PHYS

DOI: 10.1002/cphc.201201044

Unbiased Photoelectrochemical Water Splitting

'@2 ChemPubSoc
el Europe

‘
t
*

in Z-

Scheme Device Using W/Mo-Doped BiVO, and Zn,Cd,_,Se

Hyun S. Park, Heung Chan Lee, Kevin C. Leonard, Guanijie Liu, and Allen J. Bard*®

Photoelectrochemical water splitting to generate H, and O,
using only photon energy (with no added electrical energy)
has been demonstrated with dual n-type-semiconductor (or Z-
scheme) systems. Here we investigated two different Z-scheme
systems; one is comprised of two cells with the same metal-
oxide semiconductor (W- and Mo-doped bismuth vanadate),
that is, Pt-W/Mo-BiVO,, and the other is comprised of the
metal oxide and a chalcogenide semiconductor, that is, Pt-W/
Mo-BiVO, and Zn,,Cd,sSe. The redox couples utilized in these
Z-scheme configurations were 17/10,~ or $*7/S,>, respectively.
An electrochemical analysis of the system in terms of cell com-

1. Introduction

We show solar-fuel, that is H,, generation from true splitting of
water (H, and O, formation) without external bias or sacrificial
donors in a photoelectrochemical (PEC) device using two iden-
tical metal-oxide photoelectrodes or a combination of one
chalcogenide and one metal-oxide photoelectrode. These PEC
devices demonstrate a conceptual design of unbiased water
splitting using only photon energy at the photoelectrodes.
PEC reactions, that is, the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), occur on the interface
between a semiconductor electrode, usually with an electroca-
talyst, and a solution with a suitable counter electrode. The
semiconductor electrode absorbs photons with a higher
energy than its band gap and the absorbed energy excites
a bonding electron of the semiconductor to the conduction
band with a hole left in the valence band. The excited electron
and hole are separated by the electric field created near the in-
terface between the semiconductor and solution. Through the
reactions on the semiconductor, the absorbed radiant energy
is converted and stored as chemical energy, for example, H,
and O, from the photolysis of water."?

Efficiently and inexpensively converting radiant energy to
chemical energy, and especially the water-splitting reaction,
has been a great challenge for many decades as the ultimate
solution of a sustainable energy source.”’ To attain the practi-
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ponents is shown to illustrate the behavior of the complete
photoelectrochemical Z-scheme water-splitting system. H, gas
from the unbiased photolysis of water was detected using gas
chromatography-mass spectroscopy and using a membrane-
electrode assembly. The electrode configuration to achieve the
maximum conversion efficiency from solar energy to chemical
energy with the given materials and the Z-scheme is discussed.
Here, the possibilities and challenges of Z-scheme unbiased
photoelectrochemical water-splitting devices and the materials
to achieve practical solar-fuel generation are discussed.

cal photolysis of water in an economical way, a) the semicon-
ductor must be stable and not experience decomposition from
the strong reductive and oxidative power of the excited elec-
tron and hole, b) the band gap of the semiconductor must be
small enough to utilize most of the solar energy spectrum but
large enough to drive the desired chemical reaction, and c) the
semiconductor must have suitable positions of band edges for
the chemical reactions of interest. In addition to those chemi-
cal and electrochemical criteria, the material should be abun-
dant and inexpensive so the total system of water photolysis
can compete with other energy-conversion systems, for exam-
ple, H, production by electrolysis using photovoltaic solar cells,
steam reforming from fossil fuels, or pyrolysis of biomass.””
Typical rough benchmarks generally quoted are 10% solar effi-
ciency, ten-year lifetime and installed power of $1 per watt.”

After Fujishima and Honda suggested the possible photoly-
sis of water using a TiO, photoanode,” tremendous efforts
have been made to realize water splitting using solar energy. A
major part of the research focused on finding a single useful
material for this reaction, mostly based on large band gap
metal oxide semiconductors like TiO,, SrTiO;, and others.®™®
For example, Youngblood et al. reported a steady photocurrent
of 1 to 2 pA at a biased TiO, electrode with ruthenium dyes for
water photolysis under visible irradiation.”? A TiO, electrode
coated with molecular catalysts and dye sensitizers was also
demonstrated to produce about 5 pAcm2 photocurrent densi-
ty for water oxidation without an external bias® and InP elec-
trodes decorated with iron-complex catalysts generated about
250 nAcm ™ for hydrogen evolution with an external bias
under visible irradiation." However, the needed driving force
for water splitting is probably in the vicinity of 1.9 to 2V,
which is clearly significantly larger than the often-quoted ther-

ChemPhysChem 2013, 14, 2277-2287 2277



PHYS

o‘

> Ll T T L L |.0
& ]

§ 201 (a) 10.8
= 157 10.6
E -— —

= 10} 10.4
e ®

l.=. 5k =) 10.2
g

2 0 , A A A A 0.0
-9

BiVO, +W +Mo +Ag +Pt

w v/ AJIsud( Judain))

002 L4 T L T T T
E 00 H .
B
g -0.2H
£ 04H
Z
& -0.6H J |
-1
g .0.8H ]
L u (b)
O -1.0f ]

06 05 04 03 02 0.1
Potential /V vs NHE

Figure 1. a) Summary of the photoactivity development of BiVO, and b) LSV of Pt-W/Mo-BiVO, for water oxidation under chopped UV/Vis irradiation. The pho-
tocurrent was measured for water oxidation in neutral aqueous solution (pH 7, 0.2 m phosphate buffered, 0.1 m Na,SO,) under 120 mW cm~? UV/Vis irradiation.
The photocurrent shown in (a) was chosen from the LSVs at 0.6 V (vs NHE) for different electrodes. The scan rate was 20 mVs~". Thin film electrodes of BiVO,
or doped BiVO, were prepared by drop-casting precursor solution, and the thickness of the resulting films was about 0.5 pm. W-doped BiVO, has

a 5 atomic% W to (Bi+ V) ratio and W/Mo-doped BiVO, has a 2 atomic% W and 6% Mo to (Bi+ V) ratio. For AgNO; treatment, W/Mo-BiVO, film was soaked
in 10 mm AgNO; aqueous solution for 1 hr in the dark. Pt electrocatalyst was photodeposited under UV/Vis irradiation for 30 min in 10 mm H,PtCl, in the

presence of 0.2 M MeOH.

