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Abstract 

The performance of PtRu on three differently modified few-walled carbon nanotube (FWCNT) supports 

for ethanol electro-oxidation is evaluated in alkaline media both with rotating disc electrode (RDE) and 

direct ethanol fuel cell (DEFC) measurements at various temperatures (0-60 °C). FWCNT are modified 

with oxidative treatment (O-FWCNT), aniline coating (A-FWCNT) and N-doped carbon layer (N-

FWCNT). RDE testing shows that A-FWCNT/PtRu outperforms both O-FWCNT/PtRu and N-

FWCNT/PtRu especially at high temperatures giving 1.5 times higher current at 60 °C. The poisoning 

resistance of N-FWCNT/PtRu is high over the temperature range, while O-FWCNT/PtRu and A-

FWCNT/PtRu become increasingly poisoned with increasing temperature. Alkaline DEFC testing at 30 

°C and 50 °C indicates similar dependence to temperature as in RDE tests. However, only N-

FWCNT/PtRu can sustain currents for longer than 20-30 h during constant voltage measurement. SEM 

images of the catalyst layers reveal that both O-FWCNT/PtRu and A-FWCNT/PtRu form a dense 

structure with little pores for reactant and product transport explaining the quick performance loss, while 

large pores are formed with N-FWCNT/PtRu facilitating the transport. These results underline that the 
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interactions between the catalyst support and the ionomer in the fuel cell catalyst layer are important in 

forming a suitable pore structure for efficient mass transfer. 
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1. Introduction 

Direct ethanol fuel cells (DEFC) are emerging as an excellent alternative for powering small electronic 

devices. Unlike batteries, the “charging” of the DEFC is a simple insertion of fuel, and ethanol is non-

toxic liquid with a high energy density (8.3 Wh kg-1 or 6.7 Wh dm-3). However, the electro-oxidation of 

ethanol is complicated due to the carbon-carbon bond in its structure and complete oxidation to CO2 is 

limited. Thus, a great deal effort has been dedicated to find new and more active catalysts for ethanol 

electro-oxidation [1]. 

A fuel cell catalyst generally consists of active metal nanoparticles which are supported on carbon [2]. 

Therefore, there are two components that can be changed to improve the activity and stability of the 

catalyst. A wide variety of different metals has been tested for ethanol electro-oxidation but commonly 

these catalysts are based on Pt or Pd with other metals alloyed with them [1]. With the discovery of new 

carbonaceous species like carbon nanotubes and graphene also the study of different catalyst supports 

has increased in popularity. The support directly affects the catalytic activity of the metal by changing 

its electronic structure through the bond between them [3]. This bond also determines how well the 

nanoparticle is attached to the support, in other words its stability. The size and distribution of the 

nanoparticles is also affected by the support [4]. Carbon nanotubes are a popular choice for their high 

conductivity and surface area. We have previously tested few-walled carbon nanotubes (FWCNT) as the 

support for PtRu in direct methanol fuel cells (DMFC) [4] and showed improved methanol electro-

oxidation activity compared to carbon black supported PtRu. FWCNT are small carbon nanotubes 

consisting of 3-5 walls that combine the robustness of multi-walled carbon nanotubes and the smallness 
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and structural perfection of single-walled carbon nanotubes [5].  For example, the outer layer of FWCNT 

can be modified with dopants, while the inner layers retain their excellent conductivity. 

Lately, the nitrogen-doped graphitic materials like carbon nanotubes and graphene have been proven to 

be highly active for oxygen reduction and evolution reaction in alkaline media [6,7] indicating it can 

easily adsorb water, hydroxide ions and oxygen that can help to provide the oxygen that is required for 

complete ethanol oxidation [2]. Nitrogen-doped supports have also been shown to improve the catalyst 

nanoparticle distribution on the support due to the anchoring effect of the dopant sites [8-10] and thus, 

to increase ethanol electro-oxidation rate with Pt [11] and PtSn [12] on carbon nanotubes, Pd on carbon 

nanospheres [13] and PtSn on carbon [14]. However, these experiments have been made in room 

temperature and no actual DEFC testing is made as is often case when new catalyst are suggested for 

application in fuel cells. As fuel cells generally operate between 0 and 100°C, it is important to study the 

catalysts also at elevated temperatures. On the other hand, without DEFC testing there are limited ways 

to estimate the effect of the new catalyst to the catalyst layer, which is very important for fuel cell mass 

transfer and performance. We have shown before that new catalyst supports can have dramatic effects to 

the general and optimum structure of the catalyst layer in the case of nanofiber supported PtRu [15] and 

N-doped FWCNTs for DMFCs [16]. 

