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SPECIAL ISSUE: Advanced Materials for Photoelectrochemical Cells

A dual-electrolyte system for photoelectrochemical
hydrogen generation using CulnS,-In,0;-TiO,

nanotube array thin film

Charlene Ng, Jung-Ho Yun, Hui Ling Tan, Hao Wu, Rose Amal and Yun Hau Ng’

ABSTRACT The utilization of Na,S/Na,SO; mixture as the
electrolyte solution to stabilize sulfide anode in a photoelec-
trochemical cell for hydrogen evolution generally compro-
mises the current-to-hydrogen efficiency (#.uenr) Of the
system. Here, the employment of a dual-electrolyte system,
that is, Na,S/Na,SO; mixture and pH-neutral Na,SO, as the
respective electrolyte solutions in the anode and cathode
chambers of a water splitting cell is demonstrated to suppress
the photocorrosion of CulnS,-In,0;-TiO, nanotube (CIS-
In,0;-TNT) heterostructure, while simultaneously boosts the
Heurrene- Although n-type CIS and In,O; nanoparticles can be
easily formed on TNT array via facile pulse-assisted electro-
deposition method, conformal deposition of the nanoparticles
homogeneously on the nanotubes wall with preservation of the
TNT hollow structure is shown to be essential for achieving
efficient charge generation and separation within the hetero-
structure. In comparison to Na,S/Na,SO; solution as the sole
electrolyte in both the anode and cathode chambers, in-
troduction of dual electrolyte is shown to not only enhance the
photostability of the CIS-In,O,-TNT anode, but also lead to
near-unity # ... as opposed to the merely 20% #.y .. of the
single-electrolyte system.

Keywords: dual-electrolyte, hydrogen generation, photoelec-
trochemical, TiO, nanotubes, CulnS,

INTRODUCTION

Photoelectrochemical hydrogen (H,) generation using
light-driven semiconductor electrodes is an attractive way
for converting solar energy to chemical energy [1]. H,
evolved from the photoelectrolytic cleavage of water or
the photodecomposition of organic waste has been

achieved [2]. While titanium dioxide (TiO,) traditionally
is a promising candidate in this application [3], con-
tinuous improvements of its light absorption and charge
transport properties are under vigorous investigation as
Ti0, is held back by its wide optical bandgap and rapid
charge recombination [4]. Strategies for improving these
limitations include (i) doping with metallic or non-me-
tallic elements to narrow its optical bandgap [5], (ii) na-
nostructuring to improve charge separation and
transportation (e.g., development of low dimensional
structure for directional electron flow) [6], (iii) introdu-
cing secondary component of smaller bandgap energy to
extend the light absorption to visible region [5] and (iv)
crystal facet engineering to tailor the exposure extent of
more reactive facets [7,8].

The efficacy of the combination of strategies (ii) and
(iii) was previously demonstrated to fabricate a p-n het-
erojunction photoelectrode comprising p-type CulnS,
(CIS) nanoparticles conformally deposited on both the
outer and inner walls of one-dimensional well-aligned n-
type TiO, nanotube (TNT) array, which showed pro-
mising photodiode behavior and enhanced visible light-
triggered photoelectrochemical photocurrent [3]. In li-
quid junction photoelectrochemical cells for H, genera-
tion, however, the band energy alignment of a composite
photoanode would prefer the construction of all n-type
heterojunction photoactive semiconductors. CIS is an
interesting copper-based chalcopyrite with flexibility in
exhibiting either p-type or n-type semiconductor beha-
vior upon manipulation of copper vacancies in the crystal
structure [9]. Following on our study that showed tunable
CIS carrier type through the control of CuCl,:InCl;:
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Na,S,0; ratio in the precursor solution [3], herein a new
n-type composite photoanode comprising TNT array
(3.2 eV), In,0; (2.8 ¢V) and CIS (1.5 eV) is designed via
the pulse-assisted electrodeposition approach. With this
configuration, a wider light spectrum can be readily ab-
sorbed by the relevant component with suitable optical
bandgap.

