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ABSTRACT: Performing operando spectroscopy under practical reaction conditions and extracting spectral components
correlating with reaction activity are crucial in elucidating the reactive species in photocatalysis. However, the observation
of weak signals corresponding to reactive photogenerated species is frequently hampered under reaction conditions owing
to intense background signals originating from thermally-induced species unrelated to the photoinduced reactions. Herein,
by synchronizing the millisecond periodic excitations of photocatalysts with a Michelson interferometer used for FT-IR
spectroscopy, we succeeded in significantly suppressing the signals derived from thermally excited electrons and observing
the reactive photogenerated electrons contributing to the photocatalytic hydrogen evolution. This demonstration was
achieved for metal-loaded Ga,O; photocatalysts under steam methane reforming conditions. Although it has long been
conventionally believed that loaded metal cocatalysts function as sinks for reactive photogenerated electrons and active
sites for reduction reactions, we found that the free electrons in the metal cocatalysts were not directly involved in the
reduction reaction. Alternatively, the electrons shallowly trapped in the in-gap states of Ga,O; contributed to enhancing
the hydrogen evolution rate upon the loading of metal cocatalysts. We verified that the electron abundance in the in-gap
states was clearly correlated to the reaction activity, suggesting that metal-induced semiconductor surface states formed in
the periphery of the metal cocatalyst play key roles in the photocatalytic hydrogen evolution. Our microscopic insights shift
a paradigm on the traditionally believed role of metal cocatalysts in photocatalysis and provide a fundamental basis for

rational design of the metal/oxide interfaces as promising platforms for non-thermal hydrogen evolution.

INTRODUCTION

Electron transfer between multiple molecules and
materials induces the formation or cleavage of chemical
bonds via redox reactions. Therefore, it is vital to under-
stand the microscopic-level behavior of electrons to ensure
effective electron utilization and facilitate efficient redox
reactions. Among various environmental and energy-re-
lated chemical technologies, redox reactions involved with
non-thermally generated electrons at ambient tempera-
tures, such as photocatalysis and electrocatalysis,® are
more sustainable than energy-intensive thermocatalysis.

In the case of photocatalysis, photogenerated
electrons reduce protons (H*) derived from H-containing
molecules, such as methane (CH,) and water (H,O), to pro-
duce hydrogen (H,). Thus, photogenerated electrons are
critical active species in the sustainable evolution of H, as
an environmentally friendly energy source.” ® To prolong
the lifetimes of photogenerated electrons, metal cocata-
lysts have been generally loaded on semiconductor photo-
catalysts.? Several studies have confirmed that the loading
of metal cocatalysts significantly improves the perfor-
mance of semiconductor photocatalysts.”> " Thus, it has
been traditionally believed that metal cocatalysts sink elec-
trons, suppress charge recombination, and function as

proton reduction sites.” > However, the impact of metal
cocatalyst loading on the microscopic-level behavior of re-
active electrons is still poorly understood owing to the in-
herent challenges in the experimental observation and
identification of reactive photogenerated electron species
and their behavior under practical reaction conditions.

In principle, infrared (IR) spectroscopy can be
conducted to nondestructively probe the amount and en-
ergy levels of photogenerated electron species. Transient
IR spectroscopy has been performed to investigate the ul-
trafast dynamics of photogenerated electron species.'#*°
Despite intensive research,?* the reactive electron species
in photocatalysis remain unidentified to date. This is pri-
marily because most transient IR studies reported to date
have used excitation laser pulses with femtosecond to na-
nosecond duration, which do not match the timescale of
reduction reactions ranging from microseconds to milli-
seconds.>> *' Furthermore, intense pulse-laser-based exci-
tation light causes complicated carrier dynamics® and
does not accurately represent practical reaction conditions
upon the irradiation of continuous light.® In addition, the
temperature increment for catalysts upon continuous light
irradiation®> impedes the identification of reactive spe-
cies. Due to this temperature increment, a strong signal
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corresponding to thermally excited nonreactive electron
species is generated®® and overwhelms the weak signal as-
cribed to the photogenerated reactive species. The sub-
stantial discrepancies in reaction conditions and intense
background signals owing to sample heating make it chal-
lenging to correlate spectroscopic information with the
photocatalytic performance of the system, thereby pre-
venting the identification of reactive species.

