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Facet-Dependence of Electron Storage in Gold-Decorated Titania
Nanocrystals

Giyeong Son,! Yichen Li,?2 Anna V. Shneidman,! Jae Hyo Han,! Michael Aizenberg,! Philippe Sau-
tet,23* and Joanna Aizenberg!4*

John A. Paulson School of Engineering and Applied Sciences, Harvard University, Allston, Massachusetts 02134, United
States

2Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095, United States

*Department of Chemical and Biomolecular Engineering, University of California, Los Angeles, California 90095, United
States

“Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, United States
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ABSTRACT: A variety of materials have been developed over the last two decades with the goal of extending the function of
light-absorbing devices to low-light or nighttime conditions. Typically, this requires storage of photogenerated charges, which
depends on a variety of physicochemical features including the crystallographic nature of materials interfaces, which we in-
vestigate here. We implemented a model system consisting of gold nanoparticles (AuNPs) supported on titanium dioxide
(TiOz2) anatase nanocrystals with predominantly (101), (100) or (001) facets. Cyclic voltammetry in dark, anaerobic condi-
tions showed that all three materials exhibited increased current densities with increasing illumination time, with highest
increase in Au/Ti02(001). We further employed photocharged Au/TiO2 particles for catalytic reactions in the dark, and found
a consistent trend of Au/TiO2(001) being the most active. Using density functional theory, we calculated the Bader charge and
the partial density of states, revealing that the presence of additional oxygen atoms at the Au/TiO2 interface leads to charge
depletion from the Au, providing more accessible vacant states to accept electrons from TiOz. Our results suggest that the

crystal surface engineering can be used as a powerful tool to optimize materials for electron charge storage.

Introduction

With an ever-growing global concern regarding climate
change and the use of fossil fuels, it is crucial to develop new
technologies that can effectively harness renewable energies.
This entails first capturing and then storing the energy; in solar
applications, specifically, this requires absorption of energy
from the sun or other illumination source followed by storing
photogenerated charge carriers to be used in functions such as
production of electricity (i.e. in photovoltaics and solar cells) or
to perform oxidation and reduction reactions (i.e. in photocata-
lysts). While absorbing materials have undergone decades of
research and development,'? materials that can store energy
from light absorbed during illumination and delay the function
to night or low-light conditions more generally are in their in-
fancy.

The ability to conduct photocatalytic reactions well after il-
lumination has been terminated was first demonstrated in the
early 2000s using tungsten oxide (WOs) supported on titania
(TiOy). The authors demonstrated that the electrons generated
within TiO; upon light irradiation spilled over to WOs, thereby
preventing electron-hole recombination or other similarly non-
productive exciton decay pathways.*> This opened investiga-
tions in what is now often referred to as “energy storage”,

“dark”, “memory”, or “persistent” photocatalysis.®’ Since then,
numerous materials combinations have been investigated,®'?in-
cluding metal nanoparticles (NPs) supported on metal oxide
(MOx) supports, which are of general interest in the fields of
catalysis, plasmonics, and sensing, to name a few.'*"!?

While photocatalysis post irradiation has been demonstrated
for several metal NP/MOx support combinations,®'? there has
not yet been much attention dedicated to the facet-dependence
of their charge-storage effect, despite the now well-known fact
that faceting of nanocrystals affects their photophysical and cat-
alytic properties.'® For example, it has been shown that the
{001} family of facets of anatase TiO, nanocrystals can facili-
tate oxidation reactions since the extra surface OH groups on
this facet provide hole-trappping sites through the generation of
surface-bound OH radicals.'” Meanwhile, {101} facets coexist-
ing with {001} generally act as a reduction site due to the dif-
ference in the conduction band levels of the two interfaces.'
Moreover, metal NPs (e.g. Au, Pt) on the {001} facets of TiO,
can facilitate photocatalytic water oxidation to a greater extent
than when they are deposited on {101} due to the influence of
metal NPs coordination on the specific interfacial structures of
oxide supports in different crystallographic directions."
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Figure 1. Illustration of light-induced electron charging enabled by gold nanoparticles (AuNPs) immobilized on titanium dioxide (TiO»)
nanocrystals with different exposed facets. (1) Following light irradiation (left), photo-excited electrons from TiO, transfer to AuNPs states,
causing (2) an increase in the Fermi level of the AuNPs. (3) These electrons can then be transferred to oxygen to generate reactive oxygen
species (02", H20,), even in the dark (right), resulting in the decomposition of organic pollutants, if present.

