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Abstract 

Pt80Rh20 and Pt60Rh40 alloy catalysts were electrodeposited at constant current density 

from different electrolytic baths on commercial carbon paper in order to be tested for 

the ethanol oxidation reaction (EOR) and as anodes in a direct ethanol fuel cell (DEFC). 

Pt and Rh anodes prepared in the same form were also examined for comparison. As 

measured by energy-dispersive X-ray microanalyses, the electrodeposited Pt:Rh atomic 

ratios were the same as those of the precursors in the bath. X-ray diffraction showed the 

PtRh alloy formation with mean particle sizes of 8.3 and 7.0 nm for Pt80Rh20 and 

Pt60Rh40, respectively, and a Pt lattice contraction caused by the Rh addition. The X-ray 

photoelectron spectroscopy analyses suggested a Pt lattice strain due to Rh alloying 

because the Pt4f binding energies were shifted to higher values with respect to that of 

pure Pt. The onset potentials of the alloy oxidation, CO stripping and ethanol oxidation 

in the cyclic and linear sweep voltammograms indicated that Pt60Rh40 was the most 

active for the CO and the ethanol electrooxidation. The apparent activation energies for 

the EOR on that alloy were also the lowest one, in agreement with its highest activity. 

These results were explained by the bifunctional mechanism, assuming that Rh 

contributed with hydroxylated species to favor the removal of the CO-type adsorbed 

species on Pt sites, and by the effect of Rh on the Pt electronic structure, the lattice 

strain being dominating over the charge transfer between Rh and Pt. Tests carried out in 

single DEFCs showed the feasibility of using the Pt60Rh40 electrodeposited electrodes 

on carbon as the anode in a real fuel cell environment. 
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1. Introduction 

The increasing industrialization using fossil fuels leads to growing environmental 

problems and, on the other hand, these resources are finite. Therefore, it is necessary to 

look for new energy sources which have to be sustainable, efficient and environmentally 

friendly. Fuel cells are promising candidates because of their potentially high efficiency 

and wide range of applications, from portable to stationary, with pollutants emission 

tending to zero during operation [1,2]. 

Direct alcohol fuel cells (DAFCs) are the most promising ones for small portable 

applications such as cellular phones, laptop computers, cameras and clinical devices, 

because of their compact and simple design, easy recharging and storage of the liquid 

fuel [3,4]. DAFCs are nowadays very interesting for novel microelectronic devices, 

which require the development and implementation of new compatible power sources 

able to fulfill their energy requirements [5-8]. 

Dealing with liquid fuels, ethanol has superior advantages due to its energy density, 

low toxicity and less environmental concerns in comparison to other alcohols widely 

studied for DAFCs, such as methanol or ethylene glycol, as it can be produced from 

biomass fermentation [9]. Table 1 lists the properties of some DAFCs [10,11]. 

However, until the date, direct ethanol fuel cells (DEFCs) have been scarcely used at 

micro-scale [12-14]. This can be explained by the low electrochemical activity of 

ethanol at the usual mild operating conditions of DEFCs, i.e. low temperature and 

atmospheric pressure. 

The complete oxidation of ethanol to CO2 yields 12 electrons per molecule, as 

follows: 

 CH3CH2OH + 3 H2O  2 CO2 + 12 H+ + 12 e─ (1) 



Ethanol has then high energy content. However, it is a fairly complex reaction that 

requires the C─C bond breaking [15]. This is not easy and therefore, acetaldehyde and 

acetic acid are usually the dominant reaction products, which require two and four 

electrons, respectively, instead of twelve for reaction (1) [16-22]. Platinum, the 

preferred catalyst in proton exchange membrane fuel cells (PEMFCs), is not able to 

completely oxidize ethanol to CO2 because its surface is easily poisoned by the 

intermediate reaction products [23]. In order to increase the catalytic activity and 

selectivity towards CO2, different Pt-based alloys and intermetallics have been 

synthesized and tested [24-38]. In spite of the performance increase observed in DEFCs 

currently operating at temperatures between 80-120 °C, the selectivity towards CO2 of 

most of these materials still remains low [39]. The most promising are the PtRh/C-based 

catalysts, which show an increase in the current density for the ethanol oxidation and an 

enhancement in the CO2 yield under mild operating conditions (T ≤ 90 °C) [40-47]. 

Thus, the CO2 selectivity of PtRh(1:1) supported on reduced graphene oxide (RGO) was 

found to be more than 16 times greater than that of commercial Pt/C [22]. It was 

suggested that the use of PtRh with a third element could probably increase the 

selectivity of CO2 [40]. However, it was only about 5 % for PtRuRh(2:1:1)/C, only 

something greater than that of PtRu/C (ca. 3 %), whereas that of Pt/C could reach up to 

about 35 % [21]. This behavior has been attributed to the role of the Rh atoms in 

activating the C─C bond breaking and to the modification of Pt electronic structures to 

lower the bonding strength with the reaction intermediates [41,47,48]. An additional 

bifunctional effect was ascertained with Ni addition to the Pt75Rh25 alloy supported on 

graphene nanosheets to obtain Pt75Rh15Ni10 [47], thus improving the onset potential and 

current densities for ethanol oxidation. 



A measurement of the activity of the different anode catalysts for ethanol oxidation 

may be the maximum power density provided in single DEFC together with the 

corresponding current density. A list of values of the literature has been collected in 

Table 2, classified by the catalyst, ethanol concentration, membrane and working 

temperature. It is shown that the cell performance increases with temperature. The 

highest values using Nafion membranes at 90 ºC were obtained for PtSn, followed by 

PtRu. However, for DEFC applications not only the power density is important, but also 

the CO2 selectivity in order to obtain sufficient energy density and energy conversion 

efficiency [21]. 

