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ABSTRACT: Novel bimetallic Pd,Co, alloy nanoparticle
(NP)/carbon nanofiber (CNF) composites with superior
electrocatalytic performances were successfully prepared by
electrospinning Pd and Co precursors, ie., Pd(acac), and
Co(acac),, in polyacrylonitrile followed by a thermal treat-
ment. Uniform dispersion of Pd,Co, nanoparticles in carbon
nanofibers was achieved. Chemical composition and size of the
resulting Pd,Co, NPs, which showed a substantial effect on the
electrocatalytic properties of Pd,Co,/CNF nanocomposites,
can be readily controlled by adjusting the feed ratio of metal
precursors. In comparison with commercial Pd/C and other
state-of-the-art Pd- or Pt-based catalysts, deCOy/ CNF nano-
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composites prepared in this study exhibited much higher electrocatalytic activity and stability in formic acid and methanol
oxidation reactions. This improved electrocatalytic performance is very attractive for fuel cell applications and can be attributed to
the unique bimetallic Pd—Co alloy formation, a modified electronic structure of Pd in Pd,Co,, as well as uniform dispersion and

firm embedment of Pd,Co, NPs in CNF.
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B INTRODUCTION

Direct liquid fuel cells, such as direct formic acid fuel cells
(DFAFCs) and direct methanol fuel cells (DMFCs), are
attracting more and more attention as new generation power
sources.'~* Traditionally, Pt-based nanomaterials have been
used as catalysts in fuel cells.”® However, high-cost and carbon
monoxide (CO) poisoning associated with Pt catalysts limit
their practical applications. Recently, Pd-based catalysts,
particularly Pd-transition metal alloys, have emerged as an
alternative to Pt-based catalysts due to their good resistance to
CO poisoning, high catalytic activity, and low cost.>*”~"°
Meanwhile, preparation of carbon-supported Pd catalysts
appears as an effective approach toward anode catalysts for low-
temperature fuel cell applications.*'" Carbon blacks, such as
acetylene black, Vulcan XC-72, and ketjen black, have been
widely used as supporting materials. However, these
amorphous carbon supports are vulnerable to corrosion/
oxidation and tend to result in electrical isolation of catalyst
nanoparticles (NPs). Pd catalysts are typically loosely absorbed
on supporting carbon blacks; interaction between the two is
fairly weak."> Detachment, aggregation, and even dissolution of
NPs may occur during potential cycling, leading to degradation
in performance.'® In comparison, carbon supports with a higher
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degree of graphitization, e.g, carbon nanotube,'* carbon
nanofiber,'® graphene,16 and mesoporous graphitic carbon,"”
have shown improved resistance to corrosion. To achieve good
electrocatalytic performance, however, these presynthesized
carbon supports need to be purified and/or surface function-
alized, which may damage the framework and decrease the
electrical conductivity."®'? Complexity in multistep preparation
typically required for such carbon-supported catalysts makes it
difficult to produce these catalysts on a large scale. Thus, for
practical fuel cell applications, it is highly desired to develop a
simple and efficient process for preparing carbon-supported Pd
catalysts with excellent electrocatalytic properties.

