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A B S T R A C T   

Chitosan is an abundant and non-toxic natural polysaccharide rich in nitrogen, which is used here to obtain N- 
doped mesoporous carbons (NMCs) as supports for Pt-saving PtCu alloy elecrocatalysts, which can be of interest 
for low-temperature fuels cells. NMCs with different textural properties were synthesized from cheap silica 
templates. They presented relative dominance of disordered graphitic lattice and comparable amounts of pyrrolic 
and pyridinic N, with different specific BET surface areas (715–1040 m2 g− 1) and mesopore (1.2–2.4 cm3 g− 1) 
and micropore volumes (0.1–0.6 cm3 g− 1). PtCu nanoparticles were deposited by Cu electroless deposition and 
further galvanic exchange with Pt, with overall Pt loadings about 20 wt.%. Pt-rich PtCu alloy crystallites with 
contracted Pt fcc lattices and sizes of 3.1–4.7 nm were formed. The synthesized PtCu/NMCs catalysts presented 
better specific current densities for the oxygen reduction and better CO tolerance and specific current densities 
for the methanol oxidation reaction than those of commercial Pt/C and PtCu/CMK-3. The PtCu/NMC prepared 
with the H2SO4–activated NMC was the most active catalyst. The different textural properties of the carbona
ceous materials appeared to determine the surface structure of the PtCu nanoparticles.   

1. Introduction 

Platinum and Pt-based alloys, dispersed on a carbon support, are to 
date the best and most applied catalysts in proton exchange membrane 
(PEMFCs) and direct methanol fuel cells (DMFCs), which appear as 
promising power sources for electric vehicles and small instrumentation 
[1–3]. Catalyst and carbon support play together significant roles in the 
catalyst performance through their synergistic effects [4–7]. However, 
reducing their cost is necessary to plain the way to commercialization. 

On one hand, Pt is expensive and scarce. Alloying with transition 
metals is interesting, not only in terms of cost (the Pt amount can thus be 
reduced), but also because of their electronic effect on Pt, which can 
improve its catalytic activity [8]. Thus, a wide variety of PtCu catalysts 
were synthesized in the past, mainly supported on carbon blacks 
Vulcan® XC-72 and XC-72R, which allowed increasing the catalytic 
activity toward the oxygen reduction, and the CO, methanol, and 
ethanol oxidation reactions [9–19]. 

On the other hand, the carbons supports should have high specific 

surface area, good conductivity, stability, and suitable porous structure 
facilitating the approach of the reactants and the products removal, as 
well as a good interaction between the support and the metallic nano
particles (NPs) [7,20-25]. A wide variety of carbonaceous materials with 
different textures and surface structures, depending on the synthesis 
procedure, can be obtained. The most used and studied supports for fuel 
cell catalysts are carbon blacks such as Vulcan® XC-72 and XC-72R [9, 
13,19,21], due to their low cost, high surface area, and good electrical 
conductivity. Nonetheless, they present some drawbacks such as deep 
micropores, which limit the accessibility of Nafion® and reactants to 
active sites, contain organo-sulphur impurities that can poison the 
catalyst, and can undergo corrosion while the cell operates [26,27]. For 
these reasons, alternative carbonaceous materials have been proposed 
[18,28-37]. It was shown that mesoporous carbons with high surface 
areas, adjustable pore structure and size, mechanical stability, and good 
conductivity, led to superior electrochemical and transport properties 
when compared to the traditional carbon materials [28,29-36,38]. Thus, 
improved catalytic activities of Pt and Pt-based NPs supported on 
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ordered mesoporous carbons (OMCs) such as CMK-3 were achieved 
[30-33,36]. Note however, that it is very difficult to synthesize meso
porous silica hard templates to promote carbon replicas with suitable 
pore size (> 10 nm) and, consequently, they are expensive [38–40]. For 
this reason, the authors used in the past very cheap silica P20 (SiO2 NPs 
10–20 nm in size), usually employed for chromatographic separation, as 
the template (porogen agent) to obtain supercapacitors from different 
carbon precursors [41]. On the other hand, the authors took profit from 
chitosan [42,43], a polysaccharide containing amine and hydroxyl 
groups, which is one of the most abundant natural organic compounds, 
present in crustacean shells [44]. It was used as precursor to synthesize 
N-doped mesoporous carbon (NMC) for H2O2 generation in water 
decontamination [42] and Fe-Nx catalysts for the 4-electron O2 reduc
tion [43], thus making chitosan a chemical with added value from 
disposable biomass. 

The object of this work was to synthesize novel carbon-supported Pt- 
saving PtCu catalysts by deposition of PtCu NPs on cheap mesoporous 
carbons, as a further step to the preparation of eco-friendly electro
catalysts, which can be of interest for low-temperature fuel cells. The 
strategy was to prepare carbons of different textural properties from 
chitosan as precursor, using different acid treatments to dissolve chito
san and P20 as silica template. Accordingly, the prepared carbons and 
supported PtCu were characterized by means of structural techniques, 
additionally testing the catalysts for the CO and methanol oxidation, and 
the oxygen reduction. The activity of the different catalysts against the 
reactions studied was compared to that obtained using commercial Pt/C 
and PtCu NPs dispersed on commercial ordered mesoporous carbon 
CMK-3. 

