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A B S T R A C T   

Pt nanoparticles were incorporated on carbon black (Vulcan XC-72R) and an activated carbon (F400) using a fast 
and efficient microwave method. For the preparation, a Pt solution was contacted with the corresponding carbon 
sample and heated up to 110 ◦C in a microwave oven using an optimised heating rate. TEM images revealed that 
the carbon-supported Pt nanoparticles had a small average particle size and high dispersion. These Pt-based 
electrocatalysts showed both high electrocatalytic activity and selectivity towards the 4-electron pathway for 
the oxygen reduction reaction (ORR) in acid and alkaline media. In addition, they presented excellent stability 
and resistance to CO poisoning. Moreover, the as-prepared electrocatalysts exhibited outstanding electrocatalytic 
behavior for the hydrogen evolution reaction (HER). It should be highlighted that, even though our Pt-based 
electrocatalysts have much lower loadings than that of the commercial Pt/C sample (used as reference), the 
electroactive surface areas of as-prepared electrocatalysts were higher compared to the reference electrocatalyst. 
Such small and well-dispersed Pt NPs with an enhanced electroactive surface area and strong interaction with the 
carbon support, led to an improvement of the current density normalised by Pt loading (A gPt

− 1).   

1. Introduction 

Technological progress is powered by our ability to find, extract and 
use energy with increasing expertise, which has led to an inevitable 
process of industrialization. This is directly linked to a continuous in
crease in energy demand and the depletion of traditional fossil fuels, 
which has spread a global concern about the energy crisis. Moreover, 
burning fossil fuels deteriorates the environment mainly due to global 
warming and particulate pollution. Such problems must be solved by the 
implementation of clean and renewable energies [1–6]. 

A deeply decarbonized energy systems research platform needs ad
vances in materials science, which in turn will contribute to progress 
towards a sustainable future based on clean energy generation, trans
mission and distribution, and improved electrical and chemical energy 
storage systems. For example, the development of battery technologies 
and electrolyzers for green hydrogen generation might help to overcome 

the challenges of discontinuity of wind and solar electricity [7–9]. 
Electrochemical devices are crucial in this context, and finding 

electroactive materials is vital to develop efficient electrocatalysts that 
are used in electrolyzers, fuel cells or metal-air batteries. In this field, 
carbon materials play a very important role as catalyst, catalyst support 
or current collector, among others [10–13]. 

Carbon black is the most used support in electrocatalytic applica
tions, due to the high electrical conductivity, the higher number of 
exposed active sites, and the ability to prevent both sintering and 
leaching of noble metal nanostructures. On the other hand, activated 
carbon has some features that make them attractive as electrocatalyst 
support, such as high surface area, high porosity development, good 
electrical conductivity, high electrochemical stability, and tunable sur
face chemistry, among others. Furthermore, it is known that the prop
erties of carbon materials can affect the dispersion of Pt nanoparticles, 
which in turn affects the final properties of electrocatalysts [1,14–17]. 
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Among the methods used for catalyst preparation, microwave- 
assisted heating has received considerable attention because it is effec
tive, simple, fast, and energy-efficient. Microwave radiation has many 
advantages over conventional heating, including faster and more ho
mogeneous heating, and improved reaction kinetics, leading to the 
nucleation of small particles and achieving particle sizes smaller than 10 
nm with uniform size distribution [18–24]. 

Hydrogen produced from renewable energy is considered a clean 
energy vector due to its high energy density (~ 140 kJ g − 1), and its 
clean combustion product (H2O). Electrochemical reduction of water 
can produce H2 in a low-cost, efficient and environmentally friendly 
manner, which has attracted enormous research interest [25]. In this 
application, electrocatalysts for HER and oxygen evolution reaction 
(OER) are used which are based on precious metals. 

