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1. Introduction

Vanadium (V) oxides and their composites are regarded as prom-
ising materials for a variety of applications such as lithium-ion

batteries,[1] pseudocapacitors,[2] fuel cells,[3]

photocatalysts,[4,5] and gas sensors.[6]

This is due to their good catalytic activity,
suitable intercalation/deintercalation, and
strong electron–electron correlation.[7,8]

Various processing methods have been
used to fabricate vanadium oxide thin films
and nanostructures. For example, pulsed
laser deposition (PLD),[9] magnetron sput-
tering,[10] chemical vapor deposition
(CVD),[11] plasma-enhanced CVD,[12] sol–
gel method,[13,14] and sol–gel dip coating[15]

were used to deposit thin films; hydrother-
mal process,[16] thermal pyrolysis,[17] elec-
trospinning,[18] ion beam sputtering,[19]

and helium (He) plasma treatment[5] were
used for nanostructuring.

Among these methods, He plasma treat-
ment is a novel method, which forms fiberform nanostructures
(FNs) called fuzz on various metals including tungsten, molyb-
denum, rhenium, rhodium, tantalum, platinum, niobium, and
V.[5,20–25] The process is a bottom-up process accompanied by
the growth of He bubbles on the top surface layer (thickness
of 100–200 nm) and the formation and diffusion of
adatoms.[26–30] Application of oxidized fuzz has been studied
including the application of tungsten trioxides (WO3) as gas
sensors[31–36] WO3, iron oxides,[37,38] titania,[39,40] and V oxides[5]

as photoelectrodes. On the fuzzy oxides, in addition to the
increase in the active area to be used for reactions,[38] other posi-
tive aspects of the He treatment have been revealed, such as the
formation of oxygen vacancies,[36] which can improve photoelec-
trochemical (PEC) performance, and stabilization of the anatase
structure of titania.[40] Zaho et al. found that good tailoring of the
amount of oxygen vacancies is needed to achieve the highest per-
formance in WO3 photoelectrodes.[41]

Growth of FNs by He plasma treatment was also demon-
strated on bulk V samples;[5,22] however, the fabrication was
not tested on thin films yet. Regarding practical applications, such
as photoelectrodes or gas sensors, it is important to investigate
thin films. However, the growth rate and growth condition
achieved by He plasma treatment on thin films can differ from
those on bulk material.[37,42] For example, on 100 nm thick W thin
films, nonuniform island structures were formed, and the growth
rate of the fuzzy layer was faster than that on bulk W.[43]

Therefore, it is important to explore the effects of He plasma treat-
ment on thin films in addition to bulk samples.
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Helium (He) plasma treatment can be a versatile tool to fabricate nanostructures
on a surface and change the surface chemistry. Herein, vanadium (V) thin film is
exposed to helium plasmas and the changes in morphology and surface prop-
erties are investigated. The irradiation condition at which the surface morphology
can be changed is identified. During the He plasma irradiation, molybdenum
(Mo) from the sample cover deposits and formation of composite nanostructured
photoelectrode with a combination of V2O5=MoO3 occurs. The photoelectro-
chemical (PEC) performance increases threefold through the plasma treatment.
In addition to the increase in the surface area, the formation of the heterogenous/
composite structure, oxygen vacancies, and reduced oxides such as V6O13

decreases the charge-transfer resistance and contributes to the improvement in
the PEC performance.
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Concerning the photocatalytic and PEC application, a draw-
back of metal oxides semiconductor is the low performance
due to the high recombination rate of photoinduced electron-
hole pairs. Several methods are being investigated to improve
the performance[44]: morphology control, defect engineering
including oxygen sub-stoichiometry,[45] doping with different ele-
ments,[46] formation of heterogeneous junction using multilay-
ered or composite materials.[47,48] For vanadium oxides, Shen
et al. fabricated various vanadium oxides by hydrothermal syn-
thesis and measured the photocatalytic and PEC properties.[16]

All vanadium oxides (V2O5, V6O13, and two polymorphs of VO2 )
were qualified as visible-light-responsive photocatalysts for water-
splitting (hydrogen production) with lower bandgap energies
than that of TiO2. One of the strategies taken to improve the
performance of vanadium oxides is a mixture with other semi-
conductors including bismuth vanadate (BiVO4)

[49,50] and molyb-
denum trioxide (MoO3).

