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Effect of anisotropic conductivity of Ag,S-modified
Zn,In,Sz,» (m =1, 5) on the photocatalytic
properties in solar hydrogen evolutionfy

Jingyuan Liu, 2*2 Xinyi Xue,® Xin Zhou,? Gang Chen {2 and Wei Liu*®

3 wt% AgoS/ZnsInySg (3A/Z5) and 3 wt% AgoS/ZnInyS, (3A/Z1) were prepared by a two-step synthesis
method. The first-principles calculations revealed that the anisotropic carrier transport property of
ZnsIn,Sg (Z5) is much stronger than that of Znln,S4 (Z1). Furthermore, unsynchronized electron and hole
transport leads to higher bulk carrier separation efficiency in Z5. After accelerating the surface
photocatalytic reaction rate by Ag,S modification, the differences between 3A/Z5 and 3A/Z1 in the bulk
carrier separation were further enlarged. Photoelectrochemical tests confirmed that the bulk charge
separation efficiency of 3A/Z5 is 13.70%, which is 7.4 times higher than 3A/Z1 (1.84%). Because of the
high bulk carrier separation efficiency, the 3A/Z5 exhibits a promising photocatalytic hydrogen
production rate, reaching 3189 umol ht g’l. Through intuitive evidence, this work proves that material
with stronger anisotropic conductivity has higher bulk carrier separation efficiency, thus has the potential

rsc.li/rsc-advances

1. Introduction

Photocatalytic water splitting to produce hydrogen is one of the
intriguing ways to address the worldwide energy shortfall and
environmental issues.'™® In recent years, researchers have made
significant progress in the development of photocatalyst mate-
rials such as oxides, sulfides, nitrides, and oxysulfides.”**
Despite the fact that many photocatalytic materials have visible-
light response properties and suitable band edges for redox
reactions, sluggish photoinduced carrier separation still leads
to low solar energy conversion efficiency. Aiming to eliminate
such restrictions, many approaches have been developed to
improve the spatial separation and transport efficiency of
carriers, such as tailoring surface defects, depositing cocata-
lysts, and constructing heterostructures.**** These approaches
have proven to be valid for steering charge flow on the photo-
catalyst surface, but they rarely affect the recombination in the
photocatalyst bulk. Therefore, it is critical to investigate the
factors that can influence bulk carrier separation efficiency.*
Recently, many studies have predicted through theoretical
calculations that photocatalyst materials with anisotropic
conductivity property should have high bulk carrier separation
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to exhibit high photocatalytic hydrogen production performance.

efficiency, which could lead to high photocatalytic activity.**>*
Under the influence of this feature, the photogenerated carriers
tend to transfer in the direction of higher conductivity. Hence,
the photogenerated carrier migration is restricted to two-
dimensional or even one-dimensional space, lowering the
possibility of bulk carrier recombination. As a result, the surface
redox reaction is able to involve more long-lived bulk carriers,
which allows the photocatalyst to present high performance. In
fact, studies have shown that many materials with strong
anisotropic carrier transport properties exhibit long carrier
lifetimes and outstanding photocatalytic activity, such as Las-
Ti,CuS;05, Bi;O,Cl, SrTiO;, ZnO, etc.?*3* Therefore, it can be
concluded that the anisotropic carrier transport characteristic is
the key factor affecting the catalytic activity of the photocatalyst.
However, since the activity of photocatalytic material is
impacted by multiple factors (element composition,
morphology, band position, light absorption range, etc.), it is
still challenging to conduct in-depth research on the single
effect of anisotropic conductivity on photocatalytic activity.
Zn,,In,Ss.,, (m = 1-5, ZIS) are promising two-dimensional
layered photocatalyst semiconductors. The series of materials
all have suitable bandwidth for visible light response and
proper conduction band edge for hydrogen evolution.**-** The
hexagonal ZIS is composed of the packet stacking of S-(Zn-S),,~
In-S-In-S layers along the [001] direction. Spyridelis et al. re-
ported that ZIS exhibit strong anisotropic conductivity, with the
conductivity parallel to the hexagonal ZIS (001) basal plane (o)
being much stronger than the conductivity perpendicular to the
hexagonal ZIS (001) basal plane (¢, ).*”*®* Moreover, despite
having similar element compositions and crystal structures, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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anisotropic conductivity strengths of ZnIn,S, (Z1) and Zn;In,Ss
(z5) are dramatically different. Experimental measurements
revealed that the ratio of o) to ¢, was determined to be 10° in
Z5, which is 1000 times higher than in Z1 (10°).3>* Due to the
similarities in other properties and the huge difference in
anisotropic conductivity, Z1 and Z5 are ideal choices for
systematically studying the relationship between anisotropic
conductivity and photocatalytic activity.

