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Porous Host—-Guest MOF-Semiconductor Hybrid with
Multisites Heterojunctions and Modulable Electronic Band
for Selective Photocatalytic CO, Conversion and H,

Evolution

Tianxi Zhang, Fanlu Meng, Minmin Gao, Jishi Wei, Kane Jian Hong Lim, Kang Hui Lim,
Prae Chirawatkul, Andrew See Weng Wong, Sibudjing Kawi,” and Ghim Wei Ho*

Optimizing catalysts for competitive photocatalytic reactions demand
individually tailored band structure as well as intertwined interactions of light
absorption, reaction activity, mass, and charge transport. Here, a
nanoparticulate host—guest structure is rationally designed that can
exclusively fulfil and ideally control the aforestated uncompromising
requisites for catalytic reactions. The all-inclusive model catalyst consists of
porous Co,O, host and Zn,Cd, , S guest with controllable

physicochemical properties enabled by self-assembled hybrid structure and
continuously amenable band gap. The effective porous topology
nanoassembly, both at the exterior and the interior pores of a porous
metal-organic framework (MOF), maximizes spatially immobilized
semiconductor nanoparticles toward high utilization of particulate
heterojunctions for vital charge and reactant transfer. In conjunction, the zinc
constituent band engineering is found to regulate the light/molecules
absorption, band structure, and specific reaction intermediates energy to
attain high photocatalytic CO, reduction selectivity. The optimal catalyst
exhibits a H,-generation rate up to 6720 pmol g=' h~' and a CO production
rate of 19.3 pmol g=! h='. These findings provide insight into the design of
discrete host—guest MOF-semiconductor hybrid system with readily
modulated band structures and well-constructed heterojunctions for selective
solar-to-chemical conversion.

1. Introduction

With the worsening environmental prob-
lems and energy crisis, the exploitation
and conversion of renewable solar energy
have attracted tremendous attention.l'-]
Greenhouse effects, resulting from the vo-
luminous emission of carbon dioxide and
methane, would be remediated by means
of CO, capture, storage, and utilization
technology.**! In addition, hydrogen en-
ergy, with the advantage of high caloric
value and inhibition of greenhouse gas and
pollution production during the utilization
process, is considered a promising alterna-
tive energy to replace the traditional fos-
sil fuels.[*1% Currently, photocatalysis has
been a promising strategy due to its abil-
ity to realize both CO, conversion to value-
added fuels and H, production via renew-
able solar energy without external energy
input."-13] However, there is a competi-
tive reaction between photocatalytic CO,
conversion and H, production, since both
reactions rest upon electrons to convert
CO, to value-added fuels or reduce water
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to H,.I'"*13] Therefore, it is imperative to develop an explicit cata-
lyst that can fulfil simultaneous CO, reduction reactions and H,
production. Concurrently, conceiving such a catalyst facilitates
one to controllably regulate specific reaction parameters through
studying the relationship between catalysts design and reaction
paths.

A solid solution, different from the simple physical mixing of
two specific components, is a typical single crystal structure with
a range of compositions.!'7] Tt is an ideal photocatalyst mate-
rial to study the reaction control in which the electronic struc-
ture can be adeptly and continuously modulated without crystal
phase transformation.l'®1°] Among them, ZnCdS solid solution
is considered a suitable candidate for both photocatalytic CO,
conversion and H, evolution due to its well-matched band struc-
ture, excellent light absorption, and electrical conductivity.[20-23]
However, work on revealing the reaction pathway control of CO,
conversion and H, production is still deficient. Meanwhile, the
unmodified ZnCdS solid solution still suffers from serious pho-
tocorrosion and high recombination rate of electrons and holes
problems,?*25] which further limits their wide application in the
photocatalysis field.

Metal-organic frameworks (MOFs), a fascinating class of
porous materials, have attracted significant interest in a variety
of applications due to their high surface area, unique porous
construct, and readily functionalize structure.l?*?%! The integra-
tion of MOFs with traditional semiconductor-based photocata-
lysts enables rational design and fine tuning of the heterojunc-
tion at a molecular level via the metal clusters and bridging
organic linkers.3*32] Three-dimensional (3D) cyanide coordina-
tion MOFs, typically known as Prussian blue analogs (PBAs)
with intrinsic porosity allow assembly of another catalyst, have
been reported in the field of catalysis.****] Particularly, PBA-
derived Co;0, porous framework is one promising candidate
to integrate with semiconductor for bifunctional photocatalytic
CO, conversion reaction®>*’ and H, evolution. Above all, ef-
fective porous topology nanoassembly, not just on the exterior
but more importantly into the interior pores of a porous matrix,
signifies the key attribute to improve the efficiency of heteroge-
neous junction formation in the context of creating and expos-
ing abundant nanoparticulate interfaces to the greatest extent.
Notably, this strategy is crucial to improve charge transfer oc-
curring predominantly at the interface. In conjunction, aggrega-
tion and leaching of catalysts, leading to loss of catalytic activ-
ity and recyclability can be circumvented. However, establishing
such porous nanoassembly has proven to be markedly challeng-
ing owing to high capillary tension and ill-fitted pores geometry.
Furthermore, limited works are focused on porous host—guest
MOF-semiconductor hybrid system with distinct nanoassembly
and modulable electronic band of a discrete catalyst design that
exhibits remarkable catalytic activity and selectivity for dual pho-
tocatalytic CO, conversion and H, evolution.