Modification of wide bandgap oxide semiconductor
with CIS offers opportunities in enhancing the photon
absorption and charge transport. Despite having ad-
vantages such as high absorption coefficient (10° cm ',
which indicates thickness of only 1-2 pm is sufficient to
absorb most of the light) and narrow bandgap, the che-
mical instability of CIS due to photocorrosion or deple-
tion of sulfur imposes challenges in handling it in liquid
phase [10]. Most literatures reported the use of reducing
agent (i.e., hole scavenger) to stabilize CIS during illu-
mination, whereby the photogenerated holes in CIS are
scavenged to prevent its self-oxidation. The reducing
agents generally employed for sulfide materials include
sulfide (%), sulfite (SO,”) and thiosulfate (S,05>) ions.
Although S* ions were demonstrated to have the stron-
gest hole-scavenging ability [11], addition of SO,” ions
was found useful to suppress the formation of the un-
desirable disulfide (S,”) ions [12]. Mixture of S and
SO, is therefore more favorably used to stabilize sulfide
materials and has widely shown to perform effectively in
powder-type photocatalytic H, production [12,13].
However, in a photoelectrochemical system which in-
volves the shuttling of photogenerated electrons from the
anode to cathode, the utilization of electrons at the
cathode is a competitive reaction between the reduction
of H' to H, and the reduction of $,0;" to S and SO,
Although increased photocurrent generation is observed
attributing to the improved stability of sulfide photo-
anode, poor current-to-hydrogen efficiency (#curen) 18
generally yielded due to the competing reduction reac-
tions at the cathode.

Herein, we report the construction of a dual-electrolyte
system which employed a mixture of Na,S and Na,SO;
(Na,S/Na,SOs;) as the model reducing agent for stabilizing
the chalcopyrite-containing photoanode (CIS-In,O;-
TNT), while using a typical pH-neutral Na,SO, electrolyte
in the cathode chamber to achieve greater #.y . TO the
best of our knowledge, this is the first successful attempt
to overcome both the stability and #.,.,, iSsues associated
with chalcopyrite photoanode via a dual electrolyte sys-
tem, in which this strategy should potentially provide
solutions to challenges associated with photoelec-
trochemical cells design.
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EXPERIMENTAL DETAILS

Anodized TNT arrays

The TNT array was prepared by anodizing Ti foil (99.7%,
Aldrich) with 20%x20x0.127 mm dimension in ethylene
glycol based fluoride electrolyte. The Ti foils were first
cleaned with acetone in mild sonication and Milli-Q
water followed by vacuum drying before anodization. The
electrolytes were prepared by mixing ethylene glycol
(>99%, Aldrich) and 0.5 wt.% of NaF (99%, Ajax Che-
micals) with water of 5 wt.%. A two-electrode system was
used for anodization, with Ti foil as the anode, and pla-
tinum plate and wire as the cathode. An in-house de-
signed sealed anodic cell was used as the reactor. A
constant distance was maintained between electrodes, and
the area of anode exposed to the electrolyte was con-
trolled. A programmable direct current (DC) power
supply (PST-3201, GW Instek) interfaced with a com-
puter was used to monitor the anodization current den-
sity. Anodization was performed at the applied potential
of 60 V with different anodizing durations of 1, 3 and 7 h.
After anodization, the TNT array samples were rinsed
with Milli-Q water in a sonication bath to remove debris
of broken tubes, and dried at 110°C for 1 h, followed by
calcination at 450°C for 3 h with a ramping rate of
5°C min ' in air.

CIS-TNT composites

To fabricate CIS-TNT photoelectrode, prior to deposition
of CIS onto the TNT, the calcined TNT array was placed
in the sealed anodic cell, in which the CIS was deposited
electrochemically by applying a square pulse with a switch
to a cathodic pulse (—1.2'V, 200 ms) and short circuit
pulse (0 V, 200 ms); the pulse was employed by a function
generator (TG4001, Thurlby Thandar Instruments). For
n-type CIS, In-rich CIS precursor solution was prepared
with CuCl,, InCl;, and Na,S,0; in molar ratio of 3:7:50.
After CIS deposition, the CIS-TNT array samples were
annealed at 500°C for 1 h with ramping rate of 5°C min '
in a tube furnace under Ar. The samples are abbreviated
by the composite and anodizing duration of the TNT
array; CIS-In,O;-TNT1, CIS-In,0,-TNT3 and CIS-In,O;-
TNT?7 correspond to the products obtained from pulsed-
electrodeposition treatment on the TNT arrays anodized
for 1, 3 and 7 h, respectively.