According to our previous work, the surface catalytic reaction
rate of ZIS photocatalysts can be largely enhanced by the
deposition of Ag,S as a cocatalyst via a cation exchange reac-
tion.** Therefore, in this work, we also loaded Ag,S on Z1 and Z5
using a similar method to promote surface electron consump-
tion rate. Various experimental analyses show that, although Z1
and Z5 have similar crystal structures, element compositions,
morphologies and band structures, they exhibit quite different
photocatalytic activities after deposition of Ag,S. In particular,
the photocatalytic H, evolution rate of 3 wt% Ag,S/ZnsIn,Ss (3A/
Z75) is 3189 umol h™' g™, which is 5.8 times higher than that of
3 wt% Ag,S/ZnIn,S, (3A/Z1). First-principles calculations and
photoelectrochemical (PEC) tests revealed that the discrepancy
is mainly due to the stronger anisotropic conductivity of Z5 than
that of Z1, which leads to a higher bulk charge separation rate in
Z5. Furthermore, after accelerating the surface photocatalytic
reaction rate via Ag,S modification, the bulk carrier separation
efficiency of 3A/Z5 was further increased to 13.70%, which is 7.4
times higher than that of 3A/Z1. It is because of the high pho-
togenerated carrier separation and transfer efficiency, the 3A/Z5
possesses the longest carrier lifetime and highest photocatalytic
hydrogen production activity. Through intuitive evidence, this
work proves that material with stronger anisotropic conduc-
tivity has higher bulk carrier separation efficiency, thus has the
potential to exhibit high photocatalytic hydrogen production
performance.

2. Experimental
2.1 Materials

Zinc chloride (ZnCl,) and sodium sulfate (Na,SO,) were
purchased from Tianjin Kemiou Chemical Reagent Co., Ltd.
Indium chloride tetrahydrate (InCl;-4H,0) and thioacetamide
were purchased from Aladdin Chemical Reagent Co., Ltd.
Sodium sulfide (Na,S) was purchased from Xilong Scientific Co.,
Ltd. Silver nitrate (AgNO;) was purchased from Shanghai
Institute of Fine Chemical Materials. Sodium sulfite (Na,SO3)
was purchased from Tianjin Keguangfu Science and Technology
Development Co., Ltd. All reagents were analytical grade (AR)
without further purification.

2.2 Preparation of ZIS and Ag,S modified ZIS

The hydrothermal method was used to prepare ZIS. ZnCl,
(0.4 mmol for Z1; 2.0 mmol for Z5) and InCl;-4H,0 (0.8 mmol)
were added into 30 mL distilled water with stirring for 30
minutes. The excess thioacetamide was then added to the mixed
solution (3.2 mmol for Z1 and 6.4 mmol for Z5) and stirred for
30 minutes. The final solution was transferred into a Teflon-
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Scheme 1 Two-step synthesis process of Ag,S/ZIS.

lined stainless steel autoclave with a 45 mL capacity, and the
hydrothermal reaction was kept at 453 K for 24 hours. After
naturally cooling to room temperature, a yellow precipitate of
Z1 or Z5 was obtained. The resulting products were washed with
distilled water and ethanol for 3 times by centrifugation before
being dried at 333 K in the atmosphere for 12 h.

