
Formic Acid-Assisted Synthesis of Palladium Nanocrystals and Their
Electrocatalytic Properties
Qinchao Wang,†,‡ Yiqian Wang,† Peizhi Guo,*,†,‡ Qun Li,†,‡ Ruixue Ding,†,‡ Baoyan Wang,†,‡

Hongliang Li,†,‡ Jingquan Liu,†,‡ and X. S. Zhao†,‡,§

†State Key Laboratory Breeding Base of New Fiber Materials and Modern Textile, Collaborative Innovation Center for Marine
Biomass Fibers, Materials and Textiles of Shandong Province, Qingdao University, Qingdao 266071, P. R. China
‡School of Chemistry, Chemical Engineering and Environment, Qingdao University, Qingdao 266071, P. R. China
§School of Chemical Engineering, The University of Queensland, St Lucia, QLD 4072, Australia

*S Supporting Information

ABSTRACT: Palladium (Pd) nanocrystals have been synthesized by using formic acid as the reducing agent at room
temperature. When the concentration of formic acid was increased continuously, the size of Pd nanocrystals first decreased to a
minimum and then increased slightly again. The products have been investigated by a series of techniques, including X-ray
diffraction, high-resolution transmission electron microscopy (HRTEM), UV−vis absorption, and electrochemical measure-
ments. The formation of Pd nanocrystals is proposed to be closely related to the dynamical imbalance of the growth and
dissolution rate of Pd nanocrystals associated with the adsorption of formate ions onto the surface of the intermediates. It is
found that small Pd nanocrystals showed blue-shifted adsorption peaks compared with large ones. Pd nanocrystals with the
smallest size display the highest electrocatalytic activity for the electrooxidation of formic acid and ethanol on the basis of cyclic
voltammetry and chronoamperometric data. It is suggested that both the electrochemical active surface area and the small size
effect are the key roles in determining the electrocatalytic performances of Pd nanocrystals. A “dissolution−deposition−
aggregation” process is proposed to explain the variation of the electrocatalytic activity during the electrocatalysis according to
the HRTEM characterization.

1. INTRODUCTION

Noble metal nanocrystals (NCs) have attracted extensive
interest because of their superior optical, magnetic, and catalytic
properties compared with the properties of their bulk
materials.1,2 Noble metal NCs have been synthesized with
controlled size and shape through the rational design of
synthetic systems. In particular, great effort has been devoted to
synthesize palladium (Pd) NCs for varied applications, such as
electrocatalysis,3,4 Suzuki coupling reactions,5,6 automotive
exhaust purification,7 and hydrogen storage.8,9 Various Pd
nanostructures have been prepared by proper synthetic
protocols, including hydrothermal synthesis, template method,
electrochemical deposition, galvanic replacement, and hemol-
ysis.10 The electrocatalysis of Pd NCs toward liquid molecules
has been studied extensively because of the commercial
demand for direct liquid fuel cells.11

Platinum (Pt)-based electrocatalysts are prone to being
affected by the poison of CO-like intermediates during the
electrooxidation process, which obstructs their potential
applications. Pd, relatively more abundant in nature and less
expensive than Pt, has desirable electrochemical activity toward
the electrocatalysis of formic acid and alcohol,7,8,12 which can
be considered as an important candidate of non-Pt electro-
catalysts. As the catalytic activity of NCs strongly depends on
their size, shape, and surface atomic arrangement,13−16 great
effort has been devoted to synthesize Pd NCs with controlled
morphology and size.17−26 For example, ultrathin hexagonal Pd
nanosheets were prepared by using CO as the surface-confining
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agent under a mild condition.24 Pd NCs with various shapes,
including octahedron, cube, decahedron, icosahedron, and
nanorods, have been synthesized by using liquid phase
synthetic methods.17−23 An electrochemical method has also
been employed to prepare Pd nanorods,20 tetrahexahedral
NCs,22 and nanospheres.24 It is well-accepted that the
electrooxidation of formic acid has usually been used as an
important approach to evaluate the electrocatalytic perform-
ance of Pd NCs.27−30 In fact, Pd nanoparticles can display
catalytic activity for the decomposition of formic acid directly in
aqueous solutions.16 However, formic acid also has reducing
ability, which may induce the synthesis of Pd from Pd(II)
ions.31 In this regard, the synergistic effect of formic acid on the
synthesis of Pd nanostructures and the electrocatalytic feature
of Pd nanostructures still need to be further elucidated.
Herein, we report the synthesis of size-tunable Pd NCs by