In this paper, we have prepared oxygen and nitrogen-modified FWCNT supports with PtRu deposited on 

them and tested them for ethanol electro-oxidation activity in a rotating disc electrode (RDE) 

electrochemical cell and in alkaline DEFC at various temperatures. 

 

2. Experimental 

2.1 Catalyst material preparation 

Few-walled carbon nanotubes (FWCNT) were used as catalyst substrate. In order to study the influence 

of surface chemistry on the particle size distribution and electrocatalytic activity, FWCNT were modified 

before nanoparticle deposition. Firstly, FWCNT were functionalized with 2 M HNO3/1 M H2SO4 (1:1) 

at 120 °C for 4 h to introduce oxygen functional groups on the surface (O-FWCNT). Secondly, FWCNT 

were treated with aniline (A-FWCNT) to introduce positive charge on the surface [17]. Aniline (20 wt% 

ratio) was mixed with isopropanol/water (1:1) and then FWCNT added to the solution in the sonication 
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bath for 3 h at 45 °C. Finally, N-doped FWCNT (N-FWCNT) were synthesized according to the 

procedure described previously [18]. Briefly, FWCNT were coated with polyaniline via chemical 

polymerization of aniline with ammonium persulfate (APS) in 1 M HCl, followed by pyrolysis at 900 °C 

for 1 h. This forms an N-doped layer of carbon on the FWCNT. 

PtRu nanoparticles (25 wt%, Pt:Ru 1:1 atomic ratio) were deposited on the substrates via a polyol method 

by reduction of K2PtCl6 and RuCl3 with NaBH4 as reported elsewhere [19]. All chemicals pertaining to 

the synthesis were acquired from Sigma-Aldrich. 

 

2.2 Rotating disc electrode preparation 

Catalyst ink was prepared by mixing the synthesized catalysts of 25 wt% PtRu on O-FWCNT, N-

FWCNT and A-FWCNT with N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) and 12 wt % solution of 

FAA3 ionomer in NMP (Fumatech). A catalyst ink contained 5 mg of catalyst, 6 µl of FAA3 solution 

and 200 µl of NMP. The components were first mixed by a magnetic stirrer for 30 min, then subjected 

to 15 min of sonication and finally mixed by a magnetic stirrer for 4 h. Four glassy carbon electrodes 

(GCE, diameter 5 mm, Pine Instruments) were polished and a 5 µl aliquot of the ink was dropped on 

each of the GCEs. The electrodes were then put in vacuum oven and kept at 60°C for 1 h to evaporate 

the NMP. All electrodes were measured within 4 days from their preparation. 

 

2.3 Rotating disc electrode measurements 

A 3-electrode electrochemical cell with a rotating working electrode (Pine) was assembled with a 

modified GCE as the working electrode, Pt-wire as the counter electrode and mercury/mercury oxide 

(0.1 M NaOH) reference electrode. All potential values were converted to the reversible hydrogen 

electrode (RHE) scale. The electrolyte was 0.1 M NaOH (Merck). A Metrohm Autolab  PGSTAT100 

potentiostat was used to control the potential of the cell. First, the cell was de-aerated by bubbling with 

N2 for 30 minutes. A cyclic voltammogram was made to determine that the electrode preparation had 

been successful. The catalyst surface was cleaned and its active area was determined with CO adsorption. 

The electrolyte was bubbled with CO (99.99%, Aga) for 30 min with the GCE rotating at 300 rpm to 

enhance the mass transfer to the electrode. Then the cell was purged from non-adsorbed CO with N2 
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(99.999%, Aga). The cell potential was held at 0.125 V vs RHE during this time. Subsequently, 3 cyclic 

voltammograms were measured at 10 mV s-1. CO oxidation charge was determined by subtracting the 

second scan from the first and calculating the area under the CO oxidation peak between the potential 

where subtracted current becomes positive and 0.82 V vs RHE. The charge was converted to area by 

using the value 420 mC cm-2 for the oxidation of an adsorbed monolayer of CO on a PtRu surface [20]. 

It is worth noting that this figure is an approximation derived for a pure Pt surface as the exact nature of 

CO absorption on a Ru surface is yet unknown and thus, it should only be used to calculate the surface 

area for the comparison of catalysts with similar structures. All the currents pertaining to RDE 

measurements are normalized with the active area derived from the CO oxidation. The electrode was 

further cleaned with 5 cyclic voltammograms between 0.075 and 0.825 V vs RHE. The potential was not 

raised higher due to Ru dissolution [21]. These measurements were made at room temperature. 

