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Abstract  

The electrochemical reduction of cobalt (II) formate on graphene/glassy carbon electrode 
(G/GCE) surface in HCl (5wt.%) is used to prepare Pd-Co electrocatalyst. The Pd-Co 
nanostructures decorated on the graphene nanosheets were prepared in two steps: (1) 
electrochemical reduction of cobalt (II) formate and (2) the galvanic replacement reaction 
between Co and Pd2+. This approach has a number of advantages including being 
environmentally friendly, simple, low-price, and very fast. The morphology and bulk 
compositions of the samples were investigated via Field Emission Scanning Electron 
Microscopy (FESEM), X-ray diffraction (XRD) patterns, Energy Dispersive X-ray 
Spectroscopy (EDS). Electrochemical techniques, including Cyclic Voltammetry (CV), 
Chronoamperometry (CA) and Electrochemical Impedance Spectroscopy (EIS) 
measurements were used to analyze the electrochemical activity of the samples. The peak 
current density for oxidation of formic acid on Pd-Co/G electrocatalyst was very high (151.32 
mA cm-2). The Pd-Co/G increased the current density 7.1 times more than Pd/C. Besides, the 
onset oxidation potential and peak potential for Pd-Co/G electrocatalyst illustrated a negative 
shift in comparison to Pd/C. Chronoamperometry experiment showed that the stability of the 
Pd-Co/G catalyst was remarkably promoted. The Pd-Co/G electrocatalyst represents 
extraordinary electrocatalytic activity and durability toward formic acid oxidation.  

 

 

Keywords: Fast method, Electrochemical reduction, Nanostructures, Galvanic replacement, 
Formic acid oxidation 
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1. Introduction  

          Direct Formic Acid Fuel Cells (DFAFCs) have received a great deal of attention due to 
their several advantages, such as low toxicity, high practical power density, low operating 
temperature, safe storage and transportation, etc [1-5]. Nonetheless, the commercial 
application of DFAFCs still faces three important obstacles: insufficient performance, 
inadequate stability and high-price of catalysts. Therefore, the tailored design of highly active 
anode catalyst for the oxidation of formic acid molecules has become an active area of 
research.   

         In recent years, Pt-based nanomaterials are often used as electrocatalysts in DFAFC [6-
8]. However, major problems such as high price and serious carbon monoxide (CO) 
poisoning of the Pt-based electrocatalysts prevent their commercial applications [9-11]. 
Therefore, the search for highly active, stable, and inexpensive alternative electrocatalysts to 
replace Pt-based electrocatalysts is of utmost importance. Nowadays, Pd-based catalysts have 
emerged as a promising alternative due to their low-price, larger resistance to CO poisoning, 
and high electrocatalytic activity [12-15]. It has been established that, formic acid on Pt and 
Pd-based electrocatalysts surface undergoes oxidative decomposition according to the two 
mechanisms described below [8, 16, 17]: 

HCOOH → CO2 + 2H+ + 2e-                               direct pathway (dehydrogenation)  (1) 

HCOOH → COads +H2O                                       indirect pathway (dehydration)     (2a)               

COads +H2O → CO2 + 2H+ + 2e-                                                                                 (2b) 

          The oxidation of formic acid based on direct oxidation to CO2 (Eq. (1)) as a major 
pathway is clearly more effective than another two-step process. Indirect pathway (Eq. (2a 
and 2b)) is accompanied by the formation of carbon monoxide (COads) intermediate species 
(Eq. (2a)), which are strongly bonded on the catalyst surface and lead to the catalyst 
deactivation. Pd, compared to Pt, represents superior electrocatalytic activity for oxidation of 
formic acid, which is attributed to the different catalytic oxidation mechanism. In comparison 
to the Pt and Pt-based catalysts, oxidation of formic acid is more inclined to occur through 
the dehydrogenation pathway (direct pathway) on the Pd catalyst [18]. Therefore, Pd-based 
electrocatalysts show excellent catalytic activity and stability toward formic acid oxidation.  

