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ABSTRACT: In the present work, the electrooxidation of formic acid and formaldehyde; 

potentially important fuels for future fuel cells, was investigated on the Fe3O4@Pt core-shell 

nanoparticles/carbon-ceramic electrode (Fe3O4@Pt/CCE). The Fe3O4@Pt nanoparticles  

were prepared via a simple and fast chemical method and their surface morphology, nanostructure 

properties, chemical composition, crystal phase, and electrochemical behavior were investigated  

by scanning electron microscope, transmission electron microscope, X-ray diffraction, energy 

dispersive X-ray spectroscopy and electrochemical methods, respectively. Then the electrocatalytic 

activity of the Fe3O4@Pt/CCE toward the oxidation of formic acid and formaldehyde was studied  

in details. The primary electrochemical analysis shows that the Fe3O4@Pt/CCE has superior catalytic 

activity and stability for formic acid and formaldehyde oxidation compared to Pt-alone 

nanoparticles on the carbon-ceramic electrode (Pt/CCE). The present investigation demonstrates 

that the Fe3O4@Pt/CCE electrocatalyst may play a significant role in future fuel cell applications. 
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INTRODUCTION 

Future energy concerns demand a transition from 

fossil fuels to new energy sources that are more 

environmentally benign, eco-friendly and renewable.  

A promising way for accomplishing this goal is to utilize 

fuel cells to convert the chemical energy directly into 

electricity. The advantages of using fuel cells for the 

production of electricity in clean, environmentally 

friendly, silent and efficient way have been demonstrated  

in the literatures [1, 2]. In the recent years, development 

of the fuel cells that operate based on direct oxidation  

 

 

 

of small organic molecules without any external 

reforming has attracted remarkable interest because of 

their applications as the alternative power sources, 

ranging from portable power for consumer electronics  

to transport applications. This technology is more effective 

than the conventional power sources and can provides 

cleaner and cheaper energy depending on the chosen fuel [3-5]. 

The electrooxidation reaction of small organic  

molecules such as methanol [6], ethanol [7, 8], formic 

acid and formaldehyde [9, 10] with potential application  
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as fuel has received much attention for fuel cells due to 

their attractive properties. With regard to fuel cell 

reactions, formic acid electrooxidation is gaining more 

and more attention, not only for its model role in  

the electrooxidation of small organic molecules, but also it is 

a promising fuel that was used in direct formic acid fuel 

cells (DFAFCs). DFAFCs are noteworthy as proper 

power sources for portable electronic devices, because 

formic acid is non-toxic, not inflammable, has high power 

density, low fuel crossover and thus its storage and 

transportation are safe [11-13]. On the other hand,  

as noticed from the structure, formaldehyde is the simplest 

organic molecules and often considered as a model 

molecule in the investigations of the electrooxidation 

behavior of larger organic species. In addition, knowledge  

of the reactivity of formaldehyde in an electrochemical 

environment is important for various applications including 

fuel cells [14, 15] and electrochemical detection [16]. Therefore, 

the electrooxidation of formaldehyde at various electrocatalysts 

has been receiving much attention [17, 18]. In addition,  

a series of studies shows that formaldehyde is one of the 

main products of methanol electrooxidation and further 

studies of formaldehyde oxidation are necessary for better 

understanding of methanol oxidation. For these reasons, 

formaldehyde electrooxidation had been studied under  

a wide range of conditions at the various electrocatalysts [19-21]. 

Moreover, recent data show that the formaldehyde fuel cells 

are attractive alternative for the proton exchange membrane 

fuel cell (PEMFCs) applications [22-24]. 

One of the key problems in PEMFCs and DFAFCs is 

the development of anodic materials with high electroactivity 

toward the oxidation of formaldehyde and formic acid. 

