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Detailed understanding of the photocatalyst/electrolyte interface is critical to
further development of photocatalysts. The authors observed a unique
phenomenon whereby interface reactions between TazNs and Co(OH), under
photo-electrochemical conditions improved the performance of TazNs for solar
water oxidation. The photo-induced interface not only improved the surface
kinetics but also inhibited severe Fermi-level pinning for bare TasNs. The strategy
developed here sheds light on new future routes to modifying photocatalysts for
better performance.
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SUMMARY

The semiconductor/electrolyte interface plays important roles in defining the
performance of photocatalysts but is poorly studied. Here, we report a surpris-
ing observation that unique reactions at this interface under photo-electro-
chemical (PEC) conditions lead to unusual performance enhancement of TazNs
for solar water oxidation reactions. The enhancement was only observed
when Co(OH), was introduced as a water oxidation co-catalyst. lllumination
and positive bias were also critical to the enhancement. It was proposed
that O® radical formation induced by illumination results in the formation of
Ta-O-Co bonds, which exhibit less severe Fermi-level pinning when compared
with Ta-O-Ta bonds that are more commonly observed on bare TazNs under
normal PEC conditions. When a high-performance oxygen evolution catalyst
such as cobalt phosphate (Co-Pi) was added to the Ta3zNs/Co(OH), system,
high photocurrent densities and good stability were achieved simultaneously.

INTRODUCTION

Photocatalysis by semiconducting materials represents an important class of chem-
ical reactions.”? Key to the functionality and performance of a photocatalyst is the
interface between the semiconductor and the electrolyte.”™ On the one hand, the
interface is critical to the separation of photogenerated charges within the semicon-
ductor. On the other hand, the interface plays a vital role in transferring the
separated charges for desired chemical reactions in the liquid electrolyte. Chal-
lenges that limit the overall performance of a photocatalyst, such as poor charge
separation or low stability, are often connected to issues at the interface. For
instance, previous studies on Fe,O3 by us®® and others”'® have revealed that
surface states at the semiconductor/liquid interface (SCLI) are a critical reason for
the low photovoltages, understanding of which has led to significantly improved
performance of Fe,Os for solar water oxidation." ' Similarly, detailed analysis on
TasNs has uncovered that rapid formation of surface states due to displacement
of N atoms by O is the real reason for the fast performance degradation.'” These
previous successes highlight the importance of studying the SCLI in detail. However,
most prior studies fail to account for the dynamic nature of the interface, particularly
for systems where co-catalysts are present.”'* Given that the application of co-
catalysts has been increasingly recognized as critical for complex reactions such as
water oxidation'® and CO; reduction,'® it is important to correct such a deficiency.
Here, we report a study focused on the interactions between the co-catalyst
(Co(OH),) and the photo-active semiconductor (TasNs). It is found that only under
illumination conditions does a favorable interface form, leading to continuous
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Context & Scale

The semiconductor/electrolyte
interface plays an important role
in defining the photocatalysis
reaction but is poorly understood.
Here, the authors used tantalum
nitride as the study platform to
demonstrate how detailed
understanding of the interface can
influence the performance. A
unique type of bonding between
TasNs5 and Co(OH), in the form of
Ta-O-Co under photo-
electrochemical conditions was
found. It led to a surprising
improvement in solar water
oxidation performance by Ta3Ns5,
which usually exhibits rapid
decay. The role of the photo-
induced interface was further
revealed to be 2-fold. First, it
suppresses Fermi-level pinning
common to the TazNs/H,O
interface due to the formation of
Ta-O-Ta, which has been
previously identified as the key
reason for rapid performance
decay. Second, the new interface
was found to enhance charge
transfer, leading to better charge
utilization. These findings offer an
opportunity to modify the
photocatalyst by unique reactions
on the surfaces.
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improvement of the performance of TazNs. The effect is in stark contrast to bare
TazNs, which would degrade rapidly under similar conditions.