modynamic value of 1.23V; this requires a semiconductor
band gap that can only absorb a relatively small portion of the
solar spectrum and hence a low efficiency of solar-energy con-
version. To obtain a reasonable efficiency using smaller band-
gap materials, two or more photons must be absorbed to
drive a single electron in the reaction. Other systems have
been suggested, for example, buried p-n junction electro-
des,">™ tandem structures with dye-sensitized solar cells and
a metal oxide™ and multiple bipolar photoelectrodes in
a series connection,'®'® where two or more semiconductors
are combined to cover a wide solar-wavelength window and
create a sufficient potential to drive the water-splitting reac-
tion.

Among proposed systems, a dual n-type-semiconductor
device (or Z-scheme) was suggested in 1979 to overcome the
single photoelectrode problem." Since that time, several ef-
forts have been made to find a suitable combination of photo-
electrodes and redox couples to demonstrate PEC water split-
ting by a Z-scheme.”™ Combinatorial methods have been ex-
plored as a quick screening method to find suitable photoano-
des for water oxidation which utilize metal oxides,*" for exam-
ple, Fe,0,,% WO0,***" BiVO,**?? and chalcogenides, e.g.,
CdSe, CulnSe,, and Cu,ZnSnS-Se.B*=32

The photocatalytic activity of BiVO, was first reported by
Kudo and co-workers in 1999,%® and has been studied as
a promising material for photo-oxidation of water because it
has good chemical stability and the ability to harvest visible ra-
diation.B*3 BiVO, is a yellow pigment and was first reported
as a naturally existing mineral in 1974.59 Moreover, as de-
scribed above, the photoactivity of BiVO, has been improved
significantly employing the combinatorial method utilized by
our group. Scanning electrochemical microscopy (SECM) has
been used to screen metal dopants for BiVO,, for example, W
and Mo,**?”" which significantly improve the photoactivity of
BiVO,. In addition, our group has determined that Pt and
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cobalt oxides are good water oxidation electrocatalysts for W-
doped BiVO,"¥ As a result, W and Mo-doped BiVO, treated
with AgNO," to passivate surface recombination and photo-
deposited with Pt, denoted Pt-W/Mo-BiVO,, shows more than
a 20-times-enhanced photocurrent for the OER compared to
that of untreated BiVO, (Figure 1a).

In this paper, unbiased water splitting using a Z-scheme
system is demonstrated using either two Pt-W/Mo-BiVO, pho-
toelectrodes or a combination of Zny,Cd,sSe and Pt-W/Mo-
BiVO, to capture the light. The redox couples used in the Z-
scheme configuration were 17/10;~ for Pt-W/Mo-BiVO, electro-
des or S,27/S*~ for Zn,,Cd,sSe electrodes. Electrochemical anal-
ysis to determine the maximum photon conversion efficiency
to chemical energy was also performed with the given photo-
electrodes in a PEC device. Finally, the possibilities and chal-
lenges of using a Z-scheme system for unbiased photoelectro-
chemical water splitting and the materials necessary to achieve
practical solar-fuel generation are discussed.

Experimental Section
Chemicals

Bi(NO;)55H,0  (99.999%), (NH,);oH,(W,0,)¢xH,0  (99.99%), and
Na,S-9H,0 (98%) were obtained from Strem Chemicals (Newbury-
port, MA). H,PtClg#6H,0 (99.9%), VCl; (99%), Cd(NO,),-4H,0
(99.999%), and Ti foil (2.0 mm thick, 99.2%) were purchased from
Alfa-Aesar (Ward Hill, MA). (CH,),NC(Se)NH, (97 %), Se (100 mesh,
99.5%), (NH,)sM0,0,+4H,0 (99.98%), Na,50, (99.0%), Ag(NO,)
(99%), CoCl, (98%), and Nafion perfluorinated resin solution
(5 wt% in lower aliphatic alcohols and water) were purchased from
Sigma-Aldrich (St. Louis, MO). ZnCl, (98.55%), S (99.5 %), and NalO,
(99.9%) were obtained from Mallinckrodt Baker (Phillipsburg, NJ).
Na,HPO, (99.9%), NaH,PO, (99.5%), methanol (99.9 %), isopropanol
(99.5%), and ethylene glycol (99%) were purchased from Fisher
Scientific (Pittsburg, PA). Nal (99%, EM Science, Gibbstown, NJ)
were used as received. Fluorine-doped tin oxide (FTO, TEC 15, Pil-
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kington, Toledo, OH) was used as the substrate for the film electro-
des. Deionized Milli-Q water (D.l. water, 18 MQ-cm) was used as
the solvent in electrochemical experiments. Pt electrocatalyst sup-
ported on carbon (40 wt%, Pt/C, Johnson Matthey, London, UK)
and a sulfonated tetrafluoroethylene membrane (51 um thick,
Nafion112, DuPont, Wilmington, DE) were used as received to pre-
pare the membrane electrode assemblies.

