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Facile synthesis of 3D Pd-P nanoparticle 

networks with enhanced electrocatalytic 

performance towards formic acid 

electrooxidation  

Jingfang Zhang, You Xu and Bin Zhang* 

 

3D Pd-P nanoparticle networks (NNs) have been successfully 

synthesized using a facile one-step soft-template-assisted 

method. The as-prepared Pd-P NNs exhibit markedly 

improved activity and stability towards formic acid 

electrooxidation over Pd NNs, commercial Pd/C and Pd-P 

nanoparticle aggregates (NAs). 

Direct formic acid fuel cells (DFAFCs) have attracted 

considerable research interest as a new generation of 

environment-friendly power source due to their high energy 

density, limited fuel crossover, high electromotive force and low 

operating temperature.
1
 The rapid development of DFAFCs in 

the past decade has stimulated the intensive research in the 

design and synthesis of excellent electrocatalysts for formic acid 

electro-oxidation reaction (FAER). Pd-based composites are 

considered as effective electrocatalysts towards FAER for their 

lower cost and higher activity compared to Pt-based catalysts.
2
 

However, pure Pd catalysts suffer from a fatal drawback of slow 

deactivation during FAER due to either the oxidation of Pd 

surface or the catalyst poisoning.
3
 Thus, it is desirable to develop 

new Pd-based electrocatalysts with higher activity and extended 

durability. Recent studies have indicated the doped non-metal 

element P with abundant valence electrons can improve the 

electrocatalytic activities and CO tolerances effectively.
4,5

 

However, the development of synthetic methodology to control 

the morphology and structure of such P doped Pd-based 

nanostructures, which are linked to the properties with a greater 

versatility, imposes important challenges. In particular, metal-

based nanoparticle networks (NNs) are considered to be 

promising electrocatalysts candidates because the combination 

of net-like feature and nanoparticle blocks can achieve both the 

construction of self-supported electrocatalysts and the retain of 

nanoparticle’s high activity.
6
 Moreover, the NNs can not only 

increase the active area accessible to the reactant molecules, 

but also provide effective electron mobility in the solid ligaments 

as well as efficient mass transfer in the catalytic reactions.
6
 

Furthermore, abundant defect sites and low-coordination atoms 

on the nanoparticle surfaces are favorable active sites for 

organic small molecule electro-oxidation.
6
  

        Herein, we reported a facile and efficient one-step soft-

template-assisted strategy to prepare 3D Pd-P alloy NNs with 

sub-10 nm nanoparticles as building blocks. The as-prepared 

Pd-P NNs are found to exhibit excellent electrocatalytic activity 

and stability towards FAER. 

 
Fig. 1 (a, b) Low- and high-magnification SEM images of Pd-P NNs. (c) EDX 

spectrum of Pd-P NNs. The detected Cu singles arise from the Cu foil on which 

the samples were deposited. (d) XRD patterns of Pd-P NNs and Pd NNs. 

The 3D Pd-P alloy NNs were prepared through the 

hydrothermal reaction of Na2PdCl4 and NaH2PO2 in the presence 

of HCHO as reducing agent and Brij 58 as soft template (see 

experimental details in ESI†). The as-obtained samples were 

firstly characterized by using scanning electron microscopy 

(SEM). As shown in Fig. 1a, the samples with 3D NNs could be 

prepared on a large scale. The high-magnification SEM image 

(Fig. 1b) further confirms the network-like feature composed of 

many nanoparticles. The energy dispersive X-ray (EDX) 
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spectroscopy (Fig. 1c) also indicates that the as-prepared 

networks are composed of Pd and P with the atomic ratio of 

7.5:1 (Pd to P). In the absence of NaH2PO2 with other conditions 

remain unchanged, the as-produced samples are pure Pd NNs 

(ESI, Fig. S1†). X-ray diffraction (XRD) patterns in Fig. 1d show 

that both Pd-P NNs and Pd NNs exhibit diffraction peaks of a 

face centered cubic crystal structure (JCPDS 05-0681).
7
 In 

comparison to pure Pd NNs, it is found that the corresponding 

diffraction peaks of Pd-P NNs shift to the higher 2θ degrees, 

suggesting the lattice contraction due to the partial substitution of 

Pd by P.
4d

 In addition, the diffraction peaks of the Pd-P NNs are 

much broader than those of the Pd NNs, showing that the 

average particle size of Pd-P NNs is much smaller than that of 

Pd NNs. According to the Scherrer formular
4d

, the average sizes 

of Pd-P and Pd NNs are calculated to be 3.3 nm and 7.7 nm, 

respectively. In other words, the addition of P reduces the 

particle size of Pd-P NNs. 