Platinum (Pt) is regarded as a most common and effective 

electrocatalyst for oxidation of these fuels because of  

its superior catalytic activity [25]. However, despite  

the advantages, the high cost and poor poison tolerance still 

prevent the commercial utilization of Pt and Pt-based 

electrocatalysts. Great attempts in the recent years  

have been dedicated to construction of functional Pt 

nanostructures with designed shapes and sizes in order to 

obtain higher electrocatalytic activity and better Pt 

utilization [26, 27]. A new rout to prepare highly active 

and durable electrocatalysts with low Pt loading involves 

the production of bimetallic nanoparticles with a core-

shell structure [28, 29]. Bimetallic nanoparticles with  

a core-shell structure display dual physicochemical 

performance [28, 30, 31], by inheriting the functional 

properties of both the core metal as well as the shell 

metal, thus gradually becoming a main class of materials 

in catalysis research. Compared with traditional precious 

metal electrocatalysts and alloy electrocatalysts, bimetallic 

core-shell nanoparticles composed of transition metal core 

and precious metal shell are considered as the potential 

candidates for electrocatalysis [28, 32, 33]. As a result, 

core-shell structure is an effective and useful way  

to increase the utilization efficiency of precious metal 

electrocatalysts. Pt-based core-sell structure electrocatalysts 

display unique advantages, such as low Pt loading and 

high output power density and have attracted more and 

more interest in recent years because of their suitable and 

novel electrocatalytic properties as the anodes or cathodes 

in the fuel cells applications [28, 32, 34-36]. 

In this work, we report the preparation of the 

Fe3O4@Pt core-shell nanoparticles by a facile and fast 

chemical method. The structure, morphology, composition 

and electrochemical properties of the prepared core-shell 

nanoparticles were characterized by X-Ray Diffraction (XRD), 

Scanning Electron Microscope (SEM), Energy Dispersive  

X-ray (EDX) spectroscopy Transmission Electron 

Microscope (TEM) and electrochemical methods. 

Electrocatalytic activity of the obtained electrocatalyst, 

Fe3O4@Pt core-shell nanoparticles supported on the 

carbon-ceramic electrode (Fe3O4@Pt/CCE), toward the 

oxidation of formic acid and formaldehyde was assessed 

by voltammetric and chronoamperometric techniques.  

It was found that the Fe3O4@Pt/CCE was catalytically 

more active than Pt/CCE and had satisfactory stability 

and reproducibility when stored in ambient conditions or 

continues cycling. 

 

EXPERIMENTAL  SECTION 

Reagents and materials 

The chemical reagents including; H2PtCl6.5H2O, 

Fe(NO3)3.9H2O, NaBH4, formic acid, formaldehyde, 

H2SO4 and high purity graphite powder were purchased 

from Merck corporation. Methyl trimethoxy silane (MTMOS) 

was from Fluka. All of the solutions were prepared using 

double distilled water. 

 

Synthesis of Fe3O4@Pt nanoparticles 

The Fe3O4@Pt nanoparticles were prepared using 

Fe(NO3)3.9H2O and H2PtCl6.5H2O as metallic precursors, 
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and NaBH4 as reducing agent [37]. To acquire the Fe3O4 

cores, the metallic salt solution [Fe(NO3)3.9H2O, 0.02 M] 

was added dropwise into the solution containing the 

reducing agent [NaBH4, 0.01 M] at room temperature and 

mechanically stirred. The obtained product was separated 

by centrifugation at 3000 rpm and washed with double 

distilled water. To synthesis of the Fe3O4@Pt 

nanoparticles, the Fe3O4 cores were suspended on a fresh 

reducing solution of NaBH4 (0.01 M) and the solution of 

the H2PtCl6.5H2O (0.02 M) was slowly added under 

mechanically stirring and then the mixture was stirred  

for 30 min at 25 ◦C. During this period, the color of  

the mixture gradually turned black from orange, indicating 

that the Fe3O4@Pt nanoparticles have been formed. 

Finally, the obtained product was separated by 

centrifugation at 3000 rpm, washed with double distilled 

water and dried [37]. 

 

Preparation of the Fe3O4@Pt/CCE electrocatalyst 

Carbon-Ceramic Electrode (CCE) was used as a 

substrate for the electrocatalyst supporting. The preparation  

of sol-gel derived CCE was the same as our previous 

works [38, 39]. Briefly, a portion of 0.9 mL MTMOS  

was mixed with 0.6 mL methanol and 0.6 mL of 0.5 M 

HCl as catalyst. The mixture was magnetically stirred for 

45 min until a homogeneous solution resulted. Next, 0.3 g 

graphite powder was added and the mixture was mixed 

for several minutes (about 15 min). Subsequently,  

the homogenized mixture was tightly packed into a Teflon 

tube (with 3.9 mm inner diameter and 10 mm length) and 

dried for at least 24 h at room temperature. A copper wire 

was inserted through the other end to set up electric 

contact. The CCE surface was polished with 1500 emery 

paper and was rinsed with double distilled water. The 

Fe3O4@Pt/CCE electrocatalyst was prepared as follows: 

20.0 mg of Fe3O4@Pt nanoparticles was ultrasonically 

suspended in 5 ml solution containing double distilled 

water and 5% wt Nafion (50 µL) for about 30 min  

to obtain a well-dispersed ink. Then 5 µL of well-dispersed 

ink was quantitatively transferred onto the pre-polished 

CCE surface by using a micropipette and dried under 

ambient condition. 

