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New self-assembled architectures have received great interest in nanotechnology, and are a highly desired
target in recent studies. Among self-assembled architectures, noble metal aerogels are an important class
owing to their collective characters as well as widespread applications. The synthesis of noble metal
aerogels still faces several obstacles such as long hydrogel creation time and complicated multistep
strategies. In this paper, we propose an efficient and useful approach to create the three-dimensional
network of a Pd—Cu aerogel. This way offers a number of advantages including one-pot synthesis,
simplicity, and short time to prepare the hydrogel. The Pd—Cu aerogel was prepared by the reduction of
H,PdCly and CuCl, in the presence of sodium carbonate by using glyoxylic acid monohydrate as
a reducing agent followed by supercritical CO, drying. The Pd—Cu aerogel was applied as an anode

catalyst for electrooxidation process of formic acid, and depicts much higher electrocatalytic activity and
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Accepted 8th June 2018 durability compared to the Pd/C. We believe that the exceptional three-dimensional nanostructures

fabricated by this route are powerful and promising catalysts for application in direct formic acid fuel

DOI: 10.1039/c8ra03718c cells (DFAFCs), which may open great opportunities for widespread applications such as catalysis,
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Introduction

Direct formic acid fuel cells (DFAFCs) have sparked extensive
attention on account of their safe storage, low toxicity, low
operating temperature, security, high energy density and low
pollutant emission."® However, the application of DFAFCs at
the commercial level still faces several vital obstacles such as
low performance, inadequate stability and the expensive of
catalysts. To resolve these problems, a variety of approaches
have been published based on the tailored design of the size,
chemical compositions, and shape of a catalyst.**

Nowadays, self-assembled architectures have attracted great
attention in nanoscience on account of their widespread
applications (e.g. sensors, optics, catalysis, etc.). Self-assembly
processes display excellent strategies for the creation of
unique structures. Until now, self-assembled architectures were
employed for the fabrication of one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D) porous mate-
rials. The tailored engineering of these nanomaterials with
extended surfaces (e.g. nanowires, nanosheets, nanosponges,
etc.) has provided enormous opportunities for the improvement
of their electrocatalytic behaviour and stability.'® Among them,
metal aerogels with exceptional structures have appeared as
state-of-the-art catalysts.
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sensors, optoelectronics, electrochemical energy systems, etc.

Aerogels are unique solid materials with extremely low
densities, high porosity, and high specific surface areas.””*°
They are porous 3D networks, which are usually a result of self-
assembly of nanoparticles (NPs). Metal NPs act as the building
units to fabricate the 3D nanostructures with unique proper-
ties.>® These porous metal nanostructures not only combine the
physical and chemical properties of nanomaterials with those
of the macroscale, but also possess attractive unique properties
in terms of their composition, size, and morphological effect.
Moreover, the aerogels not only offer common properties of
aerogels such as high specific surface area, extremely low
density and porosity, but also contain unique properties of
metals such as considerable thermal and electrical conductivity,
catalytic performance, etc."”” These unique porous 3D nano-
structures mainly have two advantages: (1) the self-supporting
character of these porous 3D nanostructures may hinder the
loss of stability observed in carbon supported metal catalysts
caused by corrosion, and (2) the macroporous 3D network offers
high specific active surface area, and leads to easier accessibility
of the reactant molecules to the active sites, and improvement
of the catalytic activities.”*'* Based on the mentioned charac-
ters, these exceptional structures are excellent supportless
catalysts for application in fuel cells.

