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A B S T R A C T

The Fuel Cell developments during recent years due to the world search renewable energy sources, has brought 
greats advantages to the devices. The world search for renewable energy sources brought great development to 
Fuel Cells during recent years. Nevertheless, the wide-scale use of these devices lacks the easiness production 
methods. This study investigated the blend of electrocatalyst and graphene powder aiming higher electro
chemical activity in ethanol oxidation. The graphene powder obtained by thermal expansion was physically 
mixed with electrocatalyst PtSn/C synthesized by chemical reduction and the electrochemical activity of the 
electrocatalyst was tested in a three electrodes electrochemical cell. The results showed that the graphene 
amount without metal nanoparticles can directly influences in catalytic activity, increasing the current density of 
electrocatalyst. Furthermore, the durability and electrochemical characteristics are also enhanced, achieving best 
performance at 10-wt% graphene amounts. Promoting an enhancement of 34 % in the current density in acid 
(238.07 mA⋅mgPt

− 1), and 10 % in the alkaline electrolyte (225.24. mA⋅mgPt
− 1), in comparison to the standard 

electrocatalyst (without graphene). Therefore, this method has proven itself as simple and powerful toward 
enhancement of ethanol oxidation reactions.

1. Introduction

The emerging use of energy by humankind highlights the constant 
and increscent need for higher efficiency energy sources. Besides, the 
environment concern, sustainability and green energy raise fuel cells 
research in the recent years due high electrical energy generation pro
ducing water, and their portable applications as source of electric de
vices [1]. Direct alcohol fuel cells (DAFC) present a wide range of 
advantages among others fuel cell systems, as quick start-up, large fuel 
sources, high energy density and cost effective [2,3]. The use of alcohol 
as fuel brings additional advantages, as its oxidation reactions potentials 
are close to those of hydrogen, and it can achieve an open circuit po
tential higher than 1 V [4–6]. Nevertheless, utilizing ethanol requires 
highly efficient electrocatalysts capable of cleaving the C–C bond and 
facilitating the oxidation pathways that maximize electron transfer, 

closer to theoretical maximum, e.g. 12 electrons [7,8]. Through that, the 
electrocatalyst efficiency enhancement is essential to long term fuel cell 
applications as energy source devices.

Platinum is the most used catalyst to alcohol oxidation reaction 
(EOR), and hydrogen oxidation reaction (HOR) in fuel cells [9,10]. 
Unfortunately, for EOR it is easily susceptible to poisoning by-products 
of incomplete alcohol oxidations, such as CO [11,12]. The Pt electro
catalyst on EOR is directly correlated with the structure, size, 
morphology, surface oxidation state of the metal, even more, the metal 
alloy composition in the electrocatalyst [13,14]. The adding of a second, 
third or fourth metal to Pt-based aims avoid poisoning at same time that 
increases catalytic activity achieving better reactions kinetics [15,16]. 
Bi, Ni, Fe, Cu, Pd, Rh, Au, Zn and Mn are listed as most common ele
ments presents in Pt-based alloy. The structure and molar metal ratio are 
directly related to better electrochemical surface area (ECSA), onset 
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oxidation potential and current density peaks. Although, some struc
tures such as nanowires, nanospheres, core-shell, hollow structures, 
skins monolayers and nanotubes will require different methods to be 
produced [17–22]. Such methods could be complex, laborious and high 
cost, which mitigates the affordable use of fuel cells as source energy to 
most devices. Another approach is to focus on support where the metal is 
anchored. The majority of electrocatalyst use carbon back the mainly 
support, though many researchers doping the surface with non-metals 
elements or functional groups aiming enhance the electrocatalyst per
formance [23–25]. The change of support material had been presented 
as a promising method to obtain higher performances by electrocatalyst. 
Using carbon allotropes, such as nanotubes, fibers and graphene [26, 
27]. Nonetheless the performance enhancement by the use and blend of 
this materials, the laborious and often expensive methods to synthesized 
prolongs the research to better electrocatalysts [28–30]. Hence, this 
study proposes a new perspective to increases the electrocatalyst per
formance using a physical mixing of Pt2Sn electrocatalyst supported on 
Vulcan carbon and different amount of the multilayer graphene sheet 
without metal contain.

