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1. Introduction

The growing global production of glycerol from biodiesel
manufacture has sparked renewed interest in the develop-
ment of low-temperature fuel cells powered by this alcohol. 
Glycerol is the main by-product (10 % by weight) generated 
during the transesterification process of vegetable oils and 
fats in biodiesel plants. In addition, it is non-toxic, easy to 
handle, store and transport, and possesses high volumetric 
energy density (i.e., 6.26 kW h L-1).  

Among the different types of fuel cells, anion exchange 
membrane fuel cells (AEMFCs) fed with aqueous solutions 
of ethanol or glycerol have emerged as promising power 
sources to supply clean energy for portable, stationary, and 
perhaps even automotive applications because of the fast 
electrode kinetics, the lower corrosion of the cell compo-
nents in an alkaline environment and the possibility of using 
non-noble catalysts in the cathode, when compared to pro-
ton-exchange membrane fuel cells (PEMFCs). However, the 
activity and performance of the anodic catalyst must be en-
hanced, and the platinum-group-metal (PGM) loading in the 
electrode must be reduced to make them a cost-competitive 
alternative technology to batteries. Several strategies have 
been implemented to boost the performance of platinum 
catalysts, including designing particles with controllable 
shape and structure, allowing with non-precious metals or 
combination with metal oxides, and employing different cat-
alyst supports. In this respect, we have paid particular atten-
tion in this work to the addition of metal oxide promoters to 
enhance the catalytic activity and long-term stability of Pt 
and PtCu electrocatalysts for the oxidation of glycerol in al-
kaline medium. A recent investigation showed that the pres-
ence of spinel oxide NiCo2O4 nanoparticles onto a three-di-
mensional hierarchically porous graphene-like carbon 
boosts the catalytic activity of platinum toward glycerol 
electrooxidation [1]. Garcia et al. determined that MnOx acts 
as a source of labile oxygenated species, which facilitate the 
oxidation of glycerol on PtAg/MnOx/C electrocatalysts [2]. 
Whereas, Li and coworkers found that YOx/MoOx decoration 
of ultrathin platinum nanowires enables the brake of the C-
C bonds of ethanol and glycerol and also improves the anti-
CO poisoning ability of the catalytic sites [3]. Velázquez-Her-
nández et al. found that the presence of Ni(OH)2 in a plati-
num catalyst favors the electrooxidation of glycerol to gly-
colate and mesoxalate via the bifunctional mechanism [4]. 

Herein, we synthesized Pt and Pt0.7Cu0.3 catalysts sup-
ported on hybrid CuO/C materials with different CuO con-
tents. The as-prepared electrocatalysts were characterized 
by XRD, HR-TEM, EDX, ICP-OES, and XPS. The experiments 
showed that the presence of CuO boosts the activity and sta-
bility of Pt and PtCu particles in the electrooxidation of glyc-
erol in alkaline environment. The current density of the 
most active catalyst was found to be 1.73 A mgPt

-1, which is 
ca. 3 times higher than that of Pt/C.        

2. Experimental

2.1 Carbon support treatment and CuO synthesis

The carbon support Vulcan XC-72R was obtained from 
Cabot Corporation. The pristine carbon black powder was 
treated under mild conditions (3 M HNO3 solution at 60 °C 
for 3 h) to introduce oxygenated functional groups (mainly 
carbonyl and quinone moieties) on the surface of the parti-
cles. The oxidized carbonaceous material (O-Vulcan XC-72R) 
exhibited a specific BET surface area of 92 m2 g-1, an electri-
cal conductivity of 0.343 S cm-1, and a relative atomic con-
tent of oxygen of 4.2 %. CuO nanoparticles were prepared 
via a precipitation method. First, 30.0 g of Cu(NO3)2∙3H2O 
was dissolved in 25 mL of tridistilled water. Then, the pH of 
the blue solution was adjusted to 12 by adding 9.0 M NaOH 
solution under vigorous stirring for 60 min. The resulting 
black precipitate was filtered under vacuum and dried in an 
oven at 100 °C overnight. Afterward, the solid was ground in 
an agate mortar, poured into a ceramic crucible and calcined 
in a tubular oven at 350 °C for 3 hours.        