Based on operando Fourier transform-infrared
(FT-IR) spectroscopy, this study reports a new challenge in
sensitively detecting the weak signals derived from reactive
photogenerated electron species. This study is novel in that
we succeeded in suppressing thermally induced nonreac-
tive electrons while maintaining the actual photocatalytic
reaction conditions, thereby providing a new direction for
identifying active species in photocatalysis. Of particular
importance is the adoption of the periodic photoexcitation
of a sample on a reaction timescale of the order of millisec-
onds,>* * synchronized with the period of the moving mir-
ror of the Michelson interferometer. This technique was
applied to the photocatalytic steam methane reforming on
Pt- or Pd-loaded gallium oxide (Ga,O,) particles as model
systems for photocatalytic hydrogen evolution.?”3° By the
considerable suppression of temperature variations be-
tween light-irradiated and non-irradiated conditions, we
significantly reduced the intensity of the background sig-
nal originating from the thermally induced carriers not di-
rectly related to the photocatalytic reaction. Consequently,
we successfully extracted and identified the signal originat-
ing from the reactive photogenerated electron species di-
rectly contributing to the hydrogen evolution reaction by
correlation analyses between the IR absorption band inten-
sity and hydrogen evolution rate (Ry,). Our new micro-
scopic insights shift a paradigm in the traditional and
widespread belief on the role of metal cocatalysts in pho-
tocatalytic reduction.

RESULTS AND DISCUSSION

A well-known d* photocatalyst,> -Ga,0;, with
stable activity and high robustness, was used as the model
catalyst.>” *® For our first demonstration of operando obser-
vation of photogenerated electron species involved in hy-
drogen evolution, we focused on the photocatalytic steam
methane reforming because this reaction is known to show
higher H, formation rate than pure water splitting.?33° In
our recent paper®, we reported that the H, formation rate
in pure photocatalytic water splitting under 2 kPa of water
vapor with no methane gas (Pcu, = 0 Pa) is approximately
an order of magnitude lower than that observed in photo-
catalytic steam methane reforming (Pcu, > o Pa) under 2
kPa of water vapor for the Ga,O; photocatalyst, and similar
features were observed also for the representative d° pho-
tocatalysts, such as TiO, and NaTaO,; the Ga,O; photo-
catalyst exhibited the highest H, formation rate among the
three oxide species (Ga,O;, TiO, and NaTaO;).* In the pre-
sent study, Pt- and Pd-loaded particulate B-Ga,O,
(Pt/Ga,0;, Pd/Ga,0,) samples®3' were synthesized for the
experiments (see Supplementary Material S1 for details). As
shown in our previous study,> these loaded Pt and Pd

cocatalysts were confirmed to be metallic through X-ray
diffraction and FT-IR spectroscopy. For evaluating the
photocatalytic activity, f-Ga,O; with a band-gap of ~4.8 eV
(~260 nm) was irradiated with a deep ultraviolet (UV) lamp
(~9g0 mW cm™ at 260+ 15 nm) for excitation. The photo-
catalytic activities and operando IR spectra were measured
at several Pcy, under wet conditions, where the pressure of
water vapor (Pu,0) was fixed at 2kPa.