Here, we investigate how faceting affects the ability of a
metal/metal oxide system to store photogenerated charges and
perform redox reactions in the dark. Gold nanoparticles
(AuNPs) supported on TiO, anatase nanocrystals were used as
a model system (Figure 1) as titania is widely known as an ex-
cellent photoactive material and gold nanoparticles are com-
monly employed as co-catalysts on TiO, to help separate elec-
trons from holes and limit their fast recombination.?*?! To study
how the photogenerated electron storage ability of this materials
system depends on specific faceting, we synthesized three types
of TiO» nanocrystals with predominantly exposed (101), (100),
or (001) surfaces, henceforth called TiO,(101), TiO»(100), and
TiO»(001), respectively.” Following the attachment of AuNPs
on the surface of the nanocrystals, we determined that
Au/TiO»(001) generated the highest photogenerated current of
the three. The production of reactive oxygen species and degra-
dation of methylene blue were then studied as model photocata-
lytic reactions post irradiation for different durations and at dif-
ferent light intensities. Again, the Au/TiO,(001) particles were
found to be the most reactive in the dark. We explain these dif-
ferences through density functional theory (DFT) analysis of
the Au/TiO, interface. We determined that Au/TiO»(001) has
the most interfacial oxygen adatoms compared to the other two
materials systems. A calculation of the electronic density of
states confirmed that the more oxygen-rich interface leads to a
larger proportion of vacant states in the Au available for elec-
tron capture and storage from the TiO,.

Results
Synthesis and characterization of different faceted TiO:
and Au/TiOz.

The synthesis of the Au/TiO; particles is described in detail
in the Methods section. It involves two steps, wherein the three
types of anatase TiO, nanocrystals were first synthesized, and

then a ligand-exchange method was used to attach AuNPs (Fig-
ure 2a). Transmission electron microscopy (TEM) imaging re-
vealed that the TiO, nanocrystals were (1) bipyramidal, 400 +/-
100 nm in length (a total of n=20 particles were measured for
statistics), (2) rod-shaped, 500 +/- 200 nm in length (n=20), and
(3) nanoplates of 100 +/- 30 nm width (n=20) (Figure 2b, ¢, d
and Figure S1, S2, S3, S4).%>?* The facet distributions were cal-
culated following a previously-reported method as ~99% ex-
posed {101} family of facets for the bipyramidal particles
(henceforth referred to as TiO»(101)), ~85% {100} for the rods
(Ti02(100)), and ~86% {001} for the nanoplates (TiO(001));
see SI Note S1 and Figure S4 for details on the procedure for
calculating the relative surface area occupied by the different
facets. TEM analysis showed that the synthesized AuNPs had a
diameter of 9.5 nm +/- 0.5 (n=10), and that all of the particles
retained their shapes and sizes after deposition of 1.5 wt% of
the AuNPs on the surface of each type of TiO, nanocrystal (Fig-
ure 2e, f, g, h, i, j). The AuNPs appeared light red in solution
and had an LSPR absorption band around 516 nm (Figure S5).
By measuring the optical density of the supernatant at this
wavelength following the ligand-exchange process, we found
that almost all the AuNPs were successfully attached to the
TiO; nanocrystals regardless of TiO, shape (Figure S6).

Light-induced electron storage

We used electrochemical analyses to assess the charge stor-
age ability of the three types of Au/TiO,. The different TiO,
nanocrystals without (control) and with AuNPs were deposited
on indium tin oxide (ITO) electrodes and illuminated by an Xe
lamp for 0, 2, 5 or 10 min in anaerobic conditions to suppress
water oxidation and the resulting generation of reactive oxida-
tive species (see Materials and Methods for details). Upon ter-
minating the irradiation, we conducted cyclic voltammetry
(CV) in the dark also under anaerobic conditions. The bare TiO,
nanocrystals showed negligible changes in their CV curves in
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Figure 2. Assessing the morphology of gold-decorated titania nanocrystals. (a) Schematics of the faceting of the three different anatase TiO,
nanocrystals (NCs) with AuNPs supported on them. (b-j) TEM images of the different TiO, NCs (bipyramidal, nanorod, and nanoplate,
from left to right), without (b-d) and with (e-j) AuNPs. Gold NPs are highlighted by the yellow circles in (e-g) and their size is highlighted
by the yellow double arrow in (h-j). The average diameter of AuNPs was measured to be 9.5 nm +/- 0.5 (number of particles assessed n=10).

the dark after light irradiation and this did not change upon in-
creasing the irradiation time (Figure 3a, b, ¢). In contrast, the
current densities for all of the Au/TiO, materials increased fol-
lowing light irradiation (Figure 3d, e, f). The current densities
under illumination for those particles started to increase at
around 0.65 V (vs. Ag/AgCl), corresponding to the oxidation
onset potential of AuNPs (Figure S7). The peak current densi-
ties at the oxidation potential (0.8 V vs. Ag/AgCl) gradually
rose with increasing illumination time: from 4.0 without illumi-
nation up to 9.7 pA/cm® after 10 min irradiation for
Aw/TiOx(101), 4.2 to 12.8 uA/cm? for Au/TiO»(100), and, great-
est of all, 5.1 to 20.2 pA/cm? for Au/TiO»(001).

