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The impact of tuning the electrodeposition potential (EPt)of platinum nanoparticles (PtNPs) on the 

catalytic activity and stability of PtNPs–modified glassy carbon (GC) (Pt/GC) catalysts toward the 

formic acid electro−oxidation (FAO) was electrochemically examined. Practically, different potentials 

(EPt= − 0.20, − 0.10, 0.00, 0.10 and 0.20 V) comprising the underpotential and overpotential deposition 

domains of PtNPs were employed while passing the same coulombic charge (10 mC) which ensured the 

deposition of the same loadings of PtNPs. The investigation disclosed the critical role of the deposition 

potential of PtNPs in the Pt/GC catalyst on justifying not only the catalyst's activity toward FAO which 

appeared boosted largely at the border potentials (EPt= − 0.20 and 0.20 V) but also the catalyst's stability 

which owned the highest durability at 0 V. Several indices utilizing the current densities of the direct 

(favorable dehydrogenation) oxidation peak (Ip
d), the indirect (unfavorable dehydration − poisoning) 

oxidation peak (Ip
ind) and the backward oxidation peak (Ip

b) in the cyclic voltammetry of FAO were 

utilized to assess and compare the catalytic efficiencies of the catalysts. Interestingly, for the Pt/GC 

catalyst (EPt= 0.2 V), the Ip
d/Ip

ind ratio was 8 which reflected the preference of the FAO's mechanism to 

proceed via the favorable dehydrogenation pathway, while the Ip
d/Ip

b ratio was 0.77 which, moreover, 

highlighted the high tolerance of the catalyst for CO poisoning. While the catalytic enhancement of FAO 

was predominantly electronic at − 0.20 V, it presumably originated geometrically at 0.20 V; as revealed 

from the electrochemical impedance spectroscopy. 
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1. INTRODUCTION 

The rapid increase in the population and the harmful environmental consequences with the rapid 

depletion of fossil fuels motivated a global consciousness to explore alternative clean abundant power 

sources [1-9]. Referring to their unique efficiencies, reliability, robustness, green nature and moving 

flexibility, the proton exchange membrane fuel cells (PEMFCs) represented a convenient replacement 

to transport the power generators rather than to transmit electricity which is generally produced from 

fossil fuels [10-15]. One of the key challenges that turns the movement of PEMFCs into a real marketing 

difficult relates to the fuel's selection. In this regard, the fuel's phase, purity, security of supply, carbon 

content, water content, availability, cost, toxicity, calorific value, gravimetric and volumetric density 

and finally compatibility in fuel cells (FCs) have to be competitively assessed. 

While H2 "the smallest carbon-free fuel" remained for long time the headmost for PEMFCs 

applications, its gaseous nature, low energy density, high cost of miniaturizing its pressurized tanks and 

critical hazardous associating its carriage, storage and use steered research to small "low-carbon-content" 

liquid fuels as formic acid (FA). In reality, FA is a safe "non-explosive" and efficient fuel of a high 

volumetric energy density (1750 kWh L−1). It also exhibited a much lower crossover through Nafion 

membranes (the typical electrolytes in PEMFCs) than many other liquid fuels as methanol and ethylene 

glycol; a feature presaging the release of highly compact FCs of ultra-thin membranes [16-18]. 

Additionally, the direct formic acid FCs (DFAFCs) enjoyed a higher thermodynamic open-circuit 

potential (1.4 V vs. RHE) than the H2/O2 FCs (1.23 V vs. RHE) [19, 20], which consequently, called for 

intensifying the fundamental research on the catalysis of FA electro−oxidation (FAO); the principal 

anodic reaction in the DFAFCs [3, 4, 21-25]. Nevertheless, the DFAFCs experience, unfortunately, a 

gradual dissipation in their performance due to poisoning of the Pt catalyst that was typically employed 

for FAO. This generally occurs because of the strong adsorption of CO (is generated easily from the 

“non-faradaic” dissociation of FA) on the Pt surface [26-29]. To admit the DFAFCs strongly into a real 

marketing, the CO poisoning of the Pt catalyst has to be overcome. 

