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ABSTRACT: Photocatalytic water splitting for H, production
becomes one of the most favorable pathways for solar energy
utilization, while the charge-separation dynamics in composite
photocatalysts is largely elusive. In the present work, CdS-
decorated metal—organic framework (MOF) composites,
namely, CdS/UiO-66, have been synthesized and exhibit
high H, production activity from photocatalytic water
splitting, far surpassing the MOF and CdS counterparts,
under visible light irradiation. Transient absorption (TA)
spectroscopy has been adopted in this report to unveil the
charge-separation dynamics in CdS/UiO-66 composites, a key
process that dictates their function in photocatalysis. We show
that, in addition to the preferable formation of fine CdS

Visible

CdS/MOF

particles assisted by the MOF, effective electron transfer, which occurs from excited CdS to UiO-66, significantly inhibits the
recombination of photogenerated charge carriers, ultimately boosting the photocatalytic activity for H, generation. This report
on charge-separation dynamics for CdS—MOF composites affords significant insights for future fabrication of advanced

composite photocatalysts.
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1. INTRODUCTION

Photocatalytic H, production through water splitting repre-
sents a preferable approach to meet the future challenges of
energy and environmental issues." Significant research progress
has been achieved with regards to the development of artificial
photocatalytic systems based on semiconductors that can
effectively perform light-driven H, generation reaction during
the past several decades.””” Among various semiconductors
that have been employed, cadmium sulfide (i.e., CdS) is very
much preferred due to its good visible light absorption ability
and suited conduction band position that is sufficient to drive
H, generation reaction.” ' Unfortunately, the photocorro-
sion-induced toxicity of Cd**, the inherent instability of CdS in
non strongly alkaline conditions, the fast recombination of
photoinduced electron—hole (e-h) pairs, and the limited
surface catalytic sites restrict the application of pure CdS
particles. Despite many attempts have been done to improve
the catalytic activity of CdS, including modulating the CdS
morphology” and the formation of composites with other
materials, such as porous materials,” noble metals,'® and
semiconductors,'’ the development of efficient CdS-based
photocatalysts is still a significant challenge.

Metal—organic frameworks (MOFs), emerging as a class of
crystalline porous materials, have aroused broad interest in the
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past ~20 years and groved to possess potential applications in
a variety of fields,"™"° including photocatalysis.”~** Com-
pared with traditional semiconductor photocatalysts, MOFs
feature porous structures with large surface area, and their
structures and functionalities are readily tunable. Unfortu-
nately, most MOFs show poor light response in the visible
region, lar% ly limiting their application in solar energy
utilization.”> > Therefore, the fabrication of MOF-based
composites with broadband spectral response would be highly
desired to boost their photocatalysis under solar/visible
irradiation.

With a view toward developing photocatalysts with high
stability and efficiency, we have selected a representative stable
MOF, UiO-66 with intrinsic photocatalytic H, production
activity,”*™*" and fabricated CdS-decorated UiO-66 compo-
sites, hereafter named CdS/UiO-66 (Scheme 1), for photo-
catalytic H, generation. This system takes advantage of the
merits of both CdS and the MOF while avoiding the
drawbacks of each component. The CdS has the capability
to harvest visible light, and UiO-66 carries high surface area
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Scheme 1. Synthetic Process for CdS/UiO-66 Composites
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that can facilitate the dispersion of CdS on the MOF surface,
thus providing more adsorption sites and photocatalytic
reaction centers. Resorting to transient absorption (TA)
spectroscopy, effective electron transfer (ET) from excited
CdS to the MOF has been proved to greatly promote the
charge separation in CdS and enhance the photocatalytic H,
production activity of the CdS/UiO-66 composites. While
enhanced photocatalysis over CdS/MOF and TiO,/MOF
composites was previously reported,’”~*’ the charge-separa-
tion dynamics in CdS/MOF composites, which have been
observed for the first time by TA spectroscopy, indicate the
generation of long-lifetime electrons that give rise to much
enhanced photocatalytic H, production activity.

