ru 3d3/2
peak. Deconvolution of the XPS spectrum is consistent with
previous reported data.”” This component was believed due to
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Figure 3. XPS spectrum of NiO, and NiRuO, composite: (a) Ni 2p,
(b) Ru 3d and Cls, and (c) O 1s.

the unscreened Ru(IV) cations® or it could be also an
indication of higher oxidation states of Ru coexisting such as
Ru(VI) or Ru(VIII).” Note that the metal peak of Ru (~280.4
eV) was not noticed on annealed samples without experiencing
Ar ion beam etching even with higher Ru concentration,
confirming a complete Ru oxidation in the composite after
annealing.

Further investigation on the O 1s XPS spectrum (Figure 3c)
revealed three peaks corresponding to classical oxygen atoms in
three different environment in the sputtered NiO, film
including lattice oxygen (529.85 eV), hydroxyl group (531.66
eV), and surface-absorbed water (532.6 eV). These data are
also in agreement with previous reported ones.”' Additional
features (gray curves) in the O 1s spectrum of NiRuO, in
comparison to the one from the pristine NiO, were due to the
oxygen binding in the RuO, corresponding to the lattice
oxygen at 529.4 eV and hydroxyl group at 530.59 eV, as well as
and surface-absorbed water overlapping with the one on NiO,
at 532.6 eV. Similar to the NiO,, NiRuO, sample also showed
stronger hydroxyl component and weak surface absorbed water
component. This observation suggested that oxyhydroxide may
form resulting in a higher Ru oxidation state at the surface due
to the exposure of ambient atmosphere. Importantly, areas of
the deconvoluted curves can be used to semiquantitatively
estimate the ratio of the Ni(II)/Ni(1II), which decreases
significantly from about 0.86 in NiO, to 0.35 in NiRuO,. This

indicated a Ni(IIT)-rich film was introduced by incorporation of
RuO, consistent with the observation on Ni 2p peaks.

For electrochemical characterization, we directly deposited
the NiO, and NiRuO, composite film on fluorine doped tin
oxide (FTO) coated glasses (12—14 Q/[], thickness <200 nm,
TEC 15 Hartford Glass Co.). To avoid interactions between
coating and the FTO film and to avoid high-temperature
degradation of the FTO conductivity, the sintering temperature
was kept at 400 °C in inert N, environment. The voltammo-
grams without additional iR correction are shown in Figure 4.
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Figure 4. Electrochemical characterization of NiO, and NiRuO,
composite coated FTO glass: (a) linear voltammograms; inset, Tafel
plots. (b) Cyclic voltammograms of § consecutive scans; inset,
magnified red curve.

FTO glass electrode showed the highest onset potential to pass
the double-layer current region. Application of NiO, with a
thickness of 23.5 nm exhibited a catalyzed reaction by reducing
the potential needed to drive the same level of current (Figure
4a). In the medium bias region of 1-10 mA/cm’® when
Faradaic process occurred, Tafel slopes were measured of 484
mV/dec for FTO glass and 290 mV/dec for FTOINiO,, (Figure
4a inset). Overpotentials at 10 mA/cm” for FTO glass and
FTOINiO, were 1829 mV and 1043 mV, respectively. Coating
of NiO, on FTO reduced the overpotential needed to drive the
anodic water decomposition current. Compared to NiO, OER
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electrocatalyst reported before, the sputtered film showed
inferior catalytic activity. A dense and pinhole free film is
needed to protect Si from contacting the oxidizing electrolyte
and minimize the chances of penetration of electrolyte through
grain boundaries. Often cases, a thicker film from sputtering can
meet this specification and prevent the anodic passivation of Si.
This dense and thick NiO, film with limited surface reaction
sites and high electronic ohmic loss {Supporting Information
Figure sl and Table sl) resulted in the poor catalytic
performance. Addition of Ru lowered the onset potential, as
well as the Tafel slope to 212 mV/dec Meanwhile, an
overpotential needed to achieve 10 mA/cm® current was also
reduced to 797 mV from the composite coating. The increase
in Tafel slope at high current densities {>10 mA/cm?®)
occurring at the electrode surface was due to the resistive
controlled kinetics, such as series resistance loss from
electrolyte and formed bubbles on the surface. None of the
fresh prepared samples showed light response with a noticeable
photocurrent. Cyclic voltammograms {CV) within a potential
window of 0.2—1.4 V were obtained at a 100 mV/s scan rate.
Redox response at 0.6—1.3 V due to the pseudocapacitve
behavior of NiO, was observed (Figure 3b inset). The cathodic
current was believed due to the reduction of NiOO, to NiOOH
and NiOOH to NiO of different phases. A more significant
rectangular shape characteristic of the pseudocapacitance due to
RuO, was exhibited (Figure 3b). A much more pronounced
amount of charges was stored and associated with the Ru redox
process {blue curve) in the potential window compared to
FTOINIO, (red curve) and bare FTO electrodes {black curve).
The peaks corresponding to oxidation and reduction of the
different Ru oxidation states in RuQO, were noticed. The
presence of these features was a strong indication that redox
process also occurred on the RuQO,, which arises when the
applied potential induces Faradaic current from the oxidation/
reduction of electroactive materials via a coupled and reversible
proton—electron transfer,"® suggesting a catalytic active Ru in
the composite film.

To demonstrate further the advantages of NiRuO, as a
catalytic and protective coating on n-Si, we have compared this
c-SilNiRuO, structure to a Si photoanode directly coated with
Ru {c-SilRu) and one with a high quality ultrathin TiO,
protection layer in-between (c-SilTiO,Ru). For example,
Chen et al. used TiO, from atomic layer deposition {ALD)
to protect n-Si photoanode from anodic photopassivation.>*
Pracchino et al. showed the extended lifetime of a unstable
photocathode {p-Cu,0) by effective passivation using TiO,.**
Recently, Lee et al. demonstrated this protective coating on
M-V (p-InP) photocathode>* While providing excellent
chemical stability, the ultrathin TiO, with a thickness of 2
nm maintained the effective charge transfer of excited carriers.
In these works, electrocatalysts were then deposited on top of
TiO, to lower the reaction overpotential and enhance current
density. This so-called “two-step process” utilizes a protection
layer (TiO,) and an electrocatalyst layer (noble metal)
separately. The thickness of TiO, is important particularly on
n-type photoanode materials to maintain its light response
(Supporting Information Figure s2), since TiO, prepared from
various method is a well-known photoactive specifically to
ultraviolet (UV) light. Without an outperforming catalyst,
ultrathin TiO,-coated crystalline n-Si (c-SilTiO,) photoanode
still requires a large overpotential to drive the water oxidation
reaction {Supporting Information Figure s3). Ru metal
deposited on ¢-SilTiO, photoanode effectively lowered the

onset potential due to its superior OER catalytic activity. The
photocurrent density from ¢-SilTiO,|Ru at 1.23 V was able to
reach 0.24 mA/cm® (Supporting Information Figure s3).
However, this value is around 4 times lower compared to the
photocurrent density of 1.06 mA/ cm? from the c-SilRu
photoanode. This is believed due to the additional loss of
tunneling carriers across the TiO, coating and low kinetics.%5
The high dark current from c-SilRu was due to the metal-
induced intermediate surface states, which resulted in a much
lower on/off ratio of current (jPh/jd at overpotential of 230
mV). On the other hand, the c-SilNiRuO, photoanode showed
a similar photocurrent density to that of the c-SilRu sample at
1.23 V but much higher on/off ratio due to the suppressed dark
current. Meanwhile, c-SilRu showed quicker degradation under
operation conditions. As shown in Supporting Information
Figure s4, photocurrent density dropped below half of the
initial value in less than 20 min, despite its slightly higher initial
photocurrent density than that of the c-SilNiRuO,. Note that to
be comparable, Ru loading on all the samples were constant by
controlling the deposition conditions (Supporting Informa-
tion). Comparisons between aforementioned structures are
summarized in Table 1.