Figure 1a shows the time profiles of the net tem-
perature of Pt/Ga,O; samples that were subjected to con-
tinuous UV irradiation at Pcy, = 30 kPa and Py,0 = 2 kPa.
The continuous UV irradiation increases the temperature
of metal-loaded photocatalysts by ~15 K (from ~295 K to
~310 K),*” 3 and generates numerous thermally excited
electrons.?® As show in Figures Sz2-1b and S3, the absorb-
ance signals derived from the thermally excited electron
species in response to 15 K temperature rise are the order
of 10™-10™" and are dominantly detected on the IR spectra,
obscuring the weak signals of the reactive photogenerated
species (typically less than 1073). To suppress the tempera-
ture difference between illuminated and non-illuminated
conditions and reduce the contribution of thermally ex-
cited electrons, we irradiated the samples with periodically
chopped UV light with a period of ~200 ms (~5 Hz). This
modulation period (~100 ms of irradiation and ~100 ms of
non-irradiation) is sufficiently shorter than the timescale
of sample heating in the order of 4 s, as indicated by the
heating time profiles shown in Figures 1a and Sz2-1c. Then,
we found that repetitive sample heating and cooling owing
to the periodic excitation light modulation suppressed the
average temperature rise of the sample by ~7 K (from ~295
K to ~302 K) as shown in Figure 1a. The reduction of the
temperature rise approximately by half (~15 K — ~7 K)
would be attributed to the decrease of the substantial UV
irradiation time by half due to the chopped illumination.
More importantly, we also confirmed that the instantane-
ous temperature difference between the illuminated and
non-illuminated conditions was less than 1 K (see Supple-
mentary Material Sz for details). In this case, we can expect
that the absorbance change spectra of thermally excited
electron species taken between the illuminated and non-
illuminated conditions are suppressed to the order of 1073,
and the signals corresponding to the reactive photogener-
ated species become observable as will be demonstrated in
Figure 2.

Under periodically modulated excitation light,
photocatalytic reactions occurred in the presence of me-
thane gas and water vapor. At the typical reaction temper-
ature of 302 K (Figure 1a), the Py,0 value of 2 kPa corre-
sponds to a relative humidity of ~50%, wherein the photo-
catalyst surfaces are covered with approximately two mon-
olayers (MLs) of adsorbed water molecules.?> 3 Note that
the amount of produced H, increased almost linearly with
the reaction time (Figure 1b), indicating that the photo-
catalytic H, evolution reaction proceeded under steady-
state conditions within the timescale of the irradiation in-
terval (~100 ms). Furthermore, Ry, was almost independ-
ent of the excitation light modulation frequency in the
range of 5-100 Hz (Figure 1b), indicating that H, evolution
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reaction reached a steady state within 5 ms. CO, formation
was also observed in these experiments (Figure 1b). The
fourfold H, evolution rate relative to the CO, formation
rate is attributed to almost stoichiometric CO, formation
in the steam methane reforming reaction (CH, + 2H,O —
4H, + CO,).>”3 Note that the production rates at 5-100 Hz
of modulated irradiation were almost half of those under
continuous irradiation without periodic modulation (Fig-
ure S4); this is a reasonable result because the net UV irra-
diation time is reduced by half in the experiments using
the optical chopper.
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Figure 1. Effect of periodically chopped excitation light illu-
mination on the temperature increment of the sample and the
hydrogen evolution reaction. (a) Typical time profiles of the
net temperature of the Pt/Ga,O; photocatalyst particles sub-
jected to (red line) continuous UV irradiation (~go mW cm-2)
and (blue line) periodic UV irradiation with ~5 Hz modulation
at a partial pressure of methane gas (Pch,) of 30 kPa and a par-
tial pressure of water vapor (Py,0) of 2 kPa. Inset: Schematic
of the continuous and periodic UV irradiation. During peri-
odic UV irradiation, excitation light irradiation (ON) and non-
irradiation (OFF) are periodically repeated by an optical chop-
per; this significantly suppresses the increase in the instanta-
neous temperature of the sample. (b) Time profile of the yields
of H, and CO, production on the Pt/Ga,O; photocatalyst at
Pch, = 30 kPa and Py,0 = 2 kPa. The excitation light is modu-
lated at 5, 10, and 100 Hz at 0-3600 s, 3600-5400 s, and 5400~
7200 s, respectively.