Electrodes

Pt-W/Mo-doped BiVO, electrodes were prepared as previously de-
scribed.”3  Briefly, a 20pum  (NH,);oH,(W,0,)¢xH,0, 60 um
(NH,)sMo0,0,4-4H,0, 4.2 mm Bi(NO;);-5H,0, and 5 mm VCl; in ethyl-
ene glycol solution was prepared. Then, 200 plL of the precursor so-
lution was applied onto an FTO substrate (2.2 cm?) and it was an-
nealed at 500°C for 3 h. The temperature was slowly ramped from
room temperature to 500°C over 9 h. Then, the W/Mo-BiVO, film
was treated in a 10 mm Ag(NO,); aqueous solution in the dark for
1 h.B” The Pt electrocatalyst was photodeposited as previously re-
ported.®® The metal-oxide film was placed in a 0.2m MeOH and
10 mm H,PtClg aqueous solution and, while submerged, it was irra-
diated with a xenon lamp (XBO 150 W, Osram, Munich, Germany)
for 30 min with full output. The irradiation power was about
150 mWcm ™2,

Zn,,Cd,gSe electrodes were prepared using a drop-casting tech-
nique.”® A 70 mm ZnCl,, 0.5m Cd(NO;),, and 0.5m N(CH,),NH,CSe
(dimethylselenourea) ethylene glycol solution was prepared and
0.1 M hydrazine was added to this solution to prevent the oxida-
tion of dimethylselenourea by dissolved O, in the ethylene glycol.
In addition to preventing oxidation, hydrazine provides a possible
chemical combustion during low temperature selenization of
Zny,CdgsSe.*? To form a uniform film of chalcogenide, multiple
drop-casted coats (usually three) were applied. For each coat,
50 uL of the precursor solution was applied to the surface of the
FTO (1 cm? substrate. Then, the film was placed into a pre-heated
oven to evaporate the solvent at 140°C for about 30 min in ambi-
ent air. Finally, the film was annealed at 350°C for 30 min under Ar
flow with a flow rate of about 10 mLmin~' in a tube furnace. The
ramping rate of the furnace temperature was 20°Cmin~' begin-
ning from room temperature. To prevent excess loss of Se from
the film, around 0.2 g of selenium powder was placed beside the
film and it was usually completely evaporated during the seleniza-
tion. By selenization, the color of the Zn,,Cd,sSe film was changed
from dark red to dark grey.

CoS electrodes were prepared on polished Ti foil (1.5 cm?). The Ti
foil was alternately dipped into the 0.5m CoCl, and 0.5m Na,S
aqueous solutions to form a powdery CoS film. After multiple
coats of CoS, the film was annealed at 100°C for 12 h with a ramp
rate of 1°Cmin~' beginning from room temperature. The heat
treatment was conducted under Ar flow with a flow rate of
10 mLmin".

The membrane-electrode assembly used for H, detection consisted
of Pt/C electrocatalyst and a proton-conductive membrane as
a solid electrolyte. The membrane was sulfonated by soaking the
membrane in a 0.1 M aqueous sulfuric acid solution at boiling tem-
perature for 1 h. After washing the sulfonated membrane with de-
ionized water, the membrane was firmly secured between two
glass plates where 1 cmx2 cm windows were allowed to dry the
membrane. Then, Pt/C electrocatalyst suspended in isopropanol
with Nafion resin (30 wt% of Nafion resin to Pt/C) was sprayed
onto the dried Nafion membrane using a spray gun (GP-1, Fuso
Seiki Co., Tokyo, Japan). N, gas was used as the carrier medium for
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the deposition and both sides of the membrane were sprayed at
room temperature.

Instruments

A CH Instruments model 630D electrochemical analyzer (Austin,
TX) was used as a potentiostat for the electrochemical experi-
ments. A Pt gauze counter electrode and a Ag/AgCl reference elec-
trode in saturated KCl solution were used to complete the three-
electrode configuration. It should be noted that all reported poten-
tials in the three-electrode configuration are quoted with respect
to the normal hydrogen electrode (NHE). For the PEC measure-
ments, illumination was done with a xenon lamp (XBO 150 W,
Osram, Munich, Germany) with full output for the UV/Vis irradia-
tion, or with a 420 nm cut-off filter (WBF-3, Oriel, Darmstadt, Ger-
many) for the visible irradiation. A silicon photodetector (Model
818-UV, Newport, Irvine, CA) with an attenuator (OD3, Newport)
and an optical power meter (Model 1815-C and Model 1830-C,
Newport) were used to obtain light intensities. A gas chromatogra-
phy-mass spectroscopy analyzer (GC-2014, Shimadzu Scientific In-
struments, Columbia, MD) was used to analyze the gases produced
from the PEC device. The electrochemical cells for water splitting
were home-built with borosilicate glass (Figure 3 and Supporting
Information, Figure S1).

2. Results and Discussion
2.1. Pt-W/Mo-BiVO, Photoanode

A linear-sweep voltammogram (LSV) of Pt-W/Mo-BiVO, is
shown in Figure 1 b for the OER. LSV measured under chopped
UV/Vis irradiation with an intensity of 120 mWcm™ shows
rapid photoresponses. A current density of about 1 mAcm™
was obtained at 0.6 V beyond the photo-onset potential of the
OER for Pt-W/Mo-BiVO, in neutral aqueous solution (0.1m
Na,SO,, pH7, 02m sodium phosphate buffered) at
120 mWcm™2 Figure 2 a-ii also shows the photocurrent for the
OER under stronger irradiation (440 mW cm™) than that in Fig-
ure 1b for the identical Pt-W/Mo-BiVO, electrode. The photo-
current increased about four times as the light intensity in-
creased from 120 to 440 mWcm™ in Figure 2a. Some of the
results shown utilize this stronger illumination intensity to
shorten the experimental time necessary to detect the gener-
ated gases on the electrodes. The irradiation power as mea-
sured by the optical power meter is noted in each experiment.
The LSV in Figure 2a indicates that photocurrent for the OER
on Pt-W/Mo-BiVO, begins around 50 mV vs NHE (line i) dem-
onstrating that the onset potential for the OER is largely shift-
ed to the negative (by about 0.7 V) compared with the ther-
modynamic potential of O, evolution from water (0.81V at
pH 6).