2. Materials and methods 

2.1. Chemicals 

In the synthesis of the carbons, the following reagent grade chem
icals were used: chitosan (CH), CH3COONH4, HCl (40 wt.%), ethylene 
glycol, CH3COOH (glacial) and Nafion® (5 wt.% in a mixture of lower 
aliphatic alcohols and water), were from Sigma Aldrich; H2SO4 (96 wt. 
%), ethanol, and acetone, from Fluka; and isopropanol from Merck. 
Alpha Gaz O2 and Ar were supplied by Air Liquid (>99.99%). The 
textural properties of the synthesized carbons were compared to those of 
CMK-3 mesoporous carbon from ACS Materials and to Vulcan® XC-72 
carbon from Cabot Corp. For the electrochemical characterization, all 
the solutions were prepared using high-purity Milli-Q water (Merck 
purification system, resistivity > 18.2 MΩ cm at 25 ºC) and analytical- 
grade reagents. H2SO4 (96 wt.%) and CuSO4•5H2O were supplied by 
Panreac-Applichem and n-heptane, poly(ethyleneglycol)-dodecyl ether 
(surfactant Brij-30) and NaBH4, by Sigma-Aldrich. Catalyst cleaning 
solvents were ethanol (96 wt.%) and acetone (99.5 wt.%) purchased 
from Panreac. The Pt precursor was 8 wt.% aqueous solution of H2PtCl6 
from Merck. For the electrochemical tests, Nafion® (5 wt.%) and dry 
isopropanol from Sigma-Aldrich were used for the ink preparation. The 
catalysts obtained were compared to commercial 20 wt.% Pt/C from 
Premetek, with XC-72 as the carbon support. 

2.2. Synthesis of the carbon supports 

The NMCs were synthesized using CH as the carbon precursor and 
silica P20 as the inorganic template. The same silica was utilized in 
previous work of the authors, although for different carbon precursors to 
be applied in supercapacitors [41]. As additional novelty, the effect of 
four different types of acids, H2SO4, CH3COOH, HCl and CH3COONH4, 
was evaluated for prompting the chitosan dissolution in water, and the 
resulting carbons were accordingly named from CH1 to CH4. Note that 
HNO3 was not used to avoid the formation of excessive oxygenated 
functional groups. In a typical synthesis, 3 g of CH were mixed with 1.5 g 
of silica P20 in 150 mL of water, then the solution was heated at 80 ◦C 

for 3 h, and finally, after the addition of acid to the solution, the tem
perature was increased to 90 ◦C and kept for 12 h while stirring at a 
rotation speed of 500 rpm. Afterwards, the precursors powder was dried 
for 24 h and then placed in a tubular furnace and pyrolyzed using a 
two-step procedure. After the typical atmosphere conditioning, the 
powder was first heated in the furnace with a 75 sccm (standard cm3 

min− 1) N2 flow at 100 ◦C for 1 h and, subsequently, the temperature was 
raised up to 750 ◦C at a rate of 5 ◦C min− 1 and kept at that temperature 
for 2 h. The template was etched by treatment in a solution containing 
ethanol and NaOH at a concentration of 2 M in bath sonicator for 3 days, 
keeping the temperature under 35 ◦C. The carbon was then separated by 
vacuum filtration on a nylon nanometric filter and dried overnight. 

2.3. Synthesis of the supported catalysts 

The catalysts were synthesized by a water-in-oil method. The 
microemulsion consisted of n-heptane, Brij-30 and an aqueous solution 
of CuSO4, with a water-to-surfactant molar ratio of 7:1 [45]. The 
reducing agent, NaBH4, was slowly added to the magnetically stirred 
microemulsion to form the Cu nanoparticles, with a reductant-to-metal 
molar ratio of 9:1 and a total stirring time of 2 h. After the reductant 
removal, 0.5 mL of the 8 wt.% H2PtCl6 solution was slowly added to 
perform the galvanic exchange, keeping the magnetic stirring for 1 h. 
Finally, 21 mg of the carbon support were added to the microemulsion, 
also stirring for 1 h and then, acetone was added for the phase separa
tion. Once the organic phase was clean, it was separated from the 
aqueous phase and the powder was filtered. Then, the powder was 
added to a 5 mM H2PtCl6 + 0.1 M HClO4 solution to improve the 
galvanic replacement, sonicating the suspension in bath for 1 h. Finally, 
the suspension was filtered, and the catalyst powder cleaned with 
ethanol. The resulting powder was left to dry overnight at 80 ºC. The 
corresponding PtCu carbon-supported catalysts were then identified as 
PtCu/CH1, PtCu/CH2, PtCu/CH3, PtCu/CH4, and PtCu/CMK-3. 

2.4. Structural characterization 

The textural and physicochemical characteristics of the synthesized 
carbons were studied by transmission electron microscopy (TEM), 
elemental analyses (EA), N2 absorption/desorption, Raman spectros
copy and X-ray photoelectron spectroscopy (XPS). TEM observations 
were performed using a FEI Tecnai G2 transmission electron microscope 
operating at 100 kV. EA was carried out using a Thermo Scientific Flash 
2000 analyser. N2 desorption/desorption isotherms were recorded at 
77.3 K using a Micromeritics ASAP 2020 Plus instrument. The specific 
surface areas of the samples were calculated by multipoint Brunauer- 
Emmett-Teller (BET) analysis; the total pore volume was obtained by 
applying Gurvich law at p/p0 ~ 0.95–1, whereas the t-plot method was 
used to measure the micropore volume. Pore size distribution curves 
were derived using density functional theory (DFT) methods and, 
finally, the number of mesopores was calculated as the difference be
tween the total number of pores and the number of micropores. The 
Raman spectra were obtained using a DXR Raman microscope system 
from Thermo Fischer Scientific. The photoexcitation was performed 
using a laser of λ = 532 nm, a spot size on the sample ~25 µm and a 
power at the sample in the range 0.1–1.0 mW. The XPS measurements 
were performed at room temperature in an ultra-high vacuum (UHV) 
chamber (base pressure < 5 × 10− 9 mbar), equipped with a double 
anode X-ray source (omicron DAR-400) and a hemispherical electron 
analyser (omicron EIS-125). A non-monochromatized Mg-Kα radiation 
(hν = 1253.6 eV) and pass energies of 50 and 20 eV for the survey and 
the single spectral windows, respectively, were used. The calibration of 
the binding energy (BE) scale was carried out using Au 4f7/2 as a 
reference (BE Au 4f7/2 = 84.0 eV). The XPS peaks of carbon, oxygen and 
nitrogen were separated into single components by using symmetrical 
Voigt functions. 