We chose Ta3Ns5 as the prototypical material platform for the present study for two
important reasons. First, the physical properties of TazNs render it an appealing
material choice for solar water splitting applications, including a 2.1 eV direct
bandgap and suitably positioned band edge positions that straddle water reduc-
tion/oxidation potentials.’’"'® Indeed, photocurrents near the theoretical limit
have been measured on Ta3zNs under photo-electrochemical (PEC) conditions."”
Second, poor stability is a critical issue that limits the prospect of TazNs as a practical
photo-electrode material for solar water splitting. The large gap between the prom-
ises and the measured performance makes it significant to stabilize TazNs under PEC
water oxidation conditions.?>~® While encouraging results have been obtained
recently by the introduction of, for instance, hole storage layers®*?® or GaN,?® these
efforts do not involve chemical reactions between Ta3zNs and the co-catalyst and/or
the passivation layer. Our approach reported here therefore represents a new direc-
tion toward stabilizing TazNs. Our efforts are also inspired by recent observations
that the performance of BiVO, can be improved by a photocharging effect.”’**
Nevertheless, the study on BiVO, photocharging primarily focused on how the semi-
conductor changes in response to light. Our study reported here takes an important
step forward by examining the interactions between the semiconductor and the co-
catalyst.

RESULTS AND DISCUSSION

The synthesis of the Ta3zNs nanotube (NT) was reported previously based on an
anodization-nitridation |oroceo|ure.13'29 As shown in Figure 1A, Co(OH), was depos-
ited on TasNs NT using a hydrothermal method. The structure of Co(OH), and its
nanosheet morphology was confirmed using X-ray powder diffraction and scanning
electron microscopy (SEM), respectively (Figures ST and S2 in the Supplemental
Information). The characteristic photocurrent density-voltage relationship (J-V) for
TazNs with Co(OH); is plotted in Figure S3A in the Supplemental Information. It is
surprising that repeated PEC scans led to an obvious increase in the photocurrent,
which is opposite to how bare Ta3Ns photo-electrodes behave (Figure S3B). For
easy comparison of the effect, the photocurrent densities at V = 1.23 V (versus
reversible hydrogen electrode [RHE]) were plotted as a function of PEC scans in Fig-
ure 1B. Itis seen thatat the 14t cycle, the photocurrent (3.1 mA/cm?) was three times
that of the first scan (1.0 mA/cm?). The effect was also obvious from the chronoam-
perometry data as shown in Figure 1C, where the photocurrent densities of two
samples, bare TazNs and TazNs with Co(OH), co-catalyst (denoted as Ta3Ns/
Co(OH),), were recorded as a function of time. While the initial photocurrent density
for the two samples were comparable (ca. 0.8 mA/cm?), it increased to 3.2 mA/cm?
for the sample with Co(OH), co-catalyst and decreased to 0.1 mA/cm? for bare
TazNs within 30 min. While modest compared with the best photocurrent densities

131926 the value is in line with those

as reported on Ta3N5s recently by us and others,
for non-optimized systems.?>*? We highlight that the results reported here nonethe-
less set the stage for future optimizations. Stability up to 5 hr can be achieved for
Ta3Ns/Co(OH),, which was much better than bare TazNs (Figure S3C). More interest-
ingly, dark electrochemical (EC) water oxidation performance did notimprove under
similar electrolysis conditions. The dark current density appeared to be higher
compared with that under light conditions because of the high applied potentials
(2 V versus RHE for the measurements of dark currents; 1.23 V versus RHE was

applied for the light current measurements). At this potential, the diode formed at
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Figure 1. PEC Measurement for TazNs and TazNs/Co(OH),

(A) Schematics illustrating the surface oxidation of bare TazNs and the formation of new interfaces
between TasNs and Co(OH), during solar water oxidation.

(B) Photocurrent densities at 1.23 V from 20 cycles of consecutive cyclic voltammetry (CV) scans of
Ta3Ns/Co(OH),.

(C) Photocurrent density-time data of TagNs/Co(OH), and bare TazNs at 1.23 V. Dark current
density-time data of TazNs/Co(OH), at 2 V. The electrolyte (1 M NaOH) and the lighting conditions
(AM 1.5 illumination at 100 mW/cm?) were the same for the data shown in (B) and (C). All voltages
are relative to reversible hydrogen electrode (RHE).

the TasNs/electrolyte interface is effectively operating in the breakdown regime,
acting as a conductive substrate to support Co(OH), as an oxygen evolution reaction
catalyst. To exclude the possibility that the observed increase of photocurrent was
due to parasitic reactions (e.g., the oxidation of Co?") instead of water oxidation,
O, was detected as a product during photo-electrolysis, and a faradic efficiency
close to 100% was measured (Figure S4).