In 1931, Kistler et al. pioneered the first aerogels synthesis
(silica and alike).”* Since then, a lot of studies have been dedi-
cated to the development of aerogels. These materials have
found fascinating applications, as thermal insulators and
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Fig. 1 Schematic illustration of the preparation process of Pd—Cu
aerogel and its application in formic acid oxidation.

components of electrochemical devices. For the first time, the
synthesis of noble metal aerogels was reported by Alexander
Eychmiiller and colleagues. They are ascertained the controlled
destabilization of citrate-stabilized NPs in aqueous solution for
the creation of aerogels.® Nevertheless, the synthesis and
development of noble metal aerogels in comparison to some
traditional inorganic aerogels such as metal oxides, carbon
materials, non-precious metals, and other hybrid systems is
very limited, despite the urgent need for various applications
such as catalysis, material engineering, sensors, etc. Therefore,
a wealth of research has been devoted on novel and suitable
methods to create porous metal aerogels. Nowadays, different
routes have been successfully developed for the creation of
metal aerogels, while their synthesis and development suffer
from complexity as well as long gelation time.

In this paper, we propose a simple and useful approach to
prepare the 3D network of the Pd-Cu aerogel. This way offers
a number of advantages including one-pot synthesis, being
surfactant free, simplicity, and short time to create the hydro-
gel. The Pd-Cu aerogel was fabricated by the reduction of
H,PdCl, and CuCl, in the presence of sodium carbonate
utilizing glyoxylic acid monohydrate as a reductant agent fol-
lowed by supercritical drying. This exceptional 3D network was
applied as a high performance supportless catalyst toward for-
mic acid oxidation (FAO). The resultant aerogel depicts higher
catalytic activity and durability than that of Pd/C. The schematic
illustration of the creation process of Pd-Cu aerogel and its
application toward FAO are shown in Fig. 1.

Experimental
Materials

Palladium(u) chloride (anhydrous, PdCl,), copper chloride
(CuCl,) and hydrochloric acid (HCI 37%) were bought from
Merck Co. All the water employed in the experiments was
distilled water. All glassware was carefully cleaned with freshly
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fabricated aqua-regain (3 : 1; HCI/HNO;) and rinsed by distilled
water before use.

Physical catalyst characterization

Transmission electron microscopy (TEM) was carried FEI Tec-
nai 10 with a LaB6 source at 150 kV. For TEM measurements,
the catalyst was dispersed in ethanol and subsequently drop-
coated on a thin carbon film coated copper grid. The Field
Emission Scanning Electron Microscopy (FESEM) was employed
to study the morphology of the Pd-Cu aerogel. The FESEM was
taken by using MIRA3 TESCAN electron microscopy. The crys-
talline phase of the Pd-Cu aerogel was evaluated utilizing the
XRD (X-Ray Diffraction) via a Bruker, D8 ADVANCE for values of
260 = 30-90° using a radiation source of Cu Ka. The ICP-AES
analysis was taken by Optima 8000 (PerkinElmer) to deter-
mine the chemical compositions of the as-synthesized Pd-Cu
aerogel.

Electrochemical measurements

Electrochemical measurements were performed in a three
electrode electrochemical cell system, while an Ag/AgCl and
a platinum foil served as the reference and counter electrode,
respectively. Catalyst ink was fabricated by high-power ultra-
sonic mixing catalyst (5 mg), distilled water (4 mL) and chitosan
(1 mL, 1 wt%) for 20 min. A 2 pL part of catalyst ink was spread
onto a glass carbon (GC) electrode (with 0.0314 cm > surface
area) followed by drying at room condition as the working
electrode for measurements. Electrochemical impedance spec-
troscopy (EIS) examinations were performed in 5 mM [Fe
(CN)¢>*~ fabricated in 0.1 M KCl with an Autolab PGSTAT
128N (EcoChemie, Netherlands) potentiostat/galvanostat
controlled by NOVA 1.11 software. A SAMA-500 electro-
chemical analyzer (SAMA Instrument, Iran) was applied to the
electrochemical measurements.