The catalysts prepared using the indicated supports were analysed 
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using X-ray diffraction (XRD) and TEM. For the XRD analyses, the 
samples were sandwiched between films of 3.6 µm – thick polyester 
(Mylar®), using a PANalytical X’Pert PRO MPD θ/θ powder diffrac
tometer, with a Cu anode, 45 kV and 40 mA, Cu Kα-filtered radiation (λ 
= 1.5418 Å), step size of 0.026◦ and measuring time of 200 s per step. 
The morphologies and overall composition of the catalysts were exam
ined by means of 200 kV JEOL JEM 2100 transmission electrode mi
croscope furnished with the energy-dispersive X-ray spectroscopy (EDS) 
technique. For the EDS analyses, different representative domains of the 
sample were analysed, and the mean values were taken as the corre
sponding overall compositions. 

2.5. Electrochemical tests 

The electrochemical activity measurements were carried out by cy
clic voltammetry (CV) and linear sweep voltammetry (LSV) in a cell with 
a double wall for the temperature regulation (25 ± 0.1 ◦C) by means of 
Julabo MP-5 thermostat and a three-electrode setup, with a glassy car
bon electrode (GCE) from Metrohm (0.196 cm2 area) as the working 
one, a Pt wire as the auxiliary electrode and a reversible hydrogen 
electrode (RHE) from Gaskatel GmbH as the reference. All the potentials 
mentioned in this paper are referred to the latter. The GCE tip was 
coupled to a rotating disk electrode (RDE) from Metrohm Autolab B.V. 
The GCE was polished using a PSA-backed white felt cloth from Buehler 
containing Micropolish II deagglomerated alumina of 0.3 and 0.05 µm. 
The catalysts inks were prepared by dispersing 2 mg of the catalysts in 
0.5 mL of ultrapure water by sonication for 30 min. Then, suitable 
amounts of the catalyst inks were deposited on the GCE tip using a 
micropipette and once dried at room temperature, the catalyst layer was 
coated with 2.5 µL of 1 wt.% Nafion®. 

The electrolyte used for the experiments was deaerated 0.5 M H2SO4 
and the measurements were performed using an Autolab PGSTAT100 
potentiostat-galvanostat controlled by NOVA 2.1.4 software. The solu
tion deaeration was performed before the electrochemical experiments 
by bubbling N2 through the solution and during the measurements it was 
maintained over the liquid phase. The freshly prepared working elec
trodes were repetitively cycled at 100 mV s− 1 in the potential range from 
0.0 to 1.2 V to attain steady voltammograms. The successive voltam
mograms obtained during this repetitive cycling presented a slight in
crease in the hydrogen adsorption/desorption currents, which was 
related to the electrochemical cleaning. Once stabilized, the represen
tative cyclic voltammograms were acquired at 20 mV s− 1. 

The CO tolerance of the catalysts was tested by CO stripping. In this 
case, CO was bubbled for 15 min while keeping the electrode potential at 
0.1 V and, afterwards, the CO dissolved was removed using N2. Then the 
monolayer of preadsorbed CO was oxidized by CV at 20 mV s− 1 between 
0.0 and 1.2 V. The activity test towards the ORR was performed by LSV 
in an O2-saturated (atmospheric pressure) 0.5 M H2SO4, scanning the 
potential from the open circuit potential to 0.2 V at a scan rate of 5 mV 
s− 1, rotating the GCE tip of the RDE at 1500 rpm. The activity towards 
the MOR was examined by CV at 20 mV s− 1, between 0.0 to 1.2 V, using 
deaerated 1.0 M solutions of the alcohol in 0.5 M H2SO4. The Pt loading 
in these ORR and MOR studies was set close to 20 µgPt cm− 2. 

3. Results and discussion 

3.1. Characterization of the mesoporous carbons 

The heteroatoms concentration in the four samples was evaluated by 
elemental analysis. Fig. 1 shows the results obtained for the synthesized 

Fig. 1. Elemental analysis histograms.  
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NMCs. All the samples from CH1 to CH4 show an important nitrogen 
content ranging from 5.2 to 7.4 wt.%, the latter obtained when 
CH3COONH4 was employed for prompting the chitosan solubilization in 
water. The CH1 sample shows nitrogen-sulfur co-doping, where the 
sulfur source is the H2SO4 used for increasing the chitosan solubility 
during the impregnation process. In all the samples, the residual element 
corresponds to the oxygen, from 8.2 to 13.8 wt.%, meaning that a sub
stantial functionalization with oxygen groups is attained, especially in 
the sample prepared by using strong acidic conditions (HCl and H2SO4). 

The highly porous nature of CH carbons was revealed by TEM 
measurements, which show the presence of carbon flakes characterized 
by round shape mesopores, all with diameters between 15 and 20 nm. 
TEM images of Fig. S1 in the Supporting Information (SI) file show the 
formation of an interconnected porous structure, which is the result of 
the interconnection of quasi-round pores created by the imprinting ac
tion of the SiO2 NPs. 

The synthesized NMCs showed a high specific BET surface area (Stot): 
714.6, 872.3, 1041 and 1037 m2 g− 1 for CH1 to CH4, respectively. It is 
evident that the resulting Stot is sensitive to the different acids used for 
increasing the chitosan solubility in water, which in turn affects the 
disposition of chitosan chain around the P20 particles. These values are 
greater than that measured for commercial CMK-3 (Table S1 and Fig. S2 
in SI) and significantly greater than that obtained for commercial 
Vulcan® XC-72 (Table S1 and Fig. S3 in SI). 