ORR is the cathodic reaction that directly determines the overall 
performance of a fuel cell and a metal-air battery. Since the process 
involves multiple e− /H+ transfers, ORR suffers from inherently slow 
reaction kinetics, being necessary the use of an electrocatalyst [26,27]. 
Among the electrocatalysts, Pt is the most studied and used due to its 
high intrinsic activity towards HER and ORR [28–30]. However, the 
application of Pt-based electrocatalysts is severely limited by its high 
cost and scarcity. To this end, optimization of the catalyst preparation is 
mandatory in the design of HER and ORR electrocatalysts, in order to 
reduce the amount of Pt by maximizing the atomic efficiency, and 
improving its distribution on the support [31–34]. 

In this study, we have developed Pt-based electrocatalysts using two 
carbon supports (i.e., F400 and Vulcan) with a very low content of 
highly dispersed Pt supported on carbon materials. A microwave- 
assisted preparation method was used, which proved to be very effec
tive in controlling the particle size and distribution of Pt particles 
deposited on carbon materials. The synthesized electrocatalysts were 
evaluated in ORR and HER in acid and alkaline media and the perfor
mance was compared with a commercial Pt/C catalyst. 

2. Experimental 

2.1. Materials and reagents 

Materials and reagents used were sulfuric acid (H2SO4) (PanReac 
AppliChem, 95–98%), potassium hydroxide (KOH) (VWR Chemicals, 
85%), methanol (CH3OH) (VWR Chemicals, 100%), 2-propanol 
((CH3)2CHOH) (Sigma Aldrich, for analysis), Nafion® 5% w/w (Sigma 
Aldrich), 20 wt% Pt/C (Sigma-Aldrich, 98%), hexachloroplatinic acid 
hexahydrate (H2PtCl6⋅6H2O) (Sigma Aldrich). All solutions were pre
pared using ultrapure water (18 MΩ cm, Millipore® Milli-Q® water). N2 
(99.999%), O2 (99.995%) and H2 (99.999%) were provided by Carburos 
Metálicos. 

2.2. Synthesis 

Carbon-supported Pt nanoparticles were prepared by a microwave- 
assisted hydrothermal method [35,36]. For this, 0.1 g of carbon mate
rial was dispersed in 20 mL of Pt solutions with different concentrations 
(from 48 (M1 method) to 884 mg L− 1(M2 method)) and kept under 
stirring for 12 h at 25 ◦C to ensure the platinum adsorption equilibrium 
on the carbon materials. Then, the mixture was placed into a microwave 
oven and heated from room temperature up to 110 ◦C in 5 min, and it 
was kept isothermal for 5 or 10 min. The samples were repeatedly 
washed with deionized water and dried for 12 h at 80 ◦C. 

The samples were denoted as “MX” standing for the method used 
(M1 or M2), followed by the letter V or F, which indicates whether the 
sample corresponds to Vulcan XC-72R carbon black or F400 activated 
carbon, respectively, and the last number indicates the time used in the 
microwave step. Table 1 includes as-prepared catalysts with the con
centration of platinum solution initially added and the corresponding 
nomenclature. 

2.3. Characterization techniques 

X-ray photoelectron spectroscopy (XPS) analysis was performed in a 
VG-Microtech Multilab 3000 spectrometer equipped with a semi
spherical electron analyzer and a Mg Kα (hν=1253.6 eV) 300 W X-ray 
source. Binding energies were referred to the C 1 s line at 284.6 eV Pt 4f, 
characterized by two well-separated spin-orbit coupling components (i. 
e., Pt 4f7/2 and Pt 4f5/2), was analyzed. The deconvolution of the spectra 
was carried out using Gaussian functions with 20% of the Lorentzian 
component. The morphology of the catalysts was analyzed by trans
mission electron microscopy (TEM) using a JEOL (JEM-2010) trans
mission electron microscope operating at 200 kV with a spatial 
resolution of 0.24 nm. Average nanoparticle size and particle size dis
tribution were obtained after measuring ~ 100 nanoparticles in repre
sentative micrographs of each catalyst with the ImageJ software. Pt 
content was determined by inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) with a Perkin-Elmer Optima 4300 system. 
Raman spectra were registered using a Jasco NRS-5100 spectrometer 
with a 3.9 mW solid-state laser (532 nm). The spectra acquisition time 
was 120 s. The detector was a Peltier cooled charge coupled device 
(CCD) (1024 × 255 pixels). 