Material characterizations

The crystal phases of TNT and CIS-In,O,-TNT composite
films were obtained on an X-ray diffractometer (Xpert
Pro MRD, Philips). The morphologies of all samples were

June 2018 | Vol.61 No.6



SCIENCE CHINA Materials

ARTICLES

investigated using a scanning electron microscope (SEM,
S900, Hitachi). The optical bandgap energies of the CIS-
In,0;-TNT composite films were analyzed using a diffuse
reflectance UV spectrophotometer (Cary 300, Varian).
The amperometry measurements were performed in an
aqueous solution containing 0.25 mol L™ of Na,S and
0.35 mol L™ of Na,SO, using a potentiostat (PG STAT-
302N, Autolab, applied bias 0.75 V) in a standard three-
electrode system comprising TNT or CIS-In,O;-TNT
composite film as the working electrode, Ag/AgCl as the
reference electrode and Pt as the counter electrode. Prior
to measurement, the electrolyte was purged with Ar for
10 min. A 300 W Xe lamp coupled with 435 nm cutoff
filter was the visible light source.

Photoelectrochemical water splitting reaction

The water splitting reaction was carried out with an ap-
plied bias of 1.0 V in a two-electrode cell with CIS-In,0;-
TNT1 as the working electrode and Pt as the counter
electrode, which were placed separately in two chambers
connected with a Nafion membrane. An aqueous solution
containing a mixture of 0.25 mol L' of Na,S and
0.35 mol L' of Na,SO; at pH 12 or 0.5 mol L™ of Na,SO,
was used as the electrolyte in both chambers. For the
dual-electrolyte system, the 0.25 mol ! of Na,S and 0.35
mol L™ of Na,SO; mixture was employed as the electro-
lyte solution in the anode chamber, while 0.5 mol L' of
Na,SO, in the cathode chamber. The system was purged
with Ar (main carrier gas of the system) for 1 h prior to
illumination with visible light (1>435 nm) from a 300 W
Xe lamp. The evolved H, gas was quantified using a gas
chromatography (GC-8A, Shimadzu).

RESULTS AND DISCUSSION

Given that Cu and In-rich precursor solutions were de-
monstrated to yield CIS with p and n-type characters,
respectively [3], an In-rich precursor solution was thus
employed in this work to pulsed-electrodeposit n-type
CIS nanoparticles on the surfaces of the TNT array to
yield all n-type CIS-TNT heterojunction photoanode.
Prior to the pulsed-electrodeposition treatment, three
vertically aligned TNT arrays with distinct tube lengths
were prepared using different anodizing durations,
namely TNT1, TNT3 and TNT7 represent the respective
samples obtained with 1, 3 and 7 h of anodization. Cross-
sectional imaging of the TNT samples under SEM man-
ifests that the length of the TNT arrays increases from
3.3 um for TNTI, to 10.5 pm for TNT2 and 13.8 um for
TNT3, indicating that the nanotube length is propor-
tional to the anodizing time as reported previously [14].
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Figure 1 XRD spectra of CIS-In,O,-TNT1 and TNT1 anodized for 1 h.

The crystal phase of all TNT samples was found to be
similar, as determined using X-ray diffraction (XRD)
analysis. The XRD pattern of TNT1 (Fig. 1a) is therefore
taken as a representative of all the TNT samples. The
three prevalent peaks at 25.4°, 38.1° and 48.2°, which
correspond to the (101), (004) and (200) planes of anatase
TiO,, respectively, confirm that all TNT samples are
anatase phase. The discernible Ti-related peaks are at-
tributed to the Ti foil substrate, on which the top section
was transformed into TNT array via anodization.

In addition to the TiO, and Ti peaks as exhibited by the
TNT array, the peaks associated with tetragonal CIS and
cubic In,0; are also exhibited by all TNT arrays subjected
to pulsed-electrodeposition treatment in the CIS pre-
cursor-containing aqueous solution, as represented by the
XRD pattern of the CIS-adorned TNT1 sample in Fig. 1b.
The relatively low intensity of the TiO, and Ti peaks
suggests the successful deposition of CIS on the TNT
arrays with the presence of In,O; impurity, confirming
the formation of composite electrodes consisting of CIS,
In,0; and TNT with different nanotube lengths. Forma-
tion of In,0, in Cu-In-VI, chalcopyrite has generally been
attributed to thermal oxidation of the material via post-
annealing treatment in O,-containing atmosphere
[15,16]. The possibility of In,O, formation predominantly
during the annealing post-treatment in this study, how-
ever, could be eliminated since the treatment was done in
O,-deficient Argon environment. Instead, the In,0; could
be concomitantly generated during pulsed-electro-
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Figure 2 SEM images of (a) CIS-In,0,-TNT]I, (b) CIS-In,0,-TNT3, (c)
CIS-In,0;-TNT7 and (d) UV-vis diffuse reflectance spectra of the CIS-
In,O;-TNT heterostructures. The inset in (a) presents the SEM image of
TNTI.