In Figure 243, the proton reduction current begins at —0.4 V on a Pt
electrode (black line, iii) which is very close to the thermodynamic
potential for proton reduction, Equation (1), in a neutral aqueous
solution and consistent with the rapid kinetics of the HER on Pt:

2H" +2e — H, (F°=-041VatpH7) (1)

From the respective LSVs for the half reactions of water
splitting, that is, O, evolution (i) and H, evolution (ii) as shown
in Figure 2a, the current density for water electrolysis under
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devices) or by another PEC cell,
operating with a mediator (O,R).
As shown in Figure 3, a pair of
n-type semiconductors (semi-
conductor | (SCl) and semicon-
ductor Il (SCII)) can thus accom-
plish the photolysis of water in
a Z-scheme."”? Briefly, SCIl and
the metal electrode | (MI) are

0.6 04 02 0.0 -0.2 -04 -0.6
Potential/V vs NHE

Figure 2. a) LSVs of Pt-W/Mo-BiVO, for water oxidation under dark () and under UV/Vis irradiation with radiation
of intensity of about 440 mW cm™2 (i. li)) Current for proton reduction measured with a Pt mesh electrode. The
current was measured in 0.1 M Na,SO, aqueous solution (pH 7, 0.2 M sodium phosphate buffered). The scan rate

. b) Current density and potential relationship calculated from the data shown in (a) showing the
water-splitting current density for both proton reduction and water oxidation in a two-electrode system as a func-
tion of the applied potential difference between Pt-W/Mo-BiVO, and Pt electrodes in neutral aqueous solution.

was 20 mVs™'

UV/Vis irradiation using Pt-W/Mo-BiVO, and Pt is calculated as
a function of the potential difference between the photoanode
and the cathode in Figure 2b. For example, to obtain a current
density of 4 mAcm™2 in a two electrode configuration, H, gen-
eration occurs at —0.44 V (vs NHE), and the same current must
flow through the anode for oxygen evolution at 0.58 V (vs
NHE) as shown in Figure 2a. This indicates that an electro-
chemical potential difference of 1V (or 0.58V — (—0.44V))
needs to be applied between the anode and cathode to bal-
ance the electrochemical reactions in this two-electrode
system and generate a 4 mA current (Figure 2b). Thus, the
minimum potential difference that must be applied between
the Pt-W/Mo-BiVO, and the Pt electrodes to initiate water split-
ting under irradiation is about 0.4 V.

The additional potential needed in a PEC system not con-
nected to an external power source can be supplied by
a buried junction (e.g. one or more p-n junction semiconductor

¢
‘

v (gEc_ll MI }-

\J

Figure 3. Schematic diagram of a dual n-type-semiconductor (SCl: semiconductor I, SCIl:
semiconductor Il) system. Two metal electrodes (MI: metal |, MIl: metal Il) are used with

the redox couple (R/O).
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used for water splitting with the
OER on SCII and the HER on M
in an aqueous solution. The
other electrodes (SCI and MII)
are used to absorb and convert
additional photon energy to
electric energy by carrying out
reduction and oxidation reac-
tions in a separate cell contain-
ing an appropriate redox couple.
For the system described here, Pt-W/Mo-BiVO, and Pt electro-
des are used as SCIl and Ml as described above.

The redox couple O/R used was I7/I0;; this has been stud-
ied for photocatalytic water splitting by Abe et al. utilizing
SrTi0,, TiO,, WO, and BiVO, powder*” They reported this
redox couple was stable for prolonged experimental times.
Thus the cell involved photooxidation of I~ on SCI (Pt-W/Mo-
BiVO,) and reduction of 10;~ on MIl (Pt).

LSVs for 17/10;~ redox reactions in aqueous solution (25 mm/
25 mm, pH8.5) are shown in Figure 4a. Reduction of 105~
occurs on Pt electrodes and the reduction current starts at
0.6 V with possible reactions listed below. The thermodynamic
potentials below, Equations (2)-(4), are calculated from the
Nernst equation for pH 8.5:4"

210;" +12H" +10 e — 1, + 6H,0 (E° = 0.59V at pH 8.5)

(2)
10,” +6H" +6e” — | + 3H,0 (E° = 0.58V at pH 8.5)

(3)
l, +2e" — 21~ (E°=0.54V at pH 8.5) (4)

Photocurrent from the Pt-W/Mo-BiVO, electrode
for the oxidation of I or I, (I, can be an intermediate,
for example, from reaction of I~ with 10;7) to 105~
starts at about 0 V (shown in Figure 4a-iii). The onset
potential of photooxidation agrees with the observed
flat-band potential for the OER at a similar pH in Fig-
ure 2a. The reduction current from the 17/I0;~ redox
couple starts to flow at about 0.6V on the Pt elec-
trode, which is more positive than the onset poten-
tial of photooxidation on Pt-W/Mo-BiVO,. Thus, the
reduction and oxidation reactions of the [7/10;~

\J redox couple can happen spontaneously under irradi-
ation because the thermodynamic redox potential of
I7/105™ is located within the band gap of Pt-W/Mo-
BiVO,. As the photogenerated electron/hole pairs are

ChemPhysChem 2013, 14, 2277-2287 2280
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Figure 4. a) LSVs of 10;™ reduction on Pt (scan from 0.6 to 0.1 V) (i) and I~ oxidation on Pt-W/Mo-BiVO, under dark (i) and UV-visible irradiation (iij. b) LSVs in
a two electrode configuration using Pt and Pt-W/Mo-BiVO, for I7/I0;~ redox reactions. Scan rate was 20 mVs™'. Photocurrent flows under UV-visible irradiation
with magnetic stirring () without stirring (ii) and in the dark (ii). The measurements were conducted in 25 mm Nal and 25 mm NalO; aqueous solution

(pH 8.5). Light intensity was about 400 mWcm™

duces about 0.3 mAcm~? of pho-

DR tocurrent with magnetic stirring
1 or 0.1 mAcm™ without stirring
of the solution when the two
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electrodes were short-circuited.
. Stirring causes an increase in the
current because mass transport
by diffusion is limited by the low
. solubility of 10;~ or |,. The OCP
represents the maximum electri-
cal energy obtained from the ab-
sorbed photon. A larger poten-
tial could be obtained if a redox
couple with a more positive E°
would be available.