 

Materials characterization 

XRD patterns were recorded by a Bruker AXS model 

D8 Advance (Karlsruhe, Germany) instrument, using  
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1: Cyclic voltammograms of Fe3O4@Pt/CCE electrocatalyst 

(10, 25 and 50th cycle) in 0.5 M H2SO4 electrolyte at scan rate 

of 50 mV/sc. 

 

Cu-Kα radiation source (1.54 Å) at 40 kV and 35 mA 

at room temperature. The 2θ angular regions between 

7◦ and 90◦ were explored at a scan rate of 5◦ min-1. 

SEM was carried out on A LEO1430 vp (Carl Zeiss, 

Germany) instrument equipped with an EDX device. 

The particle shape and surface morphology of the 

electrocatalyst was confirmed by TEM, which  

was carried out on a Carl Zeiss 906 E (Cottingen, 

Germany) microscope operating at an accelerating 

voltage of 10 kV and grid size 200 mesh. 

 

Electrochemical evaluations 

All electrochemical measurements were conducted  

in a standard three-electrode electrochemical cell using  

an AUTOLAB PGSTAT-100 (potentiostat/galvanostat) 

equipped with a USB electrochemical interface and 

controlled by GEPS software. The electrocatalyst 

(Fe3O4@Pt/CCE or Pt/CCE) was used as a working 

electrode. A platinum wire was used as a counter 

electrode and potentials were determined using a 

Saturated Calomel Electrode (SCE). All experiments 

were performed at room temperature in 0.5 M H2SO4 

solution. Before electrochemical tests, pretreatment of the 

electrocatalyst was performed by cyclic voltammetry 

between -0.3 and 1.2 V for 50 cycles at a scan rate of 50 

mV s-1 in 0.5 M H2SO4 solution (Fig. 1). As can be seen, by 

cycling of the potential in the subsequent scans, 

adsorption/desorption of hydrogen peaks and formation 

and reduction of surface Pt oxide peaks were grown and 

reached to final and stable form after 50 cycles.  
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RESULTS  AND  DISCUSSION 

Physicochemical characterization of the Fe3O4@Pt 

nanoparticles  

XRD analysis was used to the structural 

characterization of the Fe3O4@Pt nanoparticles. The 

XRD patterns of the Fe3O4 cores, Pt-alone nanoparticles 

and Fe3O4@Pt core-shell nanoparticles are displayed in 

Fig. 2. The XRD pattern of the Fe3O4 cores [Fig. 2(A)] 

has some diffraction peaks corresponded to the formation 

of ferric-ferrous oxide (FeO.Fe2O3) with a cubic spinel-

type phase structure [35]. The diffraction peaks at  

2θ = 39.28◦, 35.68◦, 43.28◦, 57.12◦ and 62.76◦ are attributed 

to the (220), (311), (400), (511) and (440) planes of  

the cubic spinel-type magnetite structure of Fe3O4 cores, 

respectively [35, 40]. Fig. 2(B) shows the XRD pattern of 

the Pt-alone nanoparticles nanostructure. In this 

diffractogram, the (111), (200), (220) and (311) planes at 

2θ = 39.9◦, 46.4◦, 67.6◦ and 81.7◦ are related to  

face-centered-cubic (fcc) structure of Pt, respectively.  

The XRD pattern of the Fe3O4@Pt core-shell nanoparticles 

(Fig. 2(C)) has four diffraction peaks centered at 2θ of 

about 39.96◦, 46.76◦, 67.96◦ and 81.36◦ which can be 

assigned to the (111), (200), (220) and (311) facets of the 

Pt face centered cubic (fcc) lattice structure, respectively. 

Due to the presence of Fe3O4 into the fcc structure of Pt, 

the Pt reflections are shifted slightly to higher values of 

2θ, which indicates a contraction of the lattice and the 

formation of Fe3O4@Pt core-shell nanoparticles [41, 42]. 