Fig. 2 shows the total pore, micropore and mesopore volumes: all the 
samples showed a larger volume of mesopores (Vmeso) as compared to 
that of micropores (Vμ). This is especially evident when H2SO4 was 
employed as acid (Vmeso = 2.408 m2 g− 1 and Vμ = 0.108 m2 g− 1), but 
Vmeso tended to decrease and Vμ tended to increase upon transition from 
CH1 to CH4. Note that as Vμ increased, Vmeso decreased together with the 
total pore volume (Vtot = Vμ + Vmeso). Thus, Vmeso/Vμ ratio was 22.7, 
21.7, 6.1 and 1.9 for CH1, CH2, CH3 and CH4, respectively. The higher 
microporosity of CH3 and CH4 agrees with their larger BET area 
measured, greater than 1000 m2 g− 1. On the other hand, CMK-3 pre
sented Vtot, Vmeso and Vμ values of 0.923, 0.638 and 0.142 cm3 g− 1, 
respectively, whereas the values for Vulcan® XC-72 were 0.629, 0.260 
and 0.055 cm3 g− 1, respectively, with the corresponding Vmeso/Vμ ratios 
of 4.5 and 4.7 for CMK-3 and XC-72, respectively (Table S1 in the SI). 

The graphitization degree of the CH-derived carbonaceous materials 
was evaluated by means of Raman spectroscopy. The spectra of all these 
mesoporous carbons were similar and have been exemplified in Fig. 3. 
As shown in this figure, these carbons did not present defined second- 
order Raman spectra (2400− 2700 cm− 1 region), and only a smeared 
flat band was present, which overlapped with the background noise. The 
spectra of all the CH1-CH4 carbons could be deconvoluted in the first- 
order region between 1100 and 1700 cm− 1 by using four Gaussian 
bands, being D1, D3, D4 and G, corresponding to disordered graphitic 
lattice (D1 and D4), amorphous carbon (D3) and ideal graphitic lattice 

(G) [46]. D2, corresponding also to disordered graphitic lattice, has been 
also sometimes used, and it is generally located at 1620 cm− 1. However, 
it was not considered in the present case because a very good fitting of 
the experimental data was already obtained, even by keeping a mini
mum number of gaussian components. Note that the position of the main 
bands D1 and G did not significantly change when comparing the four 
NMCs, thus evidencing a very similar graphitization degree and content 
of amorphous carbon. In Fig. 3, the ratios of the peak areas corre
sponding to the different spectral bands with respect to that of the G 
band were determined as: AD1/AG = 1.85, AD3/AG = 0.62, AD4/AG =

0.55 and A2D/AG = 0.38. 
An index that can be used for evaluating the degree of organization 

in carbon materials is R2, which can be calculated using Equation (1) 
[43,47]: 

R2 = AD1 / (AD1 + AG + AD2) (1)  

where Ai is the area of the corresponding deconvolution peak and AD2 
was considered to be equal to zero. Values of R2 lower or greater than 
0.5 are then indicative of the presence of lower or higher amounts of 
defective graphitic lattice in the carbonaceous material, respectively. 
The values of R2 for the different CH-derived carbons did not substan
tially change, ranging between 0.55 and 0.65, which denoted the rela
tive dominance of disordered graphitic lattice in these mesoporous 
materials. 

The surface compositions of the synthesized carbons were analysed 
by XPS. They showed the presence of surface of oxygen, carbon and 
nitrogen and the absence of silica. The C 1 s biding energy (BE) region of 
CH3 presented a broad peak (Fig. 4a), which could be fitted with five 
main components, assigned to C sp2 (C‒C, BE = 284.4 eV), C sp3 species 
bond to N (C‒N, BE = 286.1 eV), C‒O‒C groups at 287.5 eV, carboxylic 
carbon (COOH, BE = 289.3 eV) and carbonate groups (CO3

2‒, BE =
290.8 eV) [48]. The same deconvolution was performed for all the 
synthesized carbons, with the exception that no significant carbonate 
peak was ascertained for CH1. As expected, the XPS spectrum of CH1 
showed a S 2p peak, absent in the other CH-derived carbons, which 
could be assigned to one singular S-thiophene species (C − S − C, BE =
163.6 eV) [40,49]. 

The high-resolution XPS spectra in the N 1 s region of CH3 is depicted 
in Fig. 4b, where two main contributions could be deconvoluted, cor
responding to pyrrolic and pyridinic nitrogen, as indicated. The relative 
peak areas corresponding to the different chemical species of C and N for 
the synthesized carbons have been collected in Table 1. It is worth 
mentioning the higher amount of the C sp2 species and the dominance of 
pyrrolic N in CH2, CH3 and CH4 when compared to CH1. 

The presence of pyridinic and/or pyrrolic N in these carbons is of 
additional interest, since a strong interaction between N and Pt may 

Fig. 2. Histogram for the pore volume of the four synthesized carbons.  

Fig. 3. Raman spectrum for mesoporous carbon CH3.  
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result in excellent catalytic activity toward the ORR, as shown previ
ously by dispersing Pt NPs on N-functionalized commercial mesoporous 
carbons [38]. 

It is then shown that inexpensive mesoporous carbons with variable 
mesoporosity to microporosity ratio can be obtained from an abundant 
precursor in disposable biomass, chitosan, modulated by the precursor 
treatment in different acids, with the help of cheap P20 hard templating 
silica. The obtained carbons, apart from oxygenated functional groups, 
presented pyridinic and pyrrolic N, which can operate as active sites for 
the catalyst anchoring. 

