
Academic Editor: Vladimir Sobolev

Received: 25 March 2026

Revised: 10 April 2026

Accepted: 17 April 2026

Published: 27 April 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Synergistic Photothermal Catalysis over an MOF-Derived Matrix
Enabled by Alloy-Coordination Interactions for Sustainable
Hydrogen Production from Formic Acid
Shenghao Li 1, Siyu Song 1, Chunlin Ke 1, Zhengting Gu 1, Mingzheng Liao 2 and Chao Wang 1,*

1 Guangdong Provincial Key Laboratory on Functional Soft Condensed Matter, School of Materials and Energy,
Guangdong University of Technology, Guangzhou 510006, China

2 School of Ocean Engineering, Guangzhou Maritime University, Guangzhou 510700, China
* Correspondence: chaowang@gdut.edu.cn

Abstract

Formic acid (FA) has emerged as a promising liquid hydrogen storage material, yet efficient
photothermal dehydrogenation catalysts with high activity and H2 selectivity remain
challenging. Herein, a polymetallic synergistic PdCu/M-ZNC (where M represents the
co-doped In, Sn and Mo species) is fabricated by molten-salt-assisted pyrolysis of ZIF-8
precursors followed by metal incorporation. The unique molten salt environment effectively
preserves the porous architecture of ZIF-8, enabling the secure anchoring of PdCu alloy
nanoparticles onto the carbonaceous matrix enriched with M-Nx coordination sites. Under
light irradiation, the PdCu alloy sites kinetically accelerated the overall adsorption and
activation of FA molecules. Based on empirical observations and corroborated by the
established literature, this alloying effect was inferred to facilitate the C-H bond cleavage
and HCOO* desorption processes. Concurrently, the M-Nx sites act as efficient electron
transfer channels, facilitating the rapid coupling of photogenerated electrons with protons
(H+) to evolve H2. Consequently, the optimal catalyst exhibits an enhancement in gaseous
product yield (404.46 mmol/g/h) and H2 selectivity (67.49%) at 75 ◦C. This work offers
a catalyst design that aligns with several principles of green chemistry: it maximizes the
atom utilization of precious Pd, incorporates synergistic non-precious metals within MOF-
derived frameworks to enhance stability, and leverages solar energy to drive hydrogen
production under mild conditions, presenting a more sustainable pathway for hydrogen
release from liquid carriers.

Keywords: metal–organic framework; photothermal hydrogen production; formic acid
dehydrogenation

1. Introduction
Hydrogen is an ideal energy carrier owing to its ultrahigh mass energy density [1]

and holds great potential for replacing non-renewable energy sources. However, its low
volumetric density renders storage and transportation major bottlenecks for practical
applications [2]. Currently, researchers have explored various pathways for hydrogen pro-
duction. While water electrolysis [3–5] and photocatalytic water splitting [6–9] represent
paradigmatic strategies for green hydrogen production, their large-scale implementation is
frequently hampered by thermodynamically intensive energy consumption and sluggish
solar-to-chemical conversion efficiencies, respectively. Meanwhile, although ammonia
decomposition offers a promising hydrogen storage solution [10,11], the inherent toxic and
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corrosive nature of ammonia imposes stringent infrastructural and safety management
requirements. In stark contrast to these approaches, formic acid dehydrogenation stands
out as a highly compelling alternative. Formic acid (FA) has emerged as a high-performance
liquid hydrogen carrier that attracts considerable attention due to its non-toxicity, high
hydrogen storage capacity and excellent stability [12]. Hydrogen stored in formic acid
can be released via dehydrogenation reaction with a low enthalpy change (30 kJ mol−1)
that enables thermodynamically favorable hydrogen production at low temperatures [13].
Traditional thermally driven liquid–solid dehydrogenation via thermal catalysis, however,
suffers from high energy consumption and inadequate stability [14]. As a sustainable
alternative, photothermal catalytic hydrogen production is recognized as one of the most
promising strategies [15]. Notably photothermal catalysis differs significantly from both
photocatalysis and thermal catalysis. Thermal catalysis relies solely on thermal energy to
drive reactions [16], while photocatalysis depends on photogenerated electron–hole pairs
for reaction initiation [17], and photothermal catalysis combines photothermal conversion
with photo-thermal synergistic effects to accelerate the reaction [18]. The development of
photothermal catalysts for formic acid dehydrogenation still encounters certain limitations.
Existing systems frequently favor single-metal or single-component active sites, which
may restrict the electronic synergy and functional complementarity among multiple metals,
thereby making it challenging to simultaneously optimize several key performance met-
rics [19]. In addition, support structure designs generally focus on the dispersion of single
metals, often falling short of providing an integrated architecture capable of delivering
polymetallic anchoring sites and efficient electron transfer channels [20]. Thus, developing
photothermal catalysts with stable active sites and efficient synergistic regulation mech-
anisms is critical for advancing the practical application of formic-acid-based hydrogen
production technology.

To date, the rational design of heterogeneous catalysts for formic acid dehydrogena-
tion has encompassed a wide spectrum of metals. While recent endeavors have established
that catalytic architectures based on other active metals, specifically including Cu [21],
Ce [22] and Au [23,24], can also deliver remarkable catalytic efficacy and high H2 se-
lectivity, Pd-based systems persistently stand out as the pre-eminent choice for formic
acid dehydrogenation. Pd-based catalysts stand out as the most efficient heterogeneous
catalysts for formic acid dehydrogenation, with Pd/C widely utilized due to its simple
composition and industrial scalability [25]. However, their high precious metal content
leads to substantial costs. Formic acid dehydrogenation entails three interconnected key
steps: C-H bond activation, H* recombination and CO poisoning suppression. Single-metal
catalysts struggle to simultaneously optimize these competing processes. Thus, introduc-
ing non-precious metals to construct a palladium-based multi-metal system is imperative
for achieving synergistic division of reaction pathways. Specifically, Pd primarily medi-
ates C-H bond activation, Cu promotes H* recombination via modulating the electronic
structure of Pd [26], and metals such as In, Sn and Mo suppress CO adsorption on active
sites [27–29]. Notably the efficient synergy among these multi-metal components relies
heavily on high-performance catalyst supports. Catalyst support plays a pivotal role in
heterogeneous catalysis, and metal–support interactions exert a profound influence on
catalytic performance [30].

Metal–organic frameworks (MOFs), a new class of porous coordination polymers,
stand out as superior support for photothermal catalysis. Unlike traditional carbon supports
with limited photothermal conversion efficiency and oxide supports that are prone to metal
aggregation, MOFs possess intrinsic advantages including structural tunability ultrahigh
specific surface area and multifunctional surface groups [31]. Importantly, MOFs generally
preserve their intrinsic porous structural features during controlled pyrolysis [32]. This
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process yields highly porous support materials, such as nitrogen-doped carbon, which
are characterized by extensive specific surface areas, hierarchical pore networks, and
uniformly distributed active centers. This uniquely derived architecture provides a stable
foundation to anchor polymetallic components, thereby promoting uniform dispersion
and significantly mitigating nanoparticle agglomeration [33]. Furthermore, these tailored
pore structures can optimize mass transfer dynamics, facilitating the efficient diffusion of
reactants toward the catalytic active sites [34]. Against this backdrop, the development of
easily prepared catalysts capable of multi-metal loading has become a pressing imperative.

