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ABSTRACT: Photoelectrochemical water splitting is a promising approach for renewable production of hydrogen
from solar energy and requires interfacing advanced water splitting catalysts with semiconductors. Understanding
the mechanism of function of such electrocatalysts at the atomic scale and under realistic working conditions is a
challenging, yet important, task for advancing efficient and stable function. This is particularly true for the case of
oxygen evolution catalysts and, here, we study a highly active Co;0,/Co(OH), biphasic electrocatalyst on Si by
means of operando ambient pressure X-ray photoelectron spectroscopy performed at the solid/liquid electrified
interface. Spectral simulation and multiplet fitting reveal that the catalyst undergoes chemical-structural
transformations as a function of the applied anodic potential, with complete conversion of the Co(OH), and partial
conversion of the spinel Cos0, phases to CoO(OH) under pre-catalytic electrochemical conditions. Furthermore,
we observe new spectral features in both Co 2p and O 1s core level regions to emerge under oxygen evolution
reaction conditions on CoO(OH). The operando photoelectron spectra support assignment of these newly observed
features to highly active Co** centers under catalytic conditions. Comparison of these results to those from a pure
phase spinel Co;0, catalyst supports this interpretation and reveals that the presence of Co(OH), enhances catalytic
activity by promoting transformations to CoO(OH). The direct investigation of electrified interfaces presented in
this work can be extended to different materials under realistic catalytic conditions, thereby providing a powerful

tool for mechanism discovery and an enabling capability for catalyst design.

Introduction

Sustainable solutions are required to mitigate the impact of
increasing world energy demand on the environment and
avoid depletion of natural energy sources (1). While
transduction of solar energy to electricity has already made a
significant impact on the renewable energy sector, the
intermittent nature of sunlight imposes critical storage
challenges (2, 3, 4, 5, 6). Furthermore, addressing broader
energy needs, particularly in transportation, requires new
technologies for the next generation of renewable fuels.
Within this context, (photo)electrochemical conversion of
sunlight to hydrogen — or other chemical fuels — represents
an appealing approach to both solar energy conversion and
high energy density storage. An essential step in such
artificial photosystems is the oxygen evolution reaction
(OER), in which the protons and electrons required for the
fuel formation reaction are harnessed from water (2-7, 8, 9).
However, OER pathways can be complex and impose
significant kinetic bottlenecks. To address this challenge,
increasing efforts have been devoted to developing OER
catalysts possessing high activity, long-term durability, and

low cost, a combination of attributes that is most commonly
obtained with first row transition metal oxides
(10, 11, 12, 13, 14, 15, 16, 17).

Among OER catalysts, Co oxides (CoO,) have been shown
to possess desirable activity over a broad range of pH values
(12, 16, 18), from near-neutral to alkaline conditions.
Substantial work has been aimed at understanding
relationships between structure, mechanism, and activity
(19, 20, 21, 22, 23, 24, 25, 26). This has led to novel
insights into the nature of catalytically active sites at the
atomic scale (19, 25, 27, 28), as well as the role of structural
transformations from the resting to the catalytic state
(29, 30, 31, 32). Recently, observations that highly
disordered or amorphous materials can exhibit enhanced
catalytic activity relative to their crystalline counterparts (28,
32, 33, 34, 35, 36) has ignited significant interest in
developing and characterizing such systems. For example,
several recent studies used electrochemical methods to show
that the bulk region of CoO,-based catalysts can be active for
OER owing to the formation of a highly accessible CoO(OH)
layered structure, in which water and electrolyte can
efficiently intercalate (12, 19, 25, 31, 36, 37). In addition, we
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recently demonstrated that biphasic Co(OH),/C0;0, films
formed via plasma-enhanced atomic layer deposition (PE-
ALD) can be specifically engineered for integration with
semiconductor light absorbers to promote efficient and stable
light-driven oxygen evolution (37).

Up to now, such systems have been mostly probed using ex
situ spectroscopic methods, many of which remove or are not
sensitive to the liquid phase and do not support applied
potentials. As these conditions are far from operational
electrochemical environments, only limited information
about the active solid/liquid interface can be inferred. To
advance our ability to tailor novel materials for use in
functional devices, it is necessary to achieve a mechanistic
understanding of how the chemical and electronic structure
of the catalyst, the electrochemical environment, and reaction
intermediates/products depend upon one another. To gain
this knowledge, novel experimental techniques and
innovative strategies have been developed, with the aim of
unravelling the (electro)chemistry at solid/liquid electrified
interfaces in realistic liquid environments and under applied
potentials.

For the case of CoO,, it has been shown that ordered systems
can undergo phase transitions to disordered states under
catalytic operation. Bergmann and co-workers recently
investigated spinel Coz;0,4 using in situ X-ray absorption
spectroscopy (XAS) and X-ray diffraction (XRD),
demonstrating that transformation to the active (catalytic)
phase is accompanied by reversible amorphization of a sub-
nm thick near-surface region of Co;0, to CoO,(OH), (28,
31). The proposed mechanism presents an interesting view of
(electro)catalysis using dynamic systems, such as late
transition metal oxides, whereby increasing concentrations of
catalytically active sites within the bulk can contribute to
higher overall activity per geometric area. Additional
evidence for these processes was provided by in situ XAS to
monitor the chemical evolution of the Co centers, as well as
their local structure, during the OER (27, 32), showing that
the active phase derives from the oxidative conversion of
Co0, to CoO(OH).

Despite recent advances, nearly all in situ studies of energy-
related materials have been performed using bulk sensitive
spectroscopies, such as hard X-ray XAS and XRD. The
recent coupling of operational systems with surface sensitive
techniques, such as X-ray photoelectron spectroscopy (XPS),
provides significant opportunity for shedding new light on
phenomena occurring at the solid/liquid electrified interface
(38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48). In this work, we
study, under operando conditions, the chemical and
structural evolution of different conformal CoO, catalyst
layers formed by plasma-enhanced atomic layer deposition
(PE-ALD) on p*-Si substrates (37) as a function of the
applied electrochemical potential. In a previous work, we
have demonstrated that the biphasic Co(OH),/C00,-Si
system yields best reported performance characteristics for
crystalline Si-based photoanodes (37). Therefore, the
chemical and electronic property characterization of the
catalyst outer layer under operating conditions provided in
the present work allows for identification of active catalytic
surface species and a path to a complete experimental
description of the OER mechanism on Co-based oxides. To
perform a detailed surface and near-surface spectroscopic
investigation, we have used ambient pressure X-ray
photoelectron  spectroscopy  (APXPS) coupled  with
intermediate energy, or “tender”, X-rays (hv = 4.0 keV).
Taking advantage of the high photoelectron kinetic energy
(49, 50) it is possible to probe 10 - 30 nm of a liquid phase
and 2 - 10 nm of a solid phase, while simultaneously
undergoing electrochemical reactions (39, 42-44, 46, 48).

