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Nanoporous Co-doped Zn,_,Cd,S were facilely fabricated via
adopting ZIFs as templates, and Cd(NOs), and thiourea as precur-
sors. The highly porous microstructure and uniform Co-doping of
the photocatalyst afford a high H,-production rate (45.2 and 422.2
times larger than those of ZnysCdysS and CdS), providing an
effective way for the development of high performance nano-
porous photocatalysts.

nanomaterials,'™ semi-

6-9

Various particularly inorganic
conductors,” are promising for directly transforming solar
energy into clean and renewable hydrogen via water splitting
and were extensively investigated, among which, the metal
sulfide semiconductor has been regarded as a promising
hydrogen production photocatalyst due to its suitable bandgap
(Ey) that corresponds to visible light and excellent photo-
catalytic activity.'"** Notably, as the “alloy” of ZnS and CdS,
Zn,_,Cd,S, as a direct band gap semiconductor,">™*® possesses
a continuously tunable lattice constant and bandgap (E,)
ranging from 3.66 to 2.4 eV, and better photocatalytic activity
than that of single CdS and the CdS loaded with Pt as a
cocatalyst.">'®' Among the typical fabrication methods of
Zn,;_,Cd,S solid solution, the wet chemistry method is con-
venient and simple, but it is still hard to gain the pure phase
of Zn,_,Cd,S and requires a long reaction time owing to the
larger radius of Cd*" (0.97 A) than that of Zn*" (0.74 A).*#20-2
Moreover, the modulation of the morphology of the Zn,_,Cd,S
could increase the number of exposed active sites, and
enhance the separation and transport efficiency of charge car-
riers.>**>? Although the organic surfactants were extensively
adopted to modulate the morphology of the nanomaterials,
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the surfactants inevitably contaminate the heterostructures,
and may substantially impair the performance of the hetero-
structures.>® Therefore, searching for an efficient surfactant-
free hydrothermal method for the synthesis of Zn,_,Cd,S solid
solution with an improved amount of exposed active sites is
an important subject from both theoretical and practical
viewpoints.>

Metal-organic framework (MOF)-templated nanoporous
ramifications, such as nanoporous carbons,>>*® carbide,*”®
sulfides,?® phosphide,**** have attracted great attention owing
to their extraordinarily high surface areas and the ability to
control their pore textures. The main advantage of using a
MOF as a template is that the MOF itself works as a precursor
and contributes to the formation of high quality nanoporous
ramifications. Likewise, fabrication of a MOF-templated photo-
catalyst with a high surface area could not only increase the
exposure of the active sites but also promote the mass transfer
and transport of the photo-generated charge carriers.”>>®
Due to their periodic pores and regular architecture, the MOFs
could serve as a support to the formation of photocatalysts
with the regular architecture and finally generate functional
hybrid structures. Moreover, the facile designing of the hybrid
MOFs (e.g. Co-doped ZIF-8) could not only vary its pore struc-
ture and hence specific surface area,® but also adopt the coca-
talyst uniformly thanks to the evenly distributed Co in the
MOF skeleton.

Herein, various nanoporous Zn;_,Cd,S solid solutions were
facilely fabricated via adopting the zeolitic imidazolate frame-
work (ZIF) as the template and Zn precursors (Scheme 1).
Moreover, the quaternary solid solution Zn,_,Cd,Co,S with
Co was distributed evenly around the porous solid solution
skeleton by carefully preparing the Co-doped ZIF-8 (ZnCo-ZIF)
and using it as the template. Benefiting from its highly
porous microstructure, the H,-production rate of the as-pre-
pared solid solutions is dramatically improved. Moreover, the
photocatalytic activity of the solid solution was further
improved after the doping of Co evenly around the skeleton of
the porous solid solution. Under visible light, the photo-
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Scheme 1 Scheme illustrating the synthesis of the Zn, ,Cd,S solid
solution derived from ZIF precursors.

IF-8 ZnCo-ZIF

catalytic hydrogen production rate of Zn, sCd, 5S is as high as
12.13 mmol h™ g™, and was further improved to be
17.36 mmol h™" g™" after the doping of only 0.5 at% Co, which
is 45.2 and 422.2 times higher than those of Zn,sCd,sS
(HZC50) and CdS prepared without using MOF as the tem-
plate. Moreover, this solid solution shows excellent photo-
catalytic stability over 30 h.