With the advanced revolution in nanoscience, novel nano-sized materials have shown unique 

characteristics for electronic, water disinfection, electrocatalysis and power applications [30-33]. For 

instance, transition metal/metal oxide nanostructures have potential applications as catalytic mediators 

in electrocatalysis [8, 9, 34-36]. In DFAFCs, the modification of Pt surface with transition metal/metal 

oxide nanostructures represented a successful avenue to overcome the catalyst's poisoning and to 

enhance the overall cell performance [25, 37-39]. This amendment appeared much better than to switch 

into Pd-based catalysts which might show a higher efficiency for FAO than Pt but with a much lower 

durability [40-43]. 

For long time ago, the Pt catalyst was typically deposited in the form of small nanoparticles 

(PtNPs) of an average particle size of ca. 65 nm by potential step electrolysis from 1 to 0.1 V vs. 

Ag/AgCl/KCl (sat.) electrode [24]. The catalytic efficiency of this Pt/GC catalyst was probed from the 

Ip
d/Ip

ind and the Ip
d/Ip

b ratios which read 0.45 and 0.29, respectively. While varying the layer-by-layer 

"sequential" to the simultaneous "co-deposition" modes of amending the Pt catalysts with transition 

metal/metal oxides, we observed a large increase in the Ip
d/Ip

ind (0.76) and the Ip
d/Ip

b (0.39) ratios when 

PtNPs were deposited potentiostatically at −0.2 V vs. saturated calomel electrode [21, 22]. This 
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motivated us to investigate the effect of EPt in the Pt/GC catalyst on its efficiency toward FAO. Initial 

results, although confirmed a dependence of the Pt/GC efficiency toward FAO on EPt, could not explore 

the origin of this enhancement [44]. In this study, the influence of EPt on the catalytic activity and, 

moreover, stability of the Pt/CC catalysts was deeply addressed. The electrochemical impedance 

spectroscopy (EIS) succeeded to understand the origin of enhancement of FAO at the different catalysts 

as a function of EPt. 

 

 

2. EXPERIMENTAL 

A glassy carbon (d = 6.0 mm) electrode served as the working electrode. A saturated calomel 

electrode (SCE: Hg/Hg2Cl2/KCl (sat.)) and a spiral Pt wire were used as the reference and counter 

electrodes, respectively. All potentials in this investigation, even if not mentioned, were recorded in 

reference to this calomel electrode. Conventional procedure was applied to clean the GC electrode as 

described previously [45].  

A fixed amount (applied charge, Q = 10 mC) of PtNPs was electrodeposited on the bare GC from 

0.1 M H2SO4 + 1.0 mM K2[PtCl]6 solution via a constant potential technique. Based on the cyclic 

voltammogramm (CV) of the deposition of PtNPs, − 0.20, − 0.10, 0.00, 0.01 and 0.20 V were sought for 

the PtNPs potentiostatic deposition onto the GC electrode[44]. 

The electrochemical measurements were carried out in a traditional three-electrode glass cell at 

room temperature (~ 25 °C) using an EG&G potentiostat (model 273A) operated with Echem 270 

software. The catalytic performance of the modified electrodes toward FAO was investigated in 0.3 M 

FA solution (pH = 3.5).  

