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A series of hexagonal Zn;_,Cd,S photocatalysts with variable composition (0.2 < x < 1) is synthesized by a
solvothermal method. XPS spectra of Zn 2p and Cd 3d regularly shift upon changing the composition of
Zn;-,Cd,S samples, due to the difference in the Mulliken atomic charges of Zn, Cd, and S. The photocata-
lytic activity of the samples for H, evolution from water was tested under visible-light irradiation (2 > 420
nm) without a cocatalyst; the Zng4Cdo ¢S sample exhibited the highest photocatalytic H, evolution rate,
which was about 81 mL h™t g™X. Under irradiation with a 368 nm LED, the H, evolution rate decreased with
increasing Cd fraction in the Zn,_,Cd,S solid solution. By comparing the crystallinity, surface area, valence/

conduction band positions, absorption spectra and fluorescence lifetimes, we conclude that the photo-
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1. Introduction

Photocatalytic H, generation from water is one of the attrac-
tive ways for the utilization of green solar energy.'” Highly
active and visible-light-sensitive photocatalysts are vital to the
practical application of this approach.”” Metal sulfides have
been considered as possible photocatalysts;*’ in particular
Zn,_,Cd,S solid solutions have an advantage of a continuously
adjustable band gap and have demonstrated high photocata-
Iytic activity for H, evolution from water under visible-light ir-
radiation even without any cocatalysts,® which has been supe-
rior to bare CdS.° Zn,_.Cd,S powders and films have been
synthesized for photocatalytic water splitting;'®™* especially,
Zn,_,Cd,S powders possessing nano-twin structures with a
twin-boundary-dependent potential were reported to prevent
the recombination of photo-induced carriers.”® For Cd,_,Zn,S
(0 < x < 1) solid solutions, the crystal structure changes from
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and light absorption ability of the Zn,_,Cd,S photocatalysts.

hexagonal to cubic with increasing x, with Zn,sCd,sS and
Zn, g1Cdy 10S compositions displaying the highest photocata-
Iytic activity."*'® Navarro et al reported a hexagonal
Cd;-,Zn,S microstructure with 0.2 < x < 0.35, where the sam-
ple with x = 0.3 showed the highest photocatalytic activity for
water splitting.'"” Wang et al. fabricated Cd;,Zn,S nano-
crystals with a cubic zinc-blende phase and found that
Cdy.44Zn, 56S performed best as the photocatalyst for H, evo-
lution.”® Xu and Chan developed a series of cubic zinc-blende
Zn,,Cd,S (0 < x < 1) with ZnggyCdg S, Zny;CdysS and
7n, 4Cd, ¢S exhibiting high H, evolution rates.***°

The photocatalytic activity of Zn,_,Cd,S can be further im-
proved by coupling to other compounds, such as MoS,,
graphene, and reduced graphene oxide.*** Some other
metal sulfides such as CdS and NiS were also proved to be ef-
ficient cocatalysts which are able to improve the photocata-
Iytic H, evolution rate from Zn, ,Cd,S.>>?® Additionally, tran-
sition metal elements as dopants were useful to enhance the
photocatalytic activity of Zn, ,Cd,S.>>"*®

Although Li et al. have studied the photocatalytic perfor-
mance of cubic or hexagonal Cd;_,Zn,S particles for water
splitting, it is important to be able to produce Zn,_,Cd,S solid
solutions of a single controllable phase (cubic versus hexago-
nal) with variable composition (x) and carry out more detailed
study about the photocatalytic activities. In this report, we
demonstrate a successful synthesis of powdered hexagonal
Zn,_,Cd,S photocatalysts with x varying from 0 to 1 and show
that their photocatalytic activity in terms of H, evolution from
water is related to the balance between the absolute positions
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of the valence/conduction bands and the light absorption
ability.

2. Experimental
2.1. Materials

Precursor materials include Zn(NO;),-6H,O (purity 99.99%),
Cd(CH;3C00),-2H,0 (purity 99.99%), ethylenediamine (analyt-
ical reagent), and Na,S-9H,0 (purity 99.99%), all purchased
from Aladdin Industrial Corporation, China.

2.2. Synthesis of Zn,_,Cd,S solid solution photocatalysts

In a typical process, 3(1 - x) mmol of Zn(NO;),-6H,0 and 3x
mmol of Cd(CH;COO0),-2H,0 were dissolved in 20 mL of dis-
tilled water to form a clear solution. 80 mL of ethyl-
enediamine was added, followed by addition of Na,S-9H,0 (4
mmol) solution dissolved in 20 mL of distilled water. The
mixture was transferred into a Teflon lined (180 mL capacity)
sealed stainless steel autoclave and heated at 200 °C for 24 h.
The system was cooled to room temperature, and the prod-
ucts were cleaned three times using distilled water and etha-
nol and dried into powders in a vacuum oven at 60 °C for
12 h.