The results obtained with the PtRh/C catalysts make them particularly attractive for 

application in micro DEFCs to power small devices. On the other hand, with regards to 

their appropriate integration in these systems, it is necessary to consider different 

approaches for the miniaturization of the conventional assembly design, currently based 

on traditional gas diffusion electrodes [53,54]. As shown previously by the authors [55], 

electrodeposition offers many advantages for this purpose, leading to a good dispersion 

of the Pt catalyst on the membrane-electrode interface, with a precise control of the 

metal loading and a high catalyst utilization. In fact, electrodeposited Rh and PtRh 

model electrodes have been used to study different electrochemical reactions such as 

nitrate reduction in neutral medium [56] and oxidation of small organic molecules [57-

59]. However, in the best of authors’ knowledge, no attempts have been made to 

prepare DEFC anodes by means of PtRh electrodeposition using impressed current. 

This procedure could simplify the fabrication process of microdevices. 

In this work carbon-supported PtRh electrodes have been prepared by a simple and 

readily scalable electrodeposition technique using industrial electrolytic baths. Several 

PtRh electrodes having different Pt:Rh atomic ratios have been obtained by 



electrodeposition from electrolytic baths with different formulations in order to study 

the effect of the Pt:Rh atomic ratio. The physical and electrochemical characterization 

towards ethanol oxidation in acidic media was carried out using cyclic voltammetry 

(CV), linear sweep voltammetry (LSV), and chronoamperometry (CA). Finally, the 

performance of the prepared PtRh anodes was assessed in single DEFCs. 

2. Materials and methods 

2.1. Reactants 

All chemicals used in this work were of RG quality and the aqueous solutions were 

prepared using ultrapure water (κ ≤ 0.54 μS cm-1) obtained from a Millipore Milli-Q 

system. The reactants were H2PtCl66H2O (Alfa Aesar), RhCl33H2O (Sigma-Aldrich), 

and ethanol and H2SO4 (Merck). 

2.2. Preparation of the catalyzed electrodes 

The electrodeposition was performed in a thermostatically controlled two-

compartment glass cell at 25 ± 1 °C. A platinized titanium mesh was used as a counter 

electrode (CE). The different working electrodes (WEs) were prepared by galvanostatic 

deposition of Pt, Rh and co-deposition of Pt and Rh onto a microporous carbon layer 

that covered a porous carbon paper (H2315 I2 C6, thickness 255 μm from Freudenberg 

Inc.). These WEs were placed in a home-made sealed frame with the carbon paper side 

being connected to a Pt-coated current collector, whereas the catalyzed side, 5 cm2 in 

section, was in contact with the electroplating bath, which contained the appropriate 

(stoichiometric) amounts of H2PtCl66H2O (10 mM) and RhCl33H2O in N2-purged 1.0 

mol dm-3 H2SO4 solution [60]. The Rh3+ ion concentrations used here were relatively 

low to avoid the metal deposition limitations due to the formation of rhodium 

complexes at high concentrations previously described in the literature [59]. In addition, 

the microporous carbon layer used should be in principle sufficiently conductive to 



facilitate Rh deposition, thus avoiding possible problems for Rh deposition on little 

conductive supports [61]. All electrodepositions were performed at a current density of 

0.020 A cm-2 for 300 s, using a PGSTAT 30 potentiostat/galvanostat (Eco Chemie). 

Once prepared, the catalyzed electrodes were gently rinsed with abundant ultrapure 

water to remove possible ionic species coming from the electrolytic bath. 

2.3. Physico-chemical and electrochemical characterization 

The electrodeposited catalytic layers were characterized by field emission scanning 

electron microscopy (FE-SEM) using a Zeiss Ultra Plus microscope, and X-ray 

diffraction (XRD) by means of a Bruker D8 Advance diffractometer equipped with a Cu 

K source (λ = 1.5406 Å). The elemental composition of these catalytic layers was 

determined by energy dispersive X-ray (EDX) microanalysis, using an INCA-300 

energy analyzer coupled to a scanning electron JSM5910-LV JEOL microscope. The 

reported microanalyses data correspond to the mean values obtained from 

measurements at 10 different points in each sample. X-ray photoelectron spectroscopy 

(XPS) analyses were performed in order to get information on the chemical state and 

relative concentration of surface species. The XPS spectra were obtained with a VG 

Escalab 200R spectrometer equipped with a hemispherical electron analyzer (constant 

pass energy of 50 eV) and a Mg Kα (hν = 1254.6 eV) X-ray source, powered at 120 W. 

The XPS data signals were taken in increments of 0.1 eV with dwell times of 50 ms. 

Binding energies were calibrated relative to the C 1s peak at 284.6 eV. The high 

resolution spectra envelopes were obtained by fitting of the peak components using the 

XPS peak software. Symmetric Gaussian-Lorentzian product functions were used to 

approximate the line shapes of the fitting components. 

The electrochemical characterization of the catalyzed electrodes (0.79 cm2 in section) 

was carried out in a thermostated three-electrode glass cell with two compartments. The 



WE was located inside a cylindrical holder, whose rear side had an inlet and an outlet 

allowing the circulation of liquid and gases, to mimic the anode setup in the fuel cell. A 

Pt wire separated from the main electrolyte by a glass frit served as the CE, whereas the 

reference electrode (RE) was the Hg|Hg2SO4|K2SO4(sat) (MSE) electrode immersed in 

glass tube ended with a Luggin capillary. However, all the electrode potentials given in 

this paper are referred to the reversible hydrogen electrode (RHE). Deoxygenated 

aqueous 0.50 mol dm-3 H2SO4 solution was used in all cases as electrolyte. The 

oxidation activity of the electrodeposited catalysts was studied in 2.0 mol dm-3 ethanol 

+ 0.50 mol dm-3 H2SO4. 