2. EXPERIMENTAL SECTION

2.1. Material and Instrumentation. All chemicals were
obtained from commercial sources and used directly unless
particularly mentioned. Scanning electron microscopy (SEM)
images were acquired on a field-emission scanning electron
microanalyzer (Zeiss Supra 40 scanning electron microscope at
an acceleration voltage of S kV). Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscope (HRTEM) observations were conducted with a
field-emission transmission electron microscope (JEOL JEM-
2100F). Powder X-ray diffraction (XRD) patterns were
collected on a Japan Rigaku MiniFlex 600 equipped with
graphite-monochromated Cu Ka radiation (1 = 1.54178 A).
The ESCALAB 250 high-performance electron spectrometer
using monochromatized Al Ka (hv = 1486.7 eV) as the
excitation source was employed to produce the X-ray
photoelectron spectroscopy (XPS) data. The N, sorption
measurements were conducted with a Micromeritics ASAP
2020 instrument at 77 K. The Shimadzu UV-2700
spectrophotometer recorded the UV—vis diffuse reflectance
spectra, using a white standard of BaSO, as a reference. The
contents of CdS in CdS/UiO-66 composites were quantified
by an Optima 7300 DV inductively coupled plasma atomic
emission spectrometer (ICP-AES).

2.2. Preparation of Samples. The UiO-66 crystals were
synthesized using ZrCl, and terephthalic acid (H,BDC) as
reactants according to the reported method.”> The CdS
nanoparticles (NPs) were in situ deposited onto the surface of
Ui0-66 crystals with Cd(CH;CO0),2H,0 and thioaceta-
mide (TAA) as cadmium and sulfur sources, respectively, at
10, 20, and 40 wt % CdS loadings, to give CdS/UiO-66(X)
composites, where X denotes the CdS theoretical content
(Scheme 1).

2.2.1. Synthesis of UiO-66. We referred to the previous
report to prepare the UiO-66 with minor modifications.*

Typically, S mL of dimethylformamide (DMF) solution of
ZrCl, (18.64 mg) and S mL of DMF solution of H,BDC
(13.28 mg) were mixed in a 20 mL glass vial. Following that,
1.2 mL of acetic acid was added, then sealed, and allowed to
react at 120 °C for 24 h without stirring. The product was
isolated by centrifugation and rinsed with DMF and MeOH.
Finally, UiO-66 was dried at 60 °C under vacuum overnight.

2.2.2. Synthesis of CdS/UiO-66(10). Typically, 8.1 mg of
Cd(CH;C00),2H,0 was dissolved in 10 mL of ethanol.
Then, 40 mg of UiO-66 was mixed with the solution and then
sonicated for 30 min. After that, the suspension was heated at
80 °C for 10 min, to which 10 mL of aqueous solution of
thioacetamide (TAA, 2.3 mg) was injected into the flask
dropwise with intense agitation and heating at 80 °C for
another 30 min. Then, the suspension was heated at 80 °C for
30 min. The precipitates were filtered and rinsed with H,O and
ethanol several times. Finally, the product was dried at 60 °C
under vacuum for 12 h.

2.2.3. Synthesis of CdS/Ui0O-66(20). The synthetic
procedure is almost the same as the synthesis of CdS/UiO-
66(10), except for using 16.8 mg of Cd(CH,;COO),2H,0
and 4.7 mg of TAA.

2.2.4. Synthesis of CdS/UiO-66(40). The synthetic
procedure is almost the same as the synthesis of CdS/UiO-
66(10), except for using 49.1 mg of Cd(CH,;COO),-2H,0
and 13.9 mg of TAA.

