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A B S T R A C T   

Pt/C and PtSb/C catalysts in various atomic ratios were synthesized by the sodium borohydride reducing method 
and their activity for the glycerol oxidation reaction (GOR) was evaluated in alkaline media. Transmission 
Electron Microscopy (TEM) images showed that Pt particle size increases with increasing Sb content in the 
catalyst. X-ray photoelectron spectroscopy (XPS) showed that the ratio of Pt and Sb is close to that expected. By 
XPS measurements, the presence of Sb2O5 in Pt70Sb30/C and Pt50Sb50/C was observed. X-ray diffraction (XRD) 
analysis revealed the presence of the face-centered cubic (FCC) structure of Pt and PtSb and of some others 
phases that could be identified as Sb oxides. By linear sweep voltammetry (LSV) measurements, Pt80Sb20/C 
showed the highest activity for the GOR in alkaline media for potentials >− 0.35 V vs. Ag/AgCl, while Pt50Sb50/C 
showed the highest GOR activity in the potential range between − 0.60 and − 0.35 V vs. Ag/AgCl. The direct 
glycerol fuel cells with Pt80Sb20/C as the anode catalyst showed the best performance. These results attest the 
beneficial effect of Sb addition to platinum: the activity enhancement in the presence of Sb atoms has to be 
ascribed to both a bifunctional mechanism related to the presence of Sb oxides, and an electronic effect between 
platinum and antimony in the PtSb alloy.   

1. Introduction 

Direct glycerol fuel cells (DGFC) attract great interest from the sci
entific community for making use of a non-toxic, non-volatile, non- 
flammable, bio renewable fuel alcohol, in addition to having a high 
boiling point (290 ◦C), relatively high energy density (6260 kWh L− 1) 
when compared to other fuels such as ethanol (5442 kWh L− 1) and 
methanol (4047 kWh L− 1) [1,2]. 

Being available as an inevitable by-product in the biodiesel 
manufacturing process, glycerol becomes an excess and low-cost raw 
material, making its study an advantage both for energy purposes [3] 
and for the value-added synthesis molecules [4–5], such as dihydroxy
acetone, glyceraldehyde, glycerate, hydroxypyruvate, tartronate, gly
colate and oxalate [4,6]. In particular, dihydroxyacetone is a potentially 
important chemical in the cosmetic industry used in the production of 
degradable polymers [3–4,7]. 

The oxidation of alcohol in alkaline media presents some advantages 
than in acid media, as an easily deprotonation and a decrease in the 
number of intermediates due to instability of aldehydes, resulting in a 
more complete oxidation of the fuel [8]. Pt and Pd are commonly used as 
catalysts for alcohol oxidation in alkaline media. In this context, Pt and 

Pd can benefit from the addition of a second metal, which can promote/ 
depress the breaking of the C–C bond [9]. 

The addition of Sb to Pt enhances the water activation at low po
tentials, kinetically favoring the oxidation of alcohols, as the oxygenated 
species generated in this process react very strongly with the species 
adsorbed on platinum, transferring electrons very quickly. Zhang and 
Xia [10] reported that PtSb/C catalysts are more active for methanol 
oxidation than Pt/C. Xingwen and Peter [11] showed that PtSb/C cat
alysts are a higher activity than Pt/C for formic acid oxidation. Two 
works were addressed to the use of a supported PtSb catalyst for the 
glycerol oxidation [3,12]. Nie et al. [12] reported the selective oxidation 
of glycerol to dihydroxyacetone (DIHA) in a base-free aqueous solution 
using multiwall carbon nanotubes (MWCNTs) supported PtSb alloy 
nanoparticles. 

An advantage of PtSb/MWCNTs catalyst is that the serious C–C 
cleavage reaction over monometallic Pt/MWCNTs and Pt-Bi/MWCNTs 
is depressed. Lee et al. [3] reported the partial electrooxidation of 
glycerol on PtSb/C in an acidic solution to produce value-added chem
icals, such as dihydroxyacetone (DHA), glyceraldehyde (GAD), glyceric 
acid (GLA), and glycolic acid (GCA). In both these works only one PtSb 
composition was investigated. In this work PtSb/C were prepared in 
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different atomic ratios, and their activity for glycerol electrooxidation 
was evaluated in alkaline media. 

2. Experimental 

PtSb/C catalysts were prepared by borohydride reduction process 
[13] with 20% by mass and with 80% of Vulcan carbon XC 72 as sup
port. The Vulcan XC 72 carbon support and the metallic precursors, 
H2PtCl6⋅6H2O (Aldrich) and antimony acetate (Aldrich), were added in 
an isopropyl alcohol/water solution with a volumetric ratio equal to 50/ 
50 (v/v). An aqueous solution of borohydride was added in a single step 
and the mixture was stirred for 30 min at room temperature. After the 
end of stirring, the suspension was filtered and the resulting product 
washed with water to remove impurities the soluble precursors, and 
finally dry in the oven at 70 ◦C. 