The electrochemical tests were performed at 25 °C using a potentiostat/galvanostat 

PGSTAT 30 (Eco Chemie) controlled by the GPES software. Cyclic voltammograms 

were recorded in a potential range between 0.05-1.0 V vs. RHE at a sweep rate of 20 

mV s-1 until they were reproducible. The linear sweep voltammograms were obtained at 

1 mV s-1. Steady-state potentiostatic data were recorded at 0.500 V vs. RHE for 30 min 

in the acidic 2.0 mol dm-3 ethanol solution. CO stripping voltammetry was performed 

feeding the working electrode with a mixture of 0.1 % CO in N2 (99.999 %, Praxair) at 

0.250 cm3 min-1 and atmospheric pressure for 50 min, while holding the electrode 

potential at 0.100 V vs. RHE. After the adsorption, the non-adsorbed CO was removed 

from the solution by N2 bubbling for 30 min, still holding the admission potential. Then, 

two CO stripping voltammograms were recorded in the positive direction from 0.050 to 

1.20 V vs. RHE at 20 mV s-1. To compare the intrinsic activities of the catalysts, the 

currents measured for a given catalysts were normalized to the charges needed for the 

corresponding CO stripping, which is proportional to the respective number of active 

sites [62]. 

2.4. Fuel cell tests 



The fuel cell testing was carried out in a 5 cm2 DEFC single cell hardware (Fuel Cell 

Technologies) connected to a potentiostat 1287A (Solartron Analytical, Inc.). 

Membrane electrode assemblies (MEAs) were prepared by the hot-pressing method 

[63]. Electrodes made of the commercial carbon paper mentioned before with an 

electrodeposited metal loading of 1.0 mg cm-2 were used as the anodes, while the 

cathodes were made from commercial Pt black (E-Tek, Inc.), sprayed to a loading of 4.0 

mgPt cm−2 onto a commercial gas diffusion layer ELAT 1400 LT (NuVant Systems 

Inc.). Each MEA was assembled sandwiching the anode and the cathode on either side 

of the Nafion® 115 membrane at 50 bar and 130 °C for 180 s. The cell performance was 

evaluated recording steady-state potentiodynamic V-j curves at a scan rate of 5 mV s-1 at 

constant flow-rate mode. The cell temperature (Tcell) was between 40 and 90 ºC. The 

anode was fed with an acidic 2.0 mol dm-3 ethanol aqueous solution at 1.5 mL min-1 and 

atmospheric pressure, preheated up to Tcell. The cathode was fed with pure O2 (99.999 

%, Praxair) from cylinders at 50 standard cubic centimeters per minute (sccm), 

humidified at 70 °C and atmospheric pressure. 

3. Results and Discussion 

3.1. Physico-chemical characterization 

The FE-SEM images and EDX microanalyses of the microporous carbon layers, after 

the electrodeposition of the different catalysts, showed the porosity of the surface and 

the homogeneous dispersion of the corresponding metals. Selected FE-SEM images of 

the carbon paper catalyzed by Pt, Pt80Rh20, Pt60Rh40 and Rh are shown in Fig. 1a-d, 

respectively. It can be observed many small hemispherical clusters, and there is some 

secondary growth in form of elongated leaf-like flake aggregations. The relative Pt:Rh 

atomic ratios on the electrodeposited electrodes were determined from EDX and listed 

in Table 3. The real bulk compositions obtained by this technique were Pt80.4Rh19.6 and 



Pt62.4Rh37.6 for the nominal Pt:Rh atomic ratios of 80:20 and 60:40, respectively. The 

experimentally measured values were then very close to the nominal (stoichiometric) 

ones, thus meaning that the conductivity of the support and the concentrations used of 

the rhodium precursor were suitable to avoid the Rh electrodeposition limitations 

previously described [59,61].  

The electrodeposited catalysts containing different atomic percentages of Rh were 

also characterized by XRD. The respective diffractograms have been depicted in Fig. 2. 

Typical diffraction peaks of face-centered cubic (fcc) crystalline structure of Pt were 

found for all the catalysts, which correspond to (111), (200), (220) and (311) planes 

[59,61]. The characteristic peaks corresponding to pure Pt can be seen at 2θ = 39.9º, 

46.4º, 67.7º and 81.6º, respectively. A close inspection of the peaks reveals that 

reflections for PtRh alloy surfaces are shifted to higher angles with increasing the Rh 

content. For example, in the case of (111) peaks at 2θ = 39.90º, 40.09º, 40.29º and 

41.20º for Pt, Pt80Rh20, Pt60Rh40 and Rh, respectively, were found. This angle increase 

in the peak position can be explained by a lattice contraction with an increasing amount 

of Rh, because the latter has an atomic radius of 1.73 Å, smaller than that of Pt, which is 

of 1.77 Å [41]. In order to test whether PtRh alloy was completely formed or there was 

a segregation of the constituent elements, Vegard’s law was applied [42]: 

 aPtRh = (1-xRh) aPt + xRh aRh (2) 

where aPtRh, aPt and aRh are the lattice parameters of the PtRh alloy, assumed as a solid 

solution, and those of pure Pt and Rh metals, respectively, whereas xRh is the molar 

fraction of Rh in such a solid solution. Table 3 lists the experimental lattice parameters 

together with those calculated from Vegard’s law (theoretical values), taking into 

account the indicated experimental lattice parameters for pure Pt and Rh together with 

the bulk composition values obtained from EDX analyses. The experimental and 



theoretical data thus obtained are in a good agreement within the experimental error, 

thus suggesting the complete PtRh alloy formation as a solid solution in the present 

electrodeposition conditions. The formation of PtRh solid solutions using different 

procedures has also been suggested by other authors [59,61]. 

The mean crystallite sizes were estimated from the Scherrer equation: 

  = K  /  cos  (3) 

where K is a dimensionless shape factor with a value close to unity (typical value of 

about 0.9),  is the X-ray wavelength, β (in radians) is the line broadening at full width 

at half maximum (FWHM) after subtracting the instrumental line broadening and θ is 

the Bragg angle. The corresponding values are also listed in Table 3. 

The general survey of the XPS analyses allowed obtaining the relative composition 

in Pt and Rh of the electrodeposited catalysts. The compositional results thus obtained 

are compared to the nominal ones in Table 4. They are referred to be the surface results 

because the depth analyzed by this technique is smaller than that analyzed by EDX. 

