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Abstract

Solar water splitting with a composite polycrystalline-Si/doped ;Tiin-film electrode is proposed as a promising new approach
to high-efficiency and low-cost solar-to-chemical conversion. The advantage, efficiency, stability, and some problems to be solved are
reviewed mainly on the basis of reported results. It is shown that (1) an n-Si electrode with surface alkylation and metal nano-dot coating
gives an efficient and stable photovoltaic characteristic, (2} Tabd similar metal oxides) doped with other elements, such as nitrogen
and sulfur, can cause water photooxidation (oxygen photoevolution) by visible-light illumination, and thus (3) a coupling of these two
electrodes is effective for efficient water splitting under solar illumination.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction rent collection is necessary and thus no transparent conduc-
tive oxide is necessary. This method has in principle a strong
The main target in recent studies on solar energy conver-merit in the cost lowering. However, the solar water splitting
sion is to achieve enough lowering of the fabrication cost with a semiconductor electrode is not an easy task. A large
without lowering the conversion efficiency. Much attention number of studies have been made on this subject since the
has thus been paid to thin-film solar ce|lg, fabricated pioneering work by Fujishima and Hond2], but the con-
by use of inexpensive thin-film semiconductor materials, version efficiency reported still remains quite low 1%)
such as amorphous silicon (a-Si), polycrystalline Si, and if we separate high efficiencies reported for high-quality,
particulate TiQ with a photosensitizing dye. However, expensive, multi-layered single-crystal semiconductor
unfortunately, the thin-film solar cells have a serious dis- electrodes such as AlGaAs/98] and GalnR/GaAs
advantage in that it is inevitably necessary to use films of [4].
expensive transparent conductive oxide (TCO), such as in- In the present paper, we propose a new approach to the
dium tin oxide (ITO), for efficient photocurrent collection. high-efficiency and low-cost solar energy conversion by
In addition, the TCO film has actually no enough electri- use of a composite polycrystalline-Si/doped Fitin-film
cal conductivity, and thus we have to adopt a complicated electrode, such as shownfiig. 1L At present, we have not
solar-cell structure, composed of a large number of small yet constructed the composite Si/Bi@lectrode itself, but
cells connected in series, in order to avoid an increase ina simple calculation based on the characteristics of indi-
ohmic loss. This also leads to an increase in the fabricationvidual Si and doped Ti@ electrodes has shown that this
cost. composite electrode will be able to yield a high conversion
In this respect, solar-to-chemical conversion by use of a efficiency of more than 10%. It should be noted also that
semiconductor/electrolyte junction, such as solar water split- the composite Si/Ti@ electrode is composed of inexpen-
ting, is very promising because in this method, no photocur- sive thin-film semiconductor materials. In the following
sections, we will explain the present stage of our studies
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Fig. 1. Schematic illustration of solar water splitting with a composite
polycrystalline-Si/doped Ti@ semiconductor electrode.

2. Operation principle of the composite Si/TiO»
electrode

Fig. 2 shows the operation principle of the composite
polycrystalline-Si/doped Ti@thin-film electrode Fig. 1).
It is well known[1] that TiG, is chemically stable and can
photooxidize water into oxygen and™Hons but only ab-
sorbs UV light below about 420 nm. Recently, however, it
was reported by several workgEs-10] that doping of TiQ
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Thus, the doped Ti@can be used for water photooxida-
tion by a short-wavelength part of solar light (blue light),
in the composite electrode &ig. 1. The long-wavelength
part of the solar light (red light) that is not absorbed by
the doped Ti@®, on the other hand, passes through it and
is absorbed by a backside polycrystalline-Si layer. Accord-
ingly, an electron is excited stepwise from a low level (of
the valence band of Ti§) to a high level (of the conduction
band of Si), which leads to efficient hydrogen evolution on
the counter-electrode and efficient oxygen evolution on the
doped TiQ surface. We can say that the composite SigTiO
electrode effectively utilizes the wide distribution of the so-
lar spectrum for efficient solar water splitting.

The solar-to-chemical energy conversion efficiency,
¢§hem, can be calculated by the following equation:

(AG/e) x j
¢§hem:|: [0 X ]

input solar energ
where AG is the Gibbs energy change for water splitting,
which equals 1.23 eV under the standard conditions at 298 K,
e the elementary charge, apthe photocurrent density ob-
served.

