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A polychromium-oxo-deposited TiO, electrode was fabricated
as an earth-abundant photoanode for visible-light-driven
water oxidation by a simple electrochemical technique. The
photoelectrocatalytic water oxidation could occur based on a
specific interfacial charge transfer (IFCT) from a Cr' to the
TiO, conduction band.

An artificial photosynthetic device has been attracting much
interest as one of the promising clean energy-providing systems in
future.! Development of an efficient visible-light-driven anode for
water oxidation to evolve O, is a key task to yield a breakthrough
toward an artificial photosynthetic device. A great deal of effort has
been devoted to develop it,> and n-type semiconductor electrodes
such as a-Fe,03,% WO;,%® BiVO,,” TaON,*® and Co-catalyst/Zn0*
have been reported as the possible visible-light-driven photoanode so
far. A TiO, electrode is one of the most promising photoanodes due
to its notable stability and a lot of accumulated knowledge. Although
a TiO, electrode exhibits a UV light response, chemical adsorption
of molecular dyes on the TiO, electrode surface provides a visible
light response, as known especially in dye-sensitized solar cells.®
Visible-light-assisted water oxidation was generated at the TiO,
electrode by adsorbing a Ru dye linked with IrO, colloid as a water
oxidation catalyst.* The internal quantum efficiency for water
oxidation was reported to be ~0.9% at 450 nm under 0 mV vs
Ag/AgCl1*, and recently improved to be 2.3% (450 nm) by loading
an electron mediator moiety on the IrO, colloid surface under the
same conditions®™. The Ru dye-sensitization mechanism was
extended to the other water oxidation catalyst systems of Mn-based
catalysts’ Ru complexes®, and polyoxometalate’ to establish light-
driven O, production. However, from the viewpoint of industrial
application in future, the use of earth-abundant elements and more
simple methods were required for electrode preparation. Herein we
fabricate a polychromium-oxo-deposited TiO, electrode as a
precious element-free and visible-light-driven photoanode by a
simple electrochemical technique based on the surface modification
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on a TiO, electrode. We report a unique electrode fabrication and
photoanodic performance of visible-light-driven water oxidation.

A Cr(NO;); aqueous solution was pre-treated at -0.74 V vs.
Ag/AgCl using a Pt electrode for 2h to cause the electrode
preparation faster®, and then an anatase TiO, electrode was
cathodically polarized at the same potential in the pre-treated
solution for 6 h to form the brown deposit on the TiO, electrode. The
brown deposit was not formed using the aqueous solutions of CrCls,
Cry(SOy4); and NaNOj; instead of Cr(NOs);. To understand the
specific electrodeposition from the Cr(NOs); solution, the UV-
visible absorption and Raman spectra of the Cr(NOs); solution were
measured. The UV-visible absorption spectral change of the
Cr(NO;); solution during cathodic polarization displayed that an
intense absorption band at 360 nm is generated with an isosbestic
point at 540 nm in contrast to no spectral change in the cases using
CrCls, Cry(SOy4); and NaNO; (Figure S1). The Raman spectra of the
Cr(NO;); solution after the 2 h electrolysis at -0.74 V vs. Ag/AgCl
exhibited a peak at 900 cm™', in addition to 714 cm™ and 1042 cm’
for NO;™ bending and symmetric stretching vibrations, respectively
in a range of 600 ~ 1500 cm™' (Figure S2). The peak at 900 cm’™ is
assigned to the Cr-O vibration (890~904 cm™) of hydrated
polychromium-oxo species.” The reduction of NO;™ ions is known to
generate OH™ according to eq. (1)'°, and it could be catalysed by Cr**
ions as Lewis acid. Electrochemically formed OH™ are supposed to
react with Cr’" ions near the electrode surface to generate
polychromium-oxo species in solution.

NO; + H,0 + 2¢ > NO, + 20H" (1)

In cyclic voltammogram (CV) of the pre-treated solution using an
anatase TiO, electrode, a reduction wave was given at -0.39 V vs.
Ag/AgCl (Figure S3) with the brown deposit formed on the TiO,
electrode surface. When an ITO or a Pt electrode was used for the
same CV measurement, neither was the reduction peak at -0.39 V
given, nor being the deposit observed on the electrode surface. This
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suggests the special electrodeposition of the brown deposit onto the
TiO, surface.