To extract the weak signals originating from the
reactive photoinduced electron species while suppressing
the signals derived from nonreactive thermally induced
electron species under steady-state reaction conditions, we
performed operando IR spectroscopy by synchronizing the
Michelson interferometer of our FT-IR system with excita-
tion light modulation at ~5 Hz. Figure 2a shows the absorb-
ance-change spectra (-log (Ion/Ioff)) of the Pt/Ga,O; sam-
ples, where I,, and I« spectra were measured under ~100
ms illuminated and non-illuminated conditions, respec-
tively. These spectra correspond to the changes in the

operando IR absorbance under the reaction conditions and
dark conditions. In our measurement scheme, the absorp-
tion band assigned to the thermally excited electrons in the
order of 102-107" (Figures S2-1b and S3) was significantly
suppressed, and almost pure photoinduced spectral
changes on the order of 1073 were successfully detected
(Figure 2a).

Additionally, several vibrational peaks were ob-
served. The negative bands observed at 1630 and 2700-3700
cm™ correspond to the vibrational absorption of water,
specifically assigned to the H-O-H bending mode and O-
H stretching mode, respectively.” * These absorption
bands were attributed to bleaching due to the thermal de-
sorption of adsorbed water caused by the temperature dif-
ference (less than 1 K) between the illuminated and non-
illuminated conditions. The instantaneous temperature
difference only causes a change in the amount of adsorbed
water molecules of at most ~0.1 ML (see Supplementary
Material Sz for details), indicating that the instantaneous
thermal desorption negligibly changes the total amount of
adsorbed water (~2 MLs). A positive peak observed at 1970
cm™ and a side negative peak at 2040 cm™ correspond to
the vibrational absorption of CO on Pt, 335 which are rea-
sonably considered to be assigned to the reaction interme-
diate species transitioning from CH, to CO,.3*3° The bipo-
lar spectrum shape indicates that the CO peak was red-
shifted under illuminated conditions owing to the transfer
of photogenerated electrons to the Pt cocatalyst? (see Sup-
plementary Material S5 for details).

In addition to these sharp vibrational peaks, a
broad absorbance band is detected (dotted black line in
Figure 2a). The observed broad absorption band was well
fitted with a linear combination of three components: a
power-law curve (<v*5) and two peaks at ~2100 and
~4200 cm™ (see the bottom panel of Figure 2a and Supple-
mentary Material S6 for details of the analysis). The power-
law component was attributed to the intraband transition
of free electrons >34 possibly in the conduction band of
the oxide semiconductor or in the d-band of the metallic
Pt cocatalyst. Since electrons generated in the conduction
band are immediately trapped at various in-gap electronic
states** on a timescale of <1 ps,#® most of the free electron
species observed on a timescale of 100 ms were reasonably
assumed to be derived from the electrons in the metallic
cocatalysts. Indeed, the power-law component was negli-
gibly small under the ~100-ms periodic photoexcitation for
the bare B-Ga,O; samples without metal cocatalyst loading
(Figure S7b).

The two peak components (~2100 and ~4200 cm™)
were assigned to the IR excitation of photogenerated elec-
trons from the discrete level of the in-gap trap states to the
continuous level of the conduction band.**3®# These char-
acteristic peak structures were also observed for the bare
samples (Figure S7b); therefore, they were attributed to the
photogenerated electrons trapped in the Ga,O; semicon-
ductor rather than those trapped in the Pt cocatalyst. The
IR photon energy absorbed by the trapped electrons re-
flects the depth of the energy level of the trap states. 2354
Therefore, the two peaks at ~2100 and ~4200 cm™ were
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attributed to the photogenerated electrons trapped at the
in-gap states that were ~0.26 and ~0.52 eV below the con-
duction band minimum of Ga,Oj;, respectively (see the en-
ergy diagram in Figure S6). Although the existence of the
~0.52-eV trapped state has been previously reported for the
single crystals of f-Ga,O,,” shallow trap states with ener-
gies below 0.3 eV have not been confirmed experimen-
tally® 44 or theoretically* in such single-crystal systems.
However, the existence of such shallowly trapped electron
species has been experimentally reported only for particu-
late B-Ga,05,* indicating that the observed shallowly
trapped electron species (~0.26 eV) were characteristic of
the particulate -Ga,O; samples. Note that we observed
these electron species in the timescale of 100 ms under
chopped irradiation of UV light and confirmed that the
photocatalytic reaction proceeds in this time scale (Figure
1b). In the observation time scale (100 ms), relaxation of
electron species and recombination with hole species have
already been achieved.*¢ Therefore, we detected a rela-
tively small amount of long-lived (relaxed) electron species
under steady-state reaction conditions in the time scale of
100 ms. In this case, the existence of survived shallow
trapped electron species indicates that the sites of shal-
lowly and deeply trapped electrons are spatially separated.

