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P
hotoelectrochemical water splitting to
produce hydrogen fuel from water
and sunlight for emission-free and

sustainable energy storage has drawnmuch
interest because the rate of global energy
use of fossil fuels has dramatically increased
and the related environmental issues such
as climate change demand more sustain-
able energy policy.1�4 The electrodes for
photoelectrochemical cell are composed of
light-absorbing materials which have ap-
propriate band-edge positions for thephoto-
electrochemical reduction of water. Among
several semiconductors investigated as light-
absorbing materials composing photoelec-
trochemical cells,4 silicon (Si) is an earth-
abundant, relatively low-cost material which
is most widely used in current photovoltaics,
with vast knowledge base and infrastructure.
Although p-type silicon (p-Si) has suitable
band gap for efficient sunlight collection and
the conduction band edge position with re-
spect to the electrochemical potential of water
reduction, i.e., hydrogen evolution reaction
(HER), the sluggishkineticsofwater electrolysis
occurringat a silicon surface limit theefficiency

of this reaction. A discontinuous layer of an
electrocatalyst such as platinum is deposited
to catalyze HER while maintaining photo-
voltages.5 In addition, metallic nanoparticles
with large surface area have been immobilized
to enhance the kinetics of HER on planar
silicon6 andon siliconmicrowire.7 Theproblem
of high platinum content, however, has been
one of obstacles for practical applications due
to thehighpriceand the limitedworld reserves
of platinum. The main challenge is the devel-
opment of cheap and stable electrocatalyst
for photoelectrochemical hydrogen evolution.
One approach in the development of HER
catalyst is to enhance apparent kinetics of the
low electrocatalytic activity of earth-abundant,
nonpreciousmetal by increasing surface area.8

Several groups reported attractive electro-
catalysts for HER through this approach includ-
ing bioinspired MoS2

9 and Ni�Mo alloy,10,11

with a nanostructured silicon pillar, and nano-
porous NiMo alloy.11

Another approach in parallel with the
nonprecious metal approach is advanced
platinum-based electrocatalyst due to the
higher activity for HER. Because of the high
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ABSTRACT Pt monolayer decorated gold nanostructured film on planar p-type silicon is

utilized for photoelectrochemical H2 generation in this work. First, gold nanostructured film on

silicon was spontaneously produced by galvanic displacement of the reduction of gold ion and

the oxidation of silicon in the presence of fluoride anion. Second, underpotential deposition

(UPD) of copper under illumination produced Cu monolayer on gold nanostructured film

followed by galvanic exchange of less-noble Cu monolayer with more-noble PtCl6
2�. Pt(shell)/

Au(core) on p-type silicon showed the similar activity with platinum nanoparticle on silicon for photoelectrochemical hydrogen evolution reaction in spite

of low platinum loading. From Tafel analysis, Pt(shell)/Au(core) electrocatalyst shows the higher area-specific activity than platinum nanoparticle on silicon

demonstrating the significant role of underlying gold for charge transfer reaction from silicon to Hþ through platinum catalyst.

KEYWORDS: gold nanoparticles . silicon surfaces . galvanic displacement . galvanic exchange . underpotential deposition .
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price and supply constraints, however, Pt-based cata-
lystsmust have highmass activities given by the higher
fraction of exposed Pt atoms on the surface. In terms of
the higher fraction of surface atoms, the Pt-monolayer
approach is an attractive design of electrocatalysts
having monolayer amount of Pt on a surface of non-
Pt basedmetal core. In this approach, all Pt atoms exist
on the surface of the nanoparticle achieving highmass
activities. It has been one of the successful methods in
developing electrocatalyst for oxygen reduction reac-
tion (ORR) in fuel cell. Briefly, amonolayer of non-noble
metal such as copper (Cu) is deposited at underpoten-
tial region followed by galvanic exchange of a mono-
layer of non-noble metal by more noble metal such as
Pt under open-circuit condition.12 Adzic et al. demon-
strated the advantages of the monolayer approach in
ORR including high utilization of Pt, enhanced activity,
and long-term stability.13�15 In addition to ORR, this
monolayer approach has been applied to other reac-
tions including oxidation of formic acid,16 H2 storage,