Synthesis of Pd-Cu hydrogel/aerogel

The Pd-Cu aerogel could be synthesized as follows, aqueous
solution of sodium carbonate and glyoxylic acid monohydrate
was injected into 10 mL of solution containing H,PdCl, (0.2
mM) and CuCl, (0.2 mM) under mild stirring at 60 °C until the
reduction process was carried out. The glassy vial containing
the suspension was transferred into the oven and allowed to
settle still at 50 °C. The Pd-Cu hydrogel could be created at the
bottom of the glassy vial in different times (see Table 1). The
obtained hydrogel was washed using distilled water and ethanol

Table 1 The concentrations effect of sodium carbonate and glyoxylic acid monohydrate on the time needed for fabrication of the Pd—Cu

hydrogels

GA: SA GA: SA GA : SA GA: SA GA: SA GA: SA GA: SA
Ratio of GA® : SA? 1:2 1:3 1:4 1:5 1:6 1:7 1:8
Time/min NR NR 245 210 170 135 135

“ Glyoxylic acid monohydrate. ° Sodium carbonate.
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several times. Next, the solvent was exchanged by acetone.
Finally, supercritical drying of the Pd—Cu hydrogel with liquid
CO, led to the formation of Pd-Cu aerogel.

Results and discussion

Optimum condition for the creation of Pd-Cu hydrogel

The Pd-Cu aerogel was created by using H,PdCl, and CuCl, as
metal precursors in presence of sodium carbonate utilizing the
glyoxylic acid monohydrate as reducing agent, and next super-
critical drying was carried out with liquid CO,. The controlled
coalescence of Pd and Cu NPs in aqueous media, leads to the
production of 3D network of hydrogel. These 3D nanostructures
were fabricated owing to the interconnection as well as inter-
penetration of building blocks. Table 1 exhibits the formation
of Pd-Cu hydrogel with different ratios of the glyoxylic acid
monohydrate and sodium carbonate. We found that the ratios
of sodium carbonate and glyoxylic acid monohydrate played
a vital role in the gelation process. Likewise, the gelation
process is related to the concentration of sodium carbonate, so
that, increasing the concentration of sodium carbonate effec-
tively enhances gelation kinetics. The ratio change of sodium
carbonate in the synthesis process goes along with the faster
gelation process as well as lower gelation time. As shown in
Table 1, the Pd-Cu hydrogel is not formed with the ratios 1: 2
and 1:3 from glyoxylic acid monohydrate and sodium
carbonate, respectively. In addition, the ratios of the 1:4
through 1 : 8, lead to the formation of the Pd-Cu hydrogel. The
optimum condition for the creation of Pd—Cu hydrogel is ob-
tained with the ratio of 1 : 7 with 135 min of time. The Pd-Cu
hydrogel was immersed in ethanol for 48 h, and the ethanol was
replaced with acetone several times. Next, the acetone-replaced
wet-gel structure was dried utilizing supercritical CO, for the
formation of Pd-Cu aerogel.

Structural characteristics

The TEM and FESEM were utilized for structural characteriza-
tion of the Pd—Cu aerogel. The results of the Pd-Cu aerogel are
shown in Fig. 2 and 3. The FESEM images of the as-fabricated
Pd-Cu aerogel at various magnifications are shown in Fig. 2.

As shown, the Pd-Cu aerogel demonstrates a 3D network
with high porosity and extended nanochains. Besides, these
images obviously represent profuse open pores and tunnels.

The TEM images of the Pd-Cu aerogel at various magnifi-
cations are shown in Fig. 3. Obviously, these images display the
coalescence of the initial spherical NPs into chainlike nano-
structures. Moreover, the TEM images illustrate the extended
nanochains interconnected network of the as-prepared Pd-Cu
aerogel.

The XRD was utilized for the assessment of crystalline phase
of Pd-Cu aerogel. Fig. 4 displays the XRD pattern of the Pd-Cu
aerogel. The XRD pattern of the Pd/C catalyst is presented in
Fig. 4. The diffraction peaks are related to the face centered
cubic (FCC) crystal structure of Pd (JCPDS # 46-1043) with lattice
parameter value of 0.3907 nm.

This journal is © The Royal Society of Chemistry 2018
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Fig.2 The FESEM images at different magnifications show porous 3D
network with large open pores of the Pd—Cu aerogel.