Previously, we observed a significant improvement of OER
electrocatalytic activity in a biphasic CoO, system, in which
a disordered outer-surface layer of Co(OH), is introduced
atop a nanocrystalline spinel Co;0, phase via PE-ALD,
relative to pure phase spinel CosO, (37). However, the
electrochemical and ex situ spectroscopic measurements
utilized in that study were incapable of characterizing the
extent of conversion from Co(OH), to CoO(OH), the degree
to which spinel CozO, may undergo parallel chemical
transformations, the composition of the film under real
operational conditions, or the validity of the current
mechanistic models for OER on CoO, formed via PE-ALD.
Here, we confirm that the Co(OH), surface layer promotes
chemical and structural transformation, including complete
oxidative conversion to CoO(OH), a phase that can support
high concentrations of catalytically active sites distributed
throughout its entire thickness. Furthermore, while we
observe partial conversion of the underlying spinel Co;0, to
CoO(OH), the layer is sufficiently thick to provide a stable
interface to the underlying semiconductor substrate, which is
a key requirement for solar-driven systems in which
conformal catalyst layers are also used for corrosion
protection. Under oxygen evolution conditions, we observe
the development of a new spectral component in the Co 2p
and O 1s photoelectron peaks, which we assigned to the
presence of Co™ centers.

Finally, to prove the crucial role played by the initial
presence of the Co(OH), disordered layer, we have
investigated a second catalytic system composed of a single
phase layer of spinel C0;0,, also prepared by PE-ALD and
previously found to have significantly lower catalytic activity
than the biphasic system (37). Our findings show that the
chemical resilience of this structure greatly inhibits the
oxidative conversion to the highly active oxy-hydroxide
phase, resulting in a low OER activity compared to the
biphasic system (37). These results indicate that extremely
thin biphasic catalyst films, with thicknesses on the single
digit nanometer scale, can be tailored to provide high
activity, while also providing a stable interface to underlying
substrates, thus making them suitable for protection of
semiconductor light absorbers against chemical attack.

Results

Operando spectroscopic investigation of the biphasic
CoO, system

Investigation of atomic layer deposited (ALD) biphasic CoO,
catalyst were performed under oxygen evolution reaction
(OER) conditions using the experimental set up shown
schematically in Figure la. The electrochemical cell was
based on a three electrode configuration in which the
investigated sample was used as the working electrode (WE),
a polycrystalline Pt foil was used as the counter electrode,
and a Ag/AQCI/CI ) electrode was used as the reference.
The operando measurements were performed in 1.0 M KOH
aqueous solution in a reduced pressure H,O-saturated
environment (~18 Torr) at room temperature (~298 K). For a
better comparison with the literature, the measured potential
is also reported vs. the reversible hydrogen electrode (RHE).
Unless otherwise stated, all the potentials reported in this
work are referred to this reference in the 1 M KOH aqueous
solution (pH 13.8). The obtained cyclic voltammogram (CV),
measured in the APXPS setup at a scan rate of 20 mV s, is
reported in Figure 1b and a schematic illustration of the
investigated biphasic CoOy catalyst is shown in Figure 1c.
After the “dip and pull” procedure described in the methods
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section (39, 42-46, 48), a 19.4 + 0.7 nm nanometer thick
electrolyte layer, as determined using the inverse Beer-
Lambert relation (39, 42-44, 46, 48), was obtained on the
WE surface and provided a continuous conduction path to the
bulk electrolyte. This configuration enabled study of the
solid/liquid interface as a function of the applied
electrochemical potential (39, 42-44, 46, 48).

To accurately trace the evolution of the surface chemistry,
the O 1s, Co 2p, and valence band (VB) spectral features
were acquired by following a systematic measurement
sequence. After mounting the three electrodes, the analysis
chamber was evacuated to approximately 10° Torr. Then,
high purity N, was leaked into the chamber until the pressure
reached 10 Torr and APXPS was performed under dry
conditions, hereafter referred to as “pristine conditions”.
Next, the chamber was vented, a beaker containing the
electrolyte was inserted into the analysis chamber, and the
system was slowly pumped until the electrolyte vapor
pressure (~18 Torr) at room temperature (~298 K) was
reached. APXPS was then measured in this H,O-saturated
environment, hereafter referred to as “hydrated conditions”.
The sample was then immersed into the 1.0 M KOH and
partially retracted from the solution. Once a stable electrolyte
layer was formed at the analysis spot, APXPS was performed
at the open circuit potential (Ugcp) and then as a function of
the applied electrochemical potential. These measurements,
collected after the dip and pull procedure, are hereafter
referred to as “electrochemical conditions”.