In order to prepare the Ag,S/ZIS heterostructure, the ob-
tained 0.05 g of Z1 or Z5 and a certain amount of AgNO; were
both dispersed into 60 mL of ethanol, ultrasonicated for 10
minutes. The mass ratio of Ag,S to ZnIn,S, calculated by the
added AgNO; was regulated to be 1, 3, 5, 10 and 15 wt% and the
synthesized samples were labeled as 1A, 3A, 5A, 10A and 15A/
ZIS, respectively. The solution was then transferred into the
three neck flask (100 mL) and heated in the microwave reactor
for 15 minutes (400 W, 351 K, MAS-II). After the reaction, the
final products were centrifuged and washed with distilled water
and ethanol 3 times and then dried at 333 K in the atmosphere
for 12 h (Scheme 1). Pure Ag,S was synthesized by a facile
hydrothermal method. 0.4 mmol AgNO; and thioacetamide
were added into 30 mL distilled water with stirring for 1 hour.
Then the solution was transferred into a Teflon-lined stainless
steel autoclave with a 45 mL capacity, and the hydrothermal
reaction was kept at 453 K for 24 hours.

The  specific  characterization = methods,  photo-
electrochemical test, calculation of Density Functional Theory
(DFT) and photocatalytic hydrogen performance test are shown
in the ESL}

3. Results and discussion

The crystal structures of the as-prepared samples were
confirmed using XRD detection. All samples have diffraction
peaks at 26.80°, 47.00°, and 55.90°, which can be assigned to the
(102), (110), and (202) characteristic peaks of the ZIS hexagonal
phase (JCPDS 72-0773) (Fig. 1). Although the crystal structures
of Z1 and Z5 are similar, it is worth noting that the intensities of
some Z1 and Z5 diffraction peaks are quite different. When
compared to Z1, the intensities of the (102), (104), (108) and
(112) peaks of Z5 become weak or even undetectable, whereas
the intensity of the (103) peak of Z5 becomes substantially
stronger. This result is consistent with previous research and
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Fig. 1 XRD patterns of the Z1, 3A/Z1, Z5 and 3A/Z5 samples.

can be attributed to the distinction in —(Zn-S),,~ layers caused
by different m values.**** After loading 3 wt% Ag,S to Z1 or Z5,
the characteristic peaks of Ag,S can not be found in the XRD
patterns of the samples, presumably due to the low loading
amount. Nonetheless, when employing a higher loading
amount of Ag,S, the characteristic peaks with 26 degrees of
34.48°, 36.82° and 43.41° can be clearly observed and assigned
to the monoclinic Ag,S phase (JCPDS 14-0072), thus confirming
the formation of Ag,S (Fig. S1t). X-ray photoelectron spectros-
copy (XPS) was used to confirm the chemical composition of 3A/
Z5. In survey spectra, the characteristic binding energies of Zn
2p, In 3d and S 2p peaks can be observed in all samples (Fig. 2a).
The new characteristic peak of Ag 3ds,, and Ag 3ds,, at 367.77
and 373.77 eV can both be found in the 3A/Z1 and 3A/Z5 in
comparison to pristine ones (Fig. 2b). Furthermore, as shown in
Fig. S2,T the XPS peaks of Zn 2p, In 3d and S 2p in the 3A/Z1 and
3A/Z5 samples all shifted towards lower binding energies
compared to the pristine samples. Moreover, when the loaded
Ag content is increased from 3 wt% to 10 wt%, the intensity of
Ag 3d peaks increases, and the shift of Zn 2p, In 3d, and S 2p
peaks becomes more noticeable (Fig. S3t). The Ag 3d XPS
spectra in pure Ag,S were also measured (Fig. S41). The char-
acteristic peaks of Ag 3ds,, and Ag 3d;/, in pure Ag,S are located
at 367.45 and 373.45 eV, respectively. The XPS peak of Ag 3d in
the 3A/Z5 sample shifts to a higher binding energy by about