The electrocatalysts were characterized by X-ray diffraction using a 
Rigaku Miniflex II diffractometer with Cu Kα source (λ = 1.54056 Å) at 
2θ = 20◦ to 90◦ with a step size of 0.02◦ and a scan time of 2 s per step. 
Transmission electronic Microscopy was performed using JEOL electron 
microscope model JEM-2100. X-ray excited photoelectron spectroscopy 
(XPS) measurements were performed by a Thermo Scientific K-Alpha +
monochromatic spectrometer with an Al Kα X-ray radiation source (hν 
= 1486.6 eV) where the depth of penetration was about 5 nm and spot 
size were set to 400 μm, which turns out to give information about the 
surface composition of the electrocatalysts peak energies were given to 
an accuracy of 0.1 eV and peak areas were normalized using appropriate 
atomic sensitivity factors. The spectra were deconvoluted and optimized 
using a Levenberg-Marquardt algorithm with U2 Tougaard and Shirley- 
type background in Casa XPS software. 

The electrochemical studies in cyclic voltammetry and chro
noamperometry were carried out in the Autolab PGSTAT 30 potencio
stat/galvanostat in solutions with concentrations of 1.0 mol L− 1 of 
glycerol in the presence of a 1 mol L− 1 solution of NaOH. The results 
were obtained in conventional electrochemical cells. A thin porous 
coating was used as a working electrode, platinum plate as a counter 
electrode and an Ag/AgCl electrode (3.0 mol L− 1 KCl) as a reference 
electrode. Cyclic voltammograms are obtained at a potential of –0.85 V 
to 0.2 V at a speed of 10 mV s− 1. For studies with the chro
noamperometry technique, the potential was set at − 0.4 V for 1800 s. 
During all experiments the solution was constantly saturated with N2 
(gaseous). 

The spectro-electrochemical ATR-FTIR in situ measurements were 
performed with a Nicolet 6700 FT-IR spectrometer with a MCT detector 
cooled with liquid N2, ATR accessory (MIRacle with a Diamond/ZnSe 
Crystal Plate Pike®) and an electrochemical cell better explained in the 
literature [14–16]. The same working electrodes of electrochemical 
experiments were used in presence of 1.0 mol L− 1 glycerol + 1 mol L− 1 

NaOH. The Raman spectro-electrochemical experiments were carryout 
using a three electrodes electrochemical cell adapted inside MacroRam 
Raman spectroscopy equipment (Horiba Scientific) in the same condi
tions of ATR-FTIR experiments. 

For Direct alkaline glycerol fuel cells was utilized a Nafion® 117 
membrane (DuPontTM) as electrolyte, the diffusion layer (GDL) uses the 
backbone of carbon cloth (EC-CC1-060T) treated with 10% PTFE sup
plied by ElectroChem Inc. The catalytic layer of the cathode was pre
pared using commercial catalyst Pt/C E-TEK (20% Pt by mass, batch: 
C0740621) with 1 mg of Pt cm− 2 and 30% of Nafion, while for the 
preparation of the catalytic layer of the anode, 1 mgPt cm− 2 of the 
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Fig. 1. a) XRD measurements for Pt/C and PtSb/C for 2θ from up to 20◦ to 90◦. b) phases deconvolved by Pauly refinement with dash line for measures, black line for 
fitted, grey for phases and light grey for residual line. 
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electrocatalysts prepared and 30% Nafion® (5% DE520 dispersion from 
DuPontTM). The catalytic layers were applied manually on the carbon 
fabric by the brush painting technique until the total transfer of the 
catalytic charge. Before making the MEA, the polymeric membrane 
Nafion® was previously subjected to a 6 mol L− 1 NaOH solution for 24 h. 
After this procedure, the electrodes were pressed together with the 
Nafion® membrane, at 125 ◦C for 10 min at a pressure of 225 kgf cm− 2. 
The tests for the polarization measurements were performed by a Cell 
unit with serpentine graphite plates with a geometric area of 5 cm2. The 
anode was fed by a flow of 1 mL min− 1 of a 2.0 mol L− 1 NaOH solution in 
the presence of 2.0 mol L− 1 glycerol. The cathode was kept under an 
oxygen flow of 150 mL min− 1. The polarization curves were presented 
from the average results of three tests performed [17]. 