By measuring core level binding energy (BE) shifts of
elements present in the liquid layer, it is possible to
experimentally determine the local potential at the analysis
position as a function of the applied potential (42-44, 46, 48).
As shown in Figure 2a, the O 1s core level region is
characterized by multiple spectral features, with
contributions from both the multilayer water structure and
the CoO, film. The two highest binding energy components,
at approximately 536 and 534 eV, can be assigned to oxygen
in gas phase water (GPW) and liquid phase water (LPW),
respectively (39, 42-44, 46, 48). Under an applied
electrochemical potential, U, the binding energy of the bulk
electrolyte, BEgjectrolyte, Shifts with respect to the Femi level of
the sample, which is grounded to the analyzer, as
schematically depicted in Figure 1a. In the absence of series
resistance effects, this shift is expected to obey the relation:
BEekciolyte = BEg — €U, where BE, is defined as the BE of the
LPW component at Ugcp. As shown in Figure 2b, the bias-
induced BE shift exhibits the ideal unity-slope linear
relationship with electrochemical potential, indicating that
polarization losses due to series resistance are minimal for
current densities generated in the measured potential range.
Information regarding the chemical and electronic states of
the catalytic CoO, films, as well as their changes under
different conditions, is encoded in the Co 2p region.
However, first-row transition metal 2p core level spectra can
exhibit complex line shapes arising from shake-up, plasmon
loss, Coster-Kronig induced spectral broadening (51), and
multiplet splitting associated with various core hole/VB
localized state couplings (52, 53, 54) that can complicate
fitting (46, 54, 55). These effects have an important influence
on the overall spectral line shape, especially when different
oxidation states and crystalline fields are present around the
Co cations (46, 54, 55). Therefore, we have used the rigorous
multiplet splitting approach developed by Biesinger et al.
(54) to de-convolute Co 2ps, spectra. In this manner, it is
possible to account for the possible different final states in
the VB that arise due to VB/2p core hole coupling. Although
this requires the fitting of a significant number of spectral
components (46, 54, 55), the fitting components are highly

constrained by their relative BE shifts, areal ratios, and
widths, as reported by Biesinger et al. (54).

De-convolution of Co 2ps, core level spectra from the
pristine biphasic CoO, film (Figure 2c) under both vacuum
and hydrated conditions confirms that the catalyst possesses
a double layer structure comprising a Co(OH), (Co®")
overlayer on top of a Co;0, mixed (Co®*, Co®) oxide phase.
This is in agreement with our prior findings (37), as well as
from the multipeak fitting procedure performed on the O 1s
core level, whose fine structure can be resolved by using
three spectral components centered at different BE: Co-O
bonds (BE = 530.2 eV), adsorbed OH (OH,.4, BE = 5314
eV), and adsorbed H,O (H,0,4, BE = 532.2 eV) (56). It is
important to note that the BE values measured in this work
are slightly higher — by approximately 0.4 eV — than those
reported in literature for similar systems. This is due to recoil
effects when momentum is transferred from the ejected
photoelectron to the emitting atom. Recoil is present in all
photoemission processes and the corresponding loss of
photoelectron kinetic energy (AEg) is given by AEx = Eg
(me/M), where Ey is the photoelectron kinetic energy, m, is
the electron rest mass, and M the emitting atom mass (49).
Therefore, recoil effects are not negligible for high
photoelectron kinetic energy and light elements (49, 57) and
the energy difference observed here is a consequence of the
larger photon energy used in the present work (4 keV)
compared to typically used soft X-rays (< 2 keV).

A detailed analysis of the VB photoemission spectra from the
biphasic coating is reported in Figure 2d for the cases of
measurement under pristine, hydrated, and electrochemical
conditions. The VB consists of three different regions, whose
spectral features can be identified by their positions with
respect to the Fermi level, which is defined as the zero of the
binding energy scale. The first region, within the first 3 eV
below the Fermi level, comprises the occupied states at the
upper edge of the VB. These states are generated by low
energy hybridizations of highly localized and strongly
correlated Co 3d electronic states with O 2p levels (61). The
states that fall in this region are mainly responsible for
defining hole transport properties and chemical interactions,
and thus the catalytic activity, of the material. The second
region, between 3 and 7 eV below the Fermi level, is
generated mainly by hybridization of O 2p orbitals, forming
a relatively broad electronic band. Finally, beyond 8 eV
below the Fermi level, hybridizations between O 2p valence
orbitals from adsorbed and multilayer water on the WE
surface contribute to the spectral intensity (58, 59, 60). The
broad band at ~10.1 eV below the Fermi level arises from
photoemission of the 1b; molecular orbital of water (58, 59).
The presence of such a spectral feature on the pristine sample
measured at 10 Torr is a consequence of water adsorption on
the WE surface due to the chamber environment. After the
dip and pull procedure, the intensity of this component is
enhanced. Under such conditions, a second spectral
fingerprint, near 17.8 eV, is observed and can be assigned to
photoemission from the 1b, molecular orbital of liquid water
(60).

Analysis of VB spectra obtained under pristine and hydrated
conditions confirms the presence of both Co*" and Co®,
centered at 2.1 eV and 1.2 eV below the Fermi level,
respectively. These two spectral features are due to the 3d
band photoemission of octahedral Co?* (from Co(OH),) and
Co™ (Coz0, spinel structure), which leads to the (t,,)° and
(tzg)5 final states, respectively, that contribute to the valence
band maximum (VBM) (56, 61). Tetrahedral Co®" centers
from Co30, give rise to (e)%(t,)* and (e)*(t,)* final states,
which form a broad band at approximately 3.8 eV below the
Fermi level.



Evolution of the biphasic catalyst surface structure as a
function of the applied potential

In order to understand the evolution of the catalyst structure
as a function of the applied electrochemical potential, we
performed numerical simulations of the photoelectron
intensity of the different spectral fitting components forming
the measured Co 2ps, core level (see Figure 2c). The
numerical simulations were performed using the “Simulation
of Electron Spectra for Surface Analysis” (SESSA) software
developed by Smekal, Werner, and Powell (62, 63). Owing
to the conformal nature of the investigated systems, as
reported in our previous work (37), continuous layer stacks
given by “thickness equivalents” were used to represent the
catalyst structure throughout the whole investigation as a
function of the applied electrochemical potential. This
approach, which is similar to that used in our recent study
(48, 50), provides critical insights into changes of the layered
catalyst structure, though quantitative thickness values must
be taken as approximate and may be affected by material
density and photoelectron inelastic mean free path (IMPF)
differences in the different phases. Additional details of the
approach can be found in the experimental section.