3.2. Structural characteristics of the catalysts 

Fig. 5a shows the XRD diffractograms of the different PtCu/NMCs, 
which are compared to PtCu/CMK-3 and Pt/C. All the diffractograms 
have a similar shape in which the dominance of the fcc Pt peaks is clear. 
However, the Pt-like XRD peaks for the PtCu samples show a slight shift 
with respect to those of Pt/C, what is better observed in the magnifi
cation shown in Fig. 5b. 

The absence of peaks corresponding to Cu crystalline structures 
means that, if there were pure Cu or oxidized Cu crystallites, they had no 
sufficient size to be detected or they should be amorphous. The peaks at 
2θ of 40.0, 46.3 and 67.5º correspond to (111), (200) and (220) fcc Pt 
planes, respectively [50]. In Fig. 5b, the (111) and (200) fcc Cu peaks 
have been marked, corresponding to 2θ angles of 43.3 and 50.5º, 
showing that those of PtCu fall between the peaks of pure Pt and pure 
Cu, although displaced toward the Pt peaks. These peak shifts strongly 
support the formation of PtCu alloy crystallites, since the Cu atomic 
radius (145 pm) is smaller than that of Pt (177 pm). 

The composition of the PtCu alloys shown by these XRD analyses was 
estimated through Vegard’s law, Eq. (2), which relates the lattice 
parameter of the PtCu alloy (aPtCu) to the atomic fraction of Cu (x) and 
the lattice parameters of pure Pt (aPt = 0.3916 nm) and Cu (aCu =

0.3608 nm) [50]: 

aPtCu = (1 − x)aPt + xaCu (2) 

The Pt:Cu atomic ratios, collected in Table 2, show that the PtCu 
alloy crystallites formed are Pt-rich, with Pt amounts 5–9 times higher 
than Cu. The alloy formation indicates that in the galvanic replacement 
that takes place in the presence of Pt(IV), Cu is oxidized and replaced by 
Pt with some lattice reordering, which results in a PtCu alloy, in 
agreement with previous literature [18,13,51]. Note, however, that the 
peak broadness shown in Fig. 5 can be due to a small crystallite size and 
also to a peak superposition of phases having slightly different compo
sitions [52]. For this reason, the alloy composition measured should be 
regarded as a mean value. 

Despite not being pure metals, the crystallite sizes d can be estimated 
using Scherrer’s equation: 

d =
Kλ

B cos θ
(3)  

where K = 0.9, λ is the wavelength of the X-ray radiation, and B is the 
width of the peak (in radians) at half the maximum intensity The mean 
crystallite sizes obtained were around 3–4 nm (Table 2), slightly higher 
than that of the Pt nanoparticles in commercial Pt/C, but they can also 
be considered useful for fuel cell applications. 

The PtCu/NMCs catalysts were also examined by TEM and compared 
to PtCu/CMK-3 and Pt/C (Fig. 6). According to the corresponding im
ages, the PtCu NPs presented a rather spherical form, with sizes 
consistent with those estimated from XRD (Table 2). There is clear ev
idence of the successful attachment of the nanoparticles to the carbon 
supports, displaying some aggregation. However, the distribution and 
aggregation of the nanoparticles appear to be affected by the texture of 
the support. The corresponding EDS analyses provided the metallic 
overall compositions, also included in Table 2. Note that all the PtCu 
catalysts presented similar Pt contents in the range 22–33 wt.%, com
parable to that of Pt/C, with Cu contents in the range 14–21 wt.%. The 
overall amounts of Pt and Cu did not vary too much from one catalyst to 
another, what is not strange because they were prepared in the same 
way. It is important to note, however, that the overall Pt:Cu atomic 
ratios in the catalyst were in the range 30–40 at.% Pt and 60–70 at.% Cu, 
which are very different from the alloy composition identified by XRD. 
Similar results were obtained by us when using CMK-3 and other sup
ports, although with different synthesis procedure [18,36]. This can be 
explained considering that the composition of the crystallites obtained 
from XRD refers to the Pt and Cu zero-valent elements and by the 
presence of significant amounts of Cu oxidized species on the carbon 
surface, resulting from the galvanic exchange. It was shown that the 
latter were easily removed by Ar+ sputtering in the XPS analyses, and it 

Fig. 4. High-resolution XPS analyses of mesoporous carbon CH3 in the BE region of (a) carbon and (b) nitrogen. Hollow symbols (○ and □) correspond to the 
experimental data and the solid lines to fitting after deconvolution in the indicated bands. 

Table 1 
Relative atomic composition (%) of the different oxidation states of C and N, 
obtained from the corresponding XPS high-resolution spectra.  

Mesoporous 
carbon 

C 
sp2 

C‒ 
N 

COOH C‒ 
O‒ 
C 

CO3
2‒ Pyrrolic 

N 
Pyridinic 
N 

CH1 
CH2 
CH3 
CH4 

52 
70 
64 
68 

24 
16 
19 
17 

7 
4 
5 
5 

17 
6 
9 
8 

0 
4 
3 
3 

48 
61 
63 
60 

52 
39 
37 
40  
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is also expected that they should be also dissolved in the acidic elec
trolyte and electrochemical cleaning before the electrochemical tests. 

These results show that the PtCu alloy nanoparticles, about 4 nm in 
size, were successfully attached to the mesoporous carbon supports, 
with some aggregation and composition dependence on the textural 
properties of the latter. 

