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harge separation in CdS/Ce-
UiO66-NH2 heterojunctions for enhanced
photocatalytic hydrogen evolution†‡

Wenqing Hou, ab Sam A. J. Hillman, a Soranyel Gonzalez-Carrero, ad

Shilin Yao,a Huangtianzhi Zhuc and James R. Durrant *a

UiO metal–organic frameworks (MOFs) are regarded as promising photocatalysts due to their unique

stability and band designability. We recently demonstrated that the cerium-based Ce-UiO-NH2 exhibited

an enhanced hydrogen evolution relative to zirconium (Zr)-UiOs, when loaded with cadmium sulfide

(CdS). However, the underlying charge separation dynamics of this system is unclear. In this work, we

optimised the CdS loading and used transient absorption and electrochemical spectroscopy to

investigate the charge separation dynamics and energetics in the CdS/Ce-UiO-NH2 heterojunction. The

optimised heterojunction showed improved stability and achieved an external quantum efficiency (EQE)

of 2.2% under 420 nm LED illumination whilst using methanol as a sacrificial agent. The heterojunction

facilitates charge separation, generating long-lived (ms) holes on Ce-UiO-NH2 and electrons on the CdS.

In contrast with electron-accepting Zr-UiOs, this study reveals a reversed charge separation direction in

CdS/UiO heterojunctions with Ce-UiO-NH2 acting as the electron donor.
Introduction

In recent years, the world's energy shortage and environmental
pollution have become urgent issues. It is therefore imperative
to seek new technologies to relieve these pressures. Among
them, photocatalytic hydrogen (H2) evolution from water under
solar light irradiation is regarded as a promising clean energy
technology and has developed rapidly in recent years.1,2 In
particular, research has focused on exploring new, more effi-
cient materials and heterojunctions and has achieved signi-
cant progress.3,4 Meanwhile, understanding such materials'
underlying reaction mechanisms is attracting increasing
attention, and is playing a signicant role in the design of
efficient photocatalysts.

Among various photocatalysts, MOFs have received signi-
cant attention owing to their high surface areas, visible-light-
response, and tunable functional structure.5 The large
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number of possible combinations of constituent metal clusters
and bridging organic linkers offer considerable synthetic exi-
bility when targeting superior visible-light-driven photo-
catalysis.6,7 It has been demonstrated that MOFs can show
charge transfer from the organic linkers to the metal nodes (i.e.
linker-to-metal transfer) which is triggered by light irradiation.8

As such, they can act as semiconductor photocatalysts which
absorb light, generate electron/hole pairs, and then initiate
either the hydrogen evolution reaction (HER) or the oxygen
evolution reaction (OER).

UiO-66s (Universite i Oslo) are amongst the most important
MOFs and have gained intensive attention due to their thermal
and chemical stabilities and facile design.9,10 Ce-UiO-NH2 is an
analogue of the Zr-UiO, comprising hexanuclear clusters
constituted by cerium-oxo [Ce6(O)4(OH)4

12+] and 2-amino-
terephthalic acid.11,12 With Ce metal node substitution, it is
possible to achieve better visible light absorption and catalytic
properties due to the Ce(III)/(IV) redox properties (Ce(III)/(IV)
couple at circa 1.61 V vs. NHE) and the presence of low energy 4f
orbitals.13 However, UiO-66 in isolation only shows minimal
photocatalytic activity. Signicant efforts have been made to
improve their photocatalytic HER efficiency through methods
such as loading noble metal co-catalysts (Pt, Au),14,15 using
amino-substituted organic linkers to increase the visible light
photoresponse,16 or combining with conventional semi-
conductors in a heterojunction.17 Heterojunction design is
considered as one of the most promising strategies due to its
potential for improved charge separation and the advantages of
combining different catalysts. Cadmium sulde (CdS)
This journal is © The Royal Society of Chemistry 2025
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nanoparticles are considered to be a good junction material for
MOFs due to its strong visible light absorption (optical band
gap 2.3 eV). However, its function can be seriously limited by
self-corrosion and the rapid recombination of photogenerated
electrons and holes.18,19 In 2015, Shen and co-workers reported
CdS/UiO-66 composites decorated with MoS2 for enhanced
HER. Jiang's group studied the dynamics of CdS/UiO-66
composites for enhanced HER in 2018, indicating the poten-
tial of UiO-66 working as an electron acceptor.17,20