2. Experimental

The Pt2Sn electrocatalysts were prepared by chemical reduction of 
the metallic ions in solution, using H2PtCl6.6H2O Sigma-Aldrich® and 
SnCl2.2H2O Sigma-Aldrich® as metals precursors, for a Pt-Sn molar 
ration of 2:1. The metal precursors and support (Carbon Vulcan XC-72R, 
Cabot 240 m2 g-1) suspended in water/isopropyl solution and added 
dropwise 25 mL of NaBH4 0.05 M, stirring by 2 h and added dropwise 
more 25 mL of 0.1 M NaBH4, with a total reaction time of 4 h. The 
electrocatalysts were filtered, washed with deionized water, and dried at 
60 ◦C by 2 h, all electrocatalyst were prepared with 80 wt% of support 
(Carbon Vulcan) and 20 wt% of metals (Pt and Sn at 2:1 molar%) [31, 
32].

The Pt2Sn/C prepared earlier was separated into several samples and 
each one sample was added an amount of the multilayer Graphene (G) 
sheets for obtain Pt2Sn/C + G. The G was prepared from natural graphite 
flakes thermally expanded. Nacional de Grafite Ltda Corporation 
donated the graphite samples. In order to exfoliate the graphite powder 
to obtain MLG dispersion, a mechanical process was conducted using 
ultrasound and organic solvents for 3 h. The MLG pellets were follows 
submitted to a new process, a further treated in isopropyl alcohol 
dispersion by ultrasound until producing multilayer graphene powder 
(G) [33,34].

The materials were characterized by XRD diffraction using a Shi
madzu XRD-6000 diffractometer working with 40 kV and 30 mA and Cu 
K α radiation (wavelength, λ = 1540 Å). The crystallite average di
ameters (c) were determined by Scherrer equation, and the lattice pa
rameters (a) were calculated by Bragg’s law. Scanning electron 
microscopy (SEM) images were obtained on a Jeol JSM7100F field 
emission scanning electron microscope with an electron accelerating 
voltage of 5 kV in secondary electron detection mode. Compositional 
analyzes were carried out using the energy dispersive spectroscopy 
(EDS) technique, with an Oxford Instruments XMax-n 80 X-ray detector 
coupled to the microscope. The Transmission electron microscopy 
(TEM) was performed using a TEM microscope JEOL JEM 2100, URP 
operating at 200 kV and having a resolution of 0.2 nm. The samples for 
TEM were prepared by drop-casting an isopropyl alcohol suspension of 
the as-prepared catalysts over a carbon-coated copper grid (400 mesh 
and 3 mm diameter), followed by drying under ambient conditions. 
About 300 particles were measured to build the size distribution histo
grams. The mean particle diameter, (d), was calculated using Eq. 1. 

d =
∑

k

nkdk

nk
(1) 

Electrochemical characterizations were performing in a three elec
trodes electrochemical cell with a Pt gauze counter electrode, and Ag/ 

AgCl/KClsat as reference electrode for acid medium and the saturated 
calomel electrode (SCE) was used as reference for alkaline electrolyte. 
The measurements were carried out an Autolab potentiostat/galvano
stat PGSTAT 302 N at room temperature (~ 27 ◦C) in 0.5 M H2SO4 
(Sigma-Aldrich) and 1.0 M NaOH (Sigma-Aldrich) both with four 
ethanol concentration in the electrolyte. Aiming to analyze the influence 
of the MLG powder on the catalyst activity of ethanol oxidation, a 
physical mixing of the electrocatalyst and the multilayer graphene 
powder were prepared. The total mass was set up as 5 mg to prepare the 
suspension, varying the amount of both, as shown in Table 1.

The working electrode was prepared by an aliquot of 35 µL of a 
suspension dispersing into 1.4 mL of water, 1.0 mL of ethanol and 
0.1 mL of Nafion® 117 solution (sigma Aldrich), deposited on glassy 
carbon (geometric area is 0.385 cm) imbibed in Teflon® rod and dried 
before electrochemical experiments. The electrochemical experiments 
performed were cyclic voltammetry (CV) in absence and presence of the 
different ethanol concentration in the electrolyte and chro
noamperometry (CA) for available the electrochemical activity and 
stability.

3. Results and discussion

The chemical composition of the electrocatalyst was determined by 
using energy dispersive spectroscopy (EDS) technique. The spectra 
analysis in Fig. 1a shows the presence of platinum and tin in an atomic 
ratio close to 2:1, indicating the efficiency of the synthesis method. 
Fig. 1b presents the X-ray diffraction (XRD) patterns of Pt2Sn/C, where 
2θ peaks around 27◦, 40◦, 47◦ and 67◦ can be associated to Miller indices 
C(002), Pt(111), Pt(200) and Pt(220), respectively. The Miller indices C 
(002) can be assigned to the carbon amorphous structure, while Pt Miller 
indices indicate the face-centered cubic (fcc) crystallinity structure. 
Table 2 shows the lattice parameters and crystallite size calculated from 
the platinum peaks. The morphological structure can be confirmed by 
the standard Pt(220) lattice parameter, value assigned as 3.92 [35].

