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Highly dispersed AgPd hollow spheres arched on graphene (denoted as AgPd-Hs/G) were successfully
synthesized through a facile one-pot hydrothermal route for the first time. The fabrication strategy was
efficient and green by using L-Ascorbic acid (L-AA) as the reductant and trisodium citrate dihydrate as
the stabilizer, without employing any seed, surfactant, organic solvent, template, stabilizing agent, or
complicated apparatus. The as-synthesized AgPd-Hs/G catalyst exhibits a sphere-shaped hollow structure
with an average diameter of about 18 nm and a thin wall of about 5 nm. The hollow architecture with thin
wall and the excellent dispersion on the graphene ensure that most of the atoms are located on the surface
or sub-surface, which provides reactive catalytic sites for the dehydrogenation of formic acid. Therefore,
superior catalytic effect was achieved compared with other catalysts such as Pd/G and AgPd/C. The as-
synthesized AgPd-Hs/G exhibits a catalytic activity with an initial turnover frequency (TOF) value of as

high as 333 mol H, mol™' catalyst h™" even at room temperature (25 °C) toward the decomposition of
formic acid. The present AgPd-Hs/G with efficient catalysis on the dehydrogenation of formic acid
without any CO generation at room temperature can pave the way for the practical liquid hydrogen

storage system and therefore promote the application of formic acid on fuel cell systems.

Introduction

Hydrogen, an essential reactant in the chemical industry, is
regarded widely as a potential renewable energy vector to replace
the fossil fuels for its cost-effective, sustainable and clean
properties.'™ Searching for efficient hydrogen storage materials
remains one of the most critical challenges toward the H, energy
based economy.>® Recently, intensive interests have been focused
on liquid storage materials, such as borane and especially formic
acid, because of the high volumetric and weight energy density,
and particularly the feasible handling and refuel, which can fit
well with the current ‘rransportations.("16 Formic acid (FA,
HCOOH), has attracted tremendous research interests due to its
excellent stability, non-toxicity and possible regenerability by
hydrogenation of carbon dioxide."”?* The decomposition of
formic acid follows two principal pathways,”?’ in which one
process produces hydrogen (H,) and carbon dioxide (CO,) via the
dehydrogenation reaction and the other produces water (H,O) and
carbon monoxide (CO) under dehydration reaction.

HCOOH (1) = CO, (g) + Hy(g) AG =-35.0 kI mol™ (1)
HCOOH (1) = CO (g) + H,0 (2) AG =-14.9 kI mol™ (2)
The former reaction (equation (1)) is the desired one while the
latter (equation (2)) is the undesired side reaction. Specifically,

CO is a fatal poison to the most of the employed catalysts.®
It is reported that FA can be selectively dehydrogenated by

4s homogeneous catalysts,
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1429 which exhibits a superior catalytic

effect at near ambient temperature.*® However, homogeneous
catalysts have difficulties in controlling, separating and recycling.
Besides, they need the organic solvents/ligands/additives in the
reaction systems.’'** These drawbacks prevent them from
scaling-up for practical applications. Therefore, heterogeneous
catalysts have attracted a great of interests for the selective
decomposition of FA and much progress has been made
recently.'” % Nevertheless, for practical applications of
heterogeneous catalysts on the dehydrogenation of FA, several
issues should be carefully addressed. First, the catalysts should
exhibit the sole selectivity for the dehydrogenation reaction.
When polymer electrolyte membrane (PEM) fuel cells are used as
the energy sources in the transportation, ultrapure hydrogen gas is
required. Specifically, the gas stream has to be free from CO gas
(< 10 ppm), or the catalytic performance of the fuel cells will be
degraded significantly.’® Improved catalytic effects have been
achieved for the monodispersed nanoparticles, yet, traces of the
CO (~ 20 ppm) are still detected during dehydrogenation.’’
Second, the heterogeneous catalysts should present the highly
efficient catalytic effects. The heating system on board is
complicated, thereby will intrinsically reduce the hydrogen
capacities of the whole system dramatically. Besides, the
undesired dehydration reaction for FA seems unavoidable at the
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relatively higher catalysis temperature."" Third, most of the
reported heterogeneous catalysts up to now consist of noble
metals, including Pd, Au, and Pt, which greatly hinders the large-
scale practical applications because of the high costs and low
reserves in the earth’s crust.?® 342 Therefore, the architecture and
the composition of the catalysts should be carefully designed and
fabricated to reduce the consumption of the noble metals and
meanwhile get a superior catalytic effect on the decomposition of
FA at ambient temperature.

