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ABSTRACT: Photocatalytic water and methanol oxidation
were studied at thin film hematite electrodes synthesized by
atomic layer deposition (ALD). Systematic photoelectrochem-
ical characterization along with O, evolution measurements
were carried out in order to better understand the mechanisms
of both water and methanol oxidation at hematite electrodes.
When both water and methanol are present in the solution,
they are oxidized competitively with each other, allowing the
detection and assignment of distinct surface states character-
istic to each process. The measurement of different surface
states for methanol and water oxidation, along with the
absence of measurable surface states in an inert acetonitrile
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electrolyte, clearly shows that the detected surface states are chemically distinct reaction intermediates of water or methanol

oxidation.
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Bl INTRODUCTION

Hydrogen derived from solar energy driven water splitting has
emerged as one of the most promising candidates to eventually
supplant fossil fuels as the chemical fuel of the future, primarily
because solar energy and water are essentially inexhaustible,
This
process can be carried out using a photoelectrochemical cell
with semiconductor electrodes immersed in water where the
photogenerated electrons and holes are directly used to reduce
and oxidize water, respectively.2 Among the various semi-
conductor materials tested as photoanodes, hematite (a-Fe,05)
has received a lot of attention due to its combination of
sufficiently broad visible light absorption (up to 590 nm),
excellent stability under caustic operating conditions, and a
valence band positioned sufficiently low to oxidize water.”*
Some limitations related to the short collection length of
minority carriers have been addressed by nanostructuring,
encompassing the orthogonalization of light absorption and
minority carrier drift-diffusion directions, as well as alloying
strategies.s_9 Despite recent advances in charge separation,
charge collection at the electrode surface has been shown to be
a limiting reaction in the overall water splitting process."®

In order to boost the efficiency of water splitting photo-
electrochemical devices, allowing them to become a viable
technology, a detailed understanding of the charge transfer
dynamics leading to water oxidation is compulsory. Recent
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studies on Fe,O; have provided interesting insights into the
oxidation mechanisms, recognizing the relevance of surface
intermediates for water splitting,"' ~'* We recently developed a
general physical model, which explicitly includes the existence
of a surface state at the semiconductor/liquid interface. This
model successfully describes the accumulation of holes at the
surface of the semiconductor as an intrinsic part of the water
oxidation reaction.'® When an efficient hole scavenger is placed
in the solution, such as [Fe(CN)¢]*/*, this surface state does
not participate in the oxidation process and direct valence band
hole transfer to the solution is the dominant oxidation
mechanism.'® Note that this interpretation is not generally
accepted, with others suggesting hole trapping at the surface is a
process in parallel with direct hole transfer to water.'"'”~"
Methanol (CH;OH) oxidation in the presence of H,O is a
well-studied process, particularly for its relevance for the
development of methanol based fuel cells.”® Methanol has also
attracted considerable attention for fundamental studies
oriented to the photocatalytic elimination of organic com-
pounds in polluted water and air.*' Additionally, it has been
widely employed as a sacrificial hole scavenger for TiO,; its
oxidation leading to the formation of highly reducing
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Figure 1. (a) J=V curves of a hematite electrode under 1 sun illumination in contact with H,O (red), 0.2 M CH;OH (orange), 2 M CH;OH
(yellow), S M CH;OH (green), 10 M CH;0H (teal), and CH;OH (blue) vs Ag/AgCl. (b) Theoretical oxygen produced under 2 sun illumination
(lines) and measured O, concentration (shapes) for a hematite electrode in contact with H,O (solid line and circles), 0.2 M CH;OH (dotted line
and downward pointing triangles), 2 M CH;0H (short dashed line and squares), S M CH;OH (double dotted dashed line and diamonds), 10 M
CH,;OH (long dashed line and upward pointing triangles), and CH;OH (single dotted line and hexagons). Applied potentials for O, concentration
measurements were 1.4 V vs Ag/AgCl for the H,O and 5 M CH;OH electrolytes and 1.6 V vs Ag/AgCl for the CH;OH electrolyte.

hydroxymethyl radicals and consequently to current-dou-
bling.** These radicals can further decompose or couple into
added value compounds by complex reaction mechanisms>
and subsequent decomposition can take place by a direct or
indirect mechanism.>*"*® In addition, methanol has recently
been investigated as a model system of wastewater whose
oxidation offers an alternative hydrogen source.”’