We also calculated the specific capacitances for each of the
tested materials from their respective voltage profiles (Figure
4a, Note S2, Figure S8). The value only very slightly increased
for the bare TiO, nanocrystals following photocharging, while
those for the Au/TiO, increased substantially: the specific ca-
pacitance of Au/TiO»(001) showed the greatest increase from
150 to 67.5 mF/g, compared to Au/TiO,(100) and
AWTiO»(101), whose specific capacitances rose from 8.3 to
37.3 and 7.8 to 22.4 mF/g, respectively. These results indicate
that nanoplate TiO, decorated with AuNPs (i.e. Au/Ti0,(001))
has the highest light-induced electron storage ability compared
to the cases with nanorod and bipyramidal TiO,.
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Figure 3. Electrochemical analysis of photoinduced electron storage behavior of differently faceted TiO, nanocrystals without (a-c) and with
(d-f) AuNPs. The data represents the cyclic voltammetry (CV) measurements performed under anaerobic and dark conditions after following
light irradiation for a duration if 0, 2, 5, or 10 min, as indicated by the legend.

We further investigated the charging and discharging pro-
cesses of photocharged Au/TiO, by monitoring the photocur-
rent decay in dark, aerobic conditions following light irradiation
in anaerobic conditions. As expected, the photoactivity of
Au/TiO; during light irradiation was substantially higher than
for all control TiO, samples (Figure 4b, inset) or for gold alone
(Figure S9), typically attributed to the Schottky junction be-
tween AuNPs and Ti-O, which augments the resonant plas-
monic absorption of AuNPs on the surface of Ti0,.2** The
photocurrent density of Au/TiO(001) reached 23 pA/cm? at 0.7
V (vs. Ag/AgCl), 3 times higher than that of bare Ti0,(001) (7.5
pA). The current decayed for Au/TiO,(001), with a time con-
stant of 40 s (vs. 2 s for the bare TiO,, Figure 4b). Similar
charging and discharging profiles were observed for
Au/TiO»(101), and Au/TiO,(100) (Figure S10). We found that
following photocharging and discharging, the Au/TiO; returned
to their initial discharged state (Figure 4c¢, d and Figure S11).
In fact, we could cycle the materials with almost no signs of
deterioration. For example, on the fifth charge/discharge cycle,
we measured a decrease of the peak current density of less than
2 pA/cm? compared to the value measured in the first cycle
(Figure 4e, f).

DFT studies on facet-dependent interface between Au
and TiO:

We employed density functional theory (DFT) to examine the
nature of interface between the AuNPs and anatase TiO, sub-
strates to determine the origins in the differences in the ability
of Au/Ti0,(101), Au/TiO»(100) and Au/Ti0,(001) to store pho-
togenerated electrons. To be computationally tractable, the
AuNP was modeled as a periodic one-dimensional Au rod pre-
senting the {111} family of facets. The rod is infinite along the
TiO, [010] direction, 3 Au atomic rows in width and 3 rows in
height (Figure Sa and Figure S12). The substrate was modeled

as p(2x2) 4-layer anatase TiO,(001) surface with lattice con-
stants a=3.82 A, ¢ =9.52 A, and the fcc Au rod with a =4.15
A lattice constant was adhered to the substrate along the [010]
direction to minimize lattice mismatch (Figure S12). The Au
rod and the top TiO, layer were relaxed. Similar models were
also constructed on p(2x4) 3-layer TiO»(101) and p(4x2) 4-
layer TiO»(100) surfaces (Figure S13). It has been previously
shown that the presence of interfacial oxygen adatoms leads to
stabilization of the interface and downshift of the Fermi level.”’
This results in a depletion of electrons from the AuNP, thereby
creating vacant electronic states within the NP.?® Given this, we
sought to determine the optimal interfacial oxygen adatom cov-
erage for each of the three types of Au/TiO, interfaces. The
most stable interface for a given set of external conditions (e.g.
temperature, pressure) is the one with lowest Gibbs free energy
of formation:

AG = Egyo,/1i0, — Eausrio, — 5#02

where Eaurio2 and Eavoxrio2 are the DFT-calculated energies in
the pristine state or with oxygen adatoms, respectively; and
Aoz is the chemical potential of O,, which is a function of tem-
perature and O, partial pressure (see Note S3). Vibrational en-
tropy was assumed to be negligible. We implemented the cal-
culations for Au/TiO»(101), (100), and (001) with different
numbers of interfacial oxygen adatoms (Figure 5b). Several
sites for the adatoms were considered, including at the buried
AWTIO; interface (i.e. between the gold rod and the TiO, sur-
face) , at the Au/TiO; interface edge, and on the exposed TiO,
surface, as well as on the Au (111), (100) and (110) surfaces.
We found that the most stable interface for Au/TiO,(101) under
experimental conditions (T = 298 K, po. = 21 kPa) is the one
with 4 oxygen adatoms at the interface edge
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Figure 4. Assessment of specific capacitance, discharge process, and cyclability of the different Au/TiO, combinations. (a) Specific capac-
itance of all types of charged and uncharged TiO, and Au/TiO, nanocrystals. (b) Photocurrent before, during, and after light irradiation of
TiO»(001) and Au/TiO»(001) at 0.7 V vs. Ag/AgCl. Inset: CV curves of TiO»(001) and Au/TiO»(001) under dark and light conditions.
Chronoamperometry (CA) measurements were performed under anaerobic conditions. (c-d) Cyclic voltammetry (CV) curves of (c)
TiO»(001) and (d) Au/TiO»(001) in their as-prepared, charged and discharged states. (e-f) Current of all three types of Au/TiO; at 0.8 V vs.
Ag/AgCl according to the as-prepared, charged and discharged states. The charge-discharge current of the (e) TiO;, and (f) Au/TiO, particles
for the first through the fifth cycles. All currents were measured under anaerobic condition. Discharging was performed by flowing air.
Charging time: 10 min irradiation. Discharging time: 10 min in the dark.