In our previous work, UiO-66s were compared as supports for
CdS nanoparticles (NPs) to enhance HER efficiency under
visible light in sodium sulde/sodium sulte (Na2S/Na2SO3)
aqueous solution.21 The maximum EQE was obtained using
a Ce-substituted UiO-NH2. Spectral and electrochemical
measurements indicated that Ce-UiO-NH2 is a more efficient
partner with CdS due to its smaller band gap and more efficient
charge transfer to CdS. However, the underlying charge
dynamics of CdS/Ce-UiO-NH2 have not previously been re-
ported, and there is no direct evidence indicating whether Ce-
UiO-NH2 acts as electron donor or acceptor in this hetero-
junction. In the work herein, we improved the HER efficiency by
optimizing the loading of CdS onto the Ce-UiO-NH2 framework
and using methanol as the sacricial regent. The charge sepa-
ration dynamics in the CdS/Ce-UiO-NH2 heterojunction were
then investigated by transient absorption spectroscopy. The
optimized heterojunction was found to exhibit a much higher
density of long-lived (ms) charges, consistent with its enhanced
photocatalytic efficiency. Furthermore, the direction of charge
transfer direction was studied using transient absorption
spectroscopy and spectroelectrochemistry, determining the role
of Ce-UiO-NH2 as the electron donor in this heterojunction.

Experimental
Materials preparation

Chemicals were in analytic grade and were used without further
purication. Terephthalic acid (BDC, 99%), Ce(NH4)2(NO3)6,
Cd(CH3COO)2, Na2S, acetonitrile (ACN) and N,N-dime-
thylformamide (DMF) were from Sigma-Aldrich. 2-Amino-
terephthalic acid (ATA, 98%) were purchased from Thermo
Scientic Chemicals. Catalysts were synthesized according to
the previous work.21 Ce-UiO-NH2: Ce-UiO-NH2 was prepared by
solvent-assistant-linker-exchange procedure.12 Ce-UiO66 (Ce-
UiO) was rstly prepared as follows,11 terephthalic acid
(143 mg, 0.86 mmol) was dissolved in 4.9 mL of DMF. Aer that,
1.6 mL of a 0.535 M aqueous solution of Ce(NH4)2(NO2)6 was
added and the mixture was heated at 100 °C under stirring
conditions for 15 min. Then, the precipitate was collected by
centrifugation and puried three times with DMF and acetone
respectively to remove the residue of organic ligands and DMF.
The nal product was dried overnight (60 °C). Second, for
synthesis of Ce-UiO-NH2, Ce-UiO (81.6 mg, 0.25 mmol) and ATA
(181.1 mg, 1 mmol) were dispersed in methanol (25 mL). The
mixture was stirred for dissolving completely and then soni-
cated for 5 min, followed by purifying with DMF and ethanol,
respectively. The nal product was collected by centrifugation
and dried under vacuum (60 °C, 12 h). xCdS/Ce-UiO-NH2: neat
This journal is © The Royal Society of Chemistry 2025
CdS NPs and 20–50 wt%CdS/Ce-UiO-NH2 (20–50%CdS/Ce-UiO-
NH2 for short), were prepared by two-step-loading following the
recipe in Table S1.† Typically, Ce-UiO-NH2 (60 mg) was activated
under vacuum (40 °C, 12 h) and dispersed in 15 mL DI water.
Aerwards, Cd(CH3COO)2 aqueous solution (2 mL, 103.8 M)
was dropwise added into the solution with stirring for 2 h, and
then with Na2S (2 mL, 103.8 M). Aer stirring for 5 h continu-
ously, the product (40% CdS/Ce-UiO-NH2) was collected by
centrifugation, puried with DI water and ethanol and dried
under vacuum (60 °C, 12 h).

Materials characterizations

Powder X-ray diffraction pattern (XRD) was obtained on
a Rigaku diffractometer with Cu Ka as X-ray. The absorption
spectra were recorded in an Agilent Cary 5000 UV-visible NIR
spectrometer. The high-resolution transmission electron
microscopic images (HRTEM) were taken by JEM-2100F at 150
kV accelerating voltage. Fourier transform infrared microscopy
(FTIR) was collected using a Cary 630 FT-IR spectrometer in the
wavenumber range 500–4000 cm−1. The steady-state photo-
luminescence (PL) spectra were recorded using an Edinburgh
FLS1000 photoluminescence spectrometer.

