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Abstract 

In this study, Pt nanoparticles are deposited on the surface of nitrogen-sulfur functionalized reduced 

graphene oxide and mixed with double wall carbon nanotubes (Pt/NS-rGO/DWCNT). The obtained 

nanocomposite is used as an electrocatalyst for the ethanol electro-oxidation reaction (EOR). CO 

oxidation studies with differential electrochemical mass spectroscopy (DEMS) show a lower onset 

potential indicating higher poisoning tolerance of these materials. The electrocatalytic activity of the 

Pt/NS-rGO/DWCNT nanocomposite is studied at different temperatures (40, 50, 60, and 70 °C) and 

compared with that of Pt/rGO, Pt/rGO/DWCNT composites and commercial carbon-supported Pt 

catalyst. Pt/rGO/DWCNT and Pt/NS-rGO/DWCNT display significantly higher ethanol electro-

oxidation currents especially at low potentials relevant to fuel cell applications. At high temperatures 

(>50 °C), Pt/NS-rGO/DWCNT is the most active catalyst in concordance with its higher apparent 

activation energy. Pt/NS-rGO/DWCNT is also the most durable of the catalysts after a 500 potential 

cycle test and suffers the least from poisoning effects during chronopotentiometric testing. These results 

allow to conclude that combining NS-functionalized graphene catalyst support with DWCNT to form a 

composite provides excellent performances due to enhanced Pt electrocatalytic activity from NS-

functionalization and enhanced mass transfer from the DWCNT filler. 

 

Keywords 

Graphene; carbon nanotube; nitrogen sulfur functionalization; platinum nanoparticles; ethanol electro-

oxidation 
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1. Introduction 

Liquid-fed fuel cells, like the direct methanol fuel cell (DMFC), are very promising candidates as power 

sources of low-power electronic devices. However, methanol is toxic and it would be beneficial to replace 

it with less harmful ethanol (direct ethanol fuel cell, DEFC), which also has larger energy density. 

However, full electro-oxidation of ethanol is not a straight-forward reaction as it involves the scission of 

the carbon-carbon bond and therefore, new catalysts are sought to improve the kinetics of the reaction. 

Fuel cell catalysts are commonly composed of an active metal and its carbonaceous support and their 

performance depends on the optimization of both the components. Thus, there are several alternatives 

for both components that have been studied lately  [1-3]. 

Particularly, graphene has recently been proposed as a new catalyst support in fuel cells due to 

its high theoretical surface area and excellent electrical conductivity  [4]. Graphene supported Pt and its 

alloys have been tested as alcohol electro-oxidation catalysts (methanol  [5-10], ethanol  [5-7,11-13], 

ethylene glycol  [14]) resulting in better performances than with state-of-the-art carbon black supported 

catalysts. However, graphene itself has a strong tendency to stack  [15], thus reducing the porosity of the 

catalyst layer and blocking the active catalyst particles. This problem can be mitigated by mixing the 

graphene with other carbon nanomaterials, like carbon nanotubes (CNT)  [16], carbon nanofibers  [17], 

mesoporous carbon  [18], carbon black  [19] or conducting polymers  [20]. These materials can be located 

between graphene layers separating them and increasing the porosity of the catalyst. Thus, a highly 

porous and conductive 3D structure is formed with even distribution of metal particles on graphene 

surfaces. This is especially important when a fuel cell electrode is made, since its performance is highly 

dependent on the porosity of the catalyst layer allowing good access of the reactants to the active sites  

[21]. For example, Jhan et al.  [22] grew carbon nanotubes directly between graphene sheets and formed 

Pt nanoparticles on this composite. With this catalyst at the anode of a DMFC, 30%, 63% and 70% higher 
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power density than with commercial, blended graphene-CNT and graphene supports, respectively, were 

obtained. Similarly, Jha et al.  [23] used a mixture of graphene and MWCNT to prepare both supported 

Pt and PtRu catalysts. However, no comparison was made to a commercially available catalyst. For 

ethanol electro-oxidation reaction (EOR) specifically, only one study has been made with graphene-CNT 

composite catalysts. Machado et al.  [24] used Pd as the active metal with few-layered graphene and 

multi-walled carbon nanotube (MWCNT) support in alkaline medium and showed higher mass specific 

activity, electrochemically active surface area and DEFC performance with the composite compared to 

similar graphene supported catalyst. However, at the moment alkaline membranes for DMFCs and 

DEFCs are a limiting factor as their conductivity and durability is not as high as with acidic membranes  

[25]. No graphene-CNT composite support study has been made in acidic medium for EOR but several 

methanol electro-oxidation reaction (MOR) studies have shown high performances  [22,23,26]. 