along the [010] direction (Figure 5c, vertical dashed line indi-
cates experimental conditions). For Au on the more reactive
TiO2(100) surface,” the most stable interface at experimental
conditions was found to be the one with § oxygen adatoms at
the interface edges along [010] (Figure 5d). On the most reac-
tive TiO»(001) surface,?® the most stable Au/TiO, interface con-
sists of 12 oxygen adatoms distributed across the entire Au/TiO,
interface (Figure Se). These results show that the oxidation
state of Au/Ti0O; interfaces under the experimental conditions is
surface-structure sensitive and in the descending order of
AWTiO»(001), Au/TiO,(100), and Au/TiO,(101). This trend co-
incides with TiO, surface energies, since the surface energies of
(001), (100) and (101) are also in the descending order of 0.98,
0.58 and 0.49 J/m%* the most unstable TiO»(001) surface is

thereby most stabilized by the interfacial oxygen adatoms. Sim-
ilar interfacial oxidation of Au rod on rutile TiO»(110) has also
been recognized in previous theoretical studies.?: 3% 3!

Given these results, we calculated the partial density of states
(PDOS) for the Au rods on the different TiO, substrates with
different numbers of interfacial oxygens (Figure S14) in order
to understand the impact of the oxidation of the interface on the
electronic structure of the system; the comparison of the PDOS
for the most reactive TiO»(001) surface with 0 or 12 interface
oxygens is shown in Figure 5f. The Fermi level of the pristine
Au rod on TiO»(001) is just below the TiO> conduction band.
According to the calculated net Bader charge distribution (rep-
resenting how electrons are partitioned on different atoms),
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Figure S. DFT calculations for Au nanorods on TiO»(101), (100) and (001) surfaces. (a) Illustration of the Au rod on a TiO,(001) surface.
(b) Side views of the Au rod on TiO; facets along [010], with different numbers of interfacial oxygens. (c-¢) Gibbs free energies as a function
of oxygen partial pressure for Au rods on the different TiO, facets for different values of interfacial oxygens. Dashed lines indicate experi-
mental conditions (T = 298K, po, = 21 kPa). (f) Partial density of states for the Au rod on the TiO»(001) facet with 0 (left) or 12 (right)
interfacial oxygens. (g) Number of vacant states for Au atoms at different locations in the rod.

in the absence of interfacial oxygens, the electron transfer be-
tween the Au rod and TiO, substrate is small, and both weakly
partially positive and negative Au atoms occur at the interface
(~+0.1 e) depending on the extent of lattice alignment with the
substrate (Figure S15a). The oxygen adatoms provide addi-
tional states deep in the TiO, valence band, resulting in electron
transfer from initially occupied Au gap states to those oxygen
states (Figure 5f). A marked increase of the cationic nature of
interfacial Au is also observed as a charge of up to ~+0.8 e for
those Au atoms is determined from the net Bader charge distri-
bution (Figure S15b). Au rods on TiO,(101) and (100) facets
show similar electron transfer from the Au nanorod to interfa-
cial oxygens. These results show that the oxidation of the

Au/TiO; interface by oxygen adatoms creates vacant Au states
for electron storage.

We calculated the number of vacant states for each Au atom
on the three different TiO, facets to assess their ability to accept
electrons (Figure 5g) and found that the number of vacant states
per Au within the rod and at the interface is similar for both
TiO,(100) and (101) substrates. Meanwhile, the number of va-
cant states per Au at the interface edge (but not the rod bulk) on
Ti0,(001) is ~30 % larger than for the others. For the (001) sub-
strate, Au atoms have 0.276, 0.409 and 0.426 vacant states in
the rod, at the interface, and at the interface edge, respectively.
The calculated electron storage ability of AuNPs on the family
of TiO; facets hence follows the order {001} > {100} > {101},
supporting the experimental results.
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Figure 6. Facet-dependence of catalytic reactions in the dark following 1 hour of illumination. (a) Schematic of discharging process of
photocharged Au/TiO,. (b, c) Experimentally determined formation of (b) superoxide ion (O,) and (c) hydrogen peroxide (H20,). (d)
Methylene blue degradation in the dark by the different types of charged and uncharged Au/TiO,, and (e) for different light intensities
employed during photocharging process. In all cases, photocharging was conducted prior to the measurements in a fully N, purged solution
for 1h. All dark-catalytic reactions were conducted in dark, aerobic conditions.