The population of the reactive electron species
contributing to photocatalytic reduction is expected to
vary with the enhancement of the photocatalytic perfor-
mance. Therefore, we conducted the correlation analysis
between the photocatalytic performance and spectral

components observed in the operando IR spectra. In par-
ticular, we focused on the Pcy, dependence of photocata-
lytic performance and operando IR spectra to evaluate the
correlation (Figure 2). As reported in literature,*® 3° Ry, for
the photocatalytic steam methane reforming depends sig-
nificantly on Pcy, and is represented by a Langmuir-ad-
sorption-isotherm-like curve (Figure 2b) (see also Supple-
mentary Material S8 for details). Therefore, Pcy, is a critical
experimental parameter that controls the photocatalytic
performance;* 3° thus, the absorbance-change spectra
were recorded at different Pcy, values. In response to the
increase in Ry, the intensity of the absorption band cen-
tered at ~2100cm™ (~0.26 eV) gradually decreased,
whereas the intensity of the power-law component and the
peak at ~4200 cm™ (~0.52 V) remained almost unchanged
with Pcy, (Figures 2a and 2b). Remarkably, the free elec-
tron component in the Pt cocatalyst and the deeply
trapped electron component in Ga,O; were not correlated
with Ry,, and only the shallowly trapped electrons (esr”) in
the in-gap states of Ga,O; were effectively consumed in the
hydrogen evolution reaction (Figure 2c). These results in-
dicate that the shallowly trapped electrons are reactive
species that directly contribute to photocatalytic hydrogen
evolution.
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Figure 2. Operando IR spectra of electron species and correlations between the band intensity and hydrogen formation rates. (a)
Operando IR absorbance-change spectra of the Pt/Ga,O; samples measured under Py,o = 2 kPa and different Pcy, values. Typical
IR spectra of free electrons (purple), electrons in shallowly-trapped (ST) states (red), and electrons in deeply-trapped (DT) states
(blue) are shown in the bottom panel. To eliminate the effect of thermal heating owing to the initial excitation light irradiation,
these measurements are conducted > 30 min after the initial irradiation. (b) Intensities of absorption bands corresponding to free
electrons (Ifee), ST electrons (Isr), and DT electrons (Ipr) as a function of Pcy,. Pch, dependence of the H, formation rate is shown
on the right axis. The dashed black line indicates the fitting analysis results based on the Langmuir-adsorption-isotherm-like curve
derived from the kinetic analysis of the photocatalytic reaction (see Supplementary Material S8 and literature>® 3° for details). (c)