Table 1. Comparisons between Different Photoanode
Structures for Water Oxidation

onset

Jo/la @ 1 = potential Jph (mA/cm?) time for $0%
230 mV ) @13V drop of jpu

Sl 67.57 1.08 094 >1h

NiRuO,
c-SilRu 12.91 1.08 1.06 <20 min
c-SilTiO,l 6.57 117 024 NA

Ru
c-SiTiO, NA 246 431 x10* NA

Surface textures effectively enhance the light utilization,
increase the surface reaction sites, and minimize the bubble
overpotential through a hydrophilic surface. " P-type Si with
surface textures used as photocathodes for water reduction and
H, generation was demonstrated before.>>*® Nanotextured Si
(or black Si, b-Si) were generated through a facile chemical
etching at room temperature, which is well documented® and
details can be found in Supporting Information. The
morphology as a function of the etching time is shown in
Supporting Information Figure s5a-e. The depth of the
nanotextured layer increased with the etching time. This
etching process has a linear relationship with the etching time,
before there is a significant chemical depletion and limited
reactant diffusion due to the developed thick metal coating.
Estimated etching rate at room temperature was about 1.55
nm/s (black A curve in Supporting Information Figure s3f).
Rough estimation on surface area showed a linear relationship
with the etching time assuming no loss in the density of pores
on the surface over time. However, this assumption may not be
100% true as seen in the SEM images in the second row in
Figure s3a-e, due to the Jateral overetching and increased filling
factor of pores which led to a decrease in the surface area.
Roughness factor estimated from SEM images are 2, 3.8, 8.6,
11.5, and 12.6 for samples with 1, 2, §, 8, and 15 min etching,
which is actually saturated with the increasing etching time
(blue Ml curve in Supporting Information Figure s5f). This is
one of the reasons that we did not use longer etching time to
achieve deeper pores. The geometry of the b-Si is actually
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Figure 5. NiRuO, coated black Si: SEM image (a) top view and (b) cross-sectional view. Scale bar = 200 nm. (c) Specular reflectance on ¢-Si and b-
Si. Insets: digital optical images of c-Si (right) and b-Si (left). (d) Comparison of linear voltammograms. (e) Cyclic voltammograms of b-SilNiRuO,
at varying light intensity. (f) V.o Vonew j@123 V, and j@432 mV overpotential versus light intensity. (g) IPCE spectrum and (h)

chronoamperometric stability study in 500 cycles operation.

critical. Additional reasons for using an 8 min etched b-Si will
be given in the later discussions.

Si photocathode for proton reduction is considerably stable
under illumination and cathodic bias in an acidic environ-
ment.** However, its stability does become a concern when in
idle condition, under anodic bias, or alkaline electrolyte, where
proper protection is needed.®> Therefore, a high quality and
conformal protection layer is particularly important to enable Si
for water oxidation since the n-Si is typically anodically biased
and excess carriers of holes. Gas phase deposition offers
opportunities to reach a uniform coating on high-profile
structures and offers minimum chances for exposure of
substrates. Magnetron RF sputtering in this experiment was
able to provide conformal coating on the b-Si with etching
depth of 680 nm. However, with the increased depth in b-Si, a
conformal coating became difficult and eventually failed where
significant degradation of photoresponse was observed. This is
another reason of using 8 min textured b-Si as the substrate for
the demonstration of NiRuO, composite enabled Si photo-
anode.

The morphology of the b-Si substrate with a 680 nm thick
porous layer on the surface is shown in Figure Sa,b. Specular
reflection spectra of mirror-polished c-Si and nanotextured b-Si
are shown in Figure Sc. The experimental verification of the
specular reflectance discussed above was measured at a fixed
incident angle of 30°. c-Si showed significant UV reflection with
reflectance above 55% at wavelength below 400 nm. At
wavelength between 400 and 700 nm, polished Si showed
average reflectance of 41.8% and an average specular reflectance
of 37.0% in the near-infrared (IR) and IR range (wavelength
between 700 and 1100 nm), which is consistent with previous
reported data.*® For comparison, this b-Si showed a wide range
suppression of reflection. The ultralow specular reflectivity was
reached in the entire wavelength range of 350 to 1100 nm due
to the effective coupling of incident light to the Si substrate.
One of the primary physical effects behind this phenomenon is

the change of the refractive index at the air and Si interface. The
transition of the refractive index was effectively modulated and
smoothed by the porous Si layer, resulting in the reduced
specular reflectance, enhanced internal reflection, and thus
enhanced absorption. A reflectance dip at wavelength around
640 nm indicated a strong resonance corresponding to physical
geometry of the porous layer.* Although reflectance increased
at wavelength above 700 nm, nanotexturing technique showed
a broadband suppression of reflection due to the effective
coupling of light offered by the porous layer. The optical image
clearly showed the reflective nature of the polished Si where the
reflection of the imaging camera can be seen (right image in
Figure Sc inset) and the black appearance of the etched Si (left
image in Figure Sc inset).

Linear voltammograms of NiRuO, composite coated c-Si and
b-Si are shown in Figure Sd. Both photoanodes showed
negligible dark currents. At 1.23 V, NiRuO, composite coated
b-Si showed photocurrent density of 1.34 mA/cm?, about 1.5
times greater than that of the c-SilNiRuO, photoanode. The
enhanced photocurrent density is due to the increased surface
area under a fixed geometrical area (11.5 times larger) and
improved light absorption. Catalytic reaction mechanism and
oxygen evolution at both Ni and Ru sites can be generally
described using equations below and illustrated in the Figure 5d
inset

Si /—‘; e +ht (1)
M* + H,0 + i* = M"*(OH) + H' ®)
IM™YOH,) » M0 + M" 4+ H,0 (3)
IM™0 - 2M" + O, (4)

where M" is the metal active site (Ni and Ru with valence states
of n*).
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Current fluctuation in the polarization study was reduced on
the b-Si samples, which was believed due to the hydrophilic
property of b-Si surface and reduced radius of curvature of
nanowires. These facts eased the bubble release from electrode
surfaces upon formation without contributing overpotential
losses from large bubbles forming>® Importantly, significant
improvement in light absorption and surface area did not
improve the photocurrent dramatically. This is primarily
because of the increased surface defects and thus recombination
veIocity.A'o In fact, nonoptimized electrodes displayed higher
onset potential. These electrodes, for example, include samples
with films deposited at higher O, partial pressure during the
sputtering process, or annealed in O, environment during
anneal process. Increased O, partial pressure improves the
oxygen vacancy and also reduces the electrical resistivity, this
could also cause of a loss of transmittance due to interstitial O
as scattering centers.”* As mentioned in the early discussion,
electrodes coated with thicker NiO, film also showed inferior
performance. In addition, poor ohmic contact or high contact
resistance could also increase the onset potential. All of these
nonoptimized fabrication conditions contributed to the
increased O, evolution reaction overpotential resulting in a
higher external driving bias and lower conversion efficiency.

The CV curves of b-SilNiRuO, sample under different light
intensities are shown in Figure Se. With the reduced light
intensity by applying a series of neutral density (ND) filters, we
notice a continuous decrease of photocurrent density in the
same bias range. At low light intensity, it was noticed that the
intensity of the shoulder at 1 mA/ em? reduces and also it shifts
to high bias value. This indicates a slow process presumably due
to the limited OH™ ion diffusion in the near neutral solution.”
Current saturation was not noticed in the range of the
measured bias at intensity of 100 mW/cm? and started to
appear at incident light intensity below 10 mW/ cm? due to the
limited density of excess carriers. The saturation point shifts to
lower bias values with the reduced light intensity. V. under
llumination (Vocph) shifted to more positive values with the
reducing light intensity and eventually approached the V, value
at dark (V, ) due to the reduced quasi-Fermi level separation.
Note that the V. here is defined as the current shifts from
cathodic to anodic direction. To confirm the stability of the
sample, cyclic voltammograms were remeasured under normal
incident at a light intensity of 100 mW/cm? Slight decrease
(<5%) in current density over the scanned bias range was
noticed indicating a minimal degradation.

