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Formic acid (FA), which is obtainable through CO, hydrogenation with green hydrogen or biomass con-
version, has been used as a prospective liquid organic hydrogen carrier (LOHC) because of the abundant
advantages of renewability, wide availability, stability, and high volumetric capacity (53 g H,/L). The de-
velopment of highly efficient catalytic systems to achieve enhanced catalytic activity is attractive but still
challenging. Herein, ultrafine and highly dispersed PdAu nanoclusters (NCs) anchored on amino-modified
reduced graphene oxide (ArGO) were successfully synthesized via a facile impregnation-reduction method
and applied as a catalyst toward formic acid dehydrogenation (FAD). Benefiting from the promoting ef-
fect of amino groups, the strain and ligand effect in the alloy, and the Mott-Schottky effect between PdAu
NCs and ArGO, the resultant PdAu/ArGO affords an ultrahigh activity under visible light irradiation with
an exceptional turnover frequency value of 10,699.5h~! at 298 K without any additives, more than 2.6
times improvement than that under dark, which is the highest among all reported catalysts under the
same conditions. This study provides a green and convenient strategy for developing more efficient and

sustainable FAD catalysts and promotes the effective utilization of FA as a prospective renewable LOHC.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen (H,), as a green and sustainable energy carrier, has
received unprecedented attention for its renewable nature and
high energy density. However, safe transportation and controllable
storage of H, still limit its widespread use [1]. Formic acid (FA,
HCOOH), with the advantages of renewability, wide availability,
stability, and high volumetric capacity (53 g H,/L), has been used
as a prospective liquid organic hydrogen carrier (LOHC) [2,3]. In
particular, FA is obtainable through CO, hydrogenation with green
H, or biomass conversion [4]. In the presence of a suitable cata-
lyst, H, stored in FA can be released via a dehydrogenation path-
way (HCOOH — CO, + H,) [5]. Therefore, the FA-CO, cycle can be
achieved, by providing a comprehensive carbon-neutral H, storage
system [6,7]. Nevertheless, this process is accompanied by a de-
hydration pathway (HCOOH — H,0 + CO) that produces CO, which
should be avoided for H, production [8-10].

Up to now, a lot of versatile heterogeneous catalysts have been
investigated for formic acid dehydrogenation (FAD) [11-14]. How-
ever, most heterogeneous systems require elevated temperatures or
extra additives to reach relatively high catalytic activity [15-17].
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Therefore, a green and sustainable strategy is urgently needed to
enable heterogeneous catalysts to maintain 100% H, selectivity at
mild reaction temperature while greatly improving their catalytic
activity and stability without the use of extra additives. Consider-
ing that solar energy is the most promising clean energy source,
which reaches the earth composed of 43% visible light [18-22]. The
development of visible light-assisted catalytic systems to achieve
enhanced catalytic activity is considered an attractive way for FAD.

As reported, Pd [23,24], Au [11], and particularly Pd-Au alloys
[15-17,25] are highly active for FAD. Recent theoretical and ex-
perimental results demonstrated that ultrafine metal nanoclusters
(NCs) have better catalytic activity and/or selectivity than metal
nanoparticles (NPs) because they have abundant corner and edge
atoms that can expose more active sites. However, metal NCs tend
to aggregate into larger NPs due to their high surface energy,
leading to their rapid deactivation in catalytic applications [26].
Anchoring and dispersing metal NCs on a proper substrate can
not only prevent their aggregation during the catalytic process,
but also boost the catalytic activity of the catalyst through the
strong electronic metal-support interaction (EMSI) [27,28]. Con-
sidering the potential of visible light-assisted enhancement of
catalyst activity, integrating metals and semiconductor support to
construct the Mott-Schottky structure is an effective method for
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improving the catalytic performance [29-31]. Reduced graphene
oxide (rGO) is an ideal substrate material with many advantages
such as high electrical and thermal conductivity, excellent optical
transparency, and large specific surface area. More importantly, it
has been shown to have p-type semiconductor properties [32-34].
In addition, studies have shown that the hydrophilic amino groups
(-NH;) not only favor forming well-dispersed ultrafine active
metal NCs, but also provide Bransted basic sites for deprotonation
of FA [35,36]. Therefore, highly active PdAu NCs anchored on
amino-modified reduced graphene oxide (ArGO) are expected to
display superior performance for FAD, and their activity can be
further greatly enhanced under visible light irradiation via the
Mott-Schottky effect.

Herein, ultrafine and highly dispersed PdAu NCs supported on
ArGO were successfully synthesized through a facile impregnation-
reduction method. Under visible light irradiation, the obtained
PdAu/ArGO catalyst displays an exceptional catalytic performance
with a high TOF of 10,699.5h~! for FAD at 298K, which far ex-
ceeds that achieved under dark (4027.0h~1).