Correlation plots between H, formation rates and I, Ist, and Ipr.
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Since the early stage of the discovery of photoca-
talysis, it has long been believed that noble-metal cocata-
lysts sink reactive electrons into them.” In contrast to the
traditional belief, our results show that the free electrons
in the metal cocatalysts do not directly contribute to the
hydrogen evolution (Figures 2b and 2c), as few previous
studies phenomenologically suggested on another
metal/semiconductor photocatalytic system, Au on TiO,.4°
This is probably because the free electrons in the metal co-
catalysts are energetically relaxed*” 4 immediately after
the transfer to the metal cocatalysts and lose the ability to
reduce protons. Moreover, it is conventionally expected
that the metal cocatalysts assist electron-hole charge sep-
aration.” However, as shown in Figure S7b, the intensity
of the IR absorption bands corresponding to the trapped
electrons was remarkably higher for the bare Ga,O, sam-
ples than for the Pt/Ga,O; samples. This result indicates
that, even without metal cocatalysts, sufficient charge sep-
aration is achieved on the Ga,O; photocatalyst in a reaction
timescale of milliseconds. Although the metal cocatalyst
loading does not apparently accomplish the traditionally
believed abovementioned roles, we confirmed that the
loading of metallic Pt does indeed promote photocatalytic
reduction; Ry, of Pt/Ga,O; (~20 pmol h™) was more than 50
times higher than that of bare Ga,O; (~0.3 pmol h™) (Figure
S7a).

Then, our experimental results pose an essential
question: what is the actual role of metal cocatalysts in in-
creasing photocatalytic activity? To investigate the true
mechanism underlying the improvement in the photocata-
lytic performance upon the loading of metal cocatalysts,
we conducted activity evaluation and operando FT-IR
spectroscopy for the Pd/Ga,O; samples (Figure 3). Alt-
hough Pd and Pt have been reported to be equally active
electrodes for the electrochemical hydrogen evolution re-
action,* the Ry, of Pd/Ga,O; (~1 pmol h™) was significantly
lower than that of Pt/Ga,O; (~20 pmol h™) (Figure 3a).
While the intensities of the IR bands corresponding to the
deeply trapped and free electrons were almost similar for
these samples (Figure 3c), the intensity of the IR band at-
tributed to the shallowly trapped electrons (~o0.25 eV) for
the Pd/Ga,O; sample was lower than that for the Pt/Ga,O,
sample (Figure 3b). This clear difference suggests that
Pt/Ga,O; photocatalysts, which exhibit high H, evolution
efficiency, can store more reactive electrons than the less
efficient Pd/Ga,O, photocatalysts. In other words, the free
electrons in metal cocatalysts and deeply trapped are not
involved in the hydrogen evolution reaction, and the shal-
lowly-trapped electrons directly contribute to the photo-
catalytic reduction reaction. Furthermore, the Pcy, de-
pendences on the intensity of the IR band attributed to the
shallowly trapped electrons for Pt/Ga,O; (Figure 2a) and
Pd/Ga,O; (Figure Sg) also vary by orders of magnitude.
The observed cocatalyst-dependent differences in the stor-
age capacity of reactive electrons generated from Ga,O,
states also strongly indicate that these reactive electrons
were present in the vicinity of the metal cocatalyst.

Previous theoretical studies on the metal/oxide
interface indicate that local band bending on the interface