The bias to maintain a certain current density (0.2 mA/cm?)
as a function of light intensity is primarily controlled by the
interfacial property of b-SilNiRuO, and catalytic activity of the
composite, as shown in Figure 5f (black square curve). This
onset potential for water oxidation shifts to lower values
exponentially with the increased incident light intensities, which
was expected as the V., decreased (red @ curve). Therefore,
the voltage difference (11.23-V,,|) increases exponentially with
increasing incident light intensity, since the V, in a solar cell
generally depends on the logarithm of the photogenerated
current density. The V. versus light intensity in logarithm scale
is shown in Supporting Information Figure s6. The sign of the
slope indicating the photoanodic behavior of the SilNiRuO,
photoelectrode.”! Meanwhile, photocurrent densities showed
similar behavior as the V,. (Figure Sf). For example, at the
thermodynamic water oxidation potential (123 V), the
photocurrent density increased exponentially with the increas-
ing light intensity and finally approaching a saturated value of

1.36 mA/cm?® at 100 mW/cm® (blue A curve). Photocurrent
density at 432 mV overpotential {brown P curve) also
exponentially increased with the increasing light intensity which
followed the same trend as the photocurrent density at
thermodynamic potential. The photocurrent density at this
overpotential can be as high as 7.44 mA/cm® at an incident
light intensity of 200 mW/cm™.

The incident-photon-conversion efficiency (IPCE) as a
function of wavelength for the b-SilNiRuO, photoanode at
432 mV overpotential is shown in Figure S5g. The exposed area
on the sample was fixed at 1 cm® controlled by the window size
on the sample holder. The spot size (Aph =0.1 mm X 0.2 mm)
of the monochromated light on the sample surface was much
smaller than the sample size. This was considered in the IPCE
calculation where the photocurrent was calculated using the
equation below

Iph — I

jp =
5 Apn (s)

where Iy, and I, is the current measured under chromated light
illumination and in dark, respectively, and Ay, is the light spot
size. The light intensity of the monochromated light from the
monochromator equipped with an IR filter on the sample
surface was calibrated using a Si photodetector at zero bias.
IPCE was calculated using the equation below

1240[nm mW-mA"] x jph[rnA~cm_2]

IPCE = e
JpuplMma-cm
Alnm] x R[mAmwW ]
, =
]Ph[rnA‘cm ]
ext ;

JphD

[mA‘crnle (6)

where 4 is the wavelength of incident light in nm, jp is the
photocurrent from the Si photodetector in mA/ cmz, R, is the
responsitivity of the Si photodetector provided by the supplier
in mA/mW, and #,,, is the external quantum efficiency of the Si
photodetector. The shape of the IPCE curve matched well with
the typical Si solar cell showing response between 350 and
1100 nm with effective photocurrent generated in the
wavelength range of 475—725 nm. With the increased surface
area in the b-Si samples, the surface recombination velocity
increases leading to an additional loss of current at surface
recombination sites, meaning a loss of water oxidation
efficiency on b-Si from a long etching time. It was reported
that photoresponse at short and long wavelength regions is
effectivelz affected by the surface recombination from surface
textures™ and Auger recombination from doping,*® which is
another reason of using 8 min etched b-Si instead of ones from
longer etching time.

Stability study of the photoanode was conducted using
chronoamperometric measurement at 432 mV overpotential
(Figure Sh). Photocurrent density degraded from 7 to 5.95
mA/em? after 500 cycles of pulsing of an external bias (low,
Viepty and high, 432 mV overpotential) in 1.5 h, suggesting a
fairly stable photoelectrode. Stabilized photocurrent is high-
lighted using red lines in Figure Sh. Significant overshoot
followed by a relaxation to its equilibrium state was observed
corresponding to external potential changes. This photocurrent
transient response to potential pulses was believed to be caused
by possible recombination processes at the b-SilNiRuO, and
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NiRuO,lelectrolyte interfaces, as well as limited ionic diffusion
and second order capacitance effect at both interfaces.

In conclusion, we have reported a Ni and Ru oxide
composite enabled n-Si as an efficient device for photo-
oxidation of water that showed the best on/off ratio, lowest
onset potential, and the most elongated long-term stability
compared to other structures. NiRuO, composites offered a
manipulation of the interfaces properties between catalysts and
photoactive materials, such as band bending and charge
transfer, as well as the OER catalytic activity. Furthermore,
the oxide composite coated nanotextured Si demonstrated
improved current density and thus conversion efficiency due to
the improved light harvesting and increased surface reaction
sites. Advances of transition metal oxides catalysts promise the
development of low-cost, active, and stable electrocatalysts
under neutral and alkaline conditions for practical water
splitting and solar fuel production, as well as other various
applications.
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3.2 Ultrathin NiO, on Si np* junction photoanode for efficient solar water oxidation
3.2.1 Abstract

Targeting on realizing large-scale solar fuel conversion, photoelectrochemical (PEC)
electrodes based on earth abundant elements are essential. In this work, we report our effort to
synthesize an ultrathin (few nanometers) NiO, oxygen evolution reaction (OER) catalyst from a
cost-effective solution-based method and apply it on a Si np* junction photoanode for a durable
and efficient solar driven water oxidation. Surfactant and thermal treatment are critical
parameters which allow to fine-tune and to optimize the OER activity. Meanwhile, a stable
semitransparent conducting oxide was used to isolate the Si from corrosion in alkaline
environment, to decouple the Si photovoltaics and electrocatalysis process, and to provide a pre-
activation to the OER catalyst. Successful demonstration of this ultrathin NiO, enabled Si
junction photoanode results in a photocurrent of 1.98 mA/cm? at the water oxidation potential
(Eoer=0.415 V vs. NHE at pH=13.8) and a solar to oxygen conversion efficiency of 0.7% under

0.51-sun illumination.

3.2.2 Introduction

Photoelectrochemical (PEC) solar fuel conversion becomes a very important research
route’ to solve energy problems, which relies on a separate production process of electricity
generation (free energetic carriers) and generation of chemical products (fuels) which can be
separated, stored, and used to reproduce the stored energy. Recently, considerable success has
been achieved to generating hydrogen from splitting water using solar energy based on structures
such as single large band gap materials*®, plasmonic metals coupled with wide band gap
semiconductors utilizing hot electrons*®, photochemical diodes®, z-scheme tandem cells”*, and

11-13

inorganic/organic/hybrid multi-junction cells However, the large-scale production of

chemical fuels relies on the development of PEC electrode based on earth abundant materials®.
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Silicon as the second most abundant element on earth has been used for photovoltaic solar cells to
generate electricity because of its low cost and small band gap for solar spectrum absorption.
Application of Si for water splitting is challenging due to its slow kinetics and
passivation/corrosion at the Si electrolyte interface. Enabling Si for water splitting involves
replacement of this problematic interface by insertion of a heterogeneous/homogeneous coating,
which allows efficient light absorption, and charge separation/transportation, as well as catalytic
reaction sites at the coating electrolyte interface. In other words, this coating effectively
introduces two interfaces which subsequently separate the process of electricity generation at one
interface (photoelectrical junction) and chemical product formation at the other (electrochemical
junction).

Photoanodic water oxidation half reaction for O, generation from water splitting using Si
is even more challenging due to, 1) the higher conduction band position of Si with respect to the
water oxidation reaction potential, 2) a four-electron reaction, and 3) the surface oxidation or
corrosion instead of water oxidation. To overcome these challenges, an efficient oxygen evolution
reaction (OER) catalyst and a stable protection are essential.

In this work, we report our effort on synthesis and characterization of an efficient NiO,
based OER catalyst, identification of the surfactant and thermal treatment effect on its OER
activity. We then integrated this active OER catalyst on a stabilized Si junction photoanode using

a layered semitransparent ITO to demonstrate a stable and efficient water oxidation device.