(@) (b)
Ag 3d
Z1
= El R
3 s b ol A7 A
L) — =
-~ >
[}
c 3 Z5
g (i IR P . P PN
£
T T T T T T 1 T T T T
1000 800 600 400 200 366 368 370 372 374 376

Binding Energy (eV) Binding Energy (eV)

Fig.2 XPS spectra of (a) survey spectrum, (b) Ag 3d of the Z1, 3A/Z1, Z5
and 3A/Z5 samples.
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0.32 eV compared with the pure Ag,S, which reveals that the Ag
3d orbitals lose electrons and the Zn 2p, In 3d, and S 2p orbitals
gain electrons. All of these observations suggest that Ag,S and
ZIS are forming strong electrical connections.”

In order to obtain information about the morphology and
detailed structure of the as-prepared samples, scanning elec-
tron microscope (SEM) characterization was employed. Fig. 3a
reveals that both Z1 and Z5 have the typically flower-like
microsphere morphology in the range of 4-5 um. The micro-
spheres are assembled by nanosheets with a thickness of 20-
50 nm (Fig. S51). The morphologies of the two pristine samples
observed from the SEM image are almost indistinguishable.
After the modification of Ag,S, the original ZIS had no notice-
able changes in size or structure. According to our previous
findings, Ag" can directly replace the positions of Zn>" and In**
in ZIS, and bond with S in situ to form Ag,S during the cation
exchange reaction.”* Because the newly formed Ag,S is in close
atomic contact with ZIS, it is difficult to find any differences
from the SEM images after the formation of the heterojunction.
The more detailed microstructures of 3A/Z5 were investigated
using transmission electron microscopy (TEM) and high reso-
lution transmission electron microscopy (HRTEM). As shown in
the TEM images (Fig. 3b), the microsphere assembled by
nanosheets can be clearly observed, which is in good agreement
with the SEM results. In HRTEM images (Fig. 3c), the lattice
fringe spacing of 0.33 nm matches well with the d,4; spacing of
ZIS, and the interaxial angle of 120° indicates the hexagonal
crystal structure of the ZIS (001) basal plane.** It can be clearly
found that another lattice fringe spacing of 0.19 nm exists,
which corresponds to the (022) crystal plane of Ag,S. The
presence of two types of well-resolved lattice fringes indicates
the successful formation of the 3A/Z5 heterostructure. In order

Fig. 3 (a) SEM images for Z1, 3A/Z1, Z5 and 3A/Z5. (b) TEM image of
the 3A/Z5, (c) HRTEM image of the 3A/Z5. (d) Corresponding EDX
elemental mappings of Ag, Zn, In, and S.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to observe the specific morphology of Ag,S more clearly,
a higher concentration of silver nitrate (Ag'/ZnsIn,Sg = 1: 1,
named as 100A-Z5) was also employed for cation exchange
reaction. As shown in Fig. S6,t it can be clearly found that there
are Ag,S nanoparticles with a size of 15-30 nm in 100A-Z5. In
addition, the element distribution was further investigated by
scanning transmission electron microscopy (STEM) energy-
dispersive X-ray (EDX) spectroscopy. As shown in Fig. 3d, Zn,
In, S and Ag elements are uniformly distributed in the tested
area. The results demonstrate that the Ag,S is evenly distributed
in ZIS nanosheets, forming an atomic-level intimate contact
with ZIS, which is consistent with our previous results. In
conclusion, the above XRD, XPS, SEM and TEM results all
indicate that there is no significant difference between Z1 and
Z5 before or after Ag,S modification.