The present study aims to further understand the
mechanisms of water and methanol photoinduced oxidation
on hematite electrode surfaces. Specifically, the role of a surface
state in both media will be resolved, and correlated with the
relative rates of water and methanol oxidation. Comparison to
an inert acetonitrile electrolyte is also presented which allows
confirmation of the assignment of surface states.

B EXPERIMENTAL SECTION

Hematite electrodes (~60 nm thick) were deposited by atomic layer
deposition (ALD) and characterized using a previously described
procedure."® The electrodes were measured in contact with aqueous
electrolytes containing a 0.1 M phosphate buffer (pH 6.9) with 0.2 M
KCI as supporting electrolyte. This aqueous electrolyte contained
varying amounts of methanol (CH;OH). Electrolytes containing only
methanol as the solvent also contained 0.2 M tetrabutylammonium
chloride as supporting electrolyte. The anhydrous methanol and
anhydrous acetonitrile solutions were prepared and sealed in an
electrochemical cell under nitrogen in a glovebox to minimize the
water content. Experiments were also performed with pH 13.6 (1 M
KOH) solutions and with different electrodes which all showed the
same trends.

Photoelectrochemical and impedance measurements made in
aqueous electrolytes were made using a homemade saturated Ag/
AgCl reference electrode. Those made in the anhydrous methanol
electrolyte were made using a commercial Ag/AgCl electrode (ESA
66-EE009 “no leak”). Both electrodes were calibrated to a saturated
calomel electrode (Koslow Scientic) and tested regularly in a
[Fe(CN)4J*/* solution to ensure consistency. A platinum mesh
electrode was used as the counter electrode. Unless noted otherwise,
measurements were made under 1 sun illumination (AM 1.5, 100 mW
em™?). Cyclic voltammetry (CV) measurements were carried out
immediately after the electrode was held at a positive potential (1.6 V
vs Ag/AgCl for aqueous electrolytes, 1.8 V vs Ag/AgCl for the
methanol electrolyte, and 1.5 V vs Ag/AgCl for acetonitrile
electrolyte) and 1 sun illumination for 60 s. This is expected to fully
oxidize the surface intermediates. Immediately before scanning the
CV, the light is turned off and the CV measurement is made in the
dark. For the anhydrous acetonitrile electrolyte, a positive potential of
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1.6 V vs Ag/AgCl was applied for 2 h in order to oxidize any trace
H,O in the solution or adsorbed on the electrode surface. Chopped
light J—V curves were measured at a scan rate of 75 mV/s and the light
was chopped every 266 ms. The current was sampled at a rate of 500
Hz. Steady state J—V curves were measured at 20 mV/s. In order to
deconvolute the chopped light J=V curve from potential, constant
potential transients were measured after turning the light on (where
the anodic current is measured) and turning the light off (where the
cathodic current is measured). These transients are labeled the anodic
and cathodic transients, respectively. The current was sampled at a rate
of 1000 Hz. Impedance measurements were measured at different
applied biases using a perturbation amplitude of 10 mV. The frequency
range was 10 kHz to 10 mHz. Data were fit using Zview software
(Scribner Associates). The light source was a 450 W Xe arc lamp
(Horiba Jobin Yvon). An AM 1.5 solar filter (Sciencetech Inc.) was
used to simulate sunlight at 100 mW cm™ (1 sun). The pH was
determined with a Crison Basic 20 pH meter.