To understand the reasons for the performance enhancement, we inspected both
the semiconductor and the co-catalyst next. The improvement of water oxidation
catalysts under photo-oxidation conditions has been reported by Li et al. and was
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Figure 2. Control Experiments to Understand the Reasons for the Performance Enhancement
(A) J-V data of TazNs/Co(OH); as-prepared and after EC and PEC treatment in 1 M NaOH. EC
treatment, dark electrolysis at 2V for 10 min; PEC treatment, photo-electrolysis at 1.23V for 10 min.
The arrows highlight the improvement of photocurrent densities and turn-on potentials after PEC
treatments.

(B) J-V data of three different TazNs samples in 0.1 M phosphate buffer with 0.1 M K4Fe(CN),

(pH 10). Sample 1, as-prepared TazNs/Co(OH),; sample 2, TazNs by dissolving Co(OH); in
Ta3Ns/Co(OH),; sample 3, TasNs by dissolving Co(OH); in TagNs/Co(OH), after PEC water
oxidation. PEC water oxidation conditions: 20 consecutive CV scans from 0.4 to 1.43 V and 30 min
photo-electrolysis at 1.23 Vin 1 M NaOH.

The arrow highlights the decrease of photocurrent densities for Sample 3 in comparison with
Samples 1 and 2.

(C) Photocurrent density-time data for hematite with and without Co(OH), in 1 M NaOH at 1.23 V.
The photocurrent was normalized to the value at the initial time.

(D) Photocurrent density-time data for TazNs with Co(OH),, NiFeO,, and Co-Pi (10 min deposition time)
catalystin 1 M NaOH at 1.23 V. The photocurrent density was normalized to the value at the initial time. The
lighting conditions (AM 1.5 illumination at 100 mW/cm?) were the same from (A) to (D).

attributed to the charging effect of Ni(OH),.?” Similarly, EC activation of catalysts has
been observed for Co(OH), and Ni(OH), by Boettcher et al.®1%? To understand
whether the phenomenon as shown in Figure 1 can be explained by catalyst activa-
tion, we measured and compared the J-V curves of TazNs/Co(OH), under two
different conditions: (1) after photo-electrolysis at 1.23 V for 10 min; (2) continuous
electrolysis at 2 V for 10 min. As shown in Figure 2A, the photocurrent at 1.23 V
increased 16% in the absence of light. By stark contrast, it increased by a of factor 2
under PEC conditions. Further increasing the applied potential and time for the EC
treatment showed little enhancement for both photocurrent densities and turn-on
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potentials (Figure S5). In addition, the possibility that the EC treatment will damage
the photo-electrode was excluded, as shown in Figure S5. The results suggest that
electrochemical activation of Co(OH); is modest (16% only) and cannot account
for the observed enhancement. Moreover, Co(OH), was confirmed to be oxidized
to CoOOH under both EC and PEC conditions (Figure S6), further supporting that
changes in the catalyst were not the key reason for the performance enhancement.

Next, we conducted experiments to understand whether TasNs was improved as a result
ofillumination under PEC conditions. Previously, the photocharging effect was observed
on BiVO,.%”?® For this portion of the work, photo-oxidation of Fe(CN)g*~ instead of H,O
oxidation was employed. This is because, as a hole scavenger, Fe(CN)4*~ is expected to
more effectively collect holes reaching the SCLI, thereby offering a reliable evaluation of
the true properties of TazNs.>** As shown in Figure 2B, three different samples were
compared, including as-made Ta3Ns/Co(OH), (sample 1), bare TazNs prepared by dis-
solving Co(OH) in as-made Ta3zNs/Co(OH), (sample 2), and TazNs prepared by dissolv-
ing Co(OH), in TazNs/Co(OH), after PEC water oxidation (sample 3). Two important
observations were made. First, samples 1 and 2 exhibited similar performance. This in-
dicates that the deposition and removal of Co(OH); had little influence on Ta3Ns itself.
While careful examinations of the data may reveal slight differences in the onset charac-
teristics (better performance for sample 2), the difference is within the range of variations
observed in different batches of samples. We therefore do not believe the difference to
be of significance for this body of work. Second, sample 3 exhibited poorer performance
than sample 2. The result was surprising because TazNs/Co(OH), after the PEC test (but
prior to the removal of Co(OH),) would exhibit better performance than sample 2 (see
Figures 1 and 2A). In addition, the nanotube morphology was not changed even after
the HySO, treatment, as shown in Figure S8. The results strongly support that
Co(OH); had to be present for the performance enhancement.