3.2.3 Results:
3.2.3.1 Ultrathin NiO, OER catalysts - role of surfactant and annealing temperature:

The NiO, OER catalyst (labeled as NiO,-TX) was synthesized by spin-coating a
precursor solution of a mixture of nickel acetate (Ni(Ac),) and a non-ionic surfactant triton X-100

(TX) in ethanol on a conducting substrate and subsequent thermal decomposition as reported in
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ref *. In our experiment for a comparison, a catalyst from a precursor solution without the
surfactant (labeled as NiO,) and a precursor with only the TX surfactant in ethanol (labeled as
TX) were also prepared and investigated. Morphology study using atomic force microscope
(AFM) and chemical composition study using x-ray photoelectron spectroscopy (XPS) were
conducted on NiO, coated atomic flat Si (100) substrates and Au coated Ti foils (Alfa Aesar,
10385), respectively, while electrochemical studies on the NiO, were conducted on fluorine-
doped tin oxide glasses (MTI, TEC 15), as well as Ti foils and Si photoanode. Time required to
decompose/anneal the spin-casted precursors was different due to the different thermal
conductivity of different substrates, which is also depend on the air flow or stationary air. We
found that NiO,-TX gave the best catalytic activity annealed for 30 sec on Ti foil, which is
equivalent to the one annealed for 1 min on FTO glass (Figure 2a).

Morphologies of the Si surface coated with NiO,-TX, NiOy, and TX annealed for 30 s at
300 <€ are shown in Figure la-c. AFM studies revealed bigger grains from NiO,-TX OER
catalyst compared to that of the NiO, and TX only samples. The presence of foreign molecules in
the precursor affects the physical and morphological properties of the thin film. TX surfactant
possesses a polar head group attached to a long chain aliphatic non-polar tail. Similar to the work

|15

reported by Canfield et al.™, a metal-surfactant complex is formed. Meanwhile, the long chain of
nondecomposed Ni-TX complex could also act as a spacer'®. Thus the presence of a non-ionic
surfactant TX, which bears a chain of approximately 10 ether groups, plays a crucial role in
organizing the structure of the material and in creating well-defined and reproducible
nanophases®”.

We use XPS to study the chemical composition of the catalysts prepared from different
precursors and annealed for different time. Ni 2p spectra of bare Au substrate, TX-30s, NiO-30s,

and NiO,-TX-30s are shown in Figure 1d. No Ni peak was noticed on bare substrate or the TX

coated substrate. O 1s spectrum revealed that the peak at a bare substrate at binding energy of
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532.8 eV is probably from carbon contamination in the form of C-O. Appearance of the peak at
binding energy of 530.54 eV is possibly due to the formation of Au,O; during the annealing in
air. Deconvolution of O 1s peaks of NiO,-30s and NiO,-TX-30s using classical oxygen fitting
revealed the lattice oxygen (529.46 eV), hydroxyl group (531.41 eV) and surface-absorbed water
(532.67 eV). The appearance of the new peak at 529.46 eV with the increasing annealing time
suggests the increased lattice oxygen and the formation of NiO,. The increasing intensity ratio
between 529.46 eV and 531.41 eV further suggested a decreasing valence state of Ni.
Interestingly, high resolution C 1s spectra reveal not only the presence of carbon contamination in
the form of carbon-carbon bonding at binding energy of 284.8 eV, but also a peak typically
recognized from carbonxylate group at binding energy around 288 eV potentially from Ni(Ac),"™.
Note that this peak was not resolved from samples made from precursors containing only Ni(Ac),
and certainly not from TX in ethanol. This is a sign of formation of Ni-TX complexes in the
precursor. Higher intensity at binding energy of 284.8 eV could be a sign or more carbon
concentration on the surface due to C-C or C=C groups from unfully decomposed Ni-TX
complexes. Therefore, annealing for 30 s may not lead to complete removal of organic
compound. Actually quantitative studies from De Jesus et al. *® showed a decomposition of
dehydrated nickel acetate occurs at 270 C in air. However, carbon residuals could potential facile
the charge transfer between catalytic active sites and substrate, ease the activation process, which
is noticed in the electrochemical measurement. The carboxylate component also presents in the
sample prepared with higher concentration of surfactant and this peak diminishes in the
precursors with only either the TX or Ni(Ac),. This fact suggests a surfactant effect on the
decomposition of the nickel precursor which is believed due to the formed Ni-TX complexes.

We also use XPS to exam the annealing effect on the chemical composition of NiO,-TX
(Figure 1g). High resolution Ni 2p spectra in Figure 1g showed a more standout peak at lower

energy with increased annealing time indicating a reduced valence state, which is believed to
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have great effect on the catalytic activity. Ni 2p spectra showed observable change in their shapes
suggesting an effective annealing time effect on its chemical changes. This result is consistent
with the O 1s spectrum (Figure 1h) indicating an increased intensity of lattice oxygen at binding
energy of 529.46 eV. Although Ni 2p3/2 peak could be originate from different source of Ni*
species, including unfully decomposed nickel acetate-surfactant complex, Ni(OH), and NiO, one
can effectively control the crystalline process and tune the catalytic activity by controlling the
annealing time at a fixed temperature on the NiO, catalyst. High resolution C 1s spectrum (Figure

1i) further showed the peak at 288 eV reduces its intensity with the increasing annealing time

suggesting a more complete decomposition of precursors.
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Figure 1. First row: AFM studies on catalyst (a) NiO,-TX, (b) NiO,, and (c) TX only. Second
row: XPS spectra of (d) Ni 2p, (e) O 1s, (f) C 1s on samples studied in the first row. Third row:
XPS spectra of Ni 2p (g), O 1s (h) and C 1s (i) on NiO,-TX catalysts annealed for different time.

3.2.3.2 Catalyst activation, OER activity and stability:
Cyclic voltammograms (CV at a scan rate 10 mV/s) on the NiO, OER catalyst without
TX in 1 M NaOH (pH=13.8) are shown in Figure 2a. Electrochemical measurement is done in 1

M NaOH electrolyte at room temperature and all the reported potential is converted to normal

hydrogen electrode (NHE) unless specified. Current density and Tafel slope reported here are
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without iR correction on the uncompensated resistance loss. As-prepared NiO, (black curve)
shows a shoulder instead of oxidation/reduction peaks in the potential window of 0.4-0.7 V. Tafel
slope of the as-prepared NiO, is 87 mV/dec at 0.7 mA/cm?, which resulted in an overpotential of
380 mV to drive an OER current density of 0.52 mA/cm?® During the second scan, a more
significant oxidation peak appeared at 0.58 V, as well as a slightly higher reduction peak at 0.5 V
as shown in the red curve in Figure 2a. Tafel slope at 1 mA/cm? dropped to 57 mV/dec and
current density at overpotential of 380 mV reached 3.34 mA/cm?, shown in Figure 2b. A cyclic
activation at a scan rate of 100 mV/s was then applied. After 500 cycles of activation, a slow CV
scan at a scan rate of 10 mV/s was taken (magenta curve). Magnitude of the oxidation and
reduction peaks was increased and the shape of the peaks became sharper with a noticeable
asymmetry. Most importantly, the position of the peaks was shifted to higher potential (around
0.63 V). Improvement was also noticed on Tafel slope and overpotential (Figure 2b). Continuous
activation for another 310 cycles did not further improve the catalytic activity at OER current, but
a slightly shift of oxidation peak to higher potential. Note that the TX-30s sample showed a
comparable current density level to that of the bare FTO within the potential window, which
suggested no catalytic activity from the TX treated FTO glass. Previous results showed different
phases of active NiO catalysts during water oxidation including a-Ni(OH),/y-NiOOH and f-
Ni(OH),/B-NiOOH. Importantly, a/y transition is typically located at lower potential with a
typically higher valence state of Ni (3.5-3.67) and B/ transition is typically located at higher
potential with a lower valence state of Ni (2.7-3). We believe that the plateau in the CV of the
as-prepared sample indicates a mixed phase of a/y and /B transition, which is because direct
decomposition of nickle precursor did not yield a phase-pure NiO,. The shoulder in the oxidation
peak after the first scan suggests that the mixed phases still exist in the catalyst although the a/y
transition becomes stronger. Anodic shifted oxidation peak after cyclic activations suggests a

phase transition from o/y dominant to B/f dominant. Meanwhile, this result suggests that the OER
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activity is indefinitely maintained after 810 cycles of scan for over 5 hrs measurement. Note that
anodic shifted redox peaks were noticed on sample that was re-scanned after stored in normal lab
condition, which is observed on aged a-Ni(OH), due to dehydration to B-Ni(OH), in ambient.
This aged catalyst can then transform back to a/y due to the overcharging of the p-NiOOH?.

