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ABSTRACT: Metal−organic framework (MOF)-supported single-atom catalysts (SACs)
possess integrated unique capabilities of both MOF and SACs, which represent a promising
class of catalysts for photocatalytic applications. Herein, we report the incorporation of
nickel (Ni) SACs onto its zirconium node and the functionalization of the organic linker of
the zirconium MOF with perylene tetracarboxylic dianhydride (PDA), resulting in the
formation of a hybrid MOF (denoted as Ni-PiU) with significantly enhanced light
absorption ability in the visible region. Using the combination of time-resolved emission and
X-ray absorption spectroscopy, we show that efficient charge separation occurs by electron
transfer from incorporated PDA to Ni SACs with super slow charge recombination
dynamics. As a result of these important photophysical properties, Ni-PiU MOF exhibits
excellent photocatalytic activity and durability for the hydrogen evolution reaction. This
work demonstrates the unique ability of MOFs as a dual platform to incorporate both SACs
and a light absorption unit into their framework, providing a promising strategy for rational design of next-generation photocatalytic
materials.

1. INTRODUCTION
Reducing the size of metal nanoparticle catalysts to form
single-atom catalysts (SACs) has emerged as one of the best
ways to enhance the catalysts’ activity and selectivity1,2 due to
their unique characteristics, such as nearly 100% atom
utilization and well-defined active sites.3−6 These attributes
position them as a crucial link between homogeneous and
heterogeneous catalysts.7,8 However, the broad application of
SACs in catalytic reactions faces challenges due to their poor
stability as they possess high surface energy, leading to their
tendency to aggregate and form nanoclusters or nano-
particles.9−12 To overcome this challenge, various supports
with high surface area and binding sites, such as metal oxides,
carbon-based materials, and porous materials, have been
employed to anchor SACs.13,14 Among them, metal−organic
frameworks (MOFs), a class of porous crystalline materials
comprised of metal clusters and organic linkers, represent one
of the most promising platforms for immobilizing SACs.15−17

It has been shown that immobilizing SACs on MOFs can
integrate the unique properties of both SACs and MOFs,
leading to their remarkable catalytic activity, selectivity, and
stability toward various catalytic reactions.18−20 In the realm of
photocatalysis, where MOF-supported SACs often find
application, MOFs often function as photosensitive units.21,22

However, MOFs typically possess a large band gap, which
results in poor visible light-harvesting properties.23 Owing to
their structural versatility, MOFs can be modified by
functionalizing their building blocks to incorporate a light-

absorbing unit24 or encapsulating semiconductor/dye mole-
cules.23,25 This alteration allows the adjustment of their band
gap and enhances their visible light absorption ability.26,27

In this work, we report the immobilization of Ni SACs on
the zirconium cluster of UiO-66-NH2 MOF and the
postsynthetic modification of its linker with 3,4,9,10-perylene
tetracarboxylic dianhydride (PDA), an organic molecule with a
broad absorption edge in the visible region.28 We show that
the functionalization of the MOF linker with PDA significantly
enhances the light-harvesting property of UiO-66-NH2 MOF
by extending its absorption to the visible region. Using a
combination of time-correlated single-photon counting
(TCSPC) and X-ray transient absorption (XTA) spectroscopy,
we demonstrate that efficient charge separation occurs via
electron transfer from incorporated PDA to Ni SACs following
the excitation of PDA. As a result of these exceptional
photophysical properties, the system becomes an effective
photocatalyst for hydrogen evolution reaction (HER).
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2. EXPERIMENTAL METHODS
2.1. Materials and Chemicals. Zirconium(IV) chloride

(99.5% Zr Strem Chemicals), nickel(II) chloride hexahydrate
(Sigma-Aldrich), 3,4,9,10-perylenetetracarboxylic dianhydride
(PDA 95% AmBeed), imidazole (99% Alfa Aesar), and 2-
amino-terephthalic acid (99% Acros Organics) were used
without further purification.
2.2. Synthesis of UiO-66-NH2. Synthesis of UiO-66-NH2

was based on the previously reported procedure for UiO-66-
type MOF with slight modification.29 Briefly, 233 mg (1
mmol) of zirconium(IV) chloride (ZrCl4) and 181 mg (1
mmol) of 2-amino terephthalic acid (H2ATA) were dissolved
in 50 mL of dimethylformamide (DMF) solution containing 2
mL of acetic acid. The mixture was sonicated for 15 min and
then transferred into a 100 mL glass tube. The flask was kept at
120 °C for 24 h. After cooling down the solution to room
temperature, the resultant suspension was washed 3 times with
ethanol and acetone and dried at 90 °C for 12 h in a vacuum
dryer.
2.3. Synthesis of PiU. UiO-66-NH2 MOF modified with