2.2 Catalysts preparation 

The carbon-supported Pt-based electrocatalysts were 
synthesized via the fast and cost-effective pulsed 
microwave-assisted polyol method. 100.0 mg of O-Vulcan 
XC-72R carbon black and the as-prepared CuO nanoparticles 
(5.0, 10 and and 15 wt %. on carbon) were dispersed in 50 
mL of ethylene glycol by sonication for one hour. The pH 
value of the slurry was adjusted to 10 by adding 3 mL of 0.5 
M KOH-EG solution, followed by sonication for 15 min. The 
deposition of Pt and Pt0.7Cu0.3 particles on the hybrid 
support was carried out by heating the black suspension in 
a microwave oven under intermittent irradiation. The 
synthesis was carried out for 16 cycles with 30 s-on and 30 
s-off heating modes. Afterward, the slurry was filtered
under vacuum, thoroughly washed with tridistilled water
and ethanol, and dried at 80 °C for 8 h. Catalyst inks were
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prepared by dispersing 5.0 mg of catalysts with 3.98 mL 
tridistilled water, 1.00 mL isopropyl alcohol, and 20.0 μL of 
Nafion® solution under sonication for 30 min. The as 
prepared samples were named as: Pt-CuO(x)/C and 
Pt0.7Cu0.3-CuO(x)/C, with x = 5, 10 or 15 wt. %. 

 
2.3 Physicochemical and electrochemical characterizations 

The metals contents on the carbonaceous support were 
determined by ICP-OES on a Shimadzu 1000 model III equip-
ment. The relative composition of the samples was also es-
timated with an EDX probe attached to a SEM microscope. 
The carbon-supported catalysts were analyzed with a HR-
TEM JEOL model JEM-2100 plus microscope. The structure 
of the as-prepared materials was investigated with a Rigaku 
Dmax III C diffractometer and the surface state and compo-
sition were determined with an XPS PHI 548 spectrometer. 
The electrochemical measurements were carried out with a 
Princeton Applied Research VersaSTAT 3 potentiostat/gal-
vanostat. Conventional three-electrodes glass cells were 
used for the experiments. The reference electrode was a 
saturated calomel electrode (SCE, +0.241 vs. NHE). The aux-
iliary electrode was a platinum wire. The working electrodes 
were prepared as follows: 10 μL of a catalyst ink was pipet-
ted onto the surface of a glassy carbon rod (GC, 0.07 cm2) 
and dried at room temperature for 4 hours. The electrocat-
alytic performance of the as-prepared catalysts was evalu-
ated by cyclic voltammetry (CV) and chronoamperometry 
(CA) in N2-saturated 0.1 M NaOH + 0.1 M HOCH2-CHOH-
CH2OH solution. CV experiments were run from -0.8 to 0.2 V 
vs. SCE at a sweep rate of 50 mV s-1 for 50 cycles. Chrono-
amperometry tests were conducted at an applied potential 
of -0.2 V vs. SCE for 3600 s. The current densities reported 
in this work were normalized to the mass of platinum. The 
electroactive surface area of the as-prepared electrocata-
lysts was estimated from the CO stripping charge in 0.1 M 
NaOH electrolyte solution. 

3. Results and discussion 

3.1 Physicochemical characterization  

The diffraction pattern (not shown) of CuO sample dis-
played the presence of of six peaks located at 2θ angles of 
ca. 31.9, 35.5, 38.9, 48.5, 66.3, and 68.0 °, ascribed to the 
(110), (002), (111), (-202), (-311), and (220) reflections of the 
monoclinic tenorite CuO phase (JCPDS card no. 089-2529). 
TEM images of the oxide showed the presence of nanopar-
ticles with sizes in the range of 4-6 nm.  