The fabrication process of PdAu/ArGO is illustrated in Fig. S1
(Supporting information). Firstly, AGO was prepared via a one-pot
approach by mixing an aqueous GO solution with APTMS under
magnetic stirring at room temperature. Subsequently, an aqueous
solution containing Na,PdCl, and HAuCly-3H,0 was introduced
into the above mixture. PdAu/ArGO can be obtained rapidly by us-
ing NaBH, as a reducing agent. The detailed microscopic morphol-
ogy of the as-prepared catalysts was investigated by transmission
electron microscopy (TEM). TEM image displays that the PdAu NCs
loaded on ArGO have very good dispersion with a very narrow par-
ticle size distribution of 1.5nm (Fig. 1a). The Pd NCs loaded on
ArGO also show excellent dispersion with a small particle size dis-
tribution of 1.7 nm (Fig. 1b). However, the rGO-supported PdAu NPs
are bigger, with an average particle size of 2.7 nm (Fig. 1c), imply-
ing that ArGO is more conducive to dispersing NPs than rGO. This
phenomenon can be attributed to the strong adsorption of metal
ions by -NH, modified on GO, which favors the formation of very
small and better-distributed metal NCs. The adsorption of Pd®* and
Au3+ cations by AGO was confirmed by ultraviolet—visible (UV-vis)

Fig. 1. TEM images of (a) PdAu/ArGO, (b) Pd/ArGO, (c) PdAu/rGO, and (d) PdAu NPs.
The insets show the corresponding particle size distributions.
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spectra, as displayed in Fig. S2 (Supporting information). The pres-
ence of amino species in the catalysts can be verified by Fourier
transform infrared spectroscopy (FT-IR) (Fig. S3 in Supporting in-
formation). Notably, the free PdAu NPs are severely aggregated and
the particle size is about 5.7nm (Fig. 1d), which is significantly
larger than that of the PdAu NCs loaded on ArGO, implying that
ArGO is an excellent support for dispersing NPs. HRTEM image
of PdAu/ArGO shows a PdAu alloy structure with a lattice spac-
ing of 0.229nm (Fig. S4 in Supporting information). The XRD pat-
terns show a peak located between Au (111) and Pd (111) appear in
PdAu/ArGO (Fig. S5 in Supporting information), further confirming
the formation of Pd-Au alloys.

To investigate the chemical states and electronic effects of
PdAu/ArGO and its relevant samples, X-ray photoelectron spec-
troscopy (XPS) measurements were applied. Comparing PdAu/ArGO
with pure PdAu NPs, both the Pd 3d peak and the Au 4f peak in
PdAu/ArGO slightly shift to lower binding energies (BEs) (Figs. S6a
and b in Supporting information), confirming the transfer of some
electrons from ArGO to PdAu NCs through the EMSI. The N 1s
peak of PdAu/ArGO shifts to a higher BE by 0.12 eV (from 399.18 eV
to 399.30eV) and 0.47 eV (from 398.83 eV to 399.30eV) compared
to the monometallic Pd/ArGO and Au/ArGO catalysts, respectively
(Fig. S6¢ in Supporting information), suggesting that -NH, can be
used as the electron donor to optimize the electronic structure of
active metal NPs. Moreover, the Pd 3d peak shifts to higher BEs
and the Au 4f peak shifts to lower BEs for PdAu/ArGO compared
to Pd/ArGO and Au/ArGO. These shifts might be attributed to the
unique electronic coupling and charge redistribution between Pd
and Au induced by lattice strain and ligand effects in the alloy.
Therefore, the resulting electron-rich PdAu active sites with the
optimized electronic structure can stimulate the cleavage of C-H
bonds in the absorbed HCOO* intermediates on the catalyst and
thereby accelerate FAD [29-31,37].