A simple calculation by use dEq. (1) shows that it is
not difficult to get a high conversion efficiency of 10% in
the composite Si/TiQelectrode. For example, if we observe
a photocurrent density of 10 mA cri under solar illumi-
nation of 100 mW cm?, the ¢3 ., value reacheg1.23 x
10/100) x 100= 12.3 (%). From the solar spectrum, we can
expect that doped Ti£that absorbs the solar light in wave-
lengths {) shorter than 500 nm yields a photocurrent density
of about 10 mA crm2. The underlying polycrystalline Si can

1 x 100(%) )

with N, C, S or other elements caused photo-responses inyield a higher photocurrent density of about 30 mA iy

the visible-light region. A similar effect was reported for
other metal oxides such asylas [11,12] Moreover, oxygen

the solar light inx > 500 nm. As it is not difficult to find
doped TiQ that absorbs light in. < 500 nm, these consid-

evolution was really observed for powdered photocatalyst erations indicate that the composite Si/Fi€lectrode can

systems under visible light illuminatiofv,11,12] though

only in the presence of an oxidant as a sacrificial reagent.

Solar light
A (long wavelength)

Solar light
VMV (short wavelength)
O, +4H*
2H,0
Pt-loaded  poly-Si  TiO, Electrolyte
carbon

Fig. 2. The operation principle of the composite polycrystalline-Si/doped
TiO» thin-film electrode ofFig. 1

yield a conversion efficiency of more than 10%.

3. Photoelectrochemical characteristics of
surface-methylated and Pt nano-dotted n-Si

Although the composite Si/Tigelectrode can in principle
yield a high conversion efficiency, as mentioned above, we
have still some problems to be solved in order to achieve such
a high efficiency in an actual system. They may be listed in
the following: (1) the generation of a high photovoltage at the
Si/electrolyte interface; (2) the stabilization of Siin aqueous
electrolytes; (3) the regulation of the flat-band potential of
n-Si and the energy level matching at the Si/JiBterface;

(4) the preparation of doped Tihat can cause efficient
visible-light oxygen photoevolution.

Let us first consider the generation of a high photovoltage
at the Si/electrolyte interface. Fortunately, we can solve this
problem on the basis of our previous studies. We reported
before [13—-20] that single-crystal n-Si electrodes coated
with metal nano-particles, in contact with a redox elec-
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Fig. 3. Photocurrent density) (vs. potential {J) for a Pt nano-dotted n-Si
(111) electrode in 8.6 M HB# 0.05M Br,, compared with that for an
n-Si electrode coated with a continuous Pt layer.

trolyte, generated very high open-circuit photovoltagés)X

of 0.62—-0.64V, considerably higher than those (0.59V) of
conventional solid-state p—n junction Si solar cells of a
similar simple structurefFig. 3 shows an example of pho-
tocurrent densityjf versus potentiall{) characteristics ob-
served for a Pt nano-dotted n-Si (111) electrode in 8.6
HBr 4+ 0.05M Bry, compared with that for an n-Si elec-
trode coated with a continuous Pt layer. It is to be noted that
the V¢ for the former electrode is very high. This remark-
able result is entirely due to the effect of metal nano-dot
coating[14,15] Quantitative analyses, using n-Si electrodes
with well-regulated distributions of Pt particles, prepared
by use of their Langmuir—Blodgett layers, have shdaa]
thatideal minority-carrier-controlled solar cells can be fab-

M

ricated by this method. It should be emphasized also that the

method can be applied easily to inexpensive polycrystalline
Si thin films.

The problem remaining in the Si electrode was that it
gradually degraded owing to surface oxidation in aqueous
electrolytes under illumination and showed no enough sta-
bility for long-term operation. Recently, we have found
[21,22] that this problem can be solved by surface alky-
lation. The modification of Si surfaces with organic alkyl
groups has recently attracted growing attention in various
respect§23-34] As to the Si stabilization, it was reported
that the surface alkylation improved the Si stability against
surface oxidation in aif31] and in an aqueous redox elec-
trolyte [32]. However, it was also reportef83,34] that
the surface alkylation tended to retard interfacial electron
transfer at the Si/redox electrolyte interface. We have found
that this dilemma can be solved by a combination of sur-
face alkylation and metal nano-dot coating, because in this

case the metal nano-dots can act as a catalyst for interfacial

electron transfer reactiorj$4,15]).