As shown, for Cu, the diffraction peaks are located at 2 theta
values of 43.3°, 50.4°, 74.1° and 89.9° (JCPDS # 85-1326). In
addition, for Pd, the strong diffraction peaks are placed at 2
theta values of 40.2°, 46.7°, 68.3°, 82.3° and 86.8°, which are
associated with the (111), (231), (321) and (222) reflection
(JCPDS # 87-0639), respectively. These reflection peaks corrob-
orate face centred cubic (FCC) crystal structures for Pd and Cu
elements.

The Rietveld analysis showed a slightly smaller Pd lattice
parameter (0.3881 nm) in the Pd-Cu aerogel that suggests that
Pd and Cu are alloyed in the Pd-Cu aerogel, because alloying Pd
with Cu would decrease the lattice parameter due to the smaller
size of Cu atoms. To evaluate the chemical compositions of the
Pd-Cu aerogel, the EDS analysis was applied. Fig. 5 presents the
EDS spectrum of the Pd-Cu aerogel, and the results are
summarized in Table inset of Fig. 5. It can be observed that the
EDS spectrum demonstrates the presence of Pd and Cu
elements in the Pd-Cu aerogel sample with mass percentages
equal to 89.36 and 9.42 wt%, respectively. To study the chemical

Fig. 3 TEM images of the Pd—Cu aerogel at various magnifications.
The TEM images display the coalescence of the Pd nanoparticles into
chainlike network structures.

RSC Adv., 2018, 8, 23539-23545 | 23541
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Fig. 4 X-Ray Diffraction (XRD) of the Pd—Cu aerogel.
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Fig. 5 The EDS spectrum of Pd—Cu aerogel.

composition of the as-synthesized Pd-Cu aerogel the ICP-AES
analysis was carried out. The ICP-AES analysis confirms pres-
ence of Pd and Cu with the mass percentage 87.3 and 12.7%,
respectively. The TEM, FESEM, XRD, and ICP-AES analyses well
confirm the creation of Pd-Cu aerogel with a large porosity and
profuse open pores during the synthesis process shown in
Fig. 1.

Electrocatalytic performances

Fig. 6(A) compares the electrochemical activities of resultant
aerogel with th Pd/C utilizing CVs recorded in 0.5 M H,SO,
solution. As represented, the designated areas in each CV
profile are related to the desorption of hydrogen (I), formation
of PdO (II), reduction of PdO (III), and adsorption of hydrogen
(IV) areas. Clearly, the ad/desorption of hydrogen, production
and reduction of PdO peaks on the Pd/C surface are lower than
that of Pd-Cu aerogel, which confirms the greater surface area
of Pd-Cu aerogel. It is proved that the electrochemical active
surface area (ECSA) of a catalyst is a suitable index to assess the
performance of a catalyst. Hence, CV was utilized as a powerful
technique for the calculation of ECSA of a sample, which not
only offers very good information concerning the number of
electrochemically active sites of catalyst, but is also an excellent
index to compare different electrocatalytic supports. The

23542 | RSC Adv., 2018, 8, 23539-23545
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Fig. 6 (A) Cyclic voltammograms of the Pd—Cu aerogel and Pd/C

catalysts in 0.5 M H,SO4 solution, and (B) 0.5 M H,SO,4, 0.5 M HCOOH
solution at sweep rate of 50 mV s~

integrated area under the desorption peak in the cyclic vol-
tammograms shows the total charge relating to H" desorption,
Qu, and can be utilized to determine ECSA of a catalyst
according to the following eqn (1):*

ECSA = 0y/0.21 x Pd,, (1)

where, the Pd,, and a constant 0.21 mC cm > are the mass
amount of Pd (per mg cm™?) loaded on the working electrode
surface and the charge corresponding to the monolayer
desorption of hydrogen on Pd metal surface. The ECSA values of
the as-synthesized Pd-Cu aerogel and Pd/C are estimated to be
285.8 m? g ' and 119.4 m? g~ !, respectively. These results can
be ascribed to the extended 3D network with large open pores as
well as high surface area of the Pd-Cu aerogel.