PDA (denoted PiU) was synthesized via the solvothermal
method by reacting the synthesized UiO-66-NH2 with PDA
following the reported synthetic procedure for the PiU MOF.30

Briefly, 600 mg of UiO-66-NH2, 42 mg of PDA, and 10 g of
imidazole were thoroughly mixed in a 100 mL round-bottom
flask. The mixture was heated at 120 °C for 24 h under a
nitrogen atmosphere. After cooling to room temperature, the
red solution was dispersed in 250 mL of 2 M HCl and stirred
vigorously for 12 h at room temperature. Excess PDA was
removed by Soxhlet extraction with ethanol. The resultant
solid was washed with ethanol (EtOH) and water (H2O) and
dried at 110 °C for 12 h.
2.4. Synthesis of Ni-PiU. Forty milligram portion of PiU

MOFs and 200 mg of nickel chloride hexahydrate (NiCl2·
6H2O) were dispersed in 6 mL of DMF in a glass vial. The
mixture was heated at 85 °C for 2 h with continuous stirring.
After cooling to room temperature, the solution was washed
with ethanol and dried at 90 °C in a vacuum dryer.
2.5. Photocatalytic Hydrogen Evolution Reaction

(HER). Sample solution was prepared by dispersing 2.5 mg
of the photocatalyst in a mixture of 4 mL of DMF, 1 mL of

triethylamine (TEA), and 100 μL of deionized water in an 11
mL glass vial. Before irradiation with a xenon lamp of 300 W
power, the solution was purged with nitrogen for 15 min. The
hydrogen (H2) evolved was quantitatively measured by taking
200 μL of the gas sample from the glass vial headspace and
injecting it into an Agilent 490 microgas chromatography
system at different time duration after the initiation of the
reaction.

2.6. Standard Characterization. Powder X-ray diffraction
patterns were obtained by utilizing a Rigaku MiniFlex (II)
diffractometer with a Cu Kα radiation source. The UV−visible
absorption and diffuse reflectance spectra were collected by a
Cary 5000 UV−vis−NIR spectrophotometer. FTIR measure-
ments were conducted on solid samples with a Thermo Fisher
Scientific Nicolet iS5 FTIR spectrometer equipped with an iD3
ATR accessory. Fluorescence and time-correlated single-
photon counting (TCSPC) data were obtained by PTI
fluorescence master systems. XPS measurements were
performed by X-ray photoelectron spectroscopy (PHI 5600).
The quantity of H2 generated was determined by an Agilent
490 microgas chromatography system.

2.7. Steady-State X-ray Absorption (XAS) Spectros-
copy. XAS spectra were collected at beamline 12-BM-B,
Advanced Photon Source, Argonne National Laboratory. The
XAS results at the Ni K edge were obtained by using the
fluorescence mode with a 13-element germanium detector with
the Ni metal foil as the reference.

2.8. X-ray Transient Absorption (XTA) Spectroscopy.
XTA spectra were taken at 11-ID-D beamline, Advanced
Photon Source, Argonne National Laboratory, following our
previously reported procedure.31 Briefly, the sample was
prepared by dispersing 20 mg of Ni-PiU MOF in 70 mL of
acetonitrile (MeCN), followed by sonication for 30 min.
Optical pump pulses were generated by a regeneratively
amplified Ti:sapphire laser (3 kHz, 100 fs (fwhm), 3 mJ). An
800 nm pulse was produced by a legend elite duo amplifier
system implanted on a Micra-5 oscillator. The BBO crystal
doubled the 800 nm signal, producing a 400 nm laser pulse.
The X-ray probe and laser pump overlapped on a flowing
sample with a 550 μm diameter. The laser-on and laser-off
spectra were obtained at different specified delay times after
the laser pump pulse excitation of Ni-PiU. The difference