Based on these considerations, this study employed ZIF-8 as a precursor to prepare
a ZIF-derived nitrogen-doped carbon (ZNC) support via molten-salt-assisted pyrolysis.
Pd, Cu, In, Sn, and Mo were introduced onto the ZNC support to construct a PdCu/M-
ZNC (where M represents the co-doped In, Sn and Mo species) polymetallic synergistic
catalyst. The PdCu alloy acts as the core catalytic active site governing the formic acid
dehydrogenation reaction. In, Sn and Mo form stable M-Nx coordination structures with
pyridinic nitrogen in the support which serve as efficient electron transport channels. This
architecture aims to reduce reliance on precious Pd through electronic synergy with Cu
while utilizing the ZNC framework derived from a templated MOF to minimize waste
in catalyst preparation, as well as harnessing photothermal energy to achieve efficient
dehydrogenation at a significantly lower bulk temperature than conventional thermal
catalysis, thereby lowering the overall energy footprint of the hydrogen release process.
Meanwhile, the synergistic catalytic mechanism regulated by metal–support interactions
between the metals and the MOF-derived support was investigated, providing new insights
for the development of advanced photothermal catalysts.

2. Results and Discussion
SEM images (Figure 1a) revealed that ZIF-8 exhibited a typical dodecahedral mor-

phology, consistent with the sodalite (SOD) topological structure [35]. The Pd-MOx/ZIF-8
sample prepared by introducing a metal precursor completely collapsed from its originally
clear dodecahedral structure. This severe morphological destruction was attributed to
the acidic environment during the metal loading process. When the pristine ZIF-8 was
exposed to the acidic precursor solution, it triggered severe hydrolysis and etching of the
Zn-N coordination bonds, thereby destroying its intrinsic thermodynamic and structural
stability [36,37]. Ultimately, this led to structural collapse and carbonization of ZIF-8 in
a reducing atmosphere at 400 ◦C. After pyrolysis, the ZIF-8 surface became rougher yet
largely retained its original morphology, and the resulting product was denoted as ZNC.
Strikingly, the SEM image of the PdCu/M-ZNC sample demonstrates that its morphologi-
cal structure is successfully preserved, highlighting the excellent structural robustness of
the pyrolyzed carbon matrix.

X-ray diffraction (XRD) measurements were performed to characterize the phase
compositions of the synthesized samples. As shown in Figure 1b, the XRD pattern of
ZIF-8 matched well with the literature reports [38]. The other three samples display a
high degree of carbonization, with a diffraction peak at 20.86◦ assigned to the (002) crystal
plane of graphitic carbon, a characteristic peak corresponding to graphitic carbon interlayer
stacking [39]. Additionally, the PdCu/M-ZNC sample exhibited distinct diffraction peaks
at 41.42◦ and 48.21◦ corresponding to the (111) and (200) crystal planes of the face-centered
cubic PdCu alloy. To demonstrate the successful formation of the PdCu alloy, the XRD
pattern of the Pd/M-ZNC reference sample was also evaluated for comparison (Figure S1).
The (111) and (200) characteristic diffraction peaks of pure Pd in the Pd/M-ZNC sample
are located at approximately 40.11◦ and 46.66◦. In contrast, the corresponding peaks for the
PdCu/M-ZNC catalyst were noticeably shifted to higher 2θ angles. This distinct positive
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shift served as a classic crystallographic signature of alloy formation. The Scherrer equation
(D = Kλ/βcosθ) was used to analyze two diffraction peaks in the PdCu/M-ZNC sample.
For the primary PdCu (111) peak at 2θ = 41.42◦, peak fitting yielded a full width at half
maximum (FWHM, β) of 1.379◦. The calculated crystallite size D(111) is 6.09 nm. For the
secondary PdCu (200) peak at 2θ = 48.21◦, the FWHM was fitted as 0.794◦, yielding a
crystallite size D(200) of 10.84 nm. The average crystallite size derived from XRD is roughly
8.47 nm. The formation of the PdCu alloy phase promoted electron transfer from Cu
to Pd, weakened the excessive adsorption of HCOOH intermediates on Pd, and thereby
accelerated the catalytic reaction [40]. In addition, to identify the metal oxide species of
Pd-MOx/ZIF-8, its high-resolution XRD pattern was shown in Figure S2. No distinct
diffraction peaks corresponding to metal oxide phases were observed in the XRD pattern of
the Pd-MOx/ZIF-8. The absence of these diffraction signals indicated that the metal oxides
in the Pd-MOx/ZIF-8 system were likely formed as extremely small, highly dispersed
nanoclusters on the support, with domain sizes falling well below the XRD detection
threshold [41,42]. The complementary XPS results provided direct and conclusive evidence
for the successful formation of highly dispersed MOx species on the support, with the
corresponding XPS spectra to be discussed in detail later.

Figure 1. (a) SEM image, (b) XRD pattern, (c) N2 adsorption–desorption isotherm and (d) BET specific
surface area data of the samples.

Brunauer–Emmett–Teller (BET) measurements were performed to investigate the pore
size distribution (Figure 1c) and specific surface area (Figure 1d) of the catalysts. The
ZIF-8 sample exhibited a high specific surface area of 1739.9 m2/g. Its N2 adsorption
isotherm reached a plateau at low relative pressure and remained stable in the subse-
quent high-pressure region, indicating that the ZIF-8 structure is almost entirely composed
of micropores [43]. After pyrolysis, the resulting ZNC sample displayed a type IV N2

adsorption–desorption isotherm [44] with a distinct hysteresis loop in the relative pressure
range of 0.4–0.9, accompanied by a specific surface area of 1207.35 m2/g. Notably, ZNC
inherited the ultrahigh specific surface area of ZIF-8 while acquiring a mesoporous struc-
ture. Furthermore, the specific surface areas of PdCu-MOx/ZIF-8 and PdCu/M-ZNC were
determined to be 253.9 m2/g and 170.1 m2/g, respectively. This result indicated that the
ZIF-derived nitrogen-doped carbon support offers advantages in effective metal loading
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and mass transfer accessibility. Although ZNC, PdCu/M-ZNC and Pd-MOx/ZIF-8 all
contain mesopores, the introduction of mesoporosity in these three samples is attributed
to two distinct structural evolution pathways depending on their specific treatments. The
mesoporosity in these samples originates from the molten-salt-assisted pyrolysis process.
During pyrolysis at 730 ◦C, the KCl-KBr molten salt acts as a liquid template that effectively
suppresses carbon framework shrinkage and preserves high porosity. Concurrently, the ZIF-
8 framework undergoes pyrolysis. The Zn(II) species are converted into zinc salts (ZnCl2)
and are subsequently removed during the washing step. The dissolution of these zinc salts,
combined with the molten salt templating effect, leaves behind abundant structural voids.
This process transforms the intrinsic micropores into a mesoporous structure. Consequently,
ZNC displays a type IV N2 adsorption–desorption isotherm with a distinct hysteresis loop
and inherits the ultrahigh specific surface area of ZIF-8 while acquiring a mesoporous struc-
ture. The PdCu/M-ZNC catalyst inherits this architecture. The elemental compositions of
PdCu/M-ZNC were determined using inductively coupled plasma optical emission spec-
troscopy (ICP-OES). For the PdCu/M-ZNC sample, the ICP-OES analysis (Tables S1 and S2)
confirms that the total metal loading was determined to be approximately 9 wt.%, closely
aligning with the theoretical nominal loading of 10 wt.%. Furthermore, the actual molar
ratio of Pd:Cu:In:Sn:Mo is approximately 0.182:0.178:0.184:0.180:0.177, which matches our
intended design ratio of 1:1:1:1:1. This precise compositional match is fundamentally at-
tributed to the exceptional chemical and thermal stability of the molten-salt-derived ZNC
carbon support. In contrast, the source of mesopores in the Pd-MOx/ZIF-8 sample is quite
different. During the metal loading process, the pure ZIF-8 support was stirred in a 0.1 M
HCl solution containing PdCl2 and SnCl4. This acidic environment caused etching and hy-
drolysis of the coordination bonds [45]. The acidic etching process creates structural defects
and forms mesopores within the original microporous matrix. This may compromise its
intrinsic thermodynamic stability, rendering the framework highly susceptible to structural
collapse and carbonization at merely 400 ◦C.