These values are not far from the nominal ones, suggesting a slight surface Pt 

enrichment. However, they are comparable to those obtained by EDX (see Table 3) and 

therefore, in agreement with the formation of a PtRh solid solution during the 

electrodeposition. On the other hand, the high resolution spectra of the Pt 4f and Rh 3d 

regions are depicted in Fig. 3. Figs. 3a and b correspond to the pure metals, Pt and Rh, 

respectively, whereas Figs. 3c and d, to Pt80Rh20, and Figs. 3e and f, to Pt60Rh40. In all 

cases, the oxidation states of Pt, as Pt(II), and of Rh, as Rh(III), had to be considered for 

a suitable peak deconvolution. 

The Pt0 4f spectra of Pt showed a higher binding energy (BE) of Pt 4f5/2 at 74.8 eV 

and a lower BE energy of Pt 4f7/2 at 71.5 eV (Fig. 3a). The Pt0 4f7/2 BEs for both, 

Pt80Rh20 and Pt60Rh40, were located at 71.7 eV (Figs 3c and e). The BEs of Rh0 3d5/2 and 



3d3/2 for pure Rh were located at 307.6 eV and 312.4 eV, respectively (Fig. 3b). The 

BEs of Rh0 3d5/2 for both, Pt80Rh20 and Pt60Rh40, were found at 307.4 eV (Figs. 3d and 

f). There was only a small shift of about 0.2 eV in the Pt and Rh BEs when alloying 

both metals. Note, however, that these shifts for Pt and Rh were opposite. Small shifts 

were also found for the Pt(II) 4f5/2, from 73.5 eV for Pt to 73.7-74.0 eV for Pt80Rh20 and 

Pt60Rh40 (Figs. 3a, c and e). On the other hand, those corresponding to the Rh(III) 3d5/2 

peaks for Pt80Rh20 and Pt60Rh40 were more difficult to precisely determine because of 

the dominant Pt 4d5/2 peak (see Figs. 3b, d and f). These results, in agreement with those 

reported previously for PtRh alloys supported on graphene nanosheets [47] and for 

mixed metals and alloyed surfaces on graphite [64] for ethanol and CO electrooxidation, 

can be interpreted by changes in the electronic properties of the atoms involved such as 

those produced by charge transfer between elements and lattice strain [47,65]. In the 

case of charge transfer from Rh to Pt, as previously suggested for PtRh alloys [47] 

(although they have the same electronegativity of 2.28), a decrease in the Pt BEs would 

be expected, what it is not seen in the XPS spectra. However, the incorporation of 

alloying atoms such as Rh, Ni and Ru ones can produce compressive strains in the Pt 

lattice due to the lattice contraction, thus leading to an increase in the binding energies 

of Pt [47,66]. In our case there is evidence of such a lattice strain because of the lattice 

parameter decrease for the PtRh alloys (Table 3), thus explaining the net shift of the Pt 

BEs to higher values when it is alloyed with Rh. This means that lattice strain 

dominates over charge transfer to produce a net shift of the Pt BEs towards higher 

values when alloying with Rh. 

Measuring the areas of the peaks corresponding to the metallic and oxidized states of 

Pt and Rh species, the relative atomic percentages of the metallic and the oxidized state 

of each element was determined and the respective results are also listed in Table 4. The 



presence of metallic Pt0 is essential for providing sites for alcohol adsorption and 

electrooxidation, whereas Rh oxides would facilitate the CO oxidation [64].  

3.2. CO electrooxidation 

Fig. 4 presents the stabilized cyclic voltammograms corresponding to the PtRh 

catalysts in deaerated 0.50 mol dm-3 H2SO4. The cyclic voltammogram corresponding to 

Pt (curve a) shows the typical features observed in polycrystalline Pt in acidic 

electrolyte [67]. In the anodic scan, the atomic hydrogen desorption peaks appear at 

potentials in the range 0.050–0.40 V, the double layer region between 0.40 and 0.60 V, 

and the Pt oxide formation starts at about 0.60 V. In the reverse scan, the Pt oxide 

reduction peak is located at about 0.8 V and the atomic adsorption peaks appear also in 

the range 0.050–0.40 V. The voltammetric profile of Rh (curve d) is like that of Pt 

although with some changes in the potential range values where the processes take 

place. In the anodic scan the hydrogen desorption peak appears at potentials between 

0.050 and 0.30 V and then, Rh oxidation takes place. In the reverse scan the Rh oxide 

reduction peak is centered at about 0.45 V and the atomic H adsorption takes place in 

the same potential region as H desorption. Note that both, Rh oxide formation and 

reduction, occur at potentials lower than those corresponding to Pt oxide formation and 

reduction, respectively. The voltammetric response of Pt80Rh20 and Pt60Rh40, curves b 

and c in Fig. 4, respectively, show a mixed profile, which involves platinum and 

rhodium as expected for PtRh alloys [58]. The oxidation of Pt80Rh20 and Pt60Rh40 begins 

at much less positive potentials than that observed for pure Pt, ca. 0.38 and 0.36 V, 

respectively. On the other hand, they were greater than that ca. 0.30 V for the Rh 

oxidation (Table 5), which suggests a charge transfer from Rh to Pt. In addition, the 

peaks corresponding to the reduction of oxides shift towards more negative potentials 



when the Rh content in the alloy increases. The onset potentials for the oxidation of 

these catalysts have been listed in Table 5. 

Fig. 5 depicts the CO stripping experiments and illustrates the performance of the 

catalysts for the CO electrooxidation. It is clearly shown that there is a significant shift 

of the onset potentials for CO oxidation on Rh and PtRh electrodes to less positive 

values when compared to the onset potential for CO oxidation on Pt, which is about 

0.69 V (see Table 5). The onset potential for CO oxidation on Rh is about 0.59 V (curve 

d in Fig. 5). This can be explained by the formation of oxidized Rh species at potentials 

lower than that of Pt, as can be seen in Fig. 4 (curves a and d). It has been pointed out 

that the Rh-O bonding is stronger than that of Pt-O [40]. For this reason it is probably 

the surface hydroxide formation on Rh the way in which adsorbed CO on this metal is 

easier oxidized than on Pt. Considering two neighboring Rh atoms, the CO2 formation 

may be represented as follows: 