          Preparation of highly active electrocatalysts with low noble metal loading for anode is 
a key index for DFAFC development. It is well-known that, the performance of 
electrocatalysts strongly depends on the synergistic effect (electronic effect, geometric effect, 
bifunctional mechanism, etc.), distribution, shape, size, etc [19, 20]. Therefore, a great deal of 
effort has been devoted to the development of the Pd-based electrocatalysts. Up to now, 
various methods have been developed to prepare highly active Pd-based electrocatalysts such 
as alloying Pd with other metals to prepare alloy catalysts [21-23] preparation of Pd 
nanocrystals by controlled shapes [24-27], etc. One important route is alloying Pd with other 
non-noble metals. This approach could not only decrease the loading of Pd metal, but also 
improve the electrocatalytic performance and stability. It is well known that, the 
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incorporation of second metals such as Au [28], Co [29], Ni [30], Ag [31], and Cu [32] to the 
Pd, leading to the improvement of electrocatalytic activity of Pd-based electrocatalysts. In 
recent years, Co has been utilized as a second metal combined with Pd and Pt for the 
improvement of electrocatalytic activity of the Pd and Pt catalysts. During the past decades, 
different methods such as impregnation synthesis method [33], simultaneous reduction 
reaction [34], organic colloid method [35], one-pot surfactant-free route [36], co-reduction 
method [37], etc, have been employed to fabricate Pd-Co binary electrocatalysts toward 
formic acid oxidation. In previous studies, Xing et al. [38] fabricated Pd-Co electrocatalysts 
through a sodium borohydride reduction method and showed superior catalytic performance 
toward formic acid oxidation. Arriaga et al. [39] reported that Pd-Co electrocatalysts 
supported on multiwalled carbon nanotubes (CNTs) were prepared through an impregnation 
method followed by thermal treatment and used as an anode catalyst in a microfluidic formic 
acid fuel cell. Xu et al. [40] prepared nanoporous Pd-Co Alloy through a one-step mild 
dealloying of a PdCoAl precursor alloy method and showed higher electrocatalytic activity 
toward formic acid oxidation.   

         Unfortunately, a major imperfection in the fabrication and development of Pd-based 
binary electrocatalysts is the use of reducing reagents (such as sodium borohydride, ethylene 
glycol, etc) and stabilizers (such as poly(vinyl pyrrolidone) (PVP), oleylamine, etc). The 
reducing reagents and stabilizers are not only high price, but also dangerous reagents with 
respect to both human health and the environment. Furthermore, the fabrication of Pd-based 
binary electrocatalysts requires a long time and high temperature.   

       Apart from Pd alloying with non-noble metals, the desirable selection of support 
materials is also an important index to decrease the Pd metal loading. The recent appearance 
of graphene nanosheets has opened a novel road for using two-dimensional (2D) new carbon 
materials as support electrocatalysts owing to their remarkable conductivity, unique 
graphitized basal plane structure, and inexpensive preparation [41, 42]. 

         Herein, we propose a novel approach to fabricate Pd-Co nanostructures decorated on 
the graphene/glassy carbon electrode (G/GCE). This approach has several advantages such as 
simplicity, low prices, fast, environmentally friendliness and surfactant-free method. In this 
research, Pd-Co nanostructures decorated on the G/GCE were prepared in a much shorter 
duration of time at ambient condition without the use of reducing agents and stabilizers. As 
shown in Fig. 1, the electrochemical reduction of cobalt (II) formate is carried out in a beaker 
containing zinc electrode (anode), working electrode (cathode) and HCl (5wt.%) aqueous 
solution in Ar atmosphere at ambient temperature. The electrochemical reduction of cobalt 
(II) formate in cathode leads to the preparation of a Co/G/GCE modified electrode. The Pd-
Co nanostructures decorated on the G/GCE are prepared through galvanic replacement Co 
with Pd2+ ions by Co/G/GCE immersed in a 0.1 M HClO4 solution containing the 2.0 mM of 
PdCl2. 
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2. Experimental 

2.1. Chemical reagents 

       Palladium (II) chloride (PdCl2) and cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O) 
were purchased from Sigma-Aldrich Co. Graphite powder, sodium hydroxide, formic acid, 
alumina (Al2O3) and ethanol (purity 99%) were purchased from Merck Co. 