17

and HER.18�20 The findings are interesting and may
pave a new way to prepare electrocatalyst for HER in
solar water splitting. Platinum nanoparticles on silicon
consisting of various sizes and densities have been
developed for photoelectrochemical HER.20 To the
best of our knowledge, however, the Pt-monolayer
approach has not yet been reported for photoelectro-
chemical HER though Pt-monolayer may provide the
same catalytic activity as Pt with very low contents.
Galvanic displacement is a spontaneous electrochem-

ical reaction which is an efficient and attractive ap-
proach for the synthesis of metallic nanostructures
on semiconductors.21 In galvanic displacement, metal
ions with a redox potential more positive than that of
substrate are spontaneously reduced by the oxidation
of the substrate itself upon immersion in the plating
solution, without external power source or reducing
agent. Because galvanic displacement is carried out
with simple apparatus, this method provides an attrac-
tive alternative to commonly used sputtering or metal
evaporation. For silicon, galvanic displacement of gold
ions is typically carried out in fluoride containing
plating solution where the oxidized substrate (SiO2) is
dissolved to keep supplying electrons by exposing
unreacted silicon atoms to the solution.21 Various gold
structures including nanoparticles, nanostructure and
film have been fabricated on semiconductor bygalvanic
displacement.22,23 Recently, studies using fluoride-free
plating solution were also reported to form ultrasmooth
film, so-called self-limiting galvanic displacement.24,25

Herein we report the Pt monolayer decorated gold
nanostructured film on planar p-Si (Pt/AuNF/Si) and
their enhancedphotoelectrochemical H2generation. Gold
nanostructured film on silicon was spontaneously pro-
duced by galvanic displacement of the reduction of gold
ion and the oxidation of silicon in the presence of fluoride
anion. Then, copper monolayer on AuNF on Si was

produced by underpotential deposition (upd) of copper
under illumination by controlling external potential in
the plating solution. The platinum submonolayer on
AuNF was achieved by galvanic exchange of less-noble
Cumonolayerwithmore-noblePtCl6

2‑underopen-circuit
condition. Photoelectrochemistry of Pt(shell)/AuNF(core)/Si
was investigated tomeasure the activity of platinum shell
on silicon for photoelectrochemical hydrogen evolution
reaction. The electrochemical active surface area (ESA) of
deposited platinumwas determined by hydrogen upd to
confirm the relation between photoelectrochemical per-
formance and surface area of Pt. From Tafel analysis, the
area-specific activity of Pt(shell)/Au(core) electrocatalyst
for HER was measured to demonstrate the role of under-
lying gold interface for charge transfer reaction from
silicon to Hþ through platinum catalyst.

RESULTS AND DISCUSSION

Formation of Gold Nanostructured Film (AuNF) on Silicon by
Galvanic Displacement and Deposition of Platinum Monolayer on
AuNF by Galvanic Exchange. Scheme 1A outlines the pro-
cedure for the synthesis of Pt/AuNF/Si photocathode,

Scheme 1. (A) Schematic diagram of the fabrication of Pt
monolayer decorated Au nanofilm on p-silicon. First, galva-
nic displacement occurs by immersion of a silicon substrate
into a mixture of metal salt and HF. Metal salt, such as gold
or platinum, are reduced concomitant with the oxidation of
silicon. Second, monolayer thickness of copper is deposited
underpotentially on Au nanofilm under illumination. Final-
ly, Ptmonolayer is galvanically depositedwith labile copper
monolayer by galvanic exchange. (B) Schematic diagram of
measurement for photoelectrochemical H2 generation on
p-Si with various catalysts.
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which begins with the synthesis of AuNF by electroless
galvanic displacement with AuCl4

� and silicon in the
presence of F� ions. Cu monolayer is formed on AuNF
by upd under external voltage under illumination of
light. Then, Pt monolayer was formed by galvanic
exchange of Cu UPD with PtCl6

2� under open circuit
condition to produce Pt/AuNF/Si.

First, gold nanofilm was spontaneously deposited
by galvanic displacement which occurs in 2 mM
HAuCl4 in the presence of HF for 3 min on p-type
silicon. The spontaneous deposition can be described
by the following two-half-cell reactions.

anodic : Siþ 6HF f SiF6
2� þ 6Hþ þ 4e�

cathodic : AuCl4
� þ 3e� f Au0(s)þ 4Cl�

Au deposition in conjunction with corrosion of Si formed
AuNF. Figure 1 shows the formation of nanostructured
Au films (AuNF) on p-Si(100). SEM image reveals thin,
homogeneous and discontinuous gold film on Si sub-
stratewith ligaments andholes of the order of 30�50nm
in diameter which is in accordance with previously
reported results for galvanic displacement.22,23