The electrochemical characterization was performed in an Autolab 
PGSTAT302 (Metrohm, Netherlands) potentiostat. A rotating ring-disk 
electrode (RRDE, Pine Research Instruments, USA) equipped with a 
glassy carbon disk electrode (5 mm diameter) and an attached platinum 
ring was used as the working electrode, graphite as the counter electrode 
and a reversible hydrogen electrode (RHE) immersed in the working 
electrolyte through a Luggin as the reference electrode. Electrochemical 
characterization was performed at 25 ◦C in a three-electrode cell in 
aqueous solutions of 0.1 M KOH and 0.5 M H2SO4. 

The amount of catalyst on the disk electrode was optimized to attain 
the highest limiting current density, being 120 μg the optimum value. 
The glassy carbon disk was modified with the samples using 120 μL of a 
1 mg mL− 1 dispersion of each electrocatalyts (20% isopropanol and 
0.02% Nafion®). A loading of ~ 610 μg cm− 2 of each catalyst was then 
deposited on the glassy carbon electrode to perform the study. The 
incorporated Pt loading varied depending on the final amount of Pt 
present in each catalyst (Table S1 includes the Pt loadings for each 
catalyst). 

The ORR was studied by LSV experiments at 5 mV s− 1 from 1.1 to 0 V 
(vs RHE), bubbling O2, in 0.1 M KOH or 0.5 M H2SO4 media at 1600 
rpm. The LSVs presented are obtained after the subtraction of the cyclic 
voltammetry in N2 saturated solution that is conducted after performing 
the LSV test to measure the performance against the ORR. In this case, 
the CV performed is carried out at 5 mV s− 1, the same sweeping rate as 
that performed in the LSV, and the cathodic sweep in the working range 
from 1.1 to 0 V (vs RHE) is subtracted. The Pt ring electrode potential 
was maintained at 1.5 V during all the measurements. The electron 
transfer number, ne− , was calculated from the hydrogen peroxide 
oxidation at the Pt ring electrode, according to the following equation 
[37]: 

Table 1 
Synthesis conditions for as-prepared catalysts.  

Carbon 
Material 

Method Initial 
concentration of 
the platinum 
solution (mg L− 1) 

Microwave 
isothermal 
step (min) 

Sample 
Nomenclature 

Carbon 
Black 
(Vulcan) 

1 884 5 M1-V-5 
10 M1-V-10 

2 48 5 M2-V-5 
10 M2-V-10 

Activated 
Carbon 
(F400) 

1 884 5 M1-F-5 
10 M1-F-10 

2 48 10 M2-F-10  
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ne− =
4Idisk

Idisk + Iring
/

N
(1)  

where Idisk and Iring are the currents measured at disk and ring elec
trodes, respectively, and N is the current collection efficiency of the ring, 
which in this case is -0.2534, which was experimentally determined. For 
this purpose, the RRDE is placed in a solution containing a small con
centration (~10 mM) of potassium ferricyanide, K3Fe(CN)6, in a suitable 
aqueous electrolyte solution (1.0 M potassium nitrate, KNO3) and is 
operated at rotation rates between 500 and 2000 rpm. The measured 
ratio of the ring (anodic) limiting current to the disk (cathodic) limiting 
current is the empirical collection efficiency [38]: 

N =
IL,Ring

IL,disk
(2) 

In the case of HER experiments, the LSV was conducted at a scan rate 
of 2 mV s− 1 from 0.2 V to − 0.15 V (vs RHE) bubbling N2, in 0.1 M KOH 
at 1600 rpm, and 120 μg of the dispersed material was deposited on the 
glassy carbon disk. 

The stability for the ORR test was performed by both potential 
cycling and chronoamperometric techniques. The stability studies dur
ing cycling were carried out by linear sweep voltammetry. The stability 
test consisted of cycling at 50 mVs− 1 from 1.1 to 0 V (vs RHE) for 500 
cycles under O2-saturated 0.1 M KOH solution with the RRDE at 1600 
rpm. The stability through chronoamperometric experiments was car
ried out with the RRDE at 1600 rpm in O2-saturated 0.1 M KOH solution 
at a constant potential of 0.5 V. After 3 h at 0.5 V, methanol was added to 
the background electrolyte until 1.0 M concentration was reached. 