Figure 2a showed the Raman spectra of ZIF-8, which were dominated by intense
bands corresponding to methyl group and imidazole ring vibrations. The band observed at
689 cm−1 was assigned to imidazolium ring puckering stretching, while the bands observed
at 1028, 1150, 1463, and 1509 cm−1 were attributed to imidazolium ring puckering, C-N
stretching, and -CH3 and C-C bending, respectively [46,47]. The other three samples all
displayed D peaks associated with defect sites in carbon materials and G peaks related to
the graphitization degree of carbon materials at 1333 cm−1 and 1579 cm−1. Among these
samples, ZNC exhibited the highest ID/IG ratio (1.06), likely due to Zn loss at elevated
temperatures that exposes abundant defect sites. Notably, PdCu/M-ZNC showed the
lowest ID/IG ratio (0.96), indicating a higher graphitization degree and fewer structural
defects. This phenomenon could be attributed to the graphitization-promoting effect
of metals in the ZNC support, which induced the formation of a more ordered carbon
layer [48]. Beyond providing a high specific surface area, the hierarchical pore structure
and defect-rich carbon framework are expected to influence catalytic behavior through
improved reactant accessibility and enhanced interfacial contact between metal species
and the carbon support. Such structural features have been reported to facilitate rapid
mass transport of liquid-phase reactants and gaseous products [49,50], which is particularly
relevant for formic acid dehydrogenation, where intermediate accumulation and product
desorption can become kinetically limiting under mild conditions.

Fourier transform infrared (FTIR) spectroscopy (Figure 2b) was used to characterize
the functional group information of the samples. A strong and broad absorption band
at 3400 cm−1 was observed in all samples, corresponding to O-H stretching vibrations
from adsorbed water or moisture, possibly induced by exposure to the atmosphere [51].
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The ZIF-8 sample exhibited bending vibration signals of C=C and C=N at 1305 cm−1 and
1424 cm−1, respectively, with peaks in the 750–1200 cm−1 range primarily assigned to
stretching vibrations of the entire imidazole ring. Additionally, the absorption band near
687 cm−1 was attributed to Zn-centered Zn-N stretching vibrations in ZIF-8 [52,53]. An
intense peak at 1600 cm−1 was attributed to C-C bonds in the carbon substrate, and the
persistence of this high-intensity peak at elevated temperatures indicates thermally stable
carbon frameworks [54]. Notably, the signals of C-C and C=N bonds in the Pd-MOx/ZIF-8
sample were significantly lower, attributed to the etching and hydrolysis of the ZIF-8 frame-
work in the acidic metal precursor solution, followed by collapse and partial carbonization
at low reduction temperatures. In contrast, the carbon–nitrogen framework of pyrolyzed
ZNC series samples underwent reconstruction at high temperatures. C-N and C-C stretch-
ing vibration signals near 1240 cm−1 and 1593 cm−1 were assigned to pyridine nitrogen
active sites and graphitic carbon in the nitrogen-doped carbon support, respectively. The
significant attenuation of the Zn-N signal indicated that complete pyrolysis occurred in
ZIF-8. The Zn species existed as ZnCl2 and were removed during washing.

Figure 2. (a) Raman spectra and (b) Fourier transform infrared spectroscopy of the samples.

Energy-dispersive X-ray spectroscopy (EDS) mappings (Figure 3a,d) reveal overlap-
ping signals of Pd, Cu, In, Sn, and Mo across the same regions in both samples, confirming
the successful loading of all five metal components. Transmission electron microscopy
(TEM) images (Figure 3b) showed that PdCu/M-ZNC comprises regular high-density
metal nanoparticle aggregates uniformly dispersed on the carbon–nitrogen matrix without
significant agglomeration and with an average particle size of 6.65 nm (Figure 3c). This
result was in good agreement with the crystallite size estimated by XRD in Figure 1b. This
uniform dispersion was attributed to the hierarchical porous structure (micropores and
mesopores) of ZNC, which provides abundant anchoring sites and enhances the dispersibil-
ity of metal species. Transmission electron microscopy (TEM) images (Figure 3e) of the
Pd-MOx/ZIF-8 sample present metal particles loaded on ZIF-8 with an average size of
2.86 nm (Figure 3f).

X-ray photoelectron spectroscopy (XPS) was employed to analyze the electronic struc-
tures and valence states of PdCu/M-ZNC and Pd-MOx/ZIF-8. The C 1s XPS spectrum
(Figure 4a) revealed peaks at 284.6 eV, 286.3 eV and 288.3 eV, corresponding to C-C, C-N
and C-O bonds, respectively. These results suggested the presence of carbon-based species
in the carbonized product. Figure 4b shows the N 1s spectrum, where the peaks at 398.6 eV
and 400.7 eV correspond to pyridine nitrogen and pyrrole nitrogen, respectively, with their
lone pair electrons serving as anchoring points for the metals [55]. Furthermore, the peak
at 402.7 eV in PdCu/M-ZNC corresponds to graphitic nitrogen, indicating a high degree
of graphitization of the ZNC support after surface pyrolysis, which is consistent with
the Raman spectroscopy characterization results (Figure 2a). High-resolution Pd 3d XPS
spectra (Figure 4c) were deconvoluted into two doublets. For the Pd-MOx/ZIF-8 sample,
these doublets were identified at 335.2/340.4 eV and 337.3/342.2 eV, corresponding to
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metallic Pd0 and Pd2+ species, respectively [56]. In contrast, the PdCu/M-ZNC samples
exhibited a significant downshift in the binding energy of Pd0 peaks due to PdCu alloy
formation, with the Pd0 doublet located at 334.7 eV and 336.4 eV. These results confirm
effective electron transfer from Cu to Pd which arises from PdCu alloy formation and
the lower electronegativity of Cu compared to Pd [57–59]. This electronic state is known
to weaken the strong adsorption of CO-like intermediates, a key step in suppressing the
dehydration side reaction and enhancing H2 selectivity [60]. High-resolution Cu 2p XPS
spectra (Figure 4d) were also deconvoluted into two doublets. For the PdCu/M-ZNC
sample, these doublets appeared at 932.6/952.4 eV and 935.5/955.4 eV, assigned to metallic
Cu and Cu2+ species, respectively [61]. In contrast, the Pd-MOx/ZIF-8 sample showed
only two peaks at 935.6 eV and 954.9 eV, indicating that Cu existed solely as oxides without
forming an alloy with Pd. The reason for this arrested reduction in the Pd-MOx/ZIF-8
system lies in the specific coordination environment and the resulting kinetic barriers.
During the pre-reduction phase, the copper species form robust Cu–O bonds with the struc-
tural defects of the MOx/ZIF-8 framework. This strong interfacial coordination induces a
pronounced strong metal–support interaction (SMSI). As reported in the literature, such
SMSI effects significantly shift the reduction peaks of these stabilized copper species to
higher temperatures [62]. Therefore, despite the presence of Pd, the copper species remain
thermodynamically trapped in their oxidized state within the pristine ZIF-8 architecture.