[51–53] Arunachalam et al. showed that
the incident photon to current efficiency improved more than
50% at the wavelength of 425 nm by forming a heterostructure
of V2O5=BiVO4,

[49] and Chuai et al. showed that V2O5=MoO3
composite exhibited enhanced visible-light photocatalytic activity
because of the formation of heterostructures at the interface
between V2O5 and MoO3.

[51]

In this study, we performed He plasma treatment on V thin
films as electrode material of PEC water-splitting. During the
irradiation, auxiliary Mo deposition from the sample holder
occurred and formed V and Mo composite, while forming fuzzy
structures on the surface. The PEC measurements show that the
PEC performance increased 2.8 times by plasma treatment. The
mechanism of the enhanced PEC performance is discussed in a
combination of chemical, structural, and electrochemical analy-
ses. It is shown that plasma treatment contributes to changes of
surface chemistry in addition to morphology change.

2. Morphology

Helium plasma irradiation of V thin films was performed at
various incident ion energy, Ei, and surface temperature, T s,
in the ranges of 52 ≤ Ei ≤ 98 eV and 870 ≤ T s ≤ 1120K. The
exposure time was 1 h and the He fluence was in the range of
3.7� 16� 1025 m�2. The variation of the He fluence was caused
by variation of the He flux, which was changed to control T s,
since thermal contact resistance with the sample holder varies
with each irradiation. As will be shown later, although the flu-
ence is slightly different, this should not impact the nanostruc-
ture formation because it is important whether the fluence
exceeds a certain threshold. Figure 1a,b shows SEMmicrographs
of a V thin film exposed at Ei of 70 eV and T s of 970 K at two
magnifications. It can be seen that fuzz grows on the surface.
In Figure 1a,b, the He fluence is 5.4� 1025m�2, which is the
lowest fluence among the three samples. Helium fluence depen-
dence of fuzz growth on W has been well investigated.[54] There
is a minimum threshold called incubation fluence to initiate the
fuzz growth, and the thickness of the fuzzy layer increases in
proportion to the square root of the He fluence. On analogy with
the fuzz growth on W, Figure 1a,b suggests that the following
irradiation experiments satisfy the necessary condition regarding
the He fluence. Figure 1c–f shows SEM micrographs of V thin

films exposed at higher temperatures of 1080 and 1120 K and at
Ei of 70 and 95 eV, respectively. On both samples, fuzz cannot be
seen, although a rough surface is formed. In Figure 1c,d, fiber-
form structures develop forming a partial nanofuzz structure.
Only a rough microstructure is identified in Figure 1e,f. In this
study, we categorize the morphology changes seen in Figure 1 as
fuzz, partially fuzz, and roughened. When fuzz is formed under
the conditions used in this study, the thickness of the fuzzy layer
was 1 μm (Figure S1 and S2, Supporting Information).

Figure 2 represents the relationship between the morphology
changes and the irradiation conditions (T s and Ei). When Ts is in
the range of 850–1000 K, fuzz grows on the surface independent
of the incident ion energy. When T s > 1050K and Ei < 90 eV, as
shown in Figure 1b, the FNs are only partially seen on the surface
(partially fuzz). At T s > 1050K and Ei > 90 eV, rough structures
without fuzz cover the surface, as shown in Figure 1. It is known
that in the temperature range for fuzz growth, He plasma irradia-
tion can be sorted in terms of homologous temperature, which is
the temperature normalized to the melting point (T s=Tm).
Helium plasma irradiation to different metals shows that the fuzz
growth occurs in the range of 0.25 < T s=Tm < 0.6.[21] The range
of 850–1000 K in T s for V corresponds to 0.39–0.46 in T s=Tm,
which is within the range described in ref. [21]. The high-
temperature threshold is most likely below 0.6, and it can
vary depending on the material. For example, it is �0.36
for Mo.[55]

It has been revealed that there are two major processes that
counteract the fuzz growth: erosion by sputtering[56] and thermal
annealing.[57] Fuzz formed partially at T s > 1050K, because the
counter-growth process of thermal annealing dominated the
growth process due to high temperatures. At T s > 1050K and
Ei > 90 eV, it is likely that erosion by sputtering started to work
in addition to the thermal annealing as the sputtering yield
reached 10�2.[58]

It is notable that the fuzz growth condition on thin film V is
different from that previously reported on bulk V,[5] where fuzz
was formed when Ei > 115 eV and T s > 1000K. One of the dif-
ferences is attributed to the fact that the migration of He might
be different between bulk V and thin film V. Thermal desorption
spectra show that He desorbs at about 200 K lower temperature
for a thin film compared to bulk (Figure S3, Supporting
Information). During plasma exposure, He migration leads to
the growth of He bubbles, which are thought to play an impor-
tant role in the process of the formation of fuzz.[59] Hence, if the
He migration is facilitated in thin films, for example, through
lower density of the material, bubble formation and fuzz forma-
tion can start at milder conditions than in the bulk.