3.3. Electrochemical tests 

The cyclic voltammograms of the PtCu/NMCs were first obtained in 
deaerated 0.5 M H2SO4 at 20 mV s− 1 to examine the hydrogen adsorp
tion/desorption peaks. The steady cyclic voltammograms obtained after 
electrochemical cleaning for representative PtCu/NMCs catalysts are 
shown in Fig. 7a. They have been compared to commercial Pt/C after 
normalizing to the respective mean value of the hydrogen adsorption 
and desorption charges, which are proportional to the number of active 
sites. Three distinct potential regions can be observed in all the cyclic 
voltammograms of the PtCu/NMCs, which match to those of commercial 
Pt/C: i) the hydrogen adsorption/desorption region (0.0–0.3 V), from 
which the coulombic charge of H adsorption and desorption (QH) can be 
obtained to estimate the electrochemical active surface area; ii) the 
pseudocapacitive region (0.3–0.7 V), which is proportional to the spe
cific surface area of the carbon support; and iii) the oxidation/reduction 
of the surface Pt/PtO couple around 0.80 V (Pt oxidation from 0.80 V in 
the anodic sweep with the corresponding PtO reduction peak potential 
in the cathodic sweep at about 0.75 V). Note that the currents corre
sponding to the pseudocapacitive region for the PtCu/NMCs are higher 
than those of commercial Pt/C. This can be explained by the different 

Fig. 5. XRD diffractograms of (a) the PtCu supported catalysts and (b) magnification of the main peaks observed, which correspond to Pt (111) and (200) plains.  

Table 2 
Metallic composition and crystallite size of the PtCu alloys identified by XRD 
(see Fig. 5), and overall metal contents of the catalysts measured from the EDS 
analyses.  

Catalyst Pt:Cu 
at.% 

Crystallite 
size / nm 

Metal contenta / wt.% 

Pt Cu 

PtCu/CH1 
PtCu/CH2 
PtCu/CH3 
PtCu/CH4 
PtCu/CMK-3 
Pt/C 

83:17 
87:13 
90:10 
84:16 
98:2 
100:0 

3.1 
4.7 
4.2 
3.3 
3.2 
2.6 

26 
26 
33 
22 
25 
19 

16 
20 
21 
18 
14 
-  

a Mean standard deviation of 2 wt.%. 
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specific total surface areas of the different carbons, which is of 223 m2 

g− 1 for commercial Vulcan® XC-72 (Table S2 in SI), whereas they are 
over three-times greater for the mesoporous carbons of this work, as 
indicated above. Any evidence about Cu oxidation peaks in the cyclic 
voltammograms of the PtCu/NMCs was obtained, thus indicating the 
dominance of Pt on the PtCu surface NPs, achieved by the galvanic 
replacement and further CV cleaning [18,36]. Note in addition that the 
adsorption/desorption peaks of hydrogen in the PtCu/NMCs were not as 
well defined as those on Pt/C, most probably due to the Cu alloying, 
which can condition the Pt structural ordering on the surface of the 
nanoparticles [9,18]. 

The cyclic voltammograms of the CO stripping experiments have 
been depicted in Fig. 7b, where the oxidation of the CO monolayer that 
was previously adsorbed appear as the peak in the anodic sweep in the 
potential range between 0.6 and 1.0 V, although the onset and peak 
potentials depend on the catalyst. Note also that these curves have been 
normalized to the corresponding CO stripping charges for a better 
comparison, because these charges are proportional to the number of Pt 
active sites in each specimen. 

It can be observed in the voltammograms shown in Fig. 7b that the 
stripping peaks for the PtCu/NMCs are shifted to more negative poten
tials than that corresponding to Pt/C. As shown in this figure, the onset 
potentials for the CO oxidation were about 0.70 V for the latter and 
about 0.65 V for the former, in agreement with previous results of the 
authors using PtCu NPs obtained also by galvanic exchange, although 
for different carbon supports [18,36]. This shift in the negative direction 
indicates improved activity toward CO oxidation (i.e., better CO toler
ance), and can be explained by the electronic effects of Cu on Pt, which 
combine the compressive strain of the Pt lattice due to the smaller size of 
Cu (geometric effect) and the electron-donation of Cu on Pt due to the 
smaller electronegativity of the former (ligand effect), eventually 
weakening the CO bond and allowing its easier removal [9,18,36,53]. 

The electrochemical active surface area ECSA of each specimen was 
obtained from the hydrogen adsorption/desorption charges (ECSAH) 
and from CO stripping (ECSACO), according to the following equations: 

ECSAH =
QH

210 ⋅ mPt
(4)  

ECSACO =
QCO

420 ⋅ mPt
(5)  

where QH and QCO are, respectively, the mean charge involved in the 
hydrogen adsorption/desorption and in the CO stripping charge (µC), 
mPt is the load of Pt (g) on the GCE, and 210 and 420 are the charges (µC 
cm− 2) associated to the oxidation of a monolayer of adsorbed H atoms 
(one-electron) and CO molecules (two-electron), also, respectively [54]. 
The ECSA values of the catalysts have been summarized in Table 3, 
showing a good agreement between those obtained from the hydrogen 
adsorption/desorption and CO stripping. Except for PtCu/CH4, they are 
in the range 15–22 m2 gPt

− 1, being smaller than for Pt/C. These rather low 
values can be explained, apart from the abovementioned larger nano
particle size of PtCu/NMCs (Table 3), by the agglomeration of the PtCu 
NPs, which could reduce the number of accessible Pt active sites. This is 
in agreement with the TEM pictures shown in Fig. 6, in which more 
aggregation for CH3 is appreciated when compared to CH2. This is 
apparently related to the carbon microporosity. In fact, the micropo
rosity of CH1 and CH2 is low and comparable (Vmeso/Vμ ratios of 22.7 
and 21.7), whereas it is significantly higher for CH3 and CH4 (Vmeso/Vμ 
ratios 6.1 and 1.9). Accordingly, the ECSAs of CH1 and CH2 are com
parable, and decreased when moving from CH2 to CH4. The higher 
microporosity of CH3 and CH4 allowed increasing their specific surface 
area, but could stimulate the nanoparticles aggregation. 