A third possibility that we evaluated was whether Co(OH), co-catalyst was photo-
electrochemically activated. We designed experiments to replace TasNs with
Fe,Oj3, which is a well-studied photo-electrode material that does not exhibit a pho-
tocharging effect. As shown in Figure 2C, the photocurrent of Fe,O3 with Co(OH);
did not increase as a result of PEC water oxidation. A small increase (<5%) in the
photocurrent of the bare Fe,O3 sample was observed, but it is mostly likely induced
by the formation of FeOOH on the surface as a more effective water oxidation cata-
lyst than Fe,O3.% Similar conclusions (no performance enhancement upon PEC)
were obtained for TiO, as well (Figure S9), indicating that the activation of
Co(OH); was not responsible for the performance enhancement of TazNs/Co(OH),.

The last possibility studied by this body of work was whether the effect is unique to
the TazNs/Co(OH), combination. For this purpose, we replaced Co(OH), with other
two popularly studied co-catalysts, NiFeO, and Co-Pi.?’*? Compared with TasNs/
Co(OH),, both TazNs/Co-Pi and TazNs/NiFeO, showed quick photocurrent decays
during photo-electrolysis (Figure 2D) or consecutive cyclic voltammetry (CV) scans
(Figures STOA and S10B). For instance, only 30% of the original photocurrent re-
mained for TazNs/Co-Pi after 30 min photo-electrolysis. At this stage, we do not fully
understand what compositions in Co-Pi prevent it from reacting with TazNs in the
same way as Co(OH), under identical conditions, but emphasize that the results
are highly reproducible (observed on over ten different batches of samples). The
decay for TazNs/NiFeO, was even more severe (12% of the original photocurrent
remained). However, when Co(OH), was combined with NiFeOy, a similar phenom-
enon as in the case of Co(OH), could be observed, but with 30% higher photocurrent
density at 1.23 V and comparable stability (Figures S10C and S10D). Furthermore,
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Figure 3. PEC Performance of TazNs/Co(OH),/Co-Pi

(A) J-V data of TazNs/Co(OH), and TasNs/Co(OH),/Co-Pi after photo-electrolysis at 1.23 V for

30 minin 1 M NaOH. The deposition time of Co-Pi was 30 min.

(B) Photocurrent density-time data for TazNs/Co-Pi and Ta3sNs/Co(OH),/Co-Piin 1 M NaOH at
1.23 V. The deposition time of Co-Pi was 40 min. The photocurrent density was normalized to the
value at the initial time. The lighting conditions (AM 1.5 illumination at 100 mW/cm?) were the same
in (A) and (B).

when Co(OH), was combined with Co-Pi, the photocurrent density at 1.23 V could
be improved to 6 mA/cm? (Figure 3A) with adjustment of the Co-Pi deposition
time (Figure ST11A). The hybrid photo-electrode showed similar stability as
TazNs/Co(OH),, which was much better than that of TasNs/Co-Pi alone (Figures
3B and S11B). In addition, although the stability of TazNs/Co-Pi in Figure 3B was
better than that in Figure 2D with the deposition time increased, the trend of perfor-
mance decay remained the same, which further revealed the important role of the
Ta3zNs/Co(OH), interface in good stability. It has been previously reported that
different degrees of surface oxidation of TazNs would have different influences on
the properties.'” Because the extent of surface oxidation as a function of time was
similar for TazNs/Co(OH),, TazNs/NiFeO,, and Ta3Ns/Co-Pi, we concluded that
such an explanation is unlikely to be responsible for the observed performance
enhancement (Figure S12). Lastly, we also studied whether the observed perfor-
mance enhancement was a result of the reactions between Ta3zNs and the precursor
to Co(OH),,*° and it was found that the effect was not dependent on the type of
precursors used (Figure S13 in Supplemental Information).