Facet-dependent catalytic reactions on Au/TiO: in the
dark

To further substantiate the facet-dependence of light-induced
electron charge storage of Au/TiO,, we experimentally exam-
ined the ability of these systems to perform catalysis in dark,
aerobic conditions following 1 h of irradiation in an anaerobic
environment. First, we revisited the discharging of Au/TiO,
when exposed to air. As illustrated in Figure 6a, the likely
mechanism for discharging is that electrons trapped in vacant
states of the Au during anaerobic light irradiation react with ox-
ygen in the dark, generating reactive oxygen species (ROS).
Specifically, the reduction of O, results in superoxide ions (O,
), which then react with protons to produce hydrogen peroxide

(H20,).3>3* To confirm this, we performed nitroblue tetrazo-
lium (NBT) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
phonic acid) (ABTS) assays to assess the presence of O, and
H>0,, respectively (Figures S16-S18). In the case of uncharged
Au/TiO,, no reduction of NBT was observed in the dark. In con-
trast, photocharged Au/TiO; NPs exhibited a progressive reduc-
tion of NBT, with Au/Ti0,(001) showing the largest decrease
in NBT concentration over the measurement time of 30 min, 1.3
times larger than that achieved by the (101) and (100) systems
(Figure 6b). Similar to O,™ formation, uncharged Au/TiO, dis-
played negligible H,O, generation in the dark, while the photo-
charged Au/TiO»(101), (100), and (001) generated 52, 60, and
88 uM H,0,, respectively, under the dark and aerobic condition
over the course of 1h (Figure 6c¢).



We further tested whether the ROS (0>, H,O,) generated by
the photocharged species could be implemented productively
for the degradation of organic compounds in the dark. Meth-
ylene blue (MB) dye was employed as a molecular model. As
shown in Figure 6d and Figure S19, uncharged Au/TiO; ex-
hibited only a slight decrease in MB concentration (5%) over
the course of 1 h, which is attributed to the adsorption effect
rather than electron transfer.® Likewise, photocharged bare
TiO, (without Au) exhibited a decrease of less than 10% in MB
concentration for all three types of nanocrystals (Figure S20).
In contrast, the MB concentration decreased by 38%, 45% and
61% for the Au/TiO»(101), Au/TiO(100), and Au/TiO,(001),
respectively, highlighting the superior dark-catalytic perfor-
mance of the {001} family of facets among the three types. We
note that the effect is proportional to the light intensity during
photocharging (Figure 6e).

Discussion

In these studies, we implemented electrochemical and photo-
catalytic experiments to determine the relative charge-storage
ability of three different Au/TiO, systems distinguished by the
majority facet of the TiO, nanocrystal. We found that
Au/TiO»(001) has the highest charge-storage capacity, current
density, and photocatalytic activity in the dark following illu-
mination, compared to Au/TiO»(100) and Auw/TiO»(101). DFT
calculations revealed that the prevalence of interfacial oxygen
adatoms is the key to the electron transfer from excited TiO, to
Au. The mechanism of charge transfer is illustrated in Figure
S21, which shows that oxygen adatoms draw electrons away
from Au, pulling the Fermi energy level of the Au further below
the TiO, conduction band, thereby creating additional vacant
states in Au for photogenerated electron storage.*® Specifically,
following light absorption, excitons are created in TiO, and the
holes participate in oxidation reactions at the TiO, surface,
while the electrons are transferred from the TiO, conduction
band into the Au vacant states. This process can continue until
the Fermi level of Au approaches the TiO, conduction band,
when TiO, shows exciton bleaching,* thereby limiting the
charge storage capacity of the system. The stored electrons can
later participate in reactions in the presence of a reducing agent.

The highest electron-storage capacity observed for Au on the
Ti0,{001} family of facets compared to {100} and {101} fam-
ilies is due to the highest coverage of oxygen adatoms at the
AWTiO»(001) interface and is likely related to the differences
in atomic arrangement and electronic structure of the different
anatase facets. The TiO»(001) facet exhibits a square lattice fea-
turing five-fold coordinated Ti atoms and two-fold coordinated
oxygen atoms.’”*® This configuration possesses a high density
of under-coordinated Ti atoms, which can be stabilized by Au-
O-Ti bond formation.*** Besides, the (001) facet possesses the
lowest conduction band among anatase facets and hence is the
most reactive for oxygen. In addition, the (001) facet generally
exhibits the strongest adsorption capacity toward metals,*'
which can lead to the formation of a Schottky junction and im-
proved charge transfer between the TiO, and the deposited gold
nanoparticles.

Through this work, we have thus uncovered a potential mech-
anism for electron charge transfer (and therefore storage) for
gold nanoparticles deposited on TiO,. However, some details
will be of interest to consider in follow-up work. For example,
water interacts differently on different TiO, surfaces, adsorbing

more strongly to the (001) facet than to the (100) and (101) fac-
ets.® 42 This motivates DFT studies for a water environment
and/or experiments in air at various humidification. A limitation
of the DFT is the computational constraints to the size of each
component, with the rod being significantly smaller than the
NPs. The ratio between interfacial and non-interfacial Au atoms
is thus overestimated (38% in the model vs < 3 % for the ~9.5
nm particles used in the experiments). In further studies, we aim
to investigate the influence of water adsorption and implement
TiO; nanocrystals of more uniform size.