 2.2. Instruments 

       In order to study the morphology of the as-produced Pd/C and Pd-Co/G catalysts, Field 
Emission Scanning Electron Microscopy (FESEM) was employed. Energy-dispersive X-ray 
spectroscopy (EDS) was conducted to investigate the bulk composition of Pd-Co/G and Pd/C 
electrocatalysts. FESEM and EDS analyses were performed by using MIRA3 TESCAN and 
SAMX electron microscope, respectively. X-Ray Diffraction (XRD) patterns of the as-
obtained Pd-Co/G and Pd/C samples were taken by a Bruker, D8 ADVANCE XRD 
diffraction spectrometer for 2θ values of 10-90°. XRD analyses were conducted on a Philips 
diffractometer of X’pert company with graphite monochromatic Cu Kα radiation source (λ = 
1.54056 Å). To prepare the Pd/C catalyst ink, a 5µL amount of the Pd/C catalyst was 
dispersed in the mixture of 4 ml distilled water and 1 ml chitosan (1wt.%) and sonicated for 
30 min. A 5µL portion of the resultant dispersion was transferred onto the pre-polished GCE 
by using a micropipette and let it dry in room condition. Electrochemical determinations were 
done with an SAMA-500 Electroanalyser (SAMA Research Center, Iran) controlled by a 
personal computer. All electrochemical examinations were recorded by using a conventional 
three-electrode cell system. The modified glassy carbon electrode (with 0.0314 cm-2 surface 
areas) and platinum foil served as the working electrode and the counter electrode, 
respectively. An Ag|AgCl electrode served as the reference electrode. Electrochemical 
impedance spectroscopy (EIS) was carried out with an Autolab PGSTAT 128N (EcoChemie, 
Netherlands) potentiostat/galvanostat controlled by NOVA 1.11 software. Electrochemical 
impedance measurements were performed in 5 mM [Fe (CN) 6]

3- / 4- fabricated in 0.1 M KCl. 
EIS was performed over a frequency region of 0.1 Hz to 100 kHz with 0.02 V amplitude 
(rms). All electrochemical measures were recorded at room temperature (RT).  

 2.3. Preparation of graphene  

       Graphene oxide (GO) was produced with the Hummers route [43]. Next, the chemical 
reduction of GO to graphene was carried out [44]. 

2. 4. Preparation of cobalt (II) formate 

        Cobalt (II) formate (Co(HCOO)2) was prepared via the reaction of cobalt (II) nitrate 
hexahydrate (Co(NO3)2.6H2O) with an additional amount of sodium hydroxide (NaOH) in 
deionized water at ambient condition. Thereafter, the achieved precipitate was filtered and 
washed several times using deionized water. Then, production of cobalt (II) formate was 
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done by adding dropwise style of formic acid into the filtered precipitate under harsh stirring 
until the precipitate was completely dissolved. This solution was crystallized at room 
condition. These cobalt (II) formate crystals were stored in a desiccator and let it dry 
overnight and collected for future use.  

 

2.5. Preparation of Pd-Co nanostructures decorated on graphene 

        In order to prepare the Pd-Co/G/GCE modified electrode, a Glassy Carbon (GC) 
electrode was carefully polished with alumina powder on a polishing cloth and cleansed by 
sonication in absolute ethanol and deionized water and let it dry at room condition. To 
prepare of the working electrode, using high-power ultrasound, 5 mg of graphene was 
scattered in the mixture of 4 mL deionized water and 1ml chitosan (1wt.%) solution for 30 
min. A 5µL portion of the resultant dispersion (graphene nanosheets suspension) was 
transferred onto the pre-polished GCE by using a micropipette and dried at ambient 
condition. Then 3�� of cobalt (II) formate (1mg/ml) solution was drop covered onto the 
G/GCE and let it dry in air at RT. At this point, the Co(HCOO)2/G/GCE modified electrode 
was fabricated. The electrochemical reduction of Co(HCOO)2 on the G/GCE surface was 
carried out in a beaker (Fig. 1(b)) having a zinc electrode as anode and Co(HCOO)2/G/GCE 
as cathode (working electrode) in HCl (5wt.%) aqueous solution as electrolyte under an Ar 
gas atmosphere in two to five seconds at ambient temperature. Prior to electrochemical 
reduction, the electrolyte solution was de-aerated with Ar gas for 15 min. The result was a 
decoration of Co nanostructures on the G/GCE (working electrode) in cathode. Then, Pd 
nanostructures were decorated on Co/G/GCE modified electrode through the galvanic 
replacement between Co and Pd by immersing of a Cu/G/GCE modified electrode in the 
electrolyte solution containing 2.0 mM of PdCl2 and 0.1 M HClO4 for 300 sec. For a 
comparison of electrocatalytic performance, a Pd/C (20 wt.%) electrocatalyst was prepared 
according to the procedure described before [45].           