Hydrogen evolution

The photocatalytic H2 evolution was measured using methanol
as a sacricial electron donor. In a 100 mL sealed at bottom
ask, 25 mg of catalyst were dispersed in 50 mL aqueous solu-
tion (methanol, 10 vol%). Before irradiation, the reactor was
purged for 30 min with argon to remove the oxygen and stirred
at room temperature with irradiated by four 3 W LED lamps
(420 nm), located at 1.0 cm away from the solution surface. H2

evolution was analyzed by gas chromatography (GC) equipped
with a thermal conductivity detector (Agilent GC7820A). The
stability test was performed with 40%CdS/Ce-UiO-NH2, with
120 min of irradiation. Aer one run was complete, the system
was purged with argon for 30 min and irradiated again, without
extra addition of new catalyst and sacricial reagent.

The EQE was measured under the same conditions as H2

evolution measurements. The illumination intensity was
measured by using a UV-A radiometer (0.1 J cm−2, from Beijing
Shida Technology Co., Ltd), and the EQE was calculated by the
following equation:

EQEð%Þ ¼ Number of evolved H2 molecules� 2

Number of incident photons
� 100

Number of incident photons ¼ Ep

hn

where Ep is the total energy of incident photons (J), h is the
Planck constant (J s−1), n is the frequency of light (Hz).

Transient absorption spectroscopy (TAS)

Microsecond to second TAS data were acquired on previously-
described home-built setups.22 420 nm or 560 nm laser excita-
tion was generated from a Nd:YAG laser (OPOTEK Opolette 355
Sustainable Energy Fuels, 2025, 9, 576–584 | 577
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Fig. 1 (a) Synthesis of CdS/Ce-UiO-NH2 heterojunctions, (b and c)
HRTEM images for 40%CdS/Ce-UiO-NH2, (d) XRD patterns and (e)
absorption spectra for CdS, Ce-UiO-NH2 and 40%CdS/Ce-UiO-NH2,
measured on film samples. The red columns represent the patterns for
cubic CdS (JCPDS 80-0019).
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II, 6 ns pulse width). The probe beam was generated from
a quartz halogen lamp. The light was directed through the
sample to a monochromator, which selected the probe wave-
length and was relayed to a Si photodiode detector (Hamamatsu
S1722-01). Data on the sub-ms timescale were amplied with an
electronic amplier box (Costronics 2011 amplier) and recor-
ded on an oscilloscope (Tektronix DPO 3012). Data on the ms
timescale were simultaneously recorded on a National Instru-
ments DAQ card (National Instruments USB-6361). Pulse ener-
gies weremeasured by energy meter (OPHIR Photonics, VEGA P/
N 7Z01560). Film samples were made by drop casting on FTO
glass with acetonitrile (ACN) suspension (2 mg catalysts, 20 mL
Naon and 400 mL ACN). Films were measured in DI water or
aqueous solution and purged with argon to remove oxygen. To
ensure equal numbers of absorbed photons, all lms were
deposited such that they had the same ground state absorbance
at the excitation wavelength (absorbance = 0.6 at 420 nm exci-
tation and absorbance = 0.25 at 560 nm excitation).

Electrochemical spectroscopy

Electrochemical measurements were conducted using a three-
electrode setup with NaClO4 electrolyte (pH 7), sample as
working electrode, Pt wire counter electrode, and an Ag/AgCl
reference electrode (saturated KCl). A PGSTAT204 potentiostat
(Metrohm-Autolab, The Netherlands) was used to apply linear
sweep voltammograms with potential steps of 50 mV at rate of
50 mV s−1. Absorbance changes from 400–1000 nm were
collected at each applied potential with a Maya2000Pro spec-
trometer (OceanOptics) using home-built LabView soware
(https://opensourcespectroscopy.com/sec_code/). All
measurements were conducted on three separate batches of
samples, to verify reproducibility and to calculate standard
deviation. All potentials are presented against relative
hydrogen electrode (RHE) through the following equation:

E (V vs. RHE) = E (V vs. AgCl/Ag) + 0.059 × pH + 0.197

Results and discussion
Heterojunction design and characterization

CdS/Ce-UiO-NH2 samples were synthesized in accordance with
the protocol described in the previous work.21 Ce-UiO-NH2 was
rstly synthesized by a solvothermal method followed by
a solvent-assisted-linker-exchange procedure. Then CdS was
loaded onto Ce-UiO-NH2 frameworks using a two-step loading
to form heterojunctions (Fig. 1a). The structure and composi-
tion of all materials were investigated by XRD, HRTEM, FTIR
and N2 sorption. According to powder XRD (Fig. 1d), Ce-UiO-
NH2 has similar topological structure to other UiO-66 MOFs,10,11