using formic acid as a reducing agent in the presence of
polyvinylpyrrolidone (PVP). During the synthetic process, the
size of Pd samples was first decreased and later increased
gradually, as a result of the imbalance of Pd growth and the
dissolution rate, which was proposed to be affected by the
dynamical adsorption of formate ions onto the index planes of
Pd intermediates. It was found that Pd NCs showed size-
dependent optical properties based on the results of UV−vis
absorption spectra. The electrochemical activity increased
significantly with a slight decrease in the size of Pd NCs. The
size of Pd NCs also increased obviously after the electro-
catalytic process based on the high-resolution transmission
electron microscopy (HRTEM) observations. It was suggested
that Pd electrocatalysts should undergo a “dissolution−
deposition−aggregation” process during electrocatalysis.

2. EXPERIMENTAL SECTION
2.1. Materials. Palladium(II) chloride, formic acid, sulfuric acid,

ethanol, potassium hydroxide, aluminum foil, cetyltrimethylammo-
nium bromide (CTAB), and sodium dodecyl sulfate (SDS) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Polyvinylpyr-
rolidone (PVP) (molecular weight of 58000) was purchased from
Acros. All chemicals were analytical grade and used without further
purification. Doubly distilled water was used in the experiments.
2.2. Synthesis of Pd NCs. In a typical synthesis, PdCl2 (20 mg),

PVP (30 mg), and doubly distilled water (10 mL) were added to a 25
mL beaker while being stirred at room temperature. Formic acid was
then quickly added to the mixture. The mixture was stirred for 2 h, and
the ultimate black products were collected by centrifugation, washed
several times with doubly distilled water and ethanol, and finally dried
in an oven at 60 °C for 6 h.32 The concentration of formic acid in the
starting synthetic solutions was set at 1, 2, 3, and 4 M, and the
corresponding Pd products were named as Pd-NC1, Pd-NC2, Pd-
NC3, and Pd-NC4, respectively. Sample Pd-WP was obtained from
the same synthetic system for Pd-NC3 just without PVP. The reaction
between palladium chloride and formic acid obeys eq 1:33

+ → ↓+ + ↑PdCl HCOOH Pd 2HCl CO2 2 (1)

2.3. Characterization. X-ray diffraction (XRD) experiments were
performed on a Bruker D8 Advance X-ray diffractometer equipped
with graphite-monochromatized Cu Kα radiation (λ = 0.15418 nm)
from 10° to 80° (2θ) using a solid detector. TEM and high-resolution
TEM (HRTEM) images were obtained on a JEOL 2100-FEG
transmission electron microscope operating at 300 kV. UV−vis
absorption spectra were recorded using ethanol solutions (0.1 mg/
mL) with a TU1901 UV−vis spectrometer (Beijing Purkinje General
Instrument Co., Ltd.). Dynamic light scattering (DLS) experiments
were conducted using the Brookhaven laser light scattering system
with a BI-200SM research goniometer. A 200 mW green laser (λ = 532
nm) with variable intensity was used, and measurements were taken at

room temperature with a scattering angle of 90°. The DLS
measurements were taken with dilutions. The average radius and
polydispersity index were calculated from the intensity autocorrelation
data with the cumulants method.34