Scheme 1. Synthetic Route of Ni-PiU
a

a

(i) A solution containing zirconium chloride, 2-amino terephthalic acid, dimethylformamide, and acetic acid was heated for 24 h, which leads to
the formation of UiO-66-NH2; (ii) a mixture of imidazole, as-synthesized UiO-66-NH2, and PDA was refluxed under a nitrogen atmosphere for 12
h, resulting in the formation of PiU; (iii) a dispersion containing the as-synthesized PiU, nickel chloride hexahydrate, and dimethylformamide was
heated at 85°C for 2 h, which leads to the final product Ni-PiU.
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spectra were obtained by taking the difference between the
laser-on and laser-off spectra.

3. RESULTS AND DISCUSSION
UiO-66-NH2 was synthesized by a solvothermal reaction of
ZrCl4 with a 2-amino terephthalic acid ligand as illustrated in
Scheme 1 (step (i)). Functionalization of the amino group of
UiO-66-NH2 with PDA was done through the imidization
reaction (step (ii)), resulting in the formation of the C−N
bond, which connects PDA to UiO-66-NH2 MOF and forms
PiU. Ni ions were immobilized on the Zr-oxo node by reacting
the as-synthesized PiU with NiCl2·6H2O in a DMF solvent at
85 °C.
As shown in Figure 1a, the powder X-ray diffraction (XRD)

patterns of UiO-66-NH2, PiU, and Ni-PiU MOFs show similar

patterns as that of the reported UiO-66-NH2 MOF,32

suggesting that PiU and Ni-PiU MOFs retained the
crystallinity structure of the parent UiO-66-NH2 MOF upon
the incorporation of PDA and Ni to UiO-66-NH2. This is
further supported by the SEM images (Figure S1), which show
that the postmodification of the parent MOF to form PiU and
Ni-PiU does not affect the morphology of the MOFs. The
specific surface area of the MOFs was analyzed by nitrogen
sorption at 77 K. All three MOFs exhibited type I isotherms
with surface areas of 820, 812, and 913 m2/g for UiO-66-NH2,
PiU, and Ni-PiU (Figure 1b), respectively. The pore size
distribution of all three MOFs falls in the range between 0.6
and 1.5 nm (Figure S2), confirming the microporous structure
of these MOFs. The immobilization of PDA on UiO-66-NH2
is supported by the emergence of the asymmetric C�O
stretching at 1690 cm−1 as shown in the Fourier transform
infrared (FTIR) spectrum (Figure S3), which can be attributed
to the formation of an imide ring in PiU.33 In addition, the
absorption bands from 450 to 600 nm in the solid-state diffuse
reflectance UV−visible spectra of PiU and Ni-PiU resemble
the multiple monomeric π to π* electronic transitions of PDA
molecules (Figure 1c),34 which confirms the incorporation of

PDA to UiO-66-NH2 MOF and the enhancement of light-
harvesting properties of the MOFs. This agrees with the
observed color change from light yellow to red after PDA
modification (Figure S4). The similarity of PiU to Ni-PiU
absorption spectra suggests that modification of PiU with Ni2+
ions does not alter the light absorption properties of the
MOFs. The emission spectra of PDA and a physical mixture of
UiO-66-NH2 and PDA (UiO-66-NH2/PDA) exhibited similar
spectral patterns (Figure 1d). In contrast, the emission
spectrum of PiU showed a redshift with respect to that of
both PDA and UiO-66-NH2/PDA, which can be attributed to
the electron-donating character of the amino (NH2) group of
the MOF,35 and the extension of the π-system at the bay
position of the PDA molecule.36 This supports the successful
functionalization of the organic linker in the UiO-66-NH2
MOF with PDA, which is distinct from the presence of
unbound PDA molecules.
Elemental composition of Ni-PiU examined by energy

dispersive X-ray spectroscopy (EDX) confirms the existence of
Zr, O, Cl, and Ni ions in Ni-PiU (Figure S5). In addition, the
Ni content in Ni-PiU was found to be 2.8% wt Ni (Table S1)
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The oxidation state of Ni ions in Ni-PiU was
studied by X-ray photoelectron spectroscopy (XPS). The
obtained spectrum exhibited a Ni 2p3/2 binding energy of 856
eV, which represents a Ni2+ signal (Figure 2a), based on