2.2.5. Synthesis of CdS. Typically, 92 mg of Cd-
(CH,;C00),-2H,0 was dissolved in 10 mL of ethanol. After
that, the suspension was heated at 80 °C for 10 min, to which
10 mL of aqueous solution of TAA (26 mg) was injected into
the flask dropwise with intense agitation and heating at 80 °C
for another 30 min. Then, the suspension was heated at 80 °C
for 30 min. The precipitates were filtered and rinsed with H,O
and ethanol several times. Finally, the product was dried at 60
°C under vacuum for 12 h.

2.3. Catalyst Characterization. 2.3.1. Electrochemical
Characterization. The working electrodes were prepared by
applying 15 pL of slurry to the surface of indium—tin oxide
(ITO) glass plates and covering ~1 cm® The slurry was
prepared by mixing 0.02 g of sample and 2 mL of ethanol.
Electrochemical measurements were carried out with a Zahner
Zennium electrochemical workstation by a conventional three-
electrode cell, containing a graphite rod (counter electrode)
and Ag/AgCl electrode (reference electrode). The experiments
were completed at room temperature in 0.2 M Na,SO,
electrolyte deoxygenated in an N, stream.

2.3.2. Photocatalytic Reaction. A certain amount of the
CdS/Ui0-66(X) (with a fixed CdS amount of 2 mg) or 2 mg
of CdS or 2 mg of UiO-66 was dispersed in 27 mL of
acetonitrile and 1 mL of deionized water with 3 mL of lactic
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Figure 1. SEM images of (a) CdS and (b) UiO-66. (c) SEM and (d) TEM images of CdS/UiO-66(10).
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Figure 2. (a) Powder XRD profiles, (b) UV—vis diffuse reflectance spectra, and (c) photocatalytic H, production rates for CdS, UiO-66, and CdS/
UiO-66 composites with altered weight ratios of CdS. (d) Recycling performance of CdS/UiO-66(10).

acid (being sacrificial reagent). Then the suspension was
stirred in a 160 mL homemade reaction vessel and purged with
N, for ~60 min to exhaust air, followed by the 300 W Xe light
irradiation with a UV cutoff filter (A > 380 nm). The reactions
were further investigated by different amounts of CdS and
CdS/Ui0-66(X) (with CdS amount ranging from S to 100 mg,
for testing photonic yield), which were dispersed in 4 mL of
acetonitrile with 0.3 mL of deionized water and 1 mL of lactic
acid. The suspension was stirred in a 160 mL homemade
reaction vessel and purged with N, for ~30 min to exhaust air,
followed by the 300 W Xe light irradiation with a
monochromatic light filter (4 = 420 nm). Gas chromatography
(Shimadzu GC-2014, argon as a carrier gas) using a thermal
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conductivity detector (TCD) was employed to measure the H,
evolution during the reaction.

2.3.3. Ultrafast Spectroscopy Characterizations. The
femtosecond transient absorption (TA) spectroscopy was
collected through a regenerative amplified Ti-Sapphire laser
system (Solstice, 800 nm, <100 fs FWHM, 3.5 m]/pulse, 1
kHz repetition rate). Seventy-five percent of the 800 nm
fundamental pulse was introduced into TOPAS to generate
tunable pump wavelength. Twenty-five percent of the
fundamental pulse was used to generate visible probe (450—
750 nm) using a sapphire window. Helios ultrafast
spectrometer (Ultrafast Systems, LLC) was employed to
record the TA spectra. To make thin films for TA
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measurements, 1 mg of sample was added into 0.5 mL of
Nafion (5% w/w in water and 1-propanol) in a glass vial. The
hybrid was stirred for 2 h and then distributed uniformly on a
piranha-etched glass. The samples were dried in air. The film
samples were constantly translated in case of heating and
permanent degradation. The pump power at 400 nm is 0.2
mW for all measurements.