showing the characteristic peaks at 7.20, 8.30, 11.70, 13.76,
16.52, 18.02, 21.28 and 24.86°, respectively. CdS had a XRD
pattern in accord with that for cubic CdS. Aer CdS loading, the
heterojunctions exhibited visible diffraction patterns of both
components. The characteristic powder XRD pattern of CdS
increased in intensity and the pattern of Ce-UiO-NH2 decreased
578 | Sustainable Energy Fuels, 2025, 9, 576–584
in intensity as the CdS loading was increased (Fig. S1a†). In
HRTEM images (Fig. 1b and c), small particles (5–10 nm) on
large octahedrons (200–300 nm) were observed. The former had
a distinct lattice spacing of 0.34 nm which matches well with
the (111) facet of CdS, demonstrating that CdS NPs were evenly
distributed on Ce-UiO-NH2.

FTIR spectroscopy was conducted to investigate the organic
structures inside Ce-UiO-NH2. As shown in Fig. S1c,† some
specic peaks of Ce-UiO-NH2 were observed: at 1260 cm−1

(stretching vibration of Car–N); at 3500–3200 cm−1 (two
stretching vibration N–H peaks caused by the amino groups); at
1650–1450 cm−1 (stretching vibrations caused by C]C); and at
1655 cm−1 (stretching vibrations of C]O). The lower frequency
bonds at 800–450 cm−1 are attributed to the bending vibration
of O–H and C–H, mixed with Ce–O bonds.23

N2 sorption measurements were performed to evaluate the
porosity of the heterojunctions. The results are shown in Table
S2 and Fig. S1b.† The sorption isotherm of Ce-UiO-NH2 shows
the type I adsorption isotherm curve shape, whilst CdS exhibits
type IV. The specic BET surface area (Asp) of Ce-UiO-NH2 was
calculated to be 942 m2 g−1, with a large micropore volume
(Vmp, 0.416 cm3 g−1) and total pore volume (Vtp, 0.521 cm3 g−1).
With increasing content of CdS, the isotherm transitions from
type I to type IV with increasing amounts of hysteresis. Asp, Vmp

and Vtp of the composites decreased, respectively. These
changes are ascribed to the load of CdS on the Ce-UiO-NH2. It is
notable that the measured values were much smaller than those
calculated from neat CdS and Ce-UiO-NH2, whilst the ratio of
Vmp to Vtp dramatically decreased from 0.80 to 0.32 as the CdS
content increased from 0 to 50% (Table S2†). All these decreases
This journal is © The Royal Society of Chemistry 2025
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suggest that the CdS NPs are lling up the pores of Ce-UiO-NH2

via the two-step loading procedure. Meanwhile, the reduced Vmp

and increased pore size (dp) with CdS loaded were also in
agreement with the fact that the pore space of Ce-UiO-NH2 was
lled with CdS NPs.

Fig. 1e shows the steady state UV-vis absorption spectra. The
spectrum of neat CdS NPs displays visible light absorption with
an absorption edge at 550 nm (optical band gap: 2.25 eV), which
can be attributed to the intrinsic band gap absorption of cubic
CdS. For Ce-UiO-NH2, there is a broad absorption tail that
extends across the visible up to 700 nm. This absorption is
clearly redshied compared to Zr-based UiO66-NH2 (450 nm)
and is attributed to the narrower bandgap of Ce-UiO-NH2. This
is because the orbital energy of Ce 4f, which contributes to the
lowest unoccupied linker orbitals, is lower than the Zr 4d orbital
energy and exhibits more favorable linker-to-metal charge
transfer in UiO-NH2.13 Meanwhile, the broad visible light
absorption starting from 700 nm is suggestive of a complex
band-to-band structure in Ce-UiO-NH2. For CdS/Ce-UiO-NH2,
the absorbance spectrum combines the features of neat CdS
and Ce-UiO-NH2. These observations are in agreement with our
previous work,21 and conrm the successful and consistent
synthesis of the neat and heterojunction materials.
Photocatalytic activity for hydrogen evolution