2.4. Electrochemical Measurements. All the electrochemical
measurements were conducted on a CHI760d working station in a
three-electrode cell at room temperature. A platinum foil was used as
the counter electrode and a saturated calomel electrode (SCE) for the
acidic solution or an Hg/HgO electrode for alkaline solutions as the
reference electrode. Pd NC-modified glass carbon electrodes (Pd-
GCEs) were employed as the working electrodes. After ultrasonication
of ethanol suspensions of Pd NCs (1.0 mg/mL) for 1 h, a 10 μL
aliquot of the electrocatalyst suspensions was uniformly cast onto the
surface of the GCE. Cyclic voltammetry (CV) measurements were
taken in 1 M H2SO4 solutions at a sweep rate of 100 mV/s at room
temperature. CV curves of the electrooxidation of formic acid were
recorded in aqueous solutions of 0.5 M H2SO4 containing 0.25 M
HCOOH. For CV data of ethanol oxidation, the electrolytes were
aqueous 1 M CH3CH2OH and 1 M KOH solutions.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis. On the basis of the XRD patterns of the

products (Figure 1), pure palladium phases were formed for

samples Pd-NC1, Pd-NC2, Pd-NC3, Pd-NC4, and Pd-WP.
Three diffraction peaks at 2θ values of 40.3°, 46.7°, and 68.3°
can be observed clearly for these samples, which belonged to
(111), (200), and (220) planes, respectively, of the cubic phase
of palladium (JCPDS PDF 46-1043). The broad diffraction
peaks indicated the formation of small crystals in the products.
The average sizes of Pd particles were in the following order:
Pd-WP > Pd-NC1 > Pd-NC2 > Pd-NC4 > Pd-NC3 [calculated
from the strongest peak of the (111) plane in Figure 1
(Supporting Information) based on the Scherrer equation].21

3.2. TEM and HRTEM Studies. Figure 2 shows the TEM
and HRTEM images of all the Pd NCs. It can be seen that
small nanoparticles were formed for all the Pd NCs except Pd-
WP (Figure S1 of the Supporting Information). On the basis of
the particle size distributions (the inset columnar profiles in
Figure 2), the average sizes of Pd-NC1, Pd-NC2, Pd-NC3, and
Pd-NC4 were approximately 5.7, 4.5, 4.1, and 4.3 nm,
respectively, the same tendency as that obtained from the
XRD results (Figure 1). Furthermore, the higher the
concentration of formic acid in the synthetic systems, the
narrower the distribution of the particle size. As depicted in the
top-right insets in panels A, C, E, and G of Figure 2, the
selected-area electron diffraction (SAED) patterns of Pd NCs
indicated the crystalline nature of all the samples. Furthermore,
HRTEM images (Figure 2B,D,F,H) of individual Pd NCs

Figure 1. XRD patterns of samples Pd-WP (a), Pd-NC1 (b), Pd-NC2
(c), Pd-NC3 (d), and Pd-NC4 (e).
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confirmed the single-crystalline nature. The interplanar
spacings of the lattice fringes of Pd NCs were 1.99−2.06 and
2.23−2.34 Å, ascribed to the (200) and (111) lattice planes of
cubic Pd, respectively. The angle between the crystalline planes
was ∼53.2° (the insets in Figure 2B,D,F,H), which closely
matched the theoretical value.36 Thus, the zone axis should be
the (110) facets based on the results described above.
3.3. UV−Vis Absorption Spectra. The UV−vis absorption

properties of Pd NCs were measured, as shown in Figure 3. All

the Pd NPs showed obvious absorption peaks in the ultraviolet
region. The sharp extinction peaks were observed at 212, 210,
205, and 208 nm, assigned to surface plasmon resonance
(SPR)21,35 for Pd-NC1, Pd-NC2, Pd-NC3, and Pd-NC4,
respectively. Clearly, the absorption peak was blue-shifted
with the slight decrease in the size of Pd NCs,21,24,36 and the
smallest Pd-NCs showed the strongest intensity under the same

condition among all the measured samples. Besides, a weak
peak that appeared at ∼280 nm was also obtained for all the
samples possibly because of the formation of loose nanoparticle
clusters based on the DLS results (Figure S2 of the Supporting
Information).