In Figure 5, the current-poten-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Potential / V of anode vs cathode

Figure 5. Overlapped LSVs of water splitting at Pt-W/Mo-BiVO, (i) and 17/I0;™ redox reactions with magnetic stir-
ring (i) and without stirring (i) under UV/Vis irradiation with an intensity of about 400 mW cm~2 Data was taken
from Figure 2b and Figure 4b. In the plot, the current density for water splitting in the Z-scheme is estimated as
0.2 mAcm™2 (arrow) under strong UV/Vis irradiation with stirring for 17/10,~ solution. This indicates about 0.5 V (o)
of the generated potential from 17/10;~ (from 0.7 V OCP) supplements the needed potential for proton reduction
n on Pt with the remaining 0.2 V () driving the 17/10;~ reaction in the galvanic cell.

produced on Pt-W/Mo-BiVO, the electron in the conduction
band is delivered to the Pt electrode at a potential sufficiently
negative to reduce 10, while the hole in the valence band of
the metal oxide electrode has a potential positive enough to
oxidize I” to 105"

Figure 4b shows the current-potential behavior under UV/
Vis irradiation in a two-electrode configuration using Pt-W/Mo-
BiVO, and Pt electrodes with the I7/10;~ redox couple in aque-
ous solution. The two-electrode cell generates about 0.7V
open circuit potential (OCP) when no current flows and it pro-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tial behavior for water splitting
(i) and the redox reactions (ii and
i) in the two-electrode configu-
ration are shown. When the four
electrodes are connected as
shown in Figure 3, the same cur-
rent flows through all of the
electrodes. Therefore, the cross-
ing point of lines (i) and (i) indi-
cates the operating current of
the Z-scheme device. In other
words, an equivalent number of electrons must be used for H*
and 10;™ reduction on MI and MII, respectively, and the same
number of holes must be used for I~ oxidation on SCI and the
OER on SCII at the same time. Under this condition, the esti-
mated current density for the water-splitting system as de-
scribed here is 0.2 mAcm™2 (red arrow). The 17/10,™ cells (open
circuit voltage, 0.7 V) provides 0.5 V at the operating current to
augment the potential for HER and OER on MI and SCIl. Be-
cause the minimum potential needed to begin the photolysis
of water on Ml and irradiated SCII is about 0.4 V (the onset po-

ChemPhysChem 2013, 14, 2277-2287 2281
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17/25 mm 105~ solution.

tential of the line i shown in
Figure 5) only about 0.1V from
the added 0.5V is available as
electrochemical overpotential
(MH2/02) to increase the current
for the water splitting reaction.
For the 17/10;~ redox reactions,
about 0.2V (Mg is used to
drive the current on MIl and SCl.
Note these overpotentials in-
clude a small resistive drop con-
tribution as well.

2.2. Water Photolysis Device

We have shown how two semi-
conductors of the same material
can be combined to fabricate
a Z-scheme device for the pho-
tolysis of water. Its configuration
and electrical contacts between
the electrodes are as shown in
Figure 3. Photographic images of
front-top and side views of the
Z-scheme device are shown in
the Supporting Information, Fig-
ures S2(a) and S2(b). As de-
scribed above, the device con-
sists of two separate solution re-
actors: one with Nal/NalO;
(25 mm/25 mm)  redox couple
and the other contains a neutral

50

TR R TR

Time/sec
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0.2

10 min

aqueous solution for H, and O,
generation. SCI/MI and SCII/MII
were connected by conductive
copper tape. For current meas-
urements during the photolysis
of water, SCI (or SCIl) was used
as the working electrode while
MI (or MIl) was used as the refer-
ence and counter electrode for
chronoamperometry. The short-
circuited condition (zero poten-
tial difference between counter/
reference lead on MIl and work-
ing electrode lead on SCIl) was
employed for the current mea-
surement with no external resist-
ance.

Figure 6 shows the current
density for water photolysis re-
sulting from the Z-scheme
device using dual Pt-W/Mo-
BiVO, semiconductors. The pho-
tocurrent generated from the
photon energy is strongly de-

0.1+ (C)

0.0
0.1}
0.2
0.3
0.4}
0.5}

-

.

0 300

600

radiation was blocked at about 600 and 1300 s. The UV/Vis illumination intensity was about 400 mWcm™.

900 1200 1500
Time/sec

Figure 7. a) Photographic images of bubbles generated on Pt (hydrogen) and Pt-W/Mo-BiVO, (oxygen) under irra-
diation and without externally applied potentials. The time shown in the images indicates the duration of irradia-
tion. The large bubbles on the Pt-W/Mo-BiVO, at 0 min is Ar from the deaeration process before the experiments.
b) Side view during the water-splitting experiments. Small bubbles are seen on the Pt electrode in neutral aque-

ous solution. c) Current density for water splitting under irradiation for 25 min. To take the images shown in (a), ir-
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pendent on the illumination intensity and the water-splitting
photocurrent increases as the intensity increased. The current
density of the water photolysis increases from 0.04 to
0.1 mAcm™2 as the intensity of the UV/Vis irradiation increased
from 100 mWcm 2 to 400 with magnetic stirring of the 17/10;~
redox solution. Also, Figure 6 indicates Pt-W/Mo-BiVO, utilizes
visible irradiation as is expected from the size of the band-gap
of Pt-W/Mo-BiVO,, that is, 2.4 eV. The measured current density
for water splitting varied from
0.1 to 0.3 mAcm™? (see also Fig-
ure 7c) under similar irradiation
conditions (intensity of
400 mWcm™2), which is within
the scale of estimated current
density from the analysis in
Figure 5.

In Figure 7, gas bubbles gen-
erated on the Pt electrode (H,)
and the Pt-W/Mo-BiVO, elec-
trode (O,) were observed and
this indicates that the photolysis
of water was achieved without
externally provided potential. In
Figure 7a, development of bub-
bles on both the Pt-W/Mo-BiVO,
and Pt electrodes are shown as
the illumination continued for
20 min. Several small H, bubbles
produced on the Pt electrode
were also clearly observed and released from the electrode
into the headspace in Figure 7b. The photocurrent flow was
stable for 6 h (inset, Supporting Information Figure S3), which
indicates that the material and redox couple (I7/10;7) are
chemically stable for at least this time period.