Based on the XRD results, it can be confirmed that  

the Fe3O4@Pt core-shell nanoparticles are composed of  

a Fe3O4 core with Pt shell covering. 

The surface morphology of the Fe3O4@Pt 

nanoparticles was investigated by SEM and the 

corresponding result is shown in Fig. 3(A). As can be seen, 

the SEM image of the Fe3O4@Pt nanoparticles  

shows uniform morphology, spherical structure and their 

sizes are around 20-30 nm. In order to specify the 

chemical composition of the Fe3O4@Pt nanoparticles  

the EDX analysis was used [inset of Fig. 3(A)]. As seen 

in the inset of Fig. 3(A), the presence of only Pt element 

peaks in the EDX spectrum can be attributed to the fact 

that the surface of Fe3O4 cores was fully covered by a Pt 

layer. On the other hand, the absence (or the minor 

presence) of Fe and O peaks confirms a complete coating 

of the Fe3O4 cores by the Pt shell. To more confirmation 

of the core-shell structure of the Fe3O4@Pt nanoparticles,  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: XRD patterns of (A) Fe3O4 cores, (B) Pt-alone 

nanoparticles and (C) Fe3O4@Pt nanoparticles. 
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Fig. 3: SEM image of (A) the Fe3O4@Pt core-shell nanoparticles (inset: EDX spectrum of Fe3O4@Pt core-shell nanoparticles) and 

(B) TEM image of the Fe3O4@Pt core-shell nanoparticles (inset: particle size distribution from several different regions). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Cyclic voltammograms of Fe3O4@Pt/CCE (black line) 

and Pt/CCE (dashed line) in 0.5 M H2SO4 electrolyte at scan 

rate of 50 mV s−1. 

 

the TEM investigation was applied. Fig. 3(B) shows  

the TEM image of the Fe3O4@Pt nanoparticles. As seen 

from the TEM image, the Fe3O4@Pt nanoparticles are 

spherical in shape and have a spherical core-shell 

structure, with evenly distributed particles of similar size 

ranging from 20 to 30 nm as seen in inset of Fig. 3(B). 

The histogram [inset of Fig. 3(B)] for particle size 

distribution includes the analysis of several different 

regions of the sample. 

 

Electrochemical characterization of the Fe3O4@Pt/CCE 

electrocatalyst 

Electrochemical Active Surface Area (EASA) is a main 

factor in the characterization of the electrocatalysts and  

a conventional way of comparing electrocatalysts activities 

to normalize the anodic or cathodic current in the 

electrocatalysis reactions [43, 44]. According to the 

humps at low potentials that are related to the 

adsorption/desorption of hydrogen on the Cyclic 

Voltammetry (CV) curves, EASA of the electrocatalysts 

was determined from CV curves by calculating the 

charge transfer involved in hydrogen 

adsorption/desorption [45, 46]. EASA of the 

Fe3O4@Pt/CCE electrocatalyst was determined by CV 

profile which obtained in 0.5 M H2SO4 solution at a scan 

rate of 50 mV/s, Fig. 4 (black line). For comparison,  

the CV of the Pt/CCE is also recorded in the same 

solution and is shown in Fig. 4 (dashed line). The typical 

anodic and cathodic peaks (humps) at low potentials are 

related to the adsorption/desorption of hydrogen on the  

Pt surface at the Fe3O4@Pt/CCE electrocatalyst. The anodic 

peak and its corresponding cathodic peak in the potential 

range from 0.2 to 0.9 V are due to the formation and 

reduction of surface Pt oxide, respectively. Comparison 

of the CV grams of Fe3O4@Pt/CCE electrocatalyst and 

Pt/CCE in Fig. 4 shows that both oxidation and reduction 

currents of the adsorption/desorption of hydrogen on the 

Fe3O4@Pt/CCE electrocatalyst are much higher than 

those on the Pt/CCE. For the calculation of the EASA  

the following equation was used [47]:  

EASA (m2 g-1 Pt) = QH / [Qref × Pt loading]                   (1) 

In which QH indicates the coulombic integrated  

charge associated with the hydrogen adsorption region (mC), 

Qref has a corresponding value of 0.21 mC/cm, which  

is the charge for a monolayer adsorption of hydrogen  

on surface of Pt.  
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Fig. 5: Cyclic voltammograms of the Fe3O4@Pt/CCE (black line) and Pt/CCE (dashed line) in (A) 0.5 M H2SO4 + 0.2 M  

formic acid and (B) in 0.5 M H2SO4 + 0.2 M formaldehyde at scan rate of 50 mV/s. 

