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Monodisperse AgPd Alloy Nanoparticles and Their Superior Catalysis
for the Dehydrogenation of Formic Acid**
Sen Zhang, Onder Metin,* Dong Su, and Shouheng Sun*

Formic acid (FA, HCOOH) is a common small organic acid
with a melting point of 8.4°C and boiling point of 100.8°C. It
can undergo a dehydrogenation reaction, HCOOH—H, +
CO,, releasing H, that will be important for hydrogen-based
energy applications.!l Traditionally, the dehydrogenation of
FA is catalyzed by metal complexes dissolved in an organic
solvent and the catalysis is enhanced by adding an additive,
such as sodium formate or amine adducts.”! To make more
practical catalyst for the dehydrogenation reaction of FA,
heterogeneous catalysts based on metal nanoparticles (NPs)
have been developed. These catalysts are generally more
stable but much less active than the homogeneous ones.”!
Recently, bimetallic NP catalysts were found to be more
active than their single component counterparts for the
dehydrogenation of FA.Il For example, AgPd NPs supported
on cerium oxide or AuPd NPs immobilized in a metal-organic
framework showed an enhanced FA dehydrogenation catal-
ysis with the initial turnover frequency (TOF) reaching
210 h7! or 192 h™! at 90°C, respectively.”) However, the high
rate of hydrogen generation observed from these heteroge-
neous catalysts could only be achieved when an additive was
present and the reaction was maintained at temperatures
close to 100°C." Under these “harsh” conditions, HCOOH
was also subject to an undesired dehydration reaction,
HCOOH—H,0 + CO." Interestingly, Ag/Pd core/shell NPs
were found to be promising in catalyzing the dehydrogenation
of FA in an aqueous FA solution at lower temperatures (up to
50°C) without any additive.! But their initial TOFs were in
the range of 125-252 h™! at temperatures between 25-50°C.
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Considering the limitation seen from the previous syn-
theses in controlling the NP size and composition, we decided
to re-evaluate the binary alloy NPs on their catalysis for the
dehydrogenation of FA. Our very recent report showed that
monodisperse 4 nm AuPd NPs were more active in catalyzing
the dehydrogenation of FA in water at 50°C without using
any additive and their initial TOF reached 230 h™.’) Encour-
aged by this result, we further improved our solution phase
synthesis and produced monodisperse 2.2 nm AgPd NPs with
the desired composition controls. We found that these
monodisperse 2.2 nm AgPd alloy NPs were a highly active
heterogeneous catalyst for the dehydrogenation of FA. In
water without any additive, the Ag,Pdss NPs showed the
highest catalytic activity among all AgPd NPs tested with
their initial TOF reaching 382 h™' at 50°C and apparent
activation energy at 22 &1 kI mol . These are the best values
ever reported by a heterogeneous catalyst for the dehydro-
genation of FA in aqueous solution. It demonstrates the great
potential of binary alloy NPs as a more practical catalyst for
the dehydrogenation of FA and hydrogen generation.

The 2.2nm AgPd alloy NPs were synthesized by co-
reduction of silver(I) acetate, Ag(Ac), and palladium(II)
acetylacetonate, Pd(acac),, in oleylamine (OAm), oleic acid
(OA) and 1-octadecene (ODE) at 180°C (Experimental
Section). Here, OA served as a surfactant and OAm was
added both as a co-surfactant and mild reducing agent. The
composition of the AgPd NPs (Ag,sPd;s, Ags,Pdsg, Ags,Pd,g,
AgqPd,, and AggPd,;) were controlled by varying the molar
ratio of Ag(Ac)/Pd(acac), and analyzed by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES;
Table S1 in the Supporting Information). Transmission elec-
tron microscopy (TEM) images of the as-synthesized AgPd
NPs show that they have a mean particle size of 2.2 £0.1 nm
(Figure 1A and Figure SIA-D). Under similar reaction
conditions, we also synthesized 2.2+0.1 nm Ag NPs (Fig-
ure S1E) and 4.5+ 0.2 nm Pd NPs (Figure S1F) by reducing
only Ag(Ac) or Pd(acac), Different from the previous
approaches to AgPd alloy NPs (larger than 7nm) by
a strong reducing agent,” or a multi-step reaction scheme
(diffusing Pd into Ag seeds at a high temperature),"” our one-
step co-reduction of metal salts by OAm is highly efficient in
producing monodisperse AgPd NPs at a particle size of only
2.2 nm. The use of an excess amount of OA was crucial for
controlling the NP size. If OA was present in a small amount
(e.g.0.5 mL) or no OA was used, polydisperse AgPd NPs were
obtained (Figure S2A&B).