 Rh-COads + Rh-OHads → 2Rh + CO2 + H+ + e– (4) 

where Rh-OHads means OH adsorbed on Rh metal or on oxidized Rh. When alloying Pt 

with Rh to form the Pt80Rh20 catalyst, the onset potential for CO oxidation, curve b in 

Fig. 5, is also more negative than those of pure Pt and Rh, with values of 0.50 and 0.45 

V for Pt80Rh20 and Pt60Rh40, respectively (Table 5), i.e. in the potential region 

corresponding to Rh oxidation (Fig. 4). To explain this, a new feature in addition to the 

hydroxide adsorption on the Rh species must be considered. The effect of the electronic 

structure of Pt on its catalytic activity has been generally interpreted with the help of the 

d-band theory [47,68,69]. According to this theory, the downshift of the d-band center 

of Pt with respect to the Fermi level would lead to a reduction of the bonding strength 

with the adsorbates. This electronic effect can be due to a lattice strain (geometric 

effect) and to charge transfer between atoms (ligand effect). As discussed before in this 



paper (see Fig. 3), the slight opposite shifts of the Pt 4f and Rh 3d bands in the PtRh 

alloys can be assigned to the electronic effect of Rh on Pt (geometric, not ligand one) 

and therefore, a decrease in the Pt-CO bond strength is predicted, in agreement with 

previous results in the literature [40,41,47]. For this reason, the Pt-CO bond strength in 

the PtRh alloy appears to be weaker than that corresponding to pure Pt and Rh and 

therefore, CO should be easier oxidized on Pt according to the bifunctional mechanism:  

 Pt-COads + Rh-OHads → Pt + Rh + CO2 + H+ + e– (5) 

thus explaining that the anodic currents on Pt80Rh20 are greater than those on pure Rh 

for potentials before the onset potential for CO oxidation on the latter. On the other 

hand, the greatest anodic currents were found for Pt60Rh40, also for potentials well 

before the onset potential of CO stripping on pure Rh. In this case, the Rh at.% of the 

alloy is greater than in Pt80Rh20 and then, the greater amount of Rh-OHads species, 

together with the electronic effect mentioned before, can explain the greatest CO 

stripping currents achieved.  

3.3. Ethanol electrooxidation 

Fig. 6 depicts the cyclic voltammograms corresponding to the ethanol oxidation 

reaction (EOR) on the PtRh alloys studied at 20 mV s-1 and 25 ºC. As shown in this 

figure, there are big differences in the anodic currents on the different electrodeposited 

electrodes. The Pt-based catalysts produce a significant ethanol oxidation, whereas Rh 

is scarcely active. Another significant point is that the anodic currents on the Pt-based 

catalysts during the cathodic sweep cross over those obtained during the anodic scan. 

This is related to the limited oxidation of ethanol and the reaction intermediates in the 

direct sweep, which continue to be oxidized in the reverse scan. In addition the height of 

the anodic peak in the reverse scan in Pt80Rh20 is greater than that in the direct one. 



Conversely, it is smaller for Pt60Rh40, thus meaning that the intermediates are easier 

removed in the latter than in the case of Pt80Rh20.  

Fig. 7 shows the electrocatalytic activities of Pt, Pt80Rh20, Pt60Rh40 and Rh electrodes 

for the EOR by linear sweep voltammetry at 1.0 mV s-1 and 60 ºC. Note that they are 

referred to the overall CO stripping charge to normalize with respect to the amount of 

electroactive sites, as indicated in the experimental part. The onset potentials for the 

ethanol oxidation on the different catalysts have also been listed in Table 5. It is shown 

that ethanol starts being oxidized at about 0.60 and 0.57 V on Pt and Rh, respectively, 

but for Pt80Rh20 and Pt60Rh40, the corresponding onset potentials are less positive, 0.46 

and 0.44 V. This leads to higher specific current densities at lower overpotentials for the 

PtRh alloys, curves b and c, compared to pure Pt and Rh electrodes, curves a and d, 

respectively. It is clearly shown that the best activity for the ethanol oxidation 

corresponds to Pt60Rh40, as in the case of the CO oxidation (Fig. 5).  

The different activities for the ethanol electrooxidation can also be evidenced by 

determining the corresponding activation energies. The effect of the temperature on the 

EOR kinetics on the Pt, Pt80Rh20, Pt60Rh40 and Rh catalyzed electrodes was studied in 

the temperature range from 20 to 70 ºC also in 2.0 mol dm-3 ethanol + 0.50 mol dm-3 

H2SO4. The form of the linear sweep voltammograms at different temperatures was 

essentially the same as that shown in Fig. 7. However, the current density increased 

with temperature in all the potential range, as can be seen in the example depicted in 

Fig. 8a for Pt60Rh40. 

From these E-I curves, the corresponding ln (I) vs. T-1 (Arrhenius-type) plots at 

constant potential E = 0.600 V vs. RHE (at 25.0°C), were obtained (see Fig. 8b). Good 

straight lines with linear regression coefficient r ≥ 0.999 were always found, thus 

indicating that the thermojunction potential between the solutions of working and 



reference compartments was negligible. The plots of Fig. 8b allow determining the 

apparent activation energy at E = 0.600 V, U#
app(E), since the slope of Arrhenius-type 

plots can be taken as -U#
app(E) /R [70], where R is the gas constant (8.314 J K-1 mol-1). 

The apparent activation energies for the ethanol electrooxidation are listed in Table 5 

and are in decreasing order: Rh > Pt > Pt80Rh20 > Pt60Rh40. The highest apparent 

activation energy for Rh is in agreement with its scarce ethanol oxidation shown in Figs. 

6 and 7. The addition of Rh to Pt lowers the apparent activation energy, showing again 

that Pt60Rh40 is the most active.  

Several values of the apparent activation energies for the EOR on different Pt and 

PtRh-catalyzed supports have been previously reported in the literature [22,71,72]. 