Strategies to overcome the above issues can be summarized
into two main categories. The first strategy is to substitute the
noble metals with relatively cheap metals and therefore fabricate
and construct some alloy nanoparticles, such as AgPd, CuPd and
CoAuPd. > ** Among these alloys, the AgPd has been proved
to be the most effective one because of the inducing effect of Ag
on the electron structure of the Pd.'" ** Another strategy is to
reduce the particle size of the noble metals and get a well
distribution of noble metal nanoparticles, thereby enhance the
catalytic effects by increasing the ratio of the surface atoms in the
total nanostructures.> *¢

Herein, we introduce a promising strategy to address these
intricate issues by synthesizing a novel catalyst with hierarchical
architecture and hollow structure arched on the ideal two-
dimensional (2D) conducting structure of graphene. The AgPd
hollow spheres (AgPd-Hs) with a diameter of about 18 nm and
the wall thickness of about 5 nm arched on graphene (AgPd-
Hs/G) were synthesized by one-pot co-reduction of GO and the
metal precursors of Ag and Pd. To our knowledge, the synthesis
of bimetallic core-shell and hollow structures generally needs
templates or seeds and goes through at least two steps.”’>" There
are no related reports on the one-pot synthesis of hollow-sphere
shaped AgPd supported on graphene. The previous galvanic
exchange reactions generally based on silver nanoparticles as
template to form porous or hollow nanoparticles.* >" 3 In this
work, AgPd-Hs can be formed without any seeds or templates.
The hollow structure of AgPd nanoparticles (NPs) uniformly
arched on the 2D graphene with ultrathin shells ensures that most
of the atoms are located on the surface of the nanoparticles.
Therefore catalytic sites are multiplied compared with the solid
nanoparticles. The as-synthesized AgPd-Hs/G catalyst exhibits
improved catalytic performance with an initial TOF value of as
high as 333 mol H, mol™ catalyst h', a low activation energy
value of 28 kJ mol™' and without any CO generation toward the
dehydrogenation of FA at room temperature.

Experimental Section

Materials

Graphite powder (99.85%, CP grade), sulfuric acid (H,SO,, AR
grade), phosphoric acid (H;PO,;, AR grade), potassium
permanganate (KMnOy4, > 99.5%), palladium (II) dihydrate
(PA(NO3),2H,0, > 39.5% w/w (cont. Pd), nickel(Il) nitrate
hexahydrate (Ni(NOs), * 6H,O, > 98%), cobalt(Il) nitrate
hexahydrate (Co(NOs), * 6H,0, > 98.5%) and L-Ascorbic acid
(CsHgOg, > 99.7%) were purchased from Sinopharm Chemical

Reagent Co., Ltd. Pd/C (5% w/w (cont. Pd)), formic acid (CH,0,,
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55 99%) and sodium formate (CHNaO,, 99.5%) were obtained from

Aladdin Reagent. Activated charcoal (C) and sodium borohydride
(NaBH,4, > 98%) were purchased from Acros Reagent. Silver
nitrate  (AgNO;, > 99.8%), trisodium citrate dihydrate
(C¢HsNa30,-2H,0, > 99.0%) and L-Ascorbic acid (C4HgOg, >

99.7%) were obtained from Shanghai Chemical Reagent. All
agents were used as received without further purification.

Characterization

An X'Pert Pro X-ray diffractometer (PANalytical, the
Netherlands) with Cu Ka radiation at 40 kV and 40 mA was
applied to obtain the structural analysis of the sample. X-ray
photoelectron spectroscopy (XPS) was carried on a VG
ESCALAB MARK II system with Mg Ko radiation (1253.6 ¢V)
at a base pressure of 1x10® torr. The spectra were recorded with
the pass energy of 50 eV after Ar" sputtering of the surface for
15min. All binding energy values were referenced to the C,, peak
of contaminant carbon at 284.6 eV. The microstructures of doped
materials were analyzed with a scanning electron microscope
(SEM, Hitachi SU-70). Furthermore, transmission electron
microscopy (TEM) images, high-resolution transmission electron
microscopy (HRTEM) images, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images, element analysis mapping and energy dispersive x-ray
spectroscopy (EDX) carried out on a FEI Tecnai F20 (HR)
microscopy operated at 200 kV were performed to observe the
microstructure of the sample. Fourier transform infrared (FTIR)
spectra were obtained with a Bruker Tensor 27 unit in
transmission mode. The testing samples were prepared by cold-
pressing a mixture of sample powder and potassium bromide
(KBr) with a mass ratio of 1:300 to form a pellet. Each spectrum
was plotted from 32 scans averaged with a solution of 4 cm™. The
inductively coupled plasma-mass spectrometry (ICP-MS) was
carried on a XSENIES (Thermo Electron Corporation, USA).
Detailed analyses for CO, and CO were performed on SP-6890
with thermal conductivity detector (TCD) and flame ionization
detector (FID)-Methanator.