A representative high-resolution (HR) TEM image of the
22nm Ag,Pds; NPs (Figure 1B) shows the (111) lattice
fringe distance of 0.23 nm, which is between the (111) lattice
spacing of face-centered cubic (fcc) Ag (0.24 nm) and fec Pd
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Figure 1. A) TEM image of the 2.2 nm Ag,,Pdss NPs. B) HRTEM image
of the 2.2 nm Ag,,Pdss NPs. C) XRD patterns of the 2.2 nm Ag,sPd;s,
Ag,,Pdsg, AgeoPdy, and Agg,Pd,, NPs (dashed line and solid line denote
standard (111) peak positions of bulk Ag and Pd, respectively).

D) TEM image of the carbon-supported 2.2 nm Ag,,Pds; NPs after
treatment with acetic acid.

(0.22 nm) NPs. Figure 1 C s the X-ray diffraction (XRD)
patterns of the 2.2 nm AgPd NPs. The AgPd NPs have
a very weak peak intensity because of their small size.
With the Ag amount increased in AgPd, the (111) peak
shifts to a lower angle towards Ag(111) because of the
increase of the lattice parameters, indicating that AgPd
is formed as an alloy and not as a core/shell structure.
Furthermore, AgPd NPs show almost no surface plas-
mon resonance (SPR) absorption in the UV/Vis spectra,
whereas Ag NPs have a very strong SPR absorption at
425 nm (Figure S3). This SPR “quenching” caused by
the alloying effect was also observed in other Ag- and
Au-based alloy NPs.']

To study NP catalysis for the dehydrogenation of FA
in water, we deposited Ag, Pd, or AgPd NPs on Ketjen
carbon (C) and cleaned these C-NPs by acetic acid
treatment and ethanol washing followed by drying under
vacuum (Experimental Section). The representative TEM
image (Figure 1D) and the relevant ICP-AES analysis
(Table S2) revealed that these C-AgPd NPs preserved their
size, morphology, and composition after the cleaning process.
The metal contents of the C-AgPd, C-Pd, and C-Ag catalysts
were measured (by ICP-AES) to have 17 wt % AgPd, 19 wt %
Pd, and 18 wt % Ag, respectively. The catalytic activity of the
C NP catalysts in the dehydrogenation of FA was evaluated in
a gas burette system. Figure 2 A shows the plots of volume of
gas (CO, + H,) generated versus the reaction time during the
dehydrogenation of the aqueous FA solution (10 mL, 1M FA
solution at 50°C) catalyzed by different C-AgPd and C-Pd
catalysts. We can see that most C-AgPd catalysts have
a higher activity than the C-Pd NPs, except for C-Agg,Pd,.
The C-Ag,sPd;s, C-Ag,,Pdsg, and C-Ags,Pdys catalysts have
the initial TOF of 318, 382, and 228 h™', respectively. They are
even more active than the state-of-the-art AgPd alloy (TOF =
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210 h™"' at 92°C) and Ag/Pd core/shell NPs (TOF =252 h™ at
50°C). Figure 2B shows the plot of TOF versus the mole
fraction of Ag for the C-AgPd catalyst at different compo-
sitions. The TOF increases with increasing Ag mole ratio up
to 0.42 and then decreases. The observed “volcano”-type
activity of the C-AgPd catalyst versus the Ag/Pd composition
indicates that although neither Ag nor Pd is active for
catalyzing the dehydrogenation reaction of FA, alloying Ag
with Pd provides a necessary synergistic effect on the catalysis
and Ag,Pds; is the optimum catalyst for catalyzing the
dehydrogenation of FA. This further supports that Ag and Pd
form a uniform alloy structure in the synthesis.