3. RESULTS AND DISCUSSION

The actual mass fraction of CdS in the composites is close to
the theoretical one, based on the ICP-AES analysis (Table S1).
In the absence of MOF, CdS NPs easily aggregate together
(Figure 1a and Figure S1). The UiO-66 microcrystals present a
well-defined octahedral profile with smooth surface (Figure
1b). The SEM and TEM observations of CdS/UiO-66(10)
indicate that the MOF is of great importance in the formation
of small CdS NPs, which present a good dispersion on the
external surface of UiO-66 octahedral crystals (Figure 1c and
d). Along with a higher content of CdS introduced, it can be
observed that more CdS NPs were decorated onto the MOF
(Figure S2), in which 10 wt % loading of CdS/UiO-66(10)
gives an excellent CdS dispersion. It is noteworthy that, once
the CdS content increases up to 40 wt %, the CdS NPs are
severely aggregated. As shown in the HRTEM image (Figure
S3), the measured lattice fringes are assignable to the (111)
face of cubic CdS. The close contact between CdS and UiO-66
would be favorable to the formation of heterojunctions
between them and facilitate their charge transfer and
separation.

The crystallinity of the CdS/UiO-66 was analyzed and
confirmed by powder XRD (Figure 2a). The pure CdS
obtained as a control in the absence of UiO-66 presents cubic
phase structure (PDF No. 10-0454). The UiO-66 structure is
retained after the decoration with CdS, and the characteristic
powder XRD (PXRD) patterns of CdS are more intense with
its higher loadings (Figure S4), in agreement with the CdS
aggregation indicated by the SEM and TEM observation. XPS
tests were applied to investigate the involved composition and
interface feature of the CdS/UiO-66 composites (Figure SS).
The XPS survey spectrum for CdS/UiO-66(10) shows the
presence of Cd, S, Zr, O, and C, and no impurity peak can be
observed (Figure SSa). For the high-resolution Cd 3d
spectrum, the Cd 3d;,, and Cd 3d;,, peaks appear at around
405.0 and 411.8 eV, respectively, revealing the +2 oxidation
state of the Cd element (Figure S5¢).** In the high-resolution
XPS spectrum of S 2p, the S 2p;,, and S 2p,/, peaks are
located at 161.3 and 162.5 eV, respectively, suggesting the
presence of S*~ (Figure S5d).*> These XPS results adequately
support the existence of CdS in the CdS/UiO-66(10) hybrid.
Compared with the binding energies of Cd 3d and S 2p in pure
CdS, they present a negative shift in CdS/UiO-66 composite
(Figure SSc and d). Meanwhile, there is a slight upshift in the
binding energy of Zr 3d for CdS/UiO-66 composite in
reference to that for pure UiO-66 (Figure SSb). These results
indicate the interaction between CdS and UiO-66, instead of
simple physical contact. The Brunauer—Emmett—Teller
(BET) surface area of the composites increases with increasing
content of UiO-66, which is ascribed to the high surface area of
UiO-66 and nonporous structure of CdS (Figure S6). The
UiO-66 has no absorption in the visible region, while CdS
shows strong visible light absorption. After modifying UiO-66
with CdS, the UV—vis diffuse reflectance spectra of CdS/UiO-

66 composites show absorption features of both components,
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and the absorption at the visible region becomes stronger with
more CdS contained in the composites (Figure 2b), which
further supports the presence of CdS in the composites. The
color change of all samples from white to orange with
increasing percentage of CdS has been recorded (Figure S7).