Figure 3. (a) EDS elemental mapping images, (b) TEM image and (c) particle size distribution
diagram of PdCu/M-ZNC. (d) EDS elemental mapping images, (e) TEM image and (f) particle size
distribution diagram of Pd-MOx/ZIF-8.
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Figure 4. High-resolution XPS profiles of the (a) C 1s, (b) N 1s, (c) Pd 3d, (d) Cu 2p, (e) In 3d, (f) Sn
3d, (g) Mo 3d, and (h) O 1s electrons of PdCu/M-ZNC and Pd-MOx/ZIF-8.

High-resolution In 3d XPS spectra (Figure 4e) revealed two characteristic peaks for
both samples. For the Pd-MOx/ZIF-8 sample, these peaks were located at 444.2 eV and
451.8 eV, corresponding to indium oxide species. In contrast, the PdCu/M-ZNC sample
exhibited these peaks at 443.7 eV and 450.8 eV, with a distinct downshift in binding energy,
which is indicative of the In-N coordination configuration [63]. In the In-N coordination
environment, the less electronegative nitrogen atoms withdraw less electron density from
the central indium atom. Consequently, compared to the indium atoms in indium oxide,
the indium atoms in the In-N coordination retain a higher surrounding electron density.
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This enriched local electron density enhances the nuclear shielding effect, which induces a
negative chemical shift, moving the binding energy toward a lower energy direction [64,65].
No obvious In0 peak was detected in either sample. This observation was attributed to the
strong coordination interaction between In3+ and the lone pair electrons of nitrogen atoms
in the carbon–nitrogen support, which inhibits In3+ from accepting electrons from H2 and
escaping the coordination environment to be reduced to In0. Peak fitting of the Sn 3d XPS
spectra (Figure 4f) revealed two doublets, confirming that Sn species in both PdCu/M-
ZNC and Pd-MOx/ZIF-8 samples existed as Sn4+ and Sn2+. Notably, the Sn4+ peaks in
PdCu/M-ZNC exhibited a downshift in binding energy relative to those in Pd-MOx/ZIF-8,
confirming the formation of Sn-N bonds [66]. Both samples also displayed Sn2+ peaks. This
phenomenon can perhaps be attributed to the partial reduction of Sn4+ to Sn2+ by hydrogen
during sample preparation. These facts provide strong evidence for their coordination
to nitrogen in the ZNC matrix (forming M-Nx). Mo 3d XPS spectra (Figure 4g) exhibited
characteristic peaks corresponding to Mo6+ species. Comparative analysis revealed that the
Mo6+ peaks in PdCu/M-ZNC samples also displayed a downshift in binding energy. As a
high-valence cation, Mo6+ interacts strongly with nitrogen atoms in the support, forming a
Mo-N coordination structure which enhances the electron cloud density around Mo6+ [67].

The high-resolution O 1s XPS spectra were systematically analyzed (Figure 4h). For
the Pd-MOx/ZIF-8 sample, the O 1s spectrum exhibits a prominent peak at a lower binding
energy of approximately 530.6 eV, which is the classic signature of lattice oxygen. The
strong intensity of this peak unambiguously confirms the extensive formation of metal–
oxygen (M-O) bonds on the partially pyrolyzed ZIF-8 support. In stark contrast, the O
1s spectrum of the final PdCu/M-ZNC catalyst displays a dramatic attenuation in the
intensity of this M-O lattice oxygen peak. Instead, the spectrum is dominated by peaks at
high binding energies, typically attributed to C=O and C-O oxygen-containing functional
groups on the carbon matrix. As mentioned above, the intensity of the oxygen peak in the
M-O lattice of the PdCu/M-ZNC catalyst is significantly reduced in the O 1s spectrum.
Simultaneously, compared to Pd-MOx/ZIF-8, the binding energies of In, Sn, and Mo species
all shift significantly to lower energies. From an electronic perspective, nitrogen is relatively
less electronegative than oxygen. Therefore, when these metal cations coordinate with
nitrogen atoms rather than oxygen atoms, they gain more electrons from the nitrogen
ligands. The increased electron cloud density around the metal atoms essentially manifests
as a negative shift in the observed binding energy. Therefore, the significant weakening
of the M-O bond and the reduction in the binding energies of In, Sn, and Mo species
indicate that the vast majority of metal species have been successfully anchored in the
nitrogen-doped carbon network, forming a stable M-N coordination structure. Such atomic-
scale integration of heterometals into a conductive carbon framework creates efficient
electron transfer pathways [68]. During photothermal catalysis, these pathways likely serve
as highways for photogenerated electrons from the carbon support to rapidly reach the
PdCu active sites or adsorbed H* intermediates. This process, akin to a built-in electron
transfer chain, can significantly accelerate the rate-determining H* recombination step
for H2 evolution [69], while the localized heat from photothermal conversion lowers
the barrier for the initial C-H bond activation. Crucially, the distinct binding energy
downshifts observed in the In 3d, Sn 3d and Mo 3d spectra (Figure 4e–g) imply more than
just the formation of M-N bonds; they indicate a robust electronic metal–support interaction
(EMSI) [70]. In the context of heterogeneous catalysis, these N-coordinated high-valence
metal species (In3+, Sn4+ and Mo6+) function as ‘electronic anchors.’ By modulating the local
electron density, these sites create strong interfacial bonding that traps PdCu nanoparticles,
effectively suppressing Ostwald ripening and metal leaching during the thermal reduction
process [71]. This electronic anchoring mechanism provides a plausible explanation for the
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excellent dispersion of PdCu nanoparticles (6.65 nm) observed in TEM (Figure 3b), despite
the high-temperature treatment. Such a ‘geometric–electronic’ dual-stabilization strategy is
fundamental to ensuring long-term catalyst durability, addressing a critical challenge in
the design of sustainable catalytic systems.