Here, we report the design of a particulate host-guest MOF-
semiconductor hybrid system for competitive photocatalytic re-
actions with controllable band structure and favorable light ab-
sorption, reaction activity, mass, and charge transport determi-
nants. The spontaneously assembled nanoparticulate host—guest
scheme facilitates the dispersion and immobilization of nanopar-
ticle guest onto 3D porous host to significantly increase het-
erojunction to afford high density stably confined active sites
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(Figure 1). Moreover, the coupling of a continuously modulated
Zn,Cd, S solid solution guest of amenable electronic struc-
ture with PBAs derived Co;0O, porous host effectively controls
the reaction pathway for competitive photocatalytic reactivity
(Figure 1). Due to the characteristic of solid solution, the en-
ergy band structure, light absorption, and photocatalytic activity
can be regulated by simply adjusting the metal additive concen-
tration to selectively target the photocatalytic CO, reduction re-
action or H, evolution. Complementary simulation and experi-
mental characterizations were then employed to study the rela-
tionship between the composition of ZnCdS solid solution and
reaction control of photocatalytic CO, reduction and competi-
tive H, production. These findings provide insight into high ef-
ficiency nanoassembly of nanoparticulate heterojunction that of-
fers a unique opportunity to maximize active sites and improve
activity, selectivity, and stability of a heterogeneous catalyst.

2. Results and Discussion

Porous Co;0, host was first prepared to serve as the framework
to load Zn,Cd, .S guest and form multisites heterojunctions
with Zn Cd,_,S. Co—Co PBA nanocubes (the chemical formula
is Cos[Co(CN)],) with transition metal ions bridged by cyano
ligands) were synthesized by the typical coprecipitation method
and were then transformed into Co;0, after subsequent cal-
cination in air. Due to the spontaneous contraction of Co;0,
during the calcination process, the surface of shrunken Co,0,
nanoboxes is much rougher, compared with the smooth cube-
like structure with a solid internal feature of Co—Co PBA (Figures
S1 and S2, Supporting Information). Consequently, the Co,0,
nanoboxes composed of numerous particles will advantageously
provide plentiful pores between the nanograins junction to load
Zn,Cd, S nanoparticles. The SEM images in Figure 2a show
that Zn, Cd, ,S/Co;0, composite exhibit uniform nanocubes
with a rough surface. The distribution of Zn, Cd, .S nanoparti-
cles (green circles in Figure 2¢,e,f) can be clearly observed from
the representative TEM and energy-dispersive X-ray (EDX) map-
ping images of Zn, ;Cd, ;S/Co;0, composites (Figure 2b—g). In
Figure 2b,c, it proved the porous structure of Co;O, host and
ZnCdS guest nanoparticles are well-dispersed both on the sur-
face and in the cavity of Co;0,. This kind of effective assembly of
ZnCdS on both the exterior and interior pores of Co,O, matrix
will stably immobilize abundant nanoparticles that form inter-
contact structure, which will significantly create and expose mul-
tisites heterojunctions, beneficial for mass and charge transfer.
A magnified view at the edge of Zn,Cd, ;S/Co;0, composites
evidently shows the distribution of ZnCdS nanoparticles on the
surface of Co, O, framework (Figure 2d). Additionally, the surface
of a single Co;0, is surrounded by several ZnCdS nanoparticles,
forming a high density of heterojunctions (Figure 2e). The
high-resolution TEM (HRTEM) images of Zn,;Cd,sS/Co;0,
composites display lattice fringes of 0.33 nm corresponding to
the (002) crystal facet of a solid solution of Zn,,Cd, S, with
lattice fringes between that of CdS (PDF No. 41-1049) and ZnS
(PDF No. 36-1450). In addition, the lattice fringe of 0.47 nm is
consistent with (111) plane of Co,0,, which confirms the hybrid
heterostructures of Zn,;Cd,;S and Co,O, (Figure 2f). The
high-angle annular dark-field (HAADF) as well as EDX-mapping
images in Figure 2g verify a homogeneous distribution of Co,

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Schematic diagram of nanoassembly of host—guest Co;04/Zn,Cd;_,S via porous framework and electrostatic interactions to attain controllable
reaction pathway of photocatalytic CO, reduction and H, generation over multisites heterojunction.