 

3. RESULTS AND DISCUSSION 

The electrochemical characterization is a sensitive tool to assure the deposition of PtNPs at the 

GC surface. Figure 1 shows the characteristic CVs of the Pt/GC electrodes at which the PtNPswere 

electrodeposited at different potentials (EPt= − 0.20, − 0.10, 0.00, 0.10 and 0.20 V). The characteristic 

features of polycrystalline Pt were clearly observed in all catalysts. This involved the Pt oxidation which 

extended over a wide range of potentials (0.60 to 1.30 V) and the subsequent reduction of this oxide to 

Pt in the cathodic-going scan at ca. 0.35 V. In addition, the hydrogen adsorption/desorption (Hads/des) 

peaks appeared in the potential range from 0.0 to − 0.2 V with intensities depended on EPt.We would 

like to highlight that the variation of these intensities or more precisely of the faradaic charges associated 

the Hads/des peaks inferred a correlative change in the real surface areas of PtNPs in the Pt/GC catalysts. 

This might result if PtNPs were deposited in different shapes or geometries. Table 1 shows the calculated 

Pt area (APt) of the Pt/GC catalysts as a function of EPt. To be honest, Plyasova et al. have reported  a 

key dependence of the structural defects and the lattice distortion of PtNPs in the Pt/GC catalyst 

on EPt that for sure affected the exposed surface area [46]. 
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Figure 1. CVs obtained at the Pt/GC electrode in 0.1 M H2SO4 solution at different Pt electrodeposition 

potentials (E = − 0.20, − 0.10, 0.00, 0.10 and 0.20 V). 

 

Table 1. The calculated Pt area (APt) at differentEPt. 

 

EPt/ V  APt / cm2 

− 0.20 0.136 

− 0.10 0.22 

      0.00 0.28 

      0.10 0.057 

      0.20 0.038 

 

 

Figure 2 shows that the CVs of FAO at the Pt/GC catalysts in 0.3 M FA (pH = 3.5) solution at 

different EPt (− 0.20, − 0.10, 0.00, 0.10 and 0.20 V). Normally, at Pt-based catalysts, FAO takes place in 

two simultaneous pathways [47, 48]. The first is the dehydrogenation of FA to CO2 (Eq. 1) at a low 

overpotential that makes the voltage output of DFAFCs closer to the theoretical value; hence, considered 

favorable. In Fig. 2, the peak observed at 0.3 V in the forward scan corresponded to this direct pathway 

and its peak current (Ip
d) inspired the density of the active "non-poisoned" Pt sites.  
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𝐻𝐶𝑂𝑂𝐻(𝑎𝑞) + 𝑃𝑡→ 𝑃𝑡 + 𝐶𝑂2(𝑔)+ 2𝐻+(𝑎𝑞) + 2𝑒−                                     (1) 

 

The second pathway involves the non-faradic dissociation of FA at an open circuit potential to 

produce CO (Eq. 2) that gets adsorbed strongly at the Pt surface concealing many of the Pt active sites 

and blocking them from the participation in FAO. 

 

                                             𝐻𝐶𝑂𝑂𝐻 + 𝑃𝑡 → 𝑃𝑡–𝐶𝑂𝑎𝑑𝑠+ 𝐻2𝑂                                                                    (2) 
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Figure 2. CVs of FAO at the Pt/GC catalysts in 0.3 M formic acid (pH = 3.5) solution at different EPt (− 

0.20, − 0.10, 0.00, 0.10 and 0.20 V). 

 

With biasing the overpotentials highly to the anodic direction, the Pt surface got hydroxylated to 

boost the oxidative CO removal indirectly at ca 0.6 V in the forward scan with a peak current (Ip
ind) that 

reflected the intensity of CO poisoning at the Pt surface. In the backward (cathodic-going) scan, after 

oxidizing most of the poisoning CO in the forward scan, FAO could proceed mainly via the direct 

pathway (see the peak at ca. 0.2 V in the backward cathodic scan and its corresponding peak current, 

Ip
b). 

The Ip
d/Ip

ind and Ip
d/Ip

b ratios of all catalysts in Fig. 2 were utilized to compare the catalysts' 

activities toward FAO and their potential to mitigate the CO poisoning. Figure 3 and Table 2 shows that 

how the Ip
d, Ip

ind, Ip
b, Ip

d/Ip
ind and Ip

d/Ip
b changed with EPt for the prepared catalysts. 
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Figure 3. Dependence of the (A) Ip
d, Ip

ind, Ip
band (B)Ip

d/Ip
ind, Ip

d/Ip
bof FAO at the Pt/GC catalysts on the 

EPt. Data were extracted from Fig. 2. 