In order to investigate the charge separation capability, a key indicator of the catalyst’s
optoelectronic conversion performance, photocurrent measurements were performed un-
der intermittent illumination (Figure 5a). The results revealed that PdCu/M-ZNC exhibited
significantly higher photocurrent intensity and faster response kinetics than Pd-MOx/ZIF-8,
indicating enhanced charge separation efficiency and photogenerated electron transfer dy-
namics. This enhancement was attributed to the strong metal–support interaction formed
between the metal species and nitrogen-doped sites in the carbon–nitrogen framework [72].
Specifically, the lone pair electrons of nitrogen atoms form M-N coordination bonds with
In, Sn, and Mo. This interaction established efficient metal–support electron transport
channels, facilitating the transfer of photogenerated electrons on the catalyst surface and
suppressing photogenerated carrier recombination, which ultimately contributed to the
higher photocurrent intensity [73]. In the formic acid photothermal hydrogen produc-
tion system, efficient charge separation ensured adequate availability of photogenerated
electrons as active species for driving the formic acid dehydrogenation reaction. The H*
intermediates generated during the reaction accept photogenerated electrons for rapid
desorption, thereby promoting H2 evolution [74]. The photoluminescence signal (Figure 5b)
primarily corresponds to the radiative recombination of photogenerated electron–hole pairs
within the nitrogen-doped carbon matrix. During the pyrolysis and carbonization process
of ZIF-8, the organic 2-methylimidazole linkers are transformed into a carbon–nitrogen
framework. This framework possesses abundant structural defects and nitrogen-containing
species, which act as the luminescent centers upon optical excitation. Steady-state photolu-
minescence (PL) spectroscopy results showed a significant decrease in PL peak intensity for
the PdCu/M-ZNC sample, indicating a marked reduction in the recombination probability
of photogenerated electron–hole pairs. This phenomenon reflected the strong interaction
between metal components and the nitrogen-doped carbon framework, which effectively
inhibited the non-radiative recombination of photogenerated carriers and thus significantly
improved the utilization efficiency of photogenerated charge carriers. These results were
consistent with the I-t photocurrent response data (Figure 5a), further verifying that the
strong interaction between multi-metal components and the nitrogen-doped carbon frame-
work optimizes the charge separation behavior and thereby enhances the photothermal
catalytic performance. To elucidate the interfacial charge transfer kinetics and validate
the proposed electron transfer pathways, electrochemical impedance spectroscopy (EIS)
measurements were conducted. As presented in Figure S3, the semicircular arc radius
of the PdCu/M-ZNC catalyst was significantly smaller than that of the Pd-MOx/ZIF-8.
The calculated charge transfer resistance for PdCu/M-ZNC was remarkably low at 43 Ω,
which is substantially reduced compared to the 181 Ω observed for Pd-MOx/ZIF-8. This
dramatically diminished impedance provides compelling direct evidence that the poly-
metallic M-Nx coordination sites within the nitrogen-doped carbon framework effectively
construct highly efficient electron transfer channels, thereby facilitating rapid interfacial
charge transfer dynamics. While enhanced photocurrent response and suppressed photolu-
minescence intensity are indicative of improved charge separation efficiency, it should be
noted that these measurements alone do not directly confirm the participation of photo-
excited electrons in specific elementary reaction steps. However, when interpreted together
with catalytic performance trends, these optoelectronic features suggest a higher proba-
bility of charge utilization at the catalyst surface. In photothermal catalytic systems, such
improved charge availability has been widely associated with facilitated electron transfer to
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surface intermediates, particularly in reactions involving proton-coupled electron transfer
processes [75], such as formic acid dehydrogenation.

Figure 5. (a) Transient photocurrent densities and (b) steady-state PL spectra of Pd-MOx/ZIF-8 and
PdCu/M-ZNC.

The UV–vis absorption spectra (Figure 6a) revealed that Pd-MOx/ZIF-8 exhibits
relatively limited optical absorption, with its predominant absorption band located in
the ultraviolet region (<400 nm). This limited optical response is likely dictated by the
intrinsic wide bandgap of the MOF. In addition, the PdCu/M-ZNC catalyst displays a
dramatically enhanced and broadened absorption profile spanning the entire UV and
visible light regions. This remarkable panchromatic broadband absorption is mainly
attributed to the transformation of the MOF into a highly graphitized nitrogen-doped
carbon matrix, which, in conjunction with the strong light absorption capabilities of the
PdCu alloy nanoparticles, contributes to this transformation. To quantitatively evaluate this
evolution, a Tauc plot (Figure 6b) was constructed based on the Kubelka–Munk function.
The optical bandgap of the optimized PdCu/M-ZNC catalyst is significantly narrowed
to 1.44 eV, compared to the relatively large bandgap of 2.26 eV for the Pd-MOx/ZIF-8.
This drastically narrowed bandgap intrinsically facilitates efficient photoexcitation under
lower-energy photon irradiation.

Figure 6. (a) UV−vis diffuse reflectance spectra and (b) Tauc plot of Pd-MOx/ZIF-8 and PdCu/M-ZNC.

To evaluate the photothermal catalytic performance of Pd-MOx/ZIF-8 and PdCu/M-
ZNC catalysts, formic acid dehydrogenation to hydrogen experiments were performed
using a xenon lamp as the light source. This work focused on the effects of temperature
gradient variations and light on/off conditions on key reaction metrics including gaseous
product yield (Figure 7a), formic acid conversion (Figure 7b) and hydrogen selectivity
(Figure 7c). Regardless of light irradiation, formic acid conversion, gaseous product yield
and hydrogen selectivity of both catalysts increased continuously in the temperature range
of 60 ◦C to 75 ◦C. This trend stems from the endothermic character of formic acid dehy-
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drogenation, where elevated temperatures accelerate the reaction kinetics [76]. Under
completely dark conditions, both catalysts showed low gaseous product yields and hy-
drogen selectivity. With light irradiation, these metrics improved, and PdCu/M-ZNC
exhibited superior performance over Pd-MOx/ZIF-8. Under the optimal experimental
conditions of 75 ◦C with continuous illumination, the gaseous product yield over the
PdCu/M-ZNC catalyst exhibited a substantial increase from 259.82 to 404.46 mmol/g/h.
Concurrently, H2 selectivity improved from 42.06% to 67.49%, achieving turnover fre-
quency (TOF) of approximately 969.90 h−1 (Table S4). A comparable photo enhancement
was also observed for the Pd-MOx/ZIF-8 catalyst, where the gas production rate rose
from 166.07 to 278.57 mmol/g/h, alongside an increase in H2 selectivity from 23.19% to
47.68%. The absence of CO by-product was further rigorously confirmed by gas chro-
matograms (Figure S4), where the CO signal remained below the detection limit under
all tested conditions. Furthermore, as shown in Figure S5, the apparent activation energy
(Ea) was calculated based on the Arrhenius equation (Equation S3). The kinetic analysis
revealed that the Ea of the PdCu/M-ZNC catalyst decreased from 38.26 kJ/mol under
dark conditions to 35.06 kJ/mol under illumination. A similar trend was mirrored by the
Pd-MOx/ZIF-8 catalyst, which exhibited an Ea reduction from 49.20 to 43.96 kJ/mol upon
light irradiation. Collectively, these experiments suggest that the photoinduced effect may
effectively lower the apparent reaction barrier for the rate-determining step, which was
highly likely associated with the C-H bond cleavage. In addition, the catalytic performance
of PdCu/M-ZNC and Pd-MOx/ZIF-8 was placed in the context of reported Pd-based cata-
lysts for formic acid dehydrogenation. A quantitative comparison of H2 + CO2 evolution
rate under representative reaction conditions is summarized in Figure S11 and Table S9.
The low-Pd-loading polymetallic PdCu/M-ZNC and Pd-MOx/ZIF-8 catalysts exhibited
formic acid dehydrogenation performance comparable to previously reported Pd-based
systems [77–80].