Figure 1a exhibits the diffraction patterns of the as-pre-
pared electrocatalysts. All diffractograms show the pres-
ence of five diffraction peaks located at Bragg angles of 
around 24.7, 39.9, 46.5, 68.7, and 82.3 °. The first peak is 
associated with the graphite-like structure of the carbon 
support, while the others are ascribed to the face-centered 
cubic (fcc) crystalline structure of platinum (JCPDS card no. 
01-1194). In addition, there are no reflection peaks from 
tenorite CuO phase in the XRD patterns. The crystallite size 
(i.e., domains) was calculated from the broadening of the Pt 
(111) and (220) reflections using the Scherrer equation, and 
the values are reported in Table 1. It is also evident from Fig-

ure 1a that the diffraction peaks of the Pt-CuO(x)/C catal-
lysts are slightly shifted to higher Bragg angles than those of 
Pt/C, owing to the lattice contraction of Pt induced by the 
presence of the oxides onto the carbon support. While the 
peaks of te Pt0.7Cu0.3-CuO(x)/C samples are shifted at higher 
angles compared to Pt-CuO(x)/C, indicating that the parti-
cles are composed of a PtCu alloy. 

 
Fig. 1. (a) X-ray diffraction patterns of the as-prepared electrocata-
lysts. (b) EDX spectrum of the Pt0.7Cu0.3-CuO(10)/C catalyst. (c and 
d) HR-TEM images of Pt0.7Cu0.3-CuO(10)/C catalyst.  

 
The chemical composition of the electrocatalysts was 

determined by ICP-OES and EDX techniques. Figure 1b 
shows the EDX spectrum of Pt0.7Cu0.3-CuO(10)/C sample. The 
results are summarized in Table 1. The morphology, struc-
ture, particle diameter, and size distribution were evaluated 
HR-TEM analyses (Figures 1c and 1d). The average particle 
size of all catalysts is summarized in Table 1. The average 
particle size values determined from TEM analysis are in 
good accordance with those calculated from XRD data. The 
smaller particle size and the better particle distribution in 
the bimetallic and trimetallic catalysts can be explained in 
terms of the higher efficiency of the hybrid support to pro-
mote the nucleation rate of Pt and PtCu particles under the 
microwave-assisted reduction process [8]. 

Table 1. Characteristic parameters of the as-prepared catalysts. 

Catalyst 
dp  
nm 

Pt 
 at. % 

Cu 
 at. % 

afcc 
Å 

dc 
nm 

Pt/C 4.2 100 - 3.942 4.3 

Pt-CuO(5)/C 3.2 85 15 3.920 3.1 

Pt-CuO(10)/C 2.8 75 25 3.909 3.0 

Pt-CuO(15)/C 2.6 62 38 3.908 2.8 

Pt0.7Cu0.3-CuO(5)/C 2.3 80 20 3.912 2.3 

Pt0.7Cu0.3-CuO(10)/C 2.8 68 32 3.906 3.0 

Pt0.7Cu0.3-CuO(15)/C 2.6 56 44 3.859 2.4 
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XPS analysis was conducted to obtain information about 
the surface composition and chemical state of the as-syn-
thesized electrocatalysts. The high-resolution Pt 4f core-
level spectra of the catalysts can be deconvoluted into a 
doublet at binding energies of ca. 71.7 and 75.0 eV ascribed 
to Pt0 (not shwon). The Cu 2p spectra of catalysts can be de-
convoluted into four peaks (not shown). The most intense 
peaks centered at binding energies of 932.3 and 952.2 eV 
are assigned to Cu 2p3/2 and Cu 2p1/2 signals of Cu0, while 
the two less intense peaks at around 934.4 and 954.2 eV are 
related to the presence of Cu(OH)2 on the surface of the na-
noparticles.  