(i) CoS

trode.

2.3. H, Detection

Gas chromatography-mass spectrometry (GC-MS) was used to
confirm H, generation from the Z-scheme water splitting. The
home-built PEC cell for the GC-MS measurements was pre-
pared as shown in the Supporting Information, Figure S1. To
prevent O, reduction that is generated on Pt-W/Mo-BiVO, and
can impede the proton reduction on Pt, the two electrodes
were separated by a glass frit with fine pores in the size range
of 10 to 20 um. However, the glass frit increased the solution
resistance to about 600~700 Q between the two electrodes
and induced a potential drop. The potential loss from the solu-
tion resistance would be a few tens of mV with the current
flow of hundreds of pA. The potential loss is non-negligible
considering the overpotential for water splitting of the current
device is less than 200 mV. The current flow in the GC-MS cell
was thus less than 0.04 mAcm™ because of the high solution
resistance (inset, Supporting Information Figure S3) which is
about half of that observed in Figure 5. The intensity of the
UV-visible irradiation was about 300 mWcm™. To mitigate the
potential drop and still have proper electrode separation,
better device engineering is required to reduce the additional

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(ii) ZnCd, Se "=

(iii) P-W/Mo-BiVO, -

(iv) Pt

potential loss created by the solution resistance and this
should be addressed in further studies. However, the current
efficiency for H, generation from the measured amount of cou-
lombs is about 90% (calculations are shown in Supporting In-
formation Figure S3). The results indicate that most of the pho-
tocurrent measured was from the photolysis of water and it is
not originating from other reactions such as material decom-
position or O, reduction reactions.

. ()82 +2e > 28>
[ (i) 25% +2h* S S
o (i) 20H + 4h* > 0, + 2H°

(iv) 2H' +2¢' D H,

Photon / fiv

Figure 8. The schematic diagram shows a Z-scheme using Zn,,Cd,sSe and Pt-W/Mo-BiVO, as two absorber materi-
als. The chemical reactions on the electrodes are shown with the corresponding roman numerals for each elec-

H, generation in the Z-Scheme was also confirmed by the
electrochemical detection of hydrogen using a membrane
electrode assembly. Membrane electrodes consisting of two
Pt/C (40 wt%) electrodes were prepared on a Nafion mem-
brane as described above (Supporting Information, Figure S4a).
One side of the membrane electrode faces the headspace of
the electrochemical cell where Ar gas (and produced H,) flows
and the other side of the electrode faces air. The two electro-
des in this mini-fuel cell were short-circuited and the current
was monitored using a potentiostat. The membrane electrode
toward the solution was used as the reference and the counter
electrode and the electrode facing the air was set as the work-
ing electrode. Then, when H, bubbles are generated and re-
leased from the solution during water photolysis, the H, gas
reacts on the membrane electrode to generate two protons
(H, oxidation) on one side of the membrane electrode. As the
proton transfers to the other side of the membrane electrode,
O, reduction occurs to generate water molecules with the
transferred protons. Thus, the current flowing through the ex-
ternal circuit demonstrates the generation of H, from the
water splitting. After about 10 min of irradiation, current was
detected on the membrane electrode confirming H, genera-
tion in the cell (Supporting Information, Figure S4b). The ex-
periment simply simulates the reactions of proton exchange
membrane fuel cells and shows the use of converted chemical
energy from solar energy. It also confirmed H, production from
water splitting in the Z-scheme along with the GC-MS meas-
urements.
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Figure 9. a) LSVs of a CoS electrode for polysulfide reduction and that for sulfide oxidation on Zn,,Cd,Se (solid line) and CdSe (dotted line) under chopped
UV/Vis irradiation. The measurements were conducted in 1m Na,S, 1M S, and 1M KOH aqueous solutions. The light intensity was about 120 mWcm ™2 b) Cal-
culated LSVs for the two-electrode configuration, that is, Zn,,Cd,sSe (solid line) or CdSe (dotted line) with CoS electrode, from the data shown in (a). The
power density of the cell is also calculated from the LSVs. The black dash-dotted line barely seen at the right bottom of (b) shows the current and potential
relationship for photolysis of water using Pt-W/Mo-BiVO, and Pt in a two-electrode configuration.

2.4. Zn,,Cd,sSe Photoanode

The Z-scheme device described above using two Pt-W/Mo-
BiVO, electrodes demonstrates the use of two photons with
the same semiconductor to boost the potential for water split-
ting, but it does not utilize the solar radiation with wave-
lengths longer than 500 nm because of the band gap of W/
Mo-BiVO,. Zn,Cd,_,S,Se,_, is a smaller band gap chalcogenide
semiconductors that was investigated by maximizing the pho-
tocurrent of Zn—-Cd—S-Se compositions by rapid synthesis and
screening.”® To harvest the photon energy with wavelengths
longer than 500 nm, Zn,,Cd,sSe chalcogenide with a band-
gap of about 1.8 eV was prepared as reported previously.*®

The small-band-gap Zn,,Cd,sSe photoanode can be used as
described in Figure 8 to absorb that portion of the incident
light transmitted through the Pt-W/Mo-BiVO,. Briefly,
Zn,y,CdysSe deposited on transparent conductive glass (FTO)
oxidizes sulfides and the counter reaction (polysulfide reduc-
tion) on a CoS electrocatalyst completes the redox reactions.”?
LSVs of reduction on CoS and oxidation on Zn,,Cd,sSe (and
for comparison CdSe) are shown in Figure 9a. For the study on
the sulfide/polysulfide reaction, a Ag wire was used as a quasi-
reference electrode (Ag/Ag,S) instead of Ag/AgCl because of
the instability of porous Vycor glass in a basic solution. Howev-
er, the potentials reported here are quoted versus the normal
hydrogen electrode, Equation (5):

Ag,S+2e —2Ag+S* (E°=—0.69V vs. NHE) (5)