We then proceed to investigate the visible-light photo-
catalytic H, production performance of CdS/UiO-66 compo-
sites by water splitting. The experiments were carried out
under the illumination of a Xe light equipped with a long-pass
filter (4 > 380 nm), and the reaction temperature was
controlled by condensed water. Figure 2c¢ shows the time
profile of H, generation of CdS/UiO-66 composites with
different contents of CdS. As expected, the system with UiO-
66 alone does not generate H, because of its nonresponsive
nature to visible light. The system with CdS only produces a
small amount of H,, suggesting that CdS has intrinsic
photocatalytic activity. However, in the presence of both
CdS and UiO-66, i.e.,, CdS/UiO-66 composites, the amount of
H, produced is significantly enhanced, suggesting the
important role UiO-66 plays in the photocatalytic reaction.
Interestingly, the photocatalytic activity of CdS/UiO-66
composites decreases along with the increase of CdS content,
where the CdS/UiO-66(10) shows the best H, production
activity (1725 pmol gcgs™' h™'). This H, production rate is
~8.4 times higher than that of CdS. Moreover, the photo-
catalytic activity of CdS/UiO-66(10) is higher than most of
reported CdS-based composites with other porous materials
(Table S2). This can be ascribed to the improved dispersion of
CdS NPs in CdS/UiO-66 composites with lower content of
CdS, preventing CdS particle aggregation and thus exposing
more reaction sites. The stability of these systems was
evaluated by recycling experiments. The catalytic activity of
CdS/UiO-66(10) does not decrease within three cycles of
experiment, suggesting its stability and recyclability. This is
further supported by powder XRD profile and SEM/TEM
images, demonstrating that the structure, morphology, and
crystallinity of CdS/UiO-66(10) have negligible change before
and after catalysis (Figures S8—S10).

Given that the photocatalytic rate is not proportional to the
surface area of the photocatalyst and, accordingly, not to the
mass of the photocatalyst,”* we have further investigated the
photonic yields of CdS and CdS/UiO-66(X) with different
surface areas. The dependence of H, production rate on CdS
amount, accompanied with different catalyst amounts, has
been examined (Figure 3).* With a small percentage of CdS,
CdS/UiO-66(10) exhibits an initially high H, production rate
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Figure 3. Dependence of photocatalytic H, production activity/rate
on the CdS amount, accompanied with different catalyst amounts.
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due to the preferable formation of fine CdS nanoparticles and
heterojunction between CdS and UiO-66. As the amount of
the CdS catalyst gradually increases, more CdS/UiO-66(10) is
accordingly required to maintain the same CdS amount. In this
case, the relatively large amount of the catalyst in the reaction
system would weaken penetration depth and increase
scattering of the incident light, which would weaken the
excitation of CdS in CdS/UiO-66(10) in reference to CdS/
Ui0-66(20) and CdS/Ui0-66(40). As a result, in the plateau
regions, the optimal rate of CdS/UiO-66(20) is the highest
among all CdS/UiO-66(X), manifesting that CdS/UiO-66(20)
provides the highest photonic yield under the experimental
conditions.”® Moreover, the apparent quantum efficiency
(AQE) of CdS and CdS/UiO-66 composites with different
weight percentages of CdS for photocatalytic H, production
are also evaluated (based on the data of Figure 3). The results
show that CdS/UiO-66(20) achieves the highest AQE of
~0.85% under irradiation at 420 nm (Table S3). The optimal
rates and AQE of all CdS/UiO-66(X) are much higher than
those of CdS, further verifying the importance of constructing
CdS/UiO-66 composite photocatalyst.

To gain information on the photocatalytic mechanism and
the specific roles CdS and UiO-66 played in catalysis, we
investigated charge-separation dynamics in CdS/UiO-66
composites through femtosecond transient absorption (fs-
TA) spectroscopy. = ° Figure 4 presents the fs-TA spectra of
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Figure 4. Transient femtosecond absorption spectra of (a) CdS, (b)
CdS/Ui0-66(10), (c) CdS/Ui0-66(20), and (d) CdS/Ui0-66(40)

under 400 nm excitation.