O, Zn, Cd, and S elements. More importantly, Zn, Cd, and S
elements are not only distributed on the surface of Co,0,, they
are also well dispersed in the whole cavity of Co;0,, which will
be advantageous for the formation of multisites heterojunction
between ZnCdS nanoparticles guest and Co, O, nanoboxes host.

Furthermore, the phase structure of Zn,;Cd, ;S/Co;0, com-
posites was investigated by X-ray diffraction (XRD). It can be seen
from the XRD pattern in Figure 2h that Zn, ;Cd, ;S/Co;0, sam-
ple mainly exhibits all the similar peaks to Zn, ;Cd, s S, while the
other four peaks at 31.3°, 36.8°, 59.4°, and 65.2° correspond to
(220), (311), (511), and (440) planes of Co;0, (JCPDS Card No.
43-1003), indicating the successful dispersion of Zn, ;Cd, ;S into
the Co,0O, nanoboxes (Figures S3 and S4, Supporting Informa-
tion). Notably, the dispersion of Co;0, aqueous solution showed
a positive charge state with the zeta potential of 33.7 mV, while
Zn,Cd,sS solid solution in acidic solution demonstrated a re-
markably negatively charged surface with a zeta potential value
of-16.9 mV (Figure 2i). Therefore, the mutual electrostatic force
readily realized the spontaneous self-assembly of ZnCdsS solid so-
lution guest onto Co,0, nanoboxes host. The distinctive hierar-
chical open and porous configuration as well as electrostatic co-
ordinated Zn,Cd, ,S/Co,0, host—guest hybrid photocatalyst en-
dows desirable multisite heterojunctions, strong interfacial con-
tacts, and extensive exposure of active sites to further promote
the photocatalytic activity of Zn,Cd,_,S.

Furthermore, Co;0, host framework with different degrees of
porous structure has been investigated to form different den-
sity of heterojunctions with Zn,Cd, .S guest. Co;0, host was
acquired through different calcination temperature of Co-Co
PBA, and it can be seen from Figure S5 (Supporting Informa-
tion) that Zn,Cd, ,S/Co;0, composite labeled as CCZ_600 °C
has a lower charge transfer resistance than CCZ_400 °C and
CCZ_700 °C, resulting from a higher density of heterojunctions
between Zn Cd, .S and Co,;0, framework calcinated at 600 °C.
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This result is due to the insufficient calcination of Co-Co PBA
at 400 °C, while too high calcination temperature at 700 °C re-
sults in the collapse of the porous nanocube structure frame-
work (Figure S6, Supporting Information). The optimal calcina-
tion temperature of 600 °C is not only able to ensure the mainte-
nance of nanostructure scaffold but also produces plentiful pores
to infiltrate ZnCdS guest, thereby forming porous host-guest
MOF-semiconductor hybrid photocatalyst with multisites hetero-
junctions. Additionally, such porous nanoassembly of host-guest
MOF-semiconductor hybrid with multisites heterojunction will
produce a higher photocurrent intensity and lower charge trans-
fer resistance of ZnsCd;/porous Co;0, sample compared with
general Zn,Cd;S/Co;0, nanoparticles composite (Figure 3a,b).
These results confirm that the rational design of grafting guest
nanoparticles into the exterior and interior pores of the porous
matrix will improve the efficiency of heterogeneous junction,
which will be beneficial for the subsequent photocatalytic reac-
tivity.

In addition to the rational design of porous host-guest hy-
brid system for intertwined interactions, optimizing catalysts to-
ward targeted photocatalytic reactions selectively is of great sig-
nificance to improve the catalytic efficiency. Band structure of
the MOF-semiconductor photocatalyst has been subsequently
tailored for target competitive photocatalytic reactions. Due to
the characteristic of solid solution, the coordinated Zn Cd, S
can be regulated by simply adjusting the metal additive concen-
tration to obtain progressively manipulated compositions and
electronic structures. ZnCdS solid solution with a range of dif-
ferent compositions was prepared and examined through a se-
ries of morphological, crystal, and compositional characteriza-
tions. As shown in Figure S7a—f (Supporting Information), the
obtained pure CdS exhibited nanoparticle form with an average
particle size of 18.8 nm. With the addition of zinc, all the sam-
ples retain nanoparticle structure without obvious morphological