Aer determining the structure of CdS and Ce-UiO-NH2 pho-
tocatalysts, their performance for H2 evolution was measured
under 420 nm LED excitation, using 10 vol%methanol aqueous
solution as a hole scavenger. Fig. 2a shows the result of H2

evolution on xCdS/Ce-UiO-NH2 samples. The amount of H2

evolved approximately linearly with time. We note that the H2

evolved in the rst 30 min was slightly lower than expected for
linear H2 evolution, likely due to the initial system heating. To
assess the relative activity of those catalysts, the amount of H2

evolved at 2 h and EQE were used as measure. Neat Ce-UiO-NH2

showed negligible H2 evolution within 2 h, whilst neat CdS also
performed poorly. Aer loading with 20, 30, 40 and 50% CdS,
however, the amount of H2 evolution in 2 h increased to 60.2,
84.6, 103.2 and 89.9 mmol, respectively. The maximum EQE at
420 nm was 2.2%, observed at x = 40%, which was 11.0 times
Fig. 2 (a) Photocatalytic evolution of H2 for 25 mg xCdS/Ce-UiO-NH2 i
measured for 2 h. (b) 6 sequential 2 h H2 evolution tests for CdS (dotted
lamps in a 10 vol% methanol solution. (c) EQE at 420 nm, measured in 0
without sacrificial agents, respectively.

This journal is © The Royal Society of Chemistry 2025
higher than the EQE of individual CdS (0.2%). It is worth noting
that the 40%CdS/Ce-UiO-NH2 heterojunction evolves hydrogen
approximately 10 times more efficiently than Pt-loaded Ce-UiO-
NH2 (Table S3†). Further, the HER performance of the CdS/Ce-
UiO-NH2 was generally of similar order of magnitude to other
reported CdS/MOFs. However, the vastly different experimental
conditions used in the literature (sacricial reagents, light
intensity, etc.) prevent meaningful comparison.

Fig. 2b shows six successive 2 h tests for H2 evolution. From
the rst run to the sixth, the amount of H2 evolved decreased by
only 3.75% for 40%CdS/Ce-UiO-NH2 (from 102.17 mmol to 98.34
mmol) while the neat CdS decreased by 25.3% (from 9.43 mmol
to 7.04 mmol, Fig. S2a†), demonstrating the improved HER
stability of the heterojunction (marked as HJ for short). The
stability of samples was further conrmed by XRD and XPS
(Fig. S2†). For neat CdS, the diffraction peaks (such as those at
2qz 26.5°, 44.0°, and 52.2° for CdS) decreased in intensity aer
hydrogen evolution test, indicating a lowered crystallinity in
CdS (Fig. S2b†). XPS of CdS aer hydrogen evolution tests
revealed that the S0 peak at 163.78 eV and the S6+ peak at
168.28 eV had formed, indicating the presence of higher-
valence sulfur resulting from the oxidation of divalent sulfur
(Fig. S2f†). These observations conrm that neat CdS undergoes
photocorrosion which likely contributes to its decreasing HER
performance over time. In contrast, the HJ exhibits no obvious
changes in XRD and XPS patterns aer 12 h of HER test, thereby
demonstrating its improved stability.

These results suggest there is a cooperative effect between
CdS and Ce-UiO-NH2 which contributes to the enhanced pho-
tocatalytic activity and stability of the CdS/Ce-UiO-NH2 hetero-
junctions. The Asp of a catalyst is oen correlated to its
photocatalytic activity. As MOFs are usually considered as
a good catalyst support, we normalized the EQEs to Asp to isolate
the inuence of Asp on the CdS/Ce-UiO-NH2 heterojunctions'
performance. As shown in Table S2,† the corresponding EQE/
Asp values for CdS/Ce-UiO-NH2 are larger than those of CdS
(0.041 g m−2) when the CdS content is between 30% (0.047 g
m−2) and 50% (0.058 gm−2). This indicates that the EQE change
of CdS/Ce-UiO-NH2 heterojunction is not only due to the
increase of Asp introduced by Ce-UiO-NH2 but also to coopera-
tion between CdS and Ce-UiO-NH2.
n 10 vol% methanol solutions, where x was 0, 20, 30, 40, and 50 wt%,
line) and 40%CdS/Ce-UiO-NH2 (solid line), excited with 420 nm LED
.35 M Na2S/0.25 M Na2SO3 (unstable), 10 vol% methanol solutions and

Sustainable Energy Fuels, 2025, 9, 576–584 | 579
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In Fig. 2c, the CdS/Ce-UiO-NH2 heterojunction also shows
enhanced HER performance vs. neat CdS both in pure water and
in the presence of Na2S/Na2SO3. The EQEs follow the same
trend with CdS content in all three cases, thereby showing that
interaction with the hole scavenger does not explain the EQE
trend with CdS content. We note that our previous work showed
higher EQE in Na2S/Na2SO3 than in methanol and pure H2O.21

However, this system was not stable enough for in-depth spec-
troscopic analysis.