Another problem with graphene and other graphitic materials is their non-reactive surface, which 

makes attachment of catalyst particles difficult and lowers the stability of the catalyst  [27]. One way to 

increase the binding energy of Pt to graphene is to dope it with heteroatoms, such as nitrogen  [28] or 

sulfur  [29]. This also results in a narrower particle size distribution for the Pt nanoparticles due to the 

anchoring effect of the heteroatoms  [30-32] and it affects the activity of the metal directly by changing 

its electronic structure  [33]. It has been demonstrated that nitrogen-doping can increase the EOR activity 

of metal catalyst supported on carbon materials. Previous studies have mostly focused on Pd and Pd 

alloys on N-doped carbon supports in alkaline environment  [34-41] but few reports on improved Pt and 

Pt alloys performances have also been reported, namely Pt on bamboo-shaped CNTs  [42] and graphene  

[43], PtSn on CNTs  [44,45] and carbon  [46], and PtRu on few-walled carbon nanotubes  [47]. Also, 

dual-doping mesoporous carbon with nitrogen and sulfur and using the material as Pt support yielded 

high MOR activity compared to Vulcan supported Pt  [48]. 
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As combinations of the previously described approaches for the enhancement of catalytic activity, 

few studies have been published recently considering MOR. Lv et al.  [49] used PtRu supported by N-

doped carbon nanotubes mixed with in-situ grown graphene in acidic conditions. They showed very 

promising results indicating lowered onset potential and several times higher current densities compared 

to a commercial and CNT-supported PtRu catalyst. Song et al.  [50] doped graphene-CNT with nitrogen 

using ammonia precursor after Pd deposition and observed a reduction in Pd nanoparticle size. The 

resulting catalyst was 7.5 times more active than a commercial Pd/C and 1.7 times more active than 

undoped Pd composite towards MOR in alkaline conditions. Wang et al.  [51] grew nitrogen-doped CNTs 

on graphene coated carbon cloth and deposited Pt on them. The doped catalyst version had 1.3 times 

higher peak current density for MOR than the undoped material but presented higher onset potential in 

acidic conditions. 

Modification of graphene to improve its properties as carbon support material can also be done 

with covalent or non-covalent attachment of molecules and groups that act as spacers between graphene 

layers and as anchor sites for metal nanoparticles  [52]. Highly efficient EOR catalysis has been achieved 

with graphene supported Pd and Pt catalysts for example with noncovalent attachment of 

poly(diallyldimethylammonium chloride) (PDDA)  [53-55], dimethyldiallylammonium chloride 

(DMDAAC)  [56], poly(3,4-ethylenedioxythiophene) (PEDOT)  [57] and perylene tetracarboxylic acid  

[58] to graphene. Similar results with covalent attachment of amine  [59], hexanediamine  [60] and 

sulfonate groups  [61] have also been shown. 

In this work, we fabricate a novel graphene based composite catalyst for EOR based on the 

different methods described above. Reduced graphene oxide is functionalized with nitrogen and sulfur 

by thiol-ene click chemistry approach  [62] and mixed with double-walled carbon nanotubes (DWCNT). 

This approach does not include pyrolysis step requiring specialized oven and temperatures over 700 °C 
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in contrast to for example nitrogen and sulfur doping. Pt nanoparticles are deposited on this material and 

its performance is compared with untreated composite, graphene and commercial Pt catalysts at several 

temperatures in conditions closely approximating those of a DEFC anode. Fig. 1 shows the suggested 

mechanism for improved EOR activity through the prevention of graphene restacking and anchoring of 

nanoparticles to heteroatoms. Further understanding of the reaction is achieved by studying CO 

poisoning applying differential electrochemical mass spectrometry (DEMS), as this adsorbate is formed 

during the EOR. Finally, electrocatalytic properties toward EOR and stability of the functionalized 

composite catalyst are established. 

 

2. Experimental 

2.1. Materials 

Graphite flake (particle size ≤ 200 µm), sulfuric acid (95-97%), potassium permanganate (99+%), sodium 

nitrate (99.5%), hydrochloric acid (32%), perchloric acid (60%), hydrogen peroxide (30%), 1-propanol 

(≥99.5%), N,N-dimethylformamide (DMF), 2,2’-azobis(2-methyl propionitrile) (AIBN), cysteamine 

hydrochloride, ethylene glycol (99%) (EG), hydrazine hydrate (50-60%), sodium hydroxide (≥97%) and 

Nafion solution (5 wt%) were purchased from Sigma-Aldrich Co. Chloroplatinic acid hydrate 

(H2PtCl6·xH2O) (38-40% Pt) was obtained from Acros Organics. Double-walled carbon nanotubes 

(DWCNT) were obtained from Nanocyl. Platinum (40 wt%) on high surface area advanced carbon 

support (HiSpec 4100TM) was purchased from Alfa Aesar. Ethanol (Etax Aa, 99.5%) was obtained from 

Altia Corporation. De-ionized (DI) water was used in the experiments. 
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2.2. Synthesis of NS-functionalized graphene oxide by thiol-ene click reaction 