The stability for HER test was performed by a cyclic voltammetry test 
of 500 cycles with a scan rate of 100 mV s− 1 and in a range of potentials 
between 0.1 and − 0.1 V (vs RHE), which is the region in which the 
hydrogen production occurs for this kind of materials [39]. This elec
trochemical test was performed under rotation at 1600 rpm to eliminate 
the H2 bubbles produced and using N2-saturated 0.1 M KOH solution. 

The Tafel slopes were obtained from the LSV by plotting the potential 
versus the logarithm of the kinetic current (log jk), at low overpotentials, 
that is, when the reaction is under kinetic control. 

To get further insights into the nature of Pt active sites present in the 
catalysts, the adsorption of CO through the spontaneous decomposition 
of methanol was used [40]. Initially, the cyclic voltammetry of the 
electrode was performed through 10 cycles at 10 mV s− 1 between 0 and 
1.2 V (vs RHE), in N2-saturated 0.1 M KOH. Then, the electrode was 

introduced at open circuit potential during 4 min in 10 ml solution of 
0.1 M methanol (CH3OH), that results in its chemisorption and the 
formation of adsorbed CO species on the platinum nanoparticles surface. 
After that immersion, the electrode was introduced into the same elec
trochemical cell without methanol at controlled potential of 0.2 V (vs 
RHE), this potential was maintained for 2 min. After that, the excess of 
methanol in the proximity of the electrode surface is removed by 
bubbling N2 and, then 3 cycles were performed at 10 mV s− 1 between 
0.05 and 0.3 V (vs RHE) to record the voltammogram in the so-called 
hydrogen adsorption-desorption region. After that, the oxidation of 
the adsorbed CO is performed until 1.2 V, and cycled between 1.2 and 0 
V (vs RHE). 

3. Results and discussion 

3.1. Physicochemical characterization 

Fig. 1 shows TEM micrographs of M1F5 and M1V5 electrocatalysts. 
The rest of the electrocatalysts studied are shown in Fig. S1. As can be 
seen in Fig. 1a and 1b at lower magnifications, F400-based catalyst 
shows some Pt agglomerates (Fig. 1b), while the Vulcan-based catalysts 
(Fig. 1a) did not present such agglomerates. In both cases, the high 
magnification images indicate that the samples contain very small Pt 
particles (of around 0.5 nm), which are highly dispersed on the surface 
of the carbon materials (see Fig. 1c and 1e). Similar results were ach
ieved for all the samples prepared by method 1. The second method 
neither leads to the expected dispersion, generating areas with metal 
agglomerates, nor the desired amount of metal was incorporated (see 
Fig. S1 and Table 2). 

Fig. 2 shows the XPS spectra for all method 1 electrocatalysts; the 
results for the samples prepared using method 2 are included in Fig. S2. 
Table 2 includes the percentage of Pt(0), Pt(II) and Pt(IV) detected. It is 
observed that Pt (II) is the main species detected at binding energies of 
~72.3 eV corresponding to the Pt 4f7/2 transition, for the M1V5, 
M1V10, and M1F5-based elecrocatalysts [38,40]. Such contribution was 
not very important in the case of the M1F10 and M2F10 samples, which 
are the samples in which the presence of Pt(0) species is detected. This 
table also lists the amount of Pt determined by ICP for the selected 
samples and for the commercial material Pt/C. As can be seen in Table 2, 
the amount of Pt loaded in the samples is significantly lower than that of 
the commercial material (Pt/C). The percentage of platinum obtained by 
XPS is significantly higher than that determined by ICP-OES, what can 

Fig. 1. TEM images: (a) A general view of M1V5. (b) A general view of M1F5. A magnified view and histogram of Pt particle size distribution: M1V5 (c and d) and 
M1F5 (e and f). 
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be explaind considering that the deposited metal is mostly on the surface 
of the carbon materials. 