 
The roughness factor (Γ) is another important 

parameter that characterizes the electrocatalytic 

properties of an electrocatalyst. Γ is the ratio between the 

real surface area (SReal) and the geometric surface area 

(SGeo) of an electrocatalyst, and EASA is SReal per unit 

electrocatalyst loading [48]. SReal can be obtained from 

charge for hydrogen adsorption as SReal = QH/Qref.  

The SReal, Γ and EASA values for Fe3O4@Pt/CCE 

electrocatalyst and Pt/CCE were calculated to be [11.47 cm2, 

91.32 and 60.25 m2/g] and [3.90 cm2, 31.05 and 20.49 m2/g], 

respectively. The EASA of the Fe3O4@Pt/CCE 

electrocatalyst is about 3 times higher than that of the 

Pt/CCE, confirming that the core-shell electrocatalyst 

could improve the use ratio of the Pt metal [49, 50]. 

These results indicate the presence of large numbers of 

active sites on the surface of Fe3O4@Pt/CCE 

electrocatalyst. 

 

Electrooxidation of the formic acid and formaldehyde 

on the Fe3O4@Pt/CCE electrocatalyst  

Electrooxidation of the formic acid and formaldehyde 

on the Fe3O4@Pt/CCE electrocatalyst was evaluated by 

cyclic voltammetry. Fig. 5 shows the CVs of 

Fe3O4@Pt/CCE electrocatalyst in a 0.5 M H2SO4 solution 

containing 0.2 M of these fuels. It can be seen that  

the electrooxidation these fuels (both for formic acid and 

for formaldehyde) on the Fe3O4@Pt/CCE electrocatalyst 

associate with two well-defined oxidation peaks: one  

in the forward scan and the other in the backward scan.  

It is believed that the anodic peak in the forward scan  

can be ascribed to the oxidation of freshly chemisorbed species 

coming from fuels adsorption, while another anodic peak 

in the backward scan is primarily associated with the 

removal of carbonaceous species not completely oxidized 

in the forward scan [51-53]. From the CVs in Fig. 5;  

the electrooxidation of formic acid (Fig. 5A) and  

the electrooxidation of formaldehyde (Fig. 5B) on  

the Fe3O4@Pt/CCE (black lines) and Pt/CCE (dashed lines), 

it was concluded that the improved anodic peak current 

densities for these fuels oxidation on the Pt active sites  

at the Fe3O4@Pt/CCE with respect to the Pt/CCE might be 

due to the effect of the geometric parameters induced by 

the formation of core-shell structure. This allows that  

a large number of catalytically active sites to be present 

on the available surface of the Fe3O4@Pt particles which is 

in agreement with the obtained results; EASA of  

the Fe3O4@Pt/CCE electrocatalyst is about three times 

higher than that of Pt/CCE. Furthermore, due to the 

synergetic effect between Fe3O4 and Pt, the inter-atomic 

Pt-Pt distances on the Fe3O4@Pt/CCE electrocatalyst 

might be changed, which can results in more facile  

fuel adsorption and oxidation due to the modified surface 

and electronic properties [54, 55]. The greater 

electrocatalytic activity of the Fe3O4@Pt/CCE with 

respect to the Pt/CCE was also confirmed by the lower 

onset potential on it. Onset potential for formic acid and 

formaldehyde oxidation on the Fe3O4@Pt/CCE is about 

100 mV less than Pt/CCE, which indicate that the 

breaking of C-H bonds of fuels and subsequent removal 

of intermediates such as COad by oxidation with 
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Fig. 6: Tafel plots of the Fe3O4@Pt/CCE (●) and Pt/CCE (▲) in (A) 0.2 M formic acid and  

(B) 0.2 M formaldehyde at scan rate 10 mV/s. 

 

OHad supplied by Pt-OH sites or other sources are much 

easier on the Fe3O4@Pt/CCE electrocatalyst than on the 

Pt/CCE [49, 56]. 