Synthesis of graphene oxide (GO)

GO were obtained from graphite powder via an improved method
by Daniela C. Marcan, et al.¥ Briefly, a 1:9 mixture of
concentrated H;PO4/H,SO, (40:360 mL) was added into 3 g of
graphite powder. 18 g of potassium chlorate (KMnO,) was added
slowly to avoid sudden increase in temperature. Then, the
solution was cooled to room temperature followed by kept at 50
°C and stirred for 12 h. Poured it out to a 500 mL beaker and
added the ice (~ 400 mL) with enough 30% H,O, until the color
of the solution became from brown to bright yellow. After this
progress, the resulting suspension was washed with water and the
mixture was centrifuged. This water washing procedure was
repeated several times and vacuum freeze-drying overnight,
obtaining the expected product.

Synthesis of AgPd-Hs/G catalyst

Detailedly, 0.02 g GO was ultrasonically dispersed in 30 mL
water and added to 0.275 g C¢HsNa3;0,-2H,0. The solution was
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heated to boil. Under a gentle nitrogen flow, 5.0 mL of aqueous
solution containing 0.0255 g (0.15 mmol) AgNO;, 0.0269 g

gas was monitored using the burette. The catalytic activities of
other catalysts for FA decomposition were also applied as the

Pd(NO;),"2H,0 (0.1 mmol) was added into the above suspension 25 above method.
with magnetic stirring. After that, 2.0 mL of aqueous solution

containing 0.176 g (1 mmol) L-AA was added following stirring Results and discussion

w

for 2 h during which the brown solution gradually turned to . . .
black. After the reaction solution was cooled down fo room Figure 1 schematically shows the synthesis strategy for the AgPd-
tempe'rature the NPs were separated by adding water and Hs/G nanocatalyst by a facile one-step hydrothermal reduction
centri fugati(;n To remove the impurities and precursor residues approach. Detailed procedures are shown in Experimental section
1 thoroughly, éhe product was redispersed in water and 30 in Supplementary Information. Firstly, the GO was dispersed in
’ the sodi itrat lution. Then, at the t t f
centrifugation for several times. Finally, the product was vacuum- y S((,) el r'a © aqueous sotu 10n. et a' . © em?era ure (2)+
dried overnight at 50 °C for further performance test. For 100 °C, the mixed precursor solution containing Ag  and Pd
comparison, Pd/G and AgPd/C were also prepared by the 'same was poured into the previous solution under inert atmosphere

with magnetic stirring. After that, the aqueous solution of L-AA
method.

was added following stirring for 2 h during which the brown

w
&

is Hydrogen generation from FA/SF aqueous solution solution gradually turned to black. After the solution cooled down

Typically, the as-prepared AgPd-Hs/G catalyst and 10 mL water to room temperature, the AgPd—Hs{G was separated b?’ adding
water and centrifugation several times. Compared with other

were kept in a two-necked round-bottom flask and preheated to 0 a0 54

synthesis methods, the present fabrication strategy was

the desired temperature. One neck was connected to a gas burette, i ) =)
efficient and green by using L-AA as the reductant and trisodium

=
S

and the other was connected to a pressure-equalization funnel to
introduce FA/SF (2.5 M/2.5 M, 2 mL) aqueous solution. The
catalytic reaction was begun once the mixture solution was added

2 citrate dihydrate as the stabilizer, without employing any seed,

S

surfactant, organic solvent, template, stabilizing agent, or
complicated apparatus.

into the flask with magnetic stirring (400 r/min). The evolution of

45 Fig. 1 Schematic illustration for preparation of AgPd-Hs/G. The preparation involves the galvanic reaction between the Pd ions and Ag nanoparticles.

