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A three-dimensional palladium nanoflowers (Pd-NF) composed 

of ultrathin Pd nanosheets was synthesized by a solvothermal 

approach. The Pd-NF catalyst shows 6.6- and 5.5- folds mass 

activity and surface activity of normal palladium nanoparticle 

(Pd-NP) in electric oxidation of formic acid. 

The electro-oxidation of formic acid has attracted much 
attention in last decades due to the advantages and potentially 
wide applications of direct formic acid fuel cell (DFAFC).1-6 
Many works on the electro-oxidation of formic acid have been 
done on platinum- and palladium-based catalysts because they 
are recognized as the best anode catalysts. But Pt catalyst, is 
considered not to be an appropriate catalyst for DFAFC due to 
they are easily poisoned by intermediate CO species formed in 
formic acid oxidizing process. Nevertheless, Pd is more 
attractive than Pt due to the lower cost and less poisoning,4 
especially at lower anode potentials (<0.4 V vs. RHE) in the 
electro-oxidation of formic acid. 

The issues including size, shape, architecture, 
crystallographic features and specific crystal planes are 
considered to be the key factors determining material properties 
and functions.7-10 In recent years, the fabrication and 
application of unique morphology Pd nanomaterial have 
attracted much attention. Most of the published work were 
focused on zero-dimensional (such as nanoparticle11-15), 
one-dimensional (such as nanowire,16-20 nanorod,16,21 or 
nanotubular22) and two-dimensional (nanosheet23-26) Pd 
nanostructure. Among the diverse nano-architectures, 
three-dimensional Pd nanostructure has emerged as promising 

materials due to possess a porous nature, a large surface areas 
and active centers for electrocatalysis.7,27-37 Arjona38 used 
electrochemical method synthesized flower-like Pd 
nanoparticles showed high tolerance toward formic acid 
electrooxidation. Yu et al37 used a very simple chemical method 
to fabricate branched Pd nanodendrites, which had displayed 
substantially enhanced the activity of both oxygen reduction 
reaction and methanol oxidation compared with that of 
commercial Pd/C catalysts. Most of the reported 
three-dimensional Pd nanostructures are the assembly of 
nanoparticle or nanowire or nanorod, as far as we know, there is 
no report on the three-dimensional Pd nanostructure which 
assemble by two-dimensional Pd nanosheets. 

In this work, we synthesized a three-dimensional Pd 
nanoflower (denoted as Pd-NF) which is the assembly of 
ultrathin nanosheets by a mild and simple solvothermal 
approach. A precursor solution was prepared by dissolving 
palladium chloride into benzyl alcohol solvent, and added oleic 
acid as the template. The mixture was then placed into a 
Teflon®-lined autoclave, followed by a solvothermal reaction 
at 140ºC for 6 hours. For comparison, Pd nanoparticle (Pd-NP) 
was prepared by the same procedure without adding oleic acid. 

Figure 1a presents the scanning electron microscope (SEM) 
image of Pd nanoparticle without adding oleic acid in the 
synthesis process. The diameter of Pd-NPs are 200 nm ± 50 nm, 
the aggregation of these nanoparticles occurs. However, after 
adding oleic acid, the sample displays a perfect nanoflower 
morphology (Figure 1b,c). The nanoflowers show the uniform 
size distribution of 500 ± 100 nm. The high resolution scanning 
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electron microscope (HR-SEM) image of Figure 1d shows that 
the nanoflowers are the assembly of ultrathin Pd nanosheets. 
The average thickness of Pd nanosheets in Figure 1d is ca. 4−8 
nm, and the size of Pd nanosheets is roughly estimated to be 
about hundreds of nanometers. The high resolution 
transmission electron microscope (HR-TEM) images in Figure 
1e and 1f well confirmed that the Pd nanoflowers are the 
assembly of thin Pd nanosheets. Figure 1e shows a few layers 

 
Figure 1. SEM images of Pd-NP (a) and Pd-NF (b, c); HR-SEM 
image of Pd-NF (d); HR-TEM images of Pd-NF (e, f). The insert 
image in (e) is the magnification image of the red circle region in (e). 

of nanosheets with different lateral sizes randomly overlapping 
each other, the nanosheets possess lattice spacing of 0.377 and 
0.283 nm, which could be assigned to the (100) and (110) 
planes of Pd. 

Compared with Pd-NP, although the size of Pd-NF is larger, 
but is not the aggregation between flowers. Interestingly, when 
the reaction time is controlled at 90min (Figure S1b), except for 
the rough surface, the morphology and the size of Pd-NF is 
almost the same as Pd-NP (Figure 1a). The result indicating 
that Pd-NF and Pd-NP are formed maybe through the same 
nucleation stage. 

