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A novel bimetallic catalyst, AgPd nanoalloy supported on Vulcan XC-72 carbon (AgPd@C-72), has been
successfully fabricated and used for catalyzing H, generation from formaldehyde aqueous solution at
room temperature for the first time. The catalyst exhibits high catalytic activity and good stability, and
the hydrogen generation rates could reach up to 237.4 mL min~* g~ which could be attributed to the
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Introduction

Owing to industrial development and population growth, the
world's energy consumption is dramatically increasing. This
increasing energy demand makes it necessary to develop more
secure and diversified energy sources because the present world
energy supply comes mainly from fossil fuels that are rapidly
depleting. Among the various alternative energy strategies,
hydrogen is one of the most promising candidates to replace
nonrenewable fuel sources and is foreseen to become a major
energy carrier in the relatively close future because it is a renew-
able, environmentally friendly energy carrier.>* However, search-
ing for safe and efficient hydrogen storage materials remains one
of the most difficult challenges for the transformation from the
present fossil fuel economy to a hydrogen economy.*” In this
context, one of the promising hydrogen storage techniques relies
on liquid-phase chemical hydrogen storage materials.

Up to now, various liquid-phase chemical hydrogen storage
materials such as aqueous sodium borohydride,**® ammonia
borane,"™ hydrazine,"** formic acid,>*" and formalde-
hyde,**** have been intensively studied by various research
groups. Among them, hydrogen generation from formaldehyde
is of significant importance since it can combine hydrogen
generation with destruction of formaldehyde, an environmental
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bimetallic catalysts for the generation of H, from formaldehyde aqueous solution.

pollutant, together. Usually, this reaction occurs in an alkaline
solutions and the efficiency of hydrogen generation is very low.
To accelerate the rate of hydrogen production from formalde-
hyde solution, adding catalyst into the alkaline formaldehyde
solutions is necessary. Several reports have confirmed that
nanometallic catalysts, such as Cu, Au, Pt, Ni, and Ag, can
significantly accelerate the hydrogen production rate at atmo-
spheric pressure.”*? However, using metal nanoparticles as
catalysts suffers from a serious intrinsic defect: metal nano-
particles inevitably tend to agglomerate into large particles,
which greatly decrease the active site, thus reduce the catalytic
performances. Therefore, it is highly desirable to develop an
effective strategy to prevent metal nanoparticles from agglom-
eration and improve the catalytic performance of the catalysts.

In this regards, immobilizing metal nanoparticles on suit-
able supports to obtain well-dispersed metal nanoparticles is
a very effective and the most common method to prevent
agglomeration of metal nanoparticles and improve the activity
and stability of catalysts. It has been demonstrated that the
synergetic interaction between the metal and support, the type
of the support, and the dispersity of the metal nanoparticles
play an important role in the catalytic performance of the
nanocatalysts.”®**® Carbon material is the most commonly used
catalyst support material because of its large surface area, high
electrical conductivity, and good thermal, chemical and
mechanical stability. Up to now, various carbon material such
as active carbon,* carbon nanotubes® and graphene** have
been used as catalyst support material. As a commercially
available and relatively cheap carbon material, Vulcan XC-72
has a good electrical and thermal conductivity and is consid-
ered as promising catalyst support material for the design of
uniformly dispersed metal nanoparticles.”**”

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Schematic representation of the synthesis process
Ag;Pd4@C-72 and the hydrogen generation from formaldehyde
aqueous solution.