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) SEM image and b) TEM image of Zn;5Cd;5S/Co3O, host—guest hybrid photocatalyst. c-e) High-magnified TEM images of
Zng5Cdy5S/Co30,4 composites. f) HRTEM image of the Zn sCdy S guest part and Co;O, host part of ZnysCd, 5S/Co;O, composites (green cir-
clesin (c), (e), and (f) represent Zny 5Cdg 5S nanoparticles). g) HAADF image and EDX-mapping images of Zng 5Cdg 5S/Co;O,4 composites (scale bar:

500 nm). h) XRD patterns of Zny sCd, 5S, Co30,, and Zn, 5Cdy 5S/Co;0, composites. i) Zeta potential profiles of Znj ;Cdg 5S and Co;0,.

transformation. The Zn,;Cd,S solid solution (Figure S8a-d,
Supporting Information) has an average diameter of 13.1 nm
and the lattice fringes of 0.33 nm, well corresponded to the (002)
crystal facet of Zn,;Cd, sS. However, due to the relatively small
atomic radius of zinc, the average diameter of ZnCdS solid so-
lution is observed to decrease from 18.8 to 10.2 nm with in-
creasing zinc atoms content (Table S1, Supporting Information).
These morphological characterizations of ZnCdS solid solution
confirmed the successful synthesis of Zn,Cd, S with different
compositions by simply adjusting the metal additive concentra-
tion.

It is essential for ZnCdS solid solution with one single crystal
structure (cocrystal) to be formed instead of a mixture of multi-
components. The formation of cocrystal with homogenous lattice
offers more predictable engineering of electronic band structure
as the packing motif is largely undisturbed by compositional vari-
ation. The phase and crystal structure of the ZnCdsS solid solu-
tion were then investigated by XRD and the results were shown
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in Figure 3c. Compared with pure CdS (PDF No. 41-1049) and
ZnS (PDF No. 36-1450), it is found that the diffraction peaks of
Zn,Cd, .S would continuously shift from CdS toward a higher
angle of ZnS when more Zn was added. These peaks corre-
spond to (100), (002), (101), (110), (103), and (112) crystal planes
of Zn,Cd, S. All the peaks are located between CdS and ZnS
diffraction without obvious impurities. These results indicated
the zinc atoms are incorporated into the CdS lattice to success-
fully form Zn Cd, S solid solution, consistent with the HRTEM
results. Apart from the single crystallinity, the actual ratio be-
tween Zn and Cd in the synthesized ZnCdS solid solution also
plays a vital role in the subsequent catalysis reactions. There-
after, EDS and X-ray photoelectron spectroscopy (XPS) were per-
formed to investigate the composition of ZnCdS solid solution.
Figure S9 (Supporting Information) exhibited the elemental dis-
tribution of Zn,;Cd,sS sample and the acquired atomic molar
percentage of Zn was calculated as 50%, which closely matches
the precursor molar ratio (Table S2, Supporting Information).
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Figure 3. a) Photocurrent response and b) Nyquist plots comparison of Zn, sCd 5S/Co; O, multisites heterojunction and Zng sCd, 5S/Co3 0,4 nanopar-
ticles heterojunction. c) XRD patterns of ZnCdS solid solution with different molar ratios of Zn and Cd. d) Zn content calculation based on EDX and
XPS results, and crystallinity of ZnCdS solid solution with different Zn/Cd molar ratios. e) The Zn K-edge of corresponding FT-space spectra converted
from k-space, and k1-weighted EXAFS spectra (insert images) of Zny sCd S and Zng gCdy , S. f) Average photocatalytic H,-evolution and CO, reduction
performance comparison of ZnCdS solid solution with the different molar ratio of Zn and Cd. g) UV-vis absorption spectra of Zn,Cd,_,S samples. h)

Band structures of Zn,Cd;,S samples.