X-ray diffraction (XRD) analysis was performed for the (SAED). The representative SEM image of the AgPd-Hs/G

synthesized catalysts, as shown in Figure 2. Only Pd diffraction catalyst shows that ultra small white dots with size less than 20
peaks can be detected for the Pd/G, indicating that the graphene is nm are homogeneously dispersed on the support (Figure S1).
in the disordered state. Similar diffraction profiles were observed
for the AgPd-Hs/G and AgPd/C. The XRD patterns of AgPd
hybrids in both AgPd-Hs/G and AgPd/C catalysts show a series of
diffraction peaks that located between the standard diffraction
patterns of pure Pd (JCPDS: 68-2867) and Ag (JCPDS: 68-2871)

with a face-centered cubic structure, which is due to the

These white dots can be ascribed to be the as-synthesized AgPd

93
S

75 NPs. Combining the above result with the corresponding energy
dispersive X-ray (EDX) spectrum, it can be concluded that the
AgPd NPs are successfully formed and uniformly arched on the
graphene.

111
ss difference of the d-spacings between the alloys and the Pd- and ( ) —— Pd(JCPDS: 68-2867)

—— Ag(JCPDS: 68-2871)

Ag- species. Significantly broadened diffraction peaks of AgPd-
Hs/G and AgPd/C indicate that the in situ formed AgPd NPs are
in nanocrystallinity. The average crystal size for the AgPd NPs in

the AgPd-Hs/G composite was calculated from the largest

(220)  (311)

6

S

diffraction peaks by using Scherrer’s equation, and the estimated

(222)

average crystal size was about 5.1 nm. We also used Bragg
equation to calculate the lattice spacing for the (111) planes of |
AgPd-Hs/G, the result was 0.232 nm. While the average crystal i PA/G /’ \
size for the AgPd NPs of AgPd/C was calculated to be about 5.5 WWMWW W\
¢s nm and the lattice spacing of the (111) planes was 0.232 nm. R’”‘Wmmwwww/ N, s Mot |
LT
scanning electron microscopy (SEM), 20 30 40 50 60 70 80 90

electron microscopy (TEM), high-resolution 2 Theta(deg)

Fig. 2 XRD patterns for the as-synthesized AgPd-Hs/G, AgPd/C and
80 Pd/G.

Intensity(a.u.)

The detailed morphologies for the synthesized catalysts were N

studied by using
transmission
transmission electron microscopy (HRTEM), energy dispersive
70 X-ray (EDX) and selected area electron diffraction patterns

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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XPS spectra were performed to further confirm the existence of
Ag and Pd metallic state. From Figure 3, it can be seen that the
XPS spectra of Pd can be deconvoluted into four peaks,
indicating that Pd is present in the hollow sphere-shaped
nanocrystals as both metallic Pd and PdO. The XPS signals from
the oxidation states of palladium may be from the partial
adsorption of excessive Pd*" precursor on the Ag nanoparticles.
On the other hand, the observation of the Ag 3d;, and Ag 3ds,,
peaks indicates that Ag is present in the metallic state. The peaks
of Pd” and Ag” demonstrate the co-existence of both metals.

Figure 4a and b show the typical TEM images for the as-
prepared AgPd-Hs/G. It is clear that the NPs are well-dispersed
on graphene with an average particle size of about 18 nm, while
the pore size is about 8 nm and the shell thickness is about 5 nm.
In the process of preparing AgPd-Hs/G, metal NPs act as
nanoscaled spacers and deposit on the surface, which increases
the interlayer spacing between graphene sheets and successfully
prevents the stacks of the graphene to graphite.> The ultra-high
specific surface area with high conductivity of graphene gives the
positive effects on the supported catalysts.” '® 3 57 Severe
aggregation also appears without using GO but C as the support
(Figure S2a). A typical TEM image with the corresponding
histograms of particle size distribution is shown in Figure S2b.
The size distribution is derived from the TEM image by counting
100 particles. From the plot, the mean size of particles is found to
be about 18 nm. We further used HRTEM, EDX, line-scan EDX
spectrum and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) to characterize the
morphology, AgPd-Hs
nanocrystals. Figure 4c shows a typical HRTEM image of an

structure, and composition of the
individual AgPd hollow sphere. As can be seen, the lattice
spacing is measured to be 0.232 nm, which is in good accordance
with the calculated result of XRD using Bragg equation. The d-
spacing value is between the value of the (111) planes of face-
centered cubic (fcc) Ag (0.236 nm) and Pd (0.224 nm). The
HAADF-STEM microscopy image in Figure 4d clearly shows the
hollow-spherical structure of AgPd nanoparticle, from which the
particle shows a clear contrast between the interior and exterior.
The corresponding EDX spectrum further demonstrates the
existence of Ag, Pd and C elements in the AgPd-Hs/G sample
(Figure 4e and Figure S1). To further investigate the distribution
of the Ag and Pd in the AgPd-Hs, cross-sectional compositional
line profile and elemental mapping were performed. Figure 4g
shows line analysis data along the red line depicted in Figure 4f.
It is obvious that the Ag has two peaks and the Pd also has two
peaks. These two peaks for Ag and Pd are perfectly overlapped
and concentrated at the shell of the nanosphere. Figure 4i and j
show the EDX mapping images of Pd and Ag elements,
respectively. From EDX mapping images of the single particle,
distinct contrast between the shell and the interior for the
nanoparticle is observed which confirms its hollow structure and
AgPd shell microscopy
investigations suggest that the alloy structure is formed in the
wall of AgPd-Hs.