The results of spectral simulation and analysis are
summarized in the bar chart of Figure 3. Under pristine
conditions, the biphasic catalyst film comprises an
approximately 18 A thick interfacial CozO, spinel layer, on
top of which is an approximately 22 A thick Co(OH), layer.
This structure does not undergo significant changes under
hydrated conditions. In contrast, measurement under
electrochemical conditions results in significant changes to
the catalytic film. When measured at Ugcp, following
stabilization by running three CVs between the double layer
region and the OER condition at 1900 mV vs. RHE, partial
oxidative conversion of the Co(OH), overlayer into
CoO(OH) is observed. However, once the potential is held
above the Co®* — Co™ transition (1713 mV vs. RHE),
complete oxidative conversion of the di-hydroxide layer into
the oxy-hydroxide is observed. This is also confirmed by
analysis of the VB region (Figure 2d), where the relative
spectral intensity from the Co*? 3d band near 2.1 eV is
reduced. Importantly, this feature is not entirely eliminated,
which is consistent with the presence of the underlying
Co304, layer, as also observed from analysis of the Co 2ps;,
region. These observations are in agreement with those
reported by Weidler et al. on CoO, prepared via chemical
vapor deposition (CVD) (56) and characterized by ex situ
XPS following galvanostatic electrochemical conditioning
conducted at 10 mA cm2. However, it is noteworthy that our
results show that the complete oxidative conversion occurs
for electrochemical potentials below the OER operating
conditions, i.e. within the so-called pre-catalytic range. As
described in a previous report (48), this is an important
property, since it shows that the overpotential for generating
the phase supporting highest catalytic activity is lower than
that of the oxygen evolution onset. In addition, it shows that
highest activity oxygen evolution occurs on Co oxides only
when CoO(OH) is present on the surface. Therefore, in order
to decrease the OER overpotential, it may be essential to
kinetically promote formation of this phase. As discussed
below, the presence of Co(OH), on the top surface of the
starting material is found to serve this purpose and enhances
catalytic activity relative to initially spinel Cos0, surfaces.
Moreover, it is important to highlight that the
chronoamperometry data presented in Figure 3 reveal that
there is no significant change of the current density at fixed

potentials, particularly under OER conditions. This supports
the observation that the electrocatalytic activity of the film
during the operando experiment was stable, and is consistent
with our previous findings (37).

As shown in Figure 2c and represented in Figure 3, under
sustained electrochemical bias in the pre-catalytic range,
which is anodic of the Co® — Co*" oxidation potential but
cathodic of the onset for OER, not only does the Co(OH),
overlayer transform into the oxy-hydroxide phase, but a sub-
nanometer domain of the underlying Co;O, phase also
undergoes a similar oxidative conversion. This finding
confirms the previous operando XAS results reported by
Bergmann et al. (31) that very thin surface layers of C0;0,
can be converted into CoO,(OH), under anodic bias.
Critically, the thickness of the converted layer is significantly
smaller than the total Cos0, layer thickness, which enables a
stable interface to the underlying silicon substrate.

Formation of the CoO(OH) phase is confirmed by the
upward shift of the BE of the chemisorbed H,O component
in the O 1s core level region (Figure 2a), which moves from
532.2 eV to 532.6 eV when the adsorption takes place on the
Co(OH), and on the CoO(OH) structure, respectively. This
phenomenon was also observed by Weidler and coworkers
using ex situ methods (56). Although the detailed cause of
such a shift remains partially unclear, it is possible to
qualitatively understand this observation by taking into
account the overall positive charge experienced by the Co**
in the oxy-hydroxide phase. The interaction of water with
these highly polarized metal centers could lead to a higher
chemisorption energy, resulting in the observed upward shift
of the corresponding spectral component.

More subtle changes are observed when the potential is
swept from the pre-catalytic range to the OER catalytic range
and held there (U = 1855 mV vs. RHE). As shown in Figure
3, the effective thickness of the Co(OH), surface layer
increases slightly as a consequence of additional
transformation of underlying Cos0,. Nevertheless, a stable
Co30;, interfacial layer to the substrate, approximately 1 nm
thick, is retained under sustained operation at this bias.
Importantly, under OER conditions, a new feature emerges
on the low BE side of both Co 2psz, and O 1s core level
spectra, as highlighted in green in Figures 2a and c.
Experimental spectral shapes cannot be described without
inclusion of these components and they are only observed
under OER conditions. To the best of our knowledge, such
features have not been previously reported. Here, we discuss
the possible origins of these newly observed spectral
components that arise as the catalyst drives the OER.

First, we consider the possibility of electronic decoupling of
the outer surface region of the CoO(OH) layer from the
conductive substrate. This effect could arise from electronic
shielding of the outermost catalyst layer by intercalated ions
in the oxy-hydroxide phase following transformation from
Co(OH), to CoO(OH). In this case, a potential offset will
exist between the Fermi level of the sample and that in the
electronically decoupled region, which will experience the
potential drop within the electric double layer (EDL), whose
thickness is approximately 2.2 nm (KOH 1.0 M, pH 13.8).
Thus, both Co 2p,, and the corresponding reticular O 1s core
levels would undergo a spectral shift toward lower BE due to
the applied anodic potential. Such a decoupling effect has
been observed from electrochemical measurements of
layered oxyhydroxide OER catalysts on semiconductor
substrates (64). On the other hand, it is important to note that
ion intercalation and complete conversion of the system into
the CoO(OH) phase occurs prior to reaching OER conditions.
In particular, Figures 2 and 3 show that transformation to
CoO(OH) occurs at 1713 mV vs. RHE, which is cathodic of
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the OER onset. Therefore, such an ion-induced electronic
shielding and decoupling effect would be expected to take
place at this potential as well, though be shifted by -0.15 eV
according to the difference in applied potentials. However,
we do not observe the low BE component on the Co 2ps,
peak to emerge until the onset of OER, despite the fact that
the effective thickness of CoO(OH) is nearly identical at
applied electrochemical potentials of 1713 mV and 1855 mV
vs. RHE. Furthermore, such an electronic decoupling should
have a significant effect on the observed BE of O 1s from
adsorbed H,0, which is present near 532.6 eV, as described
above. However, the position of this peak remains
approximately constant, and its relative spectral weight is not
measurably affected by bias condition. Given these factors, it
is deemed unlikely that electronic shielding within the ultra-
thin catalyst layer is the origin of the low BE features
observed under OER conditions.

Second, we consider the possibility that electronic
decoupling between regions of catalyst and the substrate may
arise from physical delamination of CoO, domains, which
could occur due to the presence of mechanical strains during
oxygen evolution. Such a mechanism of physical
delamination and electronic decoupling is expected to be
irreversible. In contrast, we find that cycling of the applied
potential back to the pre-catalytic electrochemical potential
range yields a reversible disappearance of the low binding
energy Co 2p and O 1s spectral features, as shown in Figures
2a and 2c. In addition, as described above, no significant
change of the O 1s signal from adsorbed H,O is observed.
Therefore, we conclude that physical delamination and
associated electronic decoupling of CoO, domains under
OER conditions does not contribute significantly to the
observed spectral changes.