From these papers, apparent activation energies at 0.600 V vs. RHE have been 

collected. Thus, Delpeuch et al. [71] obtained U#
app values of 25 ± 2 and 13 ± 2 kJ mol-1 

for Pt/C and Pt1Rh1.6/C catalysts, respectively, from steady-state current measurements 

in 0.10 M ethanol + 0.50 M H2SO4. Zhu et al. [22], from cyclic voltammograms 

recorded between 25 and 65 °C for commercial Pt/C (20 wt.%) and Pt1Rh1/RGO in 0.1 

M ethanol + 0.1 M HClO4, estimated U#
app values of 54 and 29 kJ mol-1, respectively. 

From potentiodynamic measurements at temperatures in the range 10-70 °C using 1.0 M 

ethanol + 0.50 M H2SO4 and carbon-supported Pt and Pt74Rh26, Sen Gupta and Datta 

[59] obtained U#
app values of 42 and 28 kJ mol-1, also respectively. On the other hand, 

Rao et al. [72] reported a value of 31 kJ mol-1, estimated from the faradaic currents for 

ethanol electrooxidation in the temperature range from 30 to 90 °C on Pt/C (40 wt.%), 

in membrane electrode assembly configuration with 0.1 M ethanol. The values of the 

apparent activation energies obtained in this work are then comparable to those 

previously reported in the literature for similar systems. 



As depicted in Fig. 9, the same trend as in the linear sweep voltammograms was 

observed for the chronoamperograms obtained at 0.500 V in 2.0 mol dm−3 ethanol + 0.5 

mol dm−3 H2SO4 at the same temperature of 60 °C, also normalized to the overall CO 

stripping charge. These longer term experiments allow studying the ethanol self-

poisoning oxidation reaction. It is shown that the current completely decays after the 

first 100-200 seconds on pure Pt and Rh. This phenomenon appears to be related to the 

decrease in the EOR rate due to the adsorption of stable intermediate species, which 

block the active sites and avoids further ethanol oxidation on them. However, when 

alloying Rh with Pt both, the catalytic activity and the stability of the electrode is very 

much improved, the best results being for Pt60Rh40. 

According to these results, there is a significant effect of the Rh content in the alloy. 

The performance for the EOR increases from Pt < Pt80Rh20 < Pt60Rh40. It passes through 

a maximum because performance decreases to pure Rh. This indicates that there is an 

optimal relation between Pt and Rh and that comparable amounts of Pt and Rh atoms 

are needed in the alloy for an efficient ethanol electrooxidation. This suggests that 

neighboring Pt and Rh atoms play a key role in the activation and cleavage of the C-C 

bond to lead to an increased CO2 production [40-42,61]. 

The EOR kinetics on the different catalysts follow the same trend as in the case of 

the CO oxidation and therefore, their different catalytic activity can be interpreted in the 

same form, considering the bifunctional and electronic effects [40,41,47,66,68]. On one 

hand, the lattice contraction of Pt due to alloying with Rh together with the possible 

charge transfer from Rh to Pt can lower the bonding strength of Pt with the reactants 

and the reaction intermediates; on the other, Rh is oxidized at potentials more negative 

than Pt and therefore, it can contribute to the easier oxidation of ethanol and of the CO-



type intermediates adsorbed on Pt by the bifunctional mechanism represented by 

reaction (5).  

3.4. Fuel cell testing 

Fig. 10 depicts the stationary voltage and specific power density vs. the specific 

current density curves showing the performance of the MEAs prepared with Pt black 

cathodes and the electrodeposited Pt80Rh20 (curve a) and Pt60Rh40 (b) catalysts on the 

carbon paper to a loading of 1 mgPtRh cm-2 as the anodes at 90 ºC. The anode was fed 

with aqueous 2.0 M ethanol, while the cathode was fed with pure O2 to maximize its 

activity and to reduce possible cathode effects on the relative activities of the MEAs. 

The different performance achieved by both MEAs is apparent. An increase in the open 

circuit voltage (OCV) as well as in the performance when Pt60Rh40 instead of Pt80Rh20 

was used as the anode can be clearly observed. Thus, the maximum power given by the 

MEA with the Pt60Rh40 anode is 6.0 mW mgPtRh
-1 (at 47 mA mgPtRh

-1), which is much 

higher than that of 0.27 mW mgPtRh
-1 (at 2.6 mA mgPtRh

-1) obtained for Pt80Rh20. This 

difference has to be assigned to the catalyst composition of the anode because all the 

variables as well as the manufacturing method were the same for both types of MEAs. 

The performance of the alloy catalysts in single DEFC followed the same order of 

activity as that found for ethanol oxidation in the three-electrode cell experiments. 

The effect of the temperature on the DEFC performance was also studied in single 

cell, using the MEA with Pt60Rh40, which yielded the best performance at 90 ºC. As 

shown in Fig. 11, the fuel cell performance increased significantly with temperature, 

from a maximum specific power density of 0.34 mW mgPtRh
-1 at 40 °C to 6.0 mW 

mgPtRh
-1 at 90 °C. Taking into account that the metal loading is 1 mgPtRh

 cm-2, the 

maximum power density at 90ºC is about 6 mW cm-2, with a corresponding current 

density of 50 mA cm-2. These values are relatively low, but they are in the same order of 



magnitude than those obtained for Pt and PtRh (see Table 2) and they could be tuned to 

increase the performance parameters. The work performed in this paper shows the 

feasibility of electrodeposition as a suitable technique to produce micro DEFCs that 

could power microdevices with a facilitated fabrication process. We feel that these 

results are promising and encouraging for a following step in which the catalyst 

composition, even with third elements, the nanoparticle size and the metal loading on 

the anode would be optimized. 

4. Conclusions 

Electrodeposited PtRh catalysts containing different at. % Rh from 0 to 100, namely 

Pt, Pt80Rh20, Pt60Rh40 and Rh, were manufactured by galvanostatic deposition on 

commercial carbon paper. The SEM and EDX microanalyses showed homogenous 

dispersion of the catalysts on the carbon paper and that the composition of 

electrodeposited PtRh coincided with that of the electrodeposition bath. The crystallite 

size of the nanoparticles varied from 10.5 to 6.1 nm, values corresponding to pure Pt 

and Rh, respectively, the crystallite size decreasing when increasing the Rh content. The 

XRD diffractograms allowed confirming that the PtRh catalysts were electrodeposited 

as alloys. The XPS analyses showed a slight increase in the binding energy of Pt 

together with the equivalent slight decrease of the BE of Rh in the PtRh alloy. This was 

assigned to a Pt lattice strain produced by the Rh incorporation, because the lattice 

parameter decreased when increasing the Rh content, the lattice strain dominating over 

charge transfer.  