Considering that the standard reduction potential of Ag'/Ag
pair is typically more negative than that of Pd*'/Pd when they are

alloy composition.  Electron

in the same environment, it seems impossible and contradictory
to fabricate hollow metal alloy materials in one-step. That is,
Palladium (II) should be reduced before silver (I) as expected

0 from the reduction potentials, resulting that the galvanic reaction

6.

7

7.

8
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S

G

3

between silver (0) and Palladium (II) would not occur in the
system.

Counts/(a.u.)

336 338 340 342 344

Binding Energy/ (eV)

332 334 346

Counts/(a.u.)

368 370 372 374 376
Binding Energy / (eV)
Fig. 3 XPS spectra of Pd 3d (a) and Ag 3d (b) of AgPd-Hs/G.

364 366 378

As we know from the above result, GO plays an important role
on the good dispersion of metal NPs. It is speculated that the GO
is related to the formation of AgPd-Hs NPs on its surface. To
better understand the formation mechanism of hollow spheres, we
investigated the activated carbon as supporting matrix instead of
GO during synthesis. Severe aggregation appeared and few
hollow-spheres were formed (Figure S2a) which strongly proved
our assumption. Therefore, the oxygen-containing groups that
only on the GO play an vital role in the formation of AgPd-Hs
NPs which accelerate the reduction of Ag' to Ag atoms and the
galvanic replacement occurs afterwards. Some of the oxidized
Ag" were reduced by the reductant during the diffusion process
resulting the fabrication of the alloy shell. Huang et al.*® also
reported that the presence of acetylacetonate ions in the system
could alter the reduction kinetic of Pd and Pt metal cations and
therefore be critical to the one-pot formation of PdPt hollow
structure. Besides, many other conditions such as special ions like
Br and SO,”, reduction agent, pH and temperature are also
crucial for the transformation of the reduction kinetics of metal
ions,**0
To further ascertain the formation mechanism of AgPd-Hs/G,
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This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 50f 9 Journal of Materials Chemistry A

we did more experiments to verify if hollow structure nanoparticles were synthesized successfully. It can be concluded
nanoparticles could be synthesized under other conditions. As can that hollow structure nanoparticles can only be synthesized under
be seen, without the addition of trisodium citrate dihydrate some certain condition and the formation depends on many

(Figure S3a and S3c) or using carbon instead of graphene (Figure factors like support or other additions.
s S3b and S3d) as support, no uniform hollow sphere-shaped

(200)
(131)
3 (2200 N /
\ ;] -
g

o,

Eﬁergy/ (kzeOV)

¢ d=0232nm
5. AgPA(I1Y

——Ag
p—1

Counts / (a.u.)

T 5
Distance / (nm)

10 Fig. 4 TEM (a), enlarged TEM (b), HRTEM (c) and HAADF-STEM (d) images of AgPd-Hs/G, the inset of (a) shows the corresponding SAED pattern.
EDS analysis (e) and Cross-sectional compositional line profile (g) along the red line shown in (f) of a AgPd hollow sphere, and HAADF-STEM-EDS
mapping images (h, i, j) of a AgPd hollow sphere.
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Fig. 5 XPS spectra of Cy; (a) on GO (red line) and AgPd-Hs/G (black line) and FT-IR (b) spectra of GO, KBr and AgPd-Hs/G.

282

During the reduction process of Ag and Pd precursors, GO was not only act as the nucleation sites and facilitate seeding and
1s reduced by L-AA. XPS analysis was conducted on the AgPd- growth of hollow nanoparticles but also improve the accessibility
Hs/G sample to investigate the local atomic environment of the and wettability with aqueous solution and improve the

surface for Cy species in the composite. As shown in Figure 5a, 25 performance of the catalyst.®" ® In addition, Sharma et al.** found
C-C bonds (284.6 eV) become predominant while the additional that the residual oxygen functional groups played a major role on
peak of C-O (286.6 ¢V) is significantly reduced compared with the removal of carbonaceous species from the adjacent sites
20 the binding energy of C;; on the GO surface. The presence of which was the main reason for the CO-tolerance which was of
oxygen-functional groups like -COOH, -OH, C=0 on the GO can significance in the energy-related applications. The reduction of