For PEC measurements, electrical contacts are needed.
Therefore, V films were also deposited on Si substrates and
exposed to He plasma. Figure 3a–c shows SEM micrographs
of the V thin film prepared by radio frequency (RF) magnetron
sputtering on a Si substrate and exposed to He plasma for 30, 60,
and 120min, respectively. It is found that a longer irradiation
time of 120min was required to form fuzz on the Si substrate
compared to the SiO2 substrate. Only protrusions were formed
when the irradiation time was 30 or 60min. The difference of
nanofuzz formation on Si and SiO2 substrates might be related
to different thin film growth on Si compared to SiO2 substrate,
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which can result in differences in the density of the thin film; this
will be studied in more detail in a follow-up study.

3. Structure and Surface Chemistry

The fabricated V thin films were oxidized in the furnace at 773 K
for 30min. Two different samples are compared here: a thin
film without plasma irradiation (Vflat) and a nanostructured
thin film with He plasma irradiation (Vnano). The irradiation con-
dition of Vnano was as follows: Ei ¼ 70 eV, T s ¼ 970K, and
ΦHe ¼ 5.4� 1025 m�2.

Figure 4 shows X-ray photoelectron spectroscopy (XPS) survey
spectra of Vflat and Vnano after calcination. Vanadium, C, and O
were the major signal on Vflat. It was found that Mo signals were
seen on Vnano in addition to the peaks found on Vflat. Figure 5a
shows the V 2p XPS spectra of Vflat and Vnano. The binding
energy was calibrated with respect to the position of the O 1s
spectrum in a manner similar to ref. [60]. The dotted lines in
Figure 5a indicate the positions of V5þ (517.2 eV), V4þ

(515.84 eV), and V3þ (515.29 eV).[61] For Vflat, a clear V5þ is
formed, which means that V2O5 is formed on the surface. For
Vnano, a broad tail in the lower-energy region is found, suggesting
that lower oxidation states of V4þ and V3þ are mixed with V5þ.
The peaks of V4þ and V3þ on Vflat are mixed and cannot be
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Figure 2. Summary of the morphology change of V thin film on SiO2

substrates. (The lines are guide for the eye.)
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Figure 1. Scanning electron microscope (SEM) micrographs of V thin films exposed to He plasmas with SiO2 substrates without additional calcination at
different magnifications. The irradiation conditions (Ts, Ei, and ΦHe) are as follows: a,b) 970 K, 70 eV, and 5.4� 1025 m�2 (fuzz), c,d) 1080 K, 70 eV, and
9.4� 1025 m�2 (partially fuzz), and e,f ) 1120 K, 95 eV, and 1.6� 1026m�2 (roughened).
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separated, and the fraction other than V5þ was 4.4%. Three peaks
were separately identified on Vnano, and the fractions of V4þ and
V3þ were obtained to be 17% and 14%, respectively. Hence, the
fraction of lower-oxidation states increased on the sample with
the plasma irradiation.

Figure 5b shows the O 1s XPS spectra of Vflat and Vnano before
and after calcination. The peak at 530.0 eV is from the lattice of
vanadium oxides, and another peak around 532 eV corresponds
to hydroxyl (OH�) or oxygen vacancies (V..

o).
[40,62] It was found

that the peak at 532 eV is larger on Vnano than on Vflat. The frac-
tions of OH�=V..

o obtained from the fit with the double Gaussian
function are 0.17 and 0.28 on Vflat and Vnano, respectively. The
peak at 532 eV before calcination was larger than that after calci-
nation and was 0.25 and 0.53 on Vflat and Vnano, respectively. It is
seen that the calcination process decreased the fraction of the
vacancy by 50–60%.

Figure 6 shows X-ray diffraction (XRD) patterns of Vflat and
Vnano. A broad background centered around 2θ ¼ 22∘ is attrib-
uted to the signal from the SiO2 substrate.[40] On Vflat, typical
V2O5 peaks[16] are observed. On Vnano, peaks of other oxides,
such as V6O13, V2O3, and VO2, are identified next to V2O5.