Photophysical characterization

Now, we turn to the photophysical analysis of the origin of the
enhanced efficiency of CdS/Ce-UiO-NH2 heterojunctions. 40%
CdS/Ce-UiO-NH2, which showed the maximum EQE in H2

evolution, was chosen as the HJ sample for comparison with
neat CdS and Ce-UiO-NH2. The PL spectrum was used to gain
more insight into electron–hole separation processes in the
catalysts (Fig. S1d†). Upon 330 nm excitation, the PL spectrum
of CdS showed an intense peak at 550 nm (2.25 eV), which well
matches to the band-to-band transition (Eg = 2.25 eV), obtained
from the optical absorption edge. The PL spectrum of Ce-UiO-
NH2 showed a peak centered at 430 nm. The PL spectrum of HJ
exhibited two visible peaks centered at 430 and 515 nm. The
515 nm emission peak is attributed to CdS in the HJ, with the
Fig. 3 (a–c) Transient absorption spectra at different time delays, excite
UiO-NH2 (red) and the HJ (blue) films in water, probed at 700 nm.

580 | Sustainable Energy Fuels, 2025, 9, 576–584
blue-shi relative to pure CdS indicating CdS in the HJ forms
smaller particles than pure CdS. Both PL peaks were strongly
quenched relative to the neat materials, suggesting that the HJ
enables charge separation between CdS and Ce-UiO-NH2. This
is in agreement with the enhanced EQE of the HJ for H2

evolution.
We have previously undertaken analyses of the energetics

and electrochemistry of neat CdS and UiO-66s, and based on
these analyses made preliminarily conclusions on the relative
band alignment and direction of charge separation.21 However,
these studies did not include direct measurement of the pho-
togenerated charges. Moreover, the crystallite size reduction of
CdS induced by the MOF in the HJ is likely to signicantly
impact the CdS due to quantum size effects (Fig. 1b and Table
S2†). As such, we employ herein both optical transient spec-
troscopy and spectroelectrochemistry to investigate the under-
lying charge dynamics and energetics of CdS/Ce-UiO-NH2 HJ
photocatalysts.

We rst employ transient absorption (TA) spectroscopy to
explore the charge transfer mechanism in our CdS/Ce-UiO-NH2

heterojunctions. To achieve efficient HER, the charge carrier
lifetimes must be long enough to enable the efficient extraction
of holes by methanol and the reduction of protons to molecular
H2. Fig. 3 shows the TA spectrum of CdS, Ce-UiO-NH2 and HJ
d at 420 nm (840 mJ cm−2) and (d) decay dynamics of CdS (black), Ce-

This journal is © The Royal Society of Chemistry 2025
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lms in water on the ms–s timescale under 420 nm excitation. It
is notable that the HJ exhibited a broad photoinduced absorp-
tion spectrum from 500–1000 nm, with two absorption peaks at
700 nm and 1000 nm. This absorbance has a half-life of 1 ms,
which is substantially longer than the half-life of CdS (2 ms) and
Ce-UiO-NH2 (sub-ms) alone. The amplitude of the TA kinetic
probed at 700 nm was up to 12 times higher for the HJ than for
neat CdS and Ce-UiO-NH2, indicating that there is a much
higher photogenerated charge density in the HJ on these
timescales (Fig. 3d). Interestingly, the trend in photogenerated
charge density on the ms timescale (HJ > CdS > Ce-UiO-NH2)
matches the trend in HER efficiency of the three materials.

Scavenging tests were further conducted to identify the
charge species observed in our TAS data; methanol was used as
the hole scavenger, and O2 was used as the electron scavenger.
As shown in Fig. S3,† for neat CdS, the bleach probed at 500 nm
was partly quenched by O2 and increased by methanol, which
indicates this is an electron-dominated signal. The positive
absorption signal at 700 nm is quite small and near the reso-
lution limit of our instrument. However, we observed that
adding methanol partly quenched this signal, which might
suggest it is a hole-dominated signal. The absence of a strong
signal from holes in CdS on this microsecond timescale is
consistent with reports that trapped holes in CdS have short (ps)
lifetimes when measured in ACN.24–26 For the neat Ce-UiO-NH2,
there was negligible TA signal even with the addition of oxygen
or methanol, demonstrating that charge recombination in the
MOF occurs on the sub-microsecond timescale and is faster
than charge transfer to methanol or oxygen. For the HJ, the TA
Fig. 4 Transient absorption spectra at different time delays of (a) CdS
comparison of the decay dynamics of CdS (black), Ce-UiO-NH2 (red) an

This journal is © The Royal Society of Chemistry 2025
spectrum from 500–1000 nm was completely quenched on the
sub-ms timescale by 10 vol% methanol (Fig. S3c†), indicating
that the long-lived TA spectrum of the HJ is a hole-dominated
spectra and 10 vol% methanol is able to extract holes from
the HJ on sub-ms timescales.