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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the oxygen-containing groups in GO was also confirmed by
Fourier Transform Infrared (FT-IR) spectroscopy. As shown in
Figure 5b, after the reduction, the intensities of the peaks
corresponding to the oxygen functionalities, such as C-O, C-O-C
and C=O stretching vibration peaks decrease dramatically, and
some of them disappear entirely. These observations confirm that
most oxygen functionalities of the GO are removed. Raman
spectrum of the AgPd-Hs/G catalyst was performed as depicted
in Figure S4. Raman spectrum is widely regarded as a typical
detection used to determine the ordered and disordered crystalline
structure of graphene. For graphene oxide, the two peaks at 1350
and 1580 cm'can be assigned to the D-band (the symmetry Ay
mode) and G-band (the E,, mode of sp’ carbon atoms),
respectively. With the reduction, the ratio of D- and G-band in
the GO increase revealing the change of the electronic
conjugation state.** I/l ratio is proportional inversely to the
reciprocal of the crystallite size of carbon-based materials. As
seen in the Figure S4, G peak has an asymmetric feature
composed of two partly overlapped peaks that is G and D’ peaks.
In fact, the D’ peak at 1620 cm™ is a defect peak related to intra-
valley scattering.” Compared to that of the original GO, AgPd-
Hs/G exhibits a significant increase of D/G intensity ratio,
implying the ordered crystal structure of reduced graphene and
the decreased size of the in-plane sp” domains. This agrees well
with the Raman spectra of the GO reduced by reductants that
were reported by Zhang et al.®® and Stankovich et al.®” The result
indicates that the reduction does take place.

LT e = -
— 175 | @ g | ]
= L 4 ¢)PdIG -
€ 150 "
= [ * d)Ag/G o
» 125- * )G .y
© L a® °
8 100 + .I. ° °
g 75' ... ........““
()
g 50+ .. ......
© L d
> 25+ I..
L @
Ofalibtercore o
0 10 20 30 40 50 60 70 80
Time / (min)

Fig. 6 Gas generation by the decomposition of FA/SF (2.5 M/2.5 M, 2
mL) versus time in the presence of AgPd-Hs/G (a), AgPd/C (b), Pd/G (c),
Ag/G (d), G (e) at 25 °C under ambient atmosphere.

The as-synthesized AgPd-Hs/G, AgPd/C, Pd/G, Ag/G together
with the as-synthesized graphene (G) were evaluated as catalysts
for H, generation from FA decomposition at 25 °C under ambient
atmosphere. The results are presented in Figure 6. Obviously,
AgPd-Hs/G exhibits a much better activity than AgPd/C, Pd/G,
Ag/G and G catalysts synthesized by the same method. That is,
AgPd-Hs/G exhibits much higher gas volume toward formic acid,
which is almost two times than that of AgPd/C. The initial TOF
of AgPd-Hs/G is measured at 25 °C in the first 10 minutes of gas
generation. From Figure 6, it is also obvious that Pd atoms are the
crucial active sites in all the prepared catalysts. Namely, without
Pd participation, Ag/G and G show no activities at all. On the
contrary, with Pd addition, the activities of AgPd-Hs/G, AgPd/C

45

w
o

and Pd/G have been enhanced obviously. AgPd-Hs/G exhibits a
better performance than Pd/G because of the synergistic effect
between Pd and Ag. Palladium (5.1eV) has the larger work
function than that of silver (4.7¢V), the electron can transfer from
the Ag to the Pd. The interaction between the two metals
promotes the catalytic activity of the catalyst.

To further investigate if graphene has a dramatic effect on the
AgPd-Hs/G hybrids, we substituted graphene with activated
carbon and synthesized AgPd/C. It can be seen that the catalytic
activity of AgPd-Hs/G is almost two times than that of AgPd/C,
suggesting that the graphene plays a key role on the AgPd-Hs/G
hybrids and the synergistic coupling between AgPd-Hs and
graphene. In a word, graphene was used as the support and the
suspended bonds on the oxide graphene play an important role for
the uniform distribution of the AgPd nanoparticles during the
synthesis. On the other hand, graphene can also facilitate the
formation of the catalyst’s unique hollow-spherical shape
structure.