Figure 7. (a) H2 + CO2 production, (b) FA conversion and (c) H2 selectivity of FA dehydrogenation
over Pd-MOx/ZIF-8 and PdCu/M-ZNC. Reaction conditions: catalyst mass: 0.1 g; reaction solution:
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10 mL of an aqueous mixture containing formic acid–sodium formate mixture (nFA:nSF = 1:1,
2 mmol FA); reaction time: 5 min; irradiation: 300 W xenon lamp equipped with an AM 1.5G
filter (100 mW cm−2); temperature was controlled via a thermostatic oil bath. The evolved gas
volume was quantified using the water displacement method, and the gas composition was analyzed
by GC equipped with TCD and FID.

To unambiguously decouple the purely thermal and non-thermal effects and verify
the concurrent presence of a photochemical pathway under light irradiation, specific
charge-carrier trapping experiments were conducted using triethanolamine (TEOA) as a
targeted hole scavenger [81]. As shown in Figure 8a, upon the addition of TEOA, the gas
production rate over the PdCu/M-ZNC catalyst decreased from 404.46 to 321.43 mmol/g/h.
A similarly severe suppression (from 278.57 to 176.79 mmol/g/h) was observed for the
Pd-MOx/ZIF-8 reference. If the light-induced enhancement were solely driven by localized
thermoplasmonic heating, the addition of a trace amount of TEOA would not significantly
alter the local temperature gradient, and thus the catalytic activity should remain largely
unaffected. The decline in gas production demonstrates that a photochemical pathway is
concurrently active. In a typical photocatalytic formic acid reaction, formic acid acts as a
hole scavenger [82]. It is oxidized by photogenerated holes to release protons, which are
then reduced to hydrogen gas by photogenerated electrons at the PdCu active sites. When
TEOA is introduced, it fiercely competes with formic acid for the photogenerated holes.
The consumption of holes by TEOA blocks this photochemical pathway of formic acid,
consequently resulting in a decrease in the overall gas yield.

 
Figure 8. (a) Comparison of the gas production rates over the Pd-MOx/ZIF-8 and PdCu/M-ZNC
catalysts in the absence and presence of TEOA. Stability of the (b) PdCu/M-ZNC and (c) Pd-MOx/ZIF-
8 catalyst for FA dehydrogenation in an FA-SF solution under light irradiation at 75 ◦C.

To explicitly decouple the photothermal effect from the electronic mechanism, infrared
(IR) thermography was performed to evaluate the photothermal conversion behaviors
of the catalysts. As illustrated in Figure S6, under continuous illumination, the surface
temperatures of both catalysts experienced a moderate rise before reaching a stable plateau.
Specifically, the surface temperatures of the Pd-MOx/ZIF-8 catalyst at 5, 10, and 15 min
were 40.70 ◦C, 55.81 ◦C and 56.92 ◦C, respectively. The PdCu/M-ZNC catalyst exhibited
slightly higher corresponding temperatures of 42.87 ◦C, 60.48 ◦C and 61.22 ◦C. Notably, the
maximum localized photothermal temperature achieved by the PdCu/M-ZNC catalyst was
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approximately 61.22 ◦C, which was substantially lower than the optimal controlled reaction
temperature of 75 ◦C. In the liquid-phase reaction system, the abundant solution served
as a highly efficient heat sink, further dissipating any subtle localized heat. Consequently,
this moderate photothermal conversion was thermodynamically insufficient to drive the
macroscopic increase in the gas generation rate observed at 75 ◦C. Coupled with the activity
suppression observed in the TEOA experiments, these findings demonstrated that the
catalytic enhancement upon illumination was predominantly driven by a photo-induced
electronic mechanism, rather than a localized thermal acceleration effect.

Furthermore, it was essential to examine the cycling stability of the catalysts. As
illustrated in Figure 8b,c, the PdCu/M-ZNC catalyst sustains an exceptionally high level
of catalytic activity over five consecutive cycling tests. Post-run characterizations were
performed on the spent catalysts. The XRD pattern of the spent PdCu/M-ZNC catalyst
(Figure S7a) well preserves the characteristic peaks of the fresh sample, indicating excellent
structural robustness. Meanwhile, its specific surface area exhibits only a moderate reduc-
tion from 170.1 m2/g to 114.5 m2/g (Figure S8a). Moreover, inductively coupled plasma
(ICP) analysis (Table S2) revealed that the metal mass fractions in the spent PdCu/M-ZNC
remained almost identical to the initial values. Transmission electron microscopy (TEM)
observations provided direct visual evidence for morphological evolution. As shown
in Figure S9, the average nanoparticle size of the spent PdCu/M-ZNC catalyst only un-
derwent a slight increase from 6.65 ± 1.88 nm to 8.26 ± 1.62 nm compared to the fresh
sample. These comprehensive observations corroborate that the marginal attenuation in
the gas generation rate was primarily due to this subtle growth and agglomeration of
the PdCu nanoparticles under repeated photothermal conditions. In stark contrast, the
Pd-MOx/ZIF-8 catalyst experienced a precipitous deactivation starting from the third cycle.
Its specific surface area drastically plummeted from 253.9 m2/g to 10.5 m2/g (Figure S8b).
ICP analysis (Table S1) further confirmed a substantial loss of the active metal components,
with the Pd content dropping significantly from 2.04 wt.% to 0.93 wt.%. TEM images
(Figure S10) revealed a catastrophic nanoparticle sintering phenomenon. The highly dis-
persed metal nanoparticles with an average size of 2.86 ± 1.13 nm in the fresh state severely
aggregate into massive solid clusters reaching 45.77 ± 12.66 nm in the spent state. Con-
sequently, this severe performance degradation could be conclusively attributed to the
massive active species leaching and severe nanoparticle sintering.

To elucidate the unique synergistic enhancements achieved by our multicomponent
design, control catalysts (PdCu/ZNC and Pd/M-ZNC) were prepared and evaluated in
photothermal catalytic experiments. As illustrated in Figure 9, under dark conditions,
the gas production of PdCu/M-ZNC is significantly higher than that of Pd/M-ZNC. This
activity was primarily attributed to the introduction of Cu, which forms a robust alloy
with Pd. Extrapolating from the experimental observations, it was postulated that this
synergistic alloying effect tailors the electronic structure of the Pd active sites, thereby
mitigating the apparent activation energy barrier required for C-H bond cleavage in formic
acid [83]. While PdCu/ZNC and PdCu/M-ZNC exhibit comparable performance metrics
in the dark, the gas evolution rate and hydrogen selectivity of PdCu/M-ZNC substantially
surpass those of PdCu/ZNC under illumination. This photothermal leap is driven by the
abundant M-Nx sites, which serve as highly efficient transport pathways for photogenerated
electrons. Furthermore, despite its inferior performance under dark conditions, Pd/M-ZNC
outperforms PdCu/ZNC upon light irradiation. Based on this experimental phenomenon,
it is reasonable to postulate that under photothermal conditions, the kinetic enhancement
driven by the M-Nx electron transport network likely outweighs the benefits derived from
PdCu alloying.
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Figure 9. (a) H2 + CO2 production, (b) FA conversion and (c) H2 selectivity of FA dehydrogena-
tion over PdCu/ZNC, Pd/M-ZNC and PdCu/M-ZNC. Reaction conditions: catalyst mass: 0.1 g;
reaction solution: 10 mL of an aqueous mixture containing formic acid–sodium formate mixture
(nFA:nSF = 1:1, 2 mmol FA); reaction time: 5 min; irradiation: 300 W xenon lamp equipped with an
AM 1.5G filter (100 mW cm−2); temperature was controlled via a thermostatic oil bath. The evolved
gas volume was quantified using the water displacement method, and the gas composition was
analyzed by GC equipped with TCD and FID.