Furthermore, when more zinc atoms were introduced, the peak
area of zinc substantially increased while cadmium dropped as
seen from the XPS analysis in Figure S10 and Table S3 (Support-
ing Information). The atomic proportions based on EDX and XPS
results and crystallinity of ZnCdsS solid solution were shown in
Figure 3d. It shows that the prepared solid solution samples have
a similar crystallinity of around 85% and the actual Zn content
was consistent with the precursor ratio. All these results indicated
the success of continuous modulation of ZnCdS solid solution
with successive compositions, which is essential for the following
studies on the relationships between the zinc constituent band
engineering and optimized photocatalytic reactions paths.
Although XRD results have demonstrated the single crystal
phase of solid solution, extended X-ray absorption fine struc-
ture (EXAFS) is further studied to reveal the structural infor-
mation with respect to zinc concerning the neighboring atoms
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and coordination number. Figure 3e and Figure S11 (Supporting
Information) show the Zn K-edge of representative Zn,;Cd, S
and Zn,4Cd,,S samples. The strong peak at around 2.0 A was
observed in the Fourier transform (FT) of the Zn K-edge EX-
AFS spectrum, corresponding to the Zn-S bond in the first shell
scattering. Another strong peak at around 3.2 A was assigned
to Zn—Zn bond, indicating the second shell of neighboring Zn
around Zn atoms.’®*1 Due to the existence of Zn-Cd bonds in
the solid solution, the intensity of Zn—Zn peaks over Zn, ;Cd, S
and Zn, 4Cd,, S samples is lower than that of ZnS reference sam-
ple. The intensity drops significantly with the decreasing amount
of Zn atoms. This phenomenon demonstrated the formation of
well-defined ZnCdS solution rather than a mixture of separate
CdS and ZnS phases, further excluding the concerning about
the difference between the activity property of Zn,;Cd, S and
Zn,4Cd,,S samples is attributed to the different crystal structure.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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The above morphological structures, phase composition, and
coordination information of ZnCdsS solid solution confirmed the
successful modulation of Zn Cd, .S with different compositions
by simply adjusting the metal additive concentration. Interest-
ingly, completely different stoichiometries of Zn,Cd, S sam-
ples are judiciously tuned to achieve the optimal photocatalytic
CO, reduction rate and water-splitting reactions. As shown in
Figure 3f, CdS showed a relatively low H, production rate of
15 umol g~! h~! compared with solid solutions cocrystals. When
more zinc precursors were introduced, Zn, sCd, ;S exhibited the
highest H, evolution rate, which could reach up to 1893 umol g~!
h~1. However, the H, evolution would drop dramatically with a
further increase in zinc content. This result was consistent with
the previous report on Zn,Cd, S solid solutions for photocat-
alytic water splitting.**l The constituent effect of Zn Cd, S solid
solutions was also extended to the photocatalytic CO, reduction
reactions. Similarly, the solid solutions cocrystals present an im-
proved CO production rate compared with pristine CdS. How-
ever, it was uncovered that Zn, ;Cd,,S cocrystal achieves the op-
timal photocatalytic CO, reduction rate unlike a different stoi-
chiometry of Zn,;Cd, S in the context of water-splitting reac-
tions (Figure 3f and Figure S12, Supporting Information). The
significantly increase in zinc atom is desired for CO, reduction
process, indicating the disparate course of reaction between pho-
tocatalytic H, generation and CO, reduction process, aside from
the consistent provision of efficient light absorption and elec-
trons charge transfer.

To reveal the relationship between the compositional engi-
neering of ZnCdS solid solution and reaction control of selec-
tive CO, conversion and competitive H, production, a series of
experimental characterizations and complementary simulation
were subsequently employed. Through such kind of composi-
tional tuning, the light absorption capacity of Zn,Cd, S cata-
lyst will be regulated, which is one crucial factor for photocat-
alytic performance. As illustrated in Figure 3g, pure CdS exhibits
an excellent visible light absorption property with the absorption
edge at 541 nm, corresponding to a bandgap of 2.29 eV. In con-
trast, bare ZnS could only absorb UV light with the bandgap of
3.54 eVl As for Zn, Cd, S cocrystal, the color would gradually
change from pale white to bright yellow (Figure S13, Support-
ing Information) and correspondingly the absorption edge would
red-shift to the visible light region with the reduced zinc content.
However, CdS sample shows an excellent light absorption prop-
erty, it is neither the optimal catalyst for photocatalytic CO, con-
version nor competitive H, production, indicating the light ab-
sorption is not the dominant factor for such photocatalytic CO,
reduction and H, evolution process.