Third, we consider the possibility of corrosion and leaching
of Co from the solid layer and into the electrolyte as an aquo
complex. Solubilized Co aquo complexes would experience
the potential shift between the WE and the solution.
However, it is necessary to consider that concentrations of
solutes below 100 mM in liquid phases are challenging to
probe because of the XPS detection limit. While Co has a
finite solubility, it is much below this value. Furthermore, we
have previously analyzed electrolyte compositions following
sustained operation of these CoO, catalysts and found no
evidence for appreciable corrosion and Co dissolution (37).
Therefore, it is considered unlikely that solution phase Co
species contribute to the observed photoemission spectrum.
Furthermore, in both cases described above the BE shift
between the low BE component and the main CoO(OH)
spectral contribution (at 780.18 eV) should be less than or
equal to 0.85 eV, corresponding to the applied
electrochemical potential of 850 mV (vs. Ag/AgCI/Cl ).
On the other hand, the observed BE shift is significantly
larger (1.12 eV). Moreover, an important fact to highlight is
that the apparent decrease of the Co-O spectral component
under operando conditions is due to an increase of the
electrolyte layer thickness, and not because of a Co leaching
into solution. As the applied electrochemical potential
increases, the increase of the surface hydrophilicity (due to
the oxidative conversion of the CoO, catalytic layer) causes a
thickening of the electrolyte layer, which then grows as the
measurement proceeds. To determine the exact thickness of
the liquid layer at the various investigated conditions, we
have performed Monte Carlo simulations of the
photoelectron intensity (using SESSA software (62, 63))
simulating the Co-O to LPW ratio for different liquid layer
thicknesses, and comparing the results with the experimental
ratio. The results are reported in Figure Sla and b, showing
that the electrolyte layer thickness increases from about 19 to

30 nm between the start and end of the measurement. This
increase of the liquid electrolyte thickness results in an
apparent decrease of the H,O.s and OH. spectral
components due to the exponential decay of the
photoelectron intensity within the electrolyte layer (Figure
Sic).

Fourth, and finally, we consider that the emergence of new
spectral features could result from generation of highly
oxidized Co*" centers under OER conditions, as reported in
the literature on the basis of electrochemical and infrared
spectroscopic data (32, 37, 65, 66). Under sustained
electrochemical water splitting conditions, the formation of
two adjacent oxo-bridged Co®* centers (Co**(OH)-O-Co*-
OH) readily occurs at the catalyst surface. Subsequently,
formation of Co*" centers (Co*"(=0)-O-Co*"-OH) occurs via
hole/proton hopping between Co®* centers. Isolated Co*
centers have been demonstrated to exhibit slow O, evolution
kinetics (65). On the other hand, the increasing Co**=0
density on the catalyst surface under OER conditions
(controlled by the reaction rate determining step) leads to the
creation of adjacent oxo-bridged Co** centers (Co*(=0)-O-
Co*"=0) where the concerted oxidation of water to molecular
oxygen occurs with a fast turn-over-frequency (TOF > 3 s
(65)). At equilibrium conditions, a steady-state concentration
of Co* is present on the electrode surface and can be
detected with different spectroscopic methods (32). To the
best of our knowledge, no photoelectron data of Co*" species
have yet been reported. Assignment of this feature to Co*" is
supported by its presence only under OER conditions and its
disappearance as the potential is swept back into the pre-
catalytic range.

As described above, the emergence of a new feature in the
Co 2psp, region is consistently accompanied by the presence
of a low BE component in the O 1s core region; this
component is located at 529.22 eV compared to the main O*
component (Co-0) centered at 530.19. This feature appears
to be correlated with the presence of the lower BE feature in
the Co 2ps, region and is only observed under OER
conditions (see Figure 2a). Pfeiffer et al. recently showed
evidence of peroxide species (O°) on IrO, catalyst under OER
conditions using soft X-ray APXPS, which revealed an O 1s
component in the same spectral range (67). However, for the
case of CoO,, the presence of a peroxide species implies
binding to Co®" (65, 66), which does not account for the low
BE component observed on the Co 2p spectrum under OER
conditions. An alternative explanation for emergence of a
low binding energy component to the O 1s signal under
OER conditions comes from the fact that Co*'=0O is
considered to be in electronic resonance with Co**-Oe (65).
Thus, this signal could be directly linked to the active site.
Similarly, it could also arise from reticular oxygen (O%)
embedded in highly oxidized structures (46, 55, 68, 69, 70),
such as the oxo-bridged Co*" centers Co*'(=0)-O-Co*"=0
described above. While either of these spectral assignments
is physically reasonable based on the composition of the film
and prior mechanistic studies, it is not currently possible to
discriminate between these spectral components.

Previously, Weidler et al. also observed an additional small
intensity O 1s component at low BE from a CoO, catalyst
surface, ex situ after exposure to highly oxidizing
electrochemical conditions, but they did not attribute it to any
related Co chemistry (56). Since electronic decoupling or Co
leaching can be observed only while running the
electrochemical measurements, this prior finding supports
our hypothesis that the observed BE shift is indeed correlated
to a chemical shift of a new Co-based species developing on
the catalyst surface under sustained OER conditions.



As can be seen by comparing Figure 2a and 2c, the relative
contribution of the low BE component is higher in the Co
2ps» spectrum than in the corresponding O 1s one. This
could be explained by a lower atomic concentration of
oxygen moieties than Co moieties contributing to the core
level signals, as given by atomic scale differences in the
highly oxidized sites. Also, it is important to consider the
different probed volume achieved with Co 2ps, and O 1s
core level photoemission. Since the photon energy was kept
constant at 4.0 keV throughout the whole APXPS
experiment, Co 2ps;, (KE = 3.22 keV) and O 1s (KE = 3.47
keV) spectra provide different surface sensitivities due to the
larger kinetic energies of photoelectrons ejected from the O
1s level. The corresponding inelastic mean free paths (k) of
photoelectrons  propagating  through  the layered
C030,/CoO(OH) system created under OER conditions
(Figure 3) corresponds to 44.1 A for the Co2pg;, and 49.2 A
for the O 1s core level. Since the probed volume, from which
95% of photoelectrons are emitted, is equal to 32, the
differential probed volume is therefore equal to 15.3 A, with
the Co spectrum exhibiting a greater surface sensitivity. A
similar argument can be invoked to explain the fact that no
clear changes are observed in the corresponding VB spectra
under OER conditions (Figure 2d), since for VB
photoemission at the Fermi level (KE ~ 4.0 keV) 2, is equal
to 54.8 A.