Fig. 4shows a result of a photocurrent stability test for var-
ious n-Si electrodes in 8.6 M HB+0.05 M Br, at 25°C. The
photocurrent for naked (H-terminated) n-Si decays quickly
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Fig. 4. Photocurrent vs. time for naked (H-terminated) n-Si, Pt
nano-dotted n-Si, and surface-methylated and Pt nano-dotted n-Siin 8.6 M
HBr + 0.05M Br; at 25°C.

stabilized to some extent by coating with Pt nano-dots, but
still decays in a time range of 10—20 min. On the other hand,
the photocurrent for surface-methylated (§=tdrminated)
and Pt nano-dotted n-Si is kept stable for a long time of more
than 3h. We have to note that the surface-methylated and
Pt-dotted electrode is stabilized even in a highly corrosive
electrolyte of 8.6 M HB+ 0.05M Brs.

The surface methylation (Germination) in the present
work was obtained by the method of Lewis and coworkers
[25]. The chemical procedures are showrkig. 5. HF- and
NH4F-etched and hence H-terminated n-Si (111) was re-
fluxed in a chlorobenzene solution of R@inder UV illumi-
nation, followed by reflux in an ether solution of gMgBr
(Grignard reagent). The Pt particles were deposited electro-
chemically at—1.0V versus Ag/AgCl in a solution of 5 mM
K2PtCl + 100 mM LiClOy4. The electricity passing across
the electrode surface was 83mCtm The Pt deposition
on the surface-methylated n-Si gave a current density ver-
sus potential curve similar to that on the H-terminated n-Si,
suggesting that Pt for the surface-methylated n-Si was de-
posited on non-methylated (uncovered) parts of the Si sur-
face, as shown ifrig. 5.

The occurrence of surface methylation was con-
firmed by XPS analysis[21]. The surface-methylated
(CHs-terminated) Si surface gave the carbon-1s XPS peak
at 283.8 eV, attributable to carbon in surface Sis@Gidnds
[29,35] in contrast to non-methylated (H-terminated) Si
surfaces. A very rough estimation of the surface coverage
(#) of CHsz group from the C and Si XPS peaks, using
the method of Himpsel et al36], gave a value of around
70%, which was somewhat higher than a reported value

Si-H Si-CH,4
Si-H Si-CH,4
Si-H Surface Pt Si-CH;
Si-H methylation laod Si-CH
Si-H > > Si-
Si-H 1. PCI + light Si-

Si Si-H 2. CH;MgCl Si Si-CH3
Si-H Si-CH,4

because it is readily oxidized at the surface under these con—ig. 5. chemical procedures for surface methylation and Pt nano-dot

ditions. The photocurrent for the H-terminated n-Si can be

coating.
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Fig. 6. Scanning electron micrographs (SEMs) of (A) surface-methylated
(CHs-terminated) and Pt nano-dotted and (B) H-terminated and Pt
nano-dotted n-Si surfaces just after Pt deposition.

of less than 50%428] probably owing to an influence of
contaminating organic compounds at the Si surface.

Fig. 6 shows scanning electron micrographs (SEMSs)
of (A) surface-methylated (C#terminated) and Pt
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Fig. 7. Photocurrent density) (vs. potential U) for (A) surface-methylated
(CHz-terminated) and Pt nano-dotted and (B) H-terminated and Pt
nano-dotted n-Si in 7.6 M H{ 0.05M I, under simulated solar illumi-
nation (AM1.5G, 100 mW cm?).

compared with those for H-terminated and Pt nano-dotted
n-Si (111). Solid curves were observed at the initial stage of
illumination, whereas dotted curves were observed after 24 h
illumination. It should be noted that the surface-methylated
n-Si (11 1) gives highVoc as well as high stability, compared
with the H-terminated n-Si (11 1), clearly indicating the ef-
fectiveness of the surface methylation. A slight decrease in
the Vo for the surface-methylated and Pt-dotted n-Si (11 1)
after the 24 h illumination is not due to the degradation of
the n-Si electrode but an increase in the concentration of |
(or I37) as an oxidant of the redox couple in the electrolyte.
Fig. 8shows Si 2p XPS peaks for (A) surface-methylated
(CHs-terminated) and Pt-dotted and (B) H-terminated and
Pt-dotted n-Si surfaces. Similar tBig. 7, solid curves
were observed at the initial stage of illumination, whereas
dotted curves were observed after 24 h illumination. The

nano-dotted and (B) H-terminated and Pt nano-dotted n-SiH-terminated and Pt-dotted n-Si showed an additional
surfaces just after Pt deposition. Circular Pt particles were high-energy peak at 103.5eV, attributed to formation of
deposited fairly homogeneously all over the n-Si surface in SiO, (Fig. 6B), suggesting that the H-terminated n-Si(1 1 1)
both cases, though the size and density of the Pt particlessurface was slightly oxidized during the Pt deposition. It is

were rather different between the gitérminated and the
H-terminated n-Si.