So far, the samples were excited at 420 nm, which excites
both CdS and Ce-UiO-NH2. Now we excite at 560 nm, which
preferentially excites Ce-UiO-NH2, to investigate whether Ce-
UiO-NH2 acts as a light sensitiser or just as a charge separator.
The results are shown in Fig. 4. For neat CdS, no TAS signal was
observed (Fig. 4a), as expected, because it has no ground state
absorption at 560 nm (Fig. 1e). Neat Ce-UiO-NH2 also exhibited
no signal (Fig. 4a), which was attributed to rapid charge
recombination on the sub-microsecond timescale and is
consistent with its TA spectrum under 420 nm excitation
(Fig. 3b). However, the TA spectrum of the HJ showed the same
broad positive absorbance at 600–1000 nm alongside a negative
signal at 500–600 nm (Fig. 4b). These data prove that Ce-UiO-
NH2 can act as a light absorber and photogenerate long-lived
holes. The 500 nm bleach in the HJ (Fig. 4c) is not observed
when exciting at 420 nm (Fig. 3c), possibly because the over-
lapping positive MOF signal dominates over the negative CdS
blench. The bleaching of the CdS ground state in Fig. 4c and the
increase in theMOF hole signal in Fig. 4d indicate that in the HJ
there is electron transfer from the photoexcited MOF to the
unexcited CdS. Overall, these observations based on 560 nm
excitation suggest that Ce-UiO-NH2 acts as light absorber and
electron donor in our HJ.
and Ce-UiO-NH2 and (c) HJ, excited at 560 nm (840 mJ cm−2) and
d HJ (blue) films in water, probed at (b) 500 nm and (c) 700 nm.
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Our TAS data suggest that the long-lived photoinduced
absorption observed for our HJ samples results from Ce-UiO-
NH2 holes. To provide further support to this conclusion,
spectroelectrochemical measurements (SEC) were conducted to
investigate the electron and hole spectra of CdS and Ce-UiO-
NH2, respectively. As shown in Fig. 5a, the application of
a positive bias to CdS lms results in broad bleaching of the
absorbance change spectrum, which increases towards the blue
visible light region. This bleaching is tentatively assigned to
hole formation associated with oxidation of S2− species in CdS,
which is one of the origins of CdS self-corrosion and oen limits
its photocatalytic performance.24,27 The application of a compa-
rable positive potential to Ce-UiO-NH2 resulted in a broad
absorption spectrum across the entire visible spectrum and is
assigned to Ce-UiO-NH2 holes. A very similar broad absorption
spectrum is observed when positive bias is applied to the HJ
(Fig. 5c), suggesting that the Ce-UiO-NH2 is more readily
oxidized than the CdS and that oxidation of the HJ happens on
the Ce-UiO-NH2. This SEC hole spectrum for Ce-UiO-NH2

(Fig. 5a) is also similar to the hole-dominated signal observed in
our HJ TAS measurements (Fig. 3c), conrming our assignment
of this TAS HJ signal to the photogeneration of long-lived holes
on the Ce-UiO-NH2. For SEC reduction spectra (Fig. 5b and d),
the similarity of the SEC spectra measured on CdS and on the
HJ suggests that in the HJ, reduction happens more readily on
the CdS. The behaviour of the HJ under applied bias, in which
oxidation happens on the Ce-UiO-NH2 and reduction happens
on the CdS, is consistent with our conclusion that charge
Fig. 5 Absorbance difference spectra at positive bias for (a) CdS and Ce-
Ce-UiO-NH2 and (d) HJ, respectively. All films were measured in 0.1 M N

582 | Sustainable Energy Fuels, 2025, 9, 576–584
separation in our photoexcited HJ results in hole accumulation
on the Ce-UiO-NH2 and electron accumulation primarily on the
CdS.
Mechanism and discussion

Scheme 1 summarizes the charge separation generated in the
optimized HJs determined herein. Our TA studies showed that
a much higher yield of long-lived charges survives to the ms–s
timescale in the HJ when compared to its individual compo-
nents. This is strong evidence that the HJ helps generate
charges which survive long enough to contribute to HER.28 TAS
measurements were also undertaken using selective Ce-UiO-
NH2 excitation, indicating that Ce-UiO-NH2 acts as a light
absorber and electron donor. The direction of charge transfer in
HJ was further conrmed by SEC. The reduced HJ and reduced
CdS SEC spectra have similar shapes, indicating electron
accumulation in the HJ primarily occurs on the CdS. On the
other hand, the oxidised HJ SEC and oxidised Ce-UiO-NH2 SEC
spectra have similar shapes, indicating that hole accumulation
in the HJ primarily occurs on the Ce-UiO-NH2. These hole
spectra matched the photoexcited TA spectrum of Ce-UiO-NH2

in the presence of methanol, indicating that sub-ms hole
extraction by methanol enables hole transfer to, and accumu-
lation on, the MOF.