deposition of CIS on the TNT arrays. While further ex-
periment is needed to elucidate the actual formation
pathways of the In,O; in this synthetic method, the
possible routes could be (i) reduction of O, present in the
CIS precursor solution by the S’ anions and followed by
chemical reaction between O, and In’" cations and/or (ii)
direct formation of In,0; as corroborated by the highly
positive reduction potential of the reaction (Equation 1)
[17].

1.50,+2In’" +6e — In,0, (E°=1.09 V). )

The relatively higher intensity of In,O; in comparison
to that of CIS in all the composite electrodes can be at-
tributed to the utilization of In-rich precursor solution
during the pulsed-electrodeposition process, in which the
presence of high amount In** favors In,O; formation.

SEM was employed to investigate the deposition quality
of CIS/In,O; on the TNT arrays of different nanotube
lengths after pulsed-electrodeposition under the same
experimental conditions. The inset in Fig. 2a displays the
representative SEM image of the TNT array, which is
utilized as the substrate for CIS deposition, is composed
of highly ordered and vertically oriented nanotubes. After
the pulsed-electrodeposition process, the top and outer
walls of the CIS-In,05-TNT1 are homogenously covered
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by CIS/In,O; nanoparticles without any closure of the
tubes (Fig. 2a). As discussed in our previous work, the key
to the successful coating of nanoparticles is the relaxation
time introduced during electrodeposition [3]. The con-
tinuous pulse-assisted approach allows the creation of
nucleation sites under a high cathodic voltage of -2V
(200 ms) and diffusion of precursor to the sites situated
deeper into the nanotubes during the 200 ms relaxation
time at 0 V. Furthermore, the relaxation pulse also en-
hances uniform nucleation of particles on the walls of
TNT through homogenous diffusion over the TNT.

However, the deposition of these particles is shown to
be dependent on the lengths of the TNT arrays, as de-
picted in Fig. 2b, c. Although homogenous deposition of
the CIS/In,O; nanoparticles is observed on the outer wall
of the longer TNT arrays (CIS-In,O,-TNT3 and CIS-
In,0,-TNT7), a large amount of CIS/In,O; nanoparticles
are also found deposited on top of the nanotubes that
leads to tube closure. For CIS-In,0,-TNT3, a layer of
agglomerated nanoparticles is apparent on top of the
tubes, whereas a compact layer of sintered CIS/In,O,
particles is observed on the TNT7 array which has the
longest nanotube length. The accumulation of these de-
posited nanoparticles is analogous to the continuous
electrodeposition of CIS without a relaxation time as
shown in our previous work [3]. These results then in-
dicate that the extensive deposition of CIS/In,O; nano-
particles on the top of CIS-In,O;-TNT3 and CIS-In,0;-
TNT?7 is associated with the insufficient relaxation time
provided during the pulsed-electrodeposition process.
The inadequate relaxation time prevents the CIS pre-
cursor from reaching the nucleation sites situated at a
much greater depth of the longer nanotubes, causing
inhomogeneous growth of CIS/In,O, particularly on top
of the nanotubes and the accumulation of nanoparticles
results in the subsequent closure of the tubes. The find-
ings suggest that the longer nanotube length, the larger
the amount of CIS/In,O; nanoparticles being deposited
on the top of TNT array and thus the faster the closure of
the nanotubes.