The photoabsorption properties of different samples were stud-
ied by UV-vis absorption spectroscopy. As presented in Fig. 2a,
GO exhibits weak visible light absorption. After amino modifica-
tion, the range of light absorption of GO is broadened from UV
to visible region, which indicates that effective amino modification
can significantly expand the light absorption range of GO and fa-
cilitate the absorption and utilization of light energy by the cata-
lyst. Moreover, it can be easily observed that PdAu/ArGO has good
absorption of visible light. The separation and transfer efficiency
of photogenerated charge carriers in different samples were ana-
lyzed by static photoluminescence (PL) spectroscopy and photocur-
rent density measurements. As shown in Fig. 2b, the intensity of
the PL emission peak of GO is greatly weakened by the introduc-
tion of amino modification, suggesting a faster charge transfer in
AGO compared to GO. Especially, the intensity of the AGO emis-
sion peak decreases significantly after the formation of the metal
catalyst. This suggests that the metal-semiconductor heterojunc-
tion structure constructed between metal NCs and ArGO signifi-
cantly suppresses the radiative recombination of photogenerated
charge carriers through the Mott-Schottky effect [29,30]. In this
structure, electrons transfer from the ArGO to metal NCs, as con-
firmed by XPS (Fig. S6). Moreover, PdAu/ArGO shows the highest
photocurrent density under visible light irradiation compared with
other samples (Fig. 2c). The photocurrent density of PdAu/ArGO is
about 1.8 times higher than that of AGO, indicating that the pho-
togenerated charge carriers may be rapidly separated by electron
transfer from ArGO to PdAu NCs, which is consistent with the PL
results. In addition, electrochemical impedance spectroscopy (EIS)
measurements show that the charge transfer resistance is in the
order of GO > AGO > PdAu/ArGO (Fig. 2d). The small charge trans-
fer resistance of PdAu/ArGO suggests that electrons can be easily
transferred from the surface of the catalysts to the reactants or the
acceptors of the photogenerated electrons, which improves the ef-
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Fig. 2. (a) Normalized UV-vis absorption spectra of different samples dispersed in water (0.05 mg/mL). (b) PL spectra, (c) time versus transient photocurrent density curves,

and (d) EIS spectra of different samples.
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Fig. 3. (a) Volume of generated gas (H, + CO;) versus time for FAD over different catalysts under light and dark at 298 K. (b) The corresponding TOF values. GC spectra using
(c) TCD detector and (d) FID-methanator for the commercial gas and the generated gas from FAD over PdAu/ArGO under light at 298 K.

ficiency of the catalytic reaction. Based on the aforementioned re-
sults, it is expected that PdAu/ArGO will exhibit significantly en-
hanced catalytic activity toward FAD under visible light, which can
be immediately evidenced by subsequent catalytic results.

The catalytic performances of the prepared catalysts were in-
vestigated in FA aqueous solution by monitoring the volume and
time of gas (H,+CO,) generation. As shown in Fig. 3a, the
PdAu/ArGO displays an excellent activity for FAD with a TOF of
4027.0h~1 at 298K, which is comparable to the state-of-the-art
reported PdAu-based catalysts [16,17]. Moreover, the activity of

PdAu/ArGO for FAD can be further greatly improved by visible light
irradiation with a high TOF of 10,699.5 h—! at 298 K (Fig. 3b), which
is 2.6 times higher than that achieved under dark (4027.0h~') and
is the highest among all reported catalysts under the same con-
ditions (Table S1 in Supporting information). Gas chromatography
(GC) analysis confirms that the gas released is only H, and CO,
with no CO (Figs. 3c and d), indicating PdAu/ArGO possesses 100%
H, selectivity for FAD. Similarly, a significant acceleration of its H,
release rate is also observed in Pd/ArGO under visible light. The
enhanced catalytic activity can be attributed to the large num-
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ber of electrons generated by ArGO after photoexcitation trans-
fer to the active NCs, and the obtained electron-rich active sites
can facilitate the cleavage of C-H bonds in FA molecules, thereby
greatly improving the catalytic efficiency [29-31,37]. The higher
catalytic activity of PdAu/ArGO than that of Pd/ArGO can be at-
tributed to the strong electronic coupling and charge redistribution
between Pd and Au (Fig. S6). As shown in Fig. S7 (Supporting infor-
mation), the different Pd and Au compositions of PdyAu;_x/ArGO
can significantly affect its performance. The highest performance
of PdyAu;_x/ArGO is achieved when the molar ratio of Pd/Au is
0.6/0.4. In addition, the correlation between the performance and
the loading of active metal NCs was also investigated (Fig. S8 in
Supporting information). The PdAu/ArGO displays the best perfor-
mance when the amount of GO is 18 mg and the corresponding
metal loading is 23.9 wt% according to the ICP-OES test results.

In contrast, both PdAu/rGO and free PdAu NPs have poor cat-
alytic activity for FAD, and their activity under visible light irradia-
tion is improved compared to that under dark (Fig. 3a). In addition,
compared with free PdAu NPs, the catalytic activity of PdAu/rGO is
slightly improved, but still far inferior to that of PdAu/ArGO cat-
alyst. The above results indicate that the introduction of -NH, is
of great significance in improving the catalytic activity, and its role
is mainly reflected in the following aspects. Firstly, -NH, can effi-
ciently adsorb metal ions and control the nucleation and growth of
NPs, thereby promoting the formation of ultrasmall and uniformly
dispersed metal NCs with more exposed active sites (Fig. 1a and
Fig. S2). Secondly, -NH, can act as Brgnsted basic sites to promote
FAD (Fig. S9 in Supporting information). This promoting process of
-NH, for breaking of O-H bond of FA is demonstrated by theoreti-
cal calculations using the density functional theory (DFT) methods
[35,36]. Fig. S10 (Supporting information) confirms that PdAu/ArGO
has a higher concentration of basic sites than PdAu/rGO, which is
very favorable for the deprotonation of FA. Moreover, -NH, can
act as the electron donor to optimize the electronic structure of
active metal NPs (Fig. S6¢), and the resulting electron-rich PdAu
active sites can stimulate the cleavage of C-H bonds in the ab-
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sorbed HCOO* intermediates on the catalyst and thereby accelerate
FAD [29-31,37]. In addition, -NH, can broaden the light absorption
range of GO (Fig. 2a), which is favorable for absorbing and utilizing
light energy by the catalyst.

