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Herein, we report the synthesis of preformed bimetallic Pd-Au
nanoparticles supported on carbon nanofibers with different
Pd :Au atomic ratio (nominal molar ratio: 8–2, 6–4, 4–6, 2–8)
and the corresponding Pd and Au monometallic catalysts by sol
immobilization method. The obtained materials were charac-
terized thoroughly by Transmission Electron Microscopy (TEM),
X-ray photoelectron spectroscopy (XPS) and inductively coupled
plasma optical emission spectroscopy (ICP-OES). The catalytic
performances of the Pd-Au catalysts were evaluated in the
aqueous phase dehydrogenation of formic acid (FA) at room
temperature obtaining enhanced activity, stability and selectiv-
ity compared to the monometallic systems. In particular, Pd6Au4

and Pd8Au2 showed the best combination of catalytic proper-

ties, i. e., high selectivity to H2 and improved catalytic stability.
Density functional theory (DFT) calculations on Pd15, Au15 and
Pd9Au6 clusters supported on a carbon sheet were then
simulated to provide atomic level understanding to the
beneficial effect of gold observed in the experimental results.
Au15 barely adsorb FA, while Pd15 possesses an adsorption
energy higher than Pd9Au6. Dehydrogenation and dehydration
pathways were followed on all these models. For Pd9Au6, the
most favourable route was the formation of carbon dioxide and
hydrogen. Analysis of the electronic structures was also
performed on the different models showing a stronger
interaction between the bimetallic system and the support
proving the alloy superior stability.

Introduction

Benign and sustainable alternative energy sources are needed
to mitigate the increasing dependence on fossil fuels and their
high environmental impact. Hydrogen is recognised as an
efficient alternative energy carrier because of its high energy
density and innocuous products upon utilisation.[1] Despite this,
its direct use is hindered due to the shortage of economically
and sage hydrogen storage technologies[2] and, therefore,
alternative methods to store and transport it is of paramount
importance.[3–6]

In line with the U S. Department of Energy, formic acid (FA)
is an attractive hydrogen carrier due to its high volumetric
hydrogen content (4.4 wt% of H2), non-toxic character, and
stability in liquid phase at standard temperature and pressure.[7]

Furthermore, FA is readily accessible from catalytic conversion
of biomass.[8,9] A controlled catalytic FA dehydrogenation is
required to release hydrogen on-demand,[10–12] nevertheless, the
decomposition of FA occurs in two competing pathways
[Eqs. (1) and (2)]:

HCOOH!CO2þ H2 DG ¼ 48:4 kJ mol� 1 (1)

HCOOH! COþ H2O DG ¼ 28:5 kJ mol� 1 (2)

The first and most exothermic route is the desired
dehydrogenation reaction; it produces hydrogen and carbon
dioxide closing the carbon-neutral cycle. The second pathway is
the dehydration reaction producing carbon monoxide.[13]

Among all the studied heterogeneous catalysts, Pd/C have
been deeply investigated because of its superior activity at
room temperature. On the other hand, the examined Pd/C
catalysts quickly deactivate because of the high affinity with
poisoning intermediates, such as CO, which blocks the active
sites.[14,15] The poor stability dissuades industrialists from further
examination and implementation.

To overcome the poisoning, it has been shown that the
introduction of a second metal forming alloy catalysts,
especially gold, overcame this problem and generates also
ultrapure hydrogen at low temperature.[16–18]

Xing et al. have shown that, unlike Pd/C catalysts, PdAu/C
alloy catalysts inhibits the problems caused by CO poisoning.
This effect is attributed to the bimetallic catalyst’s nature
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allowing higher activity and selectivity with respect of mono-
metallic ones. Furthermore, they have demonstrated that
increasing the amount of Au in the alloy promotes the NP’s
lattice expansion due to the strain effect of the second metal.
At high Au :Pd ratios, the electron transfer from Au to Pd
dominates and the synergistic effect controls the activity of the
catalyst.[19] An optimized activity and stability is obtained with a
suitable balance between the internal lattice strain and the
synergistic effects resulting in maximised activity against molar
ratios’ Volcano plot.[20,21] Li et al.[22] studied Pd55 and PdxAu(55-x)

clusters via density functional theory (DFT). They found that
gold can weakly bond atomic hydrogen leading to an easier
hydrogen production on bimetallic catalysts. Yoon et al.[17]

combined experimental and DFT techniques in order to disclose
the synergistic and ensemble effects of gold in PdAu bimetallic
catalysts. Different PdAu(111) modelled alloys were prepared
and the importance of this two factors on the catalytic activity
in FA decomposition (FAD) reaction was confirmed. Karatas
et al. have shown the enhanced stability of PdAu nanoparticles
(NPs) against leaching and agglomeration when supported on
MnOx, providing a superior efficiency for the FA dehydrogen-
ation reaction.[23] Moreover, it was shown that alloying Au with
Pd can also improve the catalytic stability in alcohol
oxidation.[24,25]

However, a detailed study on the interaction between PdAu
clusters and carbonaceous surface is still missing. Indeed, in this
study 15 atoms clusters of Pd, Au and PdAu on a graphene
surface were modelled from bulk and superficial analyses, in
order to precisely establish the principles of their performance.

