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Cu-doping into Zn;_»Cd,S can greatly enhance the photocatalytic H, evolution from water splitting
under visible-light irradiation. However, it is still controversial for how the Cu-dopant improves this
performance. Here, we report that appropriate Cu-doped Zng 5Cdo sS nanocrystals reach 21.4 mmol/h/g of
H, evolution rate without cocatalyst in the visible-light region, which is also 2.8 times as high as that of
the undoped counterpart, and the corresponding apparent quantum efficiency is 18.8% at 428 nm. It is
firstly confirmed that the Cu?* changes into Cu™ after being doped by soft X-ray absorption spectro-
scopy (sXAS). We theoretically propose that the transformation of 2Cu?* to 2Cu™* results in one adjacent
$2~ vacancy (Vs) in host during the doping process, while the Cu*-dopant and Vs attract the photo-
excited holes and electrons, respectively. Accordingly, the photocatalytic activity is improved due to the
enhanced separation of photoexcited carriers accompanied with the enhanced light absorption resulting
from the Cu*-dopant and 2Cu™ /Vs complex as possible active site for photocatalytic H, evolution.

Visible light

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The transformation of solar energy into clean H, by photo-
catalytic water splitting is attracting growing research interest due
to the worldwide desire to decrease the use of fossil fuels and
reduce accompanying environmental problems. For photo-
catalysis, it is still crucial to understand how to improve the light-
absorption and solar-energy-conversion efficiency [1,2], although
significant achievements have already been made to date.

In semiconductor photocatalysts, three main steps dominate
the performance of photocatalytic H, evolution reduction (HER) in
water splitting. The first is the excitation by photons with larger
energy than the band gap, in which the performance is directly
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determined by the amount of light absorbed and the band gap of
the photocatalysts; The second step is the transportation of the
unrecombined photoexcited carriers to the surface, in which ap-
propriate trapping states [3], shorter transfer distance and quan-
tum confinement effects of nanocrystals are beneficial to avoid the
rapid recombination [4-6]. The final step is the effective reduction
of H* to H,, which can be improved by optimizing kinetic process
of photoexcited electrons at the catalyst interfaces, including
loading cocatalysts [7] and increasing surface area-to volume ratio
with more active sites for surface redox reactions [5,8-10] and so
on.

Recently, transition metal sulfides, such as ZnS-based materials,
have been reported to be effective H, evolution photocatalysts
with high performance without cocatalysts [11]. Although ZnS is
only responsive to UV light owing to its wide band gap, ZnS-based
solid solutions, such as (AgIn)xZny1 —x)S [12], ZnS-CulnS,-AgInS,
[13,14], ZnS-InyS3-CuS [15], and ZnS-In,Ss-Ag,S [16], are good
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candidates for photocatalytic water splitting under visible-light
irradiation. Additionally, the Zn; _,Cd,S solid solution, combining
the highly photocatalytic activity of ZnS with the visible-light
absorption of CdS, shows good photocatalytic H, evolution per-
formance even without any cocatalyst [17-19]. In order to further
improve the separation and migration of the photoinduced car-
riers, besides the coupling composites [20-22], adjusting the do-
pant is another effective way, for example, Ni2* doped Zn,Cd; _,S
photocatalyst can significantly enhance the photocatalytic activity
[23,24]. Furthermore, surface dopants of Ba [25], Sr [26], and La
[27] show better performance than undoped materials. The Cu?*
doping into Zn; _xCdyS has also been considered intensively as the
Cu dopant has been shown to greatly enhance the photocatalytic
activities [28-30]. It was proposed that the bulk dopants or surface
dopants could introduce accommodation sites for the separation
of photoinduced carriers and accordingly enhance the photo-
catalytic activities. Importantly it is still controversial that how the
copper dopant improves the separation capability of the photo-
generated carriers and accordingly enhances the photocatalytic
activities, that is to say whether the Cu dopant attracts the pho-
toexcited electrons or holes [15,28-30]. It is thus critical to un-
derstand the underlying mechanism for how the Cu doping can
improve the photocatalytic water splitting efficiency, and what the
possible active site is.

Herein, mesoporous ZngsCdgsS by nanocrystals aggregation
with controlled copper dopant and large surface area was suc-
cessfully synthesized by a simple solvothermal method. By the
characterization of soft X-ray absorption spectroscopy (sXAS), it
was found that the starting Cu?*-dopant source turned into Cu*
in the ZngsCdgsS host, and Cu® clusters were not found in the
whole doped ZngsCdgsS, which is known to be efficient photo-
catalytic HER cocatalyst [31]. The highest 21.4 mmol/h/g of pho-
tocatalytic H, evolution rate of mesoporous ZngsCdgsS with ap-
propriate Cu™-dopant was achieved for the first time, which was
about 2.8 times as high as that of the undoped Zngy5Cdg sS. Based
on the density functional theory (DFT) calculation results, the
change of Cu?>* into Cu*-dopant would result in adjacent 2~
vacancies (Vs) in ZngsCdgsS, and the doped Cu* and the Vs could
act as the photoexcited hole and electron trapping positions,
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respectively. Accordingly, the 2Cu™ /Vs complex on the surface of
mesoporous Zng sCdgsS would be carrier sinks and possible active
sites of HER, which accompanying with enhanced light absorption
improved the photocatalytic activities for H, evolution, although
those S2~ vacancies in the core of mesoporous catalyst could be
recombination centers that decreased photocatalytic activities
(Scheme 1).