We note that the direction of charge transfer reported herein
is the inverse of that concluded in previous studies of CdS/Zr-
UiO-66 and CdS/Zr-UiO-66-NH2 heterojunctions.17,29,30 This
may be the result of Ce-doping facilitating the oxidation of our
UiO-NH2, and (c) HJ, respectively and at negative bias for (b) CdS and
aClO4 solution, pH = 7.

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Mechanism of the CdS/Ce-UiO-NH2 heterojunction for
enhanced HER in the presence of a sacrificial electron donor ‘R’.
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MOF.13,31 It may also result from the different timescales
employed for TAS studies. On ultrafast (picosecond) timescales,
charge transfer may proceed prior to charge trapping and the
direction of transfer is therefore dominated by band edge
alignment. On longer (microsecond) timescales, which are
likely more relevant to catalysis (e.g.: HER), charges will localize
on the most energetically favorable trapping sites within the
heterojunction, which may result in a different charge distri-
bution between the two components of the HJ. For the HJ
herein, our observation of hole localization on the MOF is
particularly advantageous in minimizing CdS corrosion driven
by hole accumulation on this material – as evidenced by the
high stability of our HJ.

The CdS/Ce-UiO-NH2 heterojunctions employed in this work
show a modest EQE of 2.2% for HER. This EQE is limited, at
least in part, by the relatively modest light absorption of our
photocatalyst suspension. Secondly, the two-step loading most
likely results in CdS NPs lling into the pores. Such CdS may be
less able to drive HER. It may also decrease the particle size of
some of the CdS, shiing their bandgap to >3 eV.27 Thirdly, in
the study herein, no co-catalyst was added for the H2 evolution
experiments. For obtaining a higher EQE, adding an established
co-catalyst like Pt is an obvious strategy.32–34 Moreover, alternate
sacricial regents should be explored. Our previous work
showed higher EQE in Na2S/Na2SO3 than in methanol, but with
a lower stability. Most related photocatalytic HER measure-
ments in the literature have been conducted in either ACN with
lactic acid solution; with Na2S/Na2SO3 solution for CdS; or with
TEOA for MOFs. However, recent studies indicate that some of
these sacricial regents also cause instability and
photocorrosion.35,36
Conclusions

In summary, we have reported CdS-loaded Ce-UiO-NH2 heter-
ojunctions for enhanced H2 evolution under visible light in the
presence of a methanol hole scavenger. Under visible light, Ce-
UiO-NH2 has negligible H2 evolution. The EQE increased from
0 to 2.2% aer 40% CdS loading. This HJ EQE was also 11 times
higher than neat CdS. To understand the mechanism of this
CdS/Ce-UiO-NH2 heterojunction, ms–s TA spectroscopy and
spectroelectrochemistry measurements were further
This journal is © The Royal Society of Chemistry 2025
conducted. Firstly, long-lived charges on the millisecond time-
scale were observed in CdS/Ce-UiO-NH2 heterojunctions, indi-
cating that the heterojunction can achieve effective charge
separation. The photogenerated charge density on ms–s time-
scale follows the order of HJ > CdS > Ce-UiO-NH2, which
correlates with their H2 evolution efficiency. Secondly, the
specic role of Ce-UiO-NH2 as electron donor in heterojunction
was conrmed by preferentially exciting Ce-UiO-NH2. Thirdly,
the charge transfer direction was further conrmed by spec-
troelectrochemical measurements, comprising electron trans-
fer from Ce-UiO-NH2 to CdS, and hole transfer from CdS to Ce-
UiO-NH2. The direction of charge transfer is the opposite of
recent studies of Zr-UiOs, with hole accumulation on the MOF
preventing the corrosion of CdS in HJ. Thus, this work shows
the potential of Ce-MOF in photocatalytic HER not only as
a driver of charge separation but also as an electron donor,
demonstrating that metal node substitution is a promising
design strategy for enhanced photoactive MOFs and efficient
heterojunctions.
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