Recently, bimetallic nanoparticles, a class of materials with
a combination of properties that are associated with the two
constituent metals, have emerged as an important class of cata-
lysts. In many cases, bimetallic nanoparticles have higher cata-
lytic efficiencies than their monometallic counterparts, owing to
strong synergy between the metals. The addition of a second
metal is an important approach for tailoring the electronic and
geometric structures of nanoparticles to enhance their catalytic
activity and selectivity.*®*** Bimetallic catalysts have shown excel-
lent catalytic properties for different chemical transformations
including hydrogen generation reaction. For example, Pd-Au and
Pd-Ag alloys supported on carbon materials have been developed
for the catalytic dehydrogenation of formic acid, and the result
indicated that the bimetallic catalysts, Pd-Au/C and Pd-Ag/C,
showed a higher catalytic activity than their monometallic
counterparts.*>** The addition of other metals could electroni-
cally promote Pd sites to significantly higher catalytic activity, as
well as to a better tolerance toward CO poisoning via the syner-
getic effects between other metals and Pd.*

Keeping all above in mind, herein, a novel bimetallic cata-
lyst, well dispersed AgPd alloy nanoparticles supported on
Vulcan XC-72 carbon (AgPd@C-72), was fabricated via an in situ
co-reduction method under mild conditions, and it was used as
a catalyst for catalytic dehydrogenation of formaldehyde
(Scheme 1). The AgPd@C-72 catalyst exhibited much higher
catalytic activity, excellent stability and 100% H, selectivity for
hydrogen generation from formaldehyde solution at room
temperature. To the best of our knowledge, this is the first
report on Vulcan XC-72 carbon-supported AgPd bimetallic
catalyst for catalytic dehydrogenation of formaldehyde solution
at room temperature.

Experimental

Chemicals and characterizations

Palladium(u) chloride (PdCl,), 40% formaldehyde aqueous
solution, sodium borohydride (NaBH,, 96%) were purchased
from Aladdin Reagent Limited Company (China). Silver nitrate
(AgNO3) and hydrochloric acid (HCl, 37%) were all obtained
from Boaixin Chemical Reagents Company (Baoding, China)
and used as received. Vulcan XC-72 carbon (Cabot Corp., USA)
was used as received.

Transmission electron microscopy (TEM) studies were con-
ducted on a JEOL model JEM-2011(HR) instrument. X-ray
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photoelectron spectroscopy (XPS) was performed with a PHI
1600 spectroscope. The X-ray diffraction (XRD) patterns of the
samples were recorded with a TD-3700 X-ray diffractometer
(China). The metal content of the materials was analyzed by
a T.J.A. ICP-9000 type inductively coupled plasma atomic
emission spectroscopy (ICP-AES) instrument. The surface area
of the samples were measured at 77 K by nitrogen adsorption
using a V-Sorb 2800P volumetric adsorption equipment
(Jinaipu, China). The analysis of H, was performed on SP-2000
(China) with thermal conductivity detector (TCD).

Synthesis of AgPd@C-72 catalysts

For preparation of Ag;Pd,@C-72, 100 mg of Vulcan XC-72 carbon
was dispersed in 50 mL water, then 1.65 mL 6.0 mmol L™ silver
nitrate and 6.6 mL 6.0 mmol L™ H,PdCl, solution was added,
the mixture was stirred for 1 h at room temperature. Then 15 mg
NaBH, was added into the above solution, the mixture was stirred
for 3 h at room temperature to yield Ag;Pd,@C-72. After centri-
fugation and washing with water, the obtained Ag,Pd,@C-72 (the
mass content of total metals was 5% and molar ratio of Ag and Pd
was 1 : 4) was dried at 80 °C in vacuum overnight.

Ag,Pd;@C-72, Ag@C-72 and Pd@C-72 catalysts (the mass
content of total metals was 5%) were synthesized with the above
procedure except that the molar ratios of Ag and Pd were 1: 1,
1:0 and 0: 1, respectively. The contents of Ag and Pd in the
composite were determined by ICP-AES as shown in Table S1
(see ESIT).

Activity tests

The as-prepared catalyst (15 mg) was added into the HCHO and
NaOH aqueous solution (100 mL) to form a mixed solution,
which was placed in a sealed 600 mL flask. Then the solution
was placed in a water bath at a preset temperature under
ambient atmosphere and stirred vigorously during the reaction.
The volume of hydrogen gas evolved was measured by a gas
chromatograph system equipped with TCD, which used argon
as carrier gas. The amounts of the hydrogen produced were
measured every five minutes, no carbon monoxide or other
gaseous product can be detected in all these catalytic processes.