Graphite was oxidized to obtained graphite oxide using a modified Hummer’s method, which is described 

in our previous study [63]. Graphite oxide was then exfoliated to obtain graphene oxide (GO). NS-GO 

was synthesized by a thiol-ene click reaction as reported before  [62]. In brief, 100 mg of GO powder 

was dispersed in DMF solvent using ultrasonication for 30 min. This dispersion was charged in a three-

necked round bottom flask equipped with a condenser, nitrogen inlet and a magnetic stirrer. A solution 

of AIBN and cysteamine hydrochloride was added to the reaction mixture. The reaction was carried at 

70 oC for 12 h, after which it was cooled to room temperature. An excess amount of 1 M solution of 

NaOH was used to neutralize the HCl. The mixture was vacuum filtrated and washed first with ethanol 

and then with water to remove impurities. The NS-GO product was obtained after vacuum drying. 

2.3. Synthesis of Pt/NS-rGO/DWCNT nanocomposite 

A mixture of NS-GO (70 mg) and DWCNT (30 mg) was dispersed in EG with a solid content of 1.5 mg 

mL-1.  The dispersion was added to the flask reactor. Then, a solution of H2PtCl6 in EG was injected to 

the reaction mixture. The reaction mixture was heated to 140 °C and kept for 4 h to reduce Pt ions to 

metallic Pt nanoparticles. The mixture was then cooled down to room temperature and then 100 µL of 

hydrazine hydrate solution (60%) was added. The temperature was raised to 95 °C for 1 h for further 

reduction. After cooling down to room temperature, the reaction mixture was precipitated in 200 mL of 

DI water. The precipitate was collected by centrifugation and washed with DI water (x 5 times). The 

Pt/NS-rGO/DWCNT composite was obtained after freeze-drying and subsequently vacuum drying at 60 

oC. 

Pt/rGO and Pt/rGO/DWCNT composites were prepared and used as references. Preparation of 

these two samples were similar to that of the Pt/NS-rGO/DWCNT composite. GO was used instead of 
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NS-GO in preparation of Pt/rGO/DWCNT composite and GO was used without DWCNT in the synthesis 

of Pt/rGO composite. 

 

2.4. Physical characterization 

Sample morphology and Pt nanoparticle distribution on the graphene were studied using a transmission 

electron microscope (TEM, JEOL JEM-2200FS). High resolution X-ray photoelectron spectroscopy 

(XPS, AXIS 165, Kratos Analytical) equipped with monochromated Al Kα irradiation at 100 W was 

used to confirm the composition of nitrogen and sulfur on the graphene. Platinum content of the catalysts 

was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). 

2.5. CO electro-oxidation with DEMS 

Differential electrochemical mass spectrometry (DEMS) measurements were obtained with an 

electrochemical cell connected to a Pfeiffer-Vacuum mass spectrometer (Prisma QMS 200 detector) 

through a PTFE membrane (Scimat Ltd. 200/40/60). This membrane forms the interface between the 

electrochemical cell and the ionization chamber of the mass spectrometer. DEMS technique was used to 

follow the COad electro-oxidation reaction. The experimental setup allows the simultaneous detection of 

mass spectrometric cyclic voltammograms (MSCVs) for a selected mass-to-charge ratio (m/z = 22, 44) 

corresponding to CO2 production and cyclic voltammograms (CVs). Details of the method have been 

given elsewhere  [64]. 

Shortly, the working electrode was prepared by deposition of a catalytic ink on a glassy carbon 

disc according to the method referenced except only water was used as the solvent because isopropanol 

dissolves the PTFE membrane which is used in the DEMS configuration. For each catalyst, ink is made 
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from 5 mg catalyst powder mixed with 200 µL of water and 10 µL Nafion® dispersion (5 wt%, Aldrich). 

A carbon counter electrode and a reversible hydrogen reference electrode (RHE) were used in the 

electrochemical cell. All potentials in this work are given against the RHE. The electrolyte solution was 

0.1 M HClO4. Electrochemical measurements were performed with an Autolab potentiostat-galvanostat 

(Metrohm). Before each measurement several voltammetric cycles were performed from 0.05 to 1.2 V 

at 0.1 V s-1 for the activation of the catalyst. CO adsorption was performed by keeping the potential at 

0.20 V first during 10 min with CO bubbling for adsorption and then 20 min with Ar bubbling for removal 

of free CO. Finally, CO stripping was achieved by a CV from 0.05 to 1.2 V at 0.005 V s-1. Subsequently, 

a second CV was recorded to serve as a baseline for the clean Pt surface. 

2.6. Ethanol electro-oxidation 

Electrodes for the EOR characterization were made from a catalytic ink. 5 mg of the studied catalyst 

material was mixed with 1-propanol and deionized water with a magnetic stirrer for 5 min and then 10 

µl of 5 wt% Nafion solution was added. The ink was further mixed with a magnetic stirrer for several 

hours and sonicated for 15 min in between. A 4 µL aliquot was placed on a polished glassy-carbon disc 

electrode (5 mm) and it was let to dry overnight in ambient conditions. 