  

 

3. Results and Discussion 

3.1. Galvanization of Pd 

       The Pd-Co nanostructures decorated on the graphene nanosheets were fabricated by the 
electrochemical reduction of cobalt (II) formate on the G/GCE surface at ambient condition 
followed by the galvanic replacement of Co by Pd2+ ions in room temperature. As shown in 
Fig. 1, in this approach, during the electrochemical reduction, two electrons are transferred 
from the zinc electrode as an anode to Co(HCOO)2/G/GCE (i.e. the working electrode) as a 
cathode. The electron transfers between anode (zinc) and cathode (working electrode) leads 
to the following reactions in the anode and cathode electrode surfaces:  
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Anode: Zn → Zn2+ + 2e-                                                              (3) 

Cathode: Co(OOCH)2 + 2e- → Co↓ + 2HCOO-1                         (4) 

 According to the reactions (3, 4), the electrochemical reduction reaction in the HCl (5wt.%) 
solution which is a spontaneous redox process, leading to the decoration of Co nanostructures 
on the G/GCE surface. At this point, a Co/G/GCE modified electrode is prepared. The Pd-Co 
nanostructures decorated on graphene nanosheets were fabricated through the galvanic 
replacement between Co and Pd by Co/G/GCE immersed in the electrolyte solution 
containing 2.0 mM of PdCl2 and 0.1M HClO4 for 300 second according to reaction (5) [46]. 

Co + PdCl2 → Pd↓ + Co2+ + 2Cl-                                              (5) 

The difference in the standard redox potential of Pd and Co, leads to a galvanic replacement 
reaction between Pd and Co which is thermodynamically favored, as seen in the equations (6-
8).  

Co → Co2+ + 2e-               E0=+0.28V                                       (6) 

Pd2+ + 2e- → Pd                E0= +0.92V                                      (7) 

Co + Pd2+
→Pd + Co2+       Eov

0= +1.20V                                   (8) 

These reactions (Eq. (6-8)) demonstrate the transfer of two electrons from Co to the Pd2+ ion. 
It can be seen that the value of the overall reduction redox potential is positive (E0

˃0) which 
is favored from a thermodynamic viewpoint. The standard Gibbs free energy (∆G0) of the Pd-
Co electrocatalyst was calculated using the following equation (9): 

∆G0 = - nFE0                                                                             (9) 

Where, n is the number of exchanged electrons while E0 and F are the overall standard redox 
potential and the Faradic constant, respectively. The positive value of the overall standard 
redox potential (E0 ˃ 0) and negative value of Gibbs free energy (∆G0

˂ 0) demonstrate a 
spontaneous irreversible redox process between the Pd and Co nanostructures. 

3.2 Structural characteristics 

In order to study the morphology of the as-fabricated Pd-Co/G and Pd/C electrocatalysts, 
FESEM analysis was performed. Fig. 2 represents the FESEM images of the Pd-Co/G and 
Pd/C electrocatalysts. Fig. 2(a, b, c and d) exhibit the FESEM images of the electrode surface 
at each stage of modification. Fig. 2(a) depicts the FESEM image of the working electrode 
surface after covering the working electrode by graphene nanosheets. As shown, a uniform 
film of graphene nanosheets was covered on the GCE surface and a G/GCE modified 
electrode was prepared. The FESEM images after the electrochemical reduction reaction of 
Co were obtained at different magnifications. Fig. 2(b) represents low magnification the 
FESEM image of Co nanostructures decorated on graphene nanosheets. The FESEM image 
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after the electrochemical reduction reaction of cobalt (II) formate on the G/GCE surface and 
decoration of Co nanostructures on the graphene nanosheets at high magnifications is shown 
in Fig. 2(c). As shown in Fig. 2(b and c), the Co nanostructures were decorated uniformly on 
the graphene nanosheets with an average size of about 41nm. Also, Fig .2(d) represents the 
FESEM image after galvanic replacement reaction of Co by Pd and preparation of a Pd-
Co/G/GCE modified electrode. The Pd-Co nanostructures were decorated on the G/GCE 
surface with an average size of about 32 nm. Fig. 2(e) illustrates the FESEM image of the 
Pd/C catalyst. This image demonstrates the accumulation of Pd nanoparticles on the carbon 
support.  

Please insert Fig. 2. 

X-ray diffraction (XRD) technique was utilized to assess the crystalline phases of the as-
fabricated Pd-Co/G and Pd/C catalysts. The typical XRD patterns of the Pd-Co/G and Pd/C 
catalysts are presented in Fig. 3. In the XRD pattern of Pd/C sample, the diffraction peaks at 
2θ values of about 40.1°, 46.6°, 68.1°, 82.1° and 86.6° are associated with the (111), (200), 
(220), (311) and (222) planes, respectively, which consistent with a FCC (face centered 
cubic) crystal structure (JCPDS no. 05-0681) of Pd. In Pd-Co/G sample, the XRD pattern 
revealed the diffraction peaks for both Co (JCPDS no. 05-0727) and CoO (JCPDS no. 42-
1300). Moreover, existence diffraction peaks at 2θ angles of 39.4°, 45.8°, 66.8°, 80.4° and 
84.8° regarded to the (111), (200), (220), (311) and (222) reflection planes, respectively, 
which confirms a FCC crystal structure (JCPDS no. 87-0641) of Pd. Interestingly, compared 
to the pure Pd, each peak of Pd-Co shifts to a lower degree, indicating the presence of alloy 
composition in the Pd-Co catalyst [27].  