2. Experimental section
2.1. Materials

The starting materials include Cu(CH3COO),-H,0 (AR, Sino-
pharm Chemical Reagent CO., Ltd., China), CdCl,-2.5H,0 (AR,
Tianjin BASF Chemical CO., Ltd., China), Zn(CH5COO), - 2H,0 (AR,
Aladdin Industrial Corporation, China), diethanolamine (AR,
Aladdin Industrial Corporation, China), ethylene glycol (AR,
Shanghai Titan Scientific CO., Ltd., China), ethanol (AR, Shanghai
Titan Scientific CO., Ltd., China), and Na,S-9H,0 (AR, Aladdin In-
dustrial Corporation, China).

2.2. Preparation of Cu-ZCS(x%)

Photocatalysts with copper dopant in the mesoporous
Zng 5 _xCdosCu,S (x=1-5%) aggregated by nanocrystals with sizes
of 4-6 nm [thereafter named Cu-ZCS(x%)] were synthesized by a
solvothermal method using diethanolameine as the complexing
agent. In a typical synthesis procedure, 6(0.5—x)mmol of
Zn(CH5COO0), - 2H,0, 3 mmol of CdCl;-2.5H,0, and 6x mmol of
Cu(CH3C00), - H,0, in which x varies from 0.01 to 0.05, were
dissolved in 50 ml of ethylene glycol by magnetic stirring. Then,
1 ml of diethanolameine was added into the above solution. After
20 min, 50 ml of ethylene glycol with 6.5 mmol of dissolved
Na,S - 9H,0 was dripped into the above solution in 30 min for the
deposition of the metal ions. After being stirred for 15 min, the
solution with Cu-doped Zng5CdgsS was transferred into a Teflon
liner with 200 ml capacity, and 50 ml ethanol was added. Then,
the liner was sealed by a stainless steel autoclave, which was
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Scheme 1. Scheme of the enhanced photocatalytic H, evolution performance by the surface Cu*-dopant and the volume recombination centers of photoexcited carriers

induced by the core Cu*-dopant in mesoporous ZngsCdg sS.
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heated at 140 °C for 12 h in an oven. Next, the whole system was
cooled to room temperature, and the products were cleaned three
times using distilled water and ethanol. Finally, the cleaned pro-
ducts were dried in a vacuum oven at 60 °C for 12 h.

2.3. Preparation of ZnS, CdS, CuS, and ZngsCdy S (ZCS)

The procedures are the same as that of the Cu-ZCS(x%), except
for the kinds and amount of the added metal salts.

3. Characterization

The crystal structure of the photocatalysts was characterized by
XRD using a D8 Advance (Germany) with Cu Ko radiation
(A=0.15406 nm). The typical transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were character-
ized by TEI Tecnai G2 F30 at 300 kV. The Brunauer-Emmett-Teller
(BET) surface area and pore size distribution were obtained by
nitrogen adsorption at 77 K using an Accelerated Surface Area and
Porosimetry System (ASAP 2020 HD88). Room temperature UV-vis
absorption was recorded with a UV-2450 spectrophotometer. The
atomic ratio characterization was obtained with inductively cou-
pled plasma-atomic emission spectroscopy (JY2000-2). The pho-
toluminescence spectra were recorded by a UV/V/NIR Fluorescence
Spectrometer FLS 9802. The Cu L-edge X-ray absorption spectro-
scopy (XAS) was performed at beamline 8.0.1 of the Advanced
Light Source (ALS) at Lawrence Berkeley National Laboratory
(LBNL). The undulator and spherical grating monochromator
supplied a linearly polarized photon beam with resolving power
up to 6000. The experimental energy resolution was better than
0.15 eV. All the XAS experiments were performed at room tem-
perature. All the spectra were collected in the surface-sensitive
total electron yield (TEY) and bulk-sensitive total florescence yield
(TFY) modes. The probing depth was around 5-10 nm for the TEY
mode and 150 nm for the TFY mode. All the spectra were nor-
malized to the photon flux measured by the photocurrent of an
upstream gold mesh. Extended X-ray absorption fins structure
spectroscopy (EXAFS) experiments were performed at the K-edge
of Zn (around 9668.55 eV) to monitor the change of the local en-
vironment of Zn.