Following measurement under OER conditions, the
reversibility of the surface transformation observed by
APXPS was investigated by analyzing the evolution of the
core level and VB spectra at 1604 mV vs. RHE, which is the
potential associated with the Co** — Co® transition, as well
as at the resting OCP. As shown in Figure 2c and Figure 3,
while conversion of the CoO(OH) back to Co(OH), is
observed, the reaction is not entirely reversible. The result is
that only the topmost layers undergo reductive conversion
and significant remnant CoO(OH) is retained under the
surface. We note that prior studies have concluded that the
Co(OH), to CoO(OH) transition is irreversible (71).
However, that work was based on electrochemical evaluation
of much thicker layers, where the presence of a reversibly
transformed surface Co(OH), layer would not be readily
detected. Therefore, our findings are consistent with those of
prior works and suggest that the surface hydroxide may serve
to suppress transformations of the underlying oxyhydroxide
phase.

Comparison between the biphasic and monophasic
catalysts

To provide additional insight into the role of the Co(OH),
surface layer on catalytic activity, we compared the
electrochemical bias-dependent APXPS of the biphasic
coating with that of a monophasic layer composed of pure
spinel Co30,4. As described previously, this layer was
obtained by PE-ALD onto p*-Si at a substrate temperature of
300 °C, compared to 100 °C used to create the biphasic
coating (37). Consistent with prior results, electrochemical
characterization of the monophasic film beyond the pre-
catalytic region (i.e. 1918 mV vs. RHE) reveals lower
catalytic activity for oxygen evolution than the biphasic
coating (Figure 4a) (37).

Figure 4b shows a comparison of Co 2ps, core level spectra
obtained via operando APXPS on the monophasic and
biphasic CoO, films at Ugcp and under OER conditions.
Regarding the monophasic catalyst, it can be seen that only a
small fraction of the surface undergoes a partial reductive
conversion to a Co(OH), phase, consistent with prior
findings for Co30, spinel. At more anodic potentials, where

OER occurs, a sub-nanometer layer, approximately 5 A
thick, of CoO(OH) forms. These results are summarized in
Figure 4c, which reports the structure of the monophasic and
biphasic systems under pristine and catalytic conditions. The
results provided by operando APXPS explain the observed
electrochemical J-E characteristics from the films (Figure
4a). In addition to the lower catalytic activity of the
monophasic film, much weaker redox activity in the pre-
catalytic range is observed. This finding is consistent with
largely surface site-confined catalysis on the more
chemically inert Co;0, spinel. In contrast, the higher current
densities measured from the biphasic material, in both the
pre-catalytic and OER regimes, indicate higher overall redox
activity for conversion from the Co(OH), to the CoO(OH)
phase, as well as a higher concentration of catalytically
active sites that extend into the volume below the surface
(selvedge region).

Unlike for the case of the biphasic catalyst coating, no low
BE features in either the Co 2ps, or the O 1s region are
observed for the case of the monophasic coating under OER
conditions. The lack of such spectral components from the
Co30, coating is consistent with the notion that they are
related to the presence of Co*" and reticular O% sites
associated with catalytic processes within CoO(OH). Indeed,
under OER conditions, the CoO(OH) layer thickness is six
times thicker for the biphasic film compared to the
monophasic film, which would preclude their detection in the
latter case within the sensitivity of the present APXPS
measurements.

These findings highlight the value of tailoring biphasic
(photo)electrocatalysts (37, 72), having a chemically and
structurally labile phase, such as Co(OH), (37) or CoO (72),
on top of a compact nanocrystalline Co;0, spinel layer. Such
labile phase atop the chemically inert Coz0, is important for
enhancing the catalytic activity of the overall assembly by
promoting formation of Co** sites that participate in the
catalytic cycle (37, 72), while also providing stable interfaces
to potentially sensitive substrates (72). Furthermore, the
presented results shed light on an emerging picture of OER
catalysis, whereby increasing concentrations of active sites
within the bulk can contribute to higher overall activity per
geometric area.

Conclusion

In conclusion, the results of our operando APXPS study shed
light on the nature of electrochemical transformations of
cobalt oxides, as well as the crucial role of the Co(OH), to
CoO(OH) transition on enabling OER electrocatalytic
activity. The coupling of experimental photoelectron data
with numerical simulations of core region line shapes and
photoelectron intensity attenuation allowed us to track the
evolution of structure of an advanced biphasic cobalt oxide
coating formed via PE-ALD. In addition to revealing
electrochemical  transformations, these  measurements
revealed the emergence of new spectral contributions at low
binding energies within both the Co 2p and O 1s core level
regions. These features were only observed when both
CoO(OH) was present and the applied electrochemical bias
was sufficient to drive the oxygen evolution reaction, as
revealed by analysis of APXPS spectra obtained under
different bias conditions. Comparison of this biphasic
catalyst with a monophasic Co;0, spinel coating formed
using the same method but at higher deposition temperature,
provided additional support for this interpretation.

The electrochemical phase behavior of the biphasic cobalt
oxide coating was found to promote desirable characteristics
for integration with chemically sensitive substrates, such as
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semiconductor light absorbers. In particular, the relative
phase stability of Co;0,4 enables a durable substrate/catalyst
interface, while facile chemical transformation of Co(OH), to
CoO(OH) layered structure promotes high catalytic activity.
Beyond this specific cobalt oxide system, the experimental
strategy presented in this work can be successfully extended
for the study of different materials and catalytic reactions.
Indeed, we have demonstrated that the operando APXPS
technique can be efficiently used for studying complex
electrocatalytic reactions that play a crucial role in
sustainable energy conversion.