3.4. Evolution of the Intermediates. To study the
mechanism of formation of Pd NCs, intermediary products of
all the synthetic systems were collected at every 20 min interval
during the synthetic process. It should also be noted that Pd
samples cannot be obtained until the reaction time reached 60
min. The intermediates, collected from the synthetic system for
Pd-NC3 as an example, were characterized by XRD (Figure S3
of the Supporting Information). It can be derived from Figure
S3 of the Supporting Information that the sizes of the
precipitates decreased with synthetic time from 60 to 100
min. However, further increasing the reaction time to ∼120
min afforded the smallest particles. The particle size was then
increased when the synthetic time was further prolonged.
Similar results can also be indirectly derived from the
physicochemical properties of Pd intermediates obtained from
all the reaction mixtures based on the corresponding results of
UV−vis absorption spectra (Figure S4 of the Supporting
Information) and electrochemical measurements (Figure 4 and
Figure S5 of the Supporting Information). Therefore, the
reaction time was fixed at 2 h for the synthesis of the targeted
Pd NCs.
It was interesting to note that many bubbles were generated

immediately when our Pd NCs were added to formic acid
solutions. In the meantime, the color of the solution gradually
changed to slight yellow, indicating the formation of Pd(II)
ions (Supporting Information). If Pd NCs were immersed in 3
M formic acid solutions for 6 h, an ∼40% weight loss was
observed. The residual Pd particles were larger than the original
ones as derived from the XRD patterns (Figure S6 of the
Supporting Information) because of the dual effects of formic
acid as both the weak acid and reducing agent.

Figure 2. TEM (A, C, E, and G) and HRTEM (B, D, F, and H) images of Pd-NC1 (A and B), Pd-NC2 (C and D), Pd-NC3 (E and F), and Pd-NC4
(G and H). Each of the particle size distribution profiles was derived from ∼250 NCs. The diameter of all the inset HRTEM images in panels B, D,
F, and H was set to 2 nm.

Figure 3. UV−vis absorption spectra of Pd nanoparticles in ethanol
solutions (0.1 mg/mL). The inset shows the variation of the peak
position of Pd nanoparticles with formic acid concentration in the
synthetic solutions.

Langmuir Article

dx.doi.org/10.1021/la404268j | Langmuir 2014, 30, 440−446442



On the basis of the results given above, the mechanism of
formation of Pd NCs was proposed as shown in Figure 5. At

the beginning, PdCl2 particles tended to react with formic acid
to afford small ones, during which PVP worked as a surfactant
to prevent aggregation.37 Pd(II) ions were reduced by formic
acid, and Pd particles were formed. Subsequently, Pd crystal
nuclei or small particles can also become Pd(II) ions because of
the weak acidic environment as well as the strong reactive
ability of Pd nuclei. The reaction between formic acid and Pd
can be dynamically adjusted by changing both the concen-
tration of formic acid and the structure of Pd nuclei. With the
elongation of the synthesis time, smaller particles were
obtained. When the reduction of Pd(II) ions was quicker
than the oxidization of Pd particles, the particle size was
increased. Increasing the concentration of formic acid enhanced
the acidity of the solution, promoting the dissolution of small
Pd particles. These should contribute to the formation of the
smallest NCs under the 3 M formic acid system. During the
synthetic process, the adsorption of formate ions is thought to
occur on the (100) terrace with two oxygen atoms linked to the
bridge sites of (100) on the crystalline surfaces.38 In the
meantime, formate ions can also attached to the step line of Pd
(311) facets.39 With a concentration of formic acid of ≤4 M,
more formate ions could be adsorbed on the surface of Pd
(100) and (311) facets, which retarded the reaction of small Pd
particles, leading to the slight increase in particle size.