We investigated the electrocatalytic activities of the as-
synthesized Pd-Cu aerogel and Pd/C samples toward FAO in
0.5 M H,SO, solution. Fig. 6B compares the catalytic activities of
both samples for the oxidation of HCOOH by using the CVs
recorded in the solution 0.5 M H,SO, + 0.5 M formic acid. It has
been established that the oxidation of formic acid on Pt and Pd-
based catalysts surface was carried out according to the two
mechanisms as follows:**

HCOOH — CO, + 2H" + 2¢~ 2)
HCOOH — CO,q + H,O (3)
COads + Hzo - COZ + 2H+ + 2¢” (4)

This journal is © The Royal Society of Chemistry 2018
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Selective direct pathway (dehydrogenation pathway, eqn (2))
is indispensable for the creation of H, without undesirable
dehydration since carbon monoxide (CO) created by the dehy-
dration pathway (eqn (3) and (4)) significantly reduces the
activity of catalysts. Indirect pathway goes along with the
production of CO,qs intermediate species (eqn (3)), which are
strongly bonded on the catalyst surface, and lead to the catalyst
deactivation.

It is generally agreed that the electrooxidation reaction of
formic acid proceeds on Pd metal surface primarily through the
direct pathway (dehydrogenation pathway) without CO
poisoning.* In each CV profile, during the forward sweeps, the
main oxidation peaks for Pd-Cu aerogel and Pd/C appeared in
the potentials of 0.31 and 0.244 V, respectively, which are
related to the FAO on Pd surfaces. Nonetheless, minor humps at
around 0.55 to 0.7 V for Pd-Cu aerogel and 0.45 to 0.65 V for Pd/
C are observed, which can be related to the oxidation reaction of
the Pd surfaces. Both samples in the reverse sweeps show two
specified peaks; the peaks at around 0.5 to 0.42 V are associated
with the reduction of PdO, and the resultant peaks at the
potentials of 0.332 V and 0.243 V on Pd-Cu aerogel and Pd/C,
respectively, are attributed to the FAO on the newly reduced
Pd surfaces. Obviously, the Pd-Cu aerogel represents extraor-
dinary current density toward FAO (3130.1 mA mgpq '), which
is superior in comparison to the Pd/C (1670.9 mA mgpq ).
Moreover, the Pd-Cu aerogel illustrated a negative shift in the
onset oxidation potential (—0.024 vs. 0.037 V) than that of Pd/C.
The 61 mV negative shift of the onset oxidation potential for Pd-
Cu aerogel compared to the Pd/C demonstrates an improve-
ment in the kinetics of the electrooxidation of formic acid on
the Pd-Cu aerogel surface.>**® The considerable electrocatalytic
activity of the Pd-Cu aerogel is due to the high surface area
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Fig.7 (A) CV curves of the FAO on the Pd—Cu aerogel at different scan
rates in the 0.5 M H,SO,4 0.5 M HCOOH solution, and (B) plot of
forward peak current density vs. the square root of the scan rate.
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Fig. 8 Chronoamperometry curves of the Pd—Cu aerogel and Pd/C at
potential of 0.3 V (vs. Ag/AgCl) for 7200 s.

which allows effective mass transport through the large open
pores and easier access to active sites.

To evaluate the mass transport in FAO on electrode deco-
rated with the Pd-Cu aerogel, CV tests were taken at various
sweep rates in the mixture of a solution 0.5 M H,SO,4 and 0.5 M
HCOOH at RT (Fig. 7A). The obtained results for Pd-Cu aerogel
demonstrated that the oxidation peaks of FAO were clearly
promoted with the increase in sweep rate. Moreover, Fig. 7B
displays a linear relationship between the oxidation peaks and
»*% (square root of scan rates), confirming that the FAO may be
controlled by a mass transport.?”>°

The long-term stability of the as-synthesized Pd-Cu aerogel
and Pd/C were also evaluated by using the chronoamperometry
(CA) tests in the solution 0.5 M H,SO, containing 0.5 M formic
acid at a constant potential of 0.3 V (vs. Ag/AgCl) for 7200 s at RT
(shown in Fig. 8).