Please insert Fig. 3. 

The Energy Dispersive X-ray Spectroscopy (EDS) technique was used to determine the 
chemical composition of the as-produced Pd-Co/G electrocatalyst. Fig. 4 represents the EDS 
spectrum of the Pd-Co/G electrocatalyst after the galvanic replacement reaction of Co by Pd. 
The achieved results from the EDS spectrum in Fig. 4 are listed in Table (inset of Fig.4). The 
EDS spectrum confirms the presence of Pd and Co in the Pd-Co/G electrocatalyst. On the 
basis of the elemental analysis of EDS spectrum, the elements mass percentages of Pd and Co 
in the fabricated electrocatalyst are equal to 7.92 and 1.05 wt.%, respectively. The results also 
demonstrate that the galvanic replacement reaction between Pd and Co, simultaneously leads 
to the reduction of Pd. Also, according to the EDS spectrum and Table, Pd is the major 
element in the Pd-Co/G electrocatalyst.  

Please insert Fig. 4. 

 

Elemental EDS mapping was done to investigate the distribution of Co and Pd elements in 
the Pd-Co/G catalyst. Fig. 5(a) through 5(c) present element mapping of Co, Pd and Pd-Co 
mixed, respectively. It can be observed that, the Co and Pd nanoparticle are uniformly 
distributed, which may lead to the increase the electrocatalytic activity of Pd-Co/G catalyst. 
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Please insert Fig. 5. 

3.3 Electrocatalytic performances 

The electrochemical performances of the as-prepared Pd/C and Pd-Co/G electrocatalysts 
were recorded by cyclic voltammograms (CVs) in 0.5 M H2SO4 solution at a sweep rate of 50   
mVs-1 at ambient condition. Fig. 6(a) represents the CV profiles of the Pd/C (red line) and Pd-
Co/G (black line) electrocatalysts in 0.5 M H2SO4 solution and in the absence of formic acid 
with a sweep rate of 50 mVs-1 in the potential window -0.3 to +1.0 V vs. Ag/AgCl. In each 
CV profile, four major regions can be observed which are attributed to the hydrogen 
adsorption/desorption (I, IV), formation of PdO (II), and reduction of PdO (III) regions. 
According to the CV curves, the adsorption/desorption peak current densities of hydrogen are 
at the potential area -0.3 to 0.11V. In addition, the desorption peak of hydrogen for the Pd-
Co/G electrocatalyst is shifted clearly toward lower potentials, which means that the 
hydrogen adsorption strength on the Pd surface is weakened [2]. It can be seen that, oxidation 
of Pd surfaces is performed in the anodic sweep at potentials above 0.53 V. In the backward 
sweep, the reduction of the Pd oxides (PdO) can be obviously observed with a peak position 
at around 0.5V. Obviously, the adsorption/desorption of hydrogen and formation and 
reduction of Pd (II) oxide peaks on the Pd-Co/G electrocatalyst are stronger in comparison to 
Pd/C electrocatalyst, which suggests that the Pd-Co/G electrocatalyst has a greater surface 
area and better electrocatalytic performance compared to the Pd/C. It has previously been 
demonstrated that the electrochemical active surface area (ECSA) of a catalyst is an 
important factor to evaluate the activity of an electrocatalyst [47]. Cyclic Voltammetry (CV) 
is a convenient and effective technique used to calculate the ECSA of a catalyst. The ECSA 
of a catalyst not only gives important information with relation to the number of 
electrochemically active sites per gram of the electrocatalyst, but also is a very important 
index to compare various electrocatalytic supports. In this work, to determine the ECSA for 
each catalyst, the surface oxide reduction approach was chosen due to the its low deviation 
[42]. Therefore, the values of ECSA for Pd-Co/G and Pd/C catalysts were achieved by 
utilizing the following equation (10) [42]: 

ECSA = 
��

���	
                                                                          10 

where, QR is the columbic charge associated with the Pd (II) O reduction (in µC) while QMR 
is the charge needed for the reduction of Pd (II) O (424 µC cm-2) monolayer. The values of 
ECSA for Pd/C and Pd-Co/G electrocatalysts were obtained to be 0.24 cm2 and 0.82 cm2, 
respectively. On the basis of ECSA values, it can be estimated that the electrocatalytic 
performance of Pd-Co/G electrocatalyst is superior compared to the Pd/C catalyst.   