On the other hand, the second CV scans on a NiO,-TX catalyst annealed for varying time
are shown in Figure 2c. Interestingly, oxidation peaks for NiO,-TX annealed for 30 s and 1 min
were located at potentials around 0.65 V and 0.63 V (Figure 2c) which was about 70 and 50 mV
higher than the NiO, case, respectively. Increasing the annealing time from 30 sec to 1 min
reduced the overpotential of 357 to 341 mV and Tafel slope at 1 mA/cm? current density of 63 to
56 mV/dec (Figure 2d). For catalysts that were annealed for 2 and 5 mins, no significant peaks
were noticed suggesting a diminished organized phase with the increased annealing time.
Moreover, cyclic activation did not show improved OER activity over 1 hr cyclic scan on these
two samples. Meanwhile the overpotential and Tafel slope increased to 378 mV and 64 mV/dec,
respectively (Figure 2d). The position of the oxidation peaks of NiO,-TX catalysts suggests an
inherent B/p phase without cyclic activation. Presumably, this is because the surfactant has the
effect of complexing the metal ions, so that the individual oxides do not form prematurely. Such
complexing effect is well known in a sol-gel process. However, this sample with more than 500
cyclic scans showed a formation of a second peak at low potential, suggesting a developed phase
of a/y transition. Overheating the catalyst suppresses the magnitude of the oxidation/reduction
peaks and most importantly degrades the OER activity. This overheating effect on the NiO,
activation was also noticed on gas-phase sputtered NiO, film, where annealed films in inert gas at
400 <€ showed significant lower OER activity and less chance to be activated within a fixed
number of activation cycles than the as-sputtered ones. This data will be reported elsewhere. In

summary, controlling the catalyst preparation conditions such as addition of surfactant and
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annealing temperature can result in an active material without going through a potentially

destructive and energy-consuming activation process.
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Figure 2. CV and Tafel plot on NiO, (a and b) annealed for 30 s, and NiO,-TX catalyst annealed
for varying time at 300 <€ (c and d)

Strategies have been developed to enable Si-based photoanode including two-step and

single-step approaches due to its intrinsic disadvantages when directly interfacing with water®.

The two-step approach involves a protection coating using a wide-band gap semiconductor and

an electrocatalyst coating. Examples include structures such as TiO,|Ir®, FTOINiBi**, and

ITO|COPi®. On the other hand, the single-step approach utilizes a coating that has multiple

functions including conducting holes, protecting Si, and electrocatalyzing water oxidation.

Coatings used before include o-Fe,05%°, NiO,”’, Mn0O,?, and organic compounds such as

PEDOT:PSS®. However, the ultrathin NiO, studied in this case is not able to perform the
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passivation function due to the non-conformal nature on the Si surface (Figure 1a). Any exposure
of Si to the extreme alkaline environment will result in etching of Si instead of forming an
insulating SiO, in near neutral environment, which is actually a well-known anisotropic texturing
technique for Si microfabrication®. To prove this, p*-Si directly coated with NiO, catalysts
without removing native oxides was tested. During the typical activation process, the redox peaks
became more pronounced (Figure s1a). However, different from NiO, coated FTO glass, the OER
current dropped continuously (Figure slb). Presumably, attacks on native oxides and then
underneath Si may cause loss of catalysts, which is actually noticed during an in-situ x-ray
absorption measurement, where Ni signal became undetectable with extended experiments (data
not shown here). This resulted in a significant lower current density after the activation process
(Figure slc). To utilize the outstanding OER catalytic activity of the ultrathin alkaline catalyst, a
stabilized n-Si photoanode that is chemically inert to the alkaline environment is required.

The schematic of Si based photoanode in our experiment is shown in Figure 3a. Detailed
fabrication and electrode preparation can be found in the Method section. A semitransparent
conducting oxide (s-TCO) based on a ITO (110 nm)|Au (5 nm)|ITO (110 nm) sandwich was used
to protect the Si electrodes including n-Si, p*-Si, and surface inverted n-Si (np*-Si) prior to the
NiOy deposition. Average transmittance of this sandwich contact after experiencing the same
annealing process of NiO, precursor (30 s in air at 300 <€) in the wavelength range of 360-1100
nm was 70% which is comparable to the as-deposited bare ITO (78%) (Figure 3b). Annealing on
the hotplate improved the transmittance of 1TO, but degraded its conductivity. On the other hand,
annealed sandwich contact was able to reach a resistivity of 0.43 mQ-cm, which was almost 6
times smaller than the annealed bare ITO (2.4 mQ-cm). Most importantly, the bare ITO coated n-
Si showed significant degradation during the measurement and this has been reported before®.
The degradation of ITO and ITO|Si junction could become more significant in extreme alkaline

environment. Despite the considerable light loss, lower ohmic loss and stabilized Si photoanode
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were able to be achieved using the sandwich semitransparent conducting oxide (Figure s2b).
Besides passivation of Si from contacting the oxidative electrolyte, this s-TCO successfully
decouples the photovoltaic cell and the overlaying electrocatalyst which allows in-situ
characterization of photovoltaic performance and also the pre-activation of the OER
electrocatalyst.

Photovoltaic measurement was first conducted in-situ in the measurement setup filled
with the electrolyte with an IR filter under masked illumination. Schottky junction between
ITOJAu|ITO and n-Si was able to provide a small V. due to the Fermi level pinning. Si np*
junction exhibited a better photovoltaics performance with a larger V,. and Js; due to the
improved junction configuration (Figure 3c).

Cyclic activation of the NiO, catalyst was then conducted prior to the PEC measurement
by connecting the working electrode to the activation contact (ITOJAuU|ITO) in a three-electrode
configuration in 1 M NaOH electrolyte with ambient light. A typical series of CV scans for
varying activation cycles is shown in Figure 3d. CV scans at a fast scan rate (100 mV/s) were
able to activate the NiO, OER catalyst within the first 40 cycles for 7 mins. Positions of the
oxidation peak initially dropped and then shifted to slightly higher potential (0.63 V, red curve in
Figure 3e) indicating an inherent and enhanced (/B transition. This observation is consistent with
the experiments conducted on FTO glasses. However, no significant shift in the reduction peak
position (black curve in Figure 3e) was noticed indicating an enlarged difference between
oxidation and reduction peaks with the increasing activation cycles. One can also see an increase
of the magnitude of the oxidation peaks from 0.27 to 4.28 mA/cm? with the varying activation
cycles and a saturation began to appear after 40 cycles of scan (red curve in Figure 3f). Most
importantly, OER current densities at an overpotential of 493 mV first dropped during the first 3
cycles of scan and then immediately shoot up and saturation after 40 cycles of scan (red curve in

Figure 3g). Also, the overpotential to reach 1 mA/cm® OER current density in the oxidation
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branch increased initially and dropped 75 mV eventually after 40 activation cycles (black curve in
Figure 3g). Therefore, activation of the NiOs OER catalyst within the potential window for 40
cycles was really effective to improve the catalytic activity, where water oxidation current density
at an overpotential of 493 mV increased about 4 times from 3.2 to 12.1 mA/cm?.