Obviously, in each curve of CA related to the Pd-Cu aerogel
and Pd/C samples, at the early stage of CA tests, the Pd-Cu
aerogel and Pd/C showed a high current owing to the double
layer charging process as well as abundant active sites on the
surfaces of both catalysts. Because of the production of some
intermediate carbonaceous species during the electrooxidation
reaction of formic acid, Pd-Cu aerogel and Pd/C catalysts depict
a quick decay at current densities of CA before a steady current
status is attained. The intense decay in current density because
of the production and adsorption of intermediate carbonaceous
species on the catalysts surface goes along with the block of
active sites as well as poisoning of catalysts surface.***° After an
early intense drop in performance, the current densities were
stabilized at 5.2 and 45.6 mA cm ™~ for Pd/C and Pd-Cu aerogel,
respectively. The very high catalytic activity and durability of the
Pd-Cu aerogel than that of Pd/C are attributed to the two vital
reasons: (1) the presence of abundant open pores as well as easy
access to large active sites of Pd-Cu aerogel, and (2) the self-
supporting property of the Pd-Cu aerogel, which may hinder
the loss of stability observed in Pd supported on carbon owing
to corrosion.

To evaluate the electrochemical behaviors of both catalysts,
electrochemical impedance spectroscopy (EIS) measurements
were performed. The Nyquist plots related to the Pd-Cu aerogel
and Pd/C are shown in Fig. 9. The values of charge transfer

RSC Adv., 2018, 8, 23539-23545 | 23543
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resistance (Rcr) for Pd-Cu aerogel and Pd/C were found to be
100 and 354 Q, respectively. The standard exchange current
density (i) is used for the assessment of the catalytic activity of
a sample. The values of i, for both catalysts were estimated from
Rcr according to the following eqn (5):>**7

i() = RT/}’IFRCT (5)

where, R is the gas constant, n is the number of electrons
involved in the charge transfer reaction, while T, Rcr and F are
the temperature (per K), charge transfer resistance in Q and
faradic constant, respectively. The value of i, for Pd-Cu aerogel
catalyst (2.57 x 10 %) is higher in comparison to Pd/C (7.2 x
107°) catalyst; this is indicative of faster charge transfer on the
surface of Pd-Cu aerogel.

Conclusions

In summary, we report a simple and efficient strategy to prepare
the Pd-Cu aerogel. This way offers a number of advantages
including one-pot synthesis, simplicity, and short time to prepare
the hydrogel. The Pd—Cu aerogel was prepared in the presence of
sodium carbonate utilizing glyoxylic acid monohydrate as
a reductant agent followed by supercritical CO, drying. The TEM,
FESEM, XRD, and ICP-AES analyses well confirm the creation of
porous 3D network with numerous open pores of Pd-Cu aerogel
during the controlled coalescence of Pd and Cu NPs in aqueous
media. The Pd-Cu aerogel was applied as an anode unsupported
catalyst toward FAO, and illustrated much higher electrocatalytic
performance and durability compared to the Pd/C. The extraor-
dinary activity and stability of Pd-Cu aerogel are ascribed to the
high surface area, which allows effective mass transport through
the pores, and easier access to active sites. Moreover, the self-
supporting property of the Pd-Cu aerogel may hinder the loss
of stability observed in Pd catalyst supported on carbon owing to
corrosion. We believe that the resultant aerogel via this approach
is an efficient and promising catalyst for direct formic acid fuel
cells (DFAFCs) and widespread applications such as photonic,
catalysis, sensors, etc.
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