As was found in the XPS survey spectra (Figure 4), the peaks
fromMoO3 are also included in the XRD pattern, suggesting that
mixed layer of V and Mo oxides are formed. A broad peak around
20∘ from the SiO2 substrate is clearly identified on Vnano. Because
nanostructures form on the surface, the signal from the bulk Si is
easier to detect. The oxidation states of V2O5, V6O13, and V2O3
are 5þ, a mixture of 4þ and 5þ, and 3þ, respectively. Thus, the
XRD results are consistent with the XPS spectra in Figure 5,
where Vnano showed peaks from V3þ to V5þ, while Vflat showed
only a clear V5þ peak.

4. Photoelectrochemistry

Figure 7a shows the photocurrent density on Vflat (black) and
Vnano (red) as a function of the applied potential, ϕRHE, when
the light is chopped at 1 Hz. The potential is scanned from
low to high potential. For both samples, the photocurrent grad-
ually increases, and the slope steepens from around the theo-
retical voltage for water-splitting of 1.23VRHE; the dark current
stays constant. The current density of Vnano is found to be about
twice as high as the current density of Vflat at 1.23 VRHE. In the
entire range of applied potential, the photocurrent of Vnano is
significantly higher than that of Vflat. Figure 7b shows the
current density at 1.23 VRHE for unexposed samples with three
different thin-film thicknesses (50, 100, 200 nm—green color)
and for 200 nm thick samples which were plasma exposed for
different times (30, 60, 120 min—blue color). It is found that
the current density at 1.23VRHE is comparable for the three
unexposed samples with different film thickness. Hence, the
vanadium oxide film thickness has no significant impact on
the current density at 1.23 VRHE. After plasma exposure (blue
color), the current density is significantly higher. In addition,
it is increasing the longer the irradiation time. A 2.8-fold
increase in current density is found for an irradiation time
of 120 min. The increase in current density can be related to
nanostructuring and/or chemical changes and will be discussed
in more detail in Section 5.

Figure 8 shows a comparison of electrochemical impedance
spectroscopy (EIS) analysis between Vflat and Vnano (with illumi-
nation). As shown in Figure 8a, the low-frequency arc in the
Nyquist diagram is smaller for Vnano, suggesting that the

(b)(a) (c)

Figure 3. a–c) SEM micrographs of the V thin films (without calcination) prepared by RF magnetron sputtering on a Si substrate and exposed to the He
plasma for 30, 60, and 120min, respectively. The irradiation condition (Ts, Ei, and ΦHe) is as follows: (a) 960 K, 74 eV, and 3.4� 1025 m�2, (b) 940 K,
72 eV, and 6.1� 1025 m�2, and c) 960 K, 76 eV, and 1.3� 1026 m�2. (He irradiation with no additional calcination.)

Figure 4. XPS survey spectra of Vflat and Vnano after calcination.
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charge-transfer resistance decreases by the plasma irradiation.
The impedance data was fitted using an equivalent circuit shown
in Figure 8b. The capacitance, Cbulk, and the charge-transfer
resistance, RCT, are plotted for Vflat and Vnano as a function of
VRHE in Figure 8c,d, respectively. Comparing Vnano to Vflat, it
is seen that Cbulk increased by 30–40% (37% at maximum)
and RCT decreased by 25–35% (33% at maximum) due to plasma
irradiation.

5. Discussion

The PEC performance was increased 2.8-fold by He plasma irra-
diation. Four factors can contribute to the increase in current

density: 1) increase in the surface area due to the morphology
change; 2) formation of composite structure with MoO3;
3) changes of the oxidation state of vanadium; and 4) formation
of oxygen vacancies. Each factor is discussed separately in the
following:

Increase in surface area: although the surface area of V fuzzy
samples has yet to be measured, the surface area of fuzzy Wmea-
sured by the BET method deduced an order of magnitude
increase due to morphology changes;[63] the surface area has
increased to about 20 times when the fuzzy layer thickness is
1 μm on W. Similarly, the EIS of iron oxide (Fe2O3) thin films
showed an increase in active surface area by the He plasma irra-
diation due to the formation of nanostructures.[38] However, the
PEC performance does not necessarily increase monotonically
with surface area. In nanostructured Fe2O3, the performance
did not increase proportionally to the active surface area, and
the presence of secondary elements and secondary iron oxide
phases was assumed to be the cause.[38] Plasma exposure
increases the active surface area. At the same time, it creates
defects in the lattice, which can lead to a decrease in the perfor-
mance. Hence, increase in surface area might not be propor-
tional to increase in performance. This explains why the
increase in performance in this study is less than expected from
the micrographs. The increase in Cbulk in Figure 8c supports that
the increase in the active surface area contributes to the increase
in the PEC performance.