Similarly, the rationalization between the role of interfacial
and bulk metal atoms in the catalytic activity in FAD reaction
has not been achieved. In fact, it is well known that the
interaction between support and metal plays a central role in
the catalysts’ performance. Moreover, a detailed mechanistic
investigation on the effect of the addition of gold to palladium
not only on the activity, but also on selectivity and stability of
these bimetallic catalysts is not reported yet. Herein, we report
experimental and theoretical details on the enhanced catalytic
behaviour of PdAu bimetallic catalysts in the FAD process under
mild reaction conditions. Activity, selectivity and stability tests
were performed using Pd-Au bimetallic catalysts with different
Pd/Au molar ratios supported on high temperature (3000 °C)
heat treated (HHT) carbon nanofibers. Fresh and used catalysts
were then characterized using transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS) in order to
establish a correlation between the morphology of the

materials and their catalytic activity. The combination of experi-
ments and simulations allowed us to disclose the beneficial
effect of the second metal regarding the superior activity,
stability and selectivity of the bimetallic systems.

Results and Discussion

Main Text Paragraph. Monometallic and bimetallic catalysts
with different Pd :Au molar ratio were prepared via sol-
immobilization technique, using PVA as capping agent and
NaBH4 as reducing agent. High temperature heat-treated
carbon nanofibers (HHT CNFs) were used as carbonaceous
support. Previous studies have shown that this type of CNFs
lead to an enhanced activity in FAD reaction in the presence of
small and homogeneously dispersed Pd nanoparticles.[26,27]

TEM-STEM results

TEM analyses were performed in order to investigate the
structures of the materials, i. e., average particle size, particle
size distribution and bulk gold-palladium atomic ratio. Mono-
metallic (1%Pd@HHT and 1%Au@HHT) and bimetallic (1%
PdxAuy@HHT) catalysts were characterized at the sub-nano-
metric scale by TEM. 1%Pd@HHT shows an average particle size
of 3.9 nm (Table 1).[28] All bimetallic catalysts appear to have a
similar average particle size, between 2.9 and 4 nm (Table 1),
with a narrow particle size distribution (Figure 1b–4b).
Figures 1–4 show the representative results of STEM and EDX
analysis on the single NPs for PdxAuy bimetallic systems. The
NPs are well dispersed on the support. By STEM-EDS spectrum
imaging, we evaluated the amount of Pd and Au on individual
metal NPs and observed a good agreement between the
nominal and the actual atomic ratio for all the bimetallic
catalysts, except for Pd2Au8 catalyst (Table 1). For this catalyst,
the Au/Pd atomic ratio calculated by EDX is higher than the
nominal one, in fact, Au/PdEDX (8.70/1 30) ratio is equal to 6.69
while Au/Pdnom (8/2) corresponds to 4 (Table 1, row 6). This
discrepancy can be attributed to the presence of some
segregated palladium nanoparticles. STEM-HAADF images and
STEM-EDS maps of single nanoparticles suggested that the
catalysts consist in Au Pd alloyed systems (Figures 1–4).

Table 1. Results of TEM-EDX analysis.

Pd: Au Nominal Pd: Au EDX Au/Pdnom Au/PdEDX Average particle size [nm]

1%Pd@HHT – – 3.9�1.2
1%Pd8Au2@HHT 8.00 :2.00 8.35 :1.65 0.25 0.20 3.5�0.9
1%Pd6Au4@HHT 6.00 :4.00 5.86 :4.14 0.67 0.71 2.9�0.7
1%Pd4Au6@HHT 4.00 :6.00 4.46 :5.54 1.50 1.24 4.0�0.8
1%Pd2Au8@HHT 2.00 :8.00 1.30 :8.70 4.00 6.69 3.1�0.6
1%Au@HHT – – 3.4�1.2
1%Pd8Au2@HHT used 8.00 :2.00 8.06 :1.94 0.25 0.24 3.9�1.1
1%Pd6Au4@HHT used 6.00 :4.00 5.83 :4.17 0.67 0.70 3.1�0.8



XPS results

In order to obtain information of the surface composition (e.g.,
oxidation state, superficial atomicity, and exposed gold-palla-
dium ratio), X-ray photoelectron spectroscopy was performed.
From the survey spectra obtained by XPS analysis, we detected
4 main species: C 1s (284.24–284.59 eV), O 1s (532.24–32.59 eV),
Au 4f (83.31–84.24 eV), and Pd 3d (335.40–337.59 eV). The Au/
Pd surface atomic ratio measured by XPS is lower than the
corresponding bulk Au/Pd measured by EDX, which may
suggest surface enrichment of Pd atoms on the bimetallic

nanoparticles (Table 2). This outcome confirms the result
obtained using TEM analysis, which previously shows an enrich-
ment of Pd on the surface.