Fig. 2 presents the transmission electron microscopy (TEM), high- 
resolution transmission electron microscopy (HRTEM) and the histo
gram of the particle diameter frequency. Moreover, the particle size 
distribution follows a gaussian fitting [36] to measure the average 
particle diameter of the electrocatalysts, as shown in Table 2. Although 
some agglomeration (black dots) Fig. 2a shows a reasonable distribution 
of the metal alloy particles in the carbon support, while Fig. 2b shows 
the crystallinity of metal particles. A reasonable distribution and crys
tallinity of particles leads to a better chemical activity toward oxidation 
reactions. The histogram exhibits the particles diameter frequency 
measured from TEM imagens. The Gaussian distribution obtained an R2 

of 0.9943, measuring the average particle size as 4.54 nm, shown in 
Table 2.

Fig. 3a presents the XRD of multilayer graphene powder synthetize 
used in the physical mixing. The graphene structure was extensively 
studied and characterized in previous studies, proving the purity ob
tained by this method[34]. Then, the absence of other Miller indices 
peaks than C(002) and C(004) indicates the presence of only carbon 
elements and the crystalline morphology of graphene structure, 
different that amorphous presented by carbon Vulcan as electrocatalyst 
support (Fig. 1b). Along with theses, EDS (Fig. 3b) evidences the absence 

Table 1 
Graphene amount by electrocatalyst mass in the physical mixing.

Physical Mixing Electrocatalyst (mg) Graphene (mg) Ratio (% m/m)

Pt2Sn/C100 % 5.00 0.00 0 %
Pt2Sn/C90 % þ G10 % 4.50 0.50 11 %
Pt2Sn/C80 % þ G20 % 4.00 1.00 25 %
Pt2Sn/C60 % þ G40 % 3.00 2.00 67 %
Pt2Sn/C40 % þ G60 % 2.00 3.00 150 %
Pt2Sn/C20 % þ G80 % 1.00 4.00 400 %
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of elements impurities on the graphene. The morphology of multilayers 
graphene sheets (Fig. 3c) exhibits a size over 50 µm, which is above 500 
times greater than the carbon Vulcan particles size, usually varies be
tween 20 and 100 nm, as showed in Fig. 2a. This could suggest gra
phene, usually in lower proportion mass in physical mixing, is 
surrounded by electrocatalysts particles. Thereby, the unique method 
established to synthetize the graphene using thermal expansion, aiming 
for a high purity material without contaminations of elements or 
chemical species common in synthesis using chemical reactants, was 
successfully achieved. Therefore, this different composition and 
morphology than mostly graphene materials could provide 
physical-chemical properties with high influences in electrochemical 
reactions.

Fig. 4 presents the cyclic voltammetry curves registered after 45 
cycles of the comparing the electrocatalyst and physical mixing elec
trochemical activity. Fig. 4a shows the cyclic voltammetry in 0.5 M 
H2SO4; there is three main regions: the hydrogen from - 0.2 V to 0.1 V, 
double layer region between 0.1 V and 0.35 V and above 0.35 V the 
oxide species region. The Pt2Sn/C100 % and Pt2Sn/C90 % + G10 % exhibit 
a higher desorption peak compared to others in the hydrogen region, 
furthermore hydrogen adsorption peak of Pt2Sn/C90 % + G10 % high
lighting around - 0.1 V. Above 0.35 V, in the oxide species region the 

Pt2Sn/C100 % and Pt2Sn/C90 % + G10 % show higher adsorption/desorp
tion areas than other physical mixing, moreover Pt2Sn/C90 % + G10 % 
exhibits a desorption peak shift to a higher potential region (~ 0.52 V), 
the initial indication of graphene influences in the electrochemical ac
tivity. The cyclic voltammetry in 1.0 M NaOH is presented in Fig. 4b. 
The hydrogen region, - 0.9 V to - 0.65 V, exhibits a well-marked 
adsorption/desorption peaks to Pt2Sn/C100 %; forward to a narrowing 
in the double layer region, - 0.65 V to around - 0.45 V; above - 0.45 V 
there is oxide species region, Pt2Sn/C100 % shows the higher area and 
well-marked peaks.