Next, the electrolyte was changed to 0.1 M NaOH and 1 M ethanol (Altia Industrial) solution and the 

cell was heated or cooled to the studied temperature (0, 20, 40 and 60°C) while bubbling with N2 and 

potential being held at 0.075 V vs RHE. Modified GCEs made from the same ink were used to measure 

the different temperatures to minimize the effect of ink constitution variation. However, each temperature 

was measured with different GCE to minimize the degradation of the catalyst during measurements. Care 

was taken to make sure that the cell was as tightly closed as possible so that ethanol would not evaporate 

significantly during measurements. The inlet gas was also directed through a gas bubbler with the same 

solution as in the cell. Cyclic voltammograms (CV) were then recorded with 1800 rpm rotation. Catalyst 

poisoning was studied with a 2000 s and repeated 300 s chronoamperometric measurements at 0.5 V vs 

RHE with 1800 rpm rotation. 

 

2.4 MEA preparation 

A FAA3 membrane (Fumatech) was ion-exchanged in 0.5 M NaOH (Merck) with stirring for 1 h and 

washed in deionized water. Before assembling the fuel cell, the membrane was soaked in 1 M ethanol. 

The catalyst ink was prepared by mixing the synthesized catalysts (O-FWCNT/PtRu, A-FWCNT/PtRu 

and N-FWCNT/PtRu) with NMP, isopropanol (Merck) and 12 wt % solution of FAA3 ionomer in NMP. 

The components were first mixed by a magnetic stirrer for 30 min, then subjected to 15 min of sonication 

and finally mixed by a magnetic stirrer overnight. Isopropanol was added to the ink during mixing until 
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the viscosity of the ink was suitable for air brush painting. The resulting slurry was painted on a pre-

weighted gas diffusion layer (GDL) with a microporous layer (FuelCellEtc GDL-CT) by an air brush and 

dried in a vacuum oven at 40 °C for 1.5 h. The GDL was then weighed to determine the weight of the 

dry catalyst layer. The PtRu loadings for each successfully fabricated anode were as follows (in mg cm-

2): 0.61 (FWCNT), 0.94 (N-FWCNT) and 0.81 (A-FWCNT). Due to the variance of the catalyst loadings, 

the fuel cell anode polarization currents in this study are normalized in respect to PtRu mass. A 

commercial carbon cloth electrode with 4 mg cm-2 of Pt black (FuelCellEtc HLGDE) was used as the 

cathode after it was sprayed with FAA3 ionomer (0.35 mg cm-2 ionomer loading). The MEA was not 

hot-pressed due to the sensitivity of the FAA3 membrane towards pressure and temperature [22]. 

The catalyst layers for conductivity measurements were prepared similarly as the ones for fuel cell 

measurement but sprayed on a plastic film. Conductivity was measured in-plane by a linear potential 

sweep with a 4-electrode probe (Bekktech) and calculated from the slope of the voltage-current plot. 

These samples were also used for scanning electron microscopy (SEM, JEOL JSM-7500FA) to study the 

structure of the catalyst layer. 

 

2.5 Fuel cell experiments 

The fuel cell was assembled with Teflon® gaskets, carbon cloth gas diffusion layers and a MEA. The cell 

was then clamped together with eight screws and tightened to a torque of 5 Nm. The active area of the 

fuel cell was 5.29 cm2. Cell voltage and current were controlled by a Metrohm Autolab PGSTAT20 

potentiostat with a BSTR10A booster. Prior to the measurement, the cell was first allowed to stabilize 

overnight at 50°C, with a 0.2 ml min-1 flow of  1 M ethanol solution in deionized water at the anode and 

100 ml min-1 flow dry O2 (99.999%, Aga) at the cathode, while constant current of 0.5 mA cm-2 was 

applied.  

The next day O2 at the cathode was replaced with H2 (99.999%, Aga) after N2 (99.999%, Aga) flushing 

and the flow rates increased to 2.0 ml min-1 for ethanol and 200 ml min-1 for H2. Once stabilized, anode 

polarization curves were measured with a voltage sweep from the open circuit voltage (OCV, ~0.01 V) 

to 0.5 V at a rate of 2 mV s-1 followed by cooling of the fuel cell to 30°C and measurement of another 

set of anode polarization curves. Subsequently, the H2 at the cathode was changed to O2 and the flow 

rates reduced to 0.3 ml min-1 and 100 ml min-1, for the ethanol and O2 respectively, while the cell was 
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heated back to 50 °C. The cell was stabilized at OCV for 30 minutes prior to a 2-day (44 h) galvanostatic 

(1.5 mA cm-2) measurement. After 44 h or when cell voltage was 0 V, the measurement was stopped for 

2 minutes and new galvanostatic measurement was started to observe the differences in catalyst activity. 