3. Characterization

The atomic ratio in the Zn,_,Cd,S samples was estimated by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, JY2000-2). The crystal structure of the photo-
catalysts was characterized by X-ray diffraction (XRD) using a
D8 Advance (Germany) machine with Cu Ka radiation (4 =
0.15406 nm). Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images were obtained using a
TEI Tecnai G2 F30 machine at 300 kV. The Brunauer-
Emmett-Teller (BET) surface area was characterized by nitro-
gen adsorption at 77 K using an accelerated surface area and
porosimetry system (ASAP 2020 HDS88). UV-vis diffuse reflec-
tance spectra of the powdered samples were obtained using a
Tu-1901 UV-vis spectrophotometer. The photoluminescence
(PL) spectra and PL decays were recorded on an FLS 9802
fluorescence spectrometer. X-ray photoelectron spectroscopy
(XPS) was carried out using an ESCALAB 250Xi machine with
Al Ko radiation; all the XPS spectra were calibrated by the
graphitic signal at 284.8 eV.

4. DFT calculation

Density functional theory (DFT) calculations were performed
using the CASTEP Package. The Perdew-Burke-Ernzerhof
(PBE) functional of the generalized gradient approximation
(GGA) was used as the exchange-correlation functional.>**°
The ultrasoft pseudopotential was used to describe the inter-
action between the valence electrons and the ionic core.
Based on the XRD patterns, all Zn,_,Cd,S solid solutions crys-
tallized in the P63mc space group as shown in the Results
and discussion section. We thus chose a hexagonal ZnS
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supercell (5 x 1 x 2, containing 20 Zn atoms and 20 S atoms)
as the initial model for Zn,_,Cd,S (x = 0). All other models
were constructed by using a defined amount of Cd atoms to
replace Zn atoms based on the ZnS supercell as explicitly
presented in Fig. S1, ESL} The geometry optimizations were
performed using the plane-wave projector-augmented wave
method with a cutoff energy of 310 eV. The Monkhorst-Pack
k-point mesh was set as 1 x 4 x 1, and the self-consistent field
was 1 x 107> eV per atom. The atomic relaxations were
conducted until the residual force was smaller than 0.03 eV
A, Finally, the electronic structures and population analysis
results of the optimized supercells were obtained.

5. Photocatalytic tests

The photocatalytic activity tests were carried out in a quartz-
cell reactor with a side window, which was connected to a
closed gas-circulation system. In each test, 0.1 g of the pow-
dered photocatalyst was added into the reactor containing
300 ml of Na,S (0.35 M)/Na,SO; (0.25 M) aqueous solution.
Visible light (1 = 420 nm) was generated by a 300 W Xe lamp
equipped with a UV cut-off filter (UVCUT 420, AU-LIGHT Co.
Ltd., China). Because of the poor absorption of ZnS and
Zn,oCd, ;S to the 368 nm LED (not shown in this work), we
tested the samples from Zn,gCd,,S to CdS. The amount of
evolved H, has been determined using an online gas chro-
matograph (GC7900(T), TECHCOMP, China) equipped with a
thermal conductivity detector.

6. Results and discussion

Table 1 shows the ICP-AES characterization data of all
Zn,_,Cd,S samples, from which the respective structural for-
mulae have been derived. Based on the tested concentration
(CC, mg L), the content of Cd (value of x) is calculated and
varies from 0.2 to 0.9, which is in accordance with the ratios
of Zn to Cd used for the synthesis of the samples. Fig. 1
shows the XRD patterns of the Zn,_,Cd,S powdered samples,
comparing them to CdS synthesized in a similar way. All the

Table 1 ICP-AES characterization of the Zn;_,Cd,S (0.2 < x < 1) samples

Element CC(mgL™) Zn:Cd Structural formula

Sample1  Zn 29.27 3.943 7N goCdg 20S
cd 12.76

Sample 2 Zn 26.23 2.325 7Ny 70Cdg 30S
Cd 19.39

Sample 3  Zn 30.58 1.479 7N 60Cdg.40S
Ccd 35.54

Sample 4  Zn 18.42 0.939 Zng 45Cdg 5.8
cd 33.71

Sample 5 7n 16.23 0.620 Zng 35Cdy 628
Ccd 45.01

Sample 6 7n 9.27 0.413 Zng ,0Cdg 1S
Cd 38.57

Sample 7  Zn 8.08 0.231 7Ny 1oCdg g1S
Cd 60.19

Sample 8 Zn 3.77 0.105 7Zng 10Cdg.90S
cd 61.65

This journal is © The Royal Society of Chemistry 2017
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Fig.1 XRD patterns of the powdered Zn,_,Cd,S samples.