reported binding energies of different oxidation states of Ni in
the 2p3/2 core level region. In addition, the observed satellite
peak at 861 eV is typical for Ni2+ compounds.37,38 To gain an
in-depth understanding of the electronic and geometric
structure of the Ni sites, X-ray absorption spectroscopy
(XAS) collected at the Ni K edge was employed. As shown
in the X-ray absorption near-edge structure (XANES)
spectrum of Ni-PiU (Figure 2b) and its first derivative plot
(Figure S6), Ni-PiU absorption edge energy is close to that of
NiCl2·6H2O, further supporting the existence of Ni2+ in Ni-
PiU. In addition, a weak pre-edge feature at 8.334 keV

Figure 1. (a) Powder X-ray diffraction of UiO-66-NH2, PiU, and Ni-
PiU MOF; (b) BET isotherm of UiO-66-NH2, PiU, and Ni-PiU; (c)
diffuse reflectance UV−visible spectra of UiO-66-NH2, PiU, Ni-PiU,
and PDA ligand; (d) fluorescence emission spectra of UiO-66-NH2/
PDA (physical mixture of UiO-66-NH2 with PDA), PDA, and PiU.

Figure 2. (a) XPS spectra of Ni 2p in Ni-PiU; (b) Ni K-edge XANES
spectra of Ni-PiU, NiCl2·6H2O, and Ni foil; (c) EXAFS spectra in the
R space of Ni-PiU with its best fitting and Ni foil; (d) structural
model used for EXAFS fitting.
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corresponding to 1s−3d dipole-forbidden but quadrupole-
allowed transition was observed. This suggests the presence of
3d and 4p orbital hybridization of the Ni central atoms.39 The
extended X-ray absorption fine structure (EXAFS) spectrum
was used to quantitatively evaluate the local coordination of Ni
in Ni-PiU. As shown in Figure 2c, Ni-PiU presented a
dominant peak at around 1.56 Å, which corresponds to the
Ni−O scattering path. The absence of a Ni−Ni scattering path
confirmed the atomic singly dispersed Ni2+ in Ni-PiU. EXAFS
data fitted with a Ni 4-, 5- (inset of Figure S7a,b), and 6-
coordinate FEFF model (Figure 2d) using the Artemis X-ray
absorption analysis package unravel the local geometry of Ni2+.
The best-fit results obtained (Table S2) showed a Ni−O bond
distance of 2.0735 ± 0.006 Å with each Ni center coordinated
to six oxygen atoms, suggesting an octahedral geometry.
Combining these results with the observed pre-edge feature at
the XANES spectrum, the Ni center in Ni-PiU is mainly
dominated by a distorted octahedral geometry.
The charge separation dynamics was examined by using a

time-correlated single photon counting (TCSPC) technique
and X-ray transient absorption spectroscopy (XTA). As shown
in Figure 3a, compared to the emission lifetime decay of PiU,
the emission lifetime of Ni-PiU displayed a much faster decay,
suggesting the quenching of the PiU excited state in the
presence of Ni. To unravel whether electron or hole transfer is
responsible for excited state quenching in Ni-PiU, XTA was
used to directly probe the change in electron density at the Ni
center after photoexcitation at 400 nm. As shown in Figure 3b,
a positive peak at 8.345 keV was clearly observed in the
transient signal obtained by subtracting the XANES spectrum
without photoexcitation from that with photoexcitation, which
suggests that the Ni edge shifts to lower energy compared to its
ground state. This is a direct support for the reduction of the
Ni center after excitation,40 which unambiguously confirms the
electron transfer process from PDA to Ni. The electron
transfer time can be estimated from the emission lifetime,
according to eq 1.