The reduction and oxidation reactions of polysulfide on CoS
are facile enough to obtain a few mAcm™ with only 0.1V
overpotential as shown in Figure 9a(dashed line). Zn,,Cd,sSe
and CdSe utilize photon energy under irradiation and sulfide
oxidation current starts to flow from the potential of —1.1V
for CdSe and from —1.4V for Zn,,Cd,sSe. Again, the negative
shift of onset potential from —0.7V (CoS) to —1.1V (CdSe)
shows the utilization of radiation energy by the photoanode.
In addition, by adding Zn into CdSe, that is, Zn,,Cd,sSe, the

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

onset potential of sulfide oxidation shifts to an even more neg-
ative value of —1.4V and the potential shift by Zn doping into
CdSe agrees with our previous report on ZnCd, S,Se, %
The data presented in Figure 9a are from one of the best per-
forming samples for both CdSe and Zn,,Cd,sSe based on the
onset potential and the photocurrent at —0.6 V. The current
and potential differ somewhat from sample to sample and the
film preparation method and the selenization process signifi-
cantly affects the performance. However, Zn,,Cd,sSe usually
shows a more negative onset potential and smaller oxidation
current than CdSe.

From the LSVs of Zn,,Cd,sSe (or CdSe) with CoS, the perfor-
mance of the PEC galvanic device in a two-electrode configura-
tion and its /I-E behavior can be drawn as shown in Figure 9b.
The open circuit potential, that is, the maximum potential pro-
duced from the galvanic device, is the potential difference be-
tween the photoanode and the cathode without current flow,

o i 1-6
‘s 121 ® 5
b/ @ p e ‘ &
o < -— ) —e - Wses -

/ 57 11.2
£ Eos} S
H— s 7o -
2 £ /A 2
? E 0.6 | ; I” Tl 0.8 Qi
= e v ,’/ = Zno.szo.sse %
= 03l / 4 CdSe 104 o
5 o/ h -]

“ 0la : ' 10,0

1 2 3 4

Number of Series Cells in Unit Area

Figure 10. Summary of the analysis discussed in Figure S5 for water splitting
using Zny,Cd,¢Se (or CdSe) and Pt-W/Mo-BiVO, photoanodes in a Z-scheme.
The calculated current density for the photolysis of water (left axis) and the
corresponding power density at operating conditiosn from polysulfide cells
(right axis) are shown for different numbers of series-connected
Zn,,Cd,gSe—CoS thin-film electrode cells.
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and it is calculated as 0.6 and 0.4V for Zn,,Cd,;Se—CoS and
CdSe—CoS couples, respectively. The short-circuit current densi-
ty, that is, the maximum current density that can be obtained
from the galvanic cell, is the current density when the
Zn,,Cd,ysSe (or CdSe) has the same electrochemical potential
as CoS in Figure 9a. As expected from the LSVs, the
Zn,,Cd,sSe—CoS couple shows higher open circuit potential
than the CdSe—CoS couple, and vice versa for the short-circuit
current density. Then, from the LSVs calculated in Figure 9b,
the current for photolysis of water in the Z-scheme can be esti-
mated as discussed in Figure 5.

The black dotted line in Figure S5b and S5c shows the cur-
rent and potential relationship for water splitting using Pt-W/
Mo-BiVO, and Pt in a neutral solution. As discussed in Figure 5,
the crossing point of the LSVs for the galvanic redox reactions
and the water splitting reactions shows the operating current
of the Z-scheme device. The water-splitting current is estimat-
ed to be as small as 0.1 mAcm™2 when a single cell of
Zn,,CdysSe—CoS is used and no current flow is estimated
when the CdSe—CoS couple is used with the $*7/S,>” redox re-
actions (crossing point of gray line and black line in Figur-
es S5b and S5c). Although the maximum power density gener-
ated from the S?7/S,>” redox cell is about 1 mWcm™ with
Zn,,CdysSe and CdSe photoanodes, the power produced by
the redox cell cannot be efficiently used for water splitting.
This is because the potential produced from the galvanic cell is
not large enough for both the H, and O, evolution; only 0.5V
is produced from the Zn,,Cd,;Se—CoS couple and 0.4V from
the CdSe—CoS combination.

The available potential from the biasing Zn,,Cd,;Se—CoS
cell can be increased by using several of these. When a single
electrode with a constant area is divided into a number of
smaller electrodes and they are connected in series as shown
in Figure S5a, the potential generated from the series cell can
be larger; however, this sacrifices some of the short circuit cur-
rent density (calculated LSVs as shown Figure S5b and S5c).
The maximum power density produced from this series cell at
a given light intensity is constant because the total areas of
the electrodes are the same.

water splitting photocurrent of about 1 mAcm™ from the
system used here.

Based on the analysis discussed in Figures S5 and 10, a PEC
device consisting of two pairs of Zn,,Cd,sSe photoanodes and
a CoS cathode was prepared (Supporting Information, Fig-
ure S6). 1M Na,S/Tm S in 1M KOH aqueous solution was used
as the redox mediator for the Zn,,Cd,zSe and CoS PEC galvan-
ic cells. To minimize both the light absorption by the yellow
redox solution and the solution resistance between the two
electrodes, the spacing between Zn,,Cd,gSe and CoS electro-
des was decreased by placing a thin film rubber spacer (Latex,
SLR-020-E, Small Parts, Amazon, Seattle, WA) with a thickness
of 500 um between them. After sealing the thin film cell using
silicone resin (1S808, GE Silicones, Waterford, NY), the cell was
allowed to cure overnight at room temperature. Then, both of
the prepared cells were placed behind the Pt-W/Mo-BiVO,
electrode as shown in Supporting Information Figure S6b for
chronoamperometry measurements under irradiation.