is distributed vertically (beneath the metal/semiconductor
interface) and laterally (along the semiconductor sur-
face).5> ' Lateral band bending modulates the electronic
states of oxide surface sites at the periphery of loaded metal
cocatalysts and influences the carrier dynamics,> 5 molec-
ular adsorption,>* 5 and catalytic reactions around the
metal particles.>>” In our experimental results, the energy
of the shallowly trapped level on the Pt/Ga,O; and
Pd/Ga,0; samples (0.26 + 0.05 and 0.25 + 0.05 eV, respec-
tively, Figure 3) was slightly shifted in relation to that on
bare Ga,O; samples (0.21 + 0.10 eV, Figure S7b). This result
suggests that these semiconductor surface states for the
Pt/Ga,O; and Pd/Ga,0, samples are induced by the inter-
action between loaded metals and Ga,O; and are present
at the periphery of the metal cocatalysts. Due to the differ-
ence in the work function of the metal species, the lateral
distribution range of the metal-induced semiconductor
surface state derived from the lateral band bending would
substantially differ between the Pt- and Pd-loaded Ga,O,
photocatalysts,® resulting in the difference in the storage
capacity of reactive electrons (Figures 3b and 3c). Thus, on
the basis of the discussion in this paragraph and the imme-
diately preceding paragraph, we can reasonably conclude
that the actual role of metal cocatalysts is not to store re-
active free electrons in them but to provide the reactive
semiconductor surface states in their surroundings.
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Figure 3. Hydrogen formation efficiency and operando IR
spectra of the photogenerated electrons for Pt/Ga,O; and
Pd/Ga,O; photocatalysts. (a) Hydrogen formation rates at
Pcy, = 10 kPa and Py,0 = 2 kPa. (b) Operando IR absorbance-
change spectra measured at Pcy, = 10 kPa and Pu,0 = 2 kPa.
The dashed lines indicate the results of fitting analyses with
the sum of three components derived from electron species:
free electrons and ST/DT electrons. (c¢) Decomposition of the
operando IR absorbance-change spectra into the three compo-
nents for the Pt/Ga,O; (solid line) and Pd/Ga,O; (dotted line)
photocatalysts: absorption spectra of free electrons (purple),
electrons in ST states (red), and electrons in DT states (blue).
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Consequently, the photocatalytic hydrogen evolu-
tion reaction on metal-loaded Ga,O; photocatalysts is rea-
sonably assumed to proceed by the mechanism shown in
Figure 4a. In the first step of this mechanism (step i), elec-
trons and holes are generated in Ga,O, by photoexcitation.
Some of these electrons are trapped in the metal-induced
shallow trap states of the Ga,O; surface (est”) localized at
the periphery of the metal cocatalyst at a rate constant of
k.. In the second step, these shallowly trapped electrons re-
duce protons derived from the oxidation of methane and
water® and generate H atoms with rate constant k, (step ii:
est + H* — H). Subsequently, the H atoms diffuse on the
metal cocatalyst and associate to evolve H, in the third step
(step iii: 2H — H,). Simultaneously, some electrons un-
dergo recombination at a rate constant of k., (est + h* —
recombination).

A kinetic analysis based on the proposed reaction
model (Figure 4a) significantly rationalizes the negative
correlation between Ry, and the intensity of the bands at-
tributed to the shallowly trapped electrons in the metal-
induced semiconductor surface states (Figures 2b and 2c).
Under steady-state reaction conditions, the increase in the
number of shallowly trapped electrons by photoexcitation
(step i) and the decrease due to the reduction reaction
(step ii) and charge recombination were balanced as k; = k-
Jlest™][h*] + kz[est™][H*]. Moreover, the increase in the num-
ber of hydrogen atoms owing to the reduction reaction
(step ii) and decrease due to the hydrogen evolution reac-
tion (step iii) were balanced as k,[esr"][H*] = 2Ru,; factor 2
indicates that two H atoms are required for the evolution
of one H, molecule. From these balanced equations, the
following relation can be approximately derived between
[est] and Ry, (see Supplementary Material Si0-1 for de-
tails):

[esr] (kl - ZRHZ)- D

As shown in Figure 4b, the intensity of the band
attributed to the shallowly trapped electrons (Isr «< [est7])
fitted well with Equation (1), validating our experimental
results and reaction model triggered by the shallowly
trapped electrons (Figure 4a). Although the above reaction
model (Figure 4a) assumed that the hydrogen evolution re-
action proceeds through the Tafel mechanism®® in the
third reaction step (2H — H.), almost the same negative
correlation (Figure 4b) is also derived for the Heyrovsky’s
hydrogen evolution mechanism (H + H* + est” — H,),*® as
discussed in Supplementary Material Si0-2. Therefore,
whether H, is generated from the Tafel or Heyrovsky mod-
els does not affect our primary conclusion regarding the
identification of the reactive electron species.