The linear sweep voltammograms to study the ORR performance of 
the different catalysts in O2-saturated 0.5 M H2SO4 solution at 5 mV s− 1 

Fig. 6. TEM micrographs of the different specimens studied: (a) PtCu/CH1, (b) PtCu/CH2, (c) PtCu/CH3, (d)PtCu/CH4, (e) PtCu/CMK-3 and (f) commercial Pt/C.  
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and an RDE rotation rate of 1500 rpm, are shown in Fig. 8. Fig. 8a refers 
to the Pt mass (mass activity, jm) and shows single waves in all cases, 
with limiting currents depending on the catalyst. When referred to the 
electrode section, the limiting current densities were comparable and 
about 2.5–3 mA cm− 2 (see Fig. S4 in the SI file), except for PtCu/CH4 
and PtCu/CMK-3, which were somewhat smaller. As shown in Fig. 8a, 

the Pt/C mass activity is the highest, which is an expected result, since 
its ECSA is about four times greater than those of PtCu/NMCs and PtCu/ 
CMK-3, with about the same Pt loading. If, conversely, comparison is 
made in terms of current per ECSA (specific activities, jsp in Fig. 8b), it is 
now the Pt/C that exhibits the smallest values. As the specific activities 
give the activity per unit of active area, higher values indicate greater 
catalytic activity and thus, all the PtCu catalysts appear to be more 
active than Pt/C. 

The better activity of the PtCu/NMCs for ORR agrees with the CO 
stripping results of Fig. 7b, in which Cu alloying makes Pt more active in 
front of the CO oxidation and can also be explained by the electronic 
effects of Cu on Pt. As a method to quantify this specific activity, the 
potentials to attain a given jsp were determined in the Tafel region of the 
ORR (Eonset and E0.1 at − 0.01 and − 0.1 mA cmPt

− 2, respectively) and the 
jsp values at 0.9 V (-jsp(0.9V)) were additionally considered. These data 
have been listed in Table 4, revealing a clear advantage of PtCu/CH3, 
with Eonset and E0.1 values about 45 mV more positive than those of Pt/C, 

Fig. 7. (a) Cyclic voltammograms of the indicated PtCu/NMCs catalysts and (b) CO stripping curves of the same catalysts as in (a), compared to commercial Pt/C. 
Obtained in deaerated 0.5 M H2SO4 at a scan rate of 20 mV s− 1. 

Table 3 
ECSAs measured from the hydrogen adsorption/desorption (H) and from the CO 
stripping (CO) charges in the corresponding cyclic voltammograms.  

Catalyst Pt loading/ µg cm− 2 ECSAH/ m2 gPt
− 1 ECSACO/ m2 gPt

− 1 

PtCu/CH1 
PtCu/CH2 
PtCu/CH3 
PtCu/CH4 
PtCu/CMK-3 
Pt/C 

22.3 
22.4 
24.7 
23.5 
21.4 
20.4 

21.4 
21.7 
16.2 
9.5 
15.6 
84.3 

21.7 
21.8 
16.9 
9.7 
15.7 
85.2  
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also with the highest jsp at 0.9 V. The other PtCu/NMCs present inter
mediate values between both and again, the PtCu/NMCs exhibit better 
catalytic activity than commercial Pt/C. Note in addition that better 

ORR results have been obtained using the present NMCs as compared to 
commercial CMK-3. In the case of the RDE experiments, the limiting 
currents referred to the electrode section are not expected to signifi
cantly depend on the carbon porosity. However, the carbon porosity can 
be responsible for the dispersion of the PtCu NPs and their accessibility 
to the Pt(IV) species in the further galvanic exchange. Evidence about 
this point is that the composition of the crystallites depended on the 
support (see Table 2), that corresponding to PtCu/CH3 having the 
smallest Cu content (10 at.%) in the synthesized NMCs. In the case of 
PtCu/CMK-3, the Cu content of the crystallites was too small (2 at.%) 
and presented the lowest activity toward the ORR. It has been shown 
that building up a suitable structure of the PtCu surface is essential for a 
good catalytic performance and that an excessive Cu content of the PtCu 
crystallites was not suitable [55,56]. Therefore, it is interpreted that the 
final composition and surface structure of the PtCu nanoparticles was 
conditioned by the different textural properties of the NMCs. 

Fig. 8. Linear sweep voltammograms at 5 mV s− 1 for the ORR in O2-saturated 0.50 M H2SO4, the current densities being referred to the (a) Pt mass (jm, mass activity) 
and (b) ECSA (jsp, specific activity). RDE rotation rate of 1500 rpm. 

Table 4 
Catalytic activity data obtained from LSV for the ORR using the RDE at 1500 rpm 
and for the MOR without rotation.   

ORR MOR 

Catalyst Eonset 

/ mV 
E0.1 

/ mV 
-jsp(0.9V) 

/ mA cmPt
− 2 

E0.1 

(mV) 
jf / jr 

PtCu/CH1 
PtCu/CH2 
PtCu/CH3 
PtCu/CH4 
PtCu/CMK-3 
Pt/C 

934 
926 
952 
932 
925 
909 

850 
847 
878 
846 
839 
832 

26 
23 
54 
27 
22 
14 

660 
644 
644 
658 
727 
700 

1.4 
1.2 
1.1 
1.2 
1.8 
0.9  
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The cyclic voltammograms in deaerated 1.0 M MeOH + 0.5 M H2SO4 
to study the MOR showed the same profile (Fig. S5 in SI), with an initial 
current growth leading to a forward peak (f) and a reverse one (r), with 
respective peak current densities jf and jr. As examples, Fig. S5a in the SI 
file shows the CV profile for PtCu/CH3 and Fig. S5b that of Pt/C. The jf/jr 
ratio has been taken in previous reports as a measure of the catalyst 
poisoning by the intermediates generated during the MeOH oxidation, 
the oxidation of such intermediates being easier in the forward scan as 
the jf/jr ratio increases [57]. As shown in Fig. S5 and Table 4, jf > jr for all 
the PtCu catalysts and, conversely, jf < jr for commercial Pt/C. However, 
this interpretation has been criticized sometimes because in situ 
surface-enhanced infrared measurements during the methanol oxidation 
on Pt showed that the forward and backward peaks shared the same 
origin, i.e. the oxidation of freshly chemisorbed MeOHads species [37, 
58]. Normalization with respect to the Pt mass and/or to the ECSA was 
then suggested as the best way of comparing the corresponding catalysts 
activities. This is done in Fig. 9, which compares the linear sweep 

voltammograms for the MOR considering the mass (jm) and specific 
activities (jsp). 