To summarize the experimental observations at this point, we see that a profound
performance enhancement was obtained when Co(OH),-coated TazNs was sub-
jected to PEC reactions. The effect was unique to the TazNs/Co(OH), combination,
and light was critical. Inspired by our previous understanding that the rapid
degradation of TazNs is due to surface Fermi-level pinning as a result of displace-
ment of N atoms by O,"® we assessed the surface energetics and kinetics by the
open-circuit potential (OCP) and intensity modulated photocurrent spectroscopy
(IMPS) techniques, respectively. Our goal was to observe whether the PEC treatment
in the presence of Co(OH); leads to reduced surface Fermi-level pinning. Indeed, as
shown in Figure 4A, the OCP of TazNs/Co(OH), as measured in light shifted nega-
tively due to PEC reactions by 0.14 V, indicating that the surface Fermi level shifted
toward the conduction band edge. The value was consistent with the change of turn-
on potentials (Vo,, Figure S3). In contrast, the OCP of bare TazNs showed a positive
shift after PEC water oxidation, indicating that the surface Fermi level has shifted
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Figure 4. Detection of the Light-Induced Interface in TazNs/Co(OH), and Its Effect on the Surface
Energetics and Kinetics

(A) Open-circuit potential of bare TazNs and Ta3zNs/Co(OH), with different photo-electrolysis times
at1.23Vin 1 M NaOH (AM 1.5 illumination at 100 mW/cm?).

(B) Charge recombination rate constants of bare TazNs, TazNs/Co(OH); after the first CV and after
photoelectrolysis at 1.23 Vin 1 M NaOH for 20 min (405 nm LED with 134 mW/cm?). Detailed data
interpretation is shown in Figure S15.

(C) Ta 4f XPS spectra of TazNs/Co(OH), as-prepared, and after EC treatment and PEC treatment.
The shifts of the individual components are highlighted in the bottom panel. EC treatment, 1.7 Vin
1 M NaOH for 1 hr; PEC treatment, 1.23Vin 1 M NaOH for 30 min.

toward the valence band edge due to surface oxidation.'® In addition, the OCP of
Ta3zNs/Co(OH), after EC treatment was more positive than after PEC treatment,
further illustrating the unique effect of light on the surface energetics (Figure S14).
Taken as a whole, we clearly observed greater photovoltages by measuring the
difference between the dark OCPs (Figure S14) and light OCPs (Figure 4A) owing
to the suppression of the Fermi-level pinning effect. Similarly, the IMPS data clearly
confirmed that surface recombination rate constants (k...) at 0.9 V decreased by a
factor of 3 when the PEC treatment was extended from one CV scan to 20 min
photo-electrolysis (Figure 4B). Bare Ta3zNs featured k.. values 80 times higher
than those of TazNs/Co(OH), after PEC treatment. Moreover, charge transfer
kinetics was also improved after the PEC treatment, as supported by the increase
in charge transfer rate constants (ki) obtained from IMPS (Figure S16) and the
decrease in charge transfer resistance obtained from photo-electrochemical
impedance spectroscopy (PEIS, Figure S17). We note that as an analytic tool de-
signed to represent a simplified model with a simple photo-electrodelelectrolyte
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interface, IMPS has inherent deficiencies in describing complex systems such as the
one studied here. As such, we caution on overinterpretation of the data in a quanti-
tative fashion. Taken as a whole, this set of data supports that under PEC conditions,
the presence of Co(OH), on Ta3Ns leads to a better SCLI by not only decreasing
surface recombination but also increasing charge transfer.

To further understand the origin of such an effect, we used X-ray photoelectron
spectroscopy (XPS) to probe the binding energies of Ta 4f electrons. The data for
three samples with different histories (as-prepared, after PEC treatment, and after
EC treatment) are shown in Figure 3C. The peaks at 25.1 eV can be deconvoluted
into three key components, including contributions from N-Ta-N, O-Ta-N, and
O-Ta-O bonding. For the as-prepared sample, the binding energies of each compo-
nent were consistent with the values reported in the literature.”’ The position of each
component remained the same after the EC treatment. However, after the PEC
treatment, the peak representing O-Ta-O bonds shifted to the negative direction
by 0.4 eV (red bar highlighted in the inset of the bottom panel in Figure 4C). The
peak corresponding to O-Ta-N bonds showed a similar shift but with a smaller
magnitude (0.2 eV). By contrast, the peak assigned to N-Ta-N bonds shifted
positively by ca. 0.1 eV, representing a shift of the surface Fermi level toward the
conduction band edge. The result is consistent with the light OCP results as shown
in Figure 4A. The negative shift of the O-Ta-O and O-Ta-N binding energies after
PEC treatment may be explained by the interaction of Co with Ta in the form of
Ta-O-Co bonding, in which case the introduction of Co weakened the neighboring
Ta-O bonding, thus leading to smaller binding energies of Ta. Similar shifts of bind-
ing energies have been reported for Ti-O-Co bond formation.** We envision that
highly surface-sensitive spectroscopic techniques such as attenuated total reflec-
tance IR or synchrotron-enabled extended X-ray absorption fine structure spectros-
copy may be used in the future to provide more details of the nature of bonding. It is
noted that when Co(OH), was removed, the binding energies of all three compo-
nents (N-Ta-N, O-Ta-N, and O-Ta-O bonds) were the same as the as-prepared
sample (Figure S18), providing further strong support that the TazNs/Co(OH),
combination is unique to the unusual performance enhancement observed here.
In addition, the transmission electron microscopy (TEM) images also provided evi-
dence for the formation of the TazNs/Co(OH), interface after the PEC measurement
(Figure S19).