The capacitance calculated from geometrical area of voltammograms 
(Fig. 4a), decreases along with the increases of ethanol concentration 
(Table 3). The presence of ethanol can create diffusional barriers, 
increasing the interfacial resistance by the change in the viscosity and 
the conductive environment. Nevertheless, this effect should affect the 
capacitance similarly in both electrolytes, the changes in the acid were 
more acute, while alkaline electrolyte present a capacitance variation. 
The higher mobility and the protonation of oxygen-containing groups, e. 
g.–OH and –COOH, in acid tends to a thinner double layer enhancing the 
electrostatic interaction leading to a higher capacitance, while in the 
alkaline electrolyte OH– ions along with oxygen-containing groups 
deprotonated increases the negative surface charge, expanding the 
double layer and decreasing the capacitance. Hence, the decrease of 
capacitance in acid with increase of ethanol concentration is due to the 
surface charge changes modifying the double layer; whilst in the alka
line exhibited a lower capacitance compared with acid, although its 
surface charges and double layer were more stable.

Beyond that, we need to pay attention to the composition of physical 
mixing, due total mass been set up as 5 mg, the increase in the graphene 
amount means a decrease in the amount of electrocatalyst (Pt2Sn/ 
C100 %). That means Pt2Sn/C20 % + G80 % has 20 % of electrocatalyst in 
comparison to Pt2Sn/C100 %, and therefore 20 % of metal alloy amount 
of Pt2Sn/C100 %. This fact must be considered in our analysis. Thereby, 
Table 1 presents the mass weight of electrocatalyst and graphene in each 
physical mixing and the graphene ratio in relation to the electrocatalyst 
mass in the mixing. To obtain a more accurate analysis of the electro
chemical activity, henceforward all data was normalized by platinum 
amount, allowing a comparison between the different physical mixing, 
and investigating the real influence of graphene powder as a booster to 
ethanol oxidation.

Table 3 exhibits the electrochemical active surface area (ECSA) 
calculated from the integrated area of the hydrogen adsorption peaks in 
the acid electrolyte cycle voltammogram form Fig. 4a, assuming 210 µC 
cm− 2 value for hydrogen monolayer adsorption [37]. The graphene 
addition in physical mixing (Pt2Sn/C90 % + G10 %) increases the ECSA in 
47.4 % compared to Pt2Sn/C100 %. Forward the increasing of graphene 
amount, the ECSA decreases until the 40 % concentration (Pt2Sn/C60 % 
+ G40 %) when it starts to increase again with graphene increase. Despite 
the Pt2Sn/C10 % + G80 % exhibits the highest ECSA, this high value could 
be attributed to an anomaly caused by normalization, which high con
centrations of graphene in physical mixing will require a data normal
ization by larger values, generating weird behaviors. Therefore, the 
most accurate results of normalization, which be attributed to the lowers 
concentrations of graphene, are less susceptible to the normalization 
error. Hence, Pt2Sn/C90 % + G10 % can be considered a valid result for 
obtain a 47.4 % increase while just have 11 % m/m ratio (Table 2), thus 
the normalization adjust does not have the majority influence in this 
case. Thence, Pt2Sn/C90 % + G10 % has the highest ECSA of all, and ev
idence of graphene affect in electrochemical activity.

Fig. 5 presents the cyclic voltammetry of the ethanol oxidation at 
four concentrations. Overall, we can notice the concentration effect, 
where current density increases together with ethanol concentration 
until 2.0 M, when it achieves a certain stability. We are aware that fuel 
rise as an approach to generate energy is limited by solution diffusional 
effects. The enhancement of current density by ethanol concentrations 
above 2.0 M is unreasonable. Therefore, we are going to establish the 

Fig. 1. (a) EDS spectra and (b) X-Ray diffractogram of Pt2Sn/C. The standard 
patterns of pure Pt (JCPDS 65–2868) are attached for comparison. The inset 
shows a representative SEM image.

Table 2 
Electrocatalyst lattice parameter, crystallite size, and particle size.

Miller 
indices

Lattice parameter / 
nm

Crystallite size / 
nm

Metallic particles size 
/ nm

Pt(220) 0.392 ± 0.0198 3.36 ± 0.0554 4.54 ± 0.0024
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Fig. 2. (a) TEM (b) HRTEM and (c) histogram of the Pt2Sn/C.