The distinguishable difference in the SEM image was not
observed between the surfaces of the TiO, electrode with brown
deposit and the neat TiO, electrode (Figures S4a and b). Presumably,
TiO, particles could be covered with a thin layer of small-size brown
deposit (< 50 nm). The SEM image of its cross section indicated 8
um of the film thickness of the TiO, electrode with brown deposit
under the typical preparation conditions (Figure S4c). The geometric
film thickness of a TiO, electrode was hardly changed before and
after formation of brown deposition for SEM observation. Energy
dispersive X-ray spectroscopic (EDS) data clearly showed the
presence of chromium in the brown deposit, and the molar ratio of Ti
: Cr was 1 : 0.49 on the electrode surface (Figure S5). The amount of
deposited chromium was measured to be 6.4 umol cm™ under the
typical preparation conditions using an inductively coupled plasma
mass spectrometry technique. Chromium in the deposit was also
indicated by the X-ray photoelectron spectroscopy spectra giving the
peaks at 585.7 and 575.9 eV, assigned to Cr 2p,,, 2ps), respectively
(Figure S6). The binding energy (575.9 eV) agrees well with Cr'™
binding to an oxygen atom (Cr,Oz : 576.0 eV), but with neither
binding energies of the starting material (Cr™(NO5); : 577.3 eV),
Cr'™ hydroxide (Cr(OH); : 577.3 V) nor Cr'" oxide (CrO; : 578.9
eV). This suggests that Cr'-oxo species are deposited on the
electrode. The Raman spectrum of the brown deposited-TiO, surface
showed a peak at 850 cm™ in addition to three intensive peaks based
on anatase TiO,'' in a range of 300 ~ 1000 cm™'. (Figure S7). The
Raman spectrum of Cr,0O3 being chemically prepared exhibited two
peaks at 550 and 850 cm™', the former of which can be assigned to
Cr'"™-O vibration energy of Cr203’12 the latter being the dehydrated
Cr-O vibration of chromium-oxo compounds'?® (Figure S8). These
XPS and Raman data suggest that the polychromium-oxo (Cr'"0,)
species with dehydrated Cr-O sites was electrodeposited on the
electrode, but it is not neat Cr,0O3 because of no peak around 550 cm™
"in the Raman spectrum (Figure S7). Raman spectral mapping
analyses of the cross section of the film confirmed that the Cr'"O,
species are uniformly deposited in the TiO, film from the ITO
interface to the film surface (Figure S9).

The UV-visible absorption spectrum of the Cr',0,-deposited TiO,
electrode exhibited a wide range of light absorption in a visible
region of 400 ~ 800 nm (red solid line in Fig. 1A), in contrast to
almost no visible absorption for the neat TiO, electrode (black solid
line). It can be deconvoluted to at least three absorption bands. The
first and second bands exhibit the absorption maximum at 600 and
460 nm, which can be assigned to d-d transitions from 4A2g to 4T2g
and to 4T1g, respectively'. The third one is at a shorter wavelength
region than the others and provides an absorption edge at 560 nm. It
could be assigned to the IFCT' from a 3d level of the deposited Cr™
to TiO, CB because the absorption edge at 560 nm (2.2 eV) is close
to the transition energies from Cr'™ 3d level to TiO, CB for rutile
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TiO, with Cr'™-doping (2.2 eV)'® and grafting (2.1 eV)."*® The
Cr'"0,~deposited TiO, electrode was compared with Cr,0; deposited
chemically on a TiO, substrate in the UV-visible diffuse reflectance
spectrum (Figure S10). The difference between them can be
interpreted by contribution of the third deconvoluted spectrum
assigned to the IFCT transition in Fig 1A. This result is consistent
with the specific electrodeposition onto the TiO, surface, as
suggested in the CV data (Figure S3).
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Fig.1 (A) UV-visible absorption spectra of the Cr“'xoy—deposited TiO,
electrode (red solid line) and the neat TiO, electrode (black solid line). The
red dashed lines are the deconvoluted bands of the former spectrum. The
red dotted line is the spectrum simulated by the deconvoluted bands.

plots show the IPCE action spectrum of the Cr“'xOy—deposited TiO; electrode

Blue

as measured at -0.2 V vs. Ag/AgCl in a 0.1 mol L™ phosphate buffer (pH =
7.0). (B) I-V characteristics of the Cr"'xoy»deposited TiO, electrode (red line),
the TiO, electrode with Cr,0; deposited chemically (blue line), and the TiO,
electrode (black line) in a 0.1 mol L™ phosphate buffer (pH = 7.0) under
monochromatic light irradiation (420 nm, 15.8 mW cm?).The potential
sweep was started from 0.2 V.