4. Photocatalytic test

The photocatalytic activities of the materials were carried out
in a quartz-cell reactor with a side window, which was connected
to a closed gas-circulation system. In each test, about 0.1 g of the
photocatalyst powder was added into the reactor, including
300 ml of Na,S (0.35 M)/Na,SOs (0.25 M) aqueous solution. Visible
light (A > 420 nm) was generated by a 300 W Xe lamp combined
with a UV-cut-off filter (UVCUT 420, AU-LIGHT Co. Ltd., China). The
evolved H, was analyzed by an on-line gas chromatograph
[GC7900(T), TECHCOMP, China] equipped with a thermal con-
ductivity detector. All evolved H, from the samples was tested
every hour during three hours of a cycle. The AQE was measured
by applying LED lights (Shenzhen Lamplic Science Co., LTD, China).
The number of incident photons was measured with a radiant
power energy meter (Ushio Spectroradiometer, USR-40). The AQE
was calculated from the following equation:

_ The number of reacted electrons
The number of incident photons

2 x The number of evolved H, molecules .
= — x 100%
The number of incident photons M

AQE(%) x 100%

5. Computational details

The geometric and electronic structures were determined by
the spin-polarized density functional theory (DFT) [32,33] within
the generalized gradient approximation (GGA) and Perdew-Burke-
Ernzerhof (PBE) functions [34], implemented via the Vienna Ab
Initio Simulation (VASP) package [35]. The details of DFT method
are shown as following. A force and energy convergence of
0.01 eV/A and 10> eV, respectively, were achieved using an en-
ergy cutoff of 400 eV for the plane-wave expansion of the elec-
tronic wave function. The DFT+U method was used to treat the
strong on-site Coulomb interaction of Zn, Cd, and Cu d state. The
values of U=7.0, 7.0, and 6.0 were set for Zn 3d states, Cd 4d states,
and Cu 3d states, respectively [36].

To find the most stable arrangement of the substitutional atoms
(Cd and Zn) in the ZCS solid solution (Zn, 50%), we randomly build
six different configurations using a 16-atom (1 x 2 x 1) supercell,
as shown in Fig. S1 (Supporting Information, SI). We found that
total energies of six different configurations of the ZCS in Fig. S1
are very close (—47.49, —47.45, —47.63, —47.45, —47.45, and
—47.49 eV). Moreover, we found that the electronic structures of
the ZCS solid solution have a configuration-independent feature
(Fig. S2). To test the reliability of the size of the supercell, we
calculated the CZSZCS solid solution (Zn, 50%) by a (2 x2 x 2)
supercell. We also found the energies of different configurations
are very close. Thus, the arrangement of the substitutional atoms
(Cd and Zn) in the ZCS solid solution can be considered random.

To save computing resources and time, a (2 x 2 x 2) supercell of
ZCS with two Cu atoms was built (the concentration of Cu in the
model is 6.25%) by combining four different (1 x 2 x 1) supercell
models. Then, we calculated the structural and electronic proper-
ties of a (4 x 3 x 2) supercell of ZCS with two Cu atoms. The im-
purity concentration is about 2.08%, which is comparable to that in
the experiment. We found that relative to the results calculated
from the (2 x 2 x 2) supercell, the lattice parameters (5.660 A) and
the electronic structures of the solid solution are retained except
intensity (Figs. S3 and S4). The electronic states of Cu atoms stay at
the same position in the two models. Thus, the (2 x 2 x 2) super-
cell is adequate for the study of the structural and electronic
properties herein.

To further test the reliability of the size of the supercell, we first
compared the calculated lattice parameters and simulated XRD
patterns with those of experiments. The lattice constant for bulk
Cu-ZCS is calculated to be 5.656 A, which is close to the experi-
mental value of 5.634 A [Cu-ZCS(5%)]. The comparison of simu-
lated and experimental XRD patterns is shown in Fig. S5. The lo-
cation of major spectrum peaks in simulated and experimental
results is in good agreement. In addition, the valence state of Cu
was justified by comparing Bader charge of Cu in different phases
of CuS and Cu,S. We found that there was small difference of
Bader charge between Cu,S and CuS, which may come from the
so-called charge-self regulation mechanism [37]. The Bader charge
of Cu in Cu-ZCS is 10.64e and locates within the range of isolated
Cu,S phases, suggesting Cu'* in the Cu-ZCS model.

In the cubic ZnS, (110) and (111) were the two most stable
terminal surfaces. Thus, a 3 x 2 slab with 4 layers and 72 atoms was
employed to model the ZCS(110) surface. A vacuum region of 20 A
was introduced to minimize interactions between periodic slabs. A
3 x 3 slab with 3 layers and 144 atoms was employed to model the
ZCS(111) surface. The positions of all atoms were allowed to relax.
The (111) surface is a polar one with a S-terminal and Cd/Zn-
terminal, respectively. The dipole terminals may induce large dipole
moments at the surface. Therefore, a OH;s (H with 1.5 positive
charge) was used to passivate the Cd/Zn-terminal, and Hps (H with
0.5 positive charge) was used to passivate the S-terminal. The si-
milarity surface passivation was done by previous studies [38]. The
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3 x 3 x 3 Monkhorst-Pack grid was used for the ZCS supercells. A
2 x 2 x 1 grid was used for the (110) and (111) surfaces. The detailed
configurations are shown in Figs. S6 and S7.