To explain the unusual phenomenon as summarized above, we propose a mecha-
nism as shown in Figure 5. Previous research has shown that surface oxidation of
TazNs leads to severe surface Fermi-level pinning and is the key reason for the rapid
performance degradation under PEC or EC conditions (top route in Figure 5)." %344
We understand that the presence of Co(OH), promotes the formation of Ta-O-Co
bonds instead of Ta-O-Ta bonds. It is nonetheless curious that such an effect was
only observed when light was present. To illustrate the critical role of light, we pro-
pose that O" radical formation under PEC conditions may be the key. As shown in
Figure 5, the Ta-O-Co bonds are less likely to form under EC conditions due to
the lack of O" radicals in the absence of light.*> To support our hypothesis, control
experiments were carried out in the electrolyte with hole scavengers. It has been
shown previously that the formation of O" radical was an important step for photo-
catalytic water oxidation on semiconductors such as TiO, and TaON.*>*¢ When an
efficient hole scavenger was present in the electrolyte, such as Fe(CN)*~, direct
valence band hole transfer to solution would dominate under PEC conditions,
bypassing water oxidation processes and possibly eliminating radical formation.*’

Based on this rationale, we expect that if the formation of Ta-O-Co bonds indeed
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Figure 5. Proposed Mechanism for the Formation of the Ta-O-Co Bond under PEC Conditions
The surface oxidation of bare TazNs and the electrochemical oxidation of TazNs/Co(OH), are
included for comparison.

requires O" radical as a water oxidation intermediate, the presence of hole
scavenger would inhibit its formation. Indeed, as shown in Figure S20, Ta3Ns/
Co(OH); tested with hole scavengers showed much worse performance compared
with the one without hole scavengers (1 M NaOH only) under otherwise identical
PEC conditions. Nevertheless, we note that more direct evidence to support the
radical-mediated interface behavior still requires the detection of the O radicals,
and this will be a focus of our future research. For example, in situ electron spin reso-

nance spectroscopy can be an effective method for this goal.*®*?

In summary, we have observed a unique phenomenon that the water oxidation
performance of TazNs/Co(OH), photo-anode is improved under PEC conditions.
The result is very different from bare Ta3Ns, which undergoes rapid performance
degradation. Experimental characterization confirmed that the effect is due to the
unique chemical interactions between TazNs and Co(OH); in the presence of light,
which leads to reduced surface Fermi-level pinning and reduction of surface charge
recombination as well as the increase in surface charge transfer. O” radical-mediated
Ta-O-Co formation is proposed to explain the unusual phenomenon. In addition,
with the combination of Co(OH), as the immediate contact layer to TazNs and
another highly effective water oxidation catalyst (NiFeO, or Co-Pi) as the outer layer,
both good stability and high photocurrent was achieved on TazNs.

EXPERIMENTAL PROCEDURES

Synthesis of TazNs Nanotubes

The TazNs NTs were synthesized through anodization of Ta foil to form tantalum
oxide NTs and then annealed in NHj to form Ta3zNs based on a reported method."®
For the anodization process, tantalum foil (0.127 mm thick; Alfa Aesar) was cut into
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1 x 3.5 cm pieces with one side roughened by sandpaper for 10 min. Before the
anodization, the Ta foil was cleaned by ultrasonication in acetone, methanol, isopro-
panol, and deionized (DI) water and dried by flowing air. The electrolyte for
anodization consist of 76 mL of sulfuric acid (95%-98%; Sigma-Aldrich), 0.8 mL of
hydrofluoric acid (48%; Sigma-Aldrich), and 3.2 mL of Dl water after vigorous stirring.
Then 60 V DC bias was applied to Ta foil against a Pt gauze counter electrode for
15 min without stirring the electrolyte. After the anodization, the sample was rinsed
by ethanol and dried naturally in air. The tantalum oxide was converted to TasNs
under 1,000°C for 2 hr with anhydrous NH; flowing at 75 sccm (pressure was
maintained at 600 torr). The synthesis of TiO, and hematite is described in the
Supplemental Experimental Procedures.