Formation of composite structure with MoO3: additional sec-
ondary semiconductor to form a heterojunction photoelectrode is
a popular way to enhance the photocatalytic activity as improving
charge separation of formed electron–hole pairs.[64] A mecha-
nism of an enhanced photocatalytic performance of
V2O5=MoO3 composite was discussed by Chuai et al.,[51] where
photocatalytic activity for the degradation of methylene blue was
significantly improved from 49.9% on pure V2O5 to 89.2% on
V2O5=MoO3 composite. Although the conduction band (CB)
position of MoO3 could be higher than that of V2O5, V-doped
MoO3 caused a lower CB position than that of V2O5 and allowed
the photogenerated electrons formed on V2O5 to be injected into
the CB of MoO3. It was discussed that photoexcitation can occur
both on V2O5 and MoO3 and that the accumulation of photoex-
cited electrons and holes occurs on MoO3 and V2O5, respectively,
leading to the separation of electron–hole pairs and the reduction
of electron–hole recombination. In the same manner, composite
of V2O5=MoO3 formed on Vnano could be contributed to the
enhanced PEC performance as reducing the recombination of
the photogenerated electron–hole pairs on the surface.

Changes of the oxidation state of vanadium: a broadening of V
2p spectra (Figure 5a) and changes in the XRD pattern (Figure 6)
show that the formation of reduced oxides, such as V6O13 and
V2O3, are mixed with V2O5 on Vnano. Such mixed peaks of mul-
tiple vanadium oxides have been reported in studies using other
synthesis methods.[16,65] In ref., [16] experiments on hydrogen
production using visible light showed that the accumulative
amount of hydrogen production was higher for V6O13 than
for V2O5.

Formation of oxygen vacancy: as shown in Figure 5b, the frac-
tion of OH�=V..

o increased by 64%, from 0.17 to 0.28 for Vnano.
Oxygen vacancies are known to be formed by annealing in oxy-
gen-depleted environments, exposure to energetic particles, ion

(a)

(b)

Figure 5. a) V 2p XPS spectra after calcination and b) O 1s XPS
spectra before and after calcination of vanadium oxide samples
(Vflat and Vnano).
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doping, and also He plasma irradiation, and this plays an impor-
tant role in the performance of photocatalysts.[62] Vacancy engi-
neering exists in other fields as well.[66] For TiO2 and WO3,
He plasma irradiation increases oxygen vacancy, and the
contribution to the improvement of photocatalytic and PEC
performance has been discussed.[40,67] On V oxides, the role
of the oxygen vacancies in enhancing the diffusion of ions, such
as Zn and Li ions, has been investigated for battery
applications.[68,69] There are no reports about the effect of oxygen
vacancies on the photocatalytic or PEC performance of vanadium
oxides.

In addition to the fact that the increase in surface area led to an
increase in Cbulk, a mixture of the aforementioned three factors
(2)–(4), that is, composite formation, different oxidation states,
and oxygen vacancies, is believed to reduce RCT and resulted
in an improvement in PEC performance.

6. Conclusions

In this study, He plasma treatment was performed on V thin
films, which were deposited on Si and on SiO2 substrates by
sputtering. Helium plasma irradiation resulted in various
morphology changes depending on Ts and Ei while inducing
auxiliary Mo deposition from the sample holder. Fuzz growth
occurred when Ts was in the range of 850–1000 K. Compared
to the previous study, where He plasma treatment was per-
formed on bulk V, the required Ts and Ei for nanostructure for-
mation were higher than in this study. This was likely caused by
the fact that He atoms move more easily at low temperatures in
the thin film.

Surface characterization by XPS/XRD and PEC measure-
ments were performed using the thin films oxidized in a furnace
at 773 K. The photocurrent increased with increasing the irradi-
ation time, and it became 2.2 (at 30min) to 2.8 (at 120min) times
higher than that without He plasma treatment. The EIS analysis

2θ/ω [degree

Vflat

Vnano

]

In
te

ns
ity

 [a
.u

.]
V2O5

V6O13

V2O3

VO2

MoO3

Figure 6. XRD patterns of Vflat (red) and Vnano (black) after calcination. An inorganic materials database system, AtomWork,[72] was used to assign the
diffraction peaks. (The following references are used for each element: V2O5

[73–78] VO2V2O3V6O13MoO3.)