Oxygen measurements were made with an Ocean Optics
spectrophotometer using a FOSPOR fluorescent patch. The electrode
was illuminated at 2 suns to produce more oxygen and increase the
signal-to-noise ratio. The theoretical amount of oxygen produced was
calculated by assuming that 4 holes are required to produce 1 molecule
of oxygen.

B RESULTS

Figure la shows the current density, ], vs applied voltage, V,
curves of Fe,O; in contact with electrolytes with varying
concentrations of CH;OH. When CH;OH is added to H,0, a
slight cathodic shift of the photocurrent onset takes place (see
inset of Figure la), in agreement with observations made by
other researchers.'! For anhydrous methanol, however, there is
a shallow photocurrent onset observed at a similar potential
(0.7 V vs Ag/AgCl), followed by a steeper current onset which
mimics the shape measured with water oxidation at hematite
electrodes. Surprisingly, there was an anodic shift of
approximately 300 mV which was needed to sustain a given
photocurrent density of 200 A cm™ compared to water based
electrolytes. This result is in contrast to literature results of
hematite photoelectrodes in contact with good hole scavengers,
such as [Fe(CN),]** and H,0,.2**

A fluorescence probe was used to measure the amount of O,
produced, which can be used to evaluate the faradaic efficiency
of H,O oxidation. The O, concentration was measured at an
applied potential of 1.4 V vs Ag/AgCl for H,O and CH;OH/
H,0 mixture electrolytes and 1.6 V vs Ag/AgCl for the
CH;O0H electrolyte such that the photocurrents were
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Table 1. Summary of Faradaic Efficiency Due to O, Generation for Varying Concentrations of CH;OH in H,0

0.75 V vs Ag/AgCl

1.4 V vs Ag/AgCl

[O,]/micromoles L™!

[0,]/micromoles L™*

[MeOH]/M [H,0]/M theoretical measured O, faradaic efficiency relative rate®  theoretical measured O, faradaic efficiency relative rate®
0.0 558.5 11.17 11.11 99.42% 50.13 49.81 99.36%
0.2 55.2 7.90 5.41 68.48% 133.48 49.20 36.00 73.17% 106.33
2.0 50.2 12.90 4.01 31.09% 56.52 §5.18 28.35 51.40% 24.11
5.0 46.7 10.77 1.89 17.55% 41.35 53.15 22.80 42.90% 11.71
10.0 37.8 7.29 0.59 8.06% 37.65 49.86 15.94 31.97% 7.02
“Ratio of CH;0H to H,O oxidation.
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Figure 2. (a) Mott—Schottky plot of Gy measured in the dark for H,O (red circles), S M CH;OH (green diamonds), and CH;OH electrolytes
(blue hexagons). (b) J—V curves of a hematite electrode under 1 sun illumination in contact with H,O (red), S M CH;0H (green) and CH;OH

(blue) plotted vs Egg.

approximately equal. This potential difference also accounts for
the difference in the flat band potential, Egg, between aqueous
and methanol based electrolytes, vide infra. In the case of the
aqueous electrolyte, the faradaic efficiency due to O,
production is approximately unity as shown in Figure 1b and
Table 1. As increasing amounts of CH;0H are added to H,O,
the faradaic efliciency due to O, generation decreased where no
O, generation could be detected in anhydrous CH;OH. This is
expected since the oxidation of CH3;OH should produce
formaldehyde or CO,, not 0,.>>***" Interestingly, a significant
amount of O, was generated even with large concentrations of
CH;0H. A summary of the amount of O, measured for
different CH;OH concentrations at applied potentials of 0.75
and 1.4 V vs Ag/AgCl can be seen in Table 1. Assuming that
holes oxidize either water to O, or methanol to a different
product, relative rates, vy, for CH;OH oxidation compared to
water oxidation can be calculated by the equation

(ol

where FE is the faradaic efficiency for O, generation. Results
are displayed in Table 1. When considering this relative rate,
there is a clear preference for CH;OH oxidation compared to
H,O oxidation, i.e, vy is greater than 1 for all potentials and
concentrations examined. Despite this preference, the overall
rate (current) is not significantly altered by adding CH;OH to
H,O as shown in Figure la. Poor current onset potentials still
exist with CH;OH in solution, showing that it is not acting as a
fast and model hole collector as others have suggested.""