A three-electrode electrochemical cell was soaked with sodium permanganate solution overnight 

and washed with 5 wt% hydrogen peroxide solution and boiling water before measurements. The 

working electrode was the prepared glassy-carbon electrode attached to a rotating device, the counter 

electrode a coiled Pt wire and the reference electrode RHE. All the potentials reported in this study are 

given against the RHE. The electrolyte was a freshly prepared 0.1 M HClO4 solution (Merck, 60 wt%) 

instead of H2SO4 in order to prevent sulfate adsorption to Pt  [65]. The temperature of the cell was 
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controlled at 20°C by a water sheath and a thermostat. The cell voltage and current were controlled with 

Autolab PGSTAT100 (Metrohm). 

The catalyst was first cleaned with CO adsorption/stripping method by bubbling CO gas (Aga, 

99.99%) through the electrolyte while cycling the potential between 0.05 and 0.25 V until the current 

stabilized. The electrolyte was then purged with N2 gas (Aga, 99.999%) and potential swept to 1.2 V to 

oxidize the adsorbed CO. This process was repeated 4-8 times until the hydrogen adsorption/desorption 

region between 0.05 and 0.40 V was stable between consecutive CO cycles. A clean cyclic 

voltammogram was recorded for calculating the active area of the electrode from the hydrogen 

underpotential deposition (UPD) region by assuming 0.20 mC cm-2 for the adsorption/desorption charge 

in HClO4  [66]. All the measured EOR currents were normalized with this area. Subsequently, ethanol 

was added to 1 M concentration and its electro-oxidation was measured either at different temperatures 

or for 500 potential cycles. 

In the temperature series, the catalyst was first aged for 30 potential cycles between 0.05 and 0.80 

V.  The upper limiting potential is low to resemble the conditions on a DEFC anode, where potentials 

are low for practical power generation. Subsequently, 3 cyclic voltammograms and a 600 s 

chronoamperometric curve at 0.5 V were recorded at 1800 rpm. The rotation was used also to mimic the 

flowing fuel solution in a DEFC. The measurements were repeated at 40, 50, 60 and 70°C. The third CV 

is reported in this work.  

The durability of the electrode at 20°C was determined by cycling the potential between 0.05 and 

0.80 V for 500 times at 50 mV s-1 while evaluating the EOR current at 0.8 V. After 500 cycles, the 

electrolyte was replaced with pure 0.1 M HClO4 and one CO cycle was repeated to clean the electrode 

and the changes in the electrochemically active area from H-UDP region were assessed. 
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Between the measurements, the potential of the working electrode was kept at 0.1 V and nitrogen 

was kept flowing through the cell. 

 

3. Results and discussion 

3.1. Material characterization 

Thiol-ene click reaction is successfully carried for GO modification, which is confirmed by XPS. The 

obtained NS-GO contains approximately 1.5 at% of S and 1.5 at% of N  [62]. In this study, we used the 

NS-GO as a substrate for Pt deposition and DWCNT as electrically conductive filler. Moreover, DWCNT 

is also used to prevent the restacking of NS-GO sheets during chemical reduction by ethylene glycol and 

hydrazine reducing agents. 

TEM images of three composites in Fig. 2 show that Pt is successfully deposited on the surface 

of the functionalized graphene sheets. The average diameter of Pt nanoparticles for three samples are 

calculated from TEM images and are 5.0±0.6 nm for Pt/rGO, 5.7±0.7 nm for Pt/rGO/DWCNT and 

4.6±1.2 nm for Pt/NS-rGO/DWCNT. The size distributions are presented in Fig. S1 and the total Pt 

content in Table 2. Although the average sizes of the particles are overlapping within the error margins, 

the main difference between Pt/NS-rGO/DWCNT and the other catalysts is that it contains a significant 

amount of particles less than 4 nm in diameter. This could indicate that while Pt nanoparticles are formed 

on many different sites on the graphene, the particles formed on or near N or S sites are smaller. This is 

in agreement with previous studies with doped carbon supports  [67-69]. 

The incorporation of DWCNT in the hybrid with graphene sheets can be seen in the TEM image 

in Fig. 3, which was taken at a region containing many graphene sheets. DWCNTs serve as spacers 
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between the graphene layers, preventing them from restacking during reduction process. It was observed 

that with the addition of DWCNT in the reaction mixture for the preparation of the Pt/NS-rGO/DWCNT 

composite the final suspension remained stable, which was not the case without DWCNT. It can also be 

seen clearly that Pt nanoparticles deposit only on the graphene surface, while the DWCNT surfaces 

remains Pt-free (Fig. 3). 