Fig. 7 shows photocurrent density) {ersus potentiallg)
curves for a surface-methylated (giterminated) and Pt
nano-dotted n-Si (11 1) electrode in 7.6 MHD.05 M I un-
der simulated solar illumination (AM1.5G, 100 mW th),

likely that the large positive shift of the onset potential of
the photocurrent (or the large decrease in\igg) for the
H-terminated and Pt-dotted n-Si Fig. 7, compared with

the surface-methylated and Pt-dotted n-Si, is caused by
the surface oxidation, which will induce a positive shift in
the flat-band potentialls,) of n-Si owing to an electrical
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Fig. 8. Si 2p XPS peaks for (A) surface-methylated ¢&kerminated) and
Pt-dotted and (B) H-terminated and Pt-dotted n-Si surfaces.

double layer of surface dipoles {$-O°~). The stabiliza-
tion of n-Si by the surface methylation might be explained
to be due to the formation of a hydrophobic thin layer
on the Si surface, which will prevent the contact of water
molecules to the Si surface.

4. Efficient solar to chemical conversion through
photodecomposition of HI with n-Si

111
Photocurrent
Solar light
AM 1.5G
100 mW/cm?
Pt
A Pt-dotted, CH,-
7.6 M HI terminated n-Si (111)

Fig. 9. Schematic illustration of a photoelectrochemical cell for solar
decomposition of HI into Kl and b (or 137).

regarded as a fuel, and used to generate an electric power
by constructing a kind of fuel cell.

The solar to chemical conversion efficiencyg o,y
can be calculated byEq. (1) We investigated experi-
mentally various cell parameters, such as the redox po-
tential for the I~ oxidation, E(I3~/I7), and that for the
hydrogen evolutionE(H*/H3), the Gibbs energy change
AG [=e{E(I3~/I")—E(H*/H2)}], and the photocurrent
density, j, as a function of the HI concentration. The
E(137/17) and E(H'/H,) values were obtained by measur-
ing current—potential curves with a Pt electrode in given
electrolytes. These studies showed thaG decreases,
whereag increases, with the increasing HI concentration.
The ¢§hem value thus became a maximum at the HI con-
centration of 3.2-4.5M, yielding a value of 7.4932].
This value is probably the highest for the solar to chemical
conversion efficiencies ever reported, if we separate the
high values reported for the expensive, high-quality, com-
posite multi-layer semiconductor electrodes such as p—n
Al,Ga_As/p—n Si[3] and p—n GaAs/p-Gdn1_,P/Pt[4].

The surface-methylated and Pt nano-dotted n-Si electrode

gives a highVpc in 7.6 M HI (Fig. 7) and can thus be used for
efficient solar decomposition of hydrogen iodide (HI) into
hydrogen (H) and iodine ( or I3™). The important point

5. Photoelectrochemical characteristics of doped TiO»

The important target in this work is to develop doped

is that the anodic current for the methylated and Pt-dotted TiO, that can cause efficient visible-light oxygen evolution.

n-Si electrode inFig. 7, corresponding to the oxidation of
I~ to Iz or I37, starts to flow at a potential considerably
more negative than the cathodic current (not showkign7)

We confirmed that thin-film electrodes of Ti@oped with
N, C or other elements had an ability to generate photocur-
rents under visible-light illumination in aqueous electrolyte

on Pt, corresponding to hydrogen evolution. This implies solutions.

that the solar decomposition of HI intogkand b (or 137)
occurs in a photoelectrochemical cell such as showign9
spontaneously with no external bias.