In order to account for any differences in energetics (band
edge movement) due to the different electrolytes, impedance
spectroscopy (IS) measurements were performed in the dark.
Mott—Schottky plots were generated for pure H,O, CH;0H
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and S M CH;OH electrolytes by fitting the impedance spectra
to a Randle’s circuit. Since the electrode, and therefore dopant
density, is the same for all electrolytes, the slope of the Mott—
Schottky is expected to be independent of the electrolyte. This
is indeed the case, apparent from inspection of Figure 2a.
Therefore, to fit the Mott—Schottky plots, the slopes of all 3
electrolytes were fit globally. The extracted dopant density, Np,
was calculated to be 5.3 X 10" cm™, in good agreement with
previous results.'>'® The flat band potential was also extracted
from the Mott—Schottky plots and can be seen in Table S1.
The measured Egg for the aqueous electrolytes are nearly equal.
In anhydrous CH;O0H, however, the Egy is shifted ~200 mV in
the positive direction. Part of the difference in J—V curves can
therefore be attributed to a shift in the band energies. In order
to carry out an adequate comparison between the different
electrolytes, potentials were normalized to their respective
Egg’s. Normalized J—V curves are shown in Figure 2b, which
also provide a clear estimate of the overpotentials needed to
carry out H,0 (E) and CH;OH oxidation (E° = 0.02 V vs
RHE).*® At high positive applied potentials, the current
achieved in all electrolytes is approximately equal; the water
oxidation photocurrent has previously been shown to be equal
to the current with a fast hole scavenger and controlled only by
hole transport to the surface.'® Thus, we conclude that
methanol oxidation with Fe,O; electrodes does not result in
current-doubling reactions. We have suggested previously that
in these thin films, at high applied potential, the photocurrent is
controlled by the rate of photogenerated holes that reach the
surface; i.e., water oxidation is not the rate limiting step. Thus,
addition of a fast hole collector (e.g., H,O, or [Fe(CN)]*)
should not increase the current at a given positive Fermi level.
Even when correcting for the change in the Egp, the steep
current onset of anhydrous CH;OH oxidation occurs at more
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positive potentials compared to H,O oxidation suggesting that
photoelectrochemical differences cannot be solely attributed to
differences in the position of the bands of Fe,O; in different
media.

In order to get more detailed mechanistic information on
water and methanol oxidation, impedance spectroscopy
measurements were also performed under illumination
conditions. Aqueous electrolytes produced Nyquist plots with
two clearly distinguishable semicircles near the current onset
potential (Supporting Information, Figure S2). A physical
model which has been previously developed for the
interpretation of charge transfer from hematite electrodes to
water can be seen in the form of an equivalent circuit, EC,
shown in Figure 3a.">'® A graphical representation of this EC
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Figure 3. (a) Simplified model involving hole transfer through a
surface state (b) Simplified model involving direct hole transfer from
valence band (c) Randles circuit.

with the physical model of hematite/electrolyte interfaces can
be seen in Figure S15. This general model specifically includes
the presence of a surface state able to capture conduction band
electrons and valence band holes; the trapping-detrapping
kinetics are related to Ry, and the occupancy of the surface
state produces a chemical capacitance, Cy,. Charge transfer takes
place through this surface state with a charge transfer resistance,
R Additionally, a bulk capacitance, C,, accounts for the
space charge capacitance. This EC was used to fit IS data
gathered in H,0 and 5 M CH;0H electrolytes. For the pure
H,O electrolyte, a clear peak in C, develops with voltage which
is coincident with the current onset potential (Figure 4a). This
peak highlights the requirement for charge accumulation at the
surface for water oxidation to occur, and has been pointed out
by other researchers.> ** When CH;OH is added to the
aqueous solution, a C peak is also observed, at the same
potential vs Epg as shown in Figure 4a. The magnitude of this
peak is approximately half that of the H,O electrolyte, however,
reflecting that fewer holes accumulate at the surface in this
state. This result is further corroborated by CV measurements
presented below. This result is also in good agreement with the