Results and discussion

The morphology of the as-prepared Ag;Pd,@C-72 composite is
characterized by TEM. It can be seen that the AgPd nano-
particles supported on Vulcan XC-72 are well dispersed with an
average particle size of about 3-6 nm (Fig. 1a), suggesting that
Vulcan XC-72 leads to the good dispersion of metal nano-
particles on its surface. The corresponding energy-dispersive X-
ray (EDX) spectrum (Fig. S1t) proves the existence of the Ag, Pd
elements. Fig. 1b shows the high-resolution TEM (HRTEM)
image of the as-prepared catalyst, wherein the lattice spacing is
0.23 nm, which is between the (111) lattice spacing of face-
centered cubic (fcc) Ag (0.24 nm) and fce Pd (0.22 nm), sug-
gesting that Ag-Pd is formed as an alloy structure.

The crystallographic structure of the as-prepared AgPd@C-
72 sample was examined by powder X-ray diffraction (PXRD).
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Fig.1 TEM images (a and b) of Ag;Pd,@C-72.

Fig. 2 showed the PXRD patterns of Ag@C-72, Ag;Pd,@C-72 and
Pd@C-72. It can be seen that all the as-prepared samples
possess similar XRD patterns at 26 = 25.19°, which is assigned
to the Vulcan XC-72. Furthermore, the PXRD pattern of
Ag,Pd,@C-72 exhibited a smaller peak between the character-
istic peaks of Ag(111) (26 = 38.42°) and Pd(111) (26 = 40.01°),
indicating the formation of the AgPd alloy, and also suggesting
that the well dispersion of AgPd alloy NPs. Fig. S21 shows the
PXRD patterns of the recycled Ag;Pd,@C-72 after four runs. It
can be seen that there is no obvious change compared with that
of the fresh prepared catalyst.

XPS analysis further confirms the presence of Ag, Pd and C in
the Ag,Pd,@C-72 hybrid composites (Fig. 3). As shown in Fig. 3b
and c, the 3d*? and 3d*? peak of Pd® appear at 335.9 eV and
341.2 eV, the 3d*?* and 3d*” peak of Ag® appear at 368.3 eV and
374.2 eV. The results indicated that the co-existence of both
metals. In addition, the presence of PdO species in Ag;Pd,@C-72
was confirmed by fitted the high energy shoulder on the metallic
Pd lines at bond energy of about 338.2 and 343.1 eV. The
production of oxidized Pd species could be due to the oxidation
of metallic Pd left in an oxygen-containing environment.

The N, adsorption-desorption isotherms of Ag,Pd,@C-72
and Vulcan XC-72 are shown in Fig. S3.f The BET surface
areas of Ag,Pd,@C-72 is 169.8 m> g~ ', which is lower than
Vulean XC-72 (242.9 m® g~ '). The results indicated that the
external surface of Vulcan XC-72 is occupied by AgPd
nanoparticles.

Ag@C-72

" S—
m A Ag,Pd@C-72
”“M A Pd@C-72

T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta/degree

Fig. 2 Powder X-ray diffraction patterns of Pd@aC-72, Ag;Pd,@C-72
and Ag@C-72.
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Fig. 3 XPS patterns of Ag;Pd,@C-72.

In order to enhance the H, generation rate and select
optimal catalyst, the catalytic activity of different catalysts for
the hydrogen production reaction from alkaline formaldehyde
solution at 30 °C has been investigated based on the amount of
gases generated volumetrically during the reaction. The results
shown in Fig. 4 indicated that the catalytic activities were strongly
depended on the composition of the catalysts. Remarkably, the
bi-metallic AgPd@C-72 are more active than their monometallic
counterparts, Ag@C-72 or Pd@C-72, which proving the syner-
gistic effect of bimetallic AgPd alloy catalyst. Additionally, the
mass ratio of Ag : Pd in the AgPd@C-72 system also play a crucial
role in the catalytic activity, and Ag;Pd,@C-72 is found to be the
most active one for formaldehyde dehydrogenation with a high
rates of 237.4 mL min~' g~ '. Moreover, as shown in Fig. S4,1 the
Ag,Pd,@C-72 catalyst with different content of metal can be
found to exhibit different catalytic performance. The high activity
of 5 wt% Ag;Pd,@C-72 could be attributed to the synergic effect
between Vulcan XC-72 and AgPd bimetallic alloy, including the
high specific surface areas of Vulcan XC-72, the well dispersion of