The optical properties of all the CIS-In,O;-TNT com-
posite films were determined using UV-vis spectroscopy.
According to the Kubelka-Munk plots in Fig. 2d, a
comparable optical band gap of 2.1 eV can be estimated
for all the composites, indicating their ability to respond
under visible light irradiation. Since TiO, has large band
gap energy of 3.2 eV, the extended absorbance in the
visible light region is essentially attributed to the de-
posited CIS and In,O; particles. Due to the composite
nature of the film, the resulting optical band gap lies in

June 2018 | Vol.61 No.6
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Figure 3 (a) Amperometric photocurrent densities of CIS-In,O; and CIS-In,O,-TNT arrays with different lengths of TNT arrays under visible light
irradiation (A>435 nm) in Na,S/Na,SO; electrolyte solution. (b) Schematic diagram on energy band gap and different photoexcited electron pathways
within the CIS-In,O,;-TNT composite photoelectrode. (c) Photocurrent density comparison of the TNT arrays and CIS-In,O,-TNT electrodes with

different lengths under UV illumination.

between the band gap energy of CIS (1.5 ¢eV) and In,O,
(2.8 eV) particles.

The photoactivities of the CIS-In,O;-TNT composites
with distinct nanotube lengths and CIS/In,O; deposition
quality were compared by measuring their photo-
responses on a standard three-electrode photoelec-
trochemical system comprising the composite film as the
working electrode, Ag/AgCl as the reference electrode
and platinum (Pt) foil as the counter electrode. All of the
photocurrent responses show anodic photocurrent, in-
dicating that the fabricated CIS-In,O;-TNT electrodes are
n-type semiconductor. Owing to the large band gap en-
ergy of approximately 3.2 eV, negligible photocurrent was
generated by all bare TNT arrays under visible light (1>
435 nm). However, incorporation of CIS and In,O; via
pulse-assisted electrodeposition approach evidently en-
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hances the visible-light-triggered photoresponses of the
TNT arrays, as exhibited in Fig. 3a. The improved pho-
toresponses of CIS-In,O;-TNT composite films under
visible light irradiation is attributed to the presence of the
visible-light-active CIS and In,O;, which both act as the
primary light absorbers while the TNT arrays function as
the electron conductor. Given that the conduction band
of TiO, is located at —0.40 V (vs. normal hydrogen elec-
trode (NHE)), which is more anodic than the conduction
bands of CIS (—=1.04 eV vs. NHE) and In,0, (—0.60 eV vs.
NHE), the suitable band alignments of these components
favor electron injection from CIS and In,O; to the TNT
array. Upon visible light illumination, the excited elec-
trons within CIS and In,O; can be injected into TNT in 3
different pathways as illustrated in Fig. 3b. When both
CIS and In,O; are in sequential contact with TNT, the
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excited charges can be injected consecutively via pathway
1 from the CIS to In,0; and eventually to TNT, as a result
of the suitable band position of CIS and In,O;. In the
second and third pathway, the TNT can exclusively ac-
cept electrons from either CIS or In,0;. These thermo-
dynamically feasible charge transfer band alignments can
reduce the recombination of excited charges within CIS
and In,O;, resulting in the enhanced photoresponses of
the composite films. In addition to the appropriate band
positions, the vectorial charge conductance pathway
provided by the geometrical architecture of the one-di-
mensional TNT also assists in charge separation within
the composite, at which electrons are transported along
the nanotube axis to the Ti conducting substrate and
holes move radially outward to the nanotube surface
[18,19].

Note that CIS-In,0,-TNT1 unambiguously showed the
highest photocurrent of 7.7 mA cm * (Fig. 3a), which can
be attributed to the homogeneous and conformal de-
position of CIS/In,O; nanoparticles on the surfaces of the
TNT1 array without sealing the tubes. The tubular
channels function as the light scattering centers within
the film to increase the light absorption and allow sen-
sitization of the CIS/In,O; present deep into the nano-
tubes [20], rendering efficient charge generation and
separation within CIS-In,O;-TNT1. In contrast, abundant
deposition of CIS/In,0O; nanoparticles on the top of TNT3
and TNT7 arrays seals the nanotubes and hence restricts
light penetration to reach the CIS and In,O; components
that are underneath the dense CIS/In,O; layer and di-
rectly deposited on the nanotubes wall. Since only the
near surface CIS/In,O; sitting on the top of TNT arrays
can be excited, the photogenerated electrons have to
diffuse a long distance through the thick blocking layer of
nanoparticles enriched with recombination sites and then
along the TNT to reach the Ti foil, which reduces the
number of electrons that can be extracted from the CIS-
In,0,-TNT3 and CIS-In,0,-TNT7 electrodes, as verified
by their considerably poor photocurrents. In such cases,
instead of functioning as scattering centers, the presence
of the sealed-end TNT arrays impedes electron transfer
from the CIS/In,O; layer to the charge collecting Ti foil.
This is evinced by the superior performance of CIS-In,O,
electrode, which was prepared by pulsed-electrodeposi-
tion of CIS onto Ti foil without the presence of TNT
array. In the absence of TNT array, excitation of CIS-
In,O; layer deposited directly on the Ti foil produced
higher photocurrent than both the CIS-In,0;-TNT3 and
CIS-In,05-TNT7 electrodes.