O, evolution measurements displayed in Figure 1b, which
indicate that oxidation of both water and methanol leads to the
obtained photocurrent. Since the intensity of the C,, peak and
the rate of O, generation are characteristic for water oxidation,
the decrease of both measured parameters upon methanol
oxidation further indicates that water oxidation occurs through
this surface state intermediate. In addition, the decrease of Cg
upon methanol addition, with a constant photocurrent, clearly
shows that water and methanol oxidation are competitive
processes, and that methanol oxidation takes place through a
different pathway. Despite methanol reducing the measured
capacitance of surface states due to water oxidation, two
capacitive features are still observed in impedance spectra
measured in the anhydrous methanol electrolyte (see the
Nyquist plots included as Supporting Information, Figure S2b).
Since it appears that charge transfer to methanol occurs
through a different pathway than that of water, we invoke
another possible EC to describe anhydrous methanol oxidation
at hematite electrodes, which is shown in Figure 3b. While both
equivalent circuits can be used to fit the CH;OH experimental
data mathematically, the model in Figure 3b was chosen
because its results are corroborated with other techniques
including cyclic voltammetry and photocurrent transients, vide
infra. As in the EC used to describe H,O oxidation, this EC still
contains a surface state capacitance, C, and a resistance of
transfer to those surface states, Ry, based on the observation
of two clear semicircles in the Nyquist plot. However, instead
of charge transfer through those surface sates, this EC contains
a separate charge transfer resistance which is not associated
with those surface states, R This model could imply direct
charge transfer from the valence band of the hematite to
methanol through an outer-sphere electron transfer mecha-
nism. However, a more likely possibility is that a surface state or
surface intermediate is generated, such as a surface adsorbed
methoxy species (Fe—O—CH;) which is the analogous
adsorbed species responsible for methanol oxidation with
photogenerated holes on TiO,.** This mechanism could be
interpreted as a single charge transfer resistance if the steady
state concentration is very low, resulting in a very low or
immeasurable capacitance. By using this model, the obtained
trap capacitance shows a double peak feature, with significantly
lower intensity compared to that of water based electrolytes
(Figure 4a).

Confirmation of the fits can be gained by plotting the total
resistance from impedance (R, = R, + Ryap + Ry for aqueous
electrolytes and Ry, = R, + R pyy for the CH;0H electrolyte)
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Figure 4. (a) C and (b) Ry, vs Epy extracted from IS analysis under illumination (100 mW-cm?) for a hematite electrode in contact with H,O (red
circles) S M CH;0H in H,0 (green diamonds) and CH;OH (blue hexagons). The lines in (b) are obtained by direct derivation of the J—V curves

showed in Figure 2b.

7656

DOI: 10.1021/acsami.5b00440
ACS Appl. Mater. Interfaces 2015, 7, 7653—7660


http://dx.doi.org/10.1021/acsami.5b00440

ACS Applied Materials & Interfaces

Research Article

and comparing that to the resistance calculated from the J—V
curves (R, = dV/dJ). This plot can be seen in Figure 4b. All
electrolytes show R, from J—V curves and R, from IS are in
good general agreement indicating that the main resistances
which control the J—V are represented in the impedance
spectra. It is interesting to note that anhydrous methanol
oxidation involves two different R, dips, around 0.4 V vs Egy
and 0.8 V vs Eg, which appear to be related to the two small
C, peaks shown in Figure 4a. This suggests that two different
oxidations are being measured: one between 0.2 and 0.6 V vs
Epg (see Figure 2b) where the slope of the -V curve is low,
and one above 0.6 V vs Epg, where the J—V curve takes a similar
slope as that of aqueous solutions.