PEC performances of the activated electrodes were then measured by switching the
working electrode from the activation contact to the back contact (Figure 3a) and CV scans under
illumination and in dark are shown in Figure 3h. The reduced onset potential and the
overpotential needed to drive certain current density compared to the one measured directly
through the activation contact (dark cyan curve in Figure 3h) were due to the photovoltage
generated from the 1TOIn-Si Schottky junction (magenta curve in Figure 3h) and the np*-Si
junction (black curve in Figure 3h). Current saturation was observed within a low bias (< 500
mV) for the np*-Si junction based photoanode. Tafel slope at the current density of 1 mA/cm? on
ITOJAU|ITOINIO, is 63.2 mV/dec, n-Si|ITOJAu[ITOINIO, is 203.9 mV/dec, and np’-
Si|ITOJAU|ITO|NIO, is 97.4 mV/dec (Figure 3i).

The mechanism is illustrated in Figure 3j using the energy band diagrams based on the
actual measurement results shown in Figure 3h. To maintain a current density of 1 mA/cm? on
NiO, coated ITOJAU[ITO contact, an overpotential of at least 350 mV was typically required
which includes the activation overpotential and uncompensated resistance loss. Note that
calculation showed the OER reaction potential at pH=13.8 is located at 0.415 V. This results in an
external bias of 0.76 V is needed to drive this amount of OER current density. When an n-Si was
added to the backside of ITO, the Schottky junction and thus the V. (~270 mV) up on
illumination was able to shift the external bias needed to drive 1 mA/cm? current density
cathodically by 220 mV. On the other hand, when a np+-Si junction was added to the ITO, this
structure was able to further shift the onset potential cathodically, as well as the bias needed to

drive the OER current density by 380 mV under illumination. This resulted in a reduced external
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potential required to drive the OER current. Higher Tafel slope on Si photoanode was believed
due to the serious resistance loss across the Si junction as well as the Si ITO interface (Rcy, Rsy,

Rc, and Rs; in Figure 3j). This can be also noticed from the finite slope of IV curves crossing the

x-axes in Figure 3c.
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Figure 3. (a) Schematic of Si np*-junction based photoanode. (b) transmittance of s-TCO, bare
ITO, measurement setup, and AM 1.5G solar irradiance spectrum (green curve, data from
NREL). (c) Comparison of photovoltaic performances of n-Si|ITOJAu[ITO Schottky junction and
Si np*-junction device measured under attenuated light. (d) Typical NiO, OER catalyst activation
process with a CV scan rate of 100 mV/dec for 40 cycles through the activation contact (shown in
a), where one can see a shift of oxidation/reduction peak position (e), magnitude (f) as well as
water oxidation current density at 493 mV overpotential (g) with respect to the activation cycles.
Comparison of PEC photoanodes performance (h) and Tafel slope around 1mA/cm? current
density (i). (j) Energy band diagram of NiO, OER catalyst on conducting substrate (top) and on
np*-Si junction photoanode (bottom). Energy band diagram for n-Si is not shown.
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3.2.3.4 np™-Si|ITOJAu|ITO|NiO, photoanode:

Detailed studies on the np*-Si based photoanode will be presented in this section
including light intensity, stability and pH effects. Light intensity effect on the solar cell
performance was studied by applying a series of neutral density (ND) filters with the sample in
the measurement setup where light was attenuated. For comparison, samples were also measured
in air where unmasked solar simulated light intensity at the sample position was measured 1 sun
intensity (100 mW/cm?, navy blue curve in Figure 4a). Under this standard condition, a V,, of
424 mV, a J, of 22.43 mA/cm?, a fill factor (FF) of 30.79% and a conversion efficiency of 2.92%
were achieved using the np*-Si photovoltaic cell. While under attenuated light in the
measurement setup where intensity was measured 51.2% of the 1 sun intensity, a V. of 388 mV,
a Jy. of 11.30 mA/cm? a FF of 36.97% and a conversion efficiency of 3.17% were achieved
(black curve in Figure 4a). Note that the optical loss due to the s-TCO is not considered in the
calculation. V.. increased linearly, while Js increased exponentially with the inreasing light
intensity in logarithm scale (Figure 4d).

PEC performance was also measured under different light intensities (Figure 4b).
Saturation of photocurrent at a low overpotential was noticed due to the light limited carrier
generation. The solar fuel conversion efficiency for O, generation under 0.51 sun illumination

can be calculated by

SCEOZ =]H20/02 ' |Vonset| ‘FF

Ipn

where E? is the equilibrium water oxidation potential at 1 M NaOH solution, which is
calculated 0.415 V, Ji0/02 is the current density at the E° |, and Ve is the overpotential when
water oxidation current starts typically after the Ni oxidation peak. The data used for this
efficiency calculation was based on a three-electrode configuration. Therefore half reaction on the

photoanode was only considered. The efficiency is calculated 0.7% (inset Figure 4b).
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Magnified Ni reduction/oxidation region in Figure 4b is shown in Figure 4c. Reduced V
with reduced light intensity effectively shifted the Ni reduction/oxidation peaks and onset water
oxidation potential to higher potentials. Besides the reduction/oxidation peak position, the
magnitude of the peaks was also effectively reduced and the shape of the peaks was also
broadened with the decreasing light intensity. Similar to light intensity dependent J.. (blue curve
in Figure 4d), saturation current density measured at 0.908 V decreased exponentially with the
decreasing light intensity (logarithm scale, Figure 4e).

The chemical stability of the np*-Si[ITOJAu[ITO|NiO, photoanode was studied to ensure
the photoelectrode can be used in oxidative environment with reasonable lifetime. Figure 2f
shows the comparison of CV scans (10 mV/sec) taken before and after 310 cycles of CV studies
(100 mV/sec) under 0.51 sun illumination. The current density was normalized due to a slight
variance in the position dependent light intensity. Ni reduction/oxidation peaks showed anodic
shift while current density was reduced within the bias window. No saturation was noticed at 493
mV overpotential in the CV taken after 310 cycles of scans. Analysis showed increased Tafel
slope from 97.4 mV/dec to 105.2 mV/dec and current density drop 5% at 493 mV overpotential.
To further understand the degradation, solid state photovoltaic IV were measured under
illumination and result revealed that no degradation on the Si np*-junction photovoltaic unit after
all the PEC measurement (red and blue curves in Figure 4g). This also suggested no significant
conductivity change was noticed in the s-TCO film®. Therefore, the performance degradation of
the photoanode (Figure 4f) could possibility have taken place at the ITO|NiO, interface and/or
NiO, OER catalyst, indicating a well-protected Si substrate by the s-TCO.

Resistive (iR) losses from p*-Si substrate and ITOJAu|ITO are negligible based on the
geometry and resistivity. However, iR fitting on the CV curves measured after activation of the
OER catalyst showed about 8-9 ohm loss in the p*-Si|ITOJAuU|ITOINiIO, electrode (black curve)

compared to ITOJAU|ITO|NIO, electrode (red curve in Figure 4h). This number suggested an
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additional loss mechanism is involved in the electrode since no changes were made to the cell
configuration during the switching of contact and thus no changes to the uncompensated solution
resistance loss. This additional loss is recognized from the substrate including effect from the
native oxide between ITO and Si, as well as between the Galn eutectic liquid metal (ELM) and
the Si.