In order to further comparing of the electrocatalytic 

activity of the Fe3O4@Pt/CCE and Pt/CCE, the kinetic 

parameters for the formic acid and formaldehyde 

electrooxidation on the Fe3O4@Pt/CCE and Pt/CCE 

electrocatalysts were evaluated. The polarization curves 

are plotted according to E (V vs. SCE) versus  

log J (mA/cm-2) and shown in Fig. 6 [Fig. 6(A) for formic 

acid electrooxidation on the Fe3O4@Pt/CCE (●) and 

Pt/CCE (▲) and Fig. 6(B) for formaldehyde 

electrooxidation on the Fe3O4@Pt/CCE (●) and Pt/CCE 

(▲) electrocatalysts], which are known as “Tafel plots” 

and follow the below Tafel Equation [57]: 

ɳ = a + b log J                                                                 (2) 

a = −2.303RT log Jₒ /α n′F                                             (3) 

b = 2.303RT/α n′F                                                          (4) 

The constants R and F denote the universal gas 

constant and the Faraday constant, respectively, T is the 

temperature (in K), α is the charge transfer coefficient of 

the reaction, Jₒ  is the exchange current density, n′ is the 

number of electrons transferred in the rate-determining 

step and the value of b is the Tafel slope. The Tafel 

slopes on the Fe3O4@Pt/CCE and Pt/CCE electrocatalysts 

are 201 and 203 mV/dec respectively for formic acid  

and 220 and 221 mV/dec respectively for formaldehyde 

(at 298 K). So the value of αn′ can be calculated by Eq. (4). 

The values of αn′ on the Fe3O4@Pt/CCE and Pt/CCE 

electrocatalysts were obtained to be 0.31 and 0.29 

respectively on the Fe3O4@Pt/CCE and Pt/CCE for 

formic acid and 0.30 and 0.32 respectively on the 

Fe3O4@Pt/CCE and Pt/CCE for formaldehyde. The  

rate-determining electron transfer is a one-electron process, 

n′=1 [58]; thus, α values should be 0.31 and 0.30 on the 

Fe3O4@Pt/CCE respectively for formic acid and 

formaldehyde, and 0.29 and 0.32 on the Pt/CCE respectively 

for formic acid and formaldehyde [59]. From the values 

of the Tafel slope and αn′, a mechanism which going 

through the active intermediates with one electron 

exchange in the rate-determining step can be proposed 

[60, 61] for the electrooxidation of formic acid and 

formaldehyde and it can be concluded that the reaction 

pathway was principally the same for both electrocatalysts. 

By extrapolating the Tafel line, to the point where the 

overpotential equals zero, the exchange current density 

can be obtained. A higher exchange current density for 

electrochemical reactions implies a faster reaction, which 

is another important factor for efficient and good electrocatalyst 

performance [59-62]. Values of 2.03 × 10-2 mA/cm2 and 

0.63× 10-2 mA/cm2 were obtained for the exchange 

current density on the Fe3O4@Pt/CCE for formic acid and 

formaldehyde, respectively and values of 1.64 × 10-2 mA/cm2 

and 0.49 × 10-2 mA/cm2 were obtained on the  

Pt/CCE for formic acid and formaldehyde, respectively. 

The Fe3O4@Pt/CCE electrocatalyst yielded a higher 

exchange current density compared with the Pt/CCE 

electrocatalyst, which may be related to the improved 

electrocatalytic activity in the fuels electrooxidation reaction.  
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Fig. 7: The logarithmic plots of the peak current density at various fuel concentrations for (A) formic acid and  

(B) formaldehyde. Insets show E (V vs. SCE) in the forward scan versus fuel concentration (M) at a scan rate of 50 mV/s. 

 

Effect of fuels concentration and scan rate on the 

electrocatalytic activity  

The effect of fuel concentration on the 

electrooxidation of these fuels was investigated on 

Fe3O4@Pt/CCE electrocatalyst at a fixed H2SO4 

concentration; 0.5 M. Fig. 7 shows the effect of fuel 

concentration on the anodic peak current density of 

formic acid (Fig. 7A) and formaldehyde (Fig. 7B) 

electrooxidation on the Fe3O4@Pt/CCE electrocatalyst. 