The high-resolution spectra of Au 4f (Figure S1) and Pd 3d
(Figure S2) were deconvoluted. Au 4 f shows two main species,
which were assigned to Au0 and Auδ+. The peaks at 84.11–
84.32 eV and 85.30–85.62 eV were ascribed to Au0 and Auδ+,
respectively (Table 3, Column 3 and 4). The higher is the
amount of Pd used during the catalyst synthesis, the lower is
the amount of Au0. This phenomenon can be attributed to the
transfer of electron from gold to palladium, as it has been
shown in reference.[29] In particular, the higher the amount of
gold, the higher the Au0 amount meaning a transfer of electron
from gold to palladium. In the high-resolution spectra of Pd 3d,
three different peaks were detected. Two main species were
identified: Pd0 and PdII in a B.E. range of 335 50–336.70 eV and
337.00–338.60 eV, respectively. Moreover, a satellite peak of Pd

Figure 1. a) STEM-HAADF image of 1%Pd6Au4@HHT catalyst (scale
bar=50 nm), b) particle size distribution and c) STEM-EDS maps of single
nanoparticles.

Figure 2. a) STEM-HAADF image of 1%Pd8Au2@HHT catalyst (scale
bar=50 nm), b) particle size distribution and c) STEM-EDS maps of single
nanoparticles.



was found between 342.30 eV and 348.11 eV. From the relative
area value of the Pd species the Pd0/PdII ratio was calculated.
(Table 3, Column 10). Furthermore, a decrease in the binding
energy of the Pd0 peak (~B.E. between 1.1 1.2 eV) in bimetallic
catalysts was observed. This modification of B.E. can be
attributed to an electronic interaction between the two metals,
in particular to a donation of electron from gold to
palladium.[29]

Catalytic activity

The catalytic performance of PdAu bimetallic catalysts were
tested for the FAD reaction, a model reaction for hydrogen
generation. The optimized conditions are 30 °C and 1400 rpm
using a solution 0.5 M of FA in water and a FA/metal molar ratio
of 2000/1. Reaction conditions (metal:substrate ratio, stirring
rate) are optimized in order to assess the kinetic regime of the
reaction.[27] In Figure 3, the catalytic activity at different Pd-Au
atomic ratio is shown. The activity is calculated as mol of FA

Figure 3. a) STEM-HAADF image of 1%Pd4Au6@HHT catalyst (scale bar=50 nm), b) particle size distribution and c) STEM-EDS maps of single nanoparticles.

Table 2. Results of survey spectra.

C 1s O 1s Au 4f Pd 3d Au/Pdnom Au/PdXPS Au/PdEDX

1%Au@HHT B.E. [eV] 284.31 532.31 83.31 – – – –
[%At.] 97.80 2.10 0.10 –

1%Pd2Au8@HHT B.E. [eV] 284.50 532.50 83.50 335.50
%At. 98.33 1.40 0.20 0.07 4.00 2.86 6.69

1%Pd4Au6@HHT B.E. [eV] 284.32 532.32 84.32 335.52
%At. 96.20 3.10 0.32 0.30 1.50 1.07 1.24

1%Pd6Au4@HHT B.E. [eV] 284.40 532.40 83.40 335.40
[%At.] 95.50 3.50 0.39 0.65 0.67 0.60 0.71

1%Pd8Au2@HHT B.E. [eV] 284.24 532.24 84.24 336.24
[%At.] 91.18 7.30 0.14 1.31 0.25 0.11 0.20

1%Pd@HHT B.E. [eV] 284.59 532.59 – 337.59 – – –
[%At.] 92.12 7.24 – 0.57

1%Pd6Au4@HHT B.E. [eV] 285.51 532.51 83.51 355.51
used [%At.] 97.29 2.47 0.08 0.16 0.67 0.50 0.70
1%Pd8Au2@HHT B.E. [eV] 284.30 532.30 83.30 337.30
used [%At.] 94.97 4.85 0.02 0.16 0.25 0.13 0.24



reacted on total mol of metal (Au+Pd) per hour (considering
the conversion at 5 minutes of reaction).