3. Results and discussion 

XRD measurements Pt/C, Pt50Sb50/C, Pt70Sb30/C, Pt80Sb20/C, 
Pt90Sb10/C and Pt95Sb5/C for 2θ from 20◦ to 90◦ are showed in Fig. 1a. 
All electrocatalysts showed a diffraction peak near 2θ = 25◦ referring to 
the Vulcan XC 72 carbon support, others peaks that appeared at 
approximately 2θ = 40◦, 46◦, 67◦, 80◦ and 87◦ are associated with the 
planes (111), (200), (220), (311) and (222) characteristic of platinum 
associated to face-centered cubic structure. The diffraction peaks at ≈
27◦, 31◦, 45◦ and 55◦ relative to the Sb2O3 phase (JCPDS # 5–534). A 
broadening of the Pt peak at 67◦ with increasing Sb content in the 
catalyst and a shift of the peak to lower 2θ, indicating the expansion of 
lattice parameter, were observed, maybe due to the segregation of a Pt 

Fig. 2. (a) Micrographs obtained by transmission electron microscopy analysis and histograms Pt50Sb50/C. (b) Dependence of Pt particle size on Sb content in 
the catalyst. 
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phase (at ~ 0.391 nm) and the formation of a PtSb phase alloy with Sb 
incorporated in Pt lattice (Fig. 1b). 

The micrographs obtained by transmission electron microscopy 
analysis and histograms for Pt/C, Pt50Sb50/C, Pt70Sb30/C, Pt80Sb20/C, 
Pt90Sb10/C and Pt95Sb5/C are shown in Fig. 2a. It was noted that Pt-Sb 
materials showed good dispersion, except the Pt50Sb50/C electro
catalyst, which showed a large number of agglomerations on the carbon 

support. This result is accordance with reported by Ayoub et al. [18], the 
high agglomeration, which may also be due to the ripening effect [19], 
where smaller particles with greater surface energy dissolved with 
subsequent re-precipitation and formation of larger particles. The 
dependence of Pt particle size on Sb content in the catalyst is shown in 
Fig. 2b. An almost linear increase of the average Pt particle size with 
increasing Sb content in the catalyst can be observed in Fig. 2b. 

Fig. 2. (continued). 
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Fig. 3. XPS survey scans of electrocatalyst in full spectrum with the ratio of surface metals.  
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Fig. 4. High resolution spectra detailing the Pt 4f7/2 and Pt 4f5/2 to electrocatalyst.  
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XPS patterns of the Pt/C and PtSb/C catalysts are shown in Figs. 3–5. 
Fig. 3 shows complete spectra of the Pt/C and PtSb/C indicating the 
presence of the elements and the percentage of atoms present in the 
electrocatalysts. Elemental analysis of the metals by XPS indicated that 
the ratio of Pt and Sb is close to that expected, except Pt50Sb50/C, as 
shown in Table 1. The lower amount of Sb in the Pt50Sb50/C catalyst 
could be due to Pt segregation on the catalyst surface. 

High-resolution spectrum analysis of Pt 4f exhibited a characteristic 
spin–orbit doublet of Pt0 (71.0 eV) and Pt0 (74.3 eV) [20] in all syn
thesized electrocatalysts, as shown in Fig. 2. The peaks Pt 4f shows an 

Fig. 5. High resolution spectra detailing the Sb 3d5/2 and Sb 3d3/2 to electrocatalyst.  

Table 1 
Elemental analysis of the metals by XPS indicated that the ratio of Pt and Sb.  

Electrocatalyst Pt (% mass) Sb (% mass) 

Pt/C 24.9 ± 0.1* n.d.** 
Pt95Sb5/C 95.5 ± 1.2 4.5 ± 1.2 
Pt90Sb10/C 90.1 ± 1.5 9.9 ± 1.5 
Pt80Sb10/C 83.5 ± 1.6 16.5 ± 1.6 
Pt70Sb30/C 73.7 ± 2.7 26.3 ± 2.7 
Pt50Sb50/C 65.8 ± 5.5 34.2 ± 5.5 

*Compared with Carbon; **n.d. = Not determined. 
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asymmetric peak-shape and were fitted using the is splitting distance of 
3.35 eV. 

The high resolution spectra of Sb 3d5/2, around 528.0–531.5 eV, are 
overlapped on those of O 1 s (531–534 eV) [21]. Due to low Sb con
centration in the Pt95Sb5/C, Pt90Sb10/C, Pt80Sb20/C electrocatalyst, it 
was not possible to identify the presence of Sb oxide nor metallic in Sb 
3d binding energy region. Therefore, for these three electrocatalysts we 
use the Sb 4p peaks present in the spectrum about 102.0 eV to confirm 
this element, as show Fig. 4 [22]. 