According to the experimental data, the anodic peak 

current density increases with the increasing of the formic 

acid and formaldehyde concentration up to 1.0 and 0.9 M, 

respectively, after which it remains at almost constant 

values independent of the fuel concentration for 

formaldehyde and decreases at higher concentration for 

formic acid. This can be ascribed to the saturation of 

active sites with fuel that inhibits the OH- adsorption on 

Pt sites and causes to a decrease of anodic peak current 

density [63]. On the other hand, when the fuel 

concentration increases, the forward oxidation peak 

potential (Ef) and backward oxidation peak potential (Eb) 

shift toward positive potential (insets of Fig. 7). This may 

occur because; the poisoning rate of the Pt electrocatalyst 

increases with increasing the fuel concentration and the 

oxidative removal of the strongly adsorbed intermediates 

would shift to a more positive potential [64-66]. The 

logarithmic plot of the peak current density of fuel 

oxidation with its concentration produces a straight line 

of a slope equal to the order of the reaction with respect 

to fuel concentration according to the relation:  

Rate α J = k Cn                                                                (5) 

log J = log k + n log C                                                    (6) 

where J is the peak current density, k is the reaction 

rate constant, C is the bulk concentration and n is the 

reaction order. The slope of the curve of log J (mA/cm2) 

versus log C (M) is 0.35 and 1.05 for formic acid and 

formaldehyde, respectively. Therefore, the reaction order 

of formic acid and formaldehyde oxidation reaction is 

about 0.35 and 1.05 at the Fe3O4@Pt/CCE electrocatalyst, 

respectively. 

In order to explain the kinetic characterization of 

formic acid and formaldehyde oxidation on the 

Fe3O4@Pt/CCE electrocatalyst, a further investigation 

was performed. The effect of scan rate on the 

electrooxidation of formic acid and formaldehyde was 

also studied and the obtained results are shown in Fig. 8 (A) 

and Fig. 8 (B), respectively. The results clearly  

indicate that the peak current density associated to fuel 

electrooxidation increases linearly with increasing of the 

scan rate. The relation between the peak current density 

obtained at the forward scan and square of root of scan 

rate (v1/2) is shown in the insets (a) of the Fig. 8. This 

reveals that the electrooxidation of formic acid and 

formaldehyde on Fe3O4@Pt/CCE electrocatalyst is  

a diffusion-controlled process [67]. Additionally,  

the Ef shifts positively with increasing scan rate (v).  

A linear relationship can be obtained between Ef and ln (v), 

as shown in the insets (b) of the Fig. 8. This indicates that 

the oxidation of formic acid and formaldehyde is 

completely an irreversible process [68]. Since the diffusion 
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Fig. 8: Cyclic voltammograms of Fe3O4@Pt/CCE electrocatalyst in (A) 0.5 M H2SO4 + 0.2 M formic acid and  

(B) 0.5 M H2SO4 + 0.2 M formaldehyde at different scan rates. Insets of (a): plots of the peak current density versus  

the square root of scan rates and insets of (b): E (V vs. SCE) versus the ln v (mV/s). 

 

coefficient of the fuels, D, which reflects the charge-

transport rate within the liquid film near the 

electrocatalyst surface, is an important physiochemical 

property in the fuel cells science, its determination for 

formic acid and formaldehyde oxidation on the 

Fe3O4@Pt/CCE electrocatalyst could be useful. We knew 

that for a completely irreversible reaction such as 

electrooxidation of these fuels, the relationship between 

diffusion coefficient and bulk concentration can be 

described by the following equation [69]: 

J=2.99 ×105 n′ (αnα)1/2 CD1/2v1/2                                       (7) 

where, J is the peak current density measured (mA/cm2), 

D and C are the diffusion coefficient (cm2/s) and the  

bulk concentration (mol/cm3), respectively. v is the  

scan rate (mV/s), and n′ is the number of electrons 

transferred in the sum of the reactions. In this case,  

the value of D was obtained as 9.4×10−7 cm2/s and  

1.37×10−6 cm2/s on Fe3O4@Pt/CCE electrocatalyst for 

formic acid and formaldehyde, respectively [59, 70].  

 

Lon-term stability and chronoamperometric study 

To determine the durability of Fe3O4@Pt/CCE 

electrocatalyst, the forward anodic peak current density  

is investigated for 500 cycles of potential cycling. Multi-

cycle CV was performed in 0.5 M H2SO4 + 0.2 M fuel 

solution for examining the long-term stability and  

the resulted forward anodic peak current density was 

measured and shown in Fig. 9. It can be observed that 

during repeated scan cycles, the anodic peak current 

density on the Fe3O4@Pt/CCE electrocatalyst exhibited 

a gradual drop, which may be related to structural changes 

of the electrocatalyst surface and/or degradation of  

Pt particles on the surface. After 500 cycles, the anodic peak 

current density remains at 96.53 % of the 1th cycle  

(the best performing cycle) for formic acid and 86.96 % 

of the 1th cycle (the best performing cycle) for formaldehyde. 