The total time under constant current was approximately 50 h for each catalyst. 

 

3. Results and discussion 

3.1 Catalyst properties 

TEM images of the synthesized catalysts with PtRu particle size distribution are presented in Fig. 1. The 

average particle size and the elemental composition of PtRu are presented in Table 1. It can be observed 

that PtRu nanoparticles are more evenly distributed on N-FWCNT and especially clustered on O-

FWCNT. This is in line with previous observations [23-25] indicating that N-moieties create targets for 

metal deposition on carbon supports. On the other hand, PtRu nanoparticles formed on A-FWCNT show 

some clustering, which points to the fact that just having nitrogen-containing substances on FWCNT 

does not improve nanoparticle distribution as much as having nitrogen doped into the graphitic carbon. 

The average size of the nanoparticles supports this observations as it decreases in the sequence of O-

FWCNT/PtRu > A-FWCNT/PtRu > N-FWCNT/PtRu (Table 1). 

The total metal content of N-FWCNT/PtRu is significantly higher than of the other two catalysts (Table 

1). This is expected as nitrogen is more electronegative than carbon and causes negative charge on the 

nitrogen atom and positive charges on the adjacent carbon atoms. These charges attract the metal 

precursor ions to form nanoparticles. For O- and A-FWCNT, the charged groups are single charged 

pending groups that may be less effective in anchoring metal precursors as their charge is dependent on 

their protonation degree. Properties of the modified FWCNT also affect the ratio of the metals: N-

FWCNT/PtRu is close to the intended 50:50 atomic ratio between Pt and Ru, while A-FWCNT/PtRu and 

O-FWCNT/PtRu have higher Pt content (Table 1). 
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Figure 1. TEM images of the synthesized catalysts (a-c) and their PtRu nanoparticle size distributions 

(d-f). a,d) O-FWCNT/PtRu, b,e) A-FWCNT/PtRu and c,f) N-FWCNT/PtRu. 
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Table 1. Physical properties of the synthesized catalysts. 

Sample O-FWCNT/PtRu A-FWCNT/PtRu N-FWCNT/PtRu 

Max Gauss peak (nm) 2.75 2.25 2.06 

Average size (nm) 2.73 2.34 2.08 

Metal wt% (EDX) 24.1 23.8 28.8 

Pt (wt%) 18.3 19.4 20.2 

Ru (wt%) 5.8 4.4 8.6 

Pt:Ru (at%) 62:38 70:30 55:45 

 

3.2 RDE measurements 

RDE electrodes were first characterized in pure electrolyte (0.1 M NaOH). The CVs for the different 

catalysts (Fig. 2a) shows different peak potentials for the hydrogen desorption between 0.075 and 0.35 

V. It can be seen that A-FWCNTs/PtRu with the least Ru content demonstrated the peak at a lower 

potential than the others. Similar effect has also been observed with decreasing Ru content elsewhere 

[25] explaining the difference. It is also possible that the interactions of the modified supports and the 

PtRu nanoparticles play a role in the shape of the peak [25]. 

The electrochemically active surface area (EASA) was determined from the CO oxidation (Figure 2b) 

and following values were determined: O-FWCNT/PtRu 99±7 m2/g, A-FWCNT/PtRu 59±2 m2/g and N-

FWCNT 101±1 m2/g. The values represent the average from 4 electrodes used in the determination of 

the ethanol electro-oxidation activity. The EASA of O-FWCNT/PtRu and N-FWCNT/PtRu are 

approximately 100 m2 g-1, which is high for carbon supported catalysts but not unusual for CNT 

supported PtRu catalysts [25-27]. For the A-FWCNT/PtRu, the active area is only about half of the other 

catalysts which can be due to aniline covering some pores of the FWCNT. The CO oxidation starts at 20 

to 30 mV lower potentials with the N-modified catalyst than with unmodified catalyst indicating the 

known beneficial effect of N species in the catalyst supports to CO tolerance [28]. The negative shift and 

sharpening of the peak with A-FWCNT/PtRu may again be due to the low Ru content as has been shown 

in acidic conditions [29]. 
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Figure 2. a) The CVs and b) adsorbed CO layer oxidation of the different catalyst in 0.1 M NaOH, 

room temperature and stationary electrode. ■ O-FWCNT/PtRu, ● A-FWCNT/PtRu, ▲N-

FWCNT/PtRu. 
 