Monometallic Au exhibited an extremely low activity in FA
decomposition (633 h 1) confirming the results of Z. Zhao
et al.,[30] while monometallic 1%Pd@HHT showed an activity of
979 h 1. All the bimetallic catalysts displayed an activity superior
to the two monometallic counterparts, except for 1%

Pd2Au8@HHT (878 h 1). The highest initial activity was observed
for 1%Pd6Au4@HHT (3539 h 1) followed by 1%Pd4Au6@HHT
(1983 h 1) and 1%Pd8Au2@HHT (1502 h 1). Correlating the initial
activity and Au :Pd ratio calculated from XPS and TEM-EDX
analyses, we were able to correlate the surface properties of the
catalysts with their catalytic behaviour. A Volcano plot was
obtained from such correlation for exposed and bulk Pd

Figure 4. a) STEM-HAADF image of 1%Pd2Au8@HHT catalyst (scale bar=50 nm), b) particle size distribution and c) STEM-EDS maps of single nanoparticles.

Table 3. Results of high resolution XPS spectra.

Au 4f Pd 3d
Au0 Auδ+ Au0/Auδ+ Pd0 PdII Pdsat Pd0/PdII

1%Au@HHT B.E. [eV] 84.22 85.60 B.E. [eV] – – –
[%At.] 90.10 9.90 9.10 %At. – – –

1%Pd2Au8@HHT B.E. [eV] 84.21 85.45 B.E. [eV] 335.50 337.20 342.30
[%At.] 76.04 23.96 3.17 %At. 61.85 29.43 8.71 2.10

1%Pd4Au6@HHT B.E. [eV] 84.15 85.30 B.E. [eV] 335.50 337.20 342.30
[%At.] 67.66 32.34 2.09 %At. 79.99 16.84 3.17 4.75

1%Pd6Au4@HHT B.E. [eV] 84.32 85.62 B.E. [eV] 335.60 337.00 342.50
[%At.] 67.80 32.20 2.11 %At. 67.05 18.77 14.18 3.57

1%Pd8Au2@HHT B.E. [eV] 84.11 85.31 B.E. [eV] 335.60 337.10 347.10
[%At.] 50.77 49.23 1.03 %At. 68.52 21.82 9.66 3.14

1%Pd@HHT B.E. [eV] – – B.E. [eV] 336.70 337.80 348.11
[%At.] – – %At. 80.68 7.94 11.38 10.16

1%Pd6Au4@HHT B.E. [eV] 84.12 85.31 B.E. [eV] 335.29 337.00 342.14
used [%At.] 64.04 35.96 1.78 %At. 76.03 13.26 10.71 5.74
1%Pd8Au2@HHT B.E. [eV] 83.84 85.04 B.E. [eV] 335.68 338.00 347.03
used [%At.] 57.57 42.43 1.36 %At. 64.60 26.29 9.11 2.46



(Table 2, and Figure 5). Furthermore, the activity increases with
the amount of Au until a maximum for 1%Pd4Au6@HHT. It was

reported in the literature that a PdAu alloy with this metal
atomic ratio possesses a perfect balance between the lattice
and the ligand effect.[18,19] In addition, these four catalysts
showed an activity for this reaction higher than most of the
catalysts present in the literature (Table S1).

Considering the FA conversion at 2 h of reaction, 1%
Pd4Au6@HHT exhibited the best performance after 2 h of
reaction (FAD of 73%), while Au the worst one (FAD <10%)
(Figure 6). Despite the initial activity of 1%Pd8Au2@HHT was
about 2.5 times lower than the one of 1%Pd4Au6@HHT, these
two catalysts showed a similar conversion from 30 min of
reaction and 1%Pd8Au2@HHT reached a FAD conversion of
68%. In order to determine the selectivity of the reaction, the
gas phase was analysed connecting the reactor with an on-line
micro-GC to evaluate the CO/CO2 ratio. The product detected in
the gas phase at 2 h of reaction for the alloyed bimetallic
catalysts was only CO2 without the presence of CO, showing a
selectivity >99% for H2, while 1%Pd@HHT catalyst exhibited
77% selectivity to this product. The high selectivity of the
systems can permit the application of the considered bimetallic
catalysts in hydrogen fuel cell. Indeed, carbon monoxide is the
main issue for the development of this technology and it has to
be lower than 10 ppm.[31]

An extremely important feature of a catalyst is the durability
to be industrially attractive. For this reason, stability tests were
performed on catalysts that showed the best conversion at 2 h
(1%Pd6Au4@HHT and 1%Pd8Au2@HHT). The obtained results
were compared with the monometallic palladium (Figure 7).
Recycling tests were performed by filtering the catalyst without
any further treatment. According to previous studies, palladium
catalyst quickly deactivates after the first run (Figure 7a).[32] This
deactivation is probably due to coalescence and agglomeration
of the particles, in fact the average particle size increase from
3.0 to 4.7 nm. In addition, the poor selectivity of the mono-
metallic Pd catalysts generated CO thus poisoning the Pd active
sites.[14,33] On the contrary, the catalysts that show the highest
conversion at 2 h, i. e., 1%Pd6Au4@HHT and 1%Pd8Au2@HHT,
exhibit a good stability up to 6 cycles of reaction (Figure 7b–c).
The initial increase in the conversion trend can be due to the
partial removal of PVA used during NPs synthesis, which can
block some active sites,[34] or the partial reduction of oxidized
Pd, present in the fresh catalyst, during the reaction (Table 3).