In order to delve into the influence of TNT length to-
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wards the overall CIS-In,O;-TNT photocurrent perfor-
mance, the photoelectrochemical measurements were
repeated under UV illumination since TiO, was only
active under UV light. The photocurrent responses of the
bare TNT arrays with different lengths were measured for
control purposes. As shown in Fig. 3c, the photocurrent
responses of these bare TNT arrays rise gradually from
0.9 to 1.2 mA cm * as the TNT length increases, while the
photocurrent densities of the CIS-In,O;-TNT electrodes
decline as the length of the TNT array increases. Inter-
estingly, the CIS-In,0,-TNT3 and CIS-In,0;-TNT7
photoanodes exhibit similar photoresponse under both
visible light and UV illumination. The comparable mag-
nitude of photocurrent indicates that the CIS/In,0; dense
layer on the surfaces of the materials efficiently blocks the
light from penetrating and activating the TNT arrays. On
the other hand, the performance trend of the composite
films under UV illumination concurs with that under
visible light, that is, CIS-In,O,-TNT1 > CIS-In,0,-TNT3
> CIS-In,O;-TNT7. In spite of the improved photo-
current of the bare TNT array with longer nanotube
length under UV light, the analogous decline in the
photoactivities of the composite films with the increase of
TNT length under both visible and UV irradiations in-
dicates that the TNT length does not play a role in gov-
erning the performances of the composite films. Instead,
these further attest that the performance of the composite
film is predominantly ruled by the quality of CIS/In,O;,
deposition on the TNT arrays, as discussed above.

The feasibility of pulsed-electrodeposition to construct
CIS-In,O;-TNT heterojunction electrodes comprising
entire n-type components has been demonstrated in this
study with detailed characterization of the crystal struc-
ture, morphological and optical properties of the mate-
rials. In particular, the introduction of CIS/In,O,
nanoparticles onto the surface of TNT1 array with a na-
notube length of 3.3 um was found to have the optimum
photocurrent response attributing to its preeminent CIS/
In,0; deposition quality (i.e., homogeneously coated on
the nanotubes wall while preserving the hollow structure)
under the specific experimental conditions of alternating
cathodic pulse at —2 V for 200 ms and short-circuit pulse
at 0V for 200 ms. Considering that photochemical sta-
bility as the main bottleneck in the application of sulfide
materials, the photoelectrochemical water splitting per-
formance of the best-performing CIS-In,O;-TNT1 film
under visible light (1>435 nm) was then investigated via
a two-electrode system (in a H-shaped photoelec-
trochemical cell with the anode and cathode chambers
partitioned using a Nafion membrane), in which Pt foil
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was used as the cathode.

Both sulfide (S*) and sulfite (SO,”) ions have been
extensively demonstrated as effective reducing agents to
scavenge holes from the excited sulfide anode in a pho-
toelectrochemical cell, at which the photogenerated holes
can oxidize S” into disulfide (S,”) ions (Equation 2) and
SO,” into sulfate (SO,”) and dithionate (S,0,>) ions
(Equations 3, 4), respectively [12]. Utilization of electro-
lyte containing either S or SO, ions is therefore useful
to suppress photocorrosion of the sulfide anode. While
the hole-scavenging ability of S* ions has been demon-
strated to be greater than that of SO,* ions to facilitate
better production of H, at the cathode via water reduc-
tion (Equation 5) [11], the formation of yellow S, ions is
highly undesirable because not only do they act as an
optical filter that reduces the light absorption of the
photoelectrode, they also compete with proton (H") re-
duction at the cathode according to Equation 6 [12]. The
increasing formation of S,” ions during the course of
reaction would therefore deteriorate the rate of H, pro-
duction. Addition of SO,* ions into the S* solution is
shown to efficaciously suppress the formation of S,” ions,
whereby S,” as the oxidation product of S* can further
react with SO, to yield thiosulfate (S,0,>) and S* ions
(Equation 7) that absorb less UV light than the S,” ions
[12]. Therefore, the mixture of S° and SO,” ions is
considered as a better substitute for the electrolyte con-
taining pure S° or SO;” ions to subdue the stability issue
of sulfide photoanode [13].