Intensity (a. u.)

samples can be indexed to the hexagonal structure; the peaks
gradually shift to those of the hexagonal CdS (P63mc, JCPDS:
PDF-41-1049) when the amount of Cd increases, confirming
that samples are solid solutions between ZnS and CdS. Due
to the poorer crystallinity of Zn, 4Cd, ¢S and Zn, 5Cd, 5S, their
(102) diffraction peaks are not obvious in comparison with
others. The XRD patterns of hexagonal ZnS and Zn,¢Cd, S
are shown in Fig. S2.f Fig. 2 shows representative TEM and
HRTEM images of the Zn,_,Cd,S samples, which are com-
posed of quasi-spherical nanoparticles for the Zn,gCd,,S
sample and elongated nanorods for all other samples (see
Fig. S371). The interplanar spacings (Fig. 2 and S3t) vary from
0.25 nm for the (102) plane for the Zn,3Cd,,S sample with
the lowest Cd content to 0.34 nm for the (002) plane for pure
Cds.

Fig. 2 Representative TEM (left column) and HRTEM (right column)
images of (a and b) Zng gCdo .S, (c and d) Zng4CdpeS, and (e and f)
CdS, respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 shows the XPS spectra of Zn 2p, Cd 3d, and S 2p of
the Zn,_,Cd,S samples. For ZnS, the spectra of Zn 2p are lo-
cated at 1022.5 eV for Zn 2p;, and 1045.5 eV for Zn 2py),
(Fig. 3a). For CdS, the spectra of Cd 3d are located at 405.5
eV for Cd 3ds/, and 412.3 eV for Cd 3d,/,. The spectra of S 2p
for both ZnS (fitted as shown in Fig. 3e) and CdS are both at
161.9 eV and 163.1 eV for S 2p;, and S 2p,),, respectively.
The spectra values of Zn 2p, Cd 3d and S 2p are in agreement
with those of the reported ZnS and Cds.'**' The Zn 2p and
Cd 3d spectra of Zn,_,Cd,S solid solutions shift in compari-
son with those of ZnS and CdS according to the spectra of Zn
2pas, (Fig. 3b) and Cd 3ds), (Fig. 3d). It can also be observed
that Zn 2p;/, has an almost similar binding energy for a vari-
ety of samples from Zn, gCd,,S to Zn,,Cd,oS. However, the
binding energy of Cd 3ds, becomes larger from Zn,sCd, S
to Zny1CdyoS. The S 2p spectrum of Zn,_,Cd,S solid solutions
shows a similar binding energy to those of ZnS and CdS as
shown in Fig. 3e and S4.}

In order to explain such shifts of XPS spectra of Zn 2p and
Cd 3d, theoretical calculations have been performed to deter-
mine the Mulliken atomic charges of Zn and Cd elements in
the Zn,_,Cd,S solid solutions with varying x (Table 2). In
comparison with ZnS, the Mulliken atomic charges of Zn be-
comes larger for Zn,_,Cd,S (0.2 < x < 0.9), which results in a
smaller binding energy than that of ZnS, while the smaller
Mulliken atomic charges of Cd compared with CdS causes a
larger binding energy of Zn,_,Cd,S than that of CdS. For
Zn,_,Cd,S solid solutions, the difference in Mulliken atomic
charges between Zn and S becomes larger from Zn, gCd, ,S to
Zn, 1CdyoS. Additionally, the first ionization energy of Zn
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Fig. 3 XPS spectra of (a) Zn 2p, (b) Zn 2ps3/,, (c) Cd 3d, and (d) Cd
3ds,, of a series of Zn; ,Cd,S (0.2 < x < 1) samples. Frame (e)
compares the S 2p XPS spectra of CdS, Zng 4Cdo ¢S, and ZnS.
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Table 2 Mulliken atomic charges and BET surface areas of the powdered
Zn;_,Cd,S, ZnS and CdS samples

Mulliken atomic charges Surface area

Sample Zn cd S (m*>g™
7nS 0.49 -0.49 —
7Zn, gCd, S 0.50 0.55 -0.51 141
Zny,Cdg 55 0.51 0.54 -0.52 155
Zng <Cdy 4S 0.53 0.54 -0.53 147
Zng sCd 5S 0.55 0.54 -0.55 144
Zny.4Cdo ¢S 0.55 0.56 ~0.56 137
7Zn, 5Cd, 5S 0.54 0.58 -0.57 127
Zng»Cdg 55 0.54 0.59 -0.58 117
Zng ;Cdp oS 0.54 0.59 -0.59 99
Cds 0.60 -0.60 97

(906.4 k] mol™) is larger than that of Cd (867.8 kJ mol™).
Thus, Cd must lose more electrons than Zn with increasing
Cd fraction in Zn,_,Cd,S solid solutions, which explains why
the Zn 2p XPS spectrum shows an almost similar binding en-
ergy, while the Cd 3d spectra gradually shift to larger ener-
gies from Zn, gCd, »S to Zn, 1Cdg oS.