3.2. Electrochemical characterization 

Fig. 3 shows the steady state voltammograms for the samples syn
thesised using method 1. Fig. 3a and 3b show the voltammograms for 
samples M1V5 and M1F5, respectively. The current for M1F5 is much 
higher than for M1V5 due to the double layer capacitance contribution 
from F400 activated carbon. The peaks associated with the hydrogen 
adsorption-desorption processes on the Pt surface can be observed in 

both electrocatalysts, which confirms the correct incorporation of Pt on 
the surface of the carbon materials. In Fig. 3c, all electrocatalysts ob
tained by method 1 are compared with the commercial Pt/C electro
catalyst and the glassy carbon support. As mentioned above, all F400- 
based electrocatalysts present much higher currents due to the double 
layer contribution. The voltammograms of all electrocatalysts, recorded 
in the potential window between 0.05 and 0.4 V in an aqueous 0.1 M 
KOH solution, show the characteristic voltammetric profile for a Pt 
electrode. The electrical charge measured in this potential range can be 
used (after doing the double layer correction) to determine the elec
trochemical surface area (ECSA) of Pt considering 210 μC cm− 2 as the 

Fig. 1. (continued). 
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reference value for the adsorption of one hydrogen atom per surface Pt 
atom in a one-electron process [17]. Table 3 shows the values of ECSA 
for the Pt supported on the different carbon materials (expressed per 
gram of Pt). It can be observed that the electrochemical surface area 
values of the electrocatalysts prepared by method 1 are higher than that 
of the commercial Pt/C electrocatalyst, being almost five times higher 
for M1F5 sample. Such an increase reveals that Pt nanoparticles present 
a smaller average particle size and better dispersion compared to the 
commercial Pt/C electrocatalyst. On the other hand, for the samples 
obtained through method 2, due to the low amount of Pt, the hydrogen 
desorption-adsorption processes cannot be observed in the voltammo
grams, so it is not possible to perform the ESCA calculation. Fig. S3 
shows the steady state voltammograms in acid medium for the catalysts 
M1V5 and M1V10, compared with the commercial Pt/C material, where 
the peaks associated with the hydrogen adsorption-desorption processes 
on the Pt surface can be clearly observed in the region of potentials 
between 0 and 0.3 V. The hydrogen evolution peak is also highlighted, 
which in the case of the catalyst M1V5 has great intensity, which gives 
us indication of a good performance against the HER. 

3.3. Electrocatalytic activity towards ORR 

The LSV curves obtained for all electrocatalysts prepared by the two 
methods used and the reference Pt/C electrocatalyst are included in 
Fig. 4a and c for comparison purposes. The limiting current density 
values obtained for the selected electrocatalysts were remarkable for 
electrocatalysts prepared by method 1 (higher than − 5.5 mA cm− 2). The 
limiting current density of M1V5 improved the value registered for the 
Pt/C electrocatalyst. It is important to highlight the lower Pt loading 
used in Pt-based electrocatalysts prepared by the microwave method 
(around 8 times lower, based on ICP data -Table 2-). Furthermore, the 
onset potential and half-wave potential values obtained are close to that 
of the commercial Pt/C electrocatalyst, which indicates excellent elec
trocatalytic behavior towards the ORR. Moreover, the LSV shows the 
decrease in the slope at intermediate potentials in the case of the elec
trocatalysts prepared with the activated carbon F400. This can be a 
consequence of both the lower electrical conductivity and high porosity 
of this carbon material. Concerning the number of electrons transferred, 
the measurements revealed that for all electrocatalysts synthesized 
(Fig. 4b), the reaction occurs through the 4-electron pathway, which 
indicates a negligible formation of hydrogen peroxide. 

Electrochemical parameters of electrocatalysts prepared by method 
1 are compiled in Table 3. For electrocatalysts prepared by method 2 
(see Fig. 4c and 4d), good limiting current density values were reached 
when Vulcan was used as carbon support. However, onset potential 
values (around 0.87 V) were much lower than those obtained by the 
electrocatalysts prepared by method 1. In addition, there is a higher 
production of hydrogen peroxide, which indicates a lower preference for 
the 4-electron pathway. Therefore, the electrocatalysts prepared by 
method 2 would be less suitable for the intended application. This is 
attributed to the low amount of Pt incorporated in the carbon material, 
which is lower than 1 wt% for all electrocatalysts obtained from method 

Table 2 
Pt content of all catalysts determined by XPS and ICP.  