The composition of the AgPd-Hs was analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS) (Table S1). The
mass ratio between Ag and Pd is 1:1.46. The molar ratio of Ag
and Pd precursors can be adjusted for further investigation. The
initial TOF is calculated to be 333 mol H, mol™ catalyst h™' at 25
°C under ambient atmosphere, which is larger than that of the
most active catalysts ever reported (Table S2).

We also tested the catalysts reduced by different reducing
agents of L-AA and NaBH,. As shown in Figure S5, it is clear
that the catalytic activity of the catalyst reduced by L-AA (AgPd-
Hs/G) is better than that of reduced by NaBH, The formation of
AgPd/G reduced by NaBH, has been confirmed by the XRD
patterns in supporting information Figure S6. The XRD patterns
of AgPd hybrids in catalyst show a series of diffraction peaks that
located between the standard diffraction patterns of pure Pd
(JCPDS: 68-2867) and Ag (JCPDS: 68-2871) with a face-
centered cubic structure. The XPS spectrum (Figure S7) indicates
that Pd® and Ag” peaks are present, which demonstrates the co-
existence of both Ag and Pd metals. The typical TEM images in
Figure S8a and S8b show the as-prepared AgPd anchored on
graphene (denoted as AgPd/G) reduced by NaBH,. It is clear that
the NPs are dispersed on graphene with an average particle size
of about 5nm. Some particles agglomerate severely. Figure S8c
shows a typical HRTEM image of an individual AgPd
nanoparticle. As can be seen, the lattice spacing is measured to be
0.228 nm, which is in good accordance with the calculated result
of XRD using Bragg equation and also between the value of the
(111) planes of face-centered cubic (fcc) Ag (0.236 nm) and Pd
(0.224 nm). Figure S8e and S8f show the EDX mapping images
of Ag and Pd elements, respectively. From EDX mapping images
of the single particle, Ag and Pd are perfectly overlapped which
confirms the AgPd alloy composition.

Although the particle size of AgPd/G is smaller than that of
AgPd-Hs/G (the average particle size of about 18 nm), the
performance of AgPd/G is better than the latter which due to the
different structure between the two catalysts that AgPd/G is the
alloy structure while AgPd-Hs/G is the hollow-spherical shape.
The hollow structure ensures most of the atoms are located on the
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surface or sub-surface of the spheres, resulting in more catalytic
sites.

To obtain the activation energy (E<) of the dehydrogenation of
FA catalyzed by AgPd-Hs/G, we carried out the catalytic
reactions at different temperatures in the range of 40 to 70 °C
(Figure 7a). The gas almost releases completely in 20 min at 70
°C. The values of rate constant k at different temperatures are
calculated from the slope of the linear part of each plot from
Figure 7a. Figure 7b is the Arrhenius plot of In k vs 1/T, from
which the apparent E. is determined to be approximately 28 kJ
mol ™. This value is among the lowest values ever reported for the
heterogeneous catalysts (Table S2). For example, Ping et al.*’
employed a facile co-reduction route to prepare AgPd alloy
supported on graphene (AgPd/rGO). The TOF of the catalyst was
calculated to be only 105.2 mol H, mol™ catalyst mol" h™' at 25
°C. Tedsree et al.'' prepared Ag@Pd using a two-step method
with PVP as the dispersing agent which showed a catalytic
activity with TOF of 252 mol H, mol™ catalyst h™' at 50 °C. After
the catalytic performance test, the evolution of morphology of
AgPd-Hs/G was investigated by TEM to further understand their
structural stability. As shown in Figure Slc, it is obvious that
AgPd-Hs kept their original structure.

To investigate the role of water, we substituted the water with
alcohol. That is, the as-prepared catalyst and 10 mL alcohol were
kept in a two-necked round-bottom flask and preheated to the

result (Figure S9), it is obvious that the catalyst shows better
catalytic activity using water as the solvent than that of alcohol.
The results can be explained by that the proton in aqueous
30 solution is a necessary condition for the decomposition of FA.
The result is consistent with the principle of FA decomposition
proposed by Hu et al.%® and Gao et al.% In addition, Akiya et al.”
suggested that the presence of water reduced the activation barrier
for the decomposition and had a strong effect on the relative
stability of the transition state which played an important role in

w
&

determining the decomposition pathway. We also tested other
alloy catalysts supported on graphene, as shown in Figure S6, it
can be concluded that AgPd-Hs/G has the best catalytic activity
among any other alloy catalysts tested in this work.