Herein, we report a facile preparation method for a new type
of carbon-supported Pd catalyst, i.e., Pd—Co alloy NP/carbon
nanofiber (Pd,Co,/CNF) composites, by using electrospinning
and thermal treatment techniques. In the composites, Pd,Co,
NPs are uniformly dispersed in the carbon nanofiber matrix,
rather than weakly absorbed on the surface. Such an
“embedded nanostructure” was deemed capable of yielding
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highly active and stable catalysts. To realize such a nano-
composite, Pd and Co precursors, i.e., palladium(II)
acetylacetonate (Pd(acac),), and cobalt(Il) acetylacetonate
(Co(acac),), with different Pd/Co molar feed ratios in range
of 2:1 to 1:2 were mixed with a CNF precursor, ie.
polyacrylonitrile (PAN), and electrospun into the nanofiber.
After carbonization at 850 °C, Pd,Co,/CNF nanocomposites
were obtained, with Pd,Co, NPs formed in situ being tightly
embedded in the CNF matrix. In such a structure, the CNF
serves not only as a conductive carbon support but also as a
solid barrier to prevent NPs from aggregation. The size and
chemical composition of Pd,Co, NPs can be readily controlled
by adjusting the Pd/Co feed ratio. Because the Pd,Co, NPs
were formed in situ simultaneously with the formation of CNF,
the preparation of Pd,Co,/CNF composites is regarded as a
one-step process, which allows easy quality control, good
reproducibility, and cost-effectiveness. Electrochemical proper-
ties and catalytic performance of the resulting Pd,Co,/CNF
composites in formic acid and methanol oxidation were
carefully evaluated, which showed superior properties, partic-
ularly in terms of catalytic activity and stability, than most state-
of-the-art Pt- or Pd-based catalysts. This suggests a good
potential of these new Pd,Co,/CNF composites in fuel cell
applications.

B RESULTS AND DISCUSSION

Figure 1 shows typical scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) pictures of
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Figure 1. SEM (A), TEM (B, C), HRTEM (D), and STEM-HAADF
(E) images and STEM-EDX line scan profile (F) of Pd,Co,/CNF
nanocomposite.

Pd,Co, NP/CNF composites obtained at a Pd/Co feed ratio of
1/1. The diameter of CNF in the composite ranges from 300 to
500 nm, and length in the scale of tens of micrometers. Pd,;Co,
alloy NPs, which are ca. 30 nm in diameter, dispersed uniformly
within the CNF matrix (Figure 1B—C) and showed well-
resolved lattice fringes (Figure 1D). Interplanar spacing of the
lattice fringes is 0.214 nm, corresponding to Pd;Co; (111)
plane of face-centered cubic (fcc) phase. Formation of a
bimetallic atomic alloy of Pd and Co was confirmed by both
scanning transmission electron microscopy-high-angle annular
dark-field imaging (STEM-HAADF) (Figure 1E) and scanning
transmission electron microscopy-energy-dispersive X-ray spec-
troscopy (STEM-EDX) (Figure 1F). Although the intensity of
the Pd-L line is somewhat stronger than that of the Co-L line,
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they are similar in shape, indicating a uniform distribution of
both Pd and Co atoms within the alloy NPs (Figure 1F).

By controlling the feed ratio of the metal precursors, ie,
Pd(acac), and Co(acac),, chemical composition and size of
Pd,Co, NPs in the CNF matrix can be easily tailored. As shown
in Figure 2, uniform Pd,Co, alloy NPs with narrow size
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Figure 2. TEM images of Pd,Co,/CNF (A), Pd;Co,/CNF (B), and
Pd,Co,/CNF (C). Dependence of Pd, Co, NP size on Pd content
(D). XRD diffraction spectra (E) and Pd 3d line XPS spectra (F) for
Pd/CNF, Pd,Co,/CNF, and Co/CNF: (a) Pd/CNF, (b) Pd,Co,/
CNF, (c) Pd,Co,/CNF, (d) Pd,Co,/CNF, (e) Pd,Co,/CNF, and (f)
Co/CNE.

distributions were obtained at all Pd/Co feed ratios evaluated in
this study, i.e, Pd/Co = 2:1 to 1:2, and well dispersed in CNF
as the matrix (see also Figures S1—S3, Supporting Informa-
tion). The good dispersibility of Pd,Co, NPs in CNF can be
attributed to the in situ simultaneous formation of Pd,Co, NPs
and CNF during the high-temperature thermal treatment,
where the bimetallic alloy NPs formed were firmly locked
within the CNF structure.'” The size of the Pd,Co, NPs
increases almost linearly with Pd content from 19.5 nm for
Pd,Co, to 36.2 nm for Pd,Co, (Figure 2D). This may be
ascribed to the larger atomic volume of Pd (8.9 cm?/mol) vs
Co (6.7 cm®/mol), as well as a fast crystallization rate of a
Pd,Co, alloy with high Pd content. The chemical composition
of Pd, Co NPs obtained from EDX and ICP-OES agree well
with the feed ratios of metal precursors (Table S1, Supporting
Information). This allows for an easy control in preparation of
Pd,Co, NPs with desired compositions.