Obviously, an elevated overpotential difference between the
conduction band (CB) bottom and the required potential for a par-
ticular reaction is favorable for photocatalytic redox reactions, in-
cluding CO, reduction and H, production. Typically, CB bottom
potential of Zn,Cd,_, S is formed through the hybridized (Cd 5s5p
+ Zn 4s4p) orbitals and thereby the bandgap of Zn,Cd, .S solid
solution is higher than CdS but lower than pure ZnS. Figure 3h
shows the CB level that is determined based on Mott—Schottky
plots and the VB level, which was then calculated based on the
equation: Eyy = Ecp + E,. It can be seen that CB and VB of
original CdS were found to be only —0.64 and 1.65 eV, respec-
tively. The CB and VB level of Zn Cd, S would gradually ele-
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vate deriving from the contribution of the electronic structure of
Zn (Figure S14, Supporting Information). This result was also
verified by the small binding energy range scan of VB-XPS in
Figure S15 (Supporting Information). The position of VB maxi-
mum (VBM) was evaluated by linearly extrapolating the onset of
XPS valence band spectra to the baseline, which reflects a band-
edge position with respect to Fermi level (E;).[****] The VBM edge
levels of CdS and ZnS were determined to be 1.41 and 2.19 eV,
respectively, which shifted around 0.2-0.3 eV compared with the
VB levels calculated from Mott—Schottky and bandgap. Similarly,
VB of Zn,Cd, _, S solid solution samples also exhibited an upshift
trend when x increased from 0 to 1. This mid-gap state would es-
sentially broaden the bandgap with an enhanced redox capability
of Zn,Cd,_,S. Compared with H,-generation reaction, photocat-
alytic CO, reduction requires a higher CB potential of —-0.53 eV to
overcome the reaction barrier between CO, and CO. As a result,
the optimal sample for CO, reduction stipulates a higher zinc
concentration and the electronic structure of Zn, 3Cd,,S sample
is altered to realize a compatible CB level and light-harvesting
capability and thus achieve the optimized CO, conversion per-
formance.

Different from liquid/solid interfacial reactions of H, evolu-
tion, photocatalytic CO, reduction generally involves CO, gas.
Therefore, apart from the light absorption and the required po-
tential difference, the adsorption and activation of CO, are cru-
cial for the subsequent reactions. As demonstrated in the CO,
temperature-programmed desorption (TPD) profiles (Figure 4a),
CO, desorption in the low-temperature range of 50-300 °C of
ZnS was obviously higher than CdS, which was attributed to
the hydroxyl groups in the surface. At a higher temperature of
429.6 °C, the basicity sites are stronger and generally attributed
to the low coordination sites. From the intensity signal, it sug-
gests that ZnS has a stronger CO, adsorption capability com-
pared with CdS, which is an essential determining factor that
Zn,4Cd, ,S achieves a better photocatalytic CO, reduction perfor-
mance than Zn, ;Cd, s S. To further investigate the specific effects
of different metal species compositions on the photoreduction
CO, reaction, density functional theory (DFT) calculations were
performed. The adsorption in atomic model is shown in Figure
S16 (Supporting Information) and Gibbs free energy pathways
and intermediates over Zn, 4Cd,,S and Zn, ;Cd, ;S are shown in
Figure 4b. In the four elementary steps, Zn,,Cd,,S exhibited a
stronger CO, adsorption capacity due to a lower AG 0f 0.09 eV as
compared with Zn,,;Cd, ;S with AG of 0.12 eV, consistent with
the experimental CO,-TPD results. Afterward, CO, molecules ac-
cept one electron to form COOH¥, and then produce CO*, which
is the rate-determining step for photocatalytic CO, reduction./**!
The energy barrier of Zn,4Cd,,S is 0.37 eV that was noticeably
lower than Zn;sCd,sS (0.56 eV), suggesting a more favorable
photoreduction reaction over Zn,4Cd,,S. By contrast, the free
energy barrier of Zn,,Cd,,S for H, evolution reaction (HER) is
0.365 eV as opposed to Zn,;Cd, sS of 0.188 eV (Figure 4c). The
considerably reduced reaction barrier of Zn, ;Cd, ;S manifested
in its readiness of HER process. It can be seen from the above
analysis that CO, reduction process requires a higher conductive
band potential, an appropriate capability between CB level and
light harvesting, a stronger CO, adsorption and activation abil-
ity, compared with H, evolution reaction. Through this simple
and direct composition engineering, the electronic structure of a
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Figure 4. a) CO,-TPD profiles of CdS and ZnS samples. b) Free energy diagram profiles for CO, conversion to CO, and c) free energy diagram profiles for
H, evolutionover Zny sCdgsS (blue) and Zng gCd, ,S (red) samples. d) Average photocatalytic H,-evolution activity of Zny sCdy s S@Co30, composites
with different loading amount of Co30,. €) Average photocatalytic CO production rate and CO selectivity of ZnygCdy,S@Co304 composites with
different loading amount of Co3O, (CZC_x% represents Co;0,/Zn,Cd;_,S composites with x% loading amount of Co;O,).