The decomposition of HI into Hand b (or I37) is an

Fig. 10shows, as an example, the incident photon to cur-
rent efficiency (IPCE) versus wavelength for an N-doped
TiO2 [5,6] film, prepared on a commercial conductive ox-
ide layer. The photocurrent was measured in 0.05)86.

up-hill reaction with the standard Gibbs energy change The N-doped TiQ was in the present work synthesized by

AG° = 0.54eV. Thus, the solar decomposition of HI into
H, and b in a cell of Fig. 9implies that the solar energy is

adding 28% aqueous ammonia toiT{CsH7)4 at 0°C, fol-
lowed by heating at 400C for 6 h. The IPCE indeed extends

converted to chemical energy, similar to the case of water to about 550 nm, but the IPCE values in the visible-light

splitting. Actually, the obtained $and b (or I37) can be

region are very lowFig. 11 shows another example of the
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Fig. 10. The incident photon to current efficiency (IPCE) vs. wavelength
in 0.05M H,SOy for an N-doped TiQ@ film, prepared by addition of
Ti(i-OCsH7)4 and 28% aqueous ammonia at@ followed by heating

at 400°C for 6 h.

IPCE versus wavelength for a T¢@ilm codoped with Cr and
Sh, first reported by Kato and Kudé]. The Cr, Sb-codoped
TiO, was in the present work prepared by sintering a mix-
ture of TiQ, (the standard sample of Catalysis Society of
Japan, called TIO-3, rutile), $83 (1.25 mol%), and GiO3
(0.5mol%) at 1150C for 10 h. The IPCE extends to about
550 nm, but the values in the visible-light region are very
low, similar to the case dfig. 10 The photocurrents will be
attributed to oxygen evolution because the electrolyte solu-
tions contained only indifferent (stable) salts. In fact, oxygen
evolution was really observed for reported powdered photo-
catalysts with sacrificial reagents under visible light illumi-
nation[7,11,12] as mentioned earlier. Exploration of more
efficient materials is now under way.

0.015

0.010

IPCE / %

0.005

0.000— L 1 L 1
400 450 500

Wavelength / nm

550

Fig. 11. The incident photon to current efficiency vs. wavelength in 0.05M
H2SO4 for a Cr, Sb-codoped Ti©film, prepared by annealing a mixture
of TiO2, SOz (1.25mol%), and GiOz (0.5mol%) at 1150C for 10 h.
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B The oxidation of surface OH group by a hole
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Fig. 12. New molecular mechanism for oxygen photoevolution on, TiO
(rutile), elucidated by use of in situ photocurrent and PL measurements as
well as in situ multiple internal reflection FTIR absorption spectroscopy.

As to the doped Ti@ with efficient visible-light re-
sponses, we have another problem to be considered. We
have to clarify whether the doped TiGs active and stable
enough, because we can expect that the doping will induce
(1) a distortion in the TiQ crystal, (2) bond weakening,
and (3) a decrease in the oxidation power of photogenerated
holes. The third will be induced, for instance, by formation
of some doping-induced surface states that trap the photo-
generated holes, in the band gap. These problems can be
solved by elucidation of molecular mechanism of oxygen
photoevolution reaction on doped TiOIn this context, it
may be interesting to note that we have recently succeeded
in clarifying primary intermediates of oxygen photoevolu-
tion reaction on single-crystal n-Tgrutile) electrodes in
aqueous electrolytd87,38]

The main conclusion is that the oxygen photoevolution
reaction is not initiated by the oxidation of surface OH group
(Ti-OHg) with photogenerated holes™(h

Ti-OHs + h* — [Ti - OHJs" )

but by a nucleophilic attack of anJ® molecule (Lewis
base) to a surface-trapped hole (Lewis acid), accompanied
by bond breaking:

[Ti-O-Ti] s + h*4+H20 — [Ti-O - HO-Ti]s + HT (3)

Itis worth noting that reaction (2) is an electron-transfer-type
reaction, whereas reaction (3) is a Lewis acid—base-type re-
action, and therefore their energetics and kinetics are quite
different from each other. The conclusion is also shown in
Fig. 12more clearly. The conclusion was obtained by in situ
spectroscopic studies such as photoluminescence (PL) and
multiple internal reflection (MIR) infrared (IR) absorption
measuremen{87,38], in combination with in situ photocur-
rent measurements.

Such mechanistic studies can be extended to investiga-
tions of molecular mechanisms at the doped sT&Drface.
It is quite an interesting subject to clarify how the mecha-
nism at the TiQ surface is modified by doping with other
elements. Deposition of Ryhano-particles as an efficient
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