The formation energy of Cu substitution and S vacancy with g
charge state was calculated as follows:

Eform = Edoped—Epure + (EZn + AHZH)—(ECU + AﬂcU)
+ q(GVBM + Ep + AD) 2)

Eform = ES—vacancy—Epure + (ES + Aﬂs) + q(€VBM + Ep + AU) 3)

respectively. Eqopea and Epure are the total energies of the doped
and undoped systems, respectively; and Az, and Ay, are the
chemical potentials of Zn atom and Cu, referenced to the total
energy of hexagonal-closed pack Zn (Ez,) and face-centered cubic
Cu (Ecy), respectively. Aus is referenced to the one-sixth of the
total energy of the Sg molecule in the gas phase (Es). Eg is the Fermi
energy level referenced to the VBM eigen energy of the bulk ZCS
system, and &ygy is the VBM eigen energy of the bulk system
when the averaged Hartree potential is set to zero. The term is
added for correction of the electrostatic potential caused by the
limited size of the supercell, obtained by taking the shifting of the
1s core-level energy of a Zn atom (located far away from the defect
site) between the neutral impurity and charged cases.

Before we calculated the formation energy, we first determine
the chemical potential values of Zn, Cu, and S by plotting stability
diagram of Cu-ZCS. Here, we selected the calculated
Cu,Znq4Cd 1S3> (CZCS)(Cu-ZCS) model as the stability phase. In
equilibrium growth condition of Cu-ZCS, to avoid the occurrences
of these secondary phases, the following conditions have to be
satisfied:

Apzy + Aus < AH([ZnS] = —2.0eV 4)
Apcq + Aug < AHf[ CdS] = — 1.64 eV (5)
Apcy + Apg < AHr[ CuS] = - 0.50 eV (6)
2Aug, + Aps < AHi[ Cu,S] = - 0.81 eV )

To form a stable stoichiometric Cu,Zn,4CdS33, the necessary
thermodynamics condition is

Apcy + 7Apzy + 8Aucy + 16Aug
< AHf[Cu - ZCS] = —2641eV )

=

Cu-ZCS(1%)
A zZn,.Cd, S

T T T T

20 30 40 50 60 70
2 Theta (Degree)

Intensity (a. u.)

6. Results and discussion
6.1. Characterization of the as-synthesized materials

Fig. S8 shows the typical X-ray diffraction (XRD) patterns of the
as-synthesized ZnS, CdS, and ZngsCdosS (ZCS). The XRD results
indicate that ZngsCdgsS is a solid solution between the cubic ZnS
(JCPDS: PDF-05-0566) and the cubic CdS (JCPDS: PDF-10-0454).
Fig. 1(a) exhibits the typical XRD patterns of ZngsCdgsS and Cu-
ZCS(1-5%). The peaks of Cu-ZCS(1-5%) do not exhibit obvious
shifts in comparison with those of the corresponding undoped
material. The real molar ratios of Zn, Cd, and Cu metal elements in
the samples were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The ratios are close to the
proportion of the added Cu?*/(Zn?>* +Cd2* +Cu?*) as shown in
Table 1. The red shift of the UV-vis absorption with increasing Cu
dopant indicates that copper was successfully doped into
ZngsCdosS (Fig. 1(b)). The typical TEM and HRTEM images of
Zng5CdgsS and Cu-ZCS(2%) indicate that the synthesized samples
are aggregated by nanoparticles about 4-6 nm in diameter (Fig. 2
(a)-(d)), and the interplanar spacings of all the samples are about
3.25 A, which agrees well with the calculated value of the (111)
plane according to the Bragg equation [Eq. (1) in SI]. The BET
characterization of ZngsCdgsS and Cu-ZCS(2%) shows that all the
as-synthesized samples are mesoporous structures with about
10 nm of pore size (Fig. 2(e) ) and similar high surface area (Ta-
ble 1). The similar results of TEM, HRTEM, and BET characteriza-
tions are also observed in Cu-ZCS(1%, and 3%-5%) as shown in Figs.
S9 and S10, respectively.