Please insert Fig. 6. 

 We compared the electrocatalytic activity of the as-produced Pd-Co/G electrocatalyst for the 
electrochemical oxidation of formic acid in 0.5 M H2SO4 with that of the Pd/C catalyst. The 
electrocatalytic performances of the as-fabricated Pd-Co/G and Pd /C electrocatalysts toward 
oxidation of formic acid were investigated by CVs measures in the mixture of a 0.5 M H2SO4 
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aqueous solution containing 0.5 M HCOOH at a sweep rate of 50 mVs-1 at ambient condition 
and the potential is swept from -0.3 to 1.0 V vs. Ag/AgCl (shown in Fig. 6b). It is generally 
agreed that the oxidation of formic acid proceeds on Pd surface mainly through the   
dehydrogenation pathway (direct pathway) without CO poisoning [48]. In each CV profile, in 
forward sweeps, the main oxidation peaks for Pd-Co/G and Pd/C were observed at 0.196 and 
0.244 V, respectively, which is attributed to the oxidation of formic acid. Also, the small 
humps at around 0.5 to 0.7 V (Pd-Co/G) and 0.45 to 0.65 V (Pd/C) are associated with the 
oxidation of the Pd metal surfaces. In the backward sweeps, for each CV curve, there are two 
well-defined peaks; the peaks at about 0.5 to 0.35 V are attributed to the reduction of Pd (II) 
oxide, and at less positive potentials (0.216 V on Pd-Co/G and 0.243 V on Pd/C) the peaks 
are associated with the oxidation of formic acid on the newly reduced Pd metal surfaces. It 
can be observed that, the Pd-Co/G electrocatalyst not only delivered much superior current 
density (151.32 mAcm-2) in comparison to the Pd/C catalyst (21.3 mAcm-2), but also 
represented a more negative shift of the onset potential (-0.062 vs 0.037 V) in the forward 
sweep. The peak current density for the oxidation of formic acid on the Pd-Co/G 
electrocatalyst is 7.1 times superior compared to the Pd/C catalyst. Also, the oxidation peak 
potential of the formic acid oxidation reaction on the Pd-Co/G electrocatalyst (196 mV) is 
smaller in comparison to the Pd/C catalyst (244 mV), which suggests that the formic acid 
molecular is simply oxidized on the Pd-Co/G electrocatalyst. On the basic obtained results, 
the Pd-Co/G electrocatalyst demonstrates the better electrocatalytic activity for oxidation of 
formic acid compared to the Pd/C catalyst, which is primarily due to the synergistic effect 
(such as electronic effect, geometry effect, bifunctional mechanism, etc.), uniform 
distribution of catalyst, and presence of graphene nanosheets as catalyst support. 

In Table 2, the current density for oxidation of formic acid in acidic condition with various 
electrodes containing Pd is shown. It can be observed that, the current density at the 
fabricated electrode (Pd-Co/G/GCE) is higher than other published works on modified 
electrodes for oxidation of formic acid. According to the data in Table 2, the proposed 
electrocatalyst seems to provide a favorable alternative for oxidation of formic acid. 

To further illustrate the superior electrocatalytic behavior of the as-fabricated Pd-Co/G 
electrocatalyst, Linear Sweep Voltammetery (LSV) experiments were conducted at different 
temperatures (25, 30, 40, 50) on Pd-Co/G and Pd/C electrocatalyst (shown in Fig. 7 (a, b)). 
Fig. 7 (c, d) exhibit the relationship of the ln I versus T-1 at E = 0.22 V. The apparent 
activation energy (Ea) for both electrocatalysts has been obtained by plotting ln I as a 
function of T-1 at a given potential using the Arrhenius equation (11) [49]: 

I = A��	
	/��                                                                         (11) 

Where, I is the current density at a given potential, R, T and Ea are the gas constant, 
temperature (per K) and apparent activation energy at a given potential, respectively. By 
linear fit of ln I versus T-1, Ea can be determined for Pd-Co/G and Pd/C electrocatalysts at 
17.8 and 30.7 kJmol-1, respectively. Clearly, the value of apparent activation energy for Pd-
Co/G electrocatalyst is smaller compared to the Pd/C catalyst; this is indicative of higher 
intrinsic activity and faster charge transfer process for Pd-Co/G catalyst.   
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Please insert Fig. 7. 