A nitrogen adsorption-desorption measurement was carried
out to study the Brunauer-Emmett-Teller (BET) surface area
and pore structure of the as-synthesized samples. As shown in
Fig. S7a,T the curve shape of all samples belonged to typical
isotherm type-IV curves, with a well-defined hysteresis loop in
the high relative pressure (P/P,) range of 0.45-1.00, confirming
the mesoporous structure exists in all samples. The pore size
distribution curve (Fig. S7b}) demonstrates that there is no
significant difference between the samples before and after
Ag,S deposition. The pore diameters of as prepared samples are
all in the range of 3-4.2 nm. The BET surface area for Z1, 3A/Z1,
Z5 and 3A/Z5 are calculated to be 47.16, 55.82, 41.48 and 70.24
m?® g™, respectively. Compared with the pure samples, the
specific surface areas of the hybrids are slightly increased,
which may expose more active sites and improve the photo-
catalytic activity of materials.

Ag,S is a black-colored narrow bandgap semiconductor.
Forming a heterojunction with it could improve the light
absorption capability of the ZIS. The UV-vis diffuse reflectance
spectra (DRS) of the prepared samples were measured to
determine the influence of Ag,S modification on light
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Fig. 4 (a) UV-vis diffuse reflectance spectra and (b) hydrogen evolu-
tion rate of Z1, 3A/Z1, Z5 and 3A/Z5. (c) Wavelength dependence of
apparent quantum vyield of 3A/Z5, (d) recycle runs of hydrogen
evolution over the 3A/Z5.
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absorption properties of as-prepared samples. Fig. 4a shows
that the absorption edge of Z1 is close to 535 nm, which is
longer than that of Z5 (467 nm). After loading the same amount
of Ag,S, the onset values for light absorption by 3A/Z1 are up to
710 nm, which is still longer than 3A/Z5 (507 nm). This is due to
the fact that the valence band of ZIS is composed of S 3p and Zn
3d hybrid orbitals, whereas the conduction band is composed of
In 5s5p and Zn 4s4p hybrid orbitals. When the value of m
increases, the absorption range of ZIS shrinks as the Zn/In
molar ratio increases.** As a result, Z1 and 3A/Z1 have wider
adsorption ranges than Z5 and 3A/Z5. The band structures of
the prepared samples were evaluated using Tauc plots and XPS
valence spectra. As shown in Fig. $8,1 the band gap (E,) values of
Z1 and Z5 samples are calculated to be 2.57 and 2.75 eV,
respectively, while the E, value of Ag,S is known to be 0.92 eVv.*
XPS valence spectra (Fig. S91) show that the maximum valence
bands of Z1, Z5 and Ag,S are 1.53, 1.6 and 0.5 eV, respectively.
Taking into account the E, values, the conduction band (CB)
edges of Z1, Z5 and Ag,S are calculated to be —1.04, —1.15 and
—0.42 eV, respectively. Based on the data presented above, the
energy band diagrams are described in Fig. S10. The CB edges
of Z1 and Z5 are both more negative than that of Ag,S, implying
that photogenerated electrons can migrate from the conduction
band of Z1 or Z5 to Ag,S through the heterojunction interface.
As Ag,S with the unsaturated S atoms on the surface can act as
HER active centers,** the surface photocatalytic reaction rate of
Z1 and Z5 should be both accelerated by Ag,S modification.
The photocatalytic performances of the prepared Ag,S/ZIS
are evaluated in a closed reaction system using Na,S-Na,SO;
aqueous solution as a sacrificial agent under visible light (A >
420 nm) irradiation. The result (Fig. S111) revealed that among
varied amounts of Ag,S loadings, 3A/Z5 exhibits the highest
photocatalytic activity. Furthermore, as shown in Fig. 4b, the
photocatalytic H, evolution amounts of 3A/Z1 and 3A/Z5 are
both improved when compared to the pristine ones. In partic-
ular, the average H, production rates of Z1, Z5, 3A/Z1 and 3A/Z5
are 398, 467, 546, 3189 umol h™* g™, respectively. Among all
samples, 3A/Z5 exhibits the highest photocatalytic activity for
hydrogen evolution. The apparent quantum yield (AQY) of 3A/
Z5 is carried out by employing band-pass filters of 380, 420,
450, 475 and 500 nm. According to Fig. 4c, AQY is consistent
with the light response of the 3A/Z5 sample and the specific AQY
values at 380 and 420 nm are 25.89% and 13.76%, respectively.
A 12 hours photocatalytic hydrogen production experiment was
carried out to test the photostability of the 3A/Z5, the evacuation
was performed every 3 hours. From the result (Fig. 4d), it can be
clearly seen that the photocatalytic hydrogen evolution activity
has no obvious deactivation, indicating relatively good stability
of 3A/Z5. Compared to other ZIS-based photocatalysts that have
been reported (Table S1t), the 3A/Z5 exhibits relatively good
photocatalytic H, evolution activity. The foregoing findings
suggest that deposition of Ag,S on the ZIS surface by cation
exchange can boost the photocatalytic hydrogen evolution
activity of ZIS. However, it is rather appealing that the photo-
catalytic H, evolution rate of 3A/Z5 is 5.8 times higher than that
of 3A/Z1, despite the similarities in other properties. The
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primary cause of the difference in activity between the two
samples is necessary to be found.