Conclusion

We used a combination of electrochemical characterizations,
photochemical experiments, and DFT calculations to investi-
gate the ability of gold nanoparticles deposited on anatase TiO»
nanocrystals to store photogenerated charges, as a function of
the dominant exposed family of facets of TiO,: {101}, {100},
or {001}. As determined through cyclic voltammetry, the
Au/TiO,(001) system exhibited the highest peak current and
longest decay time following illumination compared to the
other two (and substantially higher than any of the three types
of TiO, without AuNPs as well as for the AuNps without TiO,).
The charge storage capacity was calculated from the CV meas-
urements to be largest for Au/TiO»(001), which also exhibited
the highest production of reactive oxygen species and degrada-
tion of methylene blue after the illumination had been termi-
nated. Our DFT results revealed that the Au/TiO,(001) interface
is more highly oxidized than the other two Au/TiO, types at
temperature and O, partial pressure corresponding to the exper-
imental conditions. The high number of interfacial oxygen ada-
toms results in depletion of electrons from Au, leading to more
vacant states that can store excess electrons from TiO,. We be-
lieve that crystal facet engineering is a key aspect to optimize
crystalline materials for light energy storage and it is of great
interest to further explore the role of the interface in such sys-
tems.

Experimental section

Materials. Titanium(IV) butoxide, potassium chloride
(KCI), hydrofluoric acid (HF, 48%), nitroblue tetrazolium
(NBT), peroxidase from horseradish (HRP), 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), Tetrachloroau-
ric(I1l) acid trihydrate (HAuCls -3H,0), sodium citrate, tannic
acid, sodium hydroxide (NaOH), hydrogen peroxide (H>O,
35%), lithium chloride (LiCl) and potassium carbonate (K,COs3)
were purchased from Sigma-Aldrich (St. Louis, MO USA). Ti-
tanium(IV) oxide particles (AEROXIDE® P25) were pur-
chased from Thermo Fisher Scientific (Waltham, MA USA).
Indium tin oxide (ITO) electrodes (7-10 ohm/sq,
20x40x1.1mm) were purchased from MSE Supplies LLC (Tuc-
son, AZ USA).

Synthesis of TiO»(101) and (100) nanocrystals. TiO,(101)
and (100) nanocrystals were prepared by referring to a previ-
ously reported two-step hydrothermal method.?? 16 g of NaOH
were dissolved in 40 mL of deionized (DI) water in a 50 mL
conical tube, and the solution was allowed to cool for 10 min at
room temperature to dissipate the heat generated by the highly
exothermic reaction. 1 g of P25 TiO, was added to the NaOH
solution and thoroughly dispersed using an analog vortex mixer
(Model 58816-121, VWR, USA). The mixture was transferred
to a 50 mL Teflon-lined stainless-steel autoclave, followed by
thermal treatment at 120 °C for 24 h. After cooling for 3 h at



room temperature, the contents were transferred to a conical
tube and a white precipitate (sodium titanate) was collected by
centrifugation at 11,000 rpm for 10 min and washed with DI
water five times until the solution pH was between 10.2 and
10.7. The Na-titanate was dried at 50 °C for 24 h. (1) TiO»(101)
nanocrystals: 500 mg of Na-titanate and 30 ml of DI water were
added into a 50 mL conical tube, and the Na-titanate solution
was sonicated for 30 min and vigorously dispersed for 5 min
using the vortex mixer (Model 58816-121, VWR, USA). After
achieving full dispersion, 95 mg of LiCl was added to the Na-
titanate solution, followed by vortexting for an additional 5 min.
The mixture was transferred to a 100 mL Teflon-lined stainless-
steel autoclave, which was placed in an oven at 200 °C for 20
h. This time was extended from the published value of 16 h to
eliminate tiny nanoparticles and obtain well-defined bipyrami-
dal structures. After incubation, the autoclave was cooled for 4
h at room temperature. The contents were transferred to a coni-
cal tube and the white precipitate was collected by centrifuga-
tion at 11,000 rpm for 15 min and washed with DI water at least
five times. The final white product, identified as TiO,(101), was
obtained after drying at 60 °C for 24 h. (2) TiO(100) nanocrys-
tals: 3 g of Na-titanate was divided equally into 4 conical tubes,
each pre-filled with 38 mL of DI water. The Na-titanate solu-
tions were sonicated for 30 min and vigorously dispersed for 5
min using the vortex mixer (Model 58816-121, VWR, USA).
Once the dispersions were complete, 2 mL of H,O,, 35% was
added to each conical tube, followed by gentle mixing for 5 min.
The entire mixture (160 mL) was transferred to the 200 mL au-
toclave and stirred for an additional 15 min. The autoclave was
then left in an oven at 180 °C for 20 h, after which it was al-
lowed to cool for 4 h at room temperature. The white precipitate
was gathered through centrifugation at 11,000 rpm for 15 min
and rinsed with DI water for at least five times. The final white
product, recognized as TiO,(100), was obtained after drying at
60 °C for 24 h. The morphologies of TiO»(101) and (100) were
characterized by a transmission electron microscopy (TEM)
(JEOL-2100F, JEOL, USA).