It should also be pointed out that the concentration of PdCl2
in the synthetic solutions and the types of surfactants can affect
the synthesis of Pd NCs. In the experiments described above,
the concentration of PdCl2 in the reaction solutions was 2 mg/
mL. If the PdCl2 concentration was changed to 1 or 4 mg/mL,
the obtained Pd samples were larger and had lower electro-
chemical activity than Pd-NC3 with the original PdCl2
concentration of 2 mg/mL (Figures S7 and S8 of the
Supporting Information). When CTAB or SDS was used as
the surfactant under similar conditions, >20 nm Pd particles
were formed (Figure S9 of the Supporting Information), and
they displayed weaker electrocatalytic performance than Pd-
NC3 (Figure S10 of the Supporting Information). This should
be ascribed to the reason that PVP molecules chemisorb with
both oxygen and nitrogen atoms in the ring on the surfaces of
large Pd nanoparticles, which would restrict the growth of Pd
nanocryatals.40

3.5. Electrochemical Studies. Figure 6 shows the cyclic
voltammograms (CVs) for the Pd NC-modified glass carbon

electrodes (Pd-GCEs) in an aqueous H2SO4 (1 M) electrolyte
at a scan rate of 100 mV/s. The CV curves of Pd-GCEs were
quite different from that of the naked GCE, which were typical
for Pd-modified electrodes.24 A sharp peak at 0.410 V (vs SCE)
can be attributed to the reduction peak of produced Pd oxide.27

Besides, the two peaks that appeared at −0.088 and 0.018 V (vs
SCE) in the positive sweep are widely considered as the
adsorption of hydrogen in the surface of Pd particles, which are
usually used to estimate the electrochemically active surface
area (ECSA).24,32,41,42 The ECSAs of Pd-NC1-, Pd-NC2-, Pd-
NC3-, Pd-NC4-, and Pd-WP-modified electrodes were
calculated to be 1.30, 3.22, 4.49, 3.49, and 0.64 cm2/mg,
respectively, based on the formula Q(μC)/424 cm2, in which Q
stands for the corresponding electrical quantity of the inflection
point according to the integral of the reduction peak.32,41,42

This is a standard electrochemical method frequently used for
determining the ECSA of Pd nanoparticles.
The electrocatalytic properties of Pd NCs and Pd-WP toward

the electrooxidation of formic acid and ethanol have been
investigated (Figures 7 and 8). Clearly, all the Pd NCs
exhibited higher electrocatalytic activity than Pd-WP. Fur-
thermore, the order of electrocatalytic performance of Pd
samples is as follows: Pd-WP < Pd-NC1 < Pd-NC2 < Pd-NC4
< Pd-NC3. We can also conclude from Figures 7 and 8 that not
only the ECSA but also the particle size of Pd NCs can
contribute to the electrocatalytic performance of Pd samples.
With the highest ECSA and the smallest size among all the Pd

Figure 4. Variation of current densities for the positive scan in CV
curves of the intermediates from the synthetic systems for Pd-NC1
(a), Pd-NC2 (b), Pd-NC3 (d), and Pd-NC4 (c) performed in 1 M
KOH/1 M CH3CH2OH media with potential window ranges from
−0.85 to 0.30 V.

Figure 5. Schematic illustration of the mechanism of formation of Pd
NCs. The inset is an illustration of the absorption of formate ions on
Pd (100) and (311) facets.

Figure 6. CV curves of Pd-GCEs in aqueous H2SO4 (1 M) solutions.

Langmuir Article

dx.doi.org/10.1021/la404268j | Langmuir 2014, 30, 440−446443



NCs, Pd-NC3 showed the highest catalytic density toward the
electrooxidation of formic acid and ethanol.20,43,44

For Pd-NC3-GCE, the current densities were 70 and 61 mA/
cm2 in the formic acid electrolyte for the positive and negative
scans, respectively. This observed difference may be induced by
adsorption of intermediate products that was produced during
the oxidation of formic acid.6,45−48 Furthermore, the onset
potential of Pd-NC3-GCE tended to be more negative than
those of other modified GCEs (Figures 7A and 8A), indicating
the best electrocatalytic oxidation activity of Pd-NC3. The ratio
of the forward to backward current intensities of Pd-NC3 is
also higher than that of Pd-NC4, which indicated the CO
tolerance of Pd-NC3 was better than that of Pd-NC4.49−51