Fig. 3. (a) XRD, (b) EDS and (c) SEM of the graphene.
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2.0 M as the best performance and use it to investigate the catalytic 
activity of physical mixing. The onset potential of the ethanol oxidation 
reaction (Table 3) was arbitrarily obtained where the current density 
was 1 % greater than the highest current from base cyclic voltammetry. 
In the acid electrolyte (Fig. 5), Pt2Sn/C100 % presents the lower onset 
potential (Table 3) followed by Pt2Sn/C90 % + G10 % that obtained the 
lowest onset potential among the physical mixing, indicating a better 
performance than higher graphene concentrations. Table 4 shows the 
current density peak of the forward and backward scans of the 2.0 M 
ethanol oxidation (Fig. 5c). The addition of the graphene powder gen
erates an increase in current density of 34.16 % and 57.18 % of the 
Pt2Sn/C90 % + G10 % and Pt2Sn/C20 % + G80 %, respectively, in compar
ison with Pt2Sn/C100 %. We can notice that Pt2Sn/C80 % + G20 % and 
Pt2Sn/C60 % + G40 % exhibited the lowest current density. Likely, this 
poor performance is due to the decrease in the electrocatalyst amount, 
and consequently the metal alloy amount, which is fundamental to 
reasonable ethanol oxidation. Along with ECSA, these results showed 
that despite the graphene powder been only mixed, thus does not have 
metal particles in its surface. Its structure properties can provide an 
increase in the electrochemical activity of adsorption/desorption spe
cies, e.g. hydrogen desorption, which was used to calculate ECSA. 
Furthermore, the presence of graphene enhances the ethanol oxidation 
performance, suggesting that the graphene properties directly influence 
the chemical reactions. Analyzing the electrode preparation, the sus
pension deposition on the carbon glassy could create layers of the 
electrocatalyst and graphene stacked. This allowed graphene sheets 
closer to metal activity sites and assisting directly in the reactions. The 

graphene hexagonal structure with pi bonds enables high electron 
conductivity and adsorption/desorption properties. On the other hand, 
the increase in current density could be provided by adsorption of spe
cies releasing electrons to the electrical systema, although this behavior 
implies in current decrease in long operation tests, which is not seen in 
experimental data (Fig. 7). Thereby, the most accurate suggestion is the 
influence of graphene in the oxidation mechanism reaction of ethanol by 
their physical-chemical properties and needs to be deeply investigated.

Fig. 6 presents the cyclic voltammetry for ethanol oxidation in the 
alkaline electrolyte. Overall, the effect of current increase due to fuel 
concentration is seen as acid electrolyte. However, concentrations 
higher than 2.0 M are noticed a decrease of current, mainly in physical 
mixing with greater graphene amount, suggesting this effect is highly 
influenced by graphene. According to the Lewis definition, base chem
ical species act as electron donors. We can reckon that change in elec
trolyte provokes a different intermolecular interaction between the 
graphene sheets and the chemical species in the solution, e.g. stronger 
adsorptions or impediment of assistance in the reaction mechanism by 
graphene. Fig. 6c shows the oxidation of 2.0 M ethanol where Pt2Sn/ 
C90 % + G10 % and Pt2Sn/C20 % + G80 % exhibit a current density of 
10.48 % and 101.67 % higher than Pt2Sn/C100 %, respectively. On the 
other hand, Pt2Sn/C80 % + G20 % obtained a performance like Pt2Sn/ 
C100 %, showing the influence of graphene powder in the catalytic ac
tivity reactions. Comparing the physical mixing, Pt2Sn/C90 % + G10 % 
has the lower onset oxidation (Table 3), this indicates that all reactions 
process has greater spontaneous to occur than using other physical 
mixing. Table 3 shows the onset potential increasing with the amount of 
graphene in the mixing. Using the current density peaks, we can 
calculate the ratio between the forward and backward scans, as shown in 
Table 4. This could be used as an indicative of the fuel oxidation rate. 
The ratios higher than one indicate that more reactions occurred in 
forward scan than in backward, suggesting an effective oxidation of 
ethanol. Unlike Pt2Sn/C100 % all physical mixing presents a forward/ 
backward scans ratio higher than 1, another stronger evidence of the 
graphene influence in the electrochemical reactions, even by only a 
physical interaction with the electrocatalyst, proving the method func
tionality to booster the ethanol oxidation.