Since dehydration route of FA (HCOOH —CO + H,0) is
generally associated with the dehydrogenation at relatively
high reaction temperatures (7> 60°C),*” we also tested our
reaction and characterized the evolving gas mixture with FT-
IR and mass spectroscopy. We found no detectable amount of
CO in the gas mixture generated from the C-Ag,,Pds
catalyzed the dehydrogenation of FA (Figure S4). After
reacting the gas mixture with the aqueous NaOH solution,
the volumes of CO, and H, were estimated and the gas
mixture was found to consist of equal molar amounts of CO,
and H, (Figure S5), proving that the AgPd catalyst promotes
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Figure 2. A) The plots of generated gas (CO,+ H,) versus time during the
dehydrogenation of an aqueous FA solution (10 mL of 1m, 50°C) in the
presence of C-AgPd and C-Pd catalysts and B) TOF vs. mole fraction of Ag for
the C-AgPd catalysts at different Ag and Pd compositions.

complete dehydrogenation of FA into CO, and H,. The
drastic dehydrogenation activity enhancement of these
2.2 nm AgPd NPs is likely caused by their small size and the
synergistic effect between Ag and Pd in the alloy structure
that inhibits the adsorption of CO on Pd. This is consistent
with what was observed on the CeO,-supported MPd (M =
Ag, Au) systems.”" However, our system is also different
from the CeO,-supported MPd catalyst in which the enhanced
activity was believed to originate from the NP-support
interactions,® and ours seem to show a more drastic alloy
effect with their catalysis optimized when the AgPd catalysts
has the composition Ag,,Pdss.

The concentration of the NP catalyst, FA concentration,
and temperature effects were studied to obtain more kinetic
information about the dehydrogenation of FA. In the first set
of experiments, the dehydrogenation reaction was performed
at different catalyst concentrations in the range of 10-40 mg
(1.6-6.4 mm) Ag,Pds by keeping the FA concentration at
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1.0m and the temperature at 50°C. The volume of generated
gas (CO,+ H,) was plotted versus the reaction time during
the dehydrogenation of FA at different catalyst concentra-
tions (Figure S6A). The hydrogen generation rates for each
catalyst concentration were calculated from the linear portion
of each plot comprising a reaction duration of 20 minutes.
Figure S6B shows the logarithmic plot of the hydrogen
generation rate versus the AgPd concentration. The line
with a slope of 0.88 in Figure S6B indicates that the reaction is
close to first-order with respect to the catalyst concentration.

To study FA concentration effect on the gas generation
rate, we kept the C-Ag,,Pdss concentration at 3.2 mm Agy,Pdsg
and the temperature at 50 °C. Figure 3 A shows the volume of
generated gas (CO,+H,) versus time at different FA
concentrations. The initial TOFs (h™") were calculated and
presented in Figure 3B. From Figure 3 A&B, we can see
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TOF and by plotting the logarithmic TOF vs. 1/T, we obtained
the Arrhenius plot (Figure 3D). From the linear Arrhenius
behavior, we calculated the apparent activation energy (E,*?)
to be 22+1kJmol™ for the C-Ag,Pds; catalyzed the
dehydrogenation reaction of FA. This is the lowest value
ever reported for the dehydrogenation reaction of FA
catalyzed by a heterogeneous catalyst.

We further tested briefly the stability of the C-Ag,,Pdss
catalyst by performing the dehydrogenation of FA in water at
50°C and recovering the catalyst from the solution after the
reaction completion for the next round of reaction. Our tests
showed that the C-Ag,,Pds; catalyst preserved 90% of its
initial activity after the fourth run (Figure S7A). We analyzed
the recovered catalyst by ICP-AES and TEM (Figure S7B).
We found no obvious change in the Ag/Pd composition,
catalyst loading on carbon, and NP morphology. These

findings indicate that the C-Ag,Pdss catalyst was
stable under the current FA dehydrogenation con-

dition and could be re-used for multiple rounds of the
dehydrogenation reaction.

Herein, we have demonstrated a facile approach
to a composition-controlled synthesis of monodis-
perse 2.2 nm AgPd NPs. These 2.2 nm AgPd NPs are
highly active and durable as catalysts for the
dehydrogenation of FA and for hydrogen generation
without the need of any additive. Under our evalua-

2.0 tion condition (in water at 50°C), the AgPd NPs
show the composition-dependent catalysis and the

Ag,,Pdsg NPs have the highest activity with an initial
TOF of 382 h™" and an apparent activation energy of
22 + 1 kI mol '—the best catalytic performance ever
reported among all heterogeneous catalysts tested
for the dehydrogenation of FA in aqueous solution.
This, combining with the fact that Pd and Ag NPs are
much less active in catalyzing the dehydrogenation of
FA, proves the unique approach in using alloying
effects to enhance NP catalysis. With the desired
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Figure 3. A) The volume of the generated gas (CO,+ H,) versus time for the
dehydrogenation of FA catalyzed by the C-Ag,,Pds; at different FA concentrations
(0.125-2 m). B) Plot of initial TOF (h™") versus the FA concentration. C) Volume
of the generated gas (CO,+ H,) versus time for the dehydrogenation of FA

control on the NP sizes, compositions, and shapes,
NP catalysis for the dehydrogenation of FA can be
further optimized and a new type of heterogeneous
catalyst may be developed for hydrogen generation
and for hydrogen-based energy device applications.