Hole scavenging:

28*"+ 2h" — S7, )
SO + 20H + 2h" — SO; + H,0, 3)
2807 + 2h" — S,0;. 4
Water reduction:

2H,0 +2¢ — H,+ 20H . %)

Disulfide competition for electrons:
ST + 2 — 28 (6)

Suppression of disulfide formation:
S2+ 802 — S,07 + 87, @)

However, the #.q .. Of the two-electrode photoelec-
trochemical water splitting system was found to maintain
at merely 20% over a 4 h measurement period (as de-
picted in Fig. 4a) when Na,S/Na,SO; mixture was em-
ployed as the electrolyte solution in both the anode (CIS-
In,0;-TNT1) and cathode (Pt) chambers. This indicates
that only 20% of the photogenerated current is utilized in
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the reduction of H' to produce H,. There are two main
reasons for the decreased activity in H, generation under
this condition: (a) the presence of S,0," ions competing
with H reduction and (b) the high pH of the electrolyte
solution weakens the concentration of H" at the cathode
side. When the formation of unwanted S,” ions is in-
hibited by the presence of SO;" reducing agent, the re-
sultant S,0," ions may diffuse through the Nafion
membrane and contend with H' for the photoexcited
electrons, based on Equation 8. The permeation of in-
organic anions through the cation-exchange membrane
has been confirmed by previous reports [21,22], verifying
the possibility of S,0,” present at the cathode (Pt) side.
This then leads to the regeneration of S and SO,” ions
accompanied with a decreased amount of electrons that
can be utilized for the reduction of protons, indicating
that part of the anodic photocurrent is consumed by
S,05" via a reduction process. A deteriorating rate of H,
production associated with competition of electrons be-
tween the H' and S,0,” ions has been reported [12]. On
the other hand, the pH of the Na,S/Na,SO; mixture
electrolyte solution was measured to be at pH 12 attri-
buting to the dissolution of Na,S in water to produce OH"
and HS ions (Equation 9). At this high pH, the low 7 yyen
is expected due to the low concentration of H". Since H"
ions are vital in the production of H,, the low con-
centration of H" directly impacts the amount of H, that
can be generated on the cathode.
Thiosulfate competition for electrons:

S,03 + 2 — S* + 807, ®)
S+ H,0 <> HS + OH . )

The influence of pH on the # ..y Was investigated by
employing Na,SO, (pH = 7) as the study electrolyte in
both the anode and cathode chambers. Interestingly, the
Heurrent Of the system using neutral Na,SO, electrolyte so-
lution was observed to be close to 100%, indicating that
all the photoexcited electrons withdrawn from the pho-
toanode could be utilized in H' reduction to form H,.
Despite the high #.. achieved, the stability of the
photoanode was compromised in the Na,SO, electrolyte
solution. Since water molecules are not as efficient as the
S and SO,” electron donors, they do not efficiently
capture the photogenerated holes and hence result in
photocorrosion of the CIS-In,0,-TNT1. The instability of
the CIS-In,05-TNT1 electrode is evidently reflected in
Fig. 4b by the rapid decay of the photoresponse, where
only 20% of the original photocurrent maintains after a
merely 2 h of visible light illumination.
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Figure 4 (a) Current-to-hydrogen efficiency of CIS-In,0,-TNT1 array in Na,S/Na,SO; & Na,SO, dual electrolyte and Na,S/Na,SO; electrolyte in a
two-electrode photoelectrochemical water splitting system for H, generation, (b) photocurrent of CIS-In,O,-TNT1 array in Na,S/Na,SO; & Na,SO,
dual electrolyte system and Na,SO, electrolyte, (c) schematic diagram of the photoelectrochemical H, generation reactor featuring dual-electrolyte
system and (d) photoelectrochemical H, evolution of CIS-In,O,-TNT1 array in Na,S/Na,SO; & Na,SO, dual-electrolyte system.