catalyst can be progressively modulated, and the reaction path
can be controlled toward targeted photocatalytic reactivity.
Having  obtained  the electrostatic ~ coordinated
Zn,Cd, ,S/Co;0, host-guest hybrid photocatalyst and the opti-
mal catalysts for target reactions, photocatalytic CO, reduction
and H, production performance of Zn,Cd, ,S/Co,0, were then
evaluated under irradiation. For comparison, Zn Cd,_,S/Co;0,
samples with different loading amount of Co,;0, were tested.
It is apparent that HER production rate gradually enhanced
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with increased amount of Co;0, from 3536 pmol g~ h~! for
CZC_2% to 4616 pmol g! h~! for CZC_5% (CZC_x% repre-
sents Co;0,/Zn Cd, .S composites with x% loading amount
of Co;0,). It reaches the highest rate of 6720 pmol g=' h™! for
CZC_10%, which was roughly 3.6 times higher than that of
the original Zn,;Cd,sS (Figure 4d; Figure S17 and Table S4,
Supporting Information). However, a higher loading of Co;0,
would inversely result in insufficient photogeneration of charge
carriers, which leads to limited charge transfer and separation,
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thereby shortening the active photo-induced electron lifetime for
proton reduction.I*®] As a result, both CZC_15% and CZC_20%
samples showed an obvious decrease in H, yield. This indicates
an optimal light absorption and charge carrier separation is
achieved for the CZC_10% sample. Importantly, HER of the
optimal CZC_10% composites sample could maintain at around
6720 pmol g~! h™! after a few cycles, indicating good recyclability
and photostability of Zn,;Cd,;S/Co;0, (Figure S18a, Support-
ing Information). For light-driven CO, reduction, when Co;0,
was introduced, H, production was greatly suppressed while
the CO production rate reaches up to 19.3 pmol g=! h~! for the
optimal Zn,4Cd,,S/Co;0, sample (CZC_50%). The selectivity
of CO increases to 95% when the amount of Co;0, was tuned
(Figure 4e). Compared with Zn, ¢Cd, ,S sample, the CO produc-
tion rate of Zn,,Cd,,S/Co;0, composites could also stabilize
at around 19 pmol g=! h=! for five cycles (Figure S18b, Sup-
porting Information). Besides, the *C and '#0 isotope-labeling
experiments confirmed that CO originated from CO, molecules
and water participated in the oxidation reaction (Figures S19
and S20, Supporting Information). All these results indicated
the introduction of MOF-deriving Co;O, host promotes the
photocatalytic H, production and CO, reduction processes over
Zn Cd,_, S semiconductor guest.

The effect of specific surface area and pore size distribu-
tion on the photocatalytic performance were first studies by the
Brunauer-Emmett-Teller (BET) method. Compared with pure
Zn,Cd, S, the surface area of Zn,;Cd,;S/Co,;0, composites
with 10% loading of Co,0, increases to 85.27 m* g™' (Figure
S21, Supporting Information). Similarly, the surface area of
Zn,4Cd,,S/Co;0, composites with 50% loading of Co;0, also
increases to 90.33 m? g~'. This enhanced surface area will pro-
mote the mass transfer of gas products and have a positive effect
on both the photocatalytic CO, conversion and H, evolution pro-
cess. However, compared with pure Zn,Cd, S sample, the sur-
face area of Zn,Cd,_,S/Co,0, composites only increases by less
than 12%, which means the surface area is not the dominant fac-
tor for the performance enhancement. In order to investigate the
correlations between the augmented photocatalytic redox activity
and the charge carrier transfer, the photocurrent response and
electrochemical impedance spectroscopy (EIS) studies were sub-
sequently conducted. It is clearly seen that all samples presented
high sensitivity to light on—off cycles. When Co;0, host was in-
troduced, Zn,4Cd,,S/Co;0, hybrid photocatalyst would gener-
ate a much higher photocurrent and smaller arc radius com-
pared with the original Zn,,Cd,,S (Figure 5a,b), due to lower
charge transfer resistance of Co,0, (the smallest semicircle).
The higher photocurrent response and the smaller semicircle of
Nyquist plots manifested greatly improved charge separation and
transport kinetics, stemming from the efficient electron migra-
tion to Co;0,. Similarly, Zn,;Cd, ;S/Co;0, sample also showed
enhanced photocurrent and lower interfacial charge migration
resistance (Figure S22, Supporting Information). Fluorescence
(FL) was also characterized to study the charge-separation ef-
ficiency. A lower FL intensity inferred reduced recombination
of photo-generated electrons and holes, and thereby a higher
charge-separation efficiency.[*’! Bare Zn Cd, s S showed a strong
peak at around 470 nm due to the fast charge recombination of
bandgap transition (Figure 5c). After the introduction of Co;0,,
the fluorescence emission was significantly quenched, indicat-
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ing its enhanced electron-trapping ability. This result is also
supported by the time-resolved transient photoluminescence in
Figure 5d. The average emission lifetime is prolonged from
4.98 ns (Zn,4Cd,,S) to 12.22 ns (Zn,4Cd,,S/Co;0, sample),
which reflected that the overall emission decay has been pro-
hibited. For the photocatalytic material system, the efficiently re-
strained recombination of photo-generated electrons and holes
results in a significantly prolonged lifetime, which will realize
the provision of long-lived electrons for photocatalytic redox re-
actions.