Figure 5. Dependence of the FAD initial activity on the different Pd :Au
atomic ratio calculated from XPS (exposed, blue) and TEM-EDX (bulk, red)
analyses.

Figure 6. Conversion as a function of reaction time of the different 1%
PdxAuy@HHT catalysts for the liquid phase dehydrogenation reaction of FA
under mild condition.

Figure 7. Recycling tests a) monometallic 1%Pd@HHT b) 1%Pd6Au4@HHT c) 1%Pd8Au2@HHT.



Moreover, GC analyses showed that also selectivity remained
constant.

To elucidate the reasons for the enhanced stability observed
for the bimetallic catalysts, STEM analysis performed on the
used 1%Pd8Au2@HHT and 1%Pd6Au4@HHT (Figure 8–9) did not
show significant modifications of the catalyst morphology. The
1%Pd8Au2@HHT fresh catalyst has a mean particle size of
3.5 nm, while the used one 3.9 nm. The analysis performed on
1%Pd6Au4@HHT shows a mild increment of particle size from
2.9 to 3.1 nm for the fresh and used catalysts, respectively
(Figure 8). Moreover, comparing the Au/Pd atomic ratio of fresh
and use catalyst (Table 2, row 5–6 and 8–9), no substantial
changes were observed hence, confirming the results in stability
and selectivity over more runs.

DFT study

DFT studies were performed in order to elucidate the superior
resistance to sinter and catalytic behaviour of our bimetallic
catalysts compared to the monometallic ones (activity and
selectivity towards H2). For this reason, two monometallic (Au15,

Pd15; Figure S3–4) and one bimetallic (Pd9Au6; Figure S5) clusters
on graphitic surfaces were optimized. Pd9Au6 is equivalent in
Au/Pd atomic ratio of the most promising catalyst, Pd6Au4 in
line with the results obtained from TEM-EDX analyses. Nano-
particles are dynamic systems that rapidly change their local
atomic structure, chemical state and crystallinity under operat-
ing condition.[35–38] We considered clusters’ reconstruction
energies in both initial (FA adsorption) and final (products
desorption) steps to ensure comparability between the energy
profiles. Indeed, small NPs are fluxionable[39] and present a
relatively large number of low-energy-lying configurations
interconvertible under the reaction conditions considered.[40]

In order to select the most active site for FA adsorption, CO
was selected as a probe molecule. CO is a non-desirable
intermediate in the HCOOH decomposition mechanism and
therefore, simulations will inform the worst-case scenario, i. e.,

active sites avid for CO adsorption. We adopted this approach
to avoid undertaking reaction mechanisms simulations on all
possible sites. Instead, carbon monoxide was brought to all
non-equivalent adsorption sites on the clusters and the whole
system was relaxed. Carbon monoxide prefers bonding on the
metal atoms rather than at the interface between the cluster
and the support. This may be attributed to the interaction of
the O-lone pair electrons with the inactive π-conjugation of the
support.[41] Then, formic acid was brought and relaxed on the
most favourable CO adsorption site with diverse orientations.
We selected the most stable adsorption configurations of each
structure to perform the subsequent FA decomposition reaction
steps. Every elementary step was analysed, resulting in the

Figure 8. Average particle size distribution of a) used 1%Pd6Au4@HHT and b) used 1%Pd8Au2@HHT.

Figure 9. STEM-HAADF images of a) 1%Pd6Au4@HHT fresh b) 1%
Pd6Au4@HHT used c) 1%Pd8Au2@HHT fresh and d) 1%Pd8Au2@HHT used.



energy profile in Figure 10. Au is not able to chemically bind
FA, in accordance with the poor catalytic activity showed in our
experimental results (Figure 5 and 6), therefore it is not
included in Figure 10.

The adsorption of FA is exothermic for both Pd and Pd9Au6,
showing a total energy (Etot) of 2.669 and 7.935 eV,
respectively (Figure 11a and 12a). These values can be divided
into two different contributions: the first one derives from the
reconstruction of the metal atoms during the interaction of the
NP with FA (ERec), while the second one describes the adsorption
of the substrate (EAds) on the reconstructed cluster. The
extremely negative value of energy found for Pd9Au6 was
mainly due to the NP reconstruction upon FA adsorption, where
the metal atoms reached a more stable conformation (ERec =

6.775 eV). A different behaviour was found for monometallic
Pd. The contributions of the reconstruction energy and the
adsorption energy are similar (ERec = 1.043 eV). This ability of
the bimetallic NP to stabilize FA can also explain the superior
reactivity and durability of the bimetallic catalysts, in particular,
the 1%Pd6Au4@HHT catalyst showed in the experimental
results, i. e., activity of 3539 h 1, conversion of 73% after 2 h and
an excellent stability over 6 runs of reaction.