 
Fig. 2 (a) and (b) TEM images of Pd-P NNs. Insert in (a): SAED pattern. (c) HRTEM 

image of Pd-P NNs. The areas marked in Fig. 2c1-2 are many defects with 

vacancy (by red circles), dislocation (by red squares), as well as several atomic 

steps and corners (by red lines). (d) Representative TEM image of Pd-P NNs and 

corresponding EDX mapping images of Pd (red) and P (green) elements. 

The structural features were further investigated by the 

transmission electron microscopy (TEM). As shown in Fig. 2a,b, 

it is clearly seen that the NNs are composed of interconnected 

nano-particles with a diameter of 2-8 nm. TEM images of pure 

Pd NNs are shown in Fig. S2 (ESI†). The selected area electron 

diffraction (SAED) pattern (the insert in Fig. 2a) indicates the 

polycrystalline character of Pd-P NNs. To better understand the 

crystalline characteristics of the Pd-P NNs, high resolution TEM 

(HRTEM) measurements of a typical single particle were 

conducted (Fig. 2c). The clear fringes in the HRTEM image show 

the lattice spacing of 0.23 nm corresponding to that of fcc Pd 

(111) planes.
7,8

 In the marked 1 and 2 areas in Fig. 2c, there are 

many defects with vacancy, dislocations, as well as several 

atomic steps and corners. These defects can act as highly 

catalytic active sites for significantly enhanced activity.
9
 The EDX 

mapping in Fig. 2d clearly reveals that Pd and P are uniformly 

distributed throughout the entire nanostructure. All 

measurements above suggest the successful synthesis of Pd-P 

NNs.  

The surface composition of Pd-P NNs was further analyzed 

by X-ray photoelectron spectroscopy (XPS) (ESI, Fig. S3† and 

Fig. 3). In the P 2p spectrum of Pd-P NNs (Fig. 3a), the P 2p 

peaks at 129.9 and 133.1 eV are assigned to elemental state 

phosphorus and oxidized phosphorus,
5
 respectively. In the Pd 3d 

spectrum of Pd-P NNs (Fig. 3b), the Pd 3d signal of Pd-P NNs is 

fitted to two pairs of doublets with a spin-orbit separation of 5.3 

eV: Pd 3d3/2 (341.2 eV), Pd 3d5/2 (335.9 eV) and Pd 3d3/2 (342.2 

eV), Pd 3d5/2 (336.9 eV), which can be assigned to Pd
0
 and Pd

II
, 

respectively. The energy of Pd
0
 and Pd

II
 in Pd-P NNs positively 

shift ca. 0.4 eV compared to that of pure Pd.
5
 This may be due to 

the fact that the interacting role of Pd with P makes positively 

charged Pd donate electrons and thus it leads to a decrease of 

the 3d electron density of Pd atom in Pd-P NNs.
5
  

 
Fig. 3 XPS spectra of P 2p (a) and Pd 3d (b) of Pd-P NNs.  

To probe the intrinsic factors influencing the formation of the 

Pd-P NNs, a series of control experiments were carried out. 

Time-dependent experiments show that many clusters consisted 

of small nanoparticles were formed in 1 h, and these clusters 

began to contact together to form chain-like aggregates (ESI, Fig. 

S4a†). When the reaction time was prolonged, the chain-like 

structures in 2 h and the NNs in 4 h were obtained (ESI, Fig. 

S4b,c†). By further increasing the reaction time, the NNs feature 

became more and more obvious (ESI, Fig. S4d,e†). The P 

content also enlarged with more reaction time (ESI, Fig. S4f†). 

Interestingly, the P content could be increased by increasing the 

amount of added P source (ESI, Fig. S5†). Moreover, the 

reaction temperature has a noticeable influence on the network-

like morphology and the size of nanoparticles of the products 

(ESI, Fig. S6†). Furthermore, it is found that the presence of Brij 

58 is critical for the formation of Pd-P NNs (ESI, Figure S7†).
10

 

Note that the detailed growth mechanism of Pd-P NNs need to 

be further investigated. 