To better understand the growth mechanism of Pd 
nanoflower, the time-dependent morphological evolution was 
followed by SEM measurements (see Figure S1).Almost no 
products could be obtained when the reaction duration is less 
than 60 min. When the reaction duration increased to 70 min, 
the yield of Pd products could be ca. 20%, the Pd nanoparticles 
with particle size of ca. 50 nm but not Pd nanoflowers were 
obtained. Even the duration is increased to 90 min (Figure S1b), 

only nanoparticles but nit nanoflower can be observed, but the 
nanoparticles obviously grow up and formed the aggregation of 
Pd nanoparticles with an average size of 200−250 nm, 
meanwhile, the surface of nanoparticle is very rough, in the red 
circle region, a small number of short nanosheets are formed on 
the surface. However, once the reaction duration is up to 2 h 
(Figure S1c), we can see the anisotropic grow that nanoparticles 
surface resulting in the formation of nanosheets, with the size 
up to 400−500 nm. When the duration is up to 3h, the 
nanosheets grow further and more flower-like nanostructures 
can be observed (Figure S1d). We found that the beautiful 
nanoflower with uniform size distribution of 500 ± 100 nm can 
be observed when the reaction duration gets up to 6h. Clearly, 
the formation of the nanoflowers is a template directed and 
slow process. 

 
Figure 2. Schematic illustration of the formation mechanism of a Pd 
nanoflower. 

According to the SEM and TEM images shown in Figure 1 
and Figure S1, a possible formation process of the Pd 
nanoflowers is proposed (Figure 2). First, Pd nanonuclei are 
formed in solution through the reduction of PdCl2 by benzyl 
alcohol, the nuclei tend to grow and aggregate into normal 
particles without the template. When the oleic acid is added as a 
capping agent, on one hand, the Pd nuclei grow up to 
nanoparticles; On the other hand, direction agent restraint the 
growth and began develop into nanosheets, with the prolonged 
reaction time, the material finally grow into nanoflowers 
structure, which are assembly of ultrathin nanosheets.  

 
Figure 3. The cyclic voltammetry curve for Pd-NF/C (a), 
Pd-NP/C (b) and commercial Pd/C (c) in N2-saturated 0.5 M 
H2SO4 solution with a scan rate of 50 mV s−1. The mass ratio of 
Pd in Pd/C are 20 wt.% for all samples and the loading of Pd on 
electrode is 0.1 mg. 
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To investigate the electrocatalytic properties of the obtained 
samples, we supported them on carbon material (XC-72) and 
the metal loading are 20 wt.%. Figure 3 show the Cyclic 
voltammetry (CV) of Pd-NF/C, Pd-NP/C and commercial Pd/C 
(BASF, 20 wt.%) catalysts in background solution (0.5 M 
H2SO4). The peaks in -0.3−0V (vs. SCE) are attributed to the 
hydrogen adsorption, desorption and evolution, respectively, 
they are not well-separated of Pd-NF/C and Pd-NP/C catalysts, 
so the hydrogen adsorption–desorption processes are not 
appropriate for evaluate electrochemical active surface area 
(ECSA) of Pd. The oxygen adsorption method is usually 
applicable to evaluate ECSA of metals that showing 
well-developed regions for oxide monolayer formation and 
reduction, such as Au and Pd.3,39,40 In Figure 3, the cathodic 
curve of Pd-NF/C, Pd-NP/C and commercial Pd/C present a Pd 
surface oxide reduction peak at 0.49, 0.49, and 0.45 V, the 
reduction charge is integrated to be 1047.4, 869.1 and 3844.3 
µC, after divided by conversion factor of 424 µC cm−2 (the 
charge that needed to form surface oxide monolayer),39,41 the 
corresponding active surface area is 2.47, 2.05, and 9.07 cm2, 
respectively. The result shows that the Pd-NF and Pd-NP with 
the almost same surface area, much lower than that of the 
commercial Pd/C. 

Figure 4. The electro-oxidation of formic acid activity normalized 
by the mass (a) and ECSA (b) of Pd for Pd-NF/C, Pd-NP/C and 
commercial Pd/C (BASF) in N2-saturated 0.5 M H2SO4 + 0.5 M 
HCOOH solution with a scan rate of 20 mV s−1. The loading of Pd 
on electrode is 0.1 mg for all samples and the ECSA of Pd-NF/C, 
Pd-NP/C and commercial Pd/C are 2.47, 2.05, and 9.07 cm2, 
respectively. 