Chronoamperometric data (Figure 7B) showed that the current
density decreased quickly with time and reached a plateau after
∼100 s for all the Pd-GCEs, in which the order for the
electrooxidation of formic acid can be observed to be the same
as that derived from Figure 6A.
As depicted in Figure 8A, Pd-NC3-GCE also exhibited the

highest catalytic current densities of 222 and 254 mA/cm2 for
the positive and negative scans for the electrooxidation of
ethanol, respectively, among all the Pd-GCEs. These were
higher than those of commercial Pd and Pd/C samples (Figure
S11 of the Supporting Information). Figure 8B shows transient
current densities for ethanol oxidation of Pd-GCEs, which
decreased slowly compared with those for formic acid oxidation
(Figure 7B). Especially for Pd-NC3-GCE, the current density
decreased rapidly only in the first 40 s and then decreased
slowly until 700 s had passed. Finally, a proximate plateau was
observed. This may be ascribed to the factors of catalyst,
increased viscosity of the solutions, and the decreased
concentration of H+ or OH− ions.10 Besides, the competitive

adsorption of the substrate/partial oxidation product on the
catalyst surface may lower the efficiency of the reaction rate.10

Furthermore, the alkaline employed in ethanol oxidation
reduced the risk of corrosion of the metal catalyst, which
may retard Pd inactivation.52 This can be verified by the
electrocatalytic stability against cycle number of Pd-GCEs
toward the electrooxidation of ethanol, as shown in Figure S12
of the Supporting Information. It can be seen that all electrodes
can reach the highest current density within 20 cycles and
decrease obviously after 60 cycles. Clearly, Pd-NC3-GCE
displayed the highest electrocatalytic stability among all the Pd-
GCEs.
The structural change of Pd-NC3 after the electrocatalysis of

formic acid (Pd-NC3B) (100 cycles) was investigated by
HRTEM (Figure 9). As shown in Figure 9A, the average size of
Pd-NC3B was ∼6 nm larger than that of Pd-NC3. Figure 9B
shows the enlarged image of the boxed area in Figure 9A. It was
found that the crystal phase and lattice spacing were unchanged
during the variation of the morphology (Figures 2F and 9B).
However, aggregation of Pd-NC3B can be observed clearly
when compared with Pd-NC3 (Figure 2E,F). It was suggested
that Pd NCs should undergo a dissolution−deposition−
aggregation process during electrocatalysis, as illustrated at
the bottom right of Figure 9. The formation of large Pd
nanoparticles may be ascribed to the Ostwald ripening effect
because large particles have low surface energy and reaction
activity.45 Consequently, Pd-NC3B showed electrochemical
activity lower than that of Pd-NC3.

Figure 7. (A) CV curves of Pd-GCEs in 0.25 M HCOOH/0.5 M H2SO4 solutions at 50 mV/s and (B) chronoamperometric curves of Pd-GCEs at
0.3 V.

Figure 8. (A) CV curves of Pd-GCEs in 1 M C2H5OH/1 M KOH solutions at 50 mV/s and (B) chronoamperometric curves of Pd-GCEs at 0.3 V.
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4. CONCLUSION
Pd nanocrystals with tunable sizes were synthesized at room
temperature by adjusting the concentration of formic acid in
the synthetic systems. The formation of Pd nanocrystals was
attributed to the dynamic regulation of the dissolution and
growth of Pd intermediates during the synthetic process. It is
found that the absorption peak was gradually blue-shifted with
the continuous decrease in the size of Pd nanocrystals.
Furthermore, smaller Pd nanocrystals display higher electro-
catalytic activity for the electrooxidation of formic acid and
ethanol than the large ones. The strong electrocatalytic
performance of Pd nanocrystals should be ascribed to both
the large electrochemically active surface area and small size
effect of the samples. It was found that irregular large particles
were formed after the electrocatalytic process because of the
dissolution−deposition−aggregation process. These results
pave the way for the development of new Pd nanostructures
based on the rational design of synthetic systems.
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