 

3.2. Electrochemical characterization 

3.2.1. Cyclic voltammograms in acid solution 

The CVs of each catalyst in 0.1 M HClO4 are given in Fig. 4. The composite catalysts Pt/rGO/DWCNT 

and Pt/NS-rGO/DWCNT show higher double layer charging currents between 0.45-0.70 V in the positive 

scan than the other catalyst indicating that mixing DWCNTs into the catalyst opens the electrode 

structure for larger contact area between the carbon and the electrolyte. The charging currents are 

especially high with Pt/NS-rGO/DWCNT probably due to increased porosity from the NS containing 

groups  [60] or to the formation of defect sites on the rGO during grafting  [70]. This should facilitate 

mass transfer in a fuel cell catalyst layer which is important for optimum performance  [21].  

3.2.2. CO tolerance studied by DEMS 

Fig. 5 shows CO stripping experiments for the Pt/rGO catalyst recorded at two different temperatures 

(25 and 60 ºC) in 0.1 M HClO4 at 0.005 V s-1. CO stripping voltammograms were obtained after bubbling 

CO through the cell for 10 min keeping the electrode in the bulk of the solution at 0.20 V, followed by 

Ar purging for 20 min to remove the excess of CO from the solution. The first cycle is characterized by 

the COad oxidation peak, which is absent in the second cycle (Fig. 5A). The appearance of the hydrogen 
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adsorption/desorption peak at potentials lower than 0.3 V in the reverse scan and second cycle further 

confirm the complete oxidation of COad in the first positive-going scan. Also, it is observed that the onset 

and peak potentials for CO oxidation reaction shift toward more negative values (around 0.2 V) with the 

increment of the temperature as expected for Pt  [71]. This was true for all the tested catalysts as shown 

in Table 1. 

The recorded mass spectrometric cyclic voltammograms (MSCVs) related to CO2 formation are 

given in Fig. 5B. The signals for m/z = 22 (CO2
++) and m/z = 44 (CO2

+), which are detected at the mass 

spectrometer, are both associated to the formation of carbon dioxide during the COad electro-oxidation 

reaction and are almost completely superimposed. Fig. 5A and 5B clearly show a close correlation 

between faradaic and ionic currents confirming that the COad oxidation reaction occurs between 0.2 – 

1.2 V. Even more, due to the absence of interference associated to the double layer charging, oxide 

formation or other reactions, the MSCV allows for a better determination of the onset potential for the 

COad electro-oxidation reaction. The shift of COad oxidation reaction onset toward negative potentials 

with increasing temperature can thus be confirmed as the onset of ionic current signal shifts 

approximately 0.15 V lower. The same trend was observed for all the tested catalysts as shown from the 

onset and peak potential values summarized in Table 1. 

Fig. 6 compares the stripping voltammetry observed for a CO saturated electrode for the three 

synthesized catalysts (Pt/rGO, Pt/rGO/DWCNT and Pt/NS-rGO/DWCNT) at 60 °C. Fig. 6A shows the 

faradaic COad stripping and the subsequent voltammogram obtained with the three electrocatalysts, while 

Fig. 6B shows the corresponding mass signal during the positive scan from m/z = 44 (assigned to CO2 

production). The COad onset and oxidation peak potentials from the ionic signal at both 25 and 60 °C are 

given in Table 1. 
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Table 1. Onset and peak potentials of COad electro-oxidation from DEMS CO2
+ (m/z = 44) signal. 

CO peak Onset Pre-peak Main peak 

Temperature 25 ºC 60 ºC 25 ºC 60 ºC 25 ºC 60 ºC 

Pt/rGO 0.31 0.40 --- 0.39 0.68 0.57 

Pt/rGO/DWCNT 0.48 0.08 --- 0.20 0.66 0.56 

Pt/NS-rGO/DWCNT 0.25 0.10 --- 0.26 0.75 0.60 

 

 

The Pt/rGO catalyst presents two different oxidation peaks at 0.55 and 0.61 V (Fig. 6A) during 

the CO-stripping voltammogram. On the other hand, Pt/rGO/DWCNT and Pt/NS-rGO/DWCNT 

catalysts present a main CO oxidation peak at 0.55 and 0.59 V, respectively and an anodic pre-peak 

around 0.20 and 0.26 V respectively. The pre-peak cannot be discerned at 25 °C for any of the catalysts. 

The differing COad stripping curves with multiple peaks for the different catalysts are related to the 

differing Pt nanoparticles they contain (Fig. 2) as COad stripping has been shown to be very sensitive 

toward the Pt crystal structure [72]. 

From DEMS data (Fig. 6B), it can be observed that the pre-peak in the CV coincides with the rise 

of the m/z = 44 signal, which proves that the current density produced during the CO oxidation pre-peak 

is caused by the COad oxidation to CO2. Consequently, it is concluded that the current (ionic and faradaic) 

generated during the appearance of CO oxidation peak comes from the electro-oxidation of COad to CO2. 