The effect of potential scan rate on the oxidation of formic acid on the Pd-Co/G was 
investigated by using CV at various scan rates in the mixture of a 0.5 M HCOOH and 0.5 M 
H2SO4 solution at ambient condition (shown in Fig. 8a). The results demonstrated that the 
oxidation peak current density of formic acid clearly increased with the increase of scan rate. 
Moreover, Fig. 8(b) exhibits a good linear relationship between the oxidation peak current 
and the square root of scan rates (ʋ

1/2). Based on the observed linear relationship, it is 
suggested that the oxidation of formic acid may be controlled by a diffusion process [50, 51].   

Please insert Fig. 8. 

It is well-known that, the stability of an electrocatalyst is an important index for the 
commercial application of a catalyst. However, redox processes on the surface of 
electrocatalysts often lead to the deactivation of electrocatalytic activity. To evaluate the 
electrocatalytic activity and stability of the as-produced Pd/C and Pd-Co/G electrocatalysts, 
chronoamperometry (CA) was conducted at a potential of 0.25 V vs. Ag/AgCl for 1000s in 
the mixture of a 0.5 M H2SO4 + 0.5 M HCOOH solution at a sweep rate of 50 mVs-1 in 
ambient condition (shown in Fig. 9). Fig. 9 represents the corresponding current–time curves 
of the as-produced Pd-Co/G and Pd/C electrocatalysts. As shown, in initial steps of CA 
measures, the Pd/C and Pd-Co/G electrocatalysts illustrated a high current density, which is 
primarily because of two reasons: (1) the double layer charging process and (2) the existence 
of large available active sites on both electrocatalysts surface. A dramatic decay of the 
current density with time occurred in early step of CA experiments of Pd-Co/G and Pd/C 
electrocatalysts due to the agglomeration of intermediate species on the active sites of Pd-
Co/G and Pd/C which leads to the poisoning of electrocatalyst surfaces [18-37]. After the 
quick decay in current densities, activities were stabilized at 51.7 mAcm-2 on Pd-Co/G and 
3.3 mAcm-2 on Pd/C, respectively. These results exhibit that Pd-Co/G electrocatalyst has 
superior stability and electrocatalytic performance compared to the Pd/C electrocatalyst. 

Please insert Fig. 9. 

Electrochemical Impedance Spectroscopy (EIS) is used to investigate the capacitance of fuel 
cell catalyst layers. It has been established that limiting capacitance correlates with active 
area [52]. Impedance measurements were carried out to further study the electrochemical 
behaviors of Pd-Co/G and Pd/C electrocatalysts. Fig. 10 represents the Nyquist plots of the 
as-prepared Pd-Co/G and Pd/C electrocatalysts. The Nyquist plots illustrate that the charge 
transfer process occurs on the surface of both electrocatalysts. In general, the increase in the 
diameter of the semicircle leads to an increase in the charge transfer resistance (RCT) and a 
lower RCT value demonstrates a faster rate of charge transfer process [53, 54]. The values of 
RCT are approximately 59.6 Ω and 535 Ω for Pd-Co/G and Pd/C electrocatalysts, respectively. 
To measure the electrocatalytic performance, the standard exchange current density (i0) is 
often used which can be determined according to the following relationship (12) [55].  

i0 =
�/��
��                                                                    (12) 
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Where, n is the number of electrons involved in the charge transfer reaction (n= 1), while T, 
F, R, and RCT are the absolute temperature per Kelvin, Faradic constant, gas constant, and   
charge transfer resistance in Ω, respectively. A greater i0 represents superior catalytic activity. 
The values of i0 for Pd/C and Pd-Co/G catalysts were estimated 0.48×10-4 and 4.3×10-4 mA, 
respectively. These values were calculated according to the Nyquist plots in the Fig. 10 and 
relationship (12). This result demonstrates that the electron-transfer kinetics is largely 
facilitated on the Pd-Co/G electrocatalyst which is in excellent agreement with the 
electrochemical results.  

Please insert Fig. 10. 

 

   

 

4. Conclusion 

In summary, we have demonstrated a simple, very fast, inexpensive, and environmentally 
friendly approach to fabricate Pd-Co/G electrocatalyst using two steps: (1) electrochemical 
reduction of cobalt (II) formate in HCl (5wt.%) aqueous solution and (2) the galvanic 
replacement Co by Pd2+ ions. The peak current density of formic acid oxidation reaction on 
Pd-Co/G was very high (151.32 mA cm-2). Moreover, its stability was remarkably promoted. 
The Pd-Co/G electrocatalyst prepared in this study illustrates extraordinary electrocatalytic 
activity and durability toward formic acid oxidation. This can, be ascribed to the synergistic 
effect (e.g. electronic effect and bifunctional mechanism, etc.). Apart from the synergistic 
effect, the uniform distribution of catalyst on graphene nanosheets and the presence of 
graphene nanosheets as catalyst support increased the electrocatalytic activity of the Pd-Co/G 
electrocatalyst. The novel Pd-Co/G electrocatalyst shows large electrochemically active 
surface area (ECSA), excellent catalytic activity, superior level of stability and lower charge 
transfer resistance (RCT) compared to the Pd/C toward oxidation of formic acid. 
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Table1. Electrocatalytic activity results for the oxidation of formic acid on Pd-Co/G and Pd/C 
electrocatalysts. 