To decorate AuNF with a Pt monolayer, the fabri-
cated AuNF/Si served as working electrode for Cu upd
and subsequent galvanic exchange. In the absence of
illumination, cathodic current for Cu upd was not
observed due to the absence of electrons in p-type
Si.26 Inset to Figure 2 shows the cyclic voltammograms
(CVs) of AuNF/Si with and without copper ion in the
electrolyte under illumination. The cathodic peaks at
0.180 V and at 0.011 V corresponding to the deposition
of Cu upd on AuNF were observed demonstrating that
Cu upd occurred by photoexcited electron upon illu-
mination. In the bulk deposition realm, the deposition
of Cu begins at�0.050 V. In the absence of Cu2þ, there is
no faradic current as shown by the solid line demonstrat-
ing the Cu upd on AuNF/Si. After a Cu monolayer was
deposited underpotentially on AuNF by linear sweep
voltammetry as shown in Figure 2, potential was held at
�0.05 V to minimize bulk deposition of Cu. Then, the Cu
upd layerwasgalvanically exchangedwith Pt under open-
circuit condition by immersion of Cu/AuNF/Si into the
solution containing 10 mM K2PtCl6 and 0.1 M HClO4 for
3 min in the argon filled glovebag. As a control experi-
ment, platinum nanoparticles on Si (PtNP/Si), a typical
photocathode, was produced by galvanic displacement.

The number of Au sites and Pt sites available for
electrochemical reaction was measured using Cu upd
and hydrogen upd, respectively. The charge to deposit
Cu upd on AuNF provides electroactive surface area
(ESA) of exposed Au on Si using following equation.

ESAAu ¼ QCu=(0:46Ageo) (1)

whereQCu is themeasured charge for Cu upd on AuNF;
the correlation constant of 0.46 (mC/cm2) represents

the coulometric charge required to deposit Cu upd on
Au(111).27 Ageo represents the geometric area of elec-
trode which is exposed to the solution. Cu upd both on
AuNF/p-Si(100) shown in Figure 2 and onAuNFonhighly
doped n-type silicon (nþ-Si, F = 0.001�0.003 Ω 3 cm)
shown in Supporting Information provides evidence that
the valuesof ESAAuwere0.83 cm

2per 1 cm2Si (geometric
area). The hydrogen adsorption/desorption is a powerful
technique to determine the ESA of a Pt catalyst on Si.27

Based on CVs on nþ-Si shown in Figure 3, ESAPt can be
measured using the following equation

ESAPt ¼ QH=(0:21Ageo) (2)

where QH is the measured charge for H adsorption/
desorption (H upd) upd on Pt; the correlation constant
of 0.21 (mC/cm2) represents the coulometric charge
required to deposit H upd on Pt.27 Because H upd was
not observed even in the presence of illumination in the
case of p-Si, highly doped n-type silicon was served as
working electrode. It is worth mentioning that Pt2þ

insteadof Pt4þmight increase the coverageof exchanged

Figure 1. Nanostructured gold film (AuNF) on silicon by
galvanic displacement imaged with scanning electron
microscope.

Figure 2. Linear sweep voltammogram for a AuNF/Si in an
aqueous solution containing 5 mM CuSO4 and 0.1 M H2SO4

under front side illumination. Inset shows CV for a AuNF/Si
in 0.1 M H2SO4 with (dashed line) and without 5 mM CuSO4

(solid line). Scan rate was 0.02 V/s.
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platinum by a factor of 2. H upd both on Pt(from Pt4þ)-
AuNF/nþ-Si(100), Pt(from Pt2þ)AuNF/nþ-Si(100) and on
PtNP/nþ-Si(100) shown in Figure 3provides evidence that
the values of ESAPt were 0.501, 0.820, and 1.78 cm2 per
1 cm2 Si (geometric area), respectively. Thus, coverages of
Pt on AuNF from Pt4þ and Pt2þ ions were ca. 0.6 and 0.98
while ESAPt of PtNP is much larger owing to fine nano-
structures. Surface areas of AuNF and Pt are summarized
in Table 1. Interestingly, the high coverage Pt/AuNF/Si
showed substantial dark current which is similar to the
Pt electrode. The photovoltage, however, is decreased to
just ca. 50 mV (see Figure S2 in Supporting Information).
Because other conditions are exactly same in both
cases, difference in photovoltage should originate from
Pt coverage. At the current stage, the reason why the
high-coverage Pt/Au/Si exhibits lower photovoltage is
unclear. One explanation is that the adsorption of Pt on
Au seems to shift Fermi level of Pt/Au by charge transfer
that was reported experimentally by Plasmon shift of
core�shell nanoparticles.28 This can somehow affect the
interface energetics and attenuate the pinch-off effect.
Therefore, the interface between Pt/AuNF/Si and electro-
lyte may be considered as three inhomogeneous barrier
heights of Electrolyte/Si, Au/Si (Pt unmodified AuNF/Si)
and (Pt/Au)/Si (Pt modified AuNF/Si). As the number of
(Pt/Au)/Si junction increases, the semiconductor/electrolyte
interface no longer dominates the junction energetics
but (Pt/Au)Si substantially contributes to the energetics.
For this reason, galvanic exchangeusingPt4þwill bedis-
cussed in the following section.