ZIF-8 and ZnCo-ZIF were prepared according to the previous
publications using methanol as the solvent, and the X-ray
diffraction (XRD) patterns of ZIF-8 and CoZn-ZIF were con-
firmed as shown in Fig. S1.7%® A series of samples with a
nominal Cd/(Zn + Cd) molar ratio x are labeled as ZCx (x = 0,
10, 30, 50, 70 at%) using the as-prepared ZIF-8 as the template
and the Zn precursor to investigate the effect of Cd content on
the morphology and photocatalytic activity. ZnCo-ZIF with a
uniform Co distribution and different specific surface area was
first prepared and used as a template and Zn and Co precur-
sors to prepare the Co-doped optimal solid solution
(Zny 5Cdy 5S) samples for making sure the even doping of the
solid solution and modulating the morphology of the samples.
And the Co-doped Zn,sCd,sS derived from ZnCo-ZIF with
different Co contents (y = 0, 0.5, 1 and 5 at%) were denoted as
CoZCy. Considering that the wet chemistry method has poor
control over the band structure of Zn,_,Cd,S and requires a
long reaction time owing to the larger radius of Cd** (0.97 A)
than that of Zn®" (0.74 A),*>?° and the excellent chemical and
thermal stability that ZIF-8 exhibits, it may be difficult to gain
the pure Zn,_,Cd,S phase. Consequently, the XRD and UV-Vis
diffuse reflection spectra were adopted to investigate the phase
evolution of the as-prepared Zn,_,Cd,S derived from ZIF-8.

Characterization of the phase in Zn,_,Cd,S derived from
ZIF-8 (Fig. 1a) indicates that only Zn,_,Cd,S diffraction peaks
could be observed even in the sample with the Cd concen-
tration of only 10 at% (ZC10), which was different from our
previous publication.'® This difference could be explained by
the highly porous microstructure of the Zn precursor (ZIF-8),
which may facilitate the contact and reaction between the reac-
tive substances, and the formation of the pure solid solution
phase even with a low Cd content. In comparison with ZnS,
the peak corresponding to Zn,_,Cd,S shifted to lower 2-theta
values with increasing Cd content, which was consistent with
that reported in previous publication.'®?*** The Co doping
makes the diffraction peaks shift to higher 2-theta values a
little bit (Fig. S21) and no extra diffraction peaks corres-
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Fig. 1 Effect of the Cd content on the (a) X-ray diffraction patterns, (b)
UV-visible diffuse reflection spectra and band gaps (inset) of the
Zn; ,Cd,S solid solutions. Transmission electron microscopy (TEM)
images of (c) ZIF-8, (d) ZC10, (e) ZC30, (f) ZC50, (g) ZC70, and (h)
CoZCO0.5, respectively.

ponding to the CoS were observed, indicating the formation of
the solid solution phase of Zn,_,Cd,Co,S. The band edge of
the solid solution shifted to longer wavelengths with increas-
ing the Cd content, which is consistent with the XRD results.
The effects of the Cd>* content on the band structure of the as-
prepared were investigated using UV-visible diffuse reflection
spectroscopy and were shown in Fig. 1b. The band gap
decreased with the increased Cd content. Notably, there are no
band edges as reported in the previous Zn;_,Cd,S solid solu-
tion, and the band gap is a little bit larger than that of the
solid solution reported in our previous publication."® These
results indicate that the highly porous microstructure of the
ZIF precursor facilitates the formation of a fairly pure solid
solution phase. The Co doping dramatically improved the
absorption of visible light (Fig. S31). Moreover, the inductively
coupled plasma (ICP) was further adopted to investigate the
composition of the solid solution derived from ZIF-8
(Fig. S4t), no obvious difference between the setting ratio and
the testing value was observed.

The adoption of MOF crystals for preparing the nano-
catalyst is for the highly porous MOF-templated nano-
structure.”>>*** Transmission electron microscopy (TEM) was
adopted to confirm the MOF-templated porous morphology of
the Zn,;_,Cd,S solid solution (Fig. 1c-h). The ZIF-8 precursor
exhibited a porous microstructure with regular block mor-
phology (Fig. 1c). Interestingly, the reaction between Cd** and
ZIF-8 showed no dramatic effect on the morphology of the
solid solution. The solid solution samples with Cd content
ranging from 10 to 70 at% (Fig. 1d-g) exhibited a very similar
block morphology to that of the ZIF-8 template, although the
block size and the shape of the edge changed a little bit.
Likewise, the Co-doped Zn,_,Cd,S solid solution by adopting

This journal is © The Royal Society of Chemistry 2017
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ZnCo-ZIF as the precursor also possesses the similar mor-
phology to those of the solid solution using ZIF-8 as template
(Fig. 1h). These results indicated that ZIF-8 and ZnCo-ZIF not
only act as porous precursors but also as templates to modu-
late the morphology of the as-synthesized Zn,_,Cd,S samples.