1104
1004  —®—No catalyst
—O—Ag‘l’dl(a'('-n
—A— Ag@C-72
809 —w—AgPd,@C-72
—4—Pd@C-72

90

H, generation volume (mL)
2
1

T T T T
0 5 10 15 20 25 30
Reaction time (min)

Fig. 4 Hydrogen generation by decomposition of HCHO with
different ratios of AgPd supported on Vulcan XC-72 versus time at
30 °C, NaOH: 1.0 mol L™, HCHO: 0.26 mol L™, catalyst: 15 mg.
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AgPd nanoparticles on Vulcan XC-72. Hence 5 wt% Ag;Pd,@C-72
is selected as the optimum catalyst for catalyzing the dehydro-
genation of formaldehyde.

In addition, the exclusive formation of H, has been
confirmed by gas chromatography (GC) analyses (Fig. S5T) via
comparing with pure H,, indicating the excellent H, selectivity
for formaldehyde dehydrogenation catalyzed by Ag,Pd,@C-72.

The effect of NaOH concentrations on the H, generation was
also investigated. As shown in Fig. 5, the H, generation rate over
Ag,Pd,@C-72 catalyst depends largely on the concentrations of
NaOH. No H, gas evolution has been detected in the absence of
NaOH, while H, generation reaction occurred immediately
when a small amount of NaOH was added into the reaction
system, indicating that the alkaline condition is indispensable
for this catalytic process. When the NaOH concentrations were
increased from 0.5 to 1.0 mol L™ ", the average rate of hydrogen
production obviously increased. However, further increasing
the NaOH concentration up to 3.0 and 5.0 mol L™ ", the rates of
H, production decreased obviously, which may be due to the
competition with the Cannizzaro reaction for transforming
formaldehyde into the corresponding methanol and formic acid
under highly alkaline conditions.>**”

The effect of HCHO concentration on H, generation has also
been studied and the result was shown in Fig. 6. It can be clearly
seen that H, generation rate was slow when the HCHO
concentration was very low, and the highest rate of H, genera-
tion was obtained at 0.26 mol L™, but further increasing the
concentration of formaldehyde up to 0.65 mol L' results in
a decrease of H, generation rate, which suggest that high HCHO
concentrations is disadvantageous for the H, generation reac-
tion. The results indicate that the HCHO concentration plays
a important role in determining the H, generation rate, and it is
necessary to control appropriate HCHO concentration to ach-
ieve high H, generation rates.

The effect of reaction temperature on the rate of H, gener-
ation was investigated in the range of 15-30 °C, and the result
was shown in Fig. 7. It can be clearly seen that the average
H, generation rate increased rapidly from 102.5 to 237.4
mL min~' ¢~ " when the temperature increased from 15 to 30 °C,
which indicated that the high temperature is beneficial to

1004 —®—NaOH0.0M
—e—NaOH 05 M

904

901 —a4—NaOH 1LOM

804 —¥—NaOH3.0M
—4—NaOH 5.0 M

H, generation volume (mL)
T

0 5 10 15 20 25 30

Reaction time (min)

Fig. 5 Volume of the generated hydrogen by decomposition of
HCHO with different concentration of NaOH, Ag;Pd,@C-72 catalyst:
15 mg, HCHO: 0.26 mol L%, temperature: 30 °C.
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Fig. 6 Volume of the generated hydrogen with different concentra-
tion of HCHO, Ag;Pd,@C-72 catalyst: 15 mg, NaOH: 1.0 mol L™}
temperature: 30 °C.