Photoelectrochemical Study of Pt/AuNF/Si Electrode for Hydro-
gen Evolution Reaction. Photoelectrochemical H2 genera-
tionof various catalystswasmeasured under illumination
as shown inScheme1B.29,30Figure4showscurrentdensity
(J)-electrodepotential (E) measurements forH2generation
on p-Si with various metal films under illumination in a
stirred aqueous solution containing H2SO4 and 0.5 M
K2SO4 (pH 1). A calibrated halogen lamp illuminates the
photocathode surface with 100 mW/cm2 simulated solar
radiance. Figure 4 shows that the bare planar Si (dash-dot
line) exhibited a very small photocurrent forH2 generation

until E reached �0.5 V because without an electrocata-
lyst present on the Si surface, electron transfer from the
Si surface to Hþ was very slow. In contrast, the AuNF/Si
photocathode generated a much higher photocurrent
(dotted line in Figure 4) at a lower overpotential. In the
presence of Pt on AuNF/Si, photocathode demonstrates
theenhancedphotocurrent forH2 generationdue to the
facile reduction of hydrogen as shown by the solid line
in Figure 4. For example, to reach a current density of
10 mA/cm2 corresponding to the hydrogen production
rate of ∼0.05 μmol/s, the electrode potential is as
positive as 0.071 V on Pt/AuNF/Si as compared with
�0.120 V on AuNF/Si, demonstrating the improved
catalysis with the cathodic shift of ∼0.191 V. For the
same current density of 10 mA/cm2, the potential on Pt
nanoparticle modified p-Si (PtNP/Si) is a little positive,
0.078 V. The small overpotential for HER of Pt/AuNF/Si
exhibits that catalytic effect of Au clusters on p-Si is
enhanced by the adsorption of atomic layer of platinum
by galvanic displacement similar to PtNP. It is alsoworth
mentioning that saturation photocurrent of Pt/AuNF/Si
is ca. 11% smaller than that of Si indicating that larger
AuNF absorbed and/or reflected some of the incident
light. Thoughpreviousworksbyother researchers showed
that shadowing loss by the catalyst nanoparticles was
negligible owing to small size of nanoparticles,31 larger
AuNFwith higher coverage probably reduces the incident
light power. The onset potential (Eos) and the light-limited
photocurrent density (JPh) at the incident light intensity of
100mW/cm2 for the best electrodeswith various catalysts

TABLE 1. ESAData (cm2 per 1 cm2 Si) of Gold and Platinum

on the Different Electrodes

sample ESAAu ESAPt

AuNF 0.83
Pt(Pt4þ)/AuNF 0.50
Pt(Pt2þ)/AuNF 0.82
PtNP 1.78

Figure 4. Photoelectrochemical H2 generation on planar
p-type Si electrodeswith various catalyst under illumination
in a stirred solution of H2SO4þ 0.5MK2SO4 (pH 1). Scan rate
was 0.02 V/s.

Figure 3. Cyclic voltammograms for H upd on a various Pt
catalyst on nþ-Si in an aqueous solution containing 1 M
H2SO4 without illumination. Scan rate = 0.05 V/s.
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are listed in Table 2. Overall, the photoelectrochemical
efficiency of Pt/AuNF/Si on HER is close to that of PtNP/Si
and is in the order PtNP/Si ≈ Pt/Au/Si. Au/Si. Si.