Nitrogen adsorption/desorption isotherms of the solid solu-
tion samples derived from ZIF-8 (ZC50), ZnCo-ZIF (CoZCO0.5)
and Zn, 5Cd, 5S (HZC50) derived from Zn(NO;),-6H,0 are com-
pared in Fig. S5.1 Consistent with their similar morphology as
confirmed by the TEM results, ZC50 and CoZC0.5 exhibited a
large and close specific surface area (Sggr), while HZC50
possessed a much smaller specific surface area (17.3 m* g™ )
without using ZIF-8 as the template. These results further con-
firmed the important role of ZIF-8 and ZnCo-ZIF for the fabri-
cation of MOF-templated porous nanomaterials. The advan-
tage of the adoption of ZIF crystals as the template was further
confirmed by the elemental mapping images (Fig. 2a). Now
that the morphology of the ZIF crystals could be well-retained,
the Zn site in the template could pin over the whole skeleton,
and it acted as the crystallization site for Zn,_,Cd,S, which was
testified by the uniformly distributed Zn, Cd, and S elements
in ZC50 as could be observed from Fig. S6.f Similarly, the
introduction of a Co dopant into the MOF-template could
make sure of the even distribution of the Co element in the
MOF-templated samples, as shown in Fig. 2a. High resolution
transmission electron microscopy (HRTEM) was adopted to
investigate the phase structure of the as-prepared samples
derived from ZIF and ZnCo-ZIF. Both ZC50 and CoZC0.5
(Fig. 2b and c) exhibited a uniform lattice constant corres-
ponding to the solid solution phase, which were consistent
with the XRD results.

The hydrogen production activity was selected for the evalu-
ation of the photocatalytic properties of the as-prepared
MOF-templated Zn,_,Cd,S solid solution. The photocatalytic
hydrogen production activity of the Zn,_,Cd,S solid solution
with different Cd*>" contents was compared under visible-light

Fig. 2 Element mapping of CoZC0.5 and HRTEM images of the
Zno.5Cdo sS-based solid solutions derived from (b) ZIF-8 and (c) ZnCo-
ZIF (Co = 0.5 at%).
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Fig. 3 The photocatalytic H,-production activities of (a) ZCx samples
derived from ZIF-8, and (b) the solid solution doped with different Co
contents in a 0.35 M Na,S and 0.25 M Na,SOs mixed aqueous solution
under visible-light irradiation. (c) Comparison of the photocatalytic
stabilities of ZC50 (square) and CoZCO0.5 (circle). (d) The comparison
results of the room temperature PL excitation spectra of ZC50, HZC50
and CozCO0.5.

irradiation (1 > 420 nm) (Fig. 3a). In contrast to the negligible
visible-light hydrogen evolution activity in mesoporous ZnS
(not shown here),>*** the production of H, dramatically
increased as the content of Cd was increased to 10 at%.
Further increases of the amount of Cd led to an increase in
the H,-production activity, and ZC50 exhibited the highest H,-
evolution rate of 12.13 mmol h™' g~". Notably, the MOF-tem-
plated ZC50 showed a much larger photocatalytic hydrogen
production activity than that of HZC50 due to the highly
porous microstructure of ZC50 as confirmed by the TEM and
nitrogen adsorption/desorption isotherm measurement. It is
well known that only the charge carriers on the surface of the
photocatalyst can contribute to the improvement of the photo-
catalytic activity.”> The transport distance and the number of
exposed active sites are very important for the enhancement of
the separation and transport efficiency of electron/hole
pairs.'??**> ZC50 shows the shorter transport route compared
to that of HZC50 with a much smaller Sggr. Fig. 3b shows the
effect of Co concentration on the photocatalytic activity, the
solid solution with 0.5 at% Co-dopant exhibited the maximum
hydrogen production rate of 17.36 mmol h™" g™' (with a
quantum efficiency (QE) of 39.2%), which may be attributed to
the fact that the doped Co could act as a cocatalyst as
extensively reported in previous publications.>**° The action
spectra of H,-evolution for the samples with different Cd
contents derived from ZIF-8 and different Co doping derived
from ZnCo-ZIF are shown in Fig. S7.f The MOF-templated
solid solutions with porous morphology possessed improved
photocatalytic activity and excellent photocatalytic stability
over 30 h (Fig. 3c). The similar porous morphology of CoZC0.5
after the photocatalytic reaction over 30 h further confirmed
its excellent photocatalytic stability (Fig. S87).