Following the Pd pathway, two different intermediates can
be observed. The first and less stable one is obtained from the
cleavage of C H bond forming COOH* intermediate (ER =

0.208 eV, Figure 11b), while the second intermediate, HCOO*,
shows an ER of 0.112 eV (Figure 11d). The two intermediates can
now decompose following two different pathways forming
carbon dioxide and hydrogen or leading to co-adsorbed carbon
monoxide and hydroxyl. Both pathways are exothermic,
although the formation of carbon dioxide is favoured by an ER

of 0.791 eV (Figure 11e) that is 0.227 eV lower than the
second path (Figure 11c). These competitive pathways confirm
the presence of both carbon monoxide and carbon dioxide
observed in the experimental tests.

The formation of HCOO* and COOH* intermediates on
Pd9Au6 is exothermic ( 0.688 eV and 0.128 eV, respectively;
Figure 12b–d). We also observe that the most stable species is
also HCOO* but, on this catalyst, the difference with COOH* is
0.560 eV, which already eases the competition towards HCOO*.
Considering again both possible pathways in the following
decomposition step, the favourite route is the formation of
carbon dioxide and atomic hydrogen adsorbed on the surface
(ER = 0.271 eV, Figure 12e) differing from the undesired path-
way of 0.230 eV (Figure 12c). The releasing of the molecular
species from the surface of the catalyst is for both pathways
endothermic but, in the case of carbon dioxide and hydrogen
the energy barrier is lower (EB =1.511 eV), whereas for carbon
monoxide and water the energy gap to overcome is 2.582 eV.
The energy difference between the preferred CO2 path and the
one forming CO explains the selectivity between monometallic
Pd catalyst and the bimetallic Pd9Au6 systems. This result is in
agreement with the DFT study of J. Cho et al. where the
importance of the second metal effect in a core shell structure
is highlighted. It was claimed that adding a second metal, such
as Au, as core of a core-shell Pd structure can enhance the rate
of this reaction and also suppress the dehydration pathway.[16]

In order to reveal the selectivity, reactivity and superior
stability of Au6Pd9 supported nanoparticles, we investigated the
electronic structure of all the three supported systems on
graphene. We calculated the partial charge density of the
supported clusters from the gas phase with the same morphol-
ogy. Upon adhesion, the electron density rearranges as shown
from the electron density depletion (blue) and gain (yellow) iso-
surfaces in Figure 13. In Au system, the arrangement places the
electrons at the core of the nanoparticle as previously
observed.[42] The Pd nanoparticle localizes its electron density
away from the surface while on Au6Pd9 the electron density is
relocated at the interface between the nanoparticle and the
support. This suggests a stronger interaction with the support

Figure 10. Energy profile for the different pathways of formic acid decomposition on Pd15 (blue) and Pd9Au6 (red) clusters. The energy of the initial state FA
+S was calculated as the energy of the initial cluster structure (S) and the energy of formic acid (FA) isolated. Final state S is the reconstructed structure. The
final S can reconstruct to the initial S spontaneously. * indicates the adsorbed species.



in the bimetallic system in full agreement with the results
obtained in the experimental part, where the bimetallic
catalysts showed a durability superior to monometallics.

Conclusion

In conclusion, this work combines DFT and experimental data
to disclose the role of gold in enhancing activity, selectivity and
stability of palladium catalyst during the formic acid decom-
position. PdAu catalysts were synthesised using sol-immobiliza-
tion technique with a systematic variation of Au to Pd molar
ratio, obtaining in the majority cases an alloy with an enrich-
ment of palladium on the surface confirmed by XPS, STEM-
HAADF and STEM-XEDS analyses. The activity plot showed a

typical volcano trend with a maximum for 1%Pd6Au4@HHT
catalyst (3539 h 1). An increasing in conversion at 2 h of
reaction is observed for most of the bimetallic systems, in
particular for 1%Pd6Au4@HHT and 1%Pd8Au2@HHT (73% and
68%, respectively). Moreover, an inhibition of the dehydration
pathway was observed for gold-containing catalysts. 1%
Pd6Au4@HHT and 1%Pd8Au2@HHT also showed an excellent
stability during six consecutive runs, whereas 1%Pd@HHT
rapidly deactivates because of leaching, coalescence and CO-
poisoning. DFT models of Pd15, Au15 and Pd9Au6 clusters were
then employed to better understand the beneficial effect of
gold observed in the experimental results. While Au15 was not
able to interact with FA, Pd15 and Pd9Au6 could exothermically
adsorb the substrate according to our observations. Nonethe-
less, the Pd9Au6 catalyst showed a more exothermic adsorption