The higher activity of Pt/AuNF/Si for HER may origi-
nate from either geometric effect (surface area of Pt) or
electronic effect (the higher area-specific activity). A
reduction in overpotential is achieved either by increas-
ing the surface area of electrocatalyst (geometric effect)
or by a modification of the nature of electrocata-
lyst (electronic effect). It is clear that the evaluation of
catalysts by simple comparison of overpotentials is not
adequate because exposed surface areas of PtNP,where
rough hemispheres were observed (Figure S3), differ
from that of Pt/AuNF (Figure 1). Therefore, the geo-
metric factor and the electronic factor must be consid-
ered separately in evaluating electrocatalyst. First, The
ESAPt values per 1 cm

2 Si of PtNP and Pt/AuNFwere 1.78
and0.501 cm2 as listed in Table 1, respectively. The ESAPt

value of PtNP is ca. 3.5 times larger than that of Pt/AuNF
which might be attributed to three-dimensional fine
structures of PtNP. AFM images also confirmed the
larger surface area of PtNP compared with Pt/AuNF
(figure not shown). Therefore, the surface area of Pt
catalyst is not the origin of the higher activity of Pt/
AuNF/Si due to the smaller ESA of Pt. It is worth
mentioning that Pt by galvanic exchange covers only
ca. half of AuNF surface area because the surface area of
AuNF per 1 cm2 Si calculated by the charge of Cu UPD
was 0.83 cm2. Although using Pt2þ instead of Pt4þ

increased the Pt coverage close to full coverage, the
photoelectrochemistry of such high-coverage Pt elec-
trodes was deteriorated. Second, a Tafel analysis, the
plot of η vs log i, was applied to voltammogram of each
sample on nþ-Si to evaluate the electrocatalytic activity
of Pt in the absence of light irradiation where the light
process can be eliminated.4 The overpotential (η) is
related to the reaction rate by Tafel equation,

η ¼ b ln
I

I0
(3)

where b is Tafel slope and I0 is the exchange current. I0 or
the normalized exchange current density (J0) is used to
compare the activity of electrodes because the ex-
change current density is the rate of reaction at equi-
libriumor at the reversible potential (the overpotential is
zero). J0, however, is an extensive quantity, which
depends on the extension of the true surface area. On
the other hand, the Tafel slope b is an intensive quantity,
which does not depend on the surface area and
accounts for electronic factors or reaction mechanism
of catalyst. Comparison of Tafel plots in the absence of
irradiation as shown in Figure 5 provides insight into the
origin of different HER activities on various surfaces.
From a simple Tafel analysis on the rising portion of the
CVs, Tafel slopeswere�56mV/dec and�67mV/dec for
Pt/AuNF/Si and PtNP/Si, respectively. Concomitantly,
the J0 values for Pt/AuNF/Si and PtNP/Si were �3.78

and �3.18. Because J0 is expressed in terms of geo-
metric area, the higher J0 value on PtNP/Si compared to
that onPt/AuNF/Simight be a result of larger surface area
of PtNP as observed in ESAPt comparison. Tafel slope of
Pt/AuNF/Si increased compared with PtNP/Si indicating
the enhancement by the electronic effect of Pt submo-
nolayer on AuNF. There are two possible reasons for this
enhancement. One is a strain effect on the Pt overlayer
on AuNF32 which could shift the Pt d-band center. The
other is the interfacial barrier layer such as silicon oxide
between Si surface and PtNP which suppresses charge
transport and decreases the Tafel slope of PtNP/Si.10

Because such barrier layer does not exist at the interface
between AuNF and Si surface,23 the charge transport
through Pt/AuNF/Si is faster than PtNP/SiO2/Si, increas-
ing theTafel slope. Further investigationof Pt/AuNF/Si for
the best trade-off between high catalytic activity and
photovoltage is beyond the scope of the present paper
but would be useful for the understanding and devel-
opment of HER catalyst. In contrast, a Tafel slope of�110
mV/dec similar to reported value of�120 mV/dec33 was
obtained for AuNF/Si demonstrating that HER occurs on
AuNF through different reaction mechanism or different
electronic activity compared to both Pt/AuNF/Si and
PtNP/Si. Overall, Pt monolayer on AuNF enhances the
catalytic activity similar to PtNP because underlying gold
influences the kinectics ofmonatomic Pt layer for HER by

TABLE 2. Comparison of electrode parameters for photo-

electrochemical H2 evolving photocathodes with various

catalysts

sample AuNF Pt/AuNF PtNP

Eos (mV) 137 249 252
JPh (mA/cm

2) 24.5 24.4 26.6

Figure 5. Tafel plots of the HER activities on planar nþ-Si
electrodes with various catalyst in the absence of illumina-
tion in a solution of H2SO4 þ 0.5 M K2SO4 (pH 1).
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the strain effect or the fast charge transfer due to the
absence of the interfacial oxide layer in the dark.