 

The cyclic voltammograms in 0.1 M NaOH containing 1 M ethanol were performed at 1800 rpm after 

the CO oxidation (Fig. 3). All the catalysts were measured in 0, 20, 40 and 60°C. In all the temperatures, 

A-FWCNT/ PtRu exhibited superior performance, while N-FWCNT/PtRu had the lowest performance 

except at 60°C, where it had similar activity compared with O-FWCNT/PtRu. The low performance of 

the N-FWCNT/PtRu is surprising as nitrogen-doping of the carbon support commonly improves the 

ethanol oxidation activity of metals [11,12]. However, N-doping does not always have significant effect 

on the methanol oxidation activity of supported PtRu [30] and some N-doped carbon materials perform 

worse than undoped Vulcan supports [31,32]. Therefore, the same can apply to ethanol oxidation. Also, 

the small amount of nitrogen (~0.5 at% [18]) in the structure can explain the poor performance of N-

FWCNT/PtRu [33,34]. Finally, the Pt:Ru ratios of the catalysts differ significantly, which affects the 

ethanol electro-oxidation activity. Bagchi et al. [35] determined Pt:Ru ratio 60:40 to be optimum for Ni 

supported PtRu in alkaline media, which is close to the ratios of both O-FWCNT/PtRu (62:38) and N-

FWCNT/PtRu (55:45). This does not explain the excellent performance of A-FWCNT/PtRu as its Pt:Ru 

ratio is higher 70:30. However, in acidic media several optimum values for Ru content for ethanol electro-

oxidation have been determined in the range from 18 to 50 at% [36-39], so it is likely that the optimum 

content in alkaline is also highly sensitive to synthesis method, measurement conditions [40], and 

alloying degree of Ru [41]. However, the current values in a potential relevant to DEFC (0.5 V) show 
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that A-FWCNT/PtRu is clearly the most effective only at 60 °C (Fig. 4). The performances of the 

catalysts do not differ significantly until at high temperatures justifying their further testing. All the 

catalyst passivate during the CV meaning that the current at 0.5 V on the positive sweep is lower than on 

the negative sweep due to poisoning at low potentials by reaction intermediates as well as the cleaning 

of the surface by oxidation at high potentials [42]. 

 

Figure 3. Ethanol electro-oxidation currents in  0.1 M NaOH containing 1 M ethanol with 1800 rpm at 

various temperatures: a) 0 °C, b) 20 °C, c) 40 °C and d) 60 °C. ■ O-FWCNT/PtRu, ● A-FWCNT/PtRu, 

▲N-FWCNT/PtRu. 
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Figure 4. Ethanol electro-oxidation currents sampled at 0.5 V vs RHE (positive sweep) in 0.1 M NaOH 

containing 1 M ethanol with 1800 rpm rotation and at various temperatures. a) 0 °C, b) 20 °C, c) 40 °C 

and d) 60 °C. ■ O-FWCNT/PtRu, ● A-FWCNT/PtRu, ▲N-FWCNT/PtRu. 

Apparent activation energy (Ea,app) for ethanol electro-oxidation at different potentials was calculated 

from the negative sweep of a stationary CV (Fig. 5) [43]. It indicates that N-modification has a clear 

impact on the reaction as the potential dependence is different for O-FWCNT/PtRu compared to the other 

catalysts. The Ea,app of O-FWCNT/PtRu is between 10 and 15 kJ mol-1 and shows a maximum at 0.45 V, 

while both N-modified catalysts follow a decreasing Ea,app tendency over the potential range from 0.3 to 

0.8 V. The energies decrease from 25 to 7 kJ mol-1 for N-FWCNT/PtRu and from 30 to 12 kJ mol-1 for 

A-FWCNT/PtRu. Ea,app for ethanol-oxidation with undoped carbon supports and Pt in alkaline conditions 

has generally been determined between 10 and 25 kJ mol-1 on Pt [44-49] and a decrease has been reported 

with the addition of Ru in acidic media [38]. Thus, the values we have determined are in line with the 

previous findings. The fact that the activation energy is larger at low potentials and its potential 

dependence is different for N-modified supports indicates that there is a strong interaction between the 

support and the catalyst particle. At high potentials the difference between the catalysts is not significant. 