The values of the charge transfer resistances (Ry. Repulo
and R, in Figure 3a)b,c, respectively) and trapping resistances
(Rtmp) derived from the fitted IS spectra are compiled in the
Supporting Information, Figure S3. For the aqueous electro-
Iytes where charge transfer is dominated via surface states, and
thus fit to the EC in Figure 3a, the relative values of Ry, and
R depend on the rates of charge transfer, recombination, and
a factor determined by the voltage and the trap depth.>> At low
bias (0—0.4 V vs Egy), the addition of CH;OH to H,O reduces
the charge transfer resistance slightly, but has no effect on the
trapping resistance. At these potentials, R, is large and there is
no faradaic current (Figure 2b); thus, these values are not
directly related to overall water oxidation. The onset potential,
which is known to be controlled by surface state recombina-
tion," shifts positively in the presence of methanol, indicating
that the larger ratio of Ry, and R, is a result of lower surface
state recombination. At potentials positive of the photocurrent
onset potential—under water oxidation conditions—the
resistances are the same. The values of the R, and R
derived from fitting the aqueous and methanol solutions,
respectively, have different relations to the rates of charge
transfer and thus cannot be directly compared.*> However, the
lower R, for methanol oxidation at low bias is consistent with a
more negative photocurrent onset potential. At potentials
positive of 0.4 V vs Egg, the R, values are higher for methanol
oxidation, which is consistent with the lower slope of the
photocurrent. Finally, R,,, was found to be higher for
anhydrous methanol between 0 and 0.7 V vs Egp, consistent
with our assignment of hole transfer from the valence band as
opposed to trapping.

Cyclic voltammetry experiments were carried out on Fe,O;
films to measure surface states as previously reported.'® For
these measurements a constant high positive bias (1.6 V vs Ag/
AgCl for aqueous electrolytes and 1.8 V vs Ag/AgCl for
methanol electrolyte) was initially applied under illumination to
fill the surface states with holes. The light was then turned off
and a CV was immediately scanned several times (Supporting
Information, Figure S4). Cathodic peaks were observed for all
electrolytes on the first scan at potentials similar to the
potentials where a C is observed from IS measurements
(Figure S). These peaks are observed at the same energy and
with similar relative intensity to those observed in the peaks of
C, in Figure 4a. Additional figures including data measured in
all CH;OH electrolytes can be seen in Supporting Information
which show the same trend of decreasing cathodic peak
currents with the addition of CH;OH. On the second scan,
these peaks disappear because the surface states are not
reoxidized at these potentials while in the dark (Supporting
Information, Figure S4). The evolution of this peak with scan
rate (Supporting Information, Figure SS) also confirms its
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Figure 5. Comparison of the first scan of the CV measured at 200
mV/s in H,O (red solid line), S M CH;0H in H,O (green double dot
dashed line), and CH;0H (blue single dot dashed line). A magnified
image of the CH;OH curve is shown in the inset which shows 2 small
peaks.

capacitive nature.'® Upon zooming in on the cyclic
voltammetry curve for methanol (Figure S insert), two small
peaks are evident, which is consistent with the C,; measured by
IS using the model in Figure 3b. It should be noted that these
two peaks were not observed in the IS interpretation using the
model in Figure 3a (Supporting Information, Figure S7). Thus,
these two peaks corroborate the selection of the equivalent
circuit for interpreting CH;OH oxidation at the hematite
surface.