Aside from the Mulliken atomic charges, Table 2 also pre-
sents the BET surface areas of the Zn,;_,Cd,S samples, which
exhibit a general trend of a gradual decrease with an increase
in the Cd content. The largest surface area is about 155
m?> g for Zny;0Cdy30S, and the smallest one is about 97
m?> g™ for CdS. The typical N, adsorption-desorption iso-
therms of Zn, 3Cd, ,S nanoparticles and Zn, 4Cd, ¢S nanorods
are displayed in Fig. S5.f

Fig. 4a shows the UV-vis diffuse reflectance spectra of the
powdered Zn,_,Cd,S (0.2 < x < 1) samples, which gradually
shift to longer wavelengths when the amount of Cd is in-
creased. The band gaps of the Zn,_,Cd,S (0.2 < x < 1) sam-
ples have been estimated from these spectra based on the
Kubelka-Munk method,"* as shown in Fig. 4b; they vary from
2.86 eV for Zn, gCd,,S to 2.37 eV for CdS. These changes are
in accordance with the trends seen in the PL spectra of the
Zn,_,Cd,S samples, which are presented in Fig. 5a. The emis-
sion peak position shifts from 419 nm for Zn, sCd, S to 505
nm for CdS. At the same time, the fluorescence intensity is
strongly quenched with increasing molar fraction of Cd.
Fig. 5b shows the PL decay curves of the Zn,_,Cd,S samples
obtained at 320 nm laser excitation. All samples show
multiexponential decays with average fluorescence lifetimes

—2n,,Cd, S|
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|——2n,,Cd,,S (276 eV)
——2n,Cd, S (2.70 eV)
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Fig. 4 (a) UV-vis diffuse reflectance spectra and (b) the (ahv)>-hv plots
of the powdered Zn;_,Cd,S (0.2 < x < 1) samples.
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Fig. 5 (a) PL spectra obtained at 320 nm excitation and (b) normalized
PL decay curves of the Zn;_,Cd,S (0.2 < x < 1) samples; IRF stands for
the instrument response function.

in the range of 1 ns. Since the average lifetimes do not
change in solid solutions with a higher Cd content, we note
from the lower PL intensities an increase in non-radiative de-
cay pathways, which compete with fluorescence. The absolute
position of the conduction bands for Zn, gCd, S, Zn, 4Cdy ¢S,
and CdsS at zero charge (pH,p.) can be evaluated by the fol-
lowing equation:”

Ely =X - E° — 1/2E,

where X is the absolute electronegativity of the semicon-
ductor, which shows the geometric mean of the absolute
electronegativity of the constituent atoms, and is defined as
the arithmetic mean of the atomic electron affinity and the
first ionization energy; E is the energy of free electrons on
the hydrogen scale (—4.5 eV); and E, is the band gap of the
semiconductor. The calculated values of X are 5.25 eV, 5.22
eV, and 5.19 eV for Zn, 3Cd,,S, Zn, 4Cdy ¢S, and CdS, respec-
tively. Based on the above equation and the calculated band
gaps, the conduction band edges of Zn, gCd, »S (Ey = 2.86 eV),
Zn, 4,Cdo S (Ey = 2.60 eV), and CdS (E, = 2.37 eV) are about
-0.68 eV, —0.58 eV, and —0.50 eV, respectively. And their va-
lence band edges are about 2.18 eV, 2.02 eV, and 1.87 eV,
respectively.