Methods

Deposition of CoO, by plasma-enhanced atomic layer
deposition (PE-ALD)

As a conductive substrate, p*-Si (B-doped, resistivity of
0.001-0.005 Q cm™) wafers were used. The CoO, catalyst
layers were deposited using a remote plasma-enhanced
atomic layer deposition (Oxford FLexAl) (PE-ALD) process
at target temperatures ranging from 100 °C to 300 °C. The
cobalt precursor was cobaltocene (CoCp,) (98% Strem
Chemicals) and a remote oxygen plasma served as the
oxidant (37). The precursor lines, carrier gas lines, and the
reactor walls were kept at 120 °C. The CoCp, precursor
bubbler was heated to 80 °C and bubbled with 200 sccm
(standard cubic centimetre per minute) of high purity Ar gas
during the precursor exposure half cycles. Oxygen gas flow
was held constant at 60 sccm throughout the deposition
process. The cobalt precursor exposure half cycle consisted
of 5 s CoCp, dosing and 5 s purging (37). The remote
oxygen plasma half cycle consisted of 1 s pre-plasma
treatment, 5 s plasma exposure, and 15 s purging. The plasma
power was 300 W and was applied for 5 s during the oxygen
plasma half cycle (37). The deposition chamber was
maintained at 15 mTorr at all times. The film thicknesses
were measured using UVISEL spectroscopic ellipsometer
(Horiba Jobin Yvon). The average growth rate was ~0.5
Alcycle (37). We note that the high stability of the PE-ALD
CoO, films on planar Si substrates is important for allowing
operando APXPS measurements, which require relatively
long times of sustained exposure to electrolyte and
electrochemical bias. Likewise, the high homogeneity of the
films allows for interpretation of photoemission data
averaged over the spot size (300 um).

Beamline 9.3.1 and APXPS experimental details

Experiments were performed at Beamline 9.3.1 at the
Advanced Light Source (ALS, Lawrence Berkeley National
Laboratory), which is equipped with a bending magnet and a
Si (111) double crystal monochromator (DCM) spanning the
photon energy range between 2.0 keV and 8.0 keV (i.e., the
“tender” X-ray range) (39). The analyzer (R4000 HiPP-2,
Scienta) pass energy was set to 200 eV and data were
collected using 100 meV steps with a dwell time of 300 ms at
each energy. Under these conditions, the total resolution
(source and analyzer) was equal to 320 meV at room
temperature. The measurements were taken using a photon
energy of 4.0 keV at room temperature and in normal
emission (NE), at a pressure in the experimental chamber
ranging from 15 to 18 Torr (see following section), while the
detection stage in the analyser was maintained under high
vacuum conditions (~2x107 Torr) by differential pumping.
The calibration of the binding energy (BE) scale was carried
out using the Au 4f photoelectron peak (4f;, BE = 84.0 eV)

and the Fermi edge as reference, measured from a clean
polycrystalline Au surface.

A Doniach-Sunjié line shape was used for fitting the Au 4f
photoelectron peak, whereas a symmetrical Voigt function
(G/L ratio ranging from 85/15 to 75/25) was used to fit O 1s
and valence band (VB) photoelectron peaks, as well as to
simulate and de-convolute the Co 2ps, photoelectron spectra,
which was accomplished via the mixed state multiplet
splitting approach (54) (after Shirley background
subtraction). During the fitting procedure, the Shirley
background was optimized together with the spectral
components, thereby increasing the precision and reliability
of the fitting procedure (73, 74, 75). The y* minimization
was ensured by the use of a nonlinear least squares routine,
with increased stability over simplex minimization (74).

Electrochemical measurements and “Dip and Pull”
method

All chemicals used in this study were high purity reagents
and used as-received. MilliQ water (DI, p=18.2 MQ'cm) was
used as solvent, while KOH (99.99%, Aldrich) was used as
supporting electrolyte. The electrochemical cell was arranged
in the three-electrode configuration, with a polycrystalline Pt
foil (Aldrich) used as the counter electrode (CE). Prior to cell
assembly, the CE was polished to a mirror finish with silicon
carbide papers of decreasing grain size (Struers, grit: 2400
and 4000) and then cleaned by two cycles of ultrasonic
treatment in a mixture of MilliQ water/ethanol (Aldrich, 1:1)
for 10 min. A third ultrasonic cleaning was then conducted in
pure MilliQ water for 15 min, followed by thorough rinsing
and drying in a N, stream. For the reference electrode (RE), a
miniaturized leakless AQ/AgCI/Cl (s, electrode (ET072-1,
eDAQ) was used (Ufy/agci (sary = 0199V vs. normal
hydrogen electrode, NHE, at 298 K). The resistance of the
electrolyte in the fully-immersed electrode configuration (R
= 1.8 Q) and after the dip and pull procedure (R = 15.0 Q)
was measured with electrochemical impedance spectroscopy
(EIS) (48). The resistance value obtained after the dip and
pull procedure was used for the iR drop post-correction of the
applied electrochemical potentials. Unless otherwise stated,
the potentials reported in this work are referred to the
reversible hydrogen electrode (RHE), which is related to the
Ag/AQCI/Cl s electrode and the electrolyte pH by the
following relation:

Uys. ruE = Uys, Ag/AgCl (sat) T Ugg/Agcl(sat_) +0.0591 - pH

The investigated materials, CoO,-coated p*-Si wafers, were
configured as the working electrodes (WE) and were
thoroughly rinsed using pure MilliQ water and drying in a N,
stream immediately prior to loading the cell.
The three electrodes were connected to a Biologic SP 300
potentiostat/galvanostat, which was employed for the
operando electrochemical ~measurements. All cyclic
voltammograms (CV) reported in this work were acquired at
room temperature (~298 K) and at a potential scan rate of 20
mV s™. Current densities were determined by normalizing
measured currents to the geometrical areas of the electrodes
exposed to the electrolyte medium.
Before its introduction into the experimental chamber, the
electrolyte (KOH 1.0 M aqueous solution) was outgassed for
at least 30 min at low pressure (approximately 10 Torr) in a
dedicated off-line chamber. Then, the manipulator and the
outgassed electrolyte were placed into the experimental
chamber and the pressure was carefully reduced by pumping
down to the water vapour pressure (between 15 and 20 Torr,
at room temperature). Finally, the “dip and pull” procedure
7



was carried out, as described previously, in order to obtain a
stable and conductive nanometer-thick electrolyte layer on
the WE surface (39, 42-44, 46, 48).