Figure 11. Top and side views of the optimized elementary steps on Pd15 cluster; (a) FA adsorbed on the cluster, (b) COOH and H adsorbed after the
dissociation of the C H bond, (c) CO, H and OH adsorbed after the dissociation of the C OH bond, (d) HCOO and H adsorbed after the dissociation of the O H
bond and (e) H and H adsorbed on the cluster after the dissociation of C H bond. CO2 is more stable in gas phase than adsorbed. The inset in this figure is
referred to a rotation of 90° on the z axis showing the second H adsorbed on the Pd. Inset shows the distances and angles of interest. Carbon atoms are
represented in brown, palladium in silver, oxygen in red, hydrogen in white and the carbon atoms of formic acid in purple.



of formic acid than Pd15, confirming the superior activity of the
bimetallic system. Moreover, considering the pathways ob-
served for both systems, the Pd9Au6 favourite route was the
formation of carbon dioxide and hydrogen, while Pd15 can
follow both the dehydrogenation and dehydration pathways, in
agreement with the analyses performed on the products.
Additionally, as far as we know this is the first study
demonstrating a stronger interaction between the bimetallic
system and the support confirming the excellent durability
results observed in the experimental part, using the analysis of
the electronic structures of the different modelled clusters.

These results demonstrate that alloying Pd with Au facilitates
the synthesis of active, highly selective and durable catalysts for
the sustainable formation of hydrogen from formic acid
decomposition at mild conditions.

Figure 12. Top and side views of the optimized elementary steps on Pd9Au6 cluster; (a) FA adsorbed on the cluster, (b) COOH and H adsorbed after the
dissociation of the C H bond, (c) CO, H and OH adsorbed after the dissociation of the C OH bond, (d) HCOO and H adsorbed after the dissociation of the O H
bond and (e) H and H adsorbed on the cluster after the dissociation of C H bond. CO2 is more stable in gas phase than adsorbed. Insets show distances and
angles of interest. Carbon atoms are represented in brown, gold atoms in gold, palladium in silver, oxygen in red, hydrogen in white and the carbon atoms of
formic acid in purple.



Experimental Section

Materials and chemicals

Sodium tetrachloroaurate(III) dihydrate (NaAuCl4 · 2H2O, 99.99%),
sodium tetrachloropalladate (II) (Na2PdCl4, 99.99%), sodium borohy-
dride (NaBH4, 99.99%) and poly(vinyl alcohol) (PVA, average molar
weight 10,000, 87–89% hydrolysed) were used without any pre-
treatment for the catalysts synthesis and they were purchased from
Sigma-Aldrich (Haverhill, MA, USA). All the catalytic tests were
carried out using Formic acid (�95%, Sigma-Aldrich) and deionised
water. CNFs PR24-HHT (High Heat-Treated carbon nanofiber) were
obtained from Applied Science Company (Cedarville, OH, USA).

Catalyst preparation

Following a typical sol immobilization procedure,[43] the catalyst
was prepared by adding the solution of the precursor salt (K2PdCl4,
NaAuCl4 · 2H2O; Table 4) to 100 mL of H2O. Afterwards, the PVA
(Metal/PVA 1/0.5 (wt/wt)) was added. Then, a fresh aqueous
solution of NaBH4 (M/NaBH4 1/8 mol/mol) was inserted at once.
After 30 minutes under vigorous stirring 1 g of HHT nanofibers was
added in order to support the metal colloidal solution. By using
sulphuric acid, the suspension was acidified to pH 2 and stirred for
30 min in order to ensure the full immobilization of the nano-

particles on the support.[24] The solid was filtered, washed with 1 L
of H2O and dried in oven at 80 °C for 1 day.

Catalytic tests

FA dehydrogenation: Liquid-phase Formic acid decomposition was
carried out in a two-necked 100 mL round-bottom flask placed in a
water bath equipped with a magnetic stirrer and a reflux
condenser. Typically, 10 mL of an aqueous solution 0.5 M of FA was
placed in the reactor and the reaction temperature was set at 30 °C.
The Formic Acid/metal molar ratio is 2000 :1 and once the solution
reached the desired temperature, the solution was stirred at
1400 rpm. At these experimental conditions we are operating under
kinetic regime.[27] Recycle tests were performed on the most active
catalysts using 25 mL of an aqueous solution of FA (0.5 M) in a
250 mL round-bottom flask at the same experimental conditions of
the reaction previously discussed.

Product analysis

Formic acid conversion was analysed using high-performance liquid
chromatography (HPLC). In particular, an H+ chromatographic
column was used (Alltech OA – 10,308, 300 mm–7.8 mm) with UV
detector settled at 210 nm. Liquid samples were withdrawn periodi-
cally (200 μL) and diluted to 5 mL with H3PO4 solution (0.1 wt %)
which was also the eluent of the analysis. The isocratic eluent flow
was set at 0.4 mlmin 1. Analysis of the gas was executed using an
online micro-gas chromatograph (Agilent 3000A) after 2 hours of
reaction. The device is equipped with a TCD detector and two
different columns: (a) a molecular sieve module and (b) an OV-1
module (stationary phase of polydimethylsiloxilane), with a detec-
tion limit of CO below 5 ppm. CO and CO2 were measured by mean
of calibration curves created from commercial standards.