As discussed above, the transportation and separation
properties of photogenerated bulk carriers are important
factors affecting photocatalytic activity. Since the mobility of
bulk carriers is proportional to the reciprocal of their effective
mass, first-principles calculations were used to evaluate the
relative effective mass of electrons (m.) and holes (m;) in Z1
and Z5. The structures used in these calculations are shown in
Fig. S12.7 The calculated effective masses in the unit of a free
electron mass (m.) and the my, /m,, ratio in the I'-A, I'-K and I'-
M directions are shown in Table 1. From the results, it can be
seen that the m; and m values along the I'-K and I'-M
directions are all in the range of 0.36-2.17 m.. While in the I'-A
direction, the m; in Z1 and Z5 are both larger than m;,
reaching 117.51 and 2739.15 m,, respectively. The unequal
effective masses of holes in different directions demonstrate
that holes prefer to migrate along the I'-K and I'-M directions
rather than in the I'-A direction, indicating the anisotropic
conductivity of Z1 and Z5. In addition, as the effective mass of
holes in the I'-A direction is much higher in Z5, it can be
assumed that the anisotropic transport property of photo-
generated holes in Z5 is stronger. Next, the m;, /m, ratios are
used to compare the carrier recombination rate of Z1 and Z5.
In general, a higher m; /m;, ratio implies a greater difference in
charge carrier mobility, which means the transportation of
electrons and holes are not synchronized, indicating a low
bulk carrier recombination rate in this direction. As shown in
Table 1, the m; /m; ratios of Z1 and Z5 along the I'-K and I'-M
directions are within 1.02-4.92, whereas the m; /m. ratio of Z5
along the I'-A direction is 7208.29, which is about ~22 times
larger than that of Z1. It can be concluded that the bulk carrier
separation rate from I' to A in Z5 is much higher than that in
Z1. This is reasonable because Z5 possesses a stronger aniso-
tropic conductivity for holes, so the migration of holes in the
I'-A direction is more restricted and the possibility of bulk
carrier recombination in the I'-A direction is largely reduced.
To summarize, first-principles calculations suggest that the
anisotropic bulk carrier transport property of Z5 is much
stronger than that of Z1, and the bulk carrier recombination
rate of Z5 during photocatalyst bulk transmission is much
lower than that of Z1, which is the primary cause of the pho-
tocatalytic activity discrepancy.

Table 1 Calculated effective masses of electrons and holes along
different K-path. I' (0.00, 0.00, 0.00), K (—-0.33, 0.67, 0.00), M (0.00,
0.5, 0.00), A (0.00, 0.00, 0.50) are the high symmetry k-points in the
first Brillouin zone

System K-path m, my my /.