Numerical simulations of the photoelectron intensity

The numerical simulations of the photoelectron intensity
were developed using the Simulation of Electron Spectra for
Surface Analysis (SESSA) software. Technical details about
this tool can be found in ref. (62) and (63). From
observations already reported in literature about the oxidic
surface structure of monophasic and biphasic catalysts (37),
the simulations were built adopting a conformal layer-by-
layer structure “buried” underneath an electrolyte (KOH 1.0
M) film characterized by an average thickness of 18 nm.

The simulations were performed using net and well-defined
layer/layer interfaces. This approximates the real
configuration, where gradients and mixed regions may exist
at layer/layer interfaces. However, the spatial extension of
such regions are typically of about 1-2 nm, a dimension that
is typically difficult to access and discriminate with tender X-
rays. Furthermore, previously reported atomic force
micrographs revealed the surfaces of such CoO,/Si electrodes
to have root mean square (RMS) roughnesses of <3 A and
transmission electron micrographs showed abrupt interfaces.
Therefore, the approximation used here is reasonable for
analysis of the APXPS data.

Similarly to what we previously performed on Pt electrodes
under OER conditions (48), for a chosen model, we have
investigated different spatial localization of the oxidic
phases. The model that fitted the experimental data best was
determined by using a chi-square (%) statistical test. The
quantities used for its evaluation were the Co030, (Ry),
Co(OH), (R,), and CoO(OH) (R3) components, which were
determined experimentally through the multipeak fitting
procedure (54) of the Co 2p3;, photoelectron peak (EXP) and
from the numerical simulations (SIM). Therefore:

a.p
¥2 = Z (REXP — RiSIM)Z ’
=123

where a and g indicates a particular model and its
configuration (equivalent thickness of the constituent layers).
For final evaluation of model/configuration, the space of
parameters was explored using a variational principle: for
each model, the minimum value of the xz was achieved by
properly adjusting the layer thickness of the different oxide
layers. This procedure allows determination of both the
structure and the corresponding configuration (layer
thicknesses) that best match with the experimental results.
However, we note that this approach assumes similar
attenuation lengths in each phase. The absolute thickness
values should be regarded as estimates and the major
outcome of the simulations is to give the spatial localizations

of the different Co chemistries in the pristine catalyst and
under operando electrochemical conditions (48). Improved
quantification could be achieved in the future using angle-
resolved XPS, but is outside the scope of this report.
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Figure 1. Three electrode electrochemical setup used for the operando APXPS experiment. (a) Schematic illustration of the
experimental configuration used for operando electrochemical APXPS. CE: counter electrode; RE: reference electrode; WE:
working electrode; HEA: hemispherical electron analyzer; (b) The cyclic voltammogram (CV) for the biphasic CoO, layer,
deposited via plasma-enhanced atomic layer deposition (PE-ALD) at a substrate temperature of 100° C, was acquired at T~298K at a
scan rate of 20 mV s and in a 1.0 M KOH aqueous solution (pH 13.8) in the analysis chamber with a water pressure equal to 18
Torr (OCP: open circuit potential; OER: oxygen evolution reaction); (c) Schematic illustration of the biphasic pristine CoOy coating,
comprising a disordered Co(OH), phase, nanocrystalline spinel Coz0,, and SiO, on top of a p*-Si substrate.
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Figure 2. Operando ambient pressure X-ray photoelectron spectroscopy (APXPS) of the biphasic CoO, catalyst. (a) Operando
APXPS evolution of O 1s photoelectron peak (de-convoluted into chemically shifted spectral components) at hydrated conditions
(18 Torr water vapor) and as a function of the applied potential; (b) O 1s LPW BE shift (Age-"") as a function of the applied
electrochemical potential U. The dotted lines represent the linear dispersion of the O 1s LPW component with the applied potential,
accordingly to the relation: BEgjecroye = BEo — €U. The error bars were determined via repeated measurements and fitting of the O 1s
photoelectron spectrum, propagated with the experimental spectral resolution (see Methods); (c, d) Co 2ps, and valence band (VB)
(both de-convoluted into chemically shifted spectral components) acquired under hydrated conditions (18 torr water vapor) and as a
function of the applied electrochemical potential, respectively (GPW: gas phase water; OCP: open circuit potential, OER: oxygen
evolution potential, BE: binding energy). For figures a and c, the green-shadowed component at low BE, whose nature is explained
in the text and assigned to Co*", is observable only at OER potentials. The reported electrochemical potentials are referred to the
reversible hydrogen electrode (RHE).
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procedure performed on the experimental Co 2ps/, data. The thickness values are provided in “thickness equivalents” as the APXPS
gives average information over a surface region of 300 um in diameter (OCP: open circuit potential; OER: oxygen evolution
reaction; OX: oxidative conversion; RED: reductive conversion). The reported electrochemical potentials are referred to the
reversible hydrogen electrode (RHE).
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Figure 4. Comparison between monophasic and biphasic CoO, catalysts. (a) Cyclic voltammetries (CV) for the 100° C- and 300° C-
annealed CoO, systems (biphasic and monophasic catalyst, respectively) (the CVs have been acquired at T~298K at a scan rate of
20 mV s and in a KOH 1.0 M aqueous solution (pH 13.8), at water pressure in the chamber equal to 18 Torr); (b) Co 2ps, APXPS
core levels acquired at the open circuit potential (OCP) and under oxygen evolution reaction (OER) conditions for two different
CoO, catalysts (the green-shadowed component at low BE, whose nature is explained in the text and assigned to Co*, is observable
only at OER potentials); (c) chemical composition and sub-surface structure for the monophasic and biphasic catalysts, passing from
pristine to OER conditions. Note that the chemical composition was determined from the fitting procedure performed on the
experimental Co 2p,, data reported in b. The thickness values (determined from the numerical simulations of the photoelectron
intensity attenuation of the different Co spectral components) are provided in “thickness equivalents” as the APXPS gives average
information over a surface region of 300 um in diameter. The reported electrochemical potentials are referred to the reversible
hydrogen electrode (RHE).
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