Dalton Trans., 2017, 46, 10553-10557 | 10555
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The photocatalytic activity and the other key parameters of
the optimal solid solution with different Cd contents and Co
doping were compared and are shown in Fig. S9 and
Table S1.1 Using the ZIF-8 template and Co-doping, ZC50 and
CoZC0.5 exhibited a photocatalytic activity of 32.3 and 46.2
times larger than that of HZC50, respectively. The room temp-
erature PL excitation spectra (Fig. 3d and Fig. S10f) were
employed to verify the important role of the MOF-template.
HZC50 shows a very strong photoluminescence (PL) peak at
around 450 nm, and the relative order of PL response intensity
for these samples was found to be: HZC50 > ZC50 > CoZC0.5,
which was consistent with the order of the photocatalytic
hydrogen evolution activity. Furthermore, the transient photo-
current responses and the electrochemical impedance spectra
(EIS) were adopted to confirm the effect of Cd content and Co
doping on the separation and transfer of photogenerated
charges. The sample with the largest photocatalytic hydrogen
activity (ZC50) exhibits the largest photocurrent (Fig. 4a), and
the smallest semicircle in the middle-frequency region
(Fig. S11%), indicating its faster interfacial electron transfer.
The comparison results of the photocurrent and EIS spectra
of the solid solution samples derived from ZIF-8 (ZC50),
ZnCo-ZIF (CoZC0.5) and Zn,sCdysS (HZC50) derived from
Zn(NO3),-6H,O were carefully evaluated and are listed in
Fig. 4b and c. Consistent with the H, evolution tests, the
highest photocurrent and smallest semicircle in the middle-
frequency region were obtained on Co0ZC0.5, owing to the
synergistic effect of the highly porous microstructure and the
Co-dopant. Notably, HZC50 showed a negligible photocurrent
and a very large semicircle in the middle-frequency region in
comparison with that of ZC50 and CoZC50, confirming the
importance of MOF-templated highly porous morphology in
the process of charge carrier transfer. All the PL excitation
spectra, the transient photocurrent responses, and the EIS
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Fig. 4 (a) Effect of Cd concentration on the transient photocurrent
responses of the ZCx solid solutions, (b) the transient photocurrent
responses and (c) electrochemical impedance spectra of ZC50, HZC50
and CoZCO0.5, and (d) the Mott—Schottky plots of the solid solution with
different Cd and Co concentrations.
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spectra confirmed the important role of the MOF template for
the synthesis of high-performance photocatalysts of highly
porous morphology and even doping. Moreover, the
Mott-Schottky plots under dark conditions were also investi-
gated to compare the charge carrier density of the solid
solution samples with different Cd contents and Co doping. As
could be observed in Fig. 4d, ZC50 with the largest photo-
catalytic H, evolution rate exhibited the largest charge carrier
density among the solid solution with different Cd contents.
Notably, there was an obvious upward shift in the flat-band
potential after Co doping compared to the pristine one, which
is beneficial for the carrier separation.

Conclusions

Various nanoporous Zn,_,Cd,S solid solutions were facilely
fabricated via adopting the zeolitic imidazolate framework as
the template and the Zn precursor. Additionally, the quatern-
ary solid solution Zn,;_,Cd,Co,S with Co was distributed evenly
around the porous solid solution skeleton by carefully prepar-
ing the ZnCo-ZIF and using it as the template, and Zn and Co
precursors, respectively. The highly porous microstructure of
the as-prepared solid solution affords a high-efficiency photo-
catalytic H,-production rate. Meanwhile, the photocatalytic
activity of the solid solution was further improved after the
doping of Co evenly around the skeleton of the porous solid
solution. The photocatalytic hydrogen production rate of
Zny 5CdysS is as high as 12.13 mmol h™" ¢™* under visible
light (A > 420 nm), and was further improved to be
17.36 mmol h™' g™ after the doping of only 0.5 at% Co, which
is 45.2 and 422.2 times higher than those of Zn, 5Cd, sS and
CdS prepared using the similar processing parameters with
inorganic (Zn(NO;),-6H,0) as the precursor, respectively.
Moreover, this solid solution shows excellent photocatalytic
stability over 30 h. The present work provides an effective way
for the development of high efficiency nanoporous photo-
catalysts for H, evolution.
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