From these results (Fig. 6 and Table 1) differences in the CO tolerance of the catalysts can be 

established. Generally, it can be said the composite catalysts offer a significant reduction of the CO 

oxidation onset potential, especially at high temperature (0.3 V). At low temperature, no clear 

improvement results from the composite structure, although, NS-functionalization of rGO seems to lower 
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the onset potential compared to the untreated catalysts. This is likely due to changes in Pt – graphene 

interaction that can lower the activation energy of the catalyst and make its catalytic activity less sensitive 

to changes in temperature. The main CO oxidation peak also shifts to lower potentials as the temperature 

increases but NS-functionalization has a negative effect on its value: Pt/NS-rGO/DWCNT shows the 

highest oxidation peak potential and Pt/rGO/DWCNT the lowest. Finally, it has to be kept in mind that 

the lowering of the onset potential for COad stripping is a very important feature for the oxidation of 

carbon containing substances (e.g. methanol, ethanol) as CO is one of the poisoning intermediates 

generated during their oxidation. For fuel cell applications, it is even more important as the oxidation of 

the fuel occurs at the anode where the potential should be low for high output voltage. Therefore, our 

composite catalysts are very promising for applications in energy conversion due to the low CO electro-

oxidation onset potential they exhibit. 

3.2.3. Ethanol electro-oxidation 

The applicability of the synthesized catalysts for a fuel cell reaction was tested with EOR. The 

CVs of each catalyst between 0.05 and 0.8 V at 20-70 °C and 1800 rpm in 1 M ethanol and 0.1 M HClO4 

solution are presented in Fig. 7. The current densities at 0.5 and 0.8 V as a function of temperature are 

presented in Fig. 8a-b and Table 2. The conditions were selected so that situation represents fuel cell 

anode conditions, in other words flow was maintained and the potentials kept low. It is observed that 

Pt/rGO/DWCNT and Pt/NS-rGO/DWCNT perform better than Pt/rGO and Pt/C at all temperatures and 

potentials indicating the beneficial effect that the opening of the graphene structure by DWCNTs has. 

The performance of Pt/rGO is especially low at high current densities, which indicates mass transfer 

resistance in the electrode due to stacked rGO layers  [15]. In the low potential region (<0.5 V) relevant 

to fuel cell applications, Pt/NS-rGO/DWCNT has the best performance emphasizing the combined 

beneficial effects of the DWCNT and NS-functionalization. 
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It is also noteworthy that Pt/rGO/DWCNT performs better than or equally well as Pt/NS-

rGO/DWCNT at low temperature (20-40°C) at high potential (>0.5 V). This is likely due to the fact that 

rGO stacking is enhanced through the local charges created by functionalization  [73] which leads to 

hindered mass transfer for Pt/NS-rGO/DWCNT. However, as mass transfer is enhanced by increasing 

temperature, Pt/NS-rGO/DWCNT shows the highest EOR currents at 50-70 °C at all potentials. Another 

reason for the activity enhancement may be due to the small Pt particles (<4 nm) present in Pt/NS-

rGO/DWCNT that have different catalytic properties than larger particles in regards to adsorption of 

oxygenated species  [74,75] and have been found to be most active for EOR at 25°C  [76,77] and 90°C  

[78]. Similar enhancement effect against temperature was also described for PtRu on an N-doped CNT-

graphene composite compared to an undoped catalyst in DMFC, where the maximum power density ratio 

between the catalysts (undoped/doped) decreased from 0.80 to 0.65 as the cell temperature was raised 

from 30 to 90 °C  [49]. Another reason for the improved performance of Pt/NS-rGO/DWCNT at high 

temperatures can be noted by examining the onset potential region of the catalysts (insets in Fig. 7). At 

20 °C, the onset potentials are roughly equal for all the catalysts but at 70 °C there is a clear improvement 

for Pt/NS-rGO/DWCNT compared to the other catalysts (~50 mV lower onset) indicating an activating 

effect between the NS-functionalized graphene support and Pt nanoparticle. 
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Table 2. Electrochemical properties of the catalysts. 

Catalyst Pt content 

wt% 

EAH,0
a 

m2 g-1 

EAH,500
b

 

m2 g-1 

i0.5 V 20°C 

mA cm-2 

i0.5 V 70°C 

mA cm-2 

Ea,app,0.5 V
c 

kJ mol-1 

Pt/NS-rGO/DWCNT 42.3 27.3 25.3 0.038 0.088 36.3 

Pt/rGO/DWCNT 40.9 26.7 24.0 0.037 0.066 29.3 

Pt/rGO 46.3 28.6 24.8 0.029 0.043 29.8 

Pt/C 39.4d 38.0 25.5 0.020 0.036 28.4 

a Electrochemically active surface area of a fresh catalyst 
b Electrochemically active surface area of a catalyst aged for 500 potential cycles between 0.05 and 0.8 V in 1 M 

ethanol and 0.1 M HClO4 
c The apparent activation energy of ethanol electro-oxidation at 0.5 V. 
d From the manufacturer (Alfa Aesar) 