Soft X-ray absorption spectroscopy (sXAS) can directly probe
the transition metal 3d valence states through dipole selection
rules [39-41]. The sXAS has advantages over other techniques on
probing the key electronic states in the vicinity of the Fermi level,
relevant to valency, spin states, and local structural effects on the
crystal field. For example, there is little difference between the two
peaks of Cu™ [42,43] and Cu®* [44,45] characterized by X-ray
photoelectron spectroscopy (XPS). However, the sXAS can clearly
distinguish Cu™ and Cu?* [39-41]. Fig. 3(a) and (b) show the Cu L
edge XAS TEY (testing signal from the surface of 5-10 nm) and TFY
(testing signal from the core of 150 nm in depth) spectra collected
on Cu-ZCS(2%, and 5%) and the reference CuS sample synthesized
by the same method. The spectra consist of well-separated ab-
sorption features in two regions, L3 (922-932 eV) and L2 (942-
948 eV), resulting from the 2p core-hole spin-orbital splitting. For
Cu L edge soft XAS spectra, a previous study had shown that the
overall line shape is sensitive to the different chemical state of the

b

—2n,,Cd, S

~—— Cu-ZCS(1%)
Cu-ZCS(2%)
——— Cu-ZCS(3%)
~——— Cu-ZCS(4%)
Cu-ZCS(5%)

Absorbance

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1. (a) The XRD patterns and (b) UV-vis absorption spectra of ZngsCdgsS and Cu-ZCS(1-5%).
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Table 1
The molar ratios of metal elements and BET surface of the samples.
Samples Zn:Cd:Cu (primarily Zn:Cd:Cu (tested) Surface area (m?
added) /g)
ZngsCdosS  0.5:0.5:0 0.49:0.51:0 162
Cu-ZCS (1%) 0.49:0.5:0.01 0.482:0.507:0.011 202.2
Cu-ZCS (2%) 0.48:0.5:0.02 0.468:0.511:0.022 206.5
Cu-ZCS (3%) 0.47:0.5:0.03 0.46:0.508:0.032  197.7
Cu-ZCS (4%) 0.46:0.5:0.04 0.45:0.508:0.042  167.1
Cu-ZCS (5%) 0.45:0.5:0.05 0.441:0.505:0.053 163.0

copper sulfides [46]. The spectra of copper sulfides with different
chemical states show different absorption features, especially on
the L3 edge. Just according to the reference [46], there are com-
pletely different line-shapes and different peak positions among

Cu?™*, Cu™ and Cu®. The energy position of Cu* is about 2.5 eV
higher than that of Cu?*, and the energy position of Cu® is about
1.5 eV higher than that of Cu®*. However, the resolution of our
sXAS spectroscopy is much better than that in the reference. That
is why there are two sharp features in our CuS XAS (Fig. 3(a) and
(b)) compared with the one broad feature in the reference. Fig. 3
(a) and (b) show that the absorption features of Cu-ZCS(2%, and
5%) are totally different from those of the reference CuS, and the
difference between the main L3-edge peaks of CuS and Cu-ZCS(2%,
and 5%) is about 2.5 eV, which is consistent with the features of
Cut in the previous work [46], indicating that there is only Cu™
and no Cu?* in Cu-ZCS(2%, and 5%), and the doped Cu distributes
on the surface and in the core parts of the Cu-ZCS(x%) samples.
Additionally, it further proves that the copper was successfully
doped into the Zng 5CdgsS host due to the absence of a Cu?* signal

4 0 10 20 30

= 300{€
- ' -a-2Zn, Cd S
(%) 1 < o4l —e—Cu-ZCS(2%)
o 2504 E
= {1 o3
g 200 5
~ 7 a
02

S | 2

=)
Q S 0.1+
5 1504 3
(7]
T
<
Q
£
=
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>
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0.0 0.2 0.4
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Fig. 2. The typical TEM and HRTEM images of (a, b) ZngsCdosS; (c, d) Cu-ZCS(2%); and (e) nitrogen adsorption-desorption isotherms and pore distribution (inset) of

ZngsCdosS and Cu-ZCS(2%).
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TEY

Cu-ZCS(2%)

CuS

Cu L edge sXAS intensity (a. u.) &

910 920 930 940 950 960
Photon Energy (eV)

Fig. 3. (a) Cu L edge XAS TEY spectra and (b) Cu L edge XAS TFY spectra

(hence no separated CuS). There have been several similar reports
that the Cu?* source transforms into Cu™ after being doped into
ZnSe or ZnS [47-49]. Furthermore, the previous study has also
shown that the energy position of Cu® L3-edge main peak is about
1.5 eV higher than that of CuS, and the spectra of Cu® L3 edge
shows a broad feature [46]. For Cu-ZCS(x%) samples, none such
features has been found, indicating that there is no Cu® on the
surface of the samples in the sensitivity range of the sXAS mea-
surement. Thus, the Cu?*-dopants will not form Cu clusters on the
surface of ZngsCdgsS. Compared with TEY mode, TFY mode can
get the signal with the sum of 150 nm in depth of small particles.
In our work, the Cu™ signal is detectable with TEY or TFY mode. It
can be reasonably concluded that the Cu element was successfully
doped into every nanocrystal by our synthesis method, which is
different from the surface-rich or inner-rich Cu dopant in previous
work [29,30].