 

ECSA 
(cm2) 

Peak potential 
(mV) 

Current density 
(mAcm-2) 

Onset potential 
(mV) 

Catalyst 

0.82 +196 151.32 -62 Pd-Co/G 
0.24 +244 21.3 +37 Pd/C 
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Table 2. Comparison of oxidation of formic acid at the surface of some modified electrodes 
containing Pd nanoparticles. 

 

Electrode Modifier 
Electrolyte 

Concentration 
(M) 

Formic acid 
Concentration 

(M) 

Scan rate 
(mVs-1) 

Current 
Density 

(mAcm-2) 
Ref. 

GCE Pd-Ag-100 0.1 0.5 100.0 3.9 [12] 
GCE Pd–P/C 0.5 0.5 50.0 18.4 [56] 
GCE Pd-Ag NWsa 0.1  0.5 20.0 0.9 [57] 
GCE Pd1Co1/CNFb 0.5 0.5 200.0 11.0 [13] 
GCE Pd NWs 0.1 0.1 50.0 2.5 [58] 
GCE             Pd RBPsc 0.5 0.5 50.0 25.4 [59] 
GCE Cu/Pd 0.5 1.0 50.0 3.0 [42] 
GCE Pd NPs/G 0.1 0.1 50.0 0.95 [48] 
GCE Pd NDAsd 0.5 0.5 100.0 13.0 [60] 
GCE Pd-Co/G 0.5 0.5 50.0 151.32  this work 

a PdAg nanowires. 
b Pd1Co1/carbon nanofiber. 
c Palladium right bipyramids. 
d Pd nanodendrite assemblies. 
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Figure Captions 

Fig. 1. Schematic the preparation of Pd-Co/G/GCE modified electrode. 

Fig. 2. The FESEM images of: G/GCE modified electrode (a), Co/G/GCE modified electrode at 
different magnifications (b, c), Pd-Co/G/GCE modified electrode (d) and the Pd/C (e). 

Fig. 3. X-ray diffraction (XRD) patterns of the Pd-Co/G and Pd/C catalysts.  

Fig. 4. Elemental analysis of the Pd-Co/G catalyst. 

Fig. 5. Cobalt (a), palladium (b) and cobalt-palladium (c) elemental mapping. 

Fig. 6. Cyclic voltammograms of the as-prepared Pd-Co/G (black line) and Pd/C (red line) 
catalysts (a) in 0.5 M H2SO4 solution and (b) 0.5 M H2SO4   + 0.5 M HCOOH solution at scan 
rate of 50 mV s-1.  

Fig. 7. LSV curves in the mixture of a  0.5 M H2SO4 and 0.5 M HCOOH solutions at different 
temperatures for Pd-Co/G (a) and Pd/C (b) Arrhenius plots for Pd-Co/G (c) and Pd/C (d) at 
+0.22V (vs. Ag/AgCl) at scan rate of 50 mV s-1. 

Fig. 8. (a) CV curves of the formic acid oxidation on the Pd-Co/G at different scan rates in the 
0.5 M H2SO4 + 0.5 M HCOOH solution, and (b) plot of forward peak current density vs. the 
square root of the scan rate.   

Fig. 9. Chronoamperometry curves of the Pd-Co/G (black curve) and Pd/C (red curve) in 0.5 M 
H2SO4  + 0.5M HCOOH solution at potential of 0.25 V (vs. Ag/AgCl). 

Fig.10. The Nyquist plots recorded at potential of 0 V for the Pd-Co/G and Pd/C in the solution 
of 5 mM [Fe (CN) 6]

3- / 4- prepared in 0.1 M KCl. 
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Figure 6 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

Figure 7 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

Figure 8 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

 

 

Figure 9 
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Figure 10 
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H i g h l i g h t s; 

� Environmentally friendly method to prepare Pd-Co nanostructures. 
� Excellent electrocatalytic activity toward formic acid oxidation. 
� Pd-Co nanostructures were found to be more stable in comparison to the Pd/C. 
� Very fast method to fabricate Pd-Co nanostructures. 

 