 

 

Further analysis of the temperature dependency of the catalytic activity was done by studying the 

apparent activation energy (Ea,app) of EOR for each catalyst. Ea,app was determined for the catalysts at 

different potentials from the cyclic voltammograms and are presented in Fig. 8c. Current values from the 

cathodic sweeps in Fig. 7 were used for the calculations to reduce the effect of poisoning intermediates 

on the Pt surface  [79]. Pt/NS-rGO/DWCNT shows the highest activation energy values (46 to 28 kJ mol-

1 in the potential range from 0.45 to 0.8 V). The catalysts without NS-functionalization show similar 

activation energies from 32 to 23 kJ mol-1 in this potential range. Generally, values between 20 and 50 

kJ mol-1 have been reported for Ea,app of EOR on Pt supported on unfunctionalized carbon in acidic media  

[80-90], which are in good agreement with our results. Ea,app for EOR at Pt supported on N-functionalized 

carbon or rGO-CNT composites has not been reported previously to best of our knowledge. 

The large variance of the reported values is due to the sensitivity of the apparent activation energy 

to poisoning intermediates formed in EOR: measuring methods (positive and negative scans or steady-
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state currents), potential ranges, electrolyte and catalyst nanostructure affect the values  [79]. However, 

the fact that activation energy is higher with Pt/NS-rGO/DWCNT than with the untreated catalysts 

indicates that the NS-functionalization of the graphene support has a significant effect on the catalytic 

properties of the Pt nanoparticles because of increased interaction between the support and the 

nanoparticles  [91]. Although NS-functionalization increases Ea,app, the catalytic activity of Pt/NS-

rGO/DWCNT is excellent highlighting the importance of the improvement in the catalyst particle 

distribution (Fig. 2 and S2). 

The change of Ea,app with potential suggest to a potential dependent reaction mechanism. It has 

been shown that at low potentials ethanol dissociates to CO and CHx on Pt and at high potential ethanol 

oxidizes to acetaldehyde and further to acetic acid  [92]. Similar potential dependence was reported by 

Comignani  [81] but also other potential dependencies have been observed, e.g. almost constant values 

(0.15-0.35 V vs SCE)  [83] or increasing values with increasing potential (0.4-0.6 V vs Ag/AgCl)  [88]. 

As with the absolute Ea,app values, these differences are likely due to the differences in measuring 

methods, electrolyte and catalyst nanostructure. 

The durability of the catalysts was studied by making 500 consecutive cyclic voltammograms 

between 0.05 and 0.8 V vs RHE and the oxidative current at 0.8 V relative to the first cycle as a function 

of the cycle number is presented in Fig. 8d. This high potential was chosen to make the differences 

between the catalysts clearer. However, the relative order of the catalysts is also the same at 0.5 V (not 

shown). All the synthesized catalysts show significantly better stability than the commercial alternative. 

After 500 cycles, only 50% of the current remains for Pt/C while 73%, 70% and 67% remains for Pt/NS-

rGO/DWCNT, Pt/rGO/DWCNT and Pt/rGO, respectively. These results were confirmed by measuring 

the electrochemically active surface area (EA) of the catalysts after the cycling by replacing the 

electrolyte with 0.1 M HClO4. Before cycling, Pt/C had clearly the largest EA determined from H-UPD 
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region (Table 2), while the synthesized catalyst show similar EAs. However, after cycling the EA of Pt/C 

had dramatically decreased to a similar value with the synthesized catalysts. The order of the decrease 

was: Pt/C (-12.3 m2 g-1) > Pt/rGO (-3.8 m2 g-1) > Pt/rGO/DWCNT (-2.7 m2 g-1) > Pt/NS-rGO/DWCNT 

(-2.0 m2 g-1) indicating that both the mixing of DWCNTs and the NS-functionalization improve the 

stability of the Pt nanoparticles on graphene during EOR. In the former case, it is likely that DWCNT 

separate the particles further away from each other so that they do not coalesce as much as without  [93] 

and in the latter, the anchoring effect of NS-groups stabilizes the nanoparticles  [91]. 

Chronoamperometry at 0.5 V was measured to determine the tendency of catalyst poisoning (Fig. 

9). Again, Pt/rGO/DWCNT and Pt/NS-rGO/DWCNT show highest currents as is expected from the 

cyclic voltammetry. At low temperatures, there is no decrease in the current due to the low currents and 

slow reaction rate, so that the generation of poisoning species is low. When the temperature is raised, 

steady decrease in current is recorded for all the catalysts. It is likely that a slow decrease would have 

been seen also at lower temperatures if the chronoamperometry was continued longer for larger amounts 

of poisoning species to be generated. Nevertheless, at high temperatures (50 and 70 °C) it can be seen 

that the current decrease is slower for Pt/NS-rGO/DWCNT indicating that NS-functionalization 

decreases the adsorption of poisoning products on Pt. This is in contrast with the COad electro-oxidation 

results (Fig. 6 and Table 1) where Pt/rGO/DWCNT showed lowest CO oxidation potential at 60 °C, 

however, the difference was small (20 mV) and other poisoning intermediates are also created in EOR, 

e.g. CHx fragments, which can display different temperature dependence  [94]. 