The 1nterplanar spacings of Pd,Co, (111) planes were found
to be in the range of 0.211— 0217 nm (Figure S1-S3,
Supporting Information), which decreases with Co content,
indicating the incorporation of Co atoms into the Pd lattice and
the formation of an atomic alloy.*® The diffraction patterns of
Pd,Co,/CNF nanocomposites are typical for fcc structures and
can be assigned to (111), (200), and (220) planes (Figure 2E).
As Co content increases, a gradual shift of the diffraction peaks
to higher 2 values was observed, confirming the Ilattice
contraction due to the incorporation of Co atoms. Crystal
sizes estimated by Scherrer’s formula are in agreement with
TEM results (Table S1, Supporting Information).

Binding energies of Pd(3d) and Co(2p) for Pd,Co,/CNF
composites, as obtained from XPS study, are comparable to
those of metallic Pd and Co, respectively, indicating that both
Pd and Co in Pd,Co, NPs are in neutral metallic state (Figures
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2F and S4, Supporting Information). Interestingly, as Co
content increases in Pd,Co, NPs, binding energy of Pd(3d;,)
shifts to a higher value, e.g, 335.1, 335.3, 335.4, and 335.5 eV
for Pd,Co,/CNF, Pd;Co,/CNF, Pd,Co,/CNF and Pd,;Co,/
CNF, respectively, whereas binding energy of Co(2p;/,)
decreases as Pd content in deCoy NPs increases (Figure S4,
Supporting Information). The change in binding energy of Pd
and Co in Pd,Co, NPs can be attributed to modification of the
electronic structure of Pd and Co due to alloy formation.*' The
near-surface composition analysis of Pd,Co, NPs by XPS shows
higher Pd content than the average bulk Pd content found from
EDX and ICP-OES studies (Table S1, Supporting Informa-
tion). This is consistent with the STEM-EDX line scan results
and suggests a Pd-rich surface for the Pd,Co, NPs formed by
high-temperature sintering.

Thus, a new type of Pd,Co, NP/CNF composites with
Pd,Co, NPs uniformly dispersed and firmly embeded in CNF
as the matrix has been obtained, where Pd and Co formed an
atomic alloy and the size and the chemical composition of
Pd,Co, NPs can be readily controlled. All of these features are
intriguing and favorable in realizing new catalyst materials with
high electrocatalytic activity and stability.

Given this, careful electrochemical and electrocatalytic
studies were carried out for the resulting Pd,Co, NPs/CNF
composites. Glassy carbon (GC) electrodes covered with
Pd,Co, NPs/CNF composites were prepared and subjected to
cyclic voltammetric (CV) cycles. It was found that the CV
behavior of Pd,Co, NPs/CNF-modified electrodes was very
similar to that of polycrystalline Pd in acid medium (Figures SS
and S6, Supporting Information); no Co dissolution signal was
observed during potential cycling, indicating a good electro-
chemical stability of the alloy NPs in CNF due probably to the
protection effect of the surface Pd-rich atomic layer. All
Pd,Co,/CNF-modified electrodes exhibited a high electro-
chemical active surface area (ECSA), as estimated from the
reduction charge of Pd oxide.”> Both the onset and peak
potentials for Pd;Co;/CNF and Pd,Co,/CNF electrodes shift
positively, relative to those of Pd/CNF and commercial Pd/C
catalysts (Figure S6, Supporting Information), which can be
ascribed to a fast hydroxyl desorption from surface of Pd,Co,/
CNF.>® These results also show that Pd,Co, NPs in their
composites with CNF are electrochemically accessible, which is
very important for the electrocatalytic reaction.