Finally, it is worth noting that although the pho-
tocatalysts exhibited the maximal and saturated photo-
catalytic performance at Pch, > 40 kPa, the IR absorption
band of the shallowly trapped electrons still remained, and
the reactive electron species were not fully consumed (Fig-
ures 2 and 4b). An extension of the fitting line in Figure 4b
indicates that the photocatalytic performance should be
more than double (an increase from ~30 to ~65 pmol h™) if
all the shallowly trapped electrons are completely

consumed (Figure S10). Thus, the reaction activity has been
saturated though excess reactive electrons are still present
in the photocatalytic systems. Although most studies on
photocatalysis have considered the promotion of charge
separation to be the key to high photocatalytic perfor-
mance,> 3 our results clearly show that sufficient charge
separation is already achieved on the Ga,O, photocatalysts,
and surplus reactive electrons remain at the metal/oxide
interface. Therefore, further promotion of charge separa-
tion would have a negligible impact on the improvement
of photocatalytic performance. To efficiently utilize the
surplus electrons and further enhance the photocatalytic
performance, sufficient protons would have to be supplied
to the reactive sites by accelerating the oxidation processes
(CH, + h* — H* + 'CH;; H,O + h* — H* + ‘OH).»
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Figure 4. (a) Schematic illustration of how the ST electrons
contribute to photocatalytic H, evolution reaction. This reac-
tion is initiated by the reduction of protons by the ST electrons
on the metal-induced semiconductor surface states at the pe-
riphery of the metal cocatalysts. The H atoms produced in the
reduction reaction diffuse on the metal cocatalyst and associ-
ate to evolve H, molecules. (b) Correlation between Ist and H,
formation rate on the Pt/Ga,O; photocatalyst. The dashed line
shows the curve-fitting results using Equation (1).

CONCLUSIONS

It is critical to explore the factors degrading the
performance of the currently employed photocatalytic sys-
tems and those inhibiting further improvement of the re-
action activity. Without such microscopic knowledge, it is
difficult to design effective strategies for the development
of more sophisticated catalysts and suitable surface reac-
tion sites. This study reported a promising operando spec-
troscopy technique for extracting weak signals assigned to
reactive photogenerated species under realistic working
conditions. This innovation was achieved by synchronizing
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the millisecond periodic excitation of the photocatalyst
with the scanning rate of the Michelson interferometer
used for FT-IR spectroscopy. The periodic light irradiation
successfully suppressed intense background signals origi-
nating from thermally excited electrons, and the weak sig-
nals corresponding to photogenerated species were de-
tected with high sensitivity. On adopting the proposed
technique to the photocatalytic hydrogen evolution reac-
tion on metal-loaded Ga,O, samples, we found that the sig-
nal assigned to the free electrons trapped in the metal co-
catalysts did not correlate with the hydrogen evolution ef-
ficiency, despite a significant increase in Ry, owing to metal
cocatalyst loading. This indicates that the free electrons in
the metal cocatalysts did not contribute to the hydrogen
evolution reaction, contrary to the traditional belief that
metal cocatalysts themselves function as sinks for reactive
electrons. Instead, our experimental results strongly sug-
gested that the shallowly trapped electron species* at the
metal-induced Ga,Oj; surface states formed in the periph-
ery of the loaded metal cocatalysts functioned as reactive
electrons, directly contributing to the reduction of protons
to hydrogen atoms (esr~ + H* — H); the lateral boundaries
between loaded metals and oxide substrate are promising
platforms for driving non-thermal reduction reactions. In-
triguingly, even when the reaction activity was maximized
and saturated approximately at ambient methane pressure
(Pch, > 40 kPa), the excess reactive electrons remained at
the metal/oxide interface. This observation indicates that
the supply of sufficient protons is vital for further improv-
ing the photocatalytic performance of the metal-loaded
Ga,0; samples. Our concept of operando spectroscopy
combined with millisecond-scale excitation can be appli-
cable not only to other photocatalytic systems, such as
pure water splitting, but also to other various nonthermal
redox reaction systems, including electrocatalysis® and
electric-field-assisted catalysis® for microscopically eluci-
dating key factors for achieving high catalytic performance.
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