ZnIn,S, r-A 0.36 117.51 326.42
I'-K 0.50 0.51 1.02
I-m 0.36 1.77 4.92

ZnsIn,S, I-A 0.38 2739.15 7208.29
I'-K 0.94 2.05 2.18
I'-M 0.82 2.17 2.65
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PEC tests were used to confirm the conclusion of the theo-
retical calculation. The current-potential curves of the prepared
samples are recorded in the electrolyte solution with or without
1 M Na,SO; as a hole scavenger. The as prepared photo-
electrodes all exhibit anodic photocurrents due to their n-type
nature. For water oxidation (Fig. S13t), the photocurrent
densities of 3A/Z1 and 3A/Z5 electrodes are much higher
compared to their pristine ones over the potential range of 0.6
1.4 Vvs. RHE. The obtained photocurrent densities obey the eqn

(1):
JHZO = Jabs X Mbulk X Nsurface (1)

where J,p,s is the theoretical photocurrent density according to
light absorption, the calculated values are presented in
Fig. S14;} Ju,o is the measured photocurrent for water oxida-
tion; Npuk and Nsurface are the bulk and surface carrier separa-
tion efficiency, respectively.*® As the reaction kinetics of
consuming a sacrificial scavenger is fast enough, surface carrier
recombination can be eliminated in the presence of Na,SO;.
That is to say, fsurface = 1 and eqn (2) can be obtained.

INa,50, = Jabs X Nbulk (2)

where Jya,s0, is the photocurrent density that measured in the
electrolyte solution containing 1 M Na,SOs3, the result is shown
in Fig. 5a. Thus, the bulk carrier separation efficiency can be
determined by eqn (3).

Noulk = INa,50,/Jabs (3)
Fig. 5b depicts the calculated ny, of Z1, Z5, 3A/Z1 and 3A/Z5

photoelectrodes, which were estimated to be 1.50%, 10.10%,
1.84%, and 13.70% at 1.23 V vs. RHE, respectively. The bulk
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Fig.5 (a) Current—potential curves for sulfite oxidation (pH = 9.43), (b)
charge separation efficiency in the bulk (n,,) of photoelectrode, (c)
EIS Nyquist plots, (d) time-resolved fluorescence decay spectra of Z1,
3A/Z1, Z5 and 3A/Z5.
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Scheme 2 Proposed reaction mechanism during photocatalytic
hydrogen production.

charge separation efficiency of Z5 is 6.7 times higher than that
of Z1, and 3A/Z5 is 7.4 times higher than that of 3A/Z1. The
results confirmed the conclusion of the theoretical calculation,
which is that the Z5 with stronger anisotropic conductivity
exhibits higher bulk carrier separation efficiency. After accel-
erating the surface photocatalytic reaction rate by Ag,S modi-
fication, the difference between 3A/Z5 and 3A/Z1 in the bulk
carrier separation was further enlarged. Electrochemical
impedance spectroscopy (EIS) results also confirmed the effec-
tive transfer of photo-generated charge-holes of 3A/Z5. The EIS
data of Z1, Z5, 3A/Z1 and 3A/Z5 are well fitted to the equivalent
circuit model, as shown in Fig. 5c. Here, R;, Rcr and Cpg
represent the series resistance originating from the FTO and
semiconductor, the charge resistance and the capacitance at the
interface of the electrode/electrolyte, respectively. It appears
that hybrid samples all possess a more compressed arc than
that of pristine ones, indicating that loading of Ag,S could
prompt the charge transfer efficiency of samples (i.e. faster
surface reaction rate). Furthermore, 3A/Z5 had a smaller semi-
diameter than 3A/Z1, implying the highest charge separation
efficiency on the surface as well as in the bulk. From the results,
it can be concluded that 3A/Z5 possesses the best charge
transfer efficiency among all samples. It is obvious that
improving the efficiency of charge carrier separation and
transportation will lead to a longer carrier lifetime. Photo-
luminescence (PL) spectra and the time resolved photo-
luminescence (TRPL) spectra were employed to evaluate the
lifetime of photogenerated carriers. As shown in Fig. S15,1 Ag,S
modified Z1 and Z5 all present a lower PL intensity compared to
that of pristine ones, but the peak intensity decreases more
significantly in the case of 3A/Z5, implying that the photo-
generated carrier recombination rate of 3A/Z5 is the lowest. The
TRPL spectra are also consistent with the above results (Fig. 5d
and Table S27), the average decay lifetimes of Z1, 3A/Z1, Z5 and
3A/Z5 calculated by a double-exponential fitting model are 1.84,
3.15, 1.87 and 7.84 ns, respectively. The lifetime of photo-
generated carriers of 3A/Z5 is the longest among all samples,
which could explain its highest photocatalytic activity. In
summary, due to the higher bulk charge separation rate of Z5
and the enhanced charge transfer efficiency by Ag,S modifica-
tion, more of these long-lived bulk carriers in Z5 can be involved
in the surface redox reactions, thus leading to a higher
hydrogen evolution reaction (HER) activity of 3A/Z5.