However, for the electrocatalysts Pd70Sb30/C and Pd50Sb50/C it was 
possible to detect the presence of Sb 3d as shown in Fig. 3b. The high- 
resolution spectra to these electrocatalysts show a spin–orbit doublet 
Sb+5 3d5/2 and Sb+5 3d3/2 with an energy separation of 9.35 eV [23]. We 
use to fit and constrain the Sb 3d3/2 peaks as a guide. The component in 
the spectrum at 533 eV is associated with carbon–oxygen binding in 
organic species which is present in the carbon black support [24]. While 
the component in 532 eV is related to O bound to metal oxides, in 
corroboration to the presence of Sb2O5 [25,26]. The spectra of Fig. 5 
reinforce the presence of Sb2O5. 

Cyclic voltammograms of Pt/C, Pt50Sb50/C, Pt70Sb30/C, Pt80Sb20/C, 
Pt90Sb10/C and Pt95Sb5/C in presence of 1 mol L− 1 of NaOH are shown in 
Fig. 6. Pt50Sb50/C, Pt70Sb30/C, Pt80Sb20/C showed an adsorption region 
(between − 0.85 and − 0.5 E/V vs Ag/AgCl) with lower current values in 
comparation to the Pt/C electrocatalyst. This is probably due to the 
overlay of platinum sites by Sb, hindering hydrogen adsorption. This 
region is less defined as Sb loads increase, indicating a possible higher 
formation of antimony oxides over Pt sites [27]. The Pt95Sb5/C elec
trocatalyst showed better defined hydrogen adsorption/desorption re
gions when compared to the Pt/C electrocatalyst. The Pt90Sb10/C 
electrocatalyst showed an increase in current in relation to the Pt/C 
electrocatalyst however the hydrogen adsorption/desorption regions 
are slightly less defined. 

Linear sweep voltammetry (LSV) in 1 mol L− 1 of NaOH + 1 mol L− 1 

of glycerol for Pt/C, Pt50Sb50/C, Pt70Sb30/C, Pt80Sb20/C, Pt90Sb10/C and 
Pt95Sb5/C electrocatalysts are shown in Fig. 7. The electro-oxidation of 
glycerol on the Pt/C, Pt70Sb30/C, Pt80Sb20/C, Pt90Sb10/C and Pt95Sb5/C 
electrocatalysts started at approximately − 0.57 V vs. Ag/AgCl, while on 
Pt50Sb50/C electrocatalyst it started at a potential of approximately 
− 0.65 V vs. Ag/AgCl. In the range − 0.60–0.35 V vs. Ag/AgCl Pt50Sb50/C 
showed the highest current, while for potential >− 0.35 V vs. Ag/AgCl 
the highest current was shown by the Pt80Sb20/C catalyst. 

To understands the process of glycerol oxidation reaction on the PtSb 
catalyst, was taken spectra of in-situ ATR-FTIR spectroscopy (Fig. 8). For 
all materials it was observed the consumption of glycerol at 1004, 1041 
and 1094 cm− 1 bands [28,29], moreover for Pt50Sb50/C, Pt80Sb20/C, 
and Pt90Sb10/C these bands were negatively shifted. It was also observed 
bands related to glyceraldehyde at 1077 cm− 1 [30], formate at 1228 
cm− 1 [31], 1,3-dihydroxy-2-propanone at 1333 cm− 1 [32], tartronate at 
1348 cm− 1 [33], hydroxypyruvate at 1359 cm− 1 [28,29], glycerate at 
1375 cm− 1 [32,34,35], carbonate at ~1405 cm− 1 [28], carbonyl and 
carboxyl stretches at ~1665 cm− 1 [28,34], oxalate at 1620 cm− 1 [6] and 
glycerate at 2550 cm− 1 [36,37]. 

The literature [6,32,35,38–40] points out that the oxidation of this 
alcohol in an alkaline medium has many possibilities of parallel path
ways, as shown in Fig. 9, and, by the appearance of the species noticed 
by the FTIR spectra, it is possible to trace the preferred path of each 
catalyst. 

To better observe the reaction pathways, the band appointed was 
deconvolved in Lorentzian functions (Fig. 10), the first reaction step 
maintaining 3 carbons starts preferentially with 1,3-dihydroxy-2-propa
none, appearing so close to the onset potential observed in voltammetry 
(Fig. 7), with an ever-increasing profile for all materials. However, the 
glyceraldehyde also pointed out as a possible first step appears close to 
the onset potential for materials containing higher proportions of Pt, 
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such as Pt/C, Pt95Sb5/C and Pt90Sb10/C. For Pt80Sb20/C and Pt50Sb50/C 
this band is not observed. 