6.2. Photocatalytic performance

The photocatalytic H, evolution from water splitting was tested
under visible-light irradiation (A >420 nm) without cocatalyst
using Na,S (0.35 M)/Na,SO3 (0.25 M) as sacrificial reagents in a
closed gas-circulation system. The H, evolution amount was de-
tected by on-line gas chromatography (details shown in Experi-
mental section). The H, evolution rates of these photocatalysts are
exhibited in Fig. 4(a), and the time course of H, evolution of each

TFY

Cu-ZCS(5%)

Cu-ZCS(2%)
CusS

Cu L edge sXAS intensity (a. u.) ==

930 940 950 960
Photon Energy (eV)

910 920

collected on samples of Cu-ZCS(2%, and 5%), and the reference Cus.

sample is shown in Fig. S11(a). The Cu-ZCS(1-5%) samples show
higher photocatalytic H, evolution rates than the undoped
ZngsCdgsS, and the Cu-ZCS(2%) sample reaches the highest per-
formance to 48 ml/h/0.1 g (equaling about 21.4 mmol/h/g) of H;
evolution rate, which is around 1.8 times higher than that of
ZnysCdgsS without Cu*-doping. The cycle test in Fig. S11(b)
shows that there is a little decrease of photocatalytic activity in the
third run. The sample of the cycle test was collected and char-
acterized by sXAS. The result in Fig. S12 shows the peak position is
in agreement with that of Cu™, which means the Cu™ keep stable
before and after photocatalytic H, evolution test. Then the de-
creased photocatalytic activity was probably due to the photo-
corrosion or the consumption of sacrificial reagents that was
common for sulfide photocatalysts [15].

Fig. 4(b) indicates the normalized intensity of the UV-vis ab-
sorption of ZngsCdgsS, Cu-ZCS(2%), and the emission spectra of
428 nm, 468 nm, 498 nm, 515 nm, and 590 nm for a light-emitting
diode (LED). There is no significant difference for the light ab-
sorption of the two samples to the 428 nm LED wavelength.
However, ZngsCdpsS shows a little absorption to 498 nm and
515 nm, and no absorption to 590 nm LED wavelength, which are
different from the behavior of Cu-ZCS(2%). The inset in Fig. 4
(b) displays the apparent quantum efficiency (AQE) of ZngsCdgsS
and Cu-ZCS(2%) at the above corresponding LED wavelengths. The
AQE value of Cu-ZCS(2%) is 18.8% at 428 nm, which is higher than
16.5% of Zng 5Cdg 5S. Additionally, the AQE values are 6.7% and 6.8%
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Fig. 4. (a) Photocatalytic H, evolution rate of Zng5CdgsS and Cu-ZCS(1-5%) in 300 ml of Na,S (0.35 M)/Na,SO5 (0.25 M) aqueous solution under visible-light irradiation
(A > 420 nm) without cocatalyst (added photocatalyst: 0.1 g); (b) normalized intensity of the UV-vis absorption spectra of Zng sCdgsS, Cu-ZCS(2%), and the emission spectra
of 428 nm, 468 nm, 498 nm, 515 nm, and 590 nm LED lights. Inset: the AQEs of ZngsCdgsS and Cu-ZCS(2%) at the above LED wavelengths.
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for Cu-ZCS(2%) and ZngsCdgsS at 468 nm, respectively. However,
the AQEs of Cu-ZCS(2%) are around 7%, 7%, and 1% at 498 nm,
515 nm, and 590 nm, respectively, while the AQEs of ZngsCdgsS
are much lower at 498 nm and 515 nm or almost zero at 590 nm
due to the poor light absorption at the three above LED wave-
lengths. We concluded that the enhanced photocatalytic activities
are caused by the enhanced AQE under the same and shorter light
irradiation and the enhanced light absorption at the longer wa-
velength caused by the Cu™-dopant.

6.3. Theoretical calculation

Although the above experimental results indicate that the
Cu*-dopant of mesoporous Cu-ZCS(1-5%) greatly enhances the
photocatalytic H, evolution. To provide insights into the me-
chanism of Cu doping on the performance of the photocatalysts,
we used density functional theory (DFT) calculations to explore
possible answers to the following questions: (i) How does the
valence state of copper change from +2 to +1? and (ii) What is
the role of Cu*-dopant in the three main steps of photocatalytic
water splitting? To answer these questions, we have calculated the
bulk ZngsCdgsS (ZCS) and (110) and (111) surfaces of ZCS, in-
cluding clean ones, with defects and Cu*-dopants. The detailed
DFT method and geometric configurations are shown in Figs. S6
and S7 of SL

As suggested by the soft XAS results, the Cu valence state
changes from divalent (Cu?*) to monovalent cation (Cu™) in the
doping process. The ionic radii of Zn?*+, Cu?*, and Cd®* are 74 pm,
73 pm, and 95 pm, respectively. The Cu dopant into CdS results in
a shift of the XRD peaks owing to the obvious difference of radii
between Cu®* and Cd>* [50]. However, our XRD results indicate
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that there is no obvious peak shift in comparison with the un-
doped and doped ZCS (Fig. 1(a)). The Cu substitution of Cd should
result in lattice reduction, which is not observed. Hence, we only
study the situation of substitution of Zn by Cu atoms (Cugz,).