 

 

Table 2.Values of the Ip
d, Ip

ind, Ip
b, Ip

d/Ip
ind and Ip

d/Ip
bof FAO at the Pt/GC catalysts as a function of the 

EPt. Data were extracted from Fig. 2. 

 

EPt/ V  
Ip

d / 

mAcm−2 

Ip
ind / 

mAcm−2 

Ip
b / 

mAcm−2 

Ip
d/Ip

ind Ip
d/Ip

b 

− 0.20 2.3 0.5 6.7 4.6 0.3 

− 0.10 1.4 0.4 3.2 3.5 0.44 

0.00 0.9 0.2 1.8 4.5 0.50 

0.10 1.9 0.5 3.6 3.8 0.53 

 0.20 2.4 0.3 3.1 8.0 0.77 

 

As Fig. 3 and Table 2 show, the potentiostatic electrodeposition of PtNPs at fixed potentials 

(from − 0.20 to 0.2 V) exhibited catalytic activities much higher than both of the bare Pt and the Pt/GC 

(for which PtNPs were deposited by potential step electrolysis [24]) catalysts (See Tables 2 and 3). 

Careful evaluation of the results in Fig. 3 and Table 2 outlines the superiority of the Pt/GC catalyst (EPt= 

0.2 V) for FAO where it achieved the highest Ip
d/Ip

ind (8.0) and Ip
d/Ip

b (0.77) ratios.The Pt/GC catalyst 

(EPt= −0.2 V) came the second in terms of its Ip
d/Ip

ind (4.6) ratio but its Ip
d/Ip

b (0.3) ratio was the worst. 

The Pt/GC catalyst (EPt= 0 V) was not so bad as it exhibited a high efficiency to steer the FAO in the 

direct pathway (Ip
d/Ip

ind= 4.5) and showed an intermediate tolerance against CO poisoning (Ip
d/Ip

b= 0.5). 

In fact, as mentioned previously, the variation in EPt in the Pt/GC is expected to develop important 
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morphological and/or structural changes in the catalyst. This would perhaps enrich the Pt surface in 

preferred orientations for FA adsorption (the essential step in the mechanism of FAO) and/or in the way 

weakening the Pt−CO bonding [38, 46, 49-53].We may not exclude the electronic contribution (easiness 

of charge transfer steps) association the structural modification of the Pt surface in the catalytic 

enhancement of the Pt/GC catalysts toward FAO. Luckily, the EIS could reveal important information 

about the charge transfer resistance (Rct) of the catalyst toward FAO to assess the electronic contribution 

in their catalytic enhancement. Figure 4 that represents the Nyquist plots for all the Pt/GC catalysts in 

FA as functions of EPt could safely exclude the electronic contribution in the catalytic enhancement for 

the Pt/GC catalyst (EPt= 0.2 V) as it owned the highest Rct (Rct is determined from the diameter of the 

semicircle of the Nyquist plot). Interestingly, the Rct of the Pt/GC catalysts increased in an obvious trend 

with the increase of EPt which highlighted the descending electronic contribution in the catalytic 

enhancement of the Pt/GC catalysts toward FAO. If the geometric contribution in the catalytic 

enhancement of FAO moved parallel (decreased with EPt) with the electronic contribution, one might 

expect the superiority of the Pt/GC catalyst (EPt= −0.2 V) toward FAO, which did not happen. It seems 

that with varying EPt, the trends of the geometric and electronic influences of the Pt/GC catalysts in the 

catalytic enhancement of FAO moved in opposite directions which resulted the catalytic behavior 

observed in Fig. 3 and Table 2.  