Figure 13. Side and top view of the partial charge density analysis upon: a) Au15, b) Pd15 and c) Au6Pd9. Yellow and blue iso-surfaces denote gain and depletion
of electron density. Gold, silver and khaki spheres represent gold, palladium and carbon, respectively.

Table 4. Summary of the amount of the metals for the preparation of the
sol.

Pd-Au Ratio Pd [mmol×10 2] Au [mmol×10 2]

1%Pd@HHT 9.40 –
1%Pd8Au2@HHT 6.42 1.61
1%Pd6Au4@HHT 4.21 2.80
1%Pd4Au6@HHT 2.49 3.73
1%Pd2Au8@HHT 1.12 4.47
1%Au@HHT – 5.08



Catalyst characterization

TEM: High angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM) imaging and energy dispersive X-ray
spectroscopy (EDX) analysis were performed on a Themis300
transmission electron microscope (Thermofisher Scientific),
equipped with probe aberration corrector and Super-X EDX
detectors. For these analyses, catalysts were sonicated in ethanol
and dropped on Cu TEM grids, covered with holey carbon film. The
particle size distribution was determined by fitting ellipsoid shapes
to the metal particles using ImageJ software, by which more than
200 nanoparticles were measured to get good statistical represen-
tation for each catalyst.

XPS: Thermo Scientific K-alpha+ spectrometer was used for XPS
measurements. The samples were analysed using a monochromatic
Al X-Ray source operating at 72 W, with the signal averaged over
an oval-shape area of 600×400 μ. Data were recorded at 150 eV for
survey scans and 40 eV for high resolution (HR) scans with a 1 eV
and 0.1 eV step size, respectively. CASAXPS (v2.3.17 PR1.1) was used
for the analysis of the data, using Scofield sensitivity factors and
energy exponent of 0.6.

Computational method

Periodic plane-wave density functional theory (DFT) calculations
were performed using the Vienna ab initio simulation package
(VASP).[44,45] The exchange-correlation was described by the spin-
polarized revised Perdew-Burke-Ernzerhof (rPBE) method of the
generalized gradient approximation (GGA) with a plane-wave
kinetic cut-off energy of 450 eV.[46] Non-spherical contributions
correlated to the gradient of the density are integrated in the
projector augmented wave (PAW).[47–49] The long-range interaction
was characterized by the DFT-D3 method of Grimme with zero-
damping.[50] The solvent effect of water was also considered by an
implicit polarized continuum model (PCM), which describes the
interaction between a solute and solvent into the plane-wave
DFT.[51,52] The optimized convergence threshold of internal forces
and electronic relaxation was set to 0.01 eV/Å and 10 7 eV,
respectively. A 0.2 Å 1 k-spacing sampled the Brillouin zone with a
smearing broadening of 0.1 eV.

The experimental catalysts were modelled by pristine carbon
surface decorated with metallic nanoparticles maintaining an
equivalent Au :Pd ratio. The optimized lattice parameter of
supporting pristine graphene is 2.469 Å, which is in agreement with
the benchmark value of 2.46 Å.[53] All surfaces were represented by
a p(8×8) supercell slab model to avoid the interaction between the
metal clusters. The expensive exploration of the supported nano-
particles’ conformational morphology restricted their size to 15
metallic atoms. To determine the most stable initial shapes and the
distribution of species within the NPs, we employed an unbiased
genetic algorithm (GA) to explored up to 100 independent
structures for each Pd, Au and AuPd clusters, besides moieties that
maximized the exposure of the most stable facets, i. e., (111) and
those based on previous reports.[54] We recognized that not all
possible configurations were simulated, nevertheless, we proved
during the presented research that these clusters are highly
dynamic and their reactivity is not related directly to the rigid
morphology of the global energy minima’s structure.[55] We added
15 Å of vacuum perpendicular to the carbon slab to avoid any
spurious interaction with periodic images. Dipole correction
perpendicular to the surface was applied upon deposition of the
NPs.

NPs’ adhesion energy (EADh) was calculated as the difference
between the combined system and the isolated NP and carbon

sheet with the same geometry as the combined system. The
molecular adsorption energy (EAds), which is equivalent to the
desorption energy (EDes) was defined as the difference between the
combined system and the isolated species, i. e., the desorbed
molecular species and the cluster in exactly the same geometry as
the last combined models. The final cluster after the desorption
step is considered to spontaneously reconstruct to the initial state.
The reaction energy (ER) defined as the total energy difference
between the final (final adsorbate-NP/C) and the initial states (initial
adsorbate-NP/C).
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