catalyzed by C-Ag,,Pds; at different different temperatures (25-50°C). D) Arrhe-

nius plot (In(TOF) vs. 1/T).

a volcano-shaped relationship between TOF and HCOOH
concentration. The gas generation rate increases almost
linearly with the FA concentration in the range of 0.125-
1.0M, but drops when the HCOOH concentration is higher
than 1m. This, plus the catalyst inactivity observed for the
dehydrogenation of pure FA, reveals that a large amount of
water plays an indispensable role in the catalytic dehydrogen-
ation of FA. To measure the ease of the dehydrogenation
reaction catalyzed by the AgPd alloy catalyst, we recorded the
time-dependent H, generation at different temperatures (25—
50°C) in the presence of C-Ag,,Pds; (3.2 mM AgPd) and FA
(1m), as shown in Figure 3 C. By converting the reactivity into
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Experimental Section

Synthesis of AgPd NPs: Under a gentle nitrogen flow,

0.084 g of silver(I) acetate (Ag(Ac), 0.5 mmol) and 0.15 g of
palladium(II) acetylacetonate (Pd(acac),, 0.5 mmol) were magneti-
cally stirred in 4.5 mL of oleic acid (OAc), 0.5 mL of oleylamine
(OAm), and 10 mL of 1-octadecene (ODE). The mixture was heated
to 60°C to generate a homogeneous solution. Then the solution was
heated to 180°C at a rate of 3-5°Cminutes ' and kept at this
temperature for 20 minutes during which the transparent solution
gradually turned into brown and finally dark-brown color. Once the
reaction solution was cooled down to room temperature, the NPs
were separated by adding isopropanol (50 mL) and centrifugation
(9500 rpm, 8 minutes). To remove the organic impurities and
precursor residues, the product was redispersed in 10 mL of hexane
and then recollected by adding 40 mL of ethanol and centrifugation
(9500 rpm, 8 minutes). This synthesis yielded Ag,,PdNPs (yield:
95 %), which were dispersed in hexane for future use. Under the same
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reaction condition, 0.134 g of Ag(Ac) (0.8 mmol) and 0.06 g of
Pd(acac), (0. 2 mmol) led to the formation of AggPd,, NPs; 0. 126 g
of Ag(Ac) (0.75mmol) and 0.075g of Pd(acac), (0. 25 mmol)
generated AggPdy, NPs; 0. 1 g of Ag(Ac) (0.6 mmol) and 0.12 g of
Pd(acac), (0. 4 mmol) produced Ags,Pd,s NPs; 0. 042 g of Ag(Ac)
(0.25 mmol) and 0.225 g of Pd(acac), (0. 75 mmol) yielded Ag,sPd;s
NPs. Under similar conditions, 0.168 g of Ag(Ac) (1 mmol) in the
absence of Pd(acac), yielded 2.2 nm Ag NPs. The synthesis of 4.5 nm
Pd NPs was conducted according to a protocol published else-
where.['!

Preparation of C-NP catalysts: In 10 mL of hexane 50 mg of
Ketjen carbon were suspended and sonicated for 15 minutes. Next,
about 25 mg of NPs in hexane was added dropwise into the carbon
support mixture under sonication. The resulted mixture was sonicated
for 1 h to ensure NP adsorption onto the carbon support. The C-NPs
were separated by centrifugation and washed with ethanol. Next, the
C-NPs were suspended in 30 mL of acetic acid and the suspension was
heated for 10 h at 70°C. 30 mL of ethanol was added and the mixture
was centrifuged at 8500 rpm for 6 minutes. This ethanol washing
procedure was repeated three times. The C-NPs were recovered and
dried under vacuum.

Formic acid dehydrogenation: In 9.6 mL of water 20 mg of C-NP
catalysts were dispersed by sonication and then 0.4 mL of formic acid
was injected into the catalyst solution at 50 °C. The volume of the gas
(CO, +H,) generated during the catalytic reaction was monitored by
a gas burette system.
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