Synthesis of TazNs/Co(OH), Nanosheets

Co(OH)(OCH3;) powders were synthesized based on a modified method.”® Cobalt
nitrate hexahydrate (0.2910 g Co(NOs3),-6H,0, ACS reagent, 98%; Sigma-Aldrich)
was dissolved in 15 mL of methanol (99.8% ACS reagent; Sigma-Aldrich). The solu-
tion was sealed in a Teflon autoclave and placed in an oven at 180°C for 24 hr. The
precipitate obtained was washed in ethanol and H,O and collected after centri-
fuging for 10 min at 3,000 rpm. Pink powders were obtained after drying the precip-
itate in an oven at 80°C for 10 hr. A certain amount of Co(OH)(OCHj3) powder was
added to 10 mL of DI water and ultrasonicated for 30 min. The amount of
Co(OH)(OCH3;) was optimized to 2-4 mg based on the PEC performance of
TazNs/Co(OH), for water oxidation as shown in Figure S21. The supernatant was
added to a Teflon autoclave with the Ta3Ns NT facing up, after etching in a mixture
of HF:HNO3:H,0 (1:2:7 v/v/v) for 30 s. The container was placed in an oven at 120°C
for 1 hr. After that, the Ta3zNs/Co(OH), nanosheet sample was washed gently in DI
water and dried in air. In order to remove the Co(OH), on the TasNs surface, the
Ta3zNs/Co(OH), samples were etched in 1 M H,SO4 at 90°C for 10 min. The synthesis
of another type of Co(OH),, Co-Pi, and NiFeO, is described in the Supplemental
Experimental Procedures.

PEC Measurement

PEC measurement was carried out with a potentiostat (Modulab XM coupled with
Modulab XM ECS software) in a three-electrode configuration. The light source
was an AM 1.5 solar simulator (100 mW/cm?, Solarlight Model 16S-300-M Air
Mass Solar Simulator). For water oxidation, the electrolyte was 1 M NaOH
(pH 13.6), and the reference electrode was Hg/HgO. For hole scavenger oxidation,
the electrolyte was 0.1 M potassium phosphate with 0.1 M K4Fe(CN), (pH 10), and
the reference electrode was Ag/AgCl. Particularly, the hole scavenger solution
used in Figure S20 was 1 M NaOH with 0.1 M K4Fe(CN),, and the reference electrode
was Hg/HgO. In a typical CV test, the potential was swept between 0.4 Vand 1.4V at
a scan rate of 20 mV/s. In a typical light OCP measurement, the open-circuit
potential value was recorded after a minimum of 20 min stabilization under open-cir-
cuit conditions with vigorous stirring.

IMPS Measurement

IMPS spectra were recorded with a potentiostat (Modulab XM coupled with a
frequency response analyzer, a 405 nm LED, and Modulab XM DSSC software) in
the same three-electrode cell as the PEC test. The IMPS data were obtained at
different applied potentials between 0.43 V and 1.63 V, and at each potential,
10% light intensity modulation was varied between 10 kHz and 0.1 Hz. The light in-
tensity at the electrode was about 134 mW/cm?. PEIS measurements are described
in the Supplemental Experimental Procedures.
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Material Characterization

The samples were imaged by a field-emission SEM (JEOL 6340F) at 10 kV and TEM
(JEOL, 2010F) at 200 kV. The surface species and oxidation states were measured by
XPS (K-alpha™ XPS; Thermo Scientific, Al Ka. = 1486.7 eV). The spectra obtained were
calibrated to the binding energy of Au 4f;,, at 84.00 eV. The Au with 1 nm thickness
was sputtered onto the surface of the samples to serve as the calibration reference
before the XPS measurements. The X-ray diffraction was performed on a Rigaku
D/max-lIl A diffractometer.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures and 21
figures and can be found with this article online at http://dx.doi.org/10.1016/].joule.
2017.09.005.
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