Synthesis of TiO,(001) nanocrystals. TiO,(001) nanocrys-
tals were synthesized by referring to a published hydrothermal
method.?* 25 mL of titanium(IV) butoxide and 3 mL of hydro-
fluoric acid (HF, 48%) were added to a 100 mL Teflon-lined
stainless-steel autoclave and stirred for 1 min using a polypro-
pylene spatula with hollow core. Following incubation at 200°C
for 24 h, the reaction mixture was allowed to cool for 4 h at
room temperature in a fume hood. The white precipitate was
collected by centrifugation at 11,000 rpm for 15 min and
washed alternately with DI water and ethanol at least five times.
The white product was additionally washed with 1 M NaOH
five more times to ensure the complete removal of adsorbed
surface F-ions. The final white product, identified as TiO»(001),
was obtained after washing with DI water once more and drying
at 60°C for 24 h. The morphology of TiO»(001) was character-
ized using a TEM (JEOL-2100F, JEOL, USA).

Synthesis of AuNPs. AuNPs of 9.5 nm in diameter were syn-
thesized by citrate-mediated seeded-growth method.** A three-
necked round-bottom flask was thoroughly cleaned using aqua
regia. Subsequently, 600 mL of 2.2 mM sodium citrate, 0.4 mL
of 2.5 mM tannic acid, 4 mL of 150 mM K,CO; solution, and
a magnetic stir bar were added to the flask, which was then
placed in an oil bath on a hot plate magnetic stirrer, and stirred
at 450 rpm at 70°C for 30 min. The pH of the mixture was meas-
ured, and K,COs; was added until the pH reached 10. Then, 4

mL of 25 mM HAuCl, solution was then injected into the mix-
ture in the flask, and the mixture was allowed to react at 70°C
for 10 min. The color of the mixture rapidly changed to black-
gray and then to orange-red within the following 2 min. After
10 min of reaction, the seeded-growth process of AuNPs was
repeated as detailed below, for a total of four times (resulting in
a total of 8 additional 2 mL of 25 mM HAuCly injections) to
obtain a final solution of 9.5 nm AuNPs. Seeded-growth pro-
cess of AuNPs: In each repetition, 200 mL of the orange-red
mixture was removed and replaced with an additional 200 mL
of sodium citrate solution, followed by stirring for 30 min at
70°C. Then, 2 mL of 25 mM HAuCl, solution was injected into
the mixture and allowed to react for 10 min at 70°C. Subse-
quently, another 2 mL of 25 mM HAuCl, solution was injected
into the mixture and allowed to react for an additional 10 min
at 70°C. The dilution and injection steps were repeated until the
AuNPs reached the desired size. In this report, we performed a
total of four repetitions, resulting in a total of 8 additional 2 mL
injections of a 25 mM HAuCly solution.

Preparation of Au/TiO,. The AuNPs were attached on the
TiO, nanocrystals by using a published ligand-exchange
method.* An ammonium hydroxide solution was prepared by
adding 500 pL of NH;-H>O (28%) into 20 mL of DI water in a
50 mL conical tube. 50 mg of synthesized TiO, nanocrystals
were then immersed in the solution for 24 h. The solution was
then sonicated for 30 min to achieve complete dispersion of the
nanocrystals, and then allowed to stand undisturbed overnight
after which 250 puL of 3-mercaptopropionic acid (MPA) was
added, followed by the addition of a calculated volume (9.36
mL) of the AuNP solution (here 0.75 mg to achieve 1.5 wt%).
Upon adding the AuNPs, the color of the mixture changed from
white to light-pink. The mixture was sonicated for 15 min, then
vigorously stirred at 700 rpm on a magnetic stir plate for 30
min, and subsequently kept static overnight. This resulted in
the TiO, bound to AuNPs settling at the bottom of the conical
tube. The precipitate exhibited a light purple color. It was col-
lected by centrifugation at 11,000 rpm for 15 min, washed with
DI water four times, and dried at 60°C for 24h in a vacuum
oven. The final product was obtained by annealing the dried
light purple precipitate at 200°C for 2h. The morphologies of
the thus prepared Au/TiO, (101), (100), and (001) were charac-
terized using a TEM (JEOL-2100F, JEOL, USA).

Electrochemical characterization. The ITO electrodes
were rinsed with DI water and ethanol and then treated with ox-
ygen plasma at 50 W for 5 min (Diener electronic GmbH & Co.
KG., Germany), to enhance the even spreading and adhesion of
the active material (TiO,, Au, or Au/TiO,) solution on the glass
surface. Afterwards, 400 pl of either the TiO,, Au/TiO, (4
mg/mL), or AuNP solutions (0.06 mg/mL) were deposited onto
the ITO glass electrode and fully dried at 60°C for 2 h.