CONCLUSIONS

Monoatomic platinum overlayer on nanostructured
gold film on p-silicon has been successfully deposited
by galvanic exchange. First, nanostructure gold film was
spontaneously produced by galvanic displacement of the
reduction of gold ion and the oxidation of silicon in the
presence of fluoride ions. Second, underpotential deposi-
tion of less-noble copper on AuNF under illumination

forms the monatomic copper layer on AuNF. Sponta-
neous exchange of monatomic copper layer with
platinum ions produced Pt/AuNF/Si for HER. Pt/AuNF/
Si showed the similar activity with PtNP/Si. From Tafel
analysis and analysis of surface area, the area-specific
activity of Pt/AuNF/Si is higher than PtNP/Si while
surface area of Pt on Pt/AuNF is smaller than that of
PtNP/Si. Therefore, it is reasonable to suggest that
modification of metal supporter with monatomic pla-
tinum could be potentially good replacement for pure
platinum nanoparticles.

EXPERIMENTAL METHODS
Chemicals and Reagents. All chemicals were purchased from

Sigma-Aldrich and used as received. Ultrapure water (>18 MΩ)
from a Millipore Milli-Q purification system was used through-
out this work. All glassware and electrochemical cells were
cleaned with Nochromix (Godax Lab., Inc.) cleaning solution
and rinsed with ultrapure water.

Fabrication of AuNF/Si and PtNP/Si Photocathode. Metal nanopar-
ticles are produced by galvanic displacement in HF-based
solution containing metal salt. A p-type Si (100) wafer (Wafer
World, Inc.;∼10Ω 3 cm; B-doped) or highly doped n-type Si (100)
(nþ-Si, F = 0.001�0.003 Ω 3 cm) is degreased by rinsing with
acetone, isopropyl alcohol, and ultrapure deionized water (DIW)
in sequence. Backside ohmic contact is formed by depositing
annealed Al ohmic layer onto the HF-treated Si wafer. For mea-
surements in stirred solutions, the backside Al ohmic metal is first
electrically connected to a Cu wire using Ag conductive adhesive.
The Cu wire is threaded into a glass tube (6 mm o.d.). Backside
contact area is electrically sealedusinganepoxy resin (Hysol 1C). The
front sideof theSi sample ispaintedwithanother typeofepoxy resin
(Hysol 9460) except the very area (0.05�0.20 cm2) that is defined as
projected area of photocathode. The assembly is cured at room
temperature overnight before use. An optical image of each sample
was taken with a scanner (HP Scanjet G2410) and analyzed with
Image J software to determine the active electrode surface area.

To synthesizemetal nanoparticles on silicon, planar Si sample
is first immersed in 0.4 M HF for 3 min to remove surface oxide.
Gold nanoparticle (AuNF) and Pt NP are deposited by immersion
of planar Si into a solution of 0.5MHF for 3minwith 2mMHAuCl4
and 1 mM K2PtCl6, respectively. Then, Si substrate is rinsed with
DIW, and dried with N2. To deposit Pt shell, a Cu monolayer is
deposited underpotentially on AuNF by linear sweep voltamme-
try holding the potential at�0.05 V under illumination. Then, the
Cuupd layer is galvanically exchangedwith Pt under open-circuit
condition by immersion of Cu/AuNF/Si into the solution contain-
ing 10 mM K2PtCl6 (or K2PtCl4) and 0.1 M HClO4 for 3 min in the
argon filled glovebag.

Photoelectrochemical Measurements. For measurements in stir-
red solutions, a 100-mL round-bottomed flask (RBF) is used,
where a stir bar is rotated at 500�1000 rpmby amagnetic stirrer
as described elsewhere.15,16 The sealed Si photocathode is
placed at the center of the RBF, along with a photodiode, a Pt
counter electrode, and a standard calomel reference electrode
(SCE). The entire cell is immersed into a transparent water bath,
which minimizes the focusing of illuminating light by the RBF
and keeps the solution temperature constant. For illumination
source, a halogen lamp is used, the intensity ofwhich is calibrated
to 100 mW/cm2 by a Si photodiode (Hamamatus; model S2386-
18K). Electrolyte solution is prepared by adding concentrated
H2SO4 into 0.5 M K2SO4 along with pH measurement. All mea-
surements are conducted in three-electrode configuration using
a CHI 660Dpotentiostat. No other corrections for the polarization
curves were performed (i.e., the data were not corrected for IR
drop or mass-transport).
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