As-prepared photoelectrodes were also measured in a neutral pH environment made of
PBS buffered Na,SO, electrolyte (pH=7.2). Activation of the catalyst was also conducted in this
neutral electrolyte. Different from the activation behavior typically noticed in NaOH solution
(Figure 3d), activation CV scans in neutral pH did not show improved catalytic activity.
Photoanodic CV curves of n-Si|[ITO|Au|ITO|NiO, photoanodes, as one example, after activation
in a different pH environment are shown in Figure 4i. Both electrodes showed significant
increasing current density after the water oxidation potential. No Ni reduction/oxidation peaks
were noticed on samples measured in the neutral pH environment. Overpotential needed to drive
1 mA/cm? current density for water oxidation is much larger (417 mV) than the sample measured
in NaOH electrolyte (127 mV). This is presumably due to the lower activity of the alkaline metal
oxide catalyst in lower pH electrolyte, lower concentration of available OH ions, and potentially

poisoning of the catalyst in PBS buffered electrolyte.
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Figure 4. (a) IV of np*-Si vs. light intensity measured in PEC measurement setup. (b) CV of
np*-Si|ITOJAu[ITO|NiO, photoanode vs. light intensity. (c) Magnification on the redox region
before water oxidation current showing changes on the redox peaks and onset current with the

change of light intensity. (d) Light intensity vs. V. and Js. on solid state device. (e) Light
intensity effect on the saturation current density at 493 mV overpotential and reduction/oxidation
position of Ni. (f) Degradation of photoanode after 310 cycles CV scan under 0.51 sun
illumination. (g) Stable solar cell performance indicates no degradation in the Si np*-junction and
ITOJAU[ITO coating. (h) CV comparison showing additional ohmic loss due to native oxides. Red
curve measured through the activation contact and black curve measured through the back contact
of p*-Si on p*-Si|ITO|Au|ITO|NiO, photoelectrode. (i) CV scans showing the pH effect on the
photoanodic performance.
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3.2.4 Discussion

In summary, we report our effort on the development of a Si based photoanode protected
by a semi-transparent sandwiched ITOJAuU|ITO layer and catalyzed by a solution-casted ultrathin
NiO, OER catalyst. This device shows a current density of 1.98 mA/cm? at the water oxidation
potential and thus a SCEg, efficiency of 0.7% (inset Figure 4b) under low light illumination.
Comparative performances of previous Si based photoanodes for water oxidation is summarized
with current-potential (vs. NHE) curves overlaid with each other in Figure 5. One may not
directly compare the performance through the IV curve due to different measurement
environment. However, as shown in the table, the device presented in this work shows
comparable current density at water oxidation potential to others despite it is measured under 0.51
sun intensity due to the outstanding OER catalytic activity of the ultrathin NiO, and stable s-TCO
coating. Please note that the data summarized in the table are not the reported data from the
original article, but directly calculated instead from the curve in the Figure.

Among the four elements in the first row transition metals (Mn, Fe, Co and Ni) which
hold great promises to replace noble metal based OER catalysts such as Ir and Ru for large-scale
solar fuel conversion, Ni based OER catalyst is believed to outperform others based on theoretical
and experimental studies® . Activity of the NiO, OER catalyst prepared from solution-casted
precursors depends greatly on the annealing process. Overheating the precursors with the hope of
improving crystallinity even at a considerably low temperature can degrade its catalytic activity.
B-Ni(OH)./B-NiOOH is recognized as a more active species in the NiO catalyst. Activation
process is typically used on amorphous catalysts either through a constant or a cycling

current/bias®®

. Conditioning using a constant anodic current on a Ni-Borate OER catalyst can
also induce a change of structure and valence state of Ni**. This conditioning on the catalyst
enhanced the activity was greatly depend on the concentration of the conditioning solution. Yeo

and Bell prepared B-Ni(OH), by cycling the Ni metal electrode from the a-Ni(OH), in
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concentrated KOH for up to 15 hrs*. The p-Ni(OH), from their experiment also showed anodic
shifted reduction/oxidation peaks. Activation process is also applied to other catalysts*. Addition
of foreign molecules by forming metal-surfactant complexes and controlling thermal treatment
process can effectively lower the energy input needed to achieve an activate catalyst. Ultimately,
amorphous electrocatalysts without activation process is desired through an introduction of

doping® or carbon-composites®. Alternatively, mesoporous catalyst***°

can be also applied. This
can be realized by impregnation and calcinations of precursors on a mesoporous template,
providing an enhanced surface reaction sites and potentially photon trapping.

Utilizing a best reported np*-Si junction with a 600-mV Voc, 30-mA/cm? photocurrent
density, and stabilized by a TCO coating with a minimum light loss, one can further shift the
onset potential cathodically. A minimum 10 mA/cm? photocurrent at Eqer can be achieved based
on rough estimation on the blue curve in Figure 4h. However, the maximum SCEq, efficiency is
limited by a single junction Si solar cell due to the large overpotential needed to drive efficient
water oxidation current using earth abundant transition metal based catalysts, which typically
need ~400 mV to drive 8.13 mA/cm? OER current™. This will result in a maximum SCEo,

efficiency of 3.2% using this ideal single Si junction photovoltaic cell and the reported ultrathin

NiOy OER catalyst in this work.

Eomr@pH=0.2 ¥4 Eoer@pH=74 Structure (ref.#) Current density Tafel slope#
Eoff)p’*ﬂ&g pHAS (MA/cm?)@ Eger | (MV/dec)@ 1 mA/cm?

al A n-Si|a-Fe,0; (ref.31) 1.86 132.2
~ dilk - n-Si|TiO, | Ir (ref.26) 8.34 107.5
§ 10} > n-Si|MnO (ref.30) 5.3
é 8 n-Si|NiO, (ref.20) 0.13 129
g 43 < npp*-Si|ITO|CoPi (ref.28) 0.86 307.9
g 4 v npp*-Si|FTO|NiBi (ref.27) 3.81 /225

2 e npp*-Si|FTO|NiFeO (ref.27) 1.9

¢ T M .6 St ®np*-Si|ITO|Au|ITO|NiO, (this work) 1.97 (0.51 sun) 97.4

Bias vs. NHE (V) ¥ Tafel slope is measured based on extracted data in the figure on the left

Figure 5. Comparative performance of Si photoanode structures
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3.2.5 Methods:

Ultrathin NiO, OER catalyst preparation. All chemicals were used as it is without pre-
purification. Aqueous chemical precursors were prepared by mixing nickel acetate (50 mM) in
ethanol with a non-ionic surfactant Triton-X 100 (TX, 0.6 mM) with average molar weight of
624.82 followed by a through stirring of the mixture to obtain a clear solution'*. The deposition of
NiO, on all different substrate was carried out by dropping 100 i precursor, spin-casting at 3000
rpm for 90 sec, followed by heating on a hotplate at atmosphere for various time from 10 sec to 5
min to remove excessive solvent at 300 <€ on Ti foil, Si and FTO glass.

Device fabrication. all Si substrates were diced into 0.5 < 0.5 inch® and cleaned using
diluted HNOs, acetone, and isopropyl alcohol with intermediate DI water rising and
ultrasonication. Si substrates used for study included boron doped p*-Si with a bulk resistivity of
0.05 Q-cm and phosphors doped n-Si with a bulk resistivity of 0.3-0.5 Q-cm (Universitywafers).
Indium tin oxide and gold (Kurt J. Lesker) sandwich (ITOJAu|ITO) structure (100 nm/5 nm/100
nm) was deposited using RF magnetron sputtering (Denton). This contact was thermally annealed
at 300 € for 30 s to improve the transmittance and conductivity. To realize a p*n-Si junction, we
started with an n-Si wafer and diffusion process was performed using a boron-containing spin-on
dopant (SOD, Filmtronics, Inc.). 400 L SOD solution was first spin-coated on a 2" Si dummy
wafer at 3000 rpm for 15 sec. Dummy wafer with SOD and samples were immediately
transferred to a rapid thermal annealing (RTA) furnace. SOD coated dummy wafer and samples
were facing each other separated by quartz spacers with a thickness of 1 mm. The diffusion was
then conducted at 950 <€ for 120 sec under a constant flow of N, at 0.85 L/min. After diffusion
process, samples were unloaded from the furnace and immersed in buffered HF etchant to remove
oxides and residuals. Finally, backside the diffused samples (100 nm) were then etched using a
reactive ion plasma etching (Oxford 80 plus) with CF,/O, gas at a rate of nm/sec for 5 min while

the front side was protected using photoresist 1818. Galn eutectic liquid metal (ELM) contact was
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then scratched into Si followed by attaching a metal wire through an Ag paste (Tedpella 16040-
30). Activation contact was also made by attaching a metal wire using Ag paste. Samples made
on Ti foil were fixed on a homemade sample holder with front side of exact 1 cm by 1 cm
exposed to the electrolyte. Samples on FTO glass were fabricated by attaching a Cu wire to the
sample surface using silver paste (Ted Pella), which could provide mechanical strength to hold
wires to the substrate. Samples were then embedded in Epoxy (Hysol C1) with only the NiOy
exposed to the electrolyte. The Cu wire was enclosed in a high-grade polystyrene pipette tip
instead of a glass tube to avoid etching and introduction of additional contamination to the
measurement. Epoxy was dried for overnight before measurement. Sample areas were then
measured through the digital images using Photoshop.