Based on comprehensive experimental results and structural characterizations, a
synergistic dual-pathway mechanism is proposed to elucidate the photothermal catalytic
performance of PdCu/M-ZNC for formic acid dehydrogenation (Figure 10). The first
pathway involves localized thermocatalytic dissociation on the highly dispersed PdCu
alloy. Formic acid molecules absorb onto the PdCu surface and undergo consecutive bond
cleavages to form critical intermediates, such as H* and HCOO* [84]. The subsequent
recombination of adjacent H* species yields H2. Simultaneously, a parallel photochemical
reforming pathway is highly active within the system. The highly graphitized ZNC support
enriched with M-Nx sites functions as an efficient light-harvesting and charge-transporting
semiconductor matrix. Upon photoexcitation, electron–hole pairs are generated within the
M-Nx network. In this specific photochemical process, the reactant formic acid acts as a
hole scavenger. It is oxidized by the photogenerated holes (h+) in the valence band, which
effectively suppresses charge recombination while concurrently releasing protons (H+) and
CO2 [85]. Meanwhile, the photogenerated electrons (e−) in the conduction band rapidly
migrate to the intimately anchored PdCu nanoparticles. Serving as a robust cocatalyst, the
PdCu alloy efficiently captures these electrons to drive the rapid reduction of the generated
protons into additional H2. This charge-mediated mechanism, working in concert with
localized thermal energy, results in higher activity and selectivity at a lower apparent
temperature, embodying the energy-saving advantage of photothermal catalysis.
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Figure 10. Thermocatalytic and photocatalytic pathways of FA molecules on the surface of the
PdCu/M-ZNC catalyst.

3. Experimental Procedure
The synthetic route of the PdCu/M-ZNC catalyst is illustrated in Figure 11. In order

to fabricate nitrogen-doped carbon, a KCl-KBr mixture was selected as the molten salt for
ZIF-8 pyrolysis instead of pure KCl or KBr. This choice stemmed from the mixture’s tunable
melting point, high stability across a broad temperature range (717–771 ◦C) and mild phase
transition behavior, which collectively facilitated precise control over the pyrolysis process,
mitigated ZIF-8 framework collapse during thermal treatment and thus preserved the
material’s specific surface area [85].

 

Figure 11. Preparation of PdCu/M-ZNC by molten-salt-assisted pyrolysis method.

3.1. Catalyst Preparation

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 98%), 2-methylimidazole (C4H6N2,
98%), palladium chloride (PdCl2 99.9%-Pd), copper(II) nitrate hydrate (Cu(NO3)2·3H2O,
98%), indium(III) nitrate hydrate (In(NO3)3·5H2O 99%), tin(IV) chloride pentahydrate
(SnCl4·5H2O, 99%), ammonium molybdate ((NH4)2MoO4, 98%), hydrochloric acid (HCl,
37%), potassium chloride (KCl, 99.5%), and potassium bromide (KBr, 99%) were purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). All chemicals were
purchased from commercial sources and used without further purification.

3.1.1. Preparation of ZIF-8

An aqueous solution (10 mL) of Zn(CH3COO)2·2H2O (600 mg) was added to an
aqueous solution of 2-methylimidazole (5.44 mol/L, 13 mL), and the mixture was stirred
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at room temperature for 12 h. The mixture was allowed to stand at room temperature
for a further 12 h to obtain a white precipitate. The precipitate was then collected by
centrifugation, washed three times with deionized water, and dried at 60 ◦C to obtain
ZIF-8.

3.1.2. Preparation of ZNC

The prepared ZIF-8 (1 g) was mixed evenly with KCl-KBr salt (8.75 g of KCl and 26.25 g
of KBr, corresponding to a KCl:KBr = 1:3 weight ratio, ZIF-8:KCl-KBr salt = 1:35 [86]), and
then the mixture was heated to 730 ◦C in a tube furnace at a heating rate of 5 ◦C/min and
kept for 3 h under Ar atmosphere. The obtained black product was then washed with 0.2 M
HCl aqueous solution and deionized water and denoted as ZNC.

3.1.3. Preparation of PdCu/M-ZNC and Pd-MOx/ZIF-8 (M = In, Sn and Mo)

To ensure a total loading of 10% for the five metals and a molar ratio of 1:1:1:1:1,
PdCl2 (35.5 mg) and SnCl4·5H2O (70.0 mg) were weighed and dissolved in 5 mL of 0.1
M HCl solution. Cu(NO3)2·3H2O (48.4 mg), In(NO3)3·H2O (60.2 mg), and (NH4)2MoO4

(40.1 mg) were weighed and dissolved in 5 mL of deionized water. After mixing the two
solutions, 1 g of ZNC carrier was added, and the resulting mixture was stirred at room
temperature for 12 h and then dried at 60 ◦C for 12 h. The dried sample was placed in a 10%
H2/Ar atmosphere and heated to 400 ◦C at a heating rate of 5 ◦C/min and held for 3 h to
finally obtain the PdCu/M-ZNC composite material. The preparation of PdCu-MOx/ZIF-8
followed the same method as described above, except that the support was replaced by
pure ZIF-8 instead of ZNC, while all other conditions remain unchanged.

3.2. Catalyst Characterizations

The X-ray powder diffraction (XRD, Rigaku Ultima IV, Yokyo, Japan) was imple-
mented to determine the sample phases. A Cu target Kα radiation source (operating at
40 kV and 30 mA, λ = 0.15406 nm) was used. The diffraction angle 2θ was set from 10◦ to
80◦ and measured at a scan rate of 5◦/min. X-ray photoelectron spectroscopy (XPS, Thermo
Scientific Nexsa, Waltham, MA, USA) was employed to analyze the valence distribution
of the catalyst. The Brunauer–Emmett–Teller (BET, Micromeritics ASAP 2460, Shanghai,
China) method was carried out to obtain the specific surface area and pore structure data.
A field emission scanning electron microscope (FESEM, ZEISS Sigma 360, Oberkochen, Ger-
many) was used to study the surface morphology and element distributions of the samples.
High-resolution transmission electron microscopy (HRTEM, FEI Talos 200S, Waltham, MA,
USA) was carried out to further study the microscopic internal structure of the samples. The
functional groups were determined using a Thermo Fisher Scientific Nicolet iS5 (Waltham,
MA, USA) Fourier transform infrared spectrometer (FTIR) with a wave number scope of
500–4000 cm−1. The deposited carbon species were identified by a Horiba LabRAM HR
Evolution (Palaiseau, France) Raman spectrometer with a laser wavelength of 532 nm at a
Raman shift of 50–3500 cm−1. Photoluminescence (PL) spectroscopy was performed using
an FLS1000 spectrometer (Edinburgh, UK) with excitation at 468 nm to study charge carrier
recombination. Photoelectrochemical measurements were carried out on a CHI760E electro-
chemical workstation (Shenzhen, China) using a three-electrode system, with Ag/AgCl as
a reference electrode, a Pt electrode as the counter electrode, and a 0.5 M Na2SO4 solution
(pH = 7) as the electrolyte. UV–vis absorption spectra were recorded on a UV-3600 Plus
spectrophotometer (Shimadzu, Kyoto, Japan) to evaluate the optical properties.