Two important issues with quaternary semiconductors are as
follows: (i) The equilibrium growth conditions of Cu-ZCS (e.g.,
chemical potentials of each constituent species), (ii) The formation
of two CuZn'~ adjacent to a sulfur vacancy Vs>* (2Cuz,Vs?*) in
ZCS crystal. To describe the phase stability of Cu-ZCS relative to the
secondary compounds, the stability region in the atomic chemical
potential landscape has been calculated, as shown in Fig. 5(a) and
(b). At Cu-rich (Apcy=0eV) condition, the black area in Fig. 5
(a) indicates the stable regions. As Cu becomes poorer (Apc,
=—0.30 eV), the black area changes with A, and becomes lar-
ger (Fig. 5(b)). As we can see, the volume of the stable region is not
large, and a deviation outside this space will cause the formation
of CuS, ZnS, CdS, or Cu,S. The narrow thermodynamic window
demonstrates that chemical-potential control is important for the
growth of high-quality crystals. In particular, the stable region is
narrow along the iz, axis, thus the control of Zn content is crucial.

To answer whether Cu substitution of Zn by Cu atoms (2Cuz,)
and the formation of two CuZn!~ adjacent to a sulfur vacancy
Vs2*+ (2CuzVs2*) in ZCS crystal are easy to be processed, we
calculated the formation energies as a function of the Fermi en-
ergy as shown in Fig. 5(c) and (d). The thermodynamic chemical-
potential point A of stable region (Fig. 5(a)) is chosen as the
growth conditions. We see that as the Fermi energy shifts up from
the valence to conduction band in Fig. 5(c), the formation of
Cngz,'~ is more favorable, which agrees well with experimental
observations of Car et al. who found the 2Cuz,'~Vs complex in ZnS
nanocrystals using the extended X-ray absorption fine structure
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Fig. 5. The calculated chemical-potential stability diagram of Cu-ZCS in (a) Cu-rich (Apc,=0 eV) and (b) Cu-poor plane (Apc,= —0.30 eV); all values are in eV. And Formation
energy of (c) Cu substitution (Cuz,) and (d) S vacancy (Vs) as a function of Fermi energy in cubic ZCS model.
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(EXAFS) [49]. With the same methodology, Gul et al. also found the
2Cuz,! ~Vse in ZnSe nanocrystals [47]. In contrast to the Cuz,!™,
the formation energy of Vs'* and V2" in ZCS crystal increases as
the Fermi energy moves towards the conduction band due to the
energy penalty associated with additional high-energy electron
carriers.

Furthermore, we also calculated the Vs° formation energies in
ZCS and Cu-ZCS model under S-poor conditions, respectively. We
found that the Vs formation energies decrease from 1.55eV to
—2.02 eV from the undoped bulk-ZCS to the Cu*-doped bulk-ZCS,
and from 1.19 eV to —2.14 eV from the undoped ZCS(110) to the
Cu*-doped ZCS(110) surface, respectively. These results demon-
strate that the Cu dopant assists the spontaneous formation of S
vacancies, which is consistent with previous studies [36]. Mean-
while, we calculated the lattice change of Cu™-doped ZCS based
on the above model. It is found that the Zn-S bond length is in-
creased by 0.01 A after the Cu dopant. This trend is proved by the
hard X-ray characterization, which displays about 0.05-0.08 A of
expansion of Zn-S bond length in Cu-ZCS(1% and 3%) except the
unusually small change for Cu- ZCS(2%) (Fig. S13). It is still under
investigation for why there was negligible change of Zn-S bond
length in Cu-ZCS(2%).

Next, we examined the influence of the Cu™ and S vacancy on
the performance of photocatalytic H, evolution via the photo-
luminescence (PL) emission spectra of ZCS and Cu-ZCS(1-5%). The
PL spectra in Fig. 6(a) exhibit a sharp peak for the undoped ZCS,
and broad peaks with red shift for the doped Cu-ZCS(1-5%). The
sharp PL band for ZCS centered at 597 nm can be ascribed to the
surface defects of ZCS [51]. The broad PL peaks for the doped Cu-
ZCS(1-5%) originate from the trap-level emissions [52]. To illus-
trate this point, the density of states (DOS) and local density of
states (LDOS) of with S vacancy and Cu*-dopant in the bulk of ZCS
are shown in Fig. 6(b). There are three states in the band gap,
including a bonding Vs, a bonding Cu, and an antibonding (Vs*)
state. The presence of these states caused by the Cu*-dopant
enhances the absorbance of Cu-ZCS(1-5%) catalysts, as shown in
Fig. 1(b). Meanwhile, these states in Cu-ZCS(1-5%) catalysts also
can act as recombination centers of photogenerated e~ /h™ pairs,
causing the broad red emission peaks. The DOS of ZCS, ZCS with S
vacancy, and Cu*-doped ZCS are shown in Fig. S14. Compared
with the clean ZCS, the S vacancy or Cu*-dopant greatly reduces
the band gap of ZCS.