The dehydrogenation reactions catalyzed by PdAu/ArGO and
Pd/ArGO were carried out under light and dark at different tem-
peratures (298-328K). The reaction rate rises with increasing re-
action temperature (Fig. 4a and Fig. S11 in Supporting informa-
tion). According to the Arrhenius equation, the apparent activa-
tion energies of PdAu/ArGO and Pd/ArGO under light are calcu-
lated to be 15.1 and 39.7kJ/mol, respectively, which are much
lower than their apparent activation energies under dark (32.0 and
47.4KkJ/mol) (Fig. 4b). This is probably because catalysts can be ex-
cited by visible light to produce more photogenerated charge carri-
ers to trigger their reactions with FA molecules, which means that
the reaction requires “less energy” to overcome the activation bar-
rier. In addition, the lower activation energy of PdAu/ArGO com-
pared to Pd/ArGO may be due to the strong electronic coupling and
charge redistribution between Pd and Au, which enhances the in-
teractions between the active PdAu NCs and FA molecules. The ac-
tivation energy of PdAu/ArGO under light (15.1 k]/mol) is the low-
est value reported so far (Fig. 4c), reflecting its excellent kinetic
superiority for FAD.

We further investigated the durability of PdAu/ArGO for FAD.
PdAu/ArGO shows 100% H, selectivity and conversion in the dura-
bility tests under both light and dark, but the gas release rate de-
creases after ten cycles (Fig. 4d and Fig. S12 in Supporting infor-
mation). It can be observed that the degree of activity decay un-
der light is greater than that under dark, although the gas release
rate in the tenth cycle is faster, suggesting that the addition of visi-
ble light irradiation promotes the activity decay of the catalyst. Af-
ter the durability test, the catalyst was characterized by XRD, TEM,
XPS, FT-IR, and EA analysis. The XRD patterns show no change in
the phase structure of the reused catalyst (Fig. S13 in Supporting
information). TEM images reveal that the PdAu NCs remain well
dispersed after ten reaction cycles, but the particle size increases
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Fig. 4. (a) Volume of generated gas (H, +CO,) versus time for FAD over PdAu/ArGO under light at different temperatures. The inset shows the corresponding Arrhenius
plot. (b) The apparent activation energy of different catalysts. (c) Comparison of the apparent activation energy of our PdAu/ArGO catalyst with other reported catalysts. (d)
Durability test for FAD over PdAu/ArGO under light at 298 K.
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slightly (1.8nm) (Fig. S14 in Supporting information). As shown
from XPS in Fig. S15 (Supporting information), the chemical state
of noble-metal species remains almost unchanged. In addition, FT-
IR spectra (Fig. S16 in Supporting information) and EA tests (Table
S2 in Supporting information) confirm that the amino components
in the catalyst decrease after cycling. The increase in the size of the
active PdAu NCs and the decrease in the concentration of surface
-NH, of the catalyst may be the main reasons for the decrease in
activity.

In summary, the PdAu/ArGO catalyst was successfully synthe-
sized through a facile impregnation-reduction method and fur-
ther applied for rapid FAD. The prepared PdAu/ArGO catalyst dis-
plays an ultrahigh performance under visible light irradiation with
a TOF of 10,699.5h~1 at 298K without any additives, which is
much higher than that achieved under dark (4027.0h~') and is
the highest among all reported catalysts under the same condi-
tions. The sharply enhanced activity of PdAu/ArGO under visible
light irradiation is mainly derived from a synergistic combination
of the promoting effect of -NH,, the lattice strain and ligand ef-
fect in the alloy, and the Mott-Schottky effect between PdAu NCs
and ArGO, which promotes the formation of electron-rich, ultra-
fine, and highly dispersed active PdAu NCs. Furthermore, this cat-
alyst possesses excellent kinetic superiority for FAD under visible
light irradiation with a calculated apparent activation energy of
15.1 kJ/mol, which is the lowest value reported so far. This study
provides a green and convenient strategy for developing more effi-
cient and sustainable FAD catalysts and promotes the effective uti-
lization of FA as a prospective renewable LOHC.
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