Fig. 6a shows the average H, generation rate of Zn,_,Cd,S
powders in terms of a half-reaction of photocatalytic water
splitting, which has been performed under visible-light irra-
diation (A > 420 nm) without a cocatalyst in a closed gas-
circulation system. The photocatalysts (0.1 g) were dispersed
in water in the presence of Na,S (0.35 M)/Na,SO; (0.25 M) as
sacrificial hole scavengers and tested for 8 h. The evolved H,
amount was detected by online gas chromatography. The
photocatalytic activity goes through a maximum as x in-
creases (Fig. 6a), with the Zn,,CdyeS sample showing the
best performance (the H, evolution rate is 81 mL h™ g™* or
3.6 mmol h™" g™"). We further checked the photocatalytic per-
formance of Zn,_,Cd,S samples under irradiation with a 368
nm LED for 10 h, with the average H, evolution rates
presented in Fig. 6b. The data obtained show a different
trend: the H, evolution rate gradually decreases upon increas-
ing the Cd molar fraction in the Zn,,Cd,S solid solution.
The time courses of evolved H, for the two irradiation condi-
tions are presented in Fig. S6.}

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Photocatalytic H, evolution rates of the powdered Zn; ,Cd,S
(0.2 < x =< 1) samples dispersed in Na,S/Na,SOs aqueous solution
under (a) visible-light irradiation with a Xe lamp filtered by a UVCUT
420 (1 = 420 nm) and (b) 368 nm LED irradiation. (c) The normalized
UV-vis diffuse reflectance spectra of Zn,_,Cd,S overlaid with the nor-
malized light spectra profiles of the 368 nm LED and the Xe lamp fil-
tered by a UVCUT 420.

The photocatalytic activity of solid state semiconductor
photocatalysts can be relevant to their crystallinity,*” light ab-
sorption,® surface area,®® absolute valence/conduction band
positions,**® and the lifetime of photo-excited carriers.>”*®
For the samples reported here, Zn, 4Cd, S has been most ef-
ficient in terms of hydrogen generation under irradiation by
visible light, while it had rather poor crystallinity as judged
by the lower signal intensity of the (002) main peak in Fig. 1.
In terms of the PL lifetimes, all Zn,_,Cd,S samples are rather
similar (Fig. 5b). The light absorption by Zn,;_,Cd,S (0.2 < x
< 1) samples is displayed in Fig. 6¢ in order to demonstrate
that all the samples can absorb the light emission of a 368
nm LED, while an increasing fraction of the visible light from
the cut-off spectra of the Xe lamp becomes absorbed by the
samples with a larger Cd content. We recall here that
Zn, 4Cdy ¢S samples show the best photocatalytic activity un-
der visible-light irradiation (Fig. 6a), but it is not the most ef-
ficient visible light absorber according to Fig. 6¢. In order to
exclude the influence of surface area on the photocatalytic
performance for H, production, the H,-production rates per
unit area of the samples are shown in Table S11 based on the
same incident light irradiation (368 nm LED as the light
source). The values gradually decrease with increasing Cd
content. It means that the surface area is not the main factor
for the different photocatalytic activities in this work. It is
well established that the absolute positions of the conduction
and valence bands continuously shift upon the opening of
the optical band gap with increasing Zn content in the
Zn,_,Cd,S solid solution (see calculated values above). Under
the conditions of irradiation by a 368 nm LED (Fig. 6b), it is
the Zn, gCd,,S sample with the highest conduction and the
lowest valence band positions which exhibits the best photo-
catalytic activity, resulting from the stronger redox ability of
the photo-excited electrons and holes.**° Fig. 6b points out

This journal is © The Royal Society of Chemistry 2017
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at the same time that the band positions of Zn, 4Cd, ¢S are
not the most favourable ones for the redox reaction in photo-
catalytic water splitting. We thus conclude that it is a balance
between the light absorption and the redox activity due to
the appropriate absolute band positions which results in the
most efficient photocatalytic activity of Zn,,Cd,eS under
visible-light irradiation in this work.

7. Conclusions

In summary, a series of hexagonal Zn, ,Cd,S powdered
photocatalysts with variable composition (0.2 < x < 1) con-
firmed by ICP-AES has been successfully synthesized by a
solvothermal method. The XPS spectra of Zn 2p and Cd 3d
regularly shift upon changing the composition of the
Zn,_,Cd,S samples, due to the difference in the Mulliken
atomic charges of Zn, Cd, and S. The photocatalytic activity
of Zn,_,Cd,S samples in terms of hydrogen generation from
water has been evaluated under visible-light irradiation (A >
420 nm) and with a 368 nm LED. The Zn,,Cd,S sample
exhibited the highest photocatalytic H, evolution rate (81 mL
h™ ¢™") under visible-light irradiation, while for the UV LED
irradiation, the H, evolution rate gradually decreased with in-
creasing Cd fraction in the Zn,_,Cd,S solid solutions. By com-
paring the crystallinity, surface area, valence/conduction
band positions, absorption spectra and fluorescence life-
times, we conclude that the photocatalytic activity is related
to the balance between the absolute positions of the valence/
conduction bands and the light absorption ability of the
Zn,_,Cd,S photocatalysts.
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