Catalyst Pt (wt%) 
(XPS) 

% Pt(0) 
(XPS) 

% Pt(II) 
(XPS) 

% Pt(IV) 
(XPS) 

Pt (wt%) 
(ICP) 

M1V5 5.2 – 77.6 22.4 2.6 
M1V10 5.0 – 76.9 23.1 2.6 
M1F5 7.5 – 80.3 19.7 5.3 
M1F10 10.6 61.7 32.5 6.3 6.3 
M2V5 0.6  69.2 30.8 0.2 
M2V10 0.8  68.9 31.1 0.2 
M2F10 0.6 55.4 32.6 12.0 0.3 
Pt/C 21.8 70.4 29.6 – 21.5  

Fig. 2. XPS spectra of the Pt 4f for the method 1 electrocatalysts: (a) M1V5; (b) M1F5 (c) M1V10; (d) M1F10.  
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2. Thus, these electrocatalysts were not considered for subsequent 
electrocatalytic assessment. Among the investigated electrocatalysts, 
M1V5, which only contains 2.6 wt% of Pt, is the best-performing sample. 
It has an onset potential of 0.95 V (vs RHE) and a limiting current 
density higher than that of Pt/C. 

The Tafel slopes and half-wave potential (E1/2) of all catalysts are 
listed in Table 3 (see Tafel plots in Fig. S4a and b). It can be observed 
that Tafel slopes and E1/2 of catalysts prepared by both methods are 
close to that of the commercial Pt/C sample (61 mV dec− 1 and 0.8 V, 
respectively), which indicates that the ORR kinetics are similar for all as- 
prepared catalysts and the commercial Pt/C. It is worth mentioning that 
some of the as-prepared electrocatalysts (i.e. M1F5, 52 mV dec− 1) 
showed slightly better Tafel plot for ORR than the reference sample, 
which might indicate that the environment of Pt nanoparticles could be 
different from that of the commercial Pt/C. 

The electrocatalysts that exhibited the best performance in the 
alkaline medium were also tested and compared with the commercial 
material in acid medium, as shown in Fig. 5 and Table 3. It can be also 
observed an excellent performance in acid medium, exhibiting a clear 
trend towards the 4-electron path and limiting current density values 
close to the commercial Pt/C electrocatalyst. If the current density 
values of M1V5 and M1V10 are normalised by the mass of platinum 
incorporated, the performance is even better than that of Pt/C. 

To evaluate the ORR stability, linear sweep voltammetry was per
formed by cycling at 50 mVs− 1 from 1.1 to 0 V (vs RHE) for 500 cycles 
under O2-saturated 0.1 M KOH solution with the RRDE at 1600 rpm. 
Fig. S5 shows the linear sweep voltammograms at 5 mVs− 1 for M1V5 
and commercial Pt/C electrocatalysts before and after 500 cycles. It can 
be seen that the limiting current density of both electrocatalysts are less 
negative after 500 cycles, indicating that they loss activity towards ORR. 
This activity decay is more significant in the case of commercial Pt/C 
electrocatalyst (~7.5%) compared to that of M1V5 (~4.0%), which 
might be related to the changes experienced by the electrocatalysts 
during the stability tests. In this sense, it was observed by TEM analysis 

Fig. 3. Steady state voltammograms in N2-saturated 0.1 M KOH solution at 5 mV s− 1 for (a) M1V5 (b) M1F5. Steady state voltammograms of as-prepared elec
trocatalysts from method 1 compared with Pt/C and glassy carbon for (c) Vulcan material and (d) activated carbon F400. 

Table 3 
Electrochemical parameters obtained from LSV curves to the ORR in alkaline 
and acid medium. And Tafel slope obtained for the ORR reaction for the samples.  