The cathodic peak measured at ~0.55 V vs Egg in the CVs of
Figure 5, along with the C peak observed in IS measurements
at the same potential, has been previously attributed to the
accumulation of photogenerated holes on the hematite surface
in the form of water oxidation intermediates. This peak is
always coincident with the water oxidation photocurrent onset
and its magnitude is correlated to the water oxidation current;
ie., the peak magnitude is reduced with increasing CH;0OH
concentration which competes for photogenerated holes (less
water oxidation intermediates form at a given time) (Figure
S6). To further show that these capacitive features are a part of
the oxidation intermediates of water and methanol, analogous
CV measurements were performed in an inert electrolyte,
anhydrous acetonitrile, where no hole transfer to solution is
expected. The band energy position of the hematite electrode
in an acetonitrile electrolyte was controlled through Mott—
Schottky measurements, which showed an ~80 mV cathodic
shift in the flat band potential compared to aqueous electrolytes
(Figure S8). llluminated J—V curves of a hematite electrode in
contact with anhydrous acetonitrile showed negligible back-
ground current ensuring the absence of H,O in the electrolyte
(Figure 6a). As shown in Figure 6b for anhydrous acetonitrile
solution, no cathodic peaks were observed above the
background in the CV measurements suggesting that the
cathodic peak observed under H,O oxidation conditions is
specific to H,O oxidation and not intrinsic to the hematite
surface. Interestingly, addition of trace amounts of H,O to the
acetonitrile electrolyte resulted in the development of a
cathodic peak in the CV scans, further confirming the
assignment of this capacitive feature to species involved in
H,0 oxidation reaction (see Supporting Information Figure
S8).

The capacitive nature of the surface states of both H,O and
CH;OH surface states was examined by transient light
experiments. Chopped light J—V curves were obtained and
compared to those with constant illumination (Supporting
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Figure 6. (a) J-V and (b) CV response of a hematite electrode measured in contact with anhydrous MeCN (black dotted line) and after addition of
10 uL H,0 (0.2%V) to the electrolyte (red solid line). J—Vs were measured under 1 sun illumination and CVs were recorded at 500 mV/s in the
dark after holding the electrode at 1.5 V vs Ag/AgCl under 1 sun illumination for 60 s.
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Figure 7. (a) Cathodic transients in H,O (red solid line), S M CH;OH in H,O (green double dot dashed line), and CH;OH (blue single dot dashed
line) measured within S mV of 0.71 V vs Egg. (b) The calculated charge passed measured by integrating cathodic transients (filled symbols, solid
lines) along with C,; measured by IS (hollow symbols, dashed lines) for a hematite electrode in contact with H,O (red circles), S M CH;OH in H,0
(green diamonds), and CH;OH (blue hexagons). (c) Lifetimes of transients fit by a single exponential decay (solid shapes) and by multiplying C
and Ry, (open shapes) for H,O (red circles), S M CH;0OH (green diamonds), and CH;OH (blue hexagons).

Information, Figure S9). In all tested electrolytes, the presence
of anodic and cathodic transients indicated the presence of
surface states.”®***” These spikes were analyzed quantitatively
by switching the light on (anodic) and off (cathodic) at a
constant potential while measuring the current as a function of
time. Examples of current transients can be seen in Figure 7a
and in Supporting Information, Figures S10—S13. Integration
of the cathodic current provides a quantitative measurement of
the light-induced charge stored in the surface states, which is
shown in Figure 7b, and compared to C,, measured by IS. The
good agreement between the integrated charge from transient
measurements with C, from IS shows that these two
measurements are probing the same species.