Solar cell and photoelectrode characterization. Current-voltage characteristics of the
Si solar cells with ITOJAu|ITO semitransparent top contact and buried junction photoelectrodes
with NiO, OER catalysts were measured using a two-channel potentiostat (Digi-lvy DY2300).
AM 1.5 illumination was achieved with a 150-W xenon-lamp-based solar simulator (Newport
Corporation) with an AM 1.5 filter. The light intensity on the masked light beam was calibrated
using Si photoadiode. Effect from the measurement reactor, IR filter, and electrolyte on the light
intensity was also measured. Transmittance of the three components was measured and shown in
Figure 3b. Major loss is because of the water absorption, which can be seen in Figure sl1. The
calculated light intensity based on water absorption coefficient reported by Hale and Querry** and
the measured light intensity showed great consistency. In addition, light intensity modulation also
includes reflection at interfaces, scattering at particles, diffusion in random directions and
absorption of other components. Calculations based on a calibration Si photodiode showed about
48.8% light loss under masked illumination, resulting in a light intensity of 51.2 mW/cm? at

sample position in the measurement setup.
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Electrochemical study was conducted using DY2100B potentiostat from Digi-lvy in a
three-electrode configuration. All the measurement were conducted in 1 M NaOH solution (with
17.6 Mohm-cm deionized water) at room temperature in a Taflon container to avoid excessive
ions introduced from etching glassware at this extreme alkaline condition. A Hg/HgO with 1 M
NaOH electrode (CH Instruments, CHI 152) and a Pt coil were used as a reference electrode and
a counter electrode. The reference electrode was placed very close to the working electrode
surface to minimize any uncompensated solution resistance loss and the distance between RE and
WE was fixed between measurements. All the potential reported here is verses Hg/HgO 1M
NaOH solution. The equilibrium oxygen electrode potential is E°=0.415 V vs. NHE at this
condition. The oxygen evolution overpotential is calculated E-E°. Electrolyte was mechanically
agitated and purged with N, gas before and during measurement. Data collection was conducted
using DY2100B software from Digi-lvy.

Surface characterization. The X-ray photoelectron spectroscopy measurements were
conducted on a Kratos spectrometer (AXIS Ultra DLD) with monochromatic Al Ka radiation
(hv=1486.69 eV) and a concentric hemispherical analyzer. Atomic force microscopic
measurement: A tapping mode atomic force microscope (AFM, Veeco scanning probe
microscope) equipped with standard silicon probe (Umasch NSC15/no Al) was also used to
evaluate the surface nanoscale topological difference between the thin film coatings. Raw data
collected by AFM were processed using NanoScope Software; surface roughness and grain size
were obtained using NanoScope Analysis software.

Extracting data from reported IV curves: curves were extracted from corresponding
published articles using MATLAB Grabit developed by Jiro Doke download link

http://www.mathworks.us.


http://www.mathworks.us/
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CHAPTER 4

4.1 Conclusions

To enable Si for solar fuel cell to realize artificial photosynthesis where solar energy is
converted and stored in chemical bonds, technologies have to be developed to achieve an efficient,
cost-effective, and durable devices. As a widely used material in the photovoltaic industry, Si has
demonstrated great potential due to its abundance on earth and a small energy band gap.
Interfaces, when Si is being placed in water to split water for H, fuel, need to be engineered. In
this thesis, heterogeneous coating using nanostructured earth abundant metal oxides to replace the
Si water interface is studied. An n-type ZnO on p-type Si photocathode and a p-type catalytic
NiO on n-type Si photoanode are focused. The heterojunction is able to improve the slow charge
transfer kinetics of Si and thus higher solar fuel conversion efficiency and to protect the Si from
self-passivation/corrosion for elongated lifetime to operate in water. Further improvements are
made through a nanotextured surface and a built-in Si junction. Four major contributions have
been made through this thesis work.

Branched nanostructure: solution phase integration of nanowires on nanowires provides
flexibility on integration of different functionalities. A photodetector and a photocathode based
on this nanotree structure are successfully demonstrated.

Sol-gel NiO enabled Si: non-stoichiometric NiO film is directly coated on polished Si
without removing native oxides. This structure demonstrates an activated n-Si photoanode with a
reduced on-set potential below the water oxidation potential without an anodic activation in a
neutral environment. Highly transparent uniform NiO coating maximized the light arrives at the
Si. The Schottky junction between NiO and Si can effectively separate the charges effectively.
This structure is one of the first demonstrations of transition metal oxides protected/catalyzed n-

Si photoanode.
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NiRuO composite from co-sputtering: Ru or RuO, directly coated n-Si does not allow an
efficient and stable photoanode, even they are considered as the best OER catalyst. Mixing RuO,
with NiO using co-sputtering technique allows the integration of the high activity of RuO, to the
stable NiO. Gas-phase deposition also allows a uniform coating on a high-profile nanotextured
surface which has better light absorption and surface reaction sites. Photocurrent density
measured in a neutral environment showed nearly more than 10 times enhancement than the sol-
gel NiO coated polished crystal n-Si photoanode.

Ultrathin solution casted NiO on a layered ITO protected build-in Si junction for efficient
solar water oxidation: the activity of an ultrathin NiO from solution-casted method can be
effectively tuned by addition of the surfactant and the thermal treatment process. This effect is
successfully identified in this thesis work. An ITO based semi-transparent and stable coating is
used to protect a surface inverted n-Si photoanode in an extreme alkaline environment. The
activated NiO catalyzes the water oxidation reaction which is also facilitated by the photovoltage
generated in the Si junction under illumination. This photoanode shows great stability over
hundreds of cyclic scans. The photocurrent density at the water oxidation potential is about 2

mA/cm? under 0.5-sun illumination.

4.2 Suggested future work

There are several possible directions to improve the Si based photoelectrode. In this
session, | will briefly discuss on these possibilities.
4.2.1 Earth abundant HER catalyst

Pt used on photocathode can be replaced by outstanding HER catalyst made of earth
abundant materials. Molybdenum sulfide is a good candidate, which can be synthesized at low
temperature from solution based method. References can be found in session 1.4.3.2.1. Careful

characterization is needed due to the potential light loss at this coating.
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4.2.2 Amorphous catalyst without activation

In the last session of Chapter 4, NiO, OER catalyst has to be activated to give better
activity. This energy input for this process has been minimized by controlling the thermal
treatment process and surfactant in the precursor. However, a catalyst with intrinsically high
activity without going through an activation process is desired. This goal can be potentially
achieved through active doping of foreign metal ions, addition of carbon nanotubes/graphene,
controlling surfactant, or mesoporous structure with high surface area.
4.2.3 Improved Si junction

Si photovoltaic cell isolated by the s-TCO presented in the last session of Chapter 4 is an
important component to achieve high efficiency photoanodes. We have noticed significant series
resistance loss and low Voc. This is primarily due to the non-optimized surface inversion
processes. Optimization can be done to achieve better solar oxygen conversion efficiency.
4.2.4 In-situ Raman and X-ray absorption on catalyst

In-situ Raman and X-ray absorption will allow us to gain insights on the catalytic
reaction when an external bias is applied and gas evolution is involved on the sample surface due
to the fact that these techniques do not require high vacuum. The in-situ cell designed needs a few

modifications in order to fit better for these studies.