3.2 Electrochemical characterization  

The electrocatalytic performance of the as-prepared ma-
terials for the electrooxidation of glycerol in alkaline me-
dium was evaluated by cyclic voltammetry at room temper-
ature. Figures 2a and 2b show the stabilized response of the 
electrodes after 50 cycles. The potentiodynamic experi-
ments demonstrate that the electrocatalytic properties of 
the as-prepared materials depend on the CuO content and 
the presence of the Cu atoms in the bimetallic alloy. 
Pt0.7Cu0.3-CuO(10)/C catalyst exhibited the best perfor-
mance for the glycerol oxidation reaction (GOR) (i.e., the 
lower onset potential and the highest mass activity). The 
maximum current density developed for the GOR on 
Pt0.7Cu0.3-CuO(10)/C was 1733 mA mgPt

-1, which is 1.36, 1.39, 
1.65, 1.90, 2.0, and 3 times higher than those of Pt-
CuO(10)/C, Pt0.7Cu0.3-CuO(15)/C, Pt-CuO(15)/C, Pt0.7Cu0.3-
CuO(5)/C, Pt-CuO(5)/C, and Pt/C, respectively.  

 

 
Fig. 2.  Stabilized CV response of the as-prepared electrodes in N2-
saturated 0.1 M glycerol/0.1 M NaOH solution at a scan rate of 50 
mV s-1. The arrows indicate the scan direction. 

 
The experiments also depicted that the onset potential 

of Pt-CuO(x)/C and Pt0.7Cu0.3-CuO(x)/C catalysts is shifted 
negatively by about 100 to 200 mV relative to Pt/C, indicat-
ing enhanced kinetics for the GOR process on the available 
Pt sites. The electrocatalytic performance of the electrodes 
under potentiostatic conditions (CA) resembles that ob-
tained in the CV experiments. However, there is a more sig-
nificant difference in the electrochemical behavior between 
the most active electrode material, Pt0.7Cu0.3-CuO(10)/C and 
the monometallic ones. That is, Pt0.7Cu0.3-CuO(10)/C (270 
mA mgPt

-1) developed a catalytic activity 5.4 times higher 
than that of Pt/C (50 mA mgPt

-1).  
The better performance of Pt-CuO(x)/C and Pt0.7Cu0.3-

CuO(x)/C catalysts compared to Pt/C can be ascribed to their 
higher number of electroactive platinum sites (i.e., higher 

ECSA values) and the synergistic effect between platinum 
and the co-catalysts. CuO nanoparticles can provide ad-
sorbed -OH species, coming from water dissociation, to oxi-
dize the adsorbed intermediates at lower overpotentials via 
the so-called bifunctional mechanism [5]. On the other 
hand, the enhanced activity of the Pt0.7Cu0.3-CuO(x)/C elec-
trodes relative to Pt-CuO(x)/C catalysts can be ascribed to 
the positive effect induced by Cu atoms in the bimetallic al-
loy. The copper atoms induced compressive strain in the 
platinum lattice, which causes the down-shift in the noble 
metal d-band center, thereby decreasing the adsorption 
strength of poisoning intermediates [6]. This assumption is 
in good agreement with the previously discussed XRD re-
sults.   

4. Conclusions 

Herein, we synthesized Pt and PtCu nanoparticles sup-
ported on CuO/C hybrid supports via a fast and cost-effec-
tive pulsed microwave-assisted polyol method using eth-
ylene glycol as a reducing agent. The electrochemical meas-
urements showed that Pt0.7Cu0.3-CuO(10)/C exhibits the 
highest activity for the GOR. CuO particles facilitated the ox-
idation of glycerol intermediates through the bifunctional 
mechanism, while Cu atoms in the alloy induced compres-
sive strain and electronic effects and thus weaken the ad-
sorption strength of the intermediates on Pt. 
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