CdS/Ui0-66 in different ratios following 400 nm excitation.
Two features were observed in the spectra of CdS (Figure 4a),
containing a negative feature centered around 500 nm and a
positive absorption band from 450 to 480 nm. The former can
be attributed to the 1S exciton bleach band in CdS because of
the state filling of 1S(e) level at the conduction band.*® The
positive absorption band centered at ~460 nm is able to be
ascribed to the stark-effect-induced absorption resulting from
the presence of 1S exciton.’’ Besides these two features, a
broad bleach band at >600 nm was also observed in the TA
spectra of CdS. This spectral feature, consistent with previous
literature data,”® can be assigned to the stimulated emission of
CdS. The amplitude of these spectral features was quenched in

the presence of methyl viologen (MV?*) (Figure S11),
suggesting that they are associated with electron signals,
consistent with the assignment above. The TA spectra of CdS/
UiO-66 having different CdS contents show similar spectral
features as that of CdS (Figure 4b—d). However, the kinetics
of 1S exciton bleach recovery, which reflects the electron
lifetime in the conduction band, is enhanced in the presence of
Ui0-66, suggesting the enhanced depopulation of conduction
band electrons in the composites. The depopulation of 1S
electrons can arise from electron transfer or energy transfer
from CdS to UiO-66. Energy transfer can be excluded in this
system due to negligible overlap of CdS emission band with
the absorption spectrum of UiO-66 (negligible absorption in
visible light scope).

To elucidate the feasibility of electron transfer between CdS
and UiO-66 under visible light irradiation, Mott—Schottky
plots were recorded at different frequencies (Figures S12 and
S14). The lowest unoccupied molecular orbital (LUMO) of
Ui0-66 is located at —0.6 V vs normal hydrogen electrode
(NHE) (Figure S12). Given the UiO-66 bandgap measured to
be 4.1 eV based on the Tauc plot (Figure S13), its highest
occupied molecular orbital (HOMO) can be estimated as 3.5
V vs NHE. The conduction band (CB) of CdS is determined
to be —0.7 V vs NHE (Figure S14). The suited band positions
of UiO-66 and CdS make it thermodynamically possible for
photogenerated electron transfer in CdS/UiO-66 composites.
As a result, we believe that enhanced exciton bleach recovery
in CdS/UiO-66 composites with respect to that in CdS sample
is due to electron transfer process from CdS to UiO-66.
Interestingly, the exciton bleach recovery is faster in CdS/UiO-
66 composites with a lower amount of CdS (Figure Sa), i.e.,
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Figure S. (a) Comparison of kinetic traces at 650 nm among CdS and
CdS/Ui0-66 composites with altered CdS contents. (b) Energetic
scheme that illustrates electron transfer dynamics from CdS to UiO-
66.

electron transfer rate increases in the following order: CdS =~
CdS/Ui0-66(40) < CdS/Ui0-66(20) < CdS/UiO-66(10).
These results, following the same trend as their photocatalytic
performance, imply that faster electron transfer process from
CdS to UiO-66 in CdS/UiO-66 composites with a lower
amount of CdS facilitates charge separation in the composites,
ultimately enhancing H, generation efficiency (Figure Sb).
These results together manifest that UiO-66 not only gives a
significant influence to improve the dispersion of CdS on its
surface but also act as charge-separation material/cocatalyst,
facilitating charge separation and boosting H, generation.

4. CONCLUSION

In summary, well-dispersed CdS was stabilized on the surface
of a MOF support, UiO-66, to provide CdS/UiO-66
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composites, which exhibit remarkably higher activity than that
of each component toward photocatalytic H, production. The
MOF support greatly improves the dispersion and downsizes
CdS particles, which enable the exposure of more adsorption
and reactive sites. Moreover, for the first time, it is
unambiguously evidenced that electron transfer occurs from
excited CdS to MOF by means of transient absorption
spectroscopy, resulting in a charge-separated state with
electrons located at UiO-66 and holes at the valence band of
CdS, which slows down the charge-recombination process and,
ultimately, boosts the efficiency of photocatalytic H,
production. This work enables a deeper understanding of
electron transfer in semiconductor—MOF composites. Given
the synergetic enhancements in photocatalytic activity often
found in composite materials, our findings highlight the
benefits of constructing such architectures and should
stimulate further research in the development of advanced
composite materials for efficient photocatalysis.
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