It is shown in Fig. 9a that the mass activities of PtCu/CH2 and PtCu/ 
CH3 competed with those of commercial Pt/C. Note, however, that this 
may arise from the smaller size and lower aggregation of the Pt NPs in 
the latter, since according to the data listed in Table 3 and despite using 
the same Pt loading on the GCE, the ECSAs of the PtCu/NMCs were 
about four times smaller. Therefore, the catalytic activities would be 
better represented by the specific values referred to the ECSAs jsp, shown 
in Fig. 9b. For this comparison, the potentials corresponding to a jsp =

0.1 mA cm− 2 (E0.1) were selected as representative of the activity of the 
different catalysts, those being less positive presenting a smaller over
potential and thus, a higher activity. These results are also listed in 
Table 4, where it is shown that the best values were obtained for PtCu/ 
CH3, which were 56 mV more negative than that of Pt/C. The highest 
specific current density was also obtained for PtCu/CH3, with a value of 
1.2 mA cm− 2 at a peak potential of 0.90 V. The PtCu catalysts are more 

Fig. 9. Direct sweep of the cyclic voltammograms for the MOR in deaerated 1.0 M MeOH + 0.5 M H2SO4 solution corresponding to the (a) mass activities (jm) and (b) 
specific activities (jsp). Scan rate of 20 mV s− 1. 
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active for the MOR than commercial Pt/C, and there is a progress of 
activities, attributable, as indicated above, to the different surface 
structures of the PtCu nanoparticles produced on the different support 
textures. Note in addition, that the Pt loading of about 20 µgPt cm− 2 has 
been fixed in this work for comparing the activity of the different cat
alysts. Changing such Pt load could plausibly enhance the obtained re
sults, as shown in previous literature, but this aspect is out of the scope 
of the present paper [30]. 

Overall, the electrochemical tests showed that the synthesized PtCu/ 
NMCs were more active than Pt/C in front of the CO stripping, the ORR 
and the MOR, and this can be attributed to the particular electronic 
structure of Pt in the PtCu alloy nanoparticles built up during the 
preparation procedure. There is, however, some dependence of the 
PtCu/NMC activity on the PtCu alloy nanoparticle composition. This can 
be due to the formation of different alloy surface structures resulting 
from the different textural properties of the NMCs, which could condi
tion the transport of the species. The best activity results were obtained 
with PtCu/CH3, what could be assigned to the best compromise between 
meso and microporosity of CH3 with respect to the other NMCs. 

4. Conclusions 

PtCu alloy catalysts were supported on chitosan-derived N-doped 
mesoporous carbons (NMCs), with the double goal of reducing the need 
of Pt and investigating the viability of inexpensive greener carbons, 
eventually enhancing the sustainability of low-temperature fuel cells. 
Carbon supports with differently textural properties were synthesized 
from easily available chitosan present in disposable biomass, using the 
cheap silica P20 normally employed for chromatographic separation as 
hard templating agent. BET specific surface areas over 1000 m2 g− 1 were 
attained, with different mesopore-to-micropore volume ratios. This ratio 
was 6.1 for the NMC activated with H2SO4 (CH3), exhibiting better 
textural properties than the ordered mesoporous carbon CMK-3 and 
Vulcan® XC-72. The nitrogen content of the NMCs ranged between 5.2 
and 7.4 wt.% and the XPS results showed about 19% atoms of carbon in 
C–N bonds, and pyridinic to pyrrolic forms with ratios in the range 
40–50%. The Raman analyses indicated the formation of rather defec
tive graphite lattices. 

The supported PtCu catalysts for electrochemical tests were prepared 
sequentially in two steps. The dispersed PtCu nanocrystallites were 
identified by means of XRD, with compositions in the range 83–90 at.% 
Pt and mean size between 3.1 and 4.7 nm. The PtCu/NMCs presented CO 
oxidation peaks placed about 50 mV more negative than commercial Pt/ 
C, thus indicating their higher CO tolerance. The specific activities 
(current densities relative to the ECSA) for the ORR and the MOR were 
also higher than those of commercial Pt/C and PtCu supported on 
commercial ordered mesoporous carbon CMK-3, PtCu/CH3 being the 
most active. The ECSA of the PtCu/NMCs was smaller than that of Pt/C 
and decreased with the microporosity of the NMCs, which was assigned 
to a higher nanoparticle aggregation, favoured by the microporosity 
increase. A soft dependence of the crystallite composition with the 
textural properties of the NMCs was also found, the Pt:Cu at.% ratio 
being 90:10, with the lowest Cu content, for PtCu/CH3. It is concluded 
that the compromise between meso and microporosity conditioned, 
through the mass transport of species, the surface structure of the final 
PtCu nanoparticles on the carbon supports. 

Supporting Information (SI) contains 5 figures and 1 table on: TEM 
micrographs of the synthesized mesoporous carbons; N2 physisorption 
analyses; Linear sweep voltammograms for the ORR; Cyclic voltammo
grams for the MOR. 
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