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are generally used for Z-scheme systems.> These ionic electron

ABSTRACT: Z-schematic water splitting was successfully mediators efficiently transfer electrons by adsorption onto the
demonstrated using metal sulfide photocatalysts that were surfaces of photocatalysts. However, usable photocatalysts are
usually unsuitable for water splitting as single particulate limited because suitable adsorbing and desorbing properties of
photocatalysts due to photocorrosion. When metal sulfide ionic electron mediators on photocatalysts are required and
photocatalysts with a p-type semiconductor character as a backward reactions by ionic electron mediators may proceed.
Hy-evolving photocatalyst were combined with reduced For example, when a metal sulfide photocatalyst is combined
graphene oxide-TiO, composite as an O,-evolving photo- with an iron ion electron mediator, the iron ions are deposited
catalyst, water splitting into H, and O, in a stoichiometric on the surface of the metal sulfide as iron sulfides. Our group
amount proceeded. In this system, photogenerated reported that reduced graphene oxide (RGO) of a conductive
electrons in the TiO, with an n-type semiconductor solid-state material promotes electron transfer between photo-
character transferred to the metal sulfide through a catalyst particles in a Z-scheme system for water splitting.* In
reduced graphene oxide to achieve water splitting. the system with RGO, adsorbing and desorbing properties
Moreover, this system was active for solar water splitting. required for the systems employing ionic electron mediators

can be neglected because electrons migrate by interparticle
electron transfer. Therefore, it is expected that RGO can be

S olar water splitting using photocatalysts has been paid used to construct Z-scheme systems consisting of various
attention as a potential system for clean hydrogen photocatalysts including metal sulfides. This potential property
production.! To utilize sunlight efficiently, development of of RGO motivates us to utilize metal sulfide photocatalysts with
visible-light-responsive photocatalysts is indispensable. Many highly efficient H, evolution ability as a H,-evolving photo-
metal sulfides respond to visible light because the band gaps of catalyst in a Z-scheme system for water splitting.
metal sulfides are generally narrower than those of correspond- In the present study, Z-scheme systems consisting of various
ing metal oxides due to shallower valence bands formed by S 3p metal sulfides as a H,-evolving photocatalyst and RGO-TiO,
orbitals than those formed by O 2p orbitals. Metal sulfide (rutile) composite as an O,-evolving photocatalyst were
photocatalysts show high activity for H, evolution from an constructed. Factors dominating the activity for photocatalytic
aqueous solution containing sulfur compounds of sacrificial water splitting were investigated. The effects of cocatalysts and
reagents under visible light irradiation.” In the absence of the the loading method on the Z-schematic water splitting were
sacrificial reagents, however, photogenerated holes oxidize the also studied.
metal sulfide itself rather than water resulting in no O, Table 1 shows photocatalytic activities for Z-schematic water
evolution and photocorrosion. Thus, the metal sulfide photo- splitting using various metal sulfides as a H,-evolving
catalysts cannot split water into H, and O, as a single photocatalyst and RGO-TiO, composite as an O,-evolving
particulate photocatalyst. Therefore, we are interested in photocatalyst. Only H, evolved due to photocorrosion, when
construction of a photocatalyst system using the metal sulfides ZnS, AgGaS, AglnS, Ag,ZnGeS, and Ag,ZnSnS, were
for water splitting, employed as a H,-evolving photocatalyst (entries 1—5 in
Z-scheme photocatalyst is one of the systems for water Table 1). In contrast, H, and O, evolved in a stoichiometric
splitting under visible light irradiation. Photocatalysts that are amount, when CuGaS,, CulnS,, Cu,ZnGeS,, and Cu,ZnSnS,
active for sacrificial H, and O, evolution can be used to were employed as a Hj-evolving photocatalyst (entries 6—11 in

construct the Z-scheme system. Z-schematic water splitting Table 1). All of the metal sulfides working as a Hy-evolving

proceeds accompanied by an electron transfer from an O,-
evolving photocatalyst to a H,-evolving photocatalyst. Ionic Received: November 11, 2014
electron mediators such as 1057/I7, Fe**/**, and Co(bpy);>*/** Published: December 31, 2014
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Table 1. Overall Water Splitting Using Z-Scheme
Photocatalyst Systems Consisting of Various Metal Sulfide
Photocatalysts of a H,-Evolving Photocatalyst and RGO-
TiO, (Rutile) Composite of an O,-Evolving Photocatalyst®

initial activity

(umol h™")
H,-photocatalyst ~ amount of
(metal sulfide Pt loaded
entry  photocatalyst) (wt %) loading method H, 0,
1 ZnS 0.3 photodeposition 0.8 0
2 AgGaS, 0.3 photodeposition 125 0
3 AgInS, 0.3 photodeposition 0.3 0
4 Ag,ZnGeS, 0.3 photodeposition 6.1 0
S Ag,ZnSnS, 0.3 photodeposition 0.4 0
6 CuGaS, 03" photodeposition 19.8 10.3
7 CuGasS, 0.3* impregnation + 7.7 3.3
H, red”
8 CuGas$, 0.1° adsorption 562 250
9 CulnS, 0.3 photodeposition 9.9 4.5
10 Cu,ZnGeS, 0.3 photodeposition 174 7.8
11 Cu,ZnSnS, 0.3 photodeposition 6.3 2.9