Some important conclusions are proposed based on the
preceding discussions. Various experimental analyses revealed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that there were no significant differences between Z1 and Z5 in
terms of crystal structure, element composition and
morphology before or after loading of Ag,S. Despite the many
similarities, the photocatalytic hydrogen evolution performance
of 3A/Z1 and 3A/Z5 differs significantly, which can be attributed
to the discrepancy in anisotropic conductivity. Due to the
stronger anisotropic conductivity nature of Z5, the migration of
holes in the I'-A direction is more restricted and the possibility
of bulk carrier recombination in the I'-A direction is largely
reduced. The theoretical calculation and PEC test all confirmed
that the bulk carrier separation rate of Z5 during photocatalyst
bulk transmission is much higher than that of Z1. However,
when there are other parameters (e.g., slow surface reactions
rate) limiting the ZIS photocatalyst catalytic efficiency at the
same time, the photocatalytic hydrogen production rate of Z5 is
only slightly higher than that of Z1. After depositing of Ag,S to
accelerate the surface photocatalytic reaction rate of both Z1
and Z5, more long-lived bulk carriers in Z5 can be involved in
the surface redox reactions, and the difference in photocatalytic
hydrogen production activity caused by anisotropic conductivity
therefore becomes more obvious (Scheme 2).

4. Conclusions

In this work, 3A/Z1 and 3A/Z5 were prepared by a two-step
synthesis method. Although Z1 and Z5 have similar crystal
structures, element compositions, morphologies and band
structures, they exhibit completely different photocatalytic
activities after accelerating the surface photocatalytic reaction
rate by Ag,S modification. The photocatalytic H, evolution rate
of 3A/Z5 is 5.8 times higher than that of 3A/Z1, reaching 3189
pumol h™' g~ ', First-principles calculations reveal that the
discrepancy is mainly due to the stronger anisotropic conduc-
tivity of Z5 than that of Z1, which leads to a higher bulk charge
separation rate in Z5. The PEC tests further confirm such
a conclusion, the bulk charge separation rate of Z5 is measured
to be 6.7 times higher than that of Z1. After accelerating the
surface photocatalytic reaction rate by Ag,S modification, the
difference between 3A/Z5 and 3A/Z1 in the bulk carrier separa-
tion was further enlarged. The bulk carrier separation efficiency
of 3A/Z5 was 13.70%, which is 7.4 times higher than that of 3A/
Z1. It is because of the high photogenerated carrier separation
and transfer efficiency, the 3A/Z5 exhibits the longest carrier
lifetime and highest photocatalytic hydrogen production
activity. In conclusion, this work determined the rarely observed
the relationship between anisotropic conductivity and photo-
catalytic activity, proves that a material with stronger aniso-
tropic bulk transmission property has higher bulk carrier
separation efficiency. Such a novel perspective is expected to
assist in the development of high performance photocatalytic
materials with high bulk carrier separation efficiency for
hydrogen evolution.
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