Single exponential lifetimes of the cathodic transients were
calculated and can be seen in Figure 7c. The lifetimes are
approximately equal for H,O and 5§ M CH;OH electrolytes
throughout the potential range with the exception of potentials
greater than ~0.6 V vs Epy where the mixture has lower
lifetimes. These decays are attributed to electrons from the
conduction band reducing the oxidized surface states. Since the
dominant surface state is related to water oxidation, it is not
surprising that these measured lifetimes are constant for the
two aqueous electrolytes. We note that this result disagrees
with Cowan et al., who showed a decrease in lifetime for a 10%
CH,OH in H,0 solution compared to a H,O solution under
no applied bias.*® It is possible, however, that the techniques of
transient electrochemistry employed herein and transient
absorption spectroscopy employed by Cowan et al. are
measuring different species. In the CH3;OH electrolyte, the
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lifetimes of these transients are approximately an order of
magnitude lower than those measured in aqueous electrolytes
at potentials where photocurrent is measured. This is attributed
to an increased rate of recombination to surface CH;OH
oxidation intermediates compared to surface H,O oxidation
intermediates.”® The lifetimes were also calculated by multi-
plying the C, and Ry, from IS results and are shown in Figure
7c as open shapes. The same general trend is observed between
the lifetimes calculated from transient and EIS measurements.

From the double peak feature observed for C from IS
analysis of anhydrous methanol oxidation, correlated to
respective cathodic peaks in the cyclic voltammetry, and dips
in the charge transfer resistance (R,) and total resistance (Ry),
it appears that two surface intermediates are being measured
during CH;0H oxidation. A recent paper by Baltrusaitis et al.
discusses methanol oxidation on hematite surfaces using
theoretical calculations for several surface terminations.”’
Since the electrochemical response of the oxidation of H,O—
CH;OH mixtures is dominated by the redox properties of water
surface intermediates (which has been previously discussed in
detail),">'¢ this discussion will focus on the oxidation of the
anhydrous CH;OH solution. For the Fe—O5-R termination of
the (0001) surface of hematite (which is the most stable
termination under nonaqueous conditions),39 anhydrous
methanol oxidation at the Fe atom is expected to occur as
follows:*’

CH,OH + Fe — CH;0Fe + H + e~ (1)
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CH;OFe — CH,OFe + H" + ¢~ )
CH,OFe — CHOFe + H" + &~ (3)
CHOFe — COFe + H + ¢~ (4)

Under photoelectrochemical conditions (where photogener-
ated holes are at the valence band potential), steps 1—4 are
calculated to be thermodynamically downhill.”” While these
reactions are thermodynamically favored, insight into the rates
cannot be easily determined due to the conflation with electron
recombination from electrons in the conduction band to the
various surface bound species. The two capacitance peaks
observed in IS and cyclic voltammetry likely represent
potentials where a relatively large concentration of surface
bound intermediates form due to a balancing of oxidation of
holes from the valence band and recombination from electrons
in the conduction band. The identity of these two electro-
chemically observable species is uncertain, although we
speculate that each peak is an independent surface species
represented in one of the eqs 1—4. In situ spectroelectrochem-
istry has recently been used to examine the identity of water
oxidation intermediates at the hematite surface, and could also
be employed to study methanol oxidation.'”*’ In this manner,
the precise molecular details of this mechanism are currently
being investigated in our lab.

Finally, concomitant water oxidation is required to produce
O* and complete the oxidation of CO to CO,.”’” Since this
favored mechanism cannot occur in the anhydrous methanol
electrolyte, this explains the very low initial photocurrent
densities observed for this electrolyte. Further, in the presence
of water, the overall methanol oxidation cannot proceed faster
than the water oxidation reaction required to produce O*; this
explains why the addition of methanol does not have a
significant effect on the J—V response of methanol—water
mixtures, i.e., water oxidation is the rate-limiting step.

B CONCLUSIONS

The photooxidation of methanol and water was examined at
the surface of model hematite photoanodes synthesized by
atomic layer deposition (ALD). A surface capacitance
correlated with water oxidation is decreased with the addition
of CH;OH. This reduction in surface states, measured by IS,
CV, and transient measurements, combined with corroborating
O, evolution, further confirms that the surface states are
actively participating in the hole transfer mechanism to H,O, as
suggested in previous studies.'>'® The fact that distinct surface
states are measured in anhydrous methanol solutions, and no
surface states are measured in an inert anhydrous acetonitrile
solution, further proves this point.
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Additional cyclic voltammograms, EIS fit results, and transient
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