The onset potentials for the oxide formation in the CV experiments depended on the 

alloy, in the order: Pt > Pt80Rh20 > Pt60Rh40 > Rh, which was assigned to the electronic 

effect of Rh on Pt. The onset potentials for CO oxidation were slightly different: Pt > 

Rh > Pt80Rh20 > Pt60Rh40, the latter being then the most active. As the onset potentials 



for CO oxidation were slightly higher than those of the alloy oxidation, it was 

interpreted that CO removal was facilitated by the bifunctional mechanism. In addition, 

the decrease of the onset potential for the CO oxidation on Pd80Rh20 and Pd60Rh40 with 

respect to Rh was also interpreted by the electronic effect of Rh on Pt. 

In the case of the EOR, the onset potential for the ethanol oxidation followed the 

same order as in the case of CO. The Pt60Rh40 alloy was again the most active, giving 

the highest specific current densities in the linear sweep voltammograms with the 

lowest apparent activation energy, which decreased in the order: Rh > Pt > Pt80Rh20 > 

Pt60Rh40. As in the case of CO, this was also explained by the bifunctional mechanism 

and the effect of Rh on the Pt electronic structure. In both cases, CO and ethanol, the 

highest activity appeared for comparable amounts of Pt and Rh in the nanoparticles, 

which could favor the bifunctional mechanism and the electronic effect of Rh on Pt. 

The feasibility of the use of electrodeposited PtRh alloys supported on carbon 

electrodes as anodes in DEFC was demonstrated with the use of the Pt60Rh40 alloy in 

real fuel cells at temperatures from 40 to 90 ºC. The maximum power densities and the 

corresponding current densities were of the same order of magnitude as those for Pt and 

PtRh alloys reported in the literature, thus encouraging further work to optimize the 

nanoparticle size, the anode metal loading and the catalyst composition, even with third 

elements, to increase the DEFC performance.  
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Figure captions 

Fig. 1.- Selected FE-SEM images of the microporous carbon layer after the 

electrodeposition of the (a) Pt, (b) Pt80Rh20, (c) Pt60Rh40, and (d) Rh (magnification 75 

kX). 

Fig. 2.- XRD diffractograms corresponding to the PtRh catalysts with different atomic 

ratio: (a) Pt, (b) Pt80Rh20, (c) Pt60Rh40, and (d) Rh. The diffractogram of the supporting 

carbon paper is also depicted for comparison. In parentheses the planes corresponding 

to characteristic diffraction signals of FCC Pt (diamonds) and Rh (circles). 

Fig. 3.- XPS spectra corresponding to Pt 4f and Rh 3d regions of the surface of the PtRh 

catalysts (a) Pt; (b) Rh; (c) and (d ) Pt80Rh20; and (e) and (f ) Pt60Rh40. 

Fig. 4.- Cyclic voltammograms of the (a) Pt, (b) Pt80Rh20, (c) Pt60Rh40 and (d) Rh 

electrodeposited electrodes in deaerated 0.50 mol dm-3 H2SO4 at 20 mV s-1 and 25.0 °C. 

Fig. 5.- CO stripping voltammograms of (a) Pt, (b) Pt80Rh20, (c) Pt60Rh40, and (d ) Rh in 

0.5 mol dm-3 H2SO4 at 20 mV s-1 and 25.0 °C. Only the first cycles are shown. 

Fig. 6.- Cyclic voltammograms for the ethanol oxidation on (a) Pt, (b) Pt80Rh20, (c) 

Pt60Rh40, and (d ) Rh electrodeposited electrodes in 2 mol dm-3 ethanol + 0.5 mol dm-3 

H2SO4 at 20 mV s-1 and 60 °C. 

Fig. 7.- Linear sweep voltammograms for the ethanol oxidation on (a) Pt, (b) Pt80Rh20, 

(c) Pt60Rh40, and (d ) Rh catalyzed electrodes in 2 mol dm-3 ethanol + 0.5 mol dm-3 

H2SO4 at 1.0 mV s-1 and 60 °C. Currents normalized to the corresponding CO stripping 

charge. 

Fig. 8.- (a) Linear sweep voltammograms for the ethanol oxidation on the Pt60Rh40 

catalyzed electrode at (a) 70 (b) 60, (c) 40, and (d ) 20 °C at 1.0 mV s-1 in 2 mol dm-3 

ethanol + 0.5 mol dm-3 H2SO4 and (b) Arrhenius-type plots for the ethanol oxidation on 

(a) Pt60Rh40, (b) Pt80Rh20, (c) Pt, and (d ) Rh catalyzed electrodes in the same solution. 



Fig. 9.- Chronoamperograms corresponding to the ethanol oxidation in 2 mol dm-3 

ethanol + 0.5 mol dm-3 H2SO4 on (a) Pt, (b) Pt80Rh20, (c) Pt60Rh40, and (d ) Rh 

electrodes at 0.500 V and 60 ºC. Currents normalized to the CO stripping charge. 

Fig. 10.- Cell voltage (V) and specific power density (P) vs. specific current density 

curves (I) for the single DEFCs prepared with (a) Pt60Rh40 and (b) Pt80Rh20 anodes. The 

fuel was 2.0 M ethanol, fed at a flow-rate of 1.5 mL min-1. Humidified pure O2 at a 

flow-rate of 50 sccm and atmospheric pressure was fed to the cathode. The cell 

temperature was 90 °C. 