All electrochemical experiments were performed using a
VersaSTAT 3 potentiostat (AMETEK Inc., USA) in a three-
electrode system, consisting of Ag/AgCl (in 3 M NaCl) as the
reference electrode and a graphite rod as the counter electrode.
CV and CA measurements were conducted in a 1 M KCl elec-
trolyte solution. For all analyses performed in anaerobic condi-
tions, the electrolyte solution was first thoroughly purged with
N gas to remove oxygen. The scan rate was set at 100 mV/s.
For the photocurrent measurements, a potential of 0.7 V (vs
Ag/AgCl) was applied to the TiO, and Au/TiO,-coated elec-
trodes. To evaluate the photocharging storage capabilities of



TiO, and Au/TiO, NPs, CV analyses were conducted as fol-
lows: the TiO, and Au/TiO; electrodes were photocharged by
an Xe lamp (Model No: 66924-450XF-R1, Newport Co., USA)
irradiation (wavelength: 200-2500 nm, photon flux: 300
mW/cm?) under anaerobic conditions. Voltage profiles of the
photocharged TiO, and Au/TiO; electrodes were measured im-
mediately upon turning off the Xe lamp. Subsequently, these
photocharged TiO, and Au/TiO»-coated electrodes were trans-
ferred to a separate 1 M KClI solution and discharged in the ab-
sence of light while air was flowed through the solution. Fol-
lowing this, CV analysis was conducted in the initial electrolyte
solution to evaluate the discharged state of both the TiO, and
Au/TiO; electrodes.

Computational Studies. Density functional theory calcula-
tions are performed using the Vienna ab initio simulation pack-
age.**7 The exchange-correlation energy is calculated using
the Perdew-Burke-Emzerhof functional.*® The projector-aug-
mented wave method is used to describe the core electrons.*’
The one-electron wave functions are developed on a basis set of
plane waves with a 400 eV energy cutoff. To correct for the
self-interaction error of Ti 3d electrons, a Hubbard-like repul-
sion term is added using Dudarev’s approach, with Ur; = 3.5
eV, determined using linear response.>®>! The Brillouin zone is
sampled at the Gamma point only, since unit cell is large. En-
ergy differences between steps in SCF cycles are converged to
107® eV. Atomic positions are relaxed until the forces are less
than 0.05 eV/A. The dDsC dispersion correction method is used
to account for van der Waals forces.’>** Surface charging with
implicit solvation model is used to simulate the aqueous elec-
trolyte, with 3.05 A Debye length simulating 1 M KCl electro-
lyte.>* > Bader charge analysis is employed to determine local
charge of atoms.*% %

Nitroblue tetrazolium (NBT) assay. The NBT assay is a
spectrophotometric technique employed to detect the genera-
tion of superoxide ions (O,"), which are reactive oxygen spe-
cies. The reaction is shown in Figure S16. In this experiment,
a 100 uM NBT solution was reacted with both photocharged
and uncharged Au/TiO; NPs (2 mg/mL) under dark conditions
to maintain an aerobic environment while purging with air gas.
When exposed to superoxide ions (O,™), NBT molecules (hav-
ing an absorbance peak at 259 nm) are reduced to formazan,
which exhibits an absorbance peak at 560 nm. The relative
amount of generated superoxide ions can be determined by
monitoring the decrease in absorbance at 259 nm, using a spec-
trophotometer (Product No. A23615, Beckman Coulter Inc.,
USA).

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic  acid)
(ABTS) assay. The ABTS assay is a spectrophotometric
method used to detect the generation of hydrogen peroxide
(H20y); the reaction is depicted in Figure S17. The amount of
H,0, generated from Aw/TiO, NPs was quantified using the
ABTS assay, which relies on the oxidation of ABTS, catalyzed
by horseradish peroxidase (HRP). In this procedure, 0.05 mL of
reaction samples were combined with 0.95 mL of a mixture
containing 2 mM ABTS and 2.5 U HRP. After a 10 min incu-
bation period at room temperature, the absorbance of the mix-
ture was monitored at 420 nm using a spectrophotometer (Prod-
uct No. A23615, Beckman Coulter Inc., USA). The amount of
H>0, produced was calculated based on a pre-established cali-
bration curve.

Dark catalytic degradation of methylene blue (MB). Be-
fore the dark-catalytic reactions, a conical tube filled with SmL

of DI water in a conical tube was thoroughly purged with N,
gas. TiO, or Au/TiO, NPs (10 mg) were then dispersed in the
water and again N, gas purged. The particles were photo-
charged by illumination with the Xe lamp under anaerobic con-
ditions with N, gas purging for 1 h. After switching light off,
methylene blue (MB) dye (2 mg/mL) was added to the aqueous
solution containing the photocharged Au/TiO, NPs, reaching a
final concentration of 300 pM. The mixture was then allowed
to react in the dark under aerobic conditions created by air purg-
ing for 1 hour. After the dark-catalytic reaction, Au/TiO, NPs
were removed from MB solution by centrifugation. The MB so-
lution was then diluted 10-fold in DI water, and the absorbance
of the diluted MB solution was monitored at 662 nm using a
spectrophotometer (Product No. A23615, Beckman Coulter
Inc., USA). For the uncharged states, Au/TiO, NPs, which were
maintained in the dark under anaerobic conditions with N, purg-
ing for 1 hour, were allowed to react with MB in the dark under
aerobic conditions with air gas purging.
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