“Conditions: 0.05 g each; water without pH adjustment (120 mL);
300 W Xe lamp full-arc; top-irradiation cell with a Pyrex window.
YDetermined by ICP. “Heat-treated at 473 K for 1 h in H,.

photocatalyst in the Z-scheme system in Table 1 are known as a
p-type semiconductor.® Photoelectrochemical properties of the
metal sulfide photocatalyst materials used in Table 1 were
measured to investigate the relationship between the semi-
conductor character and Z-schematic water splitting activity as
shown in Figure 1A. The metal sulfides working as a H,-
evolving photocatalyst in the Z-scheme system gave cathodic
photocurrents. TiO, of a well-known n-type semiconductor
gave an anodic photocurrent. Photoelectrochemical cells for
water splitting can be constructed by a combination of a p-type
photocathode with an n-type photoanode as shown in Figure
1B. It is indispensable for water splitting without an external
bias that the potential at which the cathodic photocurrent
overlaps with the anodic photocurrent exists. Onset potentials
of cathodic photocurrent over the metal sulfides working as a
H,-evolving photocatalyst in the Z-scheme system possessed
more positive than that of anodic photocurrent over TiO,. This
indicates that photogenerated electrons in TiO, with n-type
semiconductor character transferred to metal sulfides with p-
type semiconductor character through RGO as shown in Figure
1C being similar to Figure 1B. Electron transfers between
semiconductors and RGO have previously been observed.*°
When the metal sulfides with n- or i-type semiconductor
properties were used in the system of entries 1—5 in Table 1,
water splitting did not proceed.

In order to clarify that the water splitting proceeds by Z-
schematic electron transfer, the control experiments were
carried out using the Pt-loaded CuGaS, and RGO-TiO,
composite system showing the highest activity for water
splitting as shown in Table 2. Without RGO, the photocatalytic
activity was low, and H, and O, did not evolve in a
stoichiometric amount (entry 2 in Table 2), indicating that
RGO was necessary for smooth electron transfer from O,- to
H,-evolving photocatalysts. Water splitting did not proceed
using either Pt-loaded CuGaS, or RGO-TiO, composite
(entries 4 and 5 in Table 2). These results indicate that a
combination of Pt-loaded CuGaS, with RGO-TiO, composite
was indispensable for the Z-schematic water splitting.
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Figure 1. (A) Current vs potential curves of (a) ZnS, (b) AgGa$,, (c)
AgInS,, (d) Ag,ZnGeS,, (e) Ag,ZnSnS,, (f) CuGaS,, (g) CulnS,, (h)
Cu,ZnGeS,, (i) Cu,ZnSnS,, and (j) TiO, photoelectrodes: (aj) 4 >
300 nm and (b—i) 1 > 420 nm. Electrolyte, (0.1 mol L™! K,SO, aq‘) +
(0.05 mol L™ KH,PO, aq_) + (0.05 mol L™! NaH,PO, aq_); sweep rate,
20 mV s™'; sweep direction, —1 — 0 V vs Ag/AgCl; light source, 300
W Xe lamp. Dashed line represents 0 A for each electrode. (B)
Photoelectrochemical system consisting of a metal sulfide photo-
catalyst electrode with a p-type semiconductor character and TiO,
photoelectrode for water splitting with applying no bias. (C) Z-scheme
system consisting of a Pt-loaded metal sulfide photocatalyst with a p-
type semiconductor character and RGO-TiO, composite photocatalyst
for water splitting.

Table 2. Z-Schematic Water Splitting Using Pt-Loaded
CuGa$, and RGO-TiO, Composite Photocatalysts®

initial activity

(umol h™")
entry H,-photocatalyst O,-photocatalyst H, 0,
1 Pt/CuGa$, RGO-TiO, 19.8 103
2 Pt/CuGaS, TiO, 1.4 0.3
3 CuGaS, RGO-TiO, 6.9 0.8
4 Pt/CuGaS, none 0.2 0
S none RGO-TiO, trace 0

“Conditions: 0.05 g each; water without pH adjustment (120 mL);
300 W Xe lamp full-arc; top-irradiation cell with a Pyrex window.