Alkaline medium 
Catalyst E 

(Onset) 
(V vs 
RHE) 

j (mA 
cm− 2) 
at 0.4 V 
vs RHE 

j (A 
gPt− 1) 

n 
(0.4 
V vs 
RHE) 

ECSA 
(m2 

gPt− 1) 

E1/2 

(V vs 
RHE) 

Tafel 
slope 
(mV 
dec− 1) 

M1V5 0.95 6.7 422 4 98 0.80 68 
M1V10 0.95 6.1 385 3.9 87 0.81 59 
M1F5 0.97 6.5 208 3.8 179 0.79 52 
M1F10 0.95 5.5 146 3.7 73 0.78 57 
M2V5 0.87 7.0 – 3.6 – 0.71 52 
M2V10 0.89 6.5 – 3.6 – 0.74 62 
M2F10 0.87 3.4 – 3.4 – 0.76 53 
Pt/C 0.99 5.7 47 4 37 0.86 61  

Acid Medium 
Catalyst E 

(Onset) 
(V vs 
RHE) 

j (mA 
cm− 2) 
at 0.4 V 
vs RHE 

j (A 
gPt− 1) 

n 
(0.4 
V vs 
RHE) 

ECSA 
(m2 

gPt− 1) 

E1/2 

(V vs 
RHE) 

Tafel 
slope 
(mV 
dec− 1) 

M1V5 0.90 5.4 340 4 95 0.77 65 
M1V10 0.90 5.6 350 4 83 0.76 64 
Pt/C 0.95 5.8 47 4 36 0.82 62  
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(see Fig. S6) that the average particle size in the commercial Pt/C 
electrocatalyst increased significantly after 500 cycles (3 and 7 nm for 
the fresh and spent Pt/C, respectively), and irregular aggregates were 
observed. However, the spent M1V5 electrocatalyst still preserved small 
and well-dispersed Pt nanoparticles. 

As shown in Fig. 6, the stability of the most promising electrocatalyst 
M1V5 was also tested against the oxygen reduction reaction employing a 
chronoamperometric technique. The experiment was performed in an 
RRDE at 1600 rpm in 0.1 M KOH electrolyte saturated with O2 and at a 
constant potential of 0.5 V, where the limiting current is reached [41]. 
The commercial Pt/C sample was tested under the same experimental 
conditions to compare the stability of the synthesized material. After 3 h 
at 0.5 V (vs RHE), methanol was added to the working electrolyte until a 
concentration of 1.0 M was reached. As expected, the commercial 
Pt-based catalyst retains almost 95% of the initial current after 180 min. 
However, after the addition of methanol to the working electrolyte, the 
current suddenly drops to zero because the active metal is poisoned by 
CO from the decomposition/oxidation of methanol. The activity of the 
M1V5 shows a slow decay that tends to stabilize at around 100–180 min. 
After the addition of methanol, the M1V5 catalyst shows a high toler
ance to poisoning, what is quite remarkable since the active phase of the 

material is Pt. This behavior could be a consequence of the microwave 
treatment that may generate a stronger interaction between the Pt 
nanoparticles and the carbon material. This may modify the electronic 
structure of the Pt species and consequently their catalytic activity, what 
can also be in agreement with the somewhat lower electrocatalytic ac
tivity towards ORR of the electrocatalysts prepared by microwave 
treatment compared to the commercial Pt/C catalyst. From the results of 
this test, it can be concluded that the M1V5 electrocatalyst shows good 
electrocatalytic performance which makes it a promising alternative and 
shows excellent behavior against CO poisoning. 