Fig. 7 shows the chronoamperometry data from ethanol oxidation 
reaction at 0.3 V and - 0.2 V in acid and alkaline electrolytes, respec
tively. The current decreases asymptotically. In acid electrolyte 
(Fig. 7a), Pt2Sn/C90 % + G10 % present the highest final current density 
(8.42 mA⋅mgPt

− 1), showed in Table 5, an increase of 101.18 % in com
parison to Pt2Sn/C100 % (4.19 mA⋅mgPt

− 1). Pt2Sn/C80 % + G20 % 
(8.29 mA⋅mgPt

− 1) and Pt2Sn/C60 % + G40 % (6.51 mA⋅mgPt
− 1) also exhibi

ted an increase of 98.00 % and 55.52 % in the final current compared to 

Fig. 4. Cyclic voltammetry Pt2Sn/C in (a) H2SO4 0.5 M and (b) NaOH 1.0 M, scan rate 50 m V s− 1.

Table 3 
ECSA of the hydrogen desorption and onset oxidation potential in 2.0 M ethanol.

Physical Mixing ECSA / 
cm² mg− 1 

Pt

Onset oxidation Capacitance

H2SO4 

/ 
V

NaOH / 
V

H2SO4 / 
mF mg− 1 

Cat

NaOH / 
mF mg− 1 

Cat

Pt2Sn/C100 % 37.07 0.286 − 0.666 12.90 26.18
Pt2Sn/C90 % 

þ G10 %

54.63 0.292 − 0.639 13.93 21.16

Pt2Sn/C80 % 

þ G20 %

11.83 0.317 − 0.637 8.30 18.01

Pt2Sn/C60 % 

þ G40 %

8.70 0.324 − 0.629 7.16 16.16

Pt2Sn/C40 % 

þ G60 %

23.97 0.312 − 0.634 7.18 12.19

Pt2Sn/C20 % 

þ G80 %

94.65 0.295 − 0.629 6.84 7.59
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Pt2Sn/C100 %, respectively. Conversely, in alkaline electrolyte (Fig. 7b) 
only Pt2Sn/C90 % + G10 % (9.86 mA⋅mgPt

− 1) and Pt2Sn/C20 % + G80 % 
(10.37 mA⋅mgPt

− 1) have a final current density (Table 5) higher than 
Pt2Sn/C100 % (9.17 mA⋅mgPt

− 1), an increase of 7.53 % and 13.18 %, 
respectively. The inferior performance of physical mixing in alkaline 
chronoamperometry could be related directly to physical-chemical 
properties of graphene interaction with electrolyte.

The Cottrell curves shown in Figs. 7c and 7d reveals the direct effect 
of the graphene through the system. In both electrolytes there are 

deviations from ideal linear behavior characteristic of a pure diffusional 
process, affecting the alkaline system more intensively. Deviations (from 
linearity) in the region of short times (higher t–1/2) can be related to 
adsorption and desorption of species, surface changes in the electrode, 
kinetic limitations, such as slow electron transfer, while in regions of 
long times (lower t–1/2) deviations due to convective effect and diffusion 
layer dominate. Therefore, alkaline electrolyte led to a mass transfer 
slower than in acid. Considering that high levels of graphene amount in 
the mixing lead to extrapolation in normalized data, high levels of GX% 
should be analyzed carefully. Thus, there is a clear limitation on mass 
transport of Pt2Sn/C90 % + G10 % and Pt2Sn/C80 % + G20 % in compari
son to Pt2Sn/C100 %, consequently the enhance of the current of Pt2Sn/ 
CX% + GX% mix in comparison to Pt2Sn/C100 % can be related to 
adsorption and desorption of species and the charge transfer. The 
decrease in capacitance by the increase of graphene amount indicates a 
blocking surface and altering of interfacial dielectric, which can limit 
the charge transfer. The high amount levels of graphene are more sus
ceptible to this phenomenon, mainly in alkaline electrolyte. The drop of 
current (Fig. 7a and b) from initial time achieving a steady state is led by 
the diffusion layer reaching a thickness where mass transport of reactant 
to the electrode equals its consumption rate. Through Cottrell equation, 
both systems (acid and alkaline electrolytes) under the same conditions, 
electrode area and bulk concentration, the current is proportional to 
diffusion, hence the changes in the current can be directly related to 
diffusion process. The region of short times in chronoamperometry 
(higher t–1/2 in Cottrell curves) shown that current in alkaline electrolyte 
presents smaller variations than compared to acid while the t–1/2 

Fig. 5. Cyclic voltammetry of the Pt2Sn/C and physical mixing in H2SO4 0.5 M with (a) 0.5 M, (b) 1.0 M, (c) 2.0 M and (d) 3.0 M ethanol concentration in the 
electrolyte, scan rate 50 m V s− 1.