Notably, for Pt70Sb30/C this band appears late, close to − 0.35 V 
probably due to the accumulation of species shifting the equilibrium 
with 1,3-dihydroxy-2-propanone, in agreement with Fontes et al [6], 
reporting that 1,3-dihydroxy-2-propanone is more stable in alkaline 
media, for more instable compound. This tendency towards the glycer
aldehyde pathway is only confirmed by the data from the integration of 
the glycerate and glycolate bands, which would be the next step of the 
reaction. 

Hydroxypyruvate is observed for all catalysts except for the 
Pt70Sb30/C composition, indicating that this material may be supports 
the breakage of the 3-carbon chain before the others. For this material, 
the production of oxalate and carbonate is notable in more negative 
potentials than for the other materials. 

To better understand the relationship between the catalytic surface 
and the products formed, in-situ RAMAN spectroscopy-assisted elec
trochemical experiments were performed in the presence of glycerol 
(Fig. 11) and large bands at 794, 974, and 1.166 cm− 1 corresponding to 
ν(C–S), νs(C–O–C) and ν (CF2) of Nafion® [41] were observed. 
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In all Raman spectra, the band referring to PtOx ~ 599 cm− 1 [42] and 
its evolution with increasing potential is also observed. In the Pt/C 
spectra, the band at 706 cm− 1 is also observed, corresponding to that 
observed by Graham [43] for the Pt3O4 phase, however the presence of 
Sb seems to inhibit platinum to be oxidized to this phase, as it is not seen 
in any of the Sb-containing materials, even in small proportions. In 
materials containing Sb the bands corresponding to Pt5O6 located at 
~635 and 670 cm− 1 [43] are observed, indicating that platinum is less 
oxidized in the presence of antimony, which is more oxophilic. This fact 

confirmed that in materials containing Sb, the band at ~831 cm− 1 

corresponding to Sb2O3 [44] increases its intensity with the potential, 
indicating an enrichment of oxygen with increasing potential: this could 
be explain the inhibition of the Pt3O4 phase. 

Fig. 12a shows the current density/voltage and current density/ 
power density plots for the direct glycerol fuel cells with Pt/C, Pt50Sb50/ 
C, Pt70Sb30/C, Pt80Sb20/C, Pt90Sb10/C and Pt95Sb5/C anode electro
catalysts. The Pt95Sb5/C and Pt80Sb20/C electrocatalysts showed the 
highest open circuit potential with values of 1048 mV and 1024 mV, 
respectively. The Pt/C electrocatalyst presented an open circuit poten
tial of 945 mV, higher than the other compositions Pt90Sb10/C, Pt70Sb30/ 
C and Pt50Sb50/C. The dependence of the maximum power density on Sb 
content in PtSb/C catalyst is shown in Fig. 12b. A maximum of the curve 
can be observed at 25 wt% Sb. The activity enhancement in the presence 
of Sb atoms has to be ascribed to both a bifunctional mechanism related 
to the presence of Sb oxides, and an electronic effect between platinum 
and antimony in the PtSb alloy. The bifunctional mechanism is based on 
the enhancement of poison species oxidation rate by Sb oxides. Elec
tronic effects of Sb on Pt can affect H2O dissociation, Pt–poison species 
bond strength and glycerol adsorption/dehydrogenation. The decrease 
of the performance for Sb contents >25 wt% has to be ascribed to the 
higher Pt particle size, decreasing Pt active sites, the greater thickness of 
the catalytic layer and the presence of a higher amount of Sb oxides, 
hindering reactants flow. 

4. Conclusion 

Pt/C and PtSb/C with various atomic ratios were successfully syn
thesized by the sodium borohydride reduction method. The XRD and 
XPS measurements indicated the presence of Sb oxides. Pt80Sb20/C 
showed the best results in LSV measurements for potentials > − 0.35 V 
vs. Ag/AgCl and in direct glycerol fuel cells in alkaline electrolyte. The 
higher activity of Pt80Sb20/C and Pt70Sb30/C than that of Pt/C effect has 
to be ascribed to the bifunctional mechanism related to the presence of 
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Fig. 9. Glycerol oxidation reaction pathways in alkaline media.  
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Sb oxides, and to the synergic effect between alloyed platinum and 
antimony. PtSb/C catalysts favor the formation of 1,3-dihydroxy-2- 
propanone. In a next work, ternary PtSbM (M = N, Bi) electrocatalysts 
will be tested for the electrooxidation of glycerol. 
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