To better study the resistance to CO poisoning observed in the case of 
the M1V5 electrocatalyst, a test was performed with methanol to study 
the poisoning and nature of Pt active sites, as explained in the experi
mental section. Fig. 7 shows the voltammograms obtained from the test. 
Before CO-adsorption, both catalysts present the typical CV for Pt and 
the so-called hydrogen adsorption-desorption peaks are clearly 
observed. After CO adsorption in the commercial catalyst (Fig. 7a), those 
processes are blocked (black lines). When cycling from 0.3 V, it can be 
observed a large irreversible and oxidation peak at around 0.7 V that 
corresponds to the oxidation of CO on the Pt surface. This oxidation 
recovers the typical CV for the Pt/C sample. Fig. 7b shows how the 

Fig. 4. Linear sweep voltammograms obtained with the rotating-ring disk electrode in 0.1 M KOH, saturated with O2 at 1600 rpm and 5 mV s− 1 for the catalysts 
prepared with: (a) Method 1, (c) Method 2. Number of electrons transferred for the catalysts prepared with: (b) Method 1, (d) Method 2. 
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M1V5 catalyst does not present the oxidation peak associated to 
adsorbed CO, indicating that the Pt nanoparticles are less affected by the 
adsorption of CO on the surface. This effect may be attributed to the fact 
that microwave-assisted synthesis may help to embed the Pt nano
particles into the structure of the carbon material thus facilitating a 
strong metal-support interaction (this is in agreement with the TEM 
observations). This may result in a change in the electronic structure and 
geometry of the Pt nanoparticles that reduces the interaction with the 
CO-type species and gives rise to less poisoning. Concerning the elec
tronic properties of Pt species, they were checked by XPS for M1V5 and 
Pt/C electrocatalysts after an electrochemical preconditioning (cyclic 
voltammetry at 50 mVs− 1 for 10 cycles from 0 to 1.2 V vs RHE). Fig. S7 
depicts the Pt4f XPS spectra of both samples. As can be seen, the spec
trum of M1V5 is shifted to higher binding energies compared to Pt/C, 
suggesting the presence of electron-deficient Pt species in M1V5. That 
would indicate a stronger Pt-support interaction in that sample 
compared to the commercial Pt/C electrocatalyst. This may explain the 
different CO adsorption ability. However, the effect of that interaction 
was not observed in the Raman spectra (see Fig. S8) because the low Pt 
content does not change the structural order of the carbon material 
when Pt is incorporated with the experimental strategy followed in this 
study. 

Fig. 5. (a) Linear sweep voltammograms obtained with the rotating-ring disk electrode in 0.1 M H2SO4, saturated with O2 at 1600 rpm and 5 mV s− 1 for the M1V5, 
M1V10 and the commercial Pt/C electrocatalysts. (b) number of electrons transferred for the catalysts. 

Fig. 6. Comparative stability test for M1V5 and the Pt/C commercial, accom
plished at 0.5 V and 1600 rpm in O2-saturated 0.1 M KOH and 25 ◦C. Methanol 
was added 180 min after the beginning of the experiment. 

Fig. 7. Comparative active sites of Pt test for (a) Pt/C commercial and (b) M1V5, accomplished at 10 mV s− 1 N2-saturated 0.1 M KOH and 25 ◦C.  

C.D. Jaimes-Paez et al.                                                                                                                                                                                                                        



Electrochimica Acta 464 (2023) 142871

9

3.4. Electrocatalytic activity towards HER 

Fig. 8 shows the electrocatalytic activity towards HER for all the 
prepared electrocatalysts. In this experiment, the LSV was conducted at 
a scan rate of 2 mVs− 1 from 0.2 V to − 0.15 V (vs RHE) in 0.1 M KOH. The 
onset potential for the reaction is close to 0 V (vs RHE), which is com
parable with the commercial Pt/C. 

Concerning the current density (measured at − 0.15 V), the best 
electrocatalysts (M1V5 and M1V10) attained a value close to 10 mA 
cm− 2, which is better than that of commercial Pt/C catalyst (6.9 mA 
cm− 2) (see Fig. 8a and Table 4). It is important to point out that these 
electrocatalysts contain a much smaller loading than the commercial Pt/ 
C electrocatalyst. The other electrocatalysts also showed excellent per
formance. However, they did not outperform the commercial Pt/C 
electrocatalyst (see Fig. 8b). It is also noteworthy that the electro
catalysts based on carbon black (Vulcan) showed better performance 
compared to the electrocatalysts based on activated carbons (F400). The 
electrocatalysts were not evaluated at potential values lower than 
− 0.15 V because the hydrogen evolution caused the detachment of the 