 

4. Conclusions 

NS-functionalized graphene prepared by thiol-ene click chemistry was prepared as a potential catalyst 

support for Pt nanoparticles combined with the use of DWCNT as a spacer and conductive filler material. 
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This functionalization does not require high temperature pyrolysis step and is a simple alternative to 

doping for introducing locally charged nucleation sites in graphene. DEMS studies with CO electro-

oxidation demonstrated a significant decrease in its onset potential demonstrating its high resistance to 

poisoning. Further tests with ethanol electro-oxidation showed high activity especially at low potentials 

(<0.5 V vs RHE), which are relevant for fuel cell applications. The catalyst was also very stable during 

potential cycling and exhibited little tendency for poisoning from reaction products. Our results showed 

that both ethanol electro-oxidation activity and stability of graphene supported Pt catalysts can be 

improved by NS-functionalization and furthermore that using DWCNT as filler material enhances the 

mass transfer in stacked graphene layers. This makes the catalyst a highly promising candidate as anode 

catalyst for direct ethanol fuel cells. 
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Figure 1. The proposed mechanism on how grafting cysteamine on graphene and mixing it with 

DWCNT can improve the activity, stability and mass-transfer with ethanol electro-oxidation on Pt 

nanoparticles. The figure is not in scale. (a) Restacked graphene sheets hinder ethanol from reaching 

the active Pt nanoparticles. (b) DWCNT help to separate graphene sheets from each other allowing 

ethanol to easily reach Pt nanoparticles, while grafted cysteamine molecules function as anchoring sites 

for Pt nanoparticles. 
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Figure 2. TEM images of the synthesized composites in our study taken at one-layer-thick graphene 

flakes: Pt/rGO (a-b), Pt/rGO/DWCNT (c-d), and Pt/NS-rGO/DWCNT (e-f). Scale bars are 100 nm (a-c) 

and 10 nm (d-f). 
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Figure 3. A TEM image of Pt/NS-rGO/DWCNT composite taken at multi-layer-thick graphene showing 

the presence of DWCNT.  
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Figure 4. Cyclic voltammograms of the different catalysts in 0.1 M HClO4 after CO cleaning (v = 0.05 

V s-1). ■ Pt/NS-rGO/DWCNT, ● Pt/rGO/DWCNT, ▲ Pt/rGO, ♦ Pt/C. 
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Figure 5. CO stripping on the Pt/rGO catalyst. A) CVs and B) MSCVs. Solid line: m/z = 44 [CO2
+] 

and dash line: m/z = 22 [CO2
++]. 0.1 M HClO4, v = 0.005 V s-1. Temperature: 25 ºC (black line) and 60 

ºC (red line). 
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Figure 6. CO stripping for Pt/rGO (black line), Pt/rGO/DWCNT (red line) and Pt/NS-rGO/DWCNT 

(blue line) catalysts in 0.1 M HClO4 at 60 ºC. Scan rate 0.005 V s-1. A) Faradaic current and B) current 

calculated from CO2
+ signal (m/z = 44). 
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Figure 7. Cyclic voltammograms of the catalysts between 0.05 and 0.8 V vs RHE at a) 20 °C, b) 40 °C, 

c) 50 °C, d) 60 °C and e) 70 °C in 1 M ethanol and 0.1 M HClO4 (0.02 V s-1).  ■ Pt/NS-rGO/DWCNT, 

● Pt/rGO/DWCNT, ▲ Pt/rGO, ♦ Pt/C. The onset potential regions of the anodic scans are shown as 

insets. The electrodes were rotated at 1800 rpm. 
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Figure 8. Ethanol electro-oxidation performance and stability of the tested catalysts in 1 M ethanol and 

0.1 M HClO4 (1800 rpm). a) Currents as a function of the temperature at 0.5 V and b) at 0.8 V vs RHE. 

The currents are taken from the positive sweep of the cyclic voltammograms. c) Apparent activation 

energies (Ea,app) as a function of potential. d) The remaining relative current at 0.8 V vs RHE as function 

of potential cycle number between 0.05 and 0.8 V. 
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Figure 9. Chronoamperometric measurements at 0.5 V vs RHE at a) 20 °C, b) 40 °C, c) 50 °C, d) 60 °C 

and e) 70 °C in 1 M ethanol and 0.1 M HClO4. ■ Pt/NS-rGO/DWCNT, ● Pt/rGO/DWCNT, ▲ Pt/rGO, 

♦ Pt/C. The electrodes were rotated at 1800 rpm. 