40  Catalyst poisoning induced by CO is an inherent damage for a

S

variety of applications no matter CO appears as a reactant, a
reaction byproduct or an impurity in the reactant. For many
practical applications, the absence of CO is a vital factor.
Therefore, we measured the content of CO for AgPd-Hs/G in the
catalytic decomposition of FA using gas chromatograph (GC).
Our result shows that the AgPd-Hs/G catalyst releases no CO
(Figure 8), which means that the present AgPd-Hs/G catalyst has

4

o

a high H, selectivity for FA decomposition. That is, for AgPd-
Hs/G, CO can be efficiently inhibited and the released gas can be
directly used in fuel cells. Because of the large volume ratio

93
S

between CO and CO,, the CO, peak can’t appear completely, and
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Fig. 7 Time course plots for hydrogen generation by the decomposition of FA by AgPd-Hs/G at 40, 50, 60, 70 °C (a) and Arrhenius plot of In &k vs 1/T (b).
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The cycling performance of the AgPd-Hs/G catalyst was
assessed and the representative cycling curves are shown in
Figure S10. As seen from this figure, there was a slight
deactivation when second trial of the supported catalyst under
identical mixture was conducted. It is not yet known the reason of
deactivation. The CO poisoning from formic acid dehydration
was ruled out since there was no any CO detected in the gas
mixture. TEM images from Figure S2 also show that the
morphology and structure of the catalyst maintain the same after
the catalytic test. We also performed XPS to see if the metals
were oxidized during the catalytic test. From XPS spectrum in
Figure 3 and S11, we can know that there is no difference
between the catalysts before and after the catalytic performance
test demonstrating no oxidation of both Ag and Pd metals. It is
speculated that there was small losses of supported catalyst or
minor degree of nanoparticles detachment from the support
during the test.

We cannot rule out some by-products or intermediates were
trapped in the porous catalyst, leading to the slight deactivation.
More detailed study is therefore required. Strategies including
adding additives for desorption of strong adsorbent(s) and
electrical pulses heating of the carbon sample for regeneration are
possible if deactivation is unavoidable after a number of cycles.

As shown in the results presented above, the as-synthesized
AgPd-Hs/G displays a superior catalytic effect on the
dehydrogenation of FA without any generation of CO at
temperature as low as 25 °C. After the catalytic performance test,
the morphology, distribution and structure of the catalyst remain
the same. Besides the morphology and distribution, there is no
oxidation state for both Pd and Ag metals in the catalyst which
clearly reveal the excellent stability of the prepared catalyst.
These highly active properties for AgPd-Hs/G should be
attributed to their distinct architecture, electronic structure and
morphology that offer the following benefits. Firstly, it has been
proved that Pd is the most effective monometallic nanoparticles
for the dehydrogenation of FA.' * Yet, their catalytic activity
and the selectivity are still very poor and not active enough for
the dehydrogenation of FA at ambient temperature.’” ** The
presence of Ag increased the activity of alloy nanoparticles due to
the inductive effects. Secondly, the hollow structure with a very
thin wall is of great interest in the application of catalysis, since
only the atoms on the surface or the sub-surface can provide the
reactive sites for catalysis. Large quantities of bulk atoms located
within the interior of the nanoparticles are actually not involved
in the catalysis reaction. Thirdly, well dispersion of the AgPd
hollow spheres on the graphene ensures well transport of the
different species and favorable electrical conductivity in the
catalytic processes.

Conclusions

In summary, we have reported a simple wet-chemical method for
the synthesis of AgPd hollow spheres arched on graphene with
excellent catalytic activity and high H, selectivity for H,
generation from aqueous solution of FA at room temperature.
Compared with other catalyst systems, the present AgPd-Hs/G
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shows superior performance. The initial TOF reaches a high value
of 333 mol H, mol' catalyst h' at 25 °C under ambient
atmosphere. The activation energy of the catalyst is 28 kJ mol™,
which is among the lowest values ever reported for the
heterogeneous catalysts, indicating a reduced kinetic barrier. We
also prove the importance of water in the catalytic system. The
exceptionally high TOF value originates from the modified
electronic structure of Pd in AgPd-Hs/G, the strong metal—
support interaction between AgPd hollow spheres and the
graphene support and also the ultrafine and good dispersion of the
AgPd hollow spheres supported on graphene. The hollow
architecture with thin outer shells dramatically increases the
surface area of catalytic active sites. The present AgPd-Hs/G with
efficient catalysis on the decomposition of formic acid without
any CO generation at room temperature can pave the way for the
practical liquid H, storage system and therefore promote the
application of formic acid on fuel cell systems. It is anticipated
that the present synthesis of the graphene supported AgPd hollow
spheres can also be extended on the catalysis for other
applications, such as full cells, Suzuki-Miyaura reactions efc.
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