Photoelectrochemical performance of the CIJHXOy-deposited TiO,
electrode was examined under monochromatic light (420 nm, 15.8
mW cm?) irradiation. The photoanodic current was significantly
generated over -0.6 V vs. Ag/AgCL'® though it hardly generated on
the TiO, electrode (Fig. 1B). It increased with an increase of the
applied potential and reached 40 pA cm? at 0.2 V. In the similar
experiment using the TiO, electrode with Cr,O; deposited
chemically, photocurrent was hardly generated similarly to the TiO,
electrode'” (Fig. 1B). This indicates that electrodeposited CrmXOy
species are important for the photoanodic current generation. The
photocurrent increased linearly with increasing light intensity under
the conditions (A > 420 nm, 0 ~ 200 mW cm™) (Figure S11),
suggesting that a photoexcitation process is involved in the
photoanodic reaction. The action spectrum of incident photon-to-
current efficiency (IPCE) measured at -0.2 V vs. Ag/AgCl is
overlaid in Fig. 1A. The photocurrent was generated below 570 nm
and increased with shortening wavelength to provide 1.7% of the
IPCE value at 400 nm. The edge of the IPCE action spectrum
corresponds well to that of the third deconvoluted band, indicating
that the photocurrent could be based on IFCT photoexcitation.
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Photoelectrolysis was conducted in a 0.1 mol L™ phosphate
buffer solution (pH = 7.0) at -0.2 V vs. Ag/AgCl under
monochromatic light irradiation (420 nm, 15.8 mW cm™). For
TiO, electrode, the current value during the photoelectrolysis was
0.19 ~ 0.08 pA cm?, and O, was not evolved during the 1 h
catalysis. The photocurrent density of 42 pA cm™ was generated
at the initial stage, though it decreased to 7 uA em? (17%) during
the 1 hour photoelectrolysis (total charge 50.7 mC) using the
CrmXOy-deposited TiO, electrode (Figure S12(A)). The gas in a
headspace of the photoelectrochemical cell was analysed either
by an optical O, sensor during the photoelectrolysis (Figure
S12(B)) or by a gas chromatograph after photoelectrolysis. The
amount of O, evolved was 0.12 umol cm?, corresponding to
Faradaic efficiency of 94%. O, evolution was observed over -
0.45 V vs. Ag/AgCl. (Table S1) This result demonstrates that
water is oxidized to O, by visible light. Initial internal quantum
efficiency for oxygen evolution (@,) was 0.91% at 420 nm and -
0.2 V vs Ag/AgCl. The UV-visible spectroscopic and EDS data
corroborates that the CrmXOy-deposited TiO, electrode is
unchanged before and after the photoelectrolysis (Figure S13 and
S14). The decrease of the photocurrent density during the
photoelectrolysis could be explained by accumulation of
photogenerated holes, most possibly due to either slow hole
diffusion in the Crmey layer to the surface or slow water
oxidation at the surface. The hole accumulation is supported by
the repetitively-scanned CVs of the electrode after the
photoelectrolysis with the monochromatic light irradiated (Figure
S15). The large cathodic current was observed below -0.4 V vs.
Ag/AgCl in the first scan cycle (dashed line) due to consumption
of the hole accumulated, followed by the photoanodic current at
0.4 V regenerating after the second scan cycle. (inset of Figure
S15) The photoanodic current recovered to 90% of that observed
before the photoelectrolysis by the five-repetitive potential scan
from 0.4V to -1.0V. To conclude, the electron transfer for visible-
light-driven water oxidation is shown in Fig 2. When the visible
light is irradiated to the CrmXOy-deposited TiO, electrode, the
IFCT transition from a Cr 3d level of deposited Crmey to TiO,
CB could be induced. The generated holes could oxidize water to
evolve O, on the Cr 3d level, the injected electrons to CB
reducing H' to H, at the counter electrode (GC detected).

Fig. 2 lllustration of electron transfer D &

proposed for visible-light-derived % ;:: 2955

water oxidation on a Cr'"xoy» % ] R e [FeT 22 ev)]
deposited TiO, electrode. VB and CB :zf» osf L 2H,0
are a valence band and conduction f ::7 13v ®_’<02+4H+
band, respectively. Red arrow shows é z'u Chisd
interfacial charge transfer (IFCT) from 5 25 B VS

a Cr'" 3d level of the deposited Cr",0, 50 To  Tio, crinQ,

layer to TiO, CB.
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