3.3. Photothermal Reforming Hydrogen Production from Formic Acid

Photothermal catalytic experiments were performed in a three-necked flask under
atmospheric pressure, with the reaction temperature regulated by a constant-temperature
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oil bath. After adding 0.1 g of catalyst to the flask, the internal gas was evacuated using a
vacuum pump followed by nitrogen purging. This evacuation–purging cycle was repeated
three times before the flask was sealed with a rubber stopper. A syringe loaded with a
formic acid–sodium formate mixture was inserted through the rubber stopper, and the
reaction solution was automatically drawn into the flask by the internal negative pressure.
A 300 W CEL-HXF-T3 xenon lamp (Beijing, China) served as the light source. The lamp
was equipped with an AM 1.5G filter (Beijing, China) to simulate sunlight. The light
intensity was calibrated to 100 mW cm−2 using a standard silicon photodiode power meter
(Newport 1918-R, Shenzhen, China). The distance between the lamp window and the
reaction vessel was fixed at 15 cm to ensure uniform irradiation. Control experiments
under dark conditions were conducted by wrapping the reaction flask in aluminum foil
while maintaining an identical temperature via the oil bath. The total volume of evolved
gas was quantified via the water displacement method, while gas composition analysis
was conducted using a gas chromatograph equipped with a thermal conductivity detector
(TCD) and a flame ionization detector (FID). All catalytic tests were conducted as triplicate
parallel experiments.

4. Conclusions
In summary, this work successfully fabricated a polymetallic PdCu/M-ZNC catalyst

via a molten-salt-assisted pyrolysis method for efficient photothermal hydrogen produc-
tion from formic acid. The ZIF-derived nitrogen-doped carbon architecture serves as an
effective matrix to stabilize the PdCu alloy nanoparticles while fostering the formation
of atomically dispersed M-Nx (where M denotes In, Sn, and Mo) coordination sites. Ad-
vanced characterization and comparative experiments reveal a multi-component synergy:
the PdCu alloy, M-Nx coordination sites and N-doped carbon framework function co-
operatively as a kinetic–electronic–structural triad. Catalytic performance evaluations
demonstrated that PdCu/M-ZNC exhibited excellent catalytic activity in formic acid pho-
tothermal hydrogen production, significantly outperforming non-pyrolyzed ZIF-8-based
catalysts. This enhanced catalytic behavior is attributed to the synergistic interplay among
the structural components. The PdCu alloy primarily facilitates the dehydrogenation ki-
netics, the polymetallic M-Nx sites streamline electron transport, and the nitrogen-doped
carbon support ensures stable anchoring alongside efficient mass transfer channels. These
three components collectively construct a highly efficient and stable catalytic system. This
work provides a rational design strategy for multifunctional photothermal catalysts and
demonstrates a sustainable path toward low-temperature, solar-enhanced hydrogen release
from liquid organic hydrogen carriers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal16050385/s1, Figure S1. XRD pattern of PdCu/M-ZNC
and Pd/M-ZNC; Figure S2. High-resolution XRD diffraction pattern of Pd-MOx/ZIF-8; Figure S3.
Electrochemical impedance spectra of the PdCu/M-ZNC and Pd-MOx/ZIF-8 samples; Figure S4.
Gas chromatograms of the evolved gases from formic acid over the PdCu/M-ZNC catalyst at various
temperatures (60–90 ◦C) under (a) dark and (b) light conditions. A standard CO gas chromatogram is
included at the bottom as a reference; Figure S5. Arrhenius plots for the calculation of apparent acti-
vation energies (Ea) based on the pseudo-first-order kinetic rate constants: (a) PdCu/M-ZNC catalyst
under dark conditions, (b) PdCu/M-ZNC catalyst under continuous illumination, (c) Pd-MOx/ZIF-8
catalyst under dark conditions, and (d) Pd-MOx/ZIF-8 catalyst under continuous illumination;
Figure S6. Infrared (IR) thermography images and the corresponding surface temperature evolution
of the Pd-MOx/ZIF-8 and PdCu/M-ZNC catalysts under continuous light irradiation. The tempera-
tures were specifically recorded at irradiation times of 5, 10, and 15 min; Figure S7. XRD patterns of
the fresh and spent (a) PdCu/M-ZNC and (b) Pd-MOx/ZIF-8 catalysts after 5 photothermal cycles at
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75 ◦C; Figure S8. N2 adsorption-desorption isotherms of the fresh and spent (a) PdCu/M-ZNC and
(b) Pd-MOx/ZIF-8 catalysts after 5 photothermal cycles; Figure S9. Transmission electron microscopy
(TEM) images and the corresponding particle size distribution histograms of the (a, b) fresh and (c, d)
spent PdCu/M-ZNC catalysts. The spent catalyst was recovered after 5 consecutive photothermal
cycles at 75 ◦C; Figure S10. Transmission electron microscopy (TEM) images and the corresponding
particle size distribution histograms of the (a, b) fresh and (c, d) spent Pd-MOx/ZIF-8 catalysts. The
spent catalyst was recovered after 5 consecutive photothermal cycles at 75 ◦C; Figure S11. Com-
parison of PdCu/M-ZNC and Pd-MOx/ZIF-8 catalysts against other previously reported Pd-based
systems for photothermal formic acid dehydrogenation; Table S1. Metal mass fractions and molar
amounts of fresh catalysts; Table S2. Metal mass fractions and molar amounts of the recovered
catalysts after 5 photothermal cycles at 75 ◦C; Table S3. Turnover frequency (TOF) values of the
Pd-MOx/ZIF-8 catalyst for formic acid dehydrogenation under dark and light conditions at various
temperatures; Table S4. Turnover frequency (TOF) values of the PdCu/M-ZNC catalyst for formic
acid dehydrogenation under dark and light conditions at various temperatures; Table S5. Formic acid
(FA) conversion and H2 selectivity over the Pd-MOx/ZIF-8 catalyst at various temperatures under
dark and light conditions. Data were presented as mean ± standard deviation; Table S6. Formic acid
(FA) conversion and H2 selectivity over the PdCu/M-ZNC catalyst at various temperatures under
dark and light conditions. Data were presented as mean ± standard deviation; Table S7. Formic
acid (FA) conversion and H2 selectivity over the PdCu/ZNC catalyst at various temperatures under
dark and light conditions. Data were presented as mean ± standard deviation; Table S8. Formic acid
(FA) conversion and H2 selectivity over the Pd/M-ZNC catalyst at various temperatures under dark
and light conditions. Data were presented as mean ± standard deviation; Table S9. Performance
comparison of Pd-based catalysts for formic acid dehydrogenation.
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