Table 4 
Current density peaks of ethanol oxidation reaction in forward scan, backward 
scan, and forward/backward scans ratio in 2.0 M ethanol.

Physical Mixing Forward peak 
mA mg− 1

Pt

Backward peak 
mA mg− 1

Pt

If/Ib

Acid 
electrolyte

Pt2Sn/C100 % 177.46 204.57 0.87
Pt2Sn/C90 % þ G10 % 238.07 283.60 0.84
Pt2Sn/C80 % þ G20 % 57.57 62.17 0.93
Pt2Sn/C60 % þ G40 % 67.87 77.06 0.88
Pt2Sn/C40 % þ G60 % 161.10 182.15 0.88
Pt2Sn/C20 % þ G80 % 278.93 336.08 0.83

Alkaline 
electrolyte

Pt2Sn/C100 % 203.88 213.63 0.95
Pt2Sn/C90 % þ G10 % 225.24 210.16 1.07
Pt2Sn/C80 % þ G20 % 204.03 194.84 1.05
Pt2Sn/C60 % þ G40 % 133.87 111.21 1.20
Pt2Sn/C40 % þ G60 % 200.23 180.92 1.11
Pt2Sn/C20 % þ G80 % 411.17 393.52 1.04
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decreases from 3.0 s–1/2 till around 0.5 s–1/2. As a result, in acid the 
current is strong domain by mass transport limitation. On the other 
hand, in alkaline electrode, the smooth variation in the current exhibited 
in Cottrell curve (Fig. 7d) whilst the sharp decrease in chro
noamperometry (Fig. 7b) indicates a limitation effect by additional 
processes, e.g. double‑layer charging and surface blockage by adsorp
tion/desorption reaction intermediates during the initial time analysis.

Furthermore, aiming at the application of this method in fuel cells we 
should consider the higher relevance of durability and endurance of 

catalysts as for oxidation reactions in fuel cells. Table 5 shows the 
poisoning rate (δ) calculated from the chronoamperometry results by 
measuring the linear decay of the current for a period above t = 500 s 
using Eq. 2. 

δ =
100
i0

(
di
dt

)

t>500s
(%− 1) (2) 

Where 
(

di
dt

)

t>500s 
is the slope of the linear portion of the current decay 

and i0 is the current at the t = 0 obtained from polarization back 
extrapolated from linear current decay. The larger is the δ value larger is 
the poisoning effect of the catalysts[38]. Moreover, as mentioned before 
the proportion of graphene and electrocatalyst was used to normalize 
the data (Table 1). Thus, we also need to pay attention not only to the 
higher performance results, but also to the composition of physical 
mixing. What does its profit achieve a current density higher than other 
physical mixing if it is necessary use dozens or hundreds ratio more of 
graphene, as shown in Table 1. Hence, the highest performance, even in 
acid as in alkaline electrolyte, using the minimal necessary of graphene 
in the mixing was Pt2Sn/C90 % + G10 %, consequently the best compo
sition to boost ethanol oxidations using platinum-tin electrocatalyst. The 
cycle voltammetry curves from pre and post chronoamperometry ana
lyses (individual graphs in supporting information) also can provide 
additional information about catalyst degradation. In acid electrolyte 
Pt2Sn/C90 % + G10 % presented a decrease of 28 % in the current density 
peak after chronoamperometry while Pt2Sn/C100 % exhibited a 35 % 
decrease, similarity in alkaline, the reduction was 37 % and 41 %, 

Fig. 6. Cyclic voltammetry of the Pt2Sn/C and physical mixing in NaOH 1.0 M with (a) 0.5 M, (b) 1.0 M, (c) 2.0 M and (d) 3.0 M ethanol concentration in the 
electrolyte, scan rate 50 m V s− 1.

Table 5 
Final current density and poisoning rate of the electrocatalysts from 
chronoamperometry.