t t t
1 1 1

Ni PiU PiU ET
= +

(1)

where tNi‑PiU, tPiU, and tET are the emission lifetimes of Ni-PiU,
PiU, and electron transfer time, respectively. According to this
equation and the emission lifetime of Ni-PiU (1.26 ns) and
PiU (4.31 ns), the ET time was calculated to be 1.78 ns. These
results are further supported by the exhibited Ni-PiU higher
photocurrent response compared to PiU and UiO-66-NH2 as
shown in Figure S8, indicating that efficient electron transfer in
Ni-PiU as a photocurrent response is directly proportional to

charge transfer and carrier mobility.41 In addition to ET,
charge recombination can occur. As indicated by the Ni
reduced state in XTA, the reduced Ni shows negligible
recovery within 10 ns, suggesting a super-slow charge
recombination process. The overall charge separation process
is illustrated in the inset of Figure 3c. Following the
photoexcitation of PDA, the electrons in excited PDA transfer
to the Ni site, resulting in the reduction of the Ni center as
evidenced by the quenching of the excited state of PDA
(TCSPC) and the reduction of the Ni center (XTA). The
reduced Ni center is long-lived (≫10 ns), suggesting the great
promise to use this system for hydrogen evolution reaction
(HER).
Motivated by these photophysical studies in Ni-PiU, we

proceeded to evaluate their photocatalytic activity by perform-
ing HER under visible light irradiation, where built-in PDA is
used as a light-harvesting unit, triethylamine (TEA) as the
sacrificial electron donor, and DMF as the reaction medium.
These reaction solvents were selected after the systematic
screening of the different electron donors and reaction media
(Figure S9) to achieve optimum HER activity using Ni-PiU as
the catalyst. Control experiments (Figure S10) showed that
TEA (electron sacrificial donor), photocatalyst, and light are
the key components for the HER, as the absence of any one of
these components results in no H2. However, a certain amount
of H2 was produced in the absence of water, suggesting that
the sacrificial electron donor TEA has contribution as a proton
source under light irradiation.42 As shown in Figure S11,
variation of the catalyst mass loading in HER shows that the
highest catalytic efficiency was observed for the system with 2.5
mg of catalyst loading, after which the efficiency decreases.
This might be due to the reduction of photon absorption due
to light scattering by the catalyst when the mass loading
increases. Under the optimized catalytic conditions with 100
μL of water, 4 mL of DMF, 1 mL of TEA, and 2.5 mg of
catalyst mass loading, Ni-PiU exhibited the highest H2
production rate of 0.63 mmol·g−1·h−1 with a turnover number
(TON) of 14.15 based on the Ni content (Figure 3c), which is
in stark contrast to its counterpart PiU and UiO-66-NH2,
which show H2 production rates of 0.013 and 0.0066 mmol·
g−1·h−1, respectively. In addition, the recyclability and stability
of Ni-PiU were assessed by quenching the reaction after 5 h
and separating the catalyst from the reaction medium by
centrifugation. The obtained Ni-PiU was then washed with
ethanol and redispersed in the catalysis mixture for HER. As
highlighted in Figures S12 and S13, the catalytic activity and
crystallinity were retained for at least 3 cycles, suggesting the
excellent stability and recyclability of Ni-PiU.

Figure 3. (a) Emission lifetime decay at 530 nm of PiU and Ni-PiU following 415 nm excitation; (b) X-ray transient absorption spectra collected at
100 ps, 1 ns, and 10 ns delay times following 400 nm excitation. The difference spectra were obtained by subtracting the XANES spectra (laser off)
from the one with excitation (laser on); (c) photocatalytic H2 evolution rate of Ni-PiU, PiU, and UiO-66-NH2. The inset shows the proposed
electron transfer in Ni-PiU.
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4. CONCLUSIONS
In summary, we report the successful synthesis of a hybrid
UiO-66-NH2 MOF system with Ni SACs supported on its Zr-
oxo-cluster metal node and a PDA molecule incorporated to its
organic linker to enhance its light-absorbing ability. Using the
combination of TCSPC and XTA, we unambiguously
confirmed that efficient charge separation occurs in Ni-PiU
through electron transfer from PDA to Ni SACs following the
excitation of PDA, which is responsible for the significantly
enhanced HER performance with respect to its counterparts.
This work not only demonstrates the unique capability of
MOFs as dual supports for both photosensitizers and SACs to
enhance their light absorption and charge separation efficiency
but also the ability of time-resolved spectroscopy to examine
the fundamental photophysical properties that can provide
important insights on rational design of efficient sustainable
photocatalytic materials for solar fuel conversion.
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Borgschulte, A.; Züttel, A.; Geerlings, H.; Hirscher, M.; Dam, B.
Functionalised metal−organic frameworks: a novel approach to
stabilising single metal atoms. J. Mater. Chem. A 2017, 5 (30),
15559−15566.
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