On the basis of the requirements of Na,S/Na,SO;
electrolyte to stabilize the CIS-In,0,-TNT1 photoanode
and lower pH at the cathode to promote higher #_ e We
develop a dual-electrolyte system to simultaneously target
the stability issue of the photoanode, while achieving
close to 100% # yrrene Of the water splitting system. Fig. 4c
schematically illustrates the setup of the said dual-elec-
trolyte system, whereby the chamber containing the CIS-
In,0,-TNT1 film (anode) is filled with Na,S/Na,SO,
electrolyte solution, whereas neutral Na,SO, solution is
used as the electrolyte in the cathode chamber accom-
modating the Pt foil. Fig. 4d shows the magnitude of
photogenerated current in conjunction with the H, evo-
lution rate for such a dual-electrolyte system under visible
light illumination. While the photocurrent stability was
shown to be improved by sustaining 60% of the original
photocurrent after 4 h of visible light illumination (Fig.
4b), the %y Of the system was also found to con-
currently enhanced to close to 100% (Fig. 4a). These re-
sults show that while utilization of Na,S/Na,SO; mixture
effectively consumes the photogenerated holes from CIS-
In,0,-TNT1 and suppresses photocorrosion of the ma-
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terial, employment of Na,SO, electrolyte strengthens the
concentration of H" at the cathode to expedite electron
consumption for H, generation.

CONCLUSIONS

Heterojunction photoanode comprising n-type CIS and
In,0; nanoparticles electrochemically deposited on n-
type TNT array was produced via pulse-assisted electro-
deposition approach in In-rich CIS precursor solution.
Under identical electrodeposition parameters, the de-
position quality of CIS/In,O; on the TNT array is de-
pendent on the TNT length; longer TNT length
stimulates deposition of CIS/In,O, on top of the TNT
array and the subsequent tube closure. The un-
ambiguously higher photocurrent of the CIS-In,O,-TNT
composite film with homogenous deposition of CIS/In,O,
on the TNT surface without sealing the nanotubes (CIS-
In,0,-TNT1) in comparison to the films composed of
sealed TNT arrays by the formation of a dense CIS/In,O,
top layer (CIS-In,0;-TNT3 and CIS-In,0;-TNT7) sub-
stantiates the crucial role of hollow TNT as the light
scattering centers to enhance the charge generation and
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separation of the composite electrode. Introduction of a
dual-electrolyte water splitting system, in which the CIS-
In,0;-TNT photoanode was immersed in Na,S/Na,SO;
electrolyte solution while the Pt cathode in pH-neutral
Na,SO, solution was demonstrated to enhance the anode
photostability and concomitantly boost the 7 e, Of the
system to close to 100%, as opposed to the merely 20%
Heurrene i system utilizing Na,S/Na,SO; as the single-
electrolyte in both anode and cathode chambers. Such a
dual-electrolyte system sheds light on the practicability of
using two different electrolytes in a photoelectrochemical
water splitting cell to simultaneously target the photo-
chemical instability issue of the electrode and improve the
overall # e Of the system. This paves a new avenue in
the design of advanced photoelectrochemical system
consisting of small bandgap yet photochemically unstable
catalyst, particularly the sulfide materials.
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CulnS,-In,05-TiO, 4K 4 4 51 HE OB HL AT B4 R AR LA 22 7 S B B

Charlene Ng, Jung -Ho Yun, Hui Ling Tan, Hao Wu, Rose Amal, Yun Hau Ng*

T AL AL S0 R PR I N2, S/Na, SO & M4 Sy FEL A o T8 Y RGUAE Tt P 00 AR A8 5 A A PRI T SR (ewreent) - AN SOR
Na,8/Na,SOMIpHHE: FTNa,S O, 43 il 11 4y S K i it Y PRAR AT B AR B A W] A 80 il CulnS,-In, 0,-TiO,  (CIS-In,O5- TNT)FKAE Al 25
R CIE B, [ 4R 15 curvenee IEIL KR B R ITBUE AT H 0 R CISFIIn, O R ML U BUFE TN T 51 3R THI, 75 R B TNT[FA Hh 23 25 M T4
AN T E S PORAEGURAE _LXT T A2 ST PR B R R AT R AN D B AR R AL 2. 5N, S/ Na, SO, B HE AR FEL Tt AT LR AR A
FIARUR T CIS-In,O5- TNT AR A SEAZE N, T B A currend VT T 17122 55 T 1 FE AR IR R 1HL.(20%).
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