FAER was used to characterize the electrocatalytic activity 

of the as-prepared Pd-P NNs while Pd NNs and Pd/C  are used 

for comparison. Fig. 4a shows the cyclic voltammograms (CVs) 

of the three catalysts recorded in 0.5 M H2SO4 at 50 mV s
-1
. The 

electrochemically active surface areas (ECSAs) are calculated to 

be 18.92, 12.16 and 16.01 m
2 

gPd
-1
 for Pd-P NNs, Pd NNs and 

Pd/C catalysts, respectively. Fig. 4b displays the CVs of three 

catalysts in 0.5 M HCOOH + 0.5 M H2SO4 solutions. The forward 

peak current density for FAER on Pd-P NNs is 3.22 mA cm
-2
, 
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which is about 1.39 and 3.62 times than that of Pd NNs (2.32 mA 

cm
-2
) and Pd/C (0.89 mA cm

-2
). Meanwhile, the corresponding 

mass activity of three catalysts were also tested (ESI, Fig. S8a 

and Table S1†). This indicates that Pd-P NNs exhibit markedly 

enhanced electrocatalytic activity toward FAER. The 

electrochemical stability of Pd-P NNs was studied by 

chronoamp-erometry at 0.1 V (Fig. 4c; ESI, Fig. S8b†). It is found 

that the Pd-P NNs exhibit a slower current decay and much 

higher current densities than Pd NNs and Pd/C catalysts, 

indicating a higher tolerance to the 

 
Fig. 4 (a) CVs of Pd-P NNs, Pd NNs and Pd/C in 0.5 M H2SO4 at 50 mV s

-1
. (b, c) 

CVs (b) and Chronoamperometry curves (c) of Pd-P NNs, Pd NNs and Pd/C in 0.5 

M HCOOH + 0.5 M H2SO4 at 50 mV s
-1

. (d) CO stripping measurements of Pd-P 

NNs, Pd NNs and Pd/C in 0.5 M H2SO4 at 50 mV s
-1

 in the first forward scan. 

Inserts: magnified area enclosed with green squares. 

intermediate poisoning species generated from FAER, thus 

better catalytic ability of Pd-P NNs toward FAER. In addition, the 

electrochemical durability of the Pd-P NNs was evaluated. As 

shown in Fig. S9 (ESI†), the CV measurements show a loss of 

12.5% for Pd-P NNs and 45.0% for Pd/C in ECSAs after 1000 

potential cycles, revealing that the durability of Pd-P NNs is also 

better than the Pd/C catalyst. While serious aggregation was 

observed for Pd/C, the morphology of the Pd-P NNs was still 

largely maintained after durability tests. Meanwhile, the sintering-

induced mass activity loss was studied (ESI, Fig. S10†). The 

activities Pd-P samples with different atomic ratios are compared 

(ESI, Fig. S11†). The optimized atomic ratio is 7.5:1 (Pd to P). 

CO stripping measurements were applied to exhibit the 

antipoisoning ability of catalysts.
11

 In Fig. 4d and Fig. S12 (ESI†), 

the peak potential (0.69 V) of CO oxidation on the Pd-P NNs is 

obviously more negative than that of the Pd NNs (0.73 V) and 

commercial Pd/C (0.74 V). XPS results suggest that the 

incorporation of P into Pd lowers the 3d electron density of Pd 

and makes formic acid be easily oxidized through the direct 

pathway, which partly accounts for the high catalytic activity.
5
 

Furthermore, the advantages of 3D Pd-P NNs over Pd-P 

nanoparticles aggregates (named Pd-P NAs here; ESI, Fig. S7d 

and S13†) can be confirmed on the basis of a series of 

electrochemical measurements (ESI, Fig. S14†). The catalytic 

enhancement of Pd-P NNs may be attributed to the exposure of 

their intrinsic active sites and larger ECSA provided by 3D 

networks,
6,9

 as well as the synergetic effects between Pd and P.
4 
 

In summary, we have demonstrated a facile one-step soft-

template-assisted synthesis of 3D Pd-P NNs with sub-10 nm 

nanoparticles as building blocks. It is found that the as-prepared 

Pd-P NNs exhibit markedly improved activity and stability 

towards FAER over Pd NNs, commercial Pd/C and Pd-P NAs, 

which may be associated with the unique 3D networks and the 

electronic effects between Pd and P. Importantly, this work will 

provide a new synthetic strategy to construct other P-doped 

multimetallic networks, which may be promising candidates for 

advanced catalytic applications. 

The work was financially supported by NSFC 
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Graphic Abstract 

 

Facile synthesis of 3D Pd-P nanoparticle networks with 

enhanced electrocatalytic performance towards formic acid 

electrooxidation 

Jingfang Zhang, You Xu and Bin Zhang* 

 

3D Pd-P nanoparticle networks (NNs) have been successfully synthesized using a 

facile one-step soft-template-assisted method. The as-prepared Pd-P NNs exhibit 

markedly improved activity and stability towards formic acid electrooxidation 

over Pd NNs, commercial Pd/C and Pd-P nanoparticle aggregates (NAs). 
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