The change in the activation energy over potential suggests that there is a change in the reaction 

mechanism for A- and N-FWCNT/PtRu. 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 [42]. 

In the case of O-FWCNT/PtRu, the activation energy is quite stable over the potential range and could 

mean that the reaction proceeds through one mechanism at all potentials. This could be the oxidation to 
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acetaldehyde and acetic acid due to the similarity of the Ea,app values between the catalysts at high 

potentials (<0.45 V). 

 

 

Figure 5. Apparent ethanol electro-oxidation activation energies calculated from CV data at different 

potentials in in 0.1 M NaOH containing 1 M ethanol. The electrode was stationary and the currents are 

sampled from the negative scan [43]. ■ O-FWCNT/PtRu, ● A-FWCNT/PtRu, ▲N-FWCNT/PtRu. 

The chronoamperometric measurements at 0.5 V at all the temperatures for 2000 s are presented in Fig. 

6. O-FWCNT/PtRu shows the highest current at 0 °C as was the case with the CVs at 0.5 V (Fig. 4). The 

decrease in current is similar for each catalyst indicating a similar tendency for poisoning. However as 

the temperature rises, the activities of N- and A-FWCNT/PtRu increase more rapidly as expected on the 

basis of the CV measurements (Fig. 4). N-FWCNT/PtRu is also clearly the most resistant to poisoning 

at temperatures over 20 °C and retains superior current at the end of the experiment. A-FWCNT/PtRu 

shows the best current initially but suffers from a high poisoning rate, while O-FWCNT/PtRu suffers 

from both low initial current and high poisoning rate. The percentage of current remaining at the end of 

the chronoamperometric measurement compared to the initial current as a function of temperature is 

presented in Fig. 7 with linear fitting. Interestingly, the fraction of ethanol oxidation current remaining 

is nearly constant for N-FWCNT/PtRu as temperature increases and slightly decreases for A-FWCNT, 

while a steep decrease for O-FWCNT/PtRu is observed. This could be due to a different reaction 

mechanism indicated by the Ea,app measurements. Repeating the chronoamperometric measurements (3 

times 300 s at 0.5 V with 60 s of “rest period” at 0.075 V in between, not shown) did not reveal any 
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significant differences in the currents indicating that the poisoning effects can be effectively mitigated 

by lowering the electrode potential possibly due to species desorption and mixing of the concentration 

gradients near the electrode closer to bulk concentration. 

 

Figure 6. Chronoamperometric measurements (0.5 V vs RHE) for ethanol electro-oxidation in 0.1 M 

NaOH containing 1 M ethanol with 1800 rpm rotation and at various temperatures for 2000 s: a) 0 °C, 

b) 20 °C, c) 40 °C and d) 60 °C. ■ O-FWCNT/PtRu, ● A-FWCNT/PtRu, ▲N-FWCNT/PtRu. 
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Figure 7. The fraction of ethanol electro-oxidation current remaining at the end of 2000 s 

chronoamperometric in 0.1 M NaOH containing 1 M ethanol with 1800 rpm rotation as function of 

temperature for the different catalysts. The lines are linear fits to the data points. ■ O-FWCNT/PtRu, ● 

A-FWCNT/PtRu, ▲N-FWCNT/PtRu. 

 

3.3 Fuel cell results 

MEAs were prepared with the tested catalyst materials as the anode catalyst and ethanol electro-oxidation 

in alkaline membrane fuel cell conditions was studied with the dynamic H2 reference electrode technique 

[50], in which H2 is fed to the cathode to reduce its polarization and effect to cell performance to a 

minimum. The resulting polarization curves for each catalyst are presented in Fig. 8. The performance at 

30°C corresponds to the RDE results except for N-FWCNT/PtRu, which shows slightly lower current at 

higher potentials. This could be due to different solid electrolyte and different pH in DEFC as the alkaline 

membrane will be at least partly saturated with CO3
2- due to presence of CO2 [51]. Furthermore, the 

differences may be also related to mass transport properties of the catalyst layers, which does not play a 

large role in the very thin RDE electrodes. However, when temperature of the fuel cell is increased from 

30°C to 50°C, the performance of the A-FWCNT/PtRu and N-FWCNT/PtRu improve compared with O-

FWCNT/PtRu in agreement with RDE measurements. This results in N-FWCNT/PtRu showing the best 

performance at 50 °C. Fuel cell measurement could not be conducted at higher temperatures since the 

membrane (Fumatech FAA3) becomes unstable in these conditions.  
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Fig 8. Anode polarization curves in alkaline DEFC with 1 M ethanol at the anode and pure H2 at the 

cathode. a) 30 °C, b) 50°C. ■ O-FWCNT/PtRu, ● A-FWCNT/PtRu, ▲N-FWCNT/PtRu. 