 

Table 3. A comparison for the current and previous Ip
d/Ip

ind and Ip
d/Ip

b ratios obtained for FAO. 

 

 

EPt / V Catalyst Ip
d / Ip

ind Ip
d / Ip

b Ref. 

Potential step 

electrolysis from 1 to 0.1 V 

Pt/GC 0.45−2 0.20−0.29 [24, 54] 

Bare Polycrystalline Pt 

electrode 

Pt 2.3 0.31 [55] 

Bare Pt substrate Pt 0.6 0.2 [56] 

Potentiostatic at − 0.2 V( 9.4 

mC) 

Pt/GC 0.76 0.39 [21] 

Potentiostatic at 0.2 V( 10 

mC) 

Pt/GC 8.0 0.77 This work 

 

From another perspective, the good catalyst must acquire not only a good catalytic activity but 

also long-termed stability during the continuous electrolysis. Fig. 5 shows the chronoamperometric              

(i-t) curves measured for the Pt/GC catalysts prepared at different EPt in a continuous electrolysis in FA 

at a constant potential of 0.1 V. Actually, the Pt/GC catalysts (EPt= − 0.20, − 0.10, 0.10 and 0.20 V) 

catalysts displayed moderate stabilities over 30 min of continuous electrolysis in FA. The decay in the 

current density was most likely developed with a consequent structural/electronic modification in the Pt 
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surface which supported the CO poisoning. Remarkably, the Pt/GC catalyst (EPt= 0.00 V) exhibited the 

highest stability toward the continuous electrolysis in FA with the lowest decay in the current density. 

Owing to its moderate activity (see Table 2), the Pt/GC catalyst (EPt= 0.00 V) would be a good choice 

for FAO. As we just mentioned, there was a competition between the geometric and electronic 

enhancement of the catalysts toward FAO with the variation of EPt which might carry the responsibility 

of the high durability of the Pt/GC catalyst (EPt= 0.00 V) which was subjected to a further 

geometrical/electronic change with the continuous electrolysis. Table 4 summarizes the decay 

percentage of the current density of FAO for all the prepared Pt/GC catalysts. 
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Figure 4. Nyquist plots measured at 0.3 V in 0.3 M HCOOH (pH 3.5) for the Pt/GC catalysts at different 

EPt (− 0.20, − 0.10, 0.00, 0.10 and 0.20 V). 
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Figure 5. Chronoamperometric (i-t) curves measured at 0.1 V in 0.3 M HCOOH (pH 3.5) for the Pt/GC 

catalysts at different EPt (− 0.20, − 0.10, 0.00, 0.10 and 0.20 V). 
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Table 4. The decay percentage of the current density of FAO for all prepared Pt/GC catalysts at different 

EPt(− 0.20, − 0.10, 0.00, 0.10 and 0.20 V). 

 

EPt/ V  Decay % 

− 0.20 46 

− 0.10 44 

      0.00 26 

      0.10 49 

      0.20 46 

 

4. CONCLUSION 

The Pt deposition onto the GC electrode was carried out by a potentiostatic technique at different 

potentials, EPt. Electrochemical investigations confirmed that the Pt/GC catalyst at which PtNPs were 

deposited at EPt=0.20 V acquired the highest catalytic activity (Ip
d/Ip

ind= 8) toward FAO and the best 

tolerance against CO poisoning (Ip
d/Ip

b= 0.77). The catalytic enhancement of this catalyst (Pt/GC (EPt= 

0.20 V)) toward FAO was originated principally from geometric/structural concerns as this catalyst 

owned the highest charge transfer resistance. On the other hand, the Pt/GC catalyst (EPt= 0.00 V) 

displayed the highest durability toward FAO with the lowest decay (26 %) in the current density in a 

continuous electrolysis in FA for 30 min. This investigation highlighted the importance of optimizing 

the deposition conditions of Pt catalysts in DFAFCs even before amendment with further modifiers.   
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