Physical Mixing jFinal 

(mA 
mg− 1

Pt ) 
H2SO4

jFinal 

(mA 
mg− 1

Pt ) 
NaOH

δ (% s− 1) 
Acid 
electrolyte

δ (% s− 1) 
Alkaline 
electrolyte

Pt2Sn/C100 % 4.19 9.17 0.02467 0.01870
Pt2Sn/C90 % 

þ G10 %

8.42 9.86 0.01576 0.01830

Pt2Sn/C80 % 

þ G20 %

8.29 5.16 0.01653 0.01839

Pt2Sn/C60 % 

þ G40 %

6.51 7.92 0.02078 0.02173

Pt2Sn/C40 % 

þ G60 %

4.64 7.49 0.01956 0.02295

Pt2Sn/C20 % 

þ G80 %

0.68 10.37 0.03450 0.01598
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respectively. This indicates that graphene presence by mix, in small 
amounts, i.e. 10 %, improves the endurance of the catalyst.

Overall, current density exhibited for alkaline electrolyte was higher 
than acid (Tables 4 and 5), indicating the influence of the OH– groups 
present in the solution and the characteristics of the graphene π bonds 
toward oxidation reactions. Furthermore, the tendency for current in
creases with increasing ethanol concentration achieves a limit of 2.0 M, 
which can be related to diffusional limitation or interfacial resistance by 
wettability change by ethanol presence, further affecting the conductive 
environment, double layer and dielectric properties. The wettability can 
be affected by ethanol molecules that have been absorbed on the surface; 
however, graphene remains largely hydrophobic in both acid and base, 
but in alkaline it can adsorb OH⁻ more strongly due to cation‑π in
teractions, slightly improving wettability compared to acid [39,40]. 
Suggest that mass transport is affected by graphene layers, enhancing 
the electrochemical activity, using a limited graphene amount, i.e. 10 %, 
though high amounts lead to mass transport limitations and efficiency 
loss. Along with diffusion, the low electrical resistance of graphene and 
its influences in the charge transfer provoke the increase on the per
formance of mixing Pt2Sn/C90 % + G10 % in comparison with 
Pt2Sn/C100 %.

In comparison with similar approaches, the use of carbon nanotubes 
promotes enhance in oxidation endurance and improve conductivity 
and corrosion resistance playing against carbon Vulcan [41,42]. In a 
direct comparison with graphene, its 1D channels could provide supe
rior mass transport in gas-phase catalyst compared to the diffusion of 2D 
graphene sheets [43,44]. However, its synthesis yields still pay a fetter 
to wide scale use, nevertheless, there is a lack of high-quality 

purification and common structural defects, which was overtaken by the 
thermal expansion method used to synthesize our graphene[45,46]. 
Another two-dimensional material which can be physically mixed with 
metal nanoparticles or catalysts is the MXenes. The use of it reports high 
yields toward oxidation ethanol reactions due to its synergistic con
ductivity and wide redox activity sites [47,48]. Although the enhances 
in stability, boosting long-term catalytic, and lowering the over
potentials for hydrogen and oxygen reactions, MXenes facilely restack 
reducing the layers’ space obstructing the ions diffusion to the active 
sites [49,50]. Other disadvantages include the oxidation in aqueous or 
aerobic environments driving to formation of non-conductive and 
damaging catalyst-support interaction which weakens the electron 
transport[51,52]. At the same time, the production still faces challenges 
with standardization of the flaks, thickness and defects, lacking to scale 
production [53].

4. Conclusion

The electrocatalyst was successfully synthesized using a simple and 
straightforward method. The physical characterization analysis 
confirmed the presence of platinum and tin in the electrocatalyst metal 
alloy. The multilayers graphene obtained by an easy thermal expansion 
method, is pristine without any doping or elements addition, with high 
prospect of scalability, demonstrated its qualities and versatility in 
electrochemical application. Additionally, for the first time an increased 
performance method was reported using a physical mixing between 
electrocatalyst and graphene powder, without using metal addition nor 
chemical elements doping in graphene structure. The efficiency of 

Fig. 7. Chronoamperometry of the Pt2Sn/C and physical mixing in (a) H2SO4 0.5 M + 2.0 M ethanol, E = 0.3 V vs. Ag/AgCl/KClsat and (b) NaOH 1.0 M + 2.0 M 
ethanol, E = -0.2 V vs. SCE, and Cottell curves obtained from the Chronoamperograms of (c) H2SO4 0.5 M + 2.0 M ethanol and (d) NaOH 1.0 M + 2.0 M ethanol.
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physical mixing was tested by cyclic voltammetry and chro
noamperometry proving itself as superior to pure electrocatalyst, and 
Pt2Sn/C90 % + G10 % was the best proportion achieved, with superior 
performance in acid electrolyte. Thereby, physical mixing was proved as 
an alternative approach to enhance the catalytic activity of electro
catalyst in oxidation reactions, and further in fuel cell applications.
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