To reveal the photocatalytic CO, redox process, diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS)
were used to identify the pivotal intermediates formed dur-
ing the light-driven CO, photoreduction. For the optimal
Zn,4Cd,,S/Co;0, (CZC_50%) sample, absorbed CO, gas
species (2338, 2357 cm™'), chemical absorbed CO,~(1260,
1660 cm™), bicarbonates (HCO,~, 1430-1440 cm™!), and biden-
tate carbonate (CO;%~, 1300-1324 cm™!) appeared immediately
after the reaction for 5 min (Figure 5e). These carbon species con-
firmed the absorption interaction between CO, molecules and
the surface of the photocatalyst. As the reaction proceeds, the
lower frequency at 1800-1875 cm™ is assigned to a weak multi-
bonded CO*” and the augmented peak at 2142 cm™ is attributed
to the emerging crucial product of CO.[***] This gives rise to a
high selectivity CO, reaching close to 95%. As the reaction pro-
ceeds, the characteristic peaks of absorbed CO,, the other inter-
mediates and representative CO product increase and then reach
a steady state.

Based on the above electrochemical and in-situ DRIFTS re-
sults, the band structure and a possible photocatalytic redox re-
action mechanism of Zn Cd, .S and Co,0, have been proposed.
As shown in Figure 5f and Figure S23 (Supporting Information),
Co,0, is a p-type semiconductor and the Fermi level is close to
its VB position, while Zn Cd,_,S is an n-type semiconductor and
the Fermi level is near CB level.[’®] Due to the potential differ-
ence between Zn,Cd, .S and Co,0,, the electrons would trans-
fer from Zn Cd, .S to Co;0, and the holes would go in the re-
verse direction. In this case, it would cause the accumulation of
negative charges on the surface of Co;0, and positive holes on
ZnCd, S. However, in the heterojunction formation process,
when the Fermilevel of Zn,Cd, .S and Co,0, reached an equilib-
rium, an internal electric field was simultaneously built with the
direction from Zn Cd,_,S to Co;0,. As a result, the band struc-
ture of Co;0, would rise up while Zn, Cd, .S would decrease un-
til an equilibrium state is reached.®!] Under the electric field, the
electrons would migrate to Zn,Cd,_, S where the electrons redox
reactions mainly occur, resulting in H, production or CO, reduc-
tion. Holes would transfer from Zn, Cd, S to Co,0,, and further
be consumed by sacrificial agent or H,O.

3. Conclusion

In summary, MOF-deriving porous Co,0, host framework with
Zn,Cd, .S guest semiconductor hybrid photocatalyst is rationally
prepared with continuous modulated electronic band structure
and abounding heterojunctions for selective photocatalytic CO,
conversion and H, production. The topological nanoassembly
of guest semiconductor on the exterior and interior pores of the
porous host matrix significantly create and expose multisites
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e) Diffuse reflectance infrared Fourier transform spectroscopy of CZC_50% samples for photocatalytic CO, reduction under irradiation. f) Schematic

diagram of band alignments over Co;O, and Zn, 3Cd,,S.

heterojunctions and thus contribute to efficient mass and charge
transfer. The experimental characterizations and simulation
results revealed that the introduction of a higher zinc concentra-
tion would controllably regulate the light absorption, promote an
elevated conduction band position, better CO, absorption, and a
lower energy barrier of specific reaction intermediates, thus real-
izing the reaction control toward photocatalytic CO, conversion.
Furthermore, the Co,0, framework, not only acts as the host
support to load Zn,Cd,_,S guest nanoparticles but also promotes
an enhanced charge transfer ability, serving as the hole-trapping
sites to further enhance the photocatalytic activity of Zn,Cd, _S.

Small 2023, 2301121

2301121 (9 of 10)

This work provides some insight into the rational design of
spontaneous assembly of nanoparticulate host-guest hybrid
photocatalysts with spatially confined high-density heterojunc-
tions, modulable band structure for selective solar conversion
reactions.
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