Table 1. The comparison of Pd-NF/C, Pd-NP/C and Commcial Pd/C 
for electro-oxidation of formic acid activity 

Catalysts 
Loading 

of Pd 
(mg)  

ECSA 
(cm2) 

Peak 
current 
(mA)a 

Mass 
activity 

(mA/mg) 

Surface 
activity 

(mA /cm2) 
Pd-NF/C   0.1  2.47  1.64  16.4  0.66  
Pd-NP/C   0.1  2.05  0.25  2.5  0.12  

BASF-Pd/C  0.1  9.07  0.85  8.5  0.09  
a The formic electro-oxidation peak current of the 10th cycle in 
Figure S2. 

Figure 4 shows the formic acid oxidation activities of 
Pd-NF/C and Pd-NP/C catalysts, as well as commercial Pd/C 
catalyst. Due to Pd easily dissolve in an acid electrolyte during 
the oxidation-reduction,42 to be fair, several cycles are recorded 

in cyclic voltammetry measurement for each sample (Figure 
S2), we adopt the relative stable cycle (the 10th cycle) for 
discussion. Obviously, all of them have two sharp anodic 
direction peaks and a broad cathodic direction peak. In general, 
the anodic direction peaks at −0.14 V and 0.05 V correspond to 
the hydrogen desorption and the activity of direct oxidation of 
formic acid, the broad cathodic direction peak reflect the 
stripping of the absorbed intermediates and regeneration of the 
Pd surface.41,43,44 Except for the peak of direct oxidation of 
formic acid, it is worth mentioning that there is a minor hump 
at 0.5−0.7 V (vs. SCE), which is due to the oxidation of Pd. On 
the negative scan, firstly reduction of Pd oxide, then followed 
the oxidation of formic acid on newly reduced Pd surfaces at 
more broad negative potentials.45 

The activity of electro-oxidation formic acid can be 
normalized by the mass and electrochemical active surface area 
of Pd. The normalized activities are summarized in Table 1. 
Figure 4a shows the mass activity of Pd-NF/C is as high as 16.4 
mA mg−1, 6.6 times that of Pd-NP/C and 1.9 times of 
commercial Pd/C catalyst. When the anodic peak current 
normalized by ECSA of catalyst (Figure 4b), surprisingly, the 
intrinsic activity of Pd-NF/C is 7.3 times of commercial Pd/C, 
which indicate that the much higher activity for Pd-NF than 
commercial Pd/C on each active site. In addition, we observed 
the morphology of Pd-NF after hundred CV cycles for the 
electro-oxidation of formic acid, we found that the morphology 
of the sample did not damage at all after the CV measurements 
(Figure S3), indicating the excellent stability of the Pd 
nanoflowers. 

 
Figure 5. Chronoamperometric curves for the oxidation of 
formic acid catalyzed by Pd-NF/C, Pd-NP/C and commercial 
Pd/C at 0.06V (vs. SCE) in N2-saturated 0.5 M H2SO4 + 0.5 M 
HCOOH solution. The loading of Pd on electrode is 0.1 mg for 
all samples. 

Figure 5 shows the chronoamperometric measurement of 
Pd-NF/C, Pd-NP/C and commercial Pd/C. The initial current of 
commercial Pd/C is as high as 90 mA mg−1, 2.6 times that of 
Pd-NF/C, but it decays very rapidly, is only 4.6 mA mg−1 after 
160s. The result is in agreement with cyclic voltammetry of 
electro-oxidation of formic acid activity, in which the peak 
current is steeply decreased with the increase in the number of 
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scanning (Figure S2b). On the contrary, the current of Pd-NF/C 
decayed slowly, although the initial current is lower than those 
commercial Pd/C, after 60s, the current remains much higher 
level than those of commercial Pd/C and Pd-NP/C. For 
Pd-NP/C, the initial current is 0.8 mA mg−1, 40 times lower 
than Pd-NF/C. Chronoamperometric characterization further 
verified that Pd-NF/C with the superior mass current density 
and stability than Pd-NP/C and commercial Pd/C for formic 
acid oxidation. 

In conclusion, a novel Pd nanoflower catalyst, an assembly 
of ultrathin nanosheet was synthesized by a solvothermal 
method using oleic acid as template. In electro-oxidation formic 
acid for direct formic acid fuel cell, the Pd-NF catalyst exhibits 
6.6- and 1.9- folds mass activity of Pd-NP catalyst and 
commercial Pd/C, 5.5- and 7.3- folds surface activity of Pd-NP 
catalyst and commercial Pd/C, respectively. This result reveals 
that the intrinsic activity of Pd-NF is much higher than Pd-NP 
mainly because the Pd-NF is composed of nanosheets with 
specially exposed facets. 
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