A cocatalyst plays an important role in enhancement of a
photocatalytic reaction.” When nonloaded CuGaS, was
combined with RGO-TiO, composite, H, and O, did not
evolve in stoichiometric amounts (entry 3 in Table 2)
suggesting that the H, evolution was mainly due to photo-
corrosion. Therefore, various metal cocatalysts were loaded on
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Figure 2. Z-schematic water splitting using CuGa$S, with various metal
cocatalysts (0.3 wt %) and RGO-TiO, composite. Conditions: 0.05 g
each; water without pH adjustment (120 mL); 300 W Xe lamp full-
arc; top-irradiation cell with a Pyrex window.

the CuGaS, powder as shown in Figure 2. Water splitting
proceeded in a stoichiometric amount, when Pt, Ru, and Rh
were employed as a cocatalyst. Pt was the most effective
cocatalyst. In contrast, Ni, Pd, Ag, Ir, and Au did not function as
a cocatalyst.

Loading effects of the cocatalyst affect its size, degree of
dispersion, and chemical states.® Therefore, the effects of the
loading method for a Pt cocatalyst on the photocatalytic activity
were examined as shown in Table 1. The order of photo-
catalytic activity was adsorption > photodeposition >
impregnation + H, red method. XPS revealed that Pt
cocatalysts were loaded as PtS, by photodeposition and
adsorption methods, and as metallic Pt by an impregnation +
H, red method (Figure S1). The PtS, worked more effectively
than the metallic Pt in the present Z-scheme employing metal
sulfide photocatalysts. The Pt particles loaded on CuGaS, were
observed by SEM. Pt particles with 20—50 nm of the size were
observed for the photodeposition and impregnation + H, red
methods, while no Pt particles were observed for the adsorption
method (Figure S2). However, ICP-AES measurement revealed
that 0.1 wt % of Pt was loaded on CuGaS, by the adsorption
method, while 0.3 wt % of Pt was loaded by the photo-
deposition and impregnation + H, red methods. Moreover,
XPS also indicated the presence of Pt particles loaded by
adsorption (Figure S1). These results indicate that the
adsorbed Pt should be fine particles. The fine Pt particles on
CuGaS$, photocatalyst would function as an eflicient reduction
site to produce H,.

The Z-scheme photocatalyst system consisting of CuGaS,
with adsorbed Pt and RGO-TiO, composite continuously split
water into H, and O, for 12 h as shown in Figure 3A, giving
1.3% of the apparent quantum yield under 380 nm of a
monochromatic light irradiation. The rates of gases evolution
became slower with the irradiation time probably due to the
hydrolysis of CuGasS,, exfoliation of RGO, and a certain degree
of photocorrosion. The hydrolysis and photocorrosion of
CuGaS, were confirmed by XPS (Figure S3). After water
splitting, the Ga 3d peak at 19.3 eV corresponding to the Ga in
Ga,S,; drastically decreased accompanied by the increase in the
peak at 20.8 eV corresponding to the Ga in Ga,O; (Figure
S3A). The S 2p peaks at 164.2 and 165.6 eV corresponding to
the elemental S formed by photocorrosion also increased after
water splitting (Figure S3B). Moreover, the hydrolysis and
photocorrosion of CuGaS, happened at only the surface
judging from no significant difference in XRD pattern between
before and after water splitting. The exfoliation of RGO has
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Figure 3. Z-schematic water splitting using CuGaS, with adsorbed Pt
and RGO-TiO, composite under (A) 300 W Xe lamp full-arc and (B)
simulated sunlight (100 mW cm™ adjusted with an AM-1.5 filter)
irradiation. Conditions: 0.05 g of Pt(0.1 wt %)-loaded CuGaS$, and
(A) 0.05 g and (B) 0.1 g of RGO-TiO, composite; water without pH
adjustment (120 mL); top-irradiation cell with a Pyrex window;
irradiated area, 33 cm?

been reported by the careful observation of the reactant
solution after water splitting.* Black-colored stuff was actually
floated on the reactant solution only after water splitting in the
present system. However, the turnover numbers of reacted
electrons to carbon atoms in RGO (assumed to contain pristine
graphitic carbon), to S atoms on the surface of CuGa$,, and to
the molar amount of CuGaS, were 2.2, 477, and 1.8 at 12 h,
respectively. These turnover numbers larger than the unity
indicate that this Z-schematic water splitting photocatalytically
proceeded. The present Z-scheme system consisting of CuGaS,
with adsorbed Pt and RGO-TiO, composite split water even
under simulated sunlight irradiation as shown in Figure 3B.
Solar energy conversion efficiency of this Z-scheme system at
the initial stage was determined to be 0.023%. Thus, Z-
schematic water splitting employing metal sulfides as a H,-
evolving photocatalyst was successfully achieved under
simulated sunlight.

We have successfully demonstrated Z-schematic water
splitting using various metal sulfides as a H,-evolving
photocatalyst and RGO-TiO, composite as an O,-evolving
photocatalyst. The key factor lies in the combination of p-type
and n-type semiconductor photocatalysts. In the present Z-
scheme, fine Pt particles loaded by an adsorption method was
effective as the H, evolution site. The present results provide
new and significant knowledge to construct efficient solar water
splitting systems employing various metal sulfides with high
activities for H, evolution.
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