It can be observed that Fe3O4@Pt/CCE electrocatalyst 

exhibits much slow degradation. It is concluded that due 

to the presence of Fe3O4 cores, Fe3O4@Pt/CCE 

electrocatalyst exhibits high long-term stability [47]. 

For more detail investigation of electrocatalytic 

activity of Fe3O4@Pt/CCE electrocatalyst, 

chronoamperometry measurements were studied. 

Chronoamperometric experiments were widely applied  

to explore the catalytic stability and also to study  

the antipoisoning ability of the electrocatalysts [71, 72]. 

The chronoamperometric experiments were measured  

at 0.65 V and 0.60 V for formic acid and formaldehyde 

vs. SCE, respectively for 2000 s. Fig. 10 shows the 

chronoamperometric curves of the Fe3O4@Pt/CCE and 

Pt/CCE electrocatalysts in 0.5 M H2SO4 containing 0.2 M 

fuel. As observed, the current densities of formic acid and 

formaldehyde electrooxidation on Fe3O4@Pt/CCE and 

Pt/CCE electrocatalysts drop quickly at the beginning, 

and then become relatively stable. The initial surge of 

current is due to a charging current. A gradual and slower 

decay of the current density with time during 

chronoamperometry measurements implies that the 

electrocatalyst has high anti-poisoning ability [73]. 
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Fig. 9: Long-term stability of the Fe3O4@Pt/CCE electrocatalyst in (A) 0.5 M H2SO4 + 0.2 M formic acid solution and  

(B) 0.5 M H2SO4 + 0.2 M formaldehyde at scan rate of 50 mV/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Chronoamperometric curves for the Fe3O4@Pt/CCE and Pt/CCE electrocatalysts in  

(A) 0.5 M H2SO4 + 0.2 M formic acid solution (Polarization potential: 0.65 V) and (B) 0.5 M H2SO4 + 0.2 M  

formaldehyde solution (Polarization potential: 0.60 V) for 2000 s. 

 

Because, when the suitable fixed potential was applied  

to the working electrode, due to the continuous oxidation of 

fuel molecules on the electrode surface, poisoning 

products such as CO begin to accumulate at the 

electrocatalyst surface and lead to a decrease in the 

oxidation current density. But if the removing reaction of 

intermediates on the electrocatalyst has high kinetics 

(anti-poisoning ability), the kinetics of fuel oxidation kept 

up high and consequently a slower decay of the current 

density with time was obtained [74]. As can be seen in 

Fig. 10, during the whole procedure, the Fe3O4@Pt/CCE 

electrocatalyst exhibited higher current density and lower 

rate of current density decay than Pt/CCE. These results 

are in good agreement with voltammetric studies and 

indicate that the presence of Fe3O4 improves the tolerance 

of Pt nanoparticles against the poisoning species such as 

CO and CO-like intermediates, thus improving  

the catalytic activity and the stability of Pt nanoparticles [47].  

 

CONCLUSIONS 

Fe3O4@Pt core-shell nanoparticles/carbon-ceramic 

electrode (Fe3O4@Pt/CCE) was successfully prepared 

using a facile, cost effective and efficient approach. The 

Fe3O4@Pt core-shell nanoparticles structure has been 

demonstrated by several techniques including XRD, 

SEM, EDX, TEM and electrochemical methods. 
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The electrooxidation of formic acid and formaldehyde 

was investigated on the Fe3O4@Pt/CCE electrocatalyst 

using cyclic voltammetry and chronoamperometry 

techniques. The Fe3O4@Pt/CCE show higher 

electrocatalytic activity and good stability compared to 

Pt-alone nanoparticles on the carbon-ceramic electrode 

(Pt/CCE). This suggests that there was an electronic 

effect and promising effect of the core-shell structure on 

the properties of the Fe3O4@Pt/CCE electrocatalyst. 

Therefore, the Fe3O4@Pt nanostructure has obvious 

structural advantages in phrases of unique electrocatalytic 

properties, easy and clean processing, and saving 

expensive metals, which propose their great potential for 

use in fuel cell technologies.  
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