Chronoamperometry in Figure 11a shows the results of the
Z-scheme device utilizing Pt-W/Mo-BiVO, and the dual split
Zn,y,Cd,ysSe photoanode cells. Again, bubble generation of H,
on Pt and O, on Pt-W/Mo-BiVO, was observed by water split-
ting (Figure 11b). The photocurrent flowing through the
system was about 0.4 mAcm™2 under 400 mW cm™2 UV/Vis irra-
diation. However, the power density generated by Zn,,Cd,sSe
and CoS galvanic cells reported in Figure 9b is only about
1 mWcm™? which limits the maximum conversion efficiency for
water splitting to less than 1% with an irradiated photon
energy of 120 mWcm™. The absolute photocurrent or conver-
sion efficiency from photon energy to chemical energy of H,
evolution is small and far from the best reported efficiencies
utilizing buried junction photovoltaic cells (12.4% using p-
GaAs/p-GalnP,, or 4.7% using triple-junction a-Ge:Si.)***/
Moreover, the overpotential of the overall water splitting reac-
tion is still greatly limited by the OER reaction on the Pt-W/
Mo-BiVO, electrode (as shown by the shape of LSVs in Fig-
ure 2a and Figure 2b). Therefore, although the enhancement
of the photocatalytic activity of the photoanodes has success-

Again, the estimated current

density for water photolysis can T T : -

be obtained from the crossing g 0.0 N
point of the LSVs for water split- : D2F § ovsnnd

ting using Pt-W/Mo-BiVO, (black E o4l s

line in Figure S5b and S5c) and <y

of $*7/S,>” redox reactions on § 0.6f UV-visible Visible
Zny,CdysSe  and CdSe redox = 0.8 —c10mW e’

cells. The arrows on the right 2 .10} e (a)

y axis in Figure S5b and S5c indi- 3 12l —440 MW cm*

cate the power densities at the 0 S 30 45 € 75 e

operating conditions for water
splitting with different cell con-
figurations. Figure 10 also sum-
marizes the analysis described
above, which shows that two
series connections of Zn,,Cd,sSe
cells can achieve a maximum

Time/sec

Figure 11. a) Water-photolysis current flow in a Z-scheme using Zn,,Cd,sSe and Pt-W/Mo-BiVO, as two photoano-
des under UV/Vis and visible irradiation. Light intensity measurements based on full Xe-lamp outputs of 120

(=+=+), 200 (-++-+), 300 (--

--9), and 440 mWcm~2 (—). A detailed device configuration is shown in the Supporting

Information, Figure S6. b) Photographic images taken after 12 min of irradiation (440 mW cm 2, UV/Vis) without
any connection to the external equipment. Hydrogen generated on Pt wire and oxygen bubbles on yellow Pt-W/

Mo-BiVO, are observed.
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fully been demonstrated for Pt-W/Mo-BiVO, and Zn,,Cd,sSe
through the previous studies, the development of highly
active photocatalysts is still a limiting factor in practical water
photolysis. In addition to material development, engineering
the optimization of electrode configurations and cell design is
necessary to utilize the converted photon energy efficiently in
the device.

Hanna and Nozik considered the performance of pairs of
semiconductors in a similar arrangement as described here
and proposed that a pair of photoanodes with band gaps of
1.9 and 2.5eV, could achieve a theoretical solar-to-chemical
energy conversion for water splitting of about 10%.”” In the
discussion of Hanna and Nozik, the theoretical conversion effi-
ciency is largely determined by the band-gap size of the pho-
toanodes, the radiant energy obtained from the solar spectrum
and electrochemical overpotentials for water splitting. Howev-
er, both the flat-band position and the size of the band gaps
for the photomaterials are important in determining the ther-
modynamic energy that is obtainable from the radiant energy.
As the position of the flat band shifts more positive, the poten-
tial gained from the radiation energy at the photoanode de-
creases. This can result in less favorable conditions for the
water splitting. Consequently, one must consider that both the
band gap of the semiconductors but also the position of the
band edges, the maximum energy from water-splitting prod-
ucts, and the redox couple realize water splitting in a Z-
scheme system.

In Figure 12, the position of the band edges of W/Mo-BiVO,
and the redox potentials of the HER and OER are shown. As
discussed in connection with Figure 2b, the additional poten-
tial that must be applied between the Pt-W/Mo-BiVO, and the
Pt electrodes to initiate water splitting is at least the difference
between the conduction-band position of Pt-W/Mo-BiVO, and
the thermodynamic potential of the HER (AE,,). Thus, another
PEC cell with the redox mediator was used to supply the addi-

tional potential in a Z-scheme. The total potential needed in
a PEC system is the sum of the thermodynamic energy of
water splitting (E0) plus an electrochemical driving energy
(Mi2/02) Needed to overcome the activation barrier of H, and O,
generation, and the energy required to drive redox reactions
on SCI and MIl (140 @t @ given current density plus the sum
of resistive drops in solution (n,=iR), totaling about 2 V.

3. Conclusions

The photocatalytic activity of BiVO, has been improved by
metal doping and surface treatment, for example, W/Mo
doping and deposition of the electrocatalyst on the photoa-
node. The resulting Pt-W/Mo-BiVO, shows at least a 20-fold im-
provement in the photoactivity compared to that of untreated
BiVO, for the OER. Using the developed photoanode, prelimi-
nary PEC water splitting has been demonstrated without exter-
nal bias. In the device for the photolysis of water, two n-type
semiconductors, namely, Pt-W/Mo-BiVO, and Zn,,Cd,Se, cou-
pled with electrocatalyst electrodes, that is, Pt and CoS, were
used to complete the dual n-type-semiconductor (or Z-
scheme) water-splitting devices. The Z-scheme configuration
consists of two separate electrochemical cells: one with
a redox reaction that generates a photopotential and the
other for the H, and O, generation. Two different redox sys-
tems were studied. One is the I7/l0;~ redox couple for the
dual Pt-W/Mo-BiVO,-Pt system, and the other is the $*7/S.2"
redox couple for the Zn,,Cd,sSe—CoS system. The work herein
also exploited the factors that can maximize the utilization of
the generated energy from photoanodes for the water split-
ting. However, less than 1% of irradiated photon energy has
been utilized for H, generation reactions and the development
of more active photoanode material is still a key roadblock to
the fabrication of a practical solar-fuel system.
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