Chronoamperometric fuel cell measurements at 1.5 mA cm-2 and 50°C are presented in Fig. 9a. It is clear 

that the curves follow the trends observed in the shorter RDE measurements (Fig. 6): N-FWCNT/PtRu 

is the most stable catalyst, while O-FWCNT/PtRu and A-FWCNT/PtRu lose voltage rapidly until it 

reaches zero. However, when the chronoamperometric measurement is restarted, N-FWCNT/PtRu 

follows a slightly lower curve in voltage than before. On the other hand, the performance of O-

FWCNT/PtRu remains identical to the first test and the performance of A-FWCNT/PtRu is improved. 

This is illustrated in Fig. 9b, which shows the potential difference between time points in the two 

consecutive chronopotentiometric measurements (E2-E1). Furthermore, the voltage degradation remains 

similar in this second measurement: N-FWCNT/PtRu exhibits quite a stable voltage while the voltage of 

O-FWCNT/PtRu and A-FWCNT/PtRu decrease rapidly. This indicates that despite having good 

tolerance against poisoning, N-FWCNT/PtRu suffers irreversible changes during fuel cell operation, 

while the voltage losses observed with O-FWCNT/PtRu and A-FWCNT/PtRu catalysts are reversible 

and performance is easily recovered by switching the cell off for few minutes (2 minutes at OCV was 

used in this study). A reason for the irreversible losses for N-FWCNT/PtRu can be the higher potential 

during the chronopotentiometric measurements: a constant and high cell voltage has been shown to be 

more detrimental to performance due to cathode degradation in a direct methanol fuel cell [52]. Also, 

irreversible instability was seen when N-doped FWCNT without metal deposition were tested for the 
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oxygen reduction reaction (ORR) in alkaline DMFC [16]. Therefore, another reason for instability can 

be the possible eroding of the thin N-doped carbon layer from the N-FWCNT/PtRu, which would also 

detach PtRu from the surface. In RDE measurement, the loss of activity was recovered by lowering the 

electrode potential for all the catalysts. The difference in behavior compared to DEFC conditions in the 

case of N-FWCNT/PtRu is likely due to the shorter time span of the RDE measurements, which is not 

long enough to reveal the irreversible losses. The improvement in the performance of A-FWCNT/PtRu 

between chronoamperometric measurements could be due to aniline dissolving in the ethanol-water fuel 

solution, which opens new pores in the catalyst layer. 

The overall performance of the cells is low compared to previous DEFCs using PtRu as the anode catalyst 

[53,54] due to the omission of liquid electrolyte (KOH or NaOH) in the fuel solution. However, the use 

of liquid electrolyte was purposefully avoided in this case as it would cause detrimental carbonate 

precipitation due to reaction between free cations and carbonate from CO2 dissolved from ambient air 

and produced at the anode. 

 

 

Figure 9. a) Two consecutive chronopotentiometric measurements in DEFC conditions for each catalyst. 

1 M ethanol at the anode and pure O2 at the cathode. The cell was at OCV for 2 min between the 

measurements. ■ O-FWCNT/PtRu, ● A-FWCNT/PtRu, ▲N-FWCNT/PtRu. b) Difference in voltage 

between the first and the second measurement (E2-E1) as a function of time. 
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In order to further investigate the reasons for the fuel cell performance, SEM images of the anode catalyst 

layers are presented in Fig. 10. The total cross-sections of the catalyst layers are presented in Fig. 10a-c 

with a higher magnification in Fig. 10d-f. Separate catalyst layers were prepared for microscopy analysis 

as the used MEAs were not feasible for sample preparation. It can be seen that the MEA preparation was 

successfully carried out to obtain similar thickness of the catalyst layers: average values of 85 µm for O-

FWCNT/PtRu, 95 µm for N-FWCNT/PtRu and 88 µm for A-FWCNT/PtRu were determined. 