facilitating the H, generation reaction. Moreover, as shown in
Fig. 7a, the amount of H, generated is linearly dependent on the
reaction time at each temperature, suggesting that the H,
generation reaction is a zero order reaction. Therefore, the
reaction rate equation can be expressed as eqn (1):

K = A exp(—E/RT) (1)

where K is the rate constant, 4 is the frequency factor, E is the
activation energy, R is the gas constant, and 7 is the absolute
temperature. The activation energy E can be determined from the
slope of the plot obtained by plotting In K versus 1/T. It is well
known that the activation energy E plays a key role in deter-
mining the rate of a chemical reaction. The lower the activation
energy, the faster the rate. Using the experimental data shown in
Fig. 7a, the calculated activation energy E for the H, generation
reaction with the catalyst was 39.16 k] mol * (Fig. 7b), which was
much lower than that of no catalyst participation, 65 k] mol *.*2
The result demonstrated that the prepared Ag,Pd,@C-72 could
serve as a highly efficient catalyst for catalyzing H, production
from formaldehyde solution at room temperature.

The stability and reusability of catalyst is crucial for
its practical application, so the reusability of the prepared
Ag,Pd,@C-72 catalyst in the catalyzing dehydrogenation of
formaldehyde was tested. As shown in Fig. 8, the catalytic

&

Ink =-471(1/T) + 16.74

Ea=39.16 kJ/mol

H, generation volume (mL)

T T T
0 H 10 15 20 25 30

T T T T T T T T T
328 330 3.32 334 336 338 340 3.42 3.44 346 348

Reaction time (min) 1/T(1000%T)

Fig. 7 The effect of reaction temperature on H, production (a),
Ag:Pd,@C-72 catalyst: 15 mg, HCHO: 0.26 mol L™, NaOH: 1.0 mol
L~% (b) the calculation of activation energy for Ag;Pd,@C-72.
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Fig. 8 Stability test on the Ag;Pd,@C-72 catalyst in the dehydroge-
nation of 0.26 M HCHO aqueous solution at 30 °C.

activity of Ag;Pd,@C-72 catalyst has no obvious decline after
four runs, suggesting that the catalyst has a quite good stability,
which should attribute to the fact that loading AgPd nano-
particles on the carbon matrix could efficiently prevent the
agglomeration of metal nanoparticles. Thereby, Ag;Pd,@C-72
could efficiently catalyze formaldehyde to produce H, with an
excellent catalytic activity and stability in alkaline aqueous
solutions.

A possible mechanism for the high catalytic activity of the
Ag,Pd,@C-72 is proposed. Firstly, formaldehyde is hydrated to
form methylene glycol in the presence of NaOH, then the
methylene glycol is transformed to hydrogen and sodium
formate catalyzed by Ag;Pd,@C-72.>> We think that the high
catalytic activity of the Ag,;Pd,@C-72 may be attributed to the
AgPd nanoalloy structure, strong electron-donating effects of
Vulcan XC-72 carbon on Pd, and the high adsorption ability of
XC-72 carbon for formaldehyde.*®

Conclusions

In this work, a novel bimetallic catalyst, the AgPd nanoalloy
supported on Vulcan XC-72 carbon, has been successfully fabri-
cated and applied as a stable and low-cost catalyst for H, gener-
ation from formaldehyde aqueous solution at room temperature.
The results show that the Ag,Pd,@C-72 catalyst exhibit high
catalytic activity and good stability. The hydrogen generation
rates could reach up to 237.4 mL min~" g, which could attri-
bute to the synergistic effect of bimetal AgPd, distinct interaction
between bimetal and support, and high dispersion of metal
nanoparticles. The excellent performance of the new catalyst
renders it quite attractive as a superior competitor for efficient
hydrogen production from formaldehyde. This work might open
up a new way to further develop cost-effective and highly efficient
bimetallic catalysts for the generation of H, from formaldehyde
aqueous solution to meet the requirement of practical applica-
tion of formaldehyde as a H, storage/generation material.
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