Fig. 11.- Cell voltage (V) and specific power density (P) vs. specific current density 

curves (I) for the single DEFCs prepared with Pt60Rh40 anodes. The fuel was 2.0 M 

ethanol, fed at a flow-rate of 1.5 mL min-1. Humidified pure O2 at a flow-rate of 50 

sccm and atmospheric pressure was fed to the cathode. Cell temperatures of (a) 40, (b) 

50, (c) 60, (d) 70 and (e) 90 °C. 

 



 

Table 1.- Properties of some DAFCs at 25 °C and 1 atm as a function of the fuel (M: 

methanol; E: ethanol; EG: ethyleneglycol). The molecular weight (Mw), electrons 

involved per mol of the alcohol (n), open circuit voltage (OCV), theoretical energy 

density (Esp), and capacity of the pure fuel (C) [10,11]. 

 

DAFC Fuel|Oxidant 
Mw 

/ g mol-1 
n 

OCV 

 / V 

Esp 

/ Wh kg-1 

C 

/ Ah kg-1 

DMFC CH3OH|O2 32.04 6 1.21 6073 5019 

DEFC CH3CH2OH|O2 46.07 12 1.14 8028 6981 

DEGFC OHCH2CH2OH|O2 62.07 10 1.22 5268 4318 

 

 

 



Table 2.- Maximum power densities (PWm) and current densities corresponding to PWm 

(jm) in DEFCs built up with the indicted anode catalysts and membranes of Nafion® or 

polybenzimidazole (PBI). 

 

Catalyst 
[ethanol] 
/ mol dm-3 

Membrane 
T 

/ ºC 
PWm 

/ mW cm-2 
jm 

/ mA cm-2 
Reference 

Pt/C 2.0 Nafion® 80 2.0 15 [49] 

Pt/C 1.0 Nafion® 90 11 75 [50,51] 

Pt/C 1:2a PBI 150 14 95 [20] 

Pt/C 1:2a PBI 200 31 160 [20] 

PtPd(1:1)/C 1.0 Nafion® 90 12 75 [50] 

PtRh(50:50)/C 2.0 Nafion® 100 12 80 [52] 

PtRh(90:10)/C 2.0 Nafion® 100 12 80 [52] 

PtRh(1:1)/C 1:2a PBI 150 17 85 [20] 

PtRh(1:1)/C 1:2a PBI 200 35 180 [20] 

PtRu(1:1)/C 2.0 Nafion® 80 3.5 20 [49] 

PtRu(1:1)/C 1.0 Nafion® 90 20-28 100-120 [19,50,51] 

PtRu(1:1)/C + SnO2 1.0 Nafion® 90 30 140 [19] 

PtRu(1:1)/C 1:2a PBI 150 23 115 [20] 

PtRu(1:1)/C 1:2a PBI 200 54 270 [20] 

PtSn(3:1)/C 1.0 Nafion® 70 26 80 [18] 

PtSn(9:1)/C 1.0 Nafion® 90 28 95 [18] 

PtSn(3:1)/C 1.0 Nafion® 90 40 125 [18] 

PtSn(1:1)/C 1.0 Nafion® 90 37-52 120-140 [18,50] 

PtSn(1:1)/C 2.0 Nafion® 100 35 120 [52] 

PtSn(1:1)/C 1:2 a PBI 150 19 95 [20] 

PtSn(1:1)/C 1:2 a PBI 200 47 195 [20] 

PtRuRh(2:1:1)/C 2.0 Nafion® 80 10 55 [49] 

PtRuSn(1:1:1)/C 1.0 Nafion® 90 38 110 [50] 

PtSnRh(50:40:10)/C 2.0 Nafion® 100 42 135 [52] 
a Ethanol:water weight ratio. 



 

Table 3.- Nominal and bulk (from EDX) composition together with the experimental 

(XRD) and theoretical (Vegard’s law) lattice parameters (a), and crystallite size (XRD) 

of the prepared PtRh catalysts.  

 

Pt:Rh 

nominal/at.% 

Pt:Rh 

bulk/at.% 

a 

experimental/nm 

a 

theoretical/nm 

Crystallite 

size/nm 

100:0 100:0 0.3910 ± 0.0001 0.3910 ± 0.0001 10.5 ± 0.6 

80:20 80.4:19.6 0.3894 ± 0.0004 0.3888 ± 0.0004 8.3 ± 0.5 

60:40 62.4:37.6 0.3874 ± 0.0005 0.3868 ± 0.0005 7.0 ± 0.4 

0:100 0:100 0.3799 ± 0.0002 0.3799 ± 0.0002 6.1 ± 0.7 

 

 

Table 4.- XPS compositional results of the electrodeposited PtRh catalysts. The surface 

composition is compared to the nominal one and the relative atomic percentages of 

different oxidation states of each element are given. 

 

Pt:Rh 

nominal/at.% 

Pt:Rh 

surface/at.% 

Pt0 

/at.% 

Pt(II) 

/at.% 

Rh0 

/at.% 

Rh(III) 

/at.% 

100:0 100:0 72 28 0 0 

80:20 84.7:15.3 61 39 56 44 

60:40 62.9:37.1 71 29 55 45 

0:100 0:100 0 0 50 50 



 

Table 5.- Onset potentials for the PtRh alloys oxidation (Eox), for CO oxidation from 

stripping curves at 20 mV s-1 and 25 ºC (ECO) and for ethanol oxidation at 1.0 mV s-1 

and 60 ºC (EEtOH) on the different electrodeposited PtRh catalysts together with the 

corresponding apparent activation energies for the EOR (U#
app). 

 

Pt:Rh 

nominal/at.% 

Eox 

/ V 

ECO 

/ V 

EEtOH 

/ V 

U#
app 

/ kJ mol-1 

100:0 0.60 0.69 0.60 51 ± 2 

80:20 0.38 0.50 0.46 47 ± 2 

60:40 0.36 0.45 0.44 32 ± 2 

0:100 0.30 0.59 0.57 76 ± 2 
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Figure 4 
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Figure 6 

 

 

 



 

 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.300 0.400 0.500 0.600 0.700 0.800 0.900

I 
/ A

 C
-1

E vs. RHE / V

a

b

c

d

 

 

 

Figure 7 
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Figure 8 
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