Both A-FWCNT/PtRu and O-FWCNT/PtRu formed a very dense catalyst layer with little pores visible, 

while N-FWCNT/PtRu has agglomerated structure with large secondary pores between them. Previously, 

we have observed a similar structure formed by FAA3 and N-FWCNTs without deposited metal catalyst 

in the cathode catalyst layer [16]. These large secondary pores should facilitate the mass transfer through 

the whole catalyst layer, while the dense structure of A-FWCNT/PtRu and O-FWCNT/PtRu hinders the 

transport of ethanol to the active sites and the reaction products from there. This explains the behavior 

of the MEAs during the chronoamperometric measurement: in the case of O-FWCNT/PtRu and A-

FWCNT/PtRu the products accumulate in the catalyst layer decreasing the performance of the fuel cell. 

However, after stopping the current for a while, the layer is cleaned and performance resumes from 

higher level resulting in reversible performance loss. With the more open structure in the N-

FWCNT/PtRu MEA, reaction products flow out the catalyst layer more easily reducing the reversible 

performance decrease. 

The electrical conductivity of the catalyst layers was also measured with A-FWCNT/PtRu producing the 

least resistive layer (0.30  cm2). For O-FWCNT/PtRu and N-FWCNT/PtRu, the resistivity of the layers 

was higher, 0.96 and 1.00  cm2, respectively. Although aniline in its monomer form is not electrically 

conductive, it is possible that some of it has polymerized in the experiments and can be used to enhance 

the conductivity of a fuel cell catalyst layer. In addition, it is clear that even though N-modification of 

FWCNT increases the porosity of the catalyst layer, the conductivity of the layer does not suffer from it. 
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Figure 10. SEM images of the cross-section of the fuel cell anode catalyst layer formed by each catalyst 

and FAA3 ionomer. a,d) O-FWCNT/PtRu, b,e) A-FWCNT/PtRu and c,f) N-FWNCT/PtRu. a-c) Full 

catalyst layer cross-section, scale bar 10 µm, d-f) Higher magnification SEM images, scale bar 1µm. 
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4. Conclusions 

In this work, PtRu catalysts supported on differently modified FWCNT have been evaluated for ethanol 

electro-oxidation in alkaline conditions both in RDE and DEFC configurations at various temperatures. 

The modification methods were oxidizing the support (O-FWCNT/PtRu), coating it with aniline (A-

FWCNT/PtRu) and forming a N-doped layer around carbon nanotube walls (N-FWCNT/PtRu). Both A-

FWCNT/PtRu and N-FWCNT/PtRu exhibited improved CO and ethanol electro-oxidation activity 

especially at higher temperatures (>40 °C) compared to O-FWCNT/PtRu. The activity for ethanol 

electro-oxidation was highest for A-FWCNT/PtRu while N-FWCNT/PtRu improved poisoning 

resistance in RDE measurements. The potential dependence of the apparent activation energy for ethanol 

electro-oxidation on PtRu also changed with the modification of the supports; i.e., it decreased as 

potential was increased from 0.3 to 0.8 V with A-FWCNT/PtRu and N-FWCNT/PtRu, while O-

FWCNT/PtRu had a maximum at 0.45 V. These investigations provide evidence of the beneficial 

influence of support material modification on the PtRu activity toward ethanol electro-oxidation. 

Alkaline DEFC testing of the catalyst showed similar activity and durability as the RDE measurements. 

However, only N-FWCNT/PtRu could sustain currents for longer than 20-30 h, while during this time 

the DEFC performance decreased to zero for O-FWCNT/PtRu and A-FWCNT/PtRu. This could be 

mitigated by a short potential excursion to OCV and restarting the measurement. When the same was 

done for N-FWCNT/PtRu, small irreversible loss was measured most likely due to the instability of N-

doped carbon layer. SEM images of the catalyst layers revealed that both O-FWCNT/PtRu and A-

FWCNT/PtRu formed a dense structure with little pores for reactant and product transport with the 

alkaline ionomer FAA3 explaining the quick and reversible performance loss. On the other hand, large 

pores were formed with N-FWCNT/PtRu facilitating the transport and improving the performance. 

These results underline that the interactions between the catalyst support and the ionomer in the fuel cell 

catalyst layer are important in forming a suitable pore structure for efficient mass transfer. We have 

shown previously that N-doping of carbon nanotubes is a promoting factor for forming a porous catalyst 

layer [16]. Current study confirms this fact for catalyst supports and also reveals that merely adding N-

containing species (aniline) to the support is not enough to trigger the formation of a porous structure. 

Considering the wide variety of carbon supports and their modifications available for fuel cell catalysts, 

this observation opens a plentiful field for further study and performance improvements. 
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