(a)

(b)

Figure 7. a) Photocurrent density on Vflat and Vnano as a function of ϕRHE

with chopped light at 1 Hz and b) the photocurrent density of six samples
at different plasma exposure times including the one without irradiation.
A 0.1 M KOH solution with a pH of 13.0 was used as the electrolyte. All the
samples were calcinated in air at 773 K for 30min.
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suggested that both the increase in Cbulk and the decrease in RCT
contributed to the enhanced PEC performance. In other words,
in addition to the increase in surface area due to the morphology
change, the water oxidation kinetics was also improved. The for-
mation of V/Mo oxide composites, the formation of different
oxidation states, such as V6O13, which are probably more active
than V2O5,

[16] and the formation of oxygen vacancies are the
potential factors.

This work shows that the use of He plasma offers different
paths for improving the performance of electrodes for PEC
water-splitting. It has a potential to control surface morphology,
form composite, and induce vacancies in a one-step process of
He plasma irradiation. In the future, an additional sputtering
source to control the deposition rate of Mo will be introduced,
such as demonstrated previously,[70] it will be a versatile method
with a better controllability.

7. Experimental Section

Sample Fabrication: A linear plasma device, the details of which
are shown elsewhere,[71] and a radio frequency magnetron sputtering
device (HSR-522, SHIMADZU) were used to form V thin films (typically,
200 nm in thickness) in an argon atmosphere. Fused silica glass (SiO2)
was used for the substrate to perform systematic plasma irradiation

experiments and surface characterization, and a conductive silicon
(Si) substrate was used for PEC measurements. The surface tempera-
ture, which was measured by a thermocouple, was 320 K during
deposition.

The V thin films were exposed to He plasmas in a linear plasma device
named NAGDIS-II,[33] where high-density He plasma (1018 � 1019m�3)
can be produced in a steady state. The substrate was installed in a
water-cooled sample holder, which was biased negatively to control the
incident ion energy, Ei. The incident ion energy was determined from
the difference between the potential of the sample and the plasma poten-
tial, which was measured by an electrostatic probe. The ion flux was also
measured by the electrostatic probe. The surface temperature, Ts, was
measured using a thermopyrometer (KTL-PRO, LEC Co., Ltd.) at the wave-
length of � 1.6 μm.

The prepared V thin films were oxidized in air using a muffle furnace
(FO100, Yamato Scientific Co., Ltd.) at 773 K for 30min. In addition to
the surface observation by field-emission scanning electron microscope
(FE-SEM) (Hitachi, S4300), XRD (Rigaku, ATX-G) and XPS (ESCALAB250Xi,
Thermo Scientific) were used for the surface analysis.

PEC: The PEC experiments were carried out in a standard three-
electrode system using a potentiostat (SP-150, BioLogical) with the sam-
ple as the working electrode (WE), Pt wire as the counter electrode, and an
Ag/AgCl/sat KCl electrode as the reference electrode (RE). A 0.1 M KOH
solution with a pH of 13.0 was used as the electrolyte. In the three-
electrode system, the bias voltage (ϕAg=AgCl) applied between WE and
RE at the potentiostat is given as the potential versus a reversible hydrogen
electrode (RHE) by the following relation.
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Figure 8. a) Nyquist plot at 1.2 VRHE for Vflat and Vnano, b) equivalent circuit model used for analyzing the electrochemical impedance spectroscopy (EIS)
data, and VRHE dependences of c) bulk capacitance (Cbulk) and d) charge-transfer resistance (RCT) for Vflat and Vnano.
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ϕRHE ¼ ϕAg=AgCl þ ϕo
Ag=AgCl þ 0.059� pH (1)

where ϕAg=AgCl is the experimentally measured WE potential and ϕo
Ag=AgCl is

0.197 V at 25 °C. Because the pH is 13.0

ϕRHE ¼ ϕAg=AgCl þ 0.964 (2)

A 300W xenon lamp was used as the light source, and a photocurrent
density curve was obtained by applying a potential of �1.5–þ1.5 V to the
Ag/AgCl electrode at a scan rate of 10mV s�1 while chopping the light
using a mechanical shutter at a frequency of 0.5 s�1.
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