We sought to clarify why the presence of Cu'-dopants sig-
nificantly improves the photocatalytic activities. To this end, we
analyzed the electronic structure of the ZCS(110) and ZCS(111)
surfaces with and without S vacancy or Cu™-dopant, as shown in
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Figs. S15 and S16. It is found that Vs induces two states in the band
gap, bonding Vs and an antibonding (Vs*) states like in the bulk
phase, which can act as trapping sites for the photoexcited carriers
[3]. After the Cu doping, the LDOS of Cu dopants show that the
main Cu peaks locate at the energy range of 0.00-3.00 eV below
the valence band maximum (VBM), however, a few states are
slightly above the VBM. This suggests that Cu dopants caused
some band edge states and likely act as acceptors of photoexcited
holes. It has already been proved by the in situ electron para-
magnetic resonance (EPR) characterization of Cu*-doped ZnS
under 365 nm of UV-light irradiation, saying the Cu™ would ac-
cept one hole and change into Cu?* [53]. According to our cal-
culations, this is true for both bulk Cu doping and surface Cu
doping.

Fig. 7(a) and Fig. S17(a) are 3D isosurface contour plots of the
VBM (highest occupied molecular orbital) and CBM (lowest un-
occupied molecular orbital) for the (110) and (111) surfaces, re-
spectively. On the ZCS(110) and ZCS(111) surfaces, we find that
either the spatial distribution of holes or electrons is mainly lo-
cated on the surface Zn atoms (being adjacent to S vacancies) and
S atoms. However, the Cu™-dopant changes the distribution of the
holes (VBM states) and electrons (CBM states), as shown in Fig. 7
(b) and Fig. S17(b). It is clear that the holes of the (110) and (111)
surfaces are located on the Cu™* atoms; however, the electrons are
located on the surface Zn atoms being adjacent to the S vacancy,
respectively. The DOS and LDOS analyses shown in Figs. S15 and
S16 are consistent with the charge density distribution results.

By combining the experimental measurements and theoretical
calculations, we propose the following mechanism for the effects
of Cu*-dopant to the photocatalytic HER: the doping of Cu in bulk
or surface will introduce tail states. This will increase the light
absorption of the visible lights, which is one of the driving forces
for the increase of AQE. On the other hand, the Cu*-dopant will
also induce the formation of S vacancy (Vs), and the Cu™ and Vs
both in bulk and surface will attract the photoexcited h™ and e~
(Figs. 7 and S18), respectively. This will increase the separation
ability of the photoexcited carriers. Since the electron and hole will
be attracted near the 2Cu™/Vs surface defect complex, there is a
further possibility that the 2Cu™ /Vs can serve as a catalytic center,
although further studies are needed to test this idea. As mentioned
in the photocatalytic performance part, Cu-ZCS(2%) sample
reaches the highest photocatalytic H, evolution rate among Cu-
ZCS(1-5%) under the same condition. Although the Cu™* dopant
and S vacancy can attract the photoexcited carriers, they can also
partly act as recombination center because they form discrete le-
vels in ZngsCdgsS semiconductor (Fig. 6(b)). The Cu-ZCS(2%)
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Fig. 6. (a) PL spectra of the ZCS, and Cu-ZCS(1-5%); and (b) DOS and LDOS of Cu-ZCS(1-5%), along with the CB, Vs* level, Vs level, and Cu dopant level.
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Top
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view
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VBM

Cu’ doped ZCS(110) surface

Fig. 7. Top and side view of the charge density of the electronic states in the energy range 0.00-0.50 eV below VBM and 0.00-0.50 eV above CBM: (a), ZCS(110) with S

vacancy, (b) Cu*-doped ZCS(110).

sample must show the best balance between the roles of sup-
pressing recombination and the recombination center, then it
show the highest photocatalytic activity. The dose of Cu dopant is
in agreement with the previous work for the highest efficient
photocatalyst [15].

7. Conclusions

In summary, Cu*-doped ZngsCdysS nanocrystals have been
successfully synthesized, and the mechanism resulting in the dif-
ferent photocatalytic H, evolution performance has also been
carefully studied by experimental and theoretical methods. We
found that the Cu*-dopant and S vacancies in mesoporous

ZnosCdosS was crucial to enhance the photocatalytic activities.
The improved activities were attributed to the enhanced visible
light absorption and improved separation ability of photoexcited
carriers. Our findings can provide useful information for the de-
velopment of more efficient photocatalysts or photovoltaic
materials.
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