For electrocatalytic study, formic acid and methanol were
used as model compounds. Thus, by using Pd,Co,/CNF
composite-modified GC electrodes, electrocatalytic oxidation
properties of formic acid and methanol were evaluated. Figure
3A shows the CV spectra of formic acid in 0.5 M H,SO,
solution. A major current peak near 0.2 V can be seen,
corresponding to formic acid oxidation via the direct pathway.
Although Co has been known to have no electrocatalytic
activity toward formic acid oxidation, the presence of Co in
Pd,Co, alloy NPs markedly enhanced the electrocatalytic
activity. The current density of the Pd,;Co,;/CNF-GC electrode
is ca. 2.0 and 3.1 times that for Pd/CNF-GC and Pd/C-GC,
respectively. The onset potential of formic acid oxidation is
—0.103 V for the Pd,Co,;/CNF-GC electrode, much lower than
that of Pd/CNF-GC (—0.07 V) and Pd/C-GC (—0.06 V). The
Pd/Co ratio in Pd,Co, NPs exhibited a significant effect on the
electrocatalytic activity. It was found that mass activity of the
catalysts for formic acid oxidation decreases in the order of
Pd,Co,/CNF > Pd,Co,/CNF > Pd,Co,/CNF > Pd,Co,/CNF
> Pd/CNF > Pd/C (Figure 3B). It should be noted that

1827

~—Pd4Co4/CNF 4
124 (A) —Pd;co;CNF - 15 (B)
10 —Pd)Coq/CNF '; 1.2]
« 8 E
Es < 0.9
< 2
g4 2 0.6
52 g
0 3 0.3-
]
21 = 0.0l
03 00 03 06 0.9
E/V vs. Ag/AgCI
6
(C) — Pd,Co,/CNF (D) —Pd1Coq/CNF
104 — PaCoCNF —Pd,Co,/CNF
o 8] = | 4 reteosens
e T PdCoyCNF g —PdICNF
O — PACNF o —pdic
< — Pdc < —ColCNF
£ E 2
3 -
04
04y T T r v y T y r
0 600 1000 1600 2000 09 -06 -03 00 03 06
Time /s E/Vvs. Ag/AgCl

Figure 3. Pd,Co, NP/CNF and other electrode materials: (A) CV and
(C) i—t (at 02 V) curves measured in 0.5 M H,SO, solution
containing 0.5 M HCOOH; (B) mass activity of Pd-based electro-
catalysts for formic acid oxidation; (D) CV curves measured in 1 M
KOH(aq) containing 1 M CH;0H, scan rate = 50 mV/s.

Pd;Co,/CNF exhibits a mass activity higher than current state-
of-the-art catalysts, such as Pd NPs/graphene hybrid,** Pt or
Pt—Bi NPs loaded-OMC composite,” and CNT-supported
Pt—Pd hollow nanosphere hybrid*® (indexing 0.5 M
HCOOH). Among Pd/C, Pd/CNF, and Pd,Co,/CNF
prepared in this study, the Pd;Co,/CNF composite appears
to have the best electrochemical stability, as shown from i—¢t
curves in Figure 3C, which is consistent with CV results (Figure
3A). All of these make Pd;Co,;/CNF composite a promising
catalyst for electrocatalytic applications.

Recent studies have shown that Pd-based electrocatalysts are
efficient in catalyzing methanol oxidation in alkaline medium,
and may find important applications in DMFCs.”” In
comparison with Pd/C-GC and Pd/CNEF-GC for methanol
oxidation (Figure 3D), the Pd;Co;/CNF-GC electrode
exhibited much better catalytic activity, as evidenced from the
significantly enhanced peak current as well as the more negative
onset and peak potentials. The ratio of forward anodic peak (J;)
to backward anodic peak (J,), Ji/J,, has been used as an
important index for catalyst tolerance to poisoning. The higher
the J¢/J, ratio, the more effective poisoning species are removed
from catalyst surface.”® In this study, a Ji/J, ratio of 4.83 was
found for Pd;Co,/CNF-GC, which is much higher than those
of commercial Pd/C catalyst (1.63) and Pd/CNF (2.33)
(Figure S7, Supporting Information), indicating a better
catalyst tolerance toward poisoning species for Pd,Co,/CNF.
The mass activity of Pd,Co;/CNF was calculated to be 0.67 A/
mg Pd, which is ca. 2.9- and 2.4-fold higher than those of the
commercial Pd/C catalyst and Pd/CNF, respectively (Figure
S7, Supporting Information). The mass activity of Pd,Co,/
CNF is also higher than those reported for MWCNT /ionic
liquid/Pt NPs hybrid,” MWCNT/PtRu NPs composite,”’ and
graphene/PtPd nanodendrites hybrid®' (indexing 1 M
methanol). The variation trend of mass activity (Figures 3B
and S7, Supporting Information) and stability (Figures 3C and
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S8, Supporting Information) for Pd,Co, NP/CNF with
different Pd/Co ratios were found to be similar for both
methanol and formic oxidation.

The above studies have shown that Pd,Co,/CNF composites
prepared in this study have a good combination of properties,
including excellent electrocatalytic activity, antipoisoning
ability, and good stability in formic acid and methanol oxidation
reactions. This can, in general, be attributed to the so-called
bifunctional effect from the bimetallic Pd—Co alloy, a modified
electronic structure of Pd, and the unique nanocomposite
structure of Pd,Co,/CNF. A more detailed understanding for
such good comprehensive properties of Pd,Co,/CNF can be as
follows: (1) Co in a Pd,Co, alloy may facilitate oxidation of
CO-like intermediates formed on nearby Pd sites through a
bifunctional mechanism.>***> This helps to maintain free and
active Pd sites for electrocatalytic reactions. (2) The down-shift
of the Pd d-band in Pd,Co, alloy NPs relative to Pd/C and Pd/
CNF (Figures 2F and S9, Supporting Information) may result
in weakened adsorption of CO-like intermediates on
deCO},,M’35 which contributes to an improved electrocatalytic
activity. (3) The embeded structure of Pd,Co, NPs in CNF
enables strong interface interaction between the two,
preventing Pd,Co, NPs from detachment from CNF and
coalescence during potential cycling. As shown in Figure S9
(Supporting Information), the Pd(3d;/,) peak of Pd/CNF
(335.1 eV) appears at a higher energy level than that of Pd/C
(334.9 €V), indicating an enhanced binding strength of Pd to
CNF."” Moreover, the Pd;Co,/CNF-GC electrode showed no
obvious decrease in ECSA after an electrochemical test (Figure
S10 A, Supporting Information); no Pd,Co, NP aggregation or
detachment was observed in the study (Figure S10 B,
Supporting Information). (4) The uniform dispersion of
Pd,Co, NPs in CNF and the fibrous network structure of
Pd,Co, NP/CNF on an electrode allow for easy transport of
electrons and access to reactants, effectively facilitating the mass
transfer.

Bl CONCLUSION

A facile preparation method for Pd,Co, NP/CNF nano-
composites via electrospinning followed by a thermal treatment
process was successfully developed. Pd,Co, NPs and CNF
formed simultaneously in the latter step to produce a uniform
dispersion of Pd,Co, NPs in CNF. Structure and electro-
chemical properties of the resulting Pd,Co, NP/CNF
composites were carefully studied, which showed significantly
higher electrocatalytic activity and stability for Pd,Co, NP/
CNF than commercial Pd/C catalyst and other state-of-the-art
Pd- and Pt-based catalysts, particularly in formic acid and
methanol electro-oxidation reactions. A dependence of electro-
catalytic performance on composition of Pd,Co, was revealed,
with the Pd;Co;/CNF composite being the most efficient
electrocatalyst. It should be noted that free-standing films of
Pd,Co,/CNF nanocomposites can be readily prepared and
used directly as an electrode material without using any binders
and conductive additives. This makes the material more
attractive for fuel cell applications. The preparation method
reported in this study for bimetallic Pd—Co alloy NPs/CNF
composites may be applied to the preparation of other
bimetallic or multimetallic alloy NP/CNF nanocomposites,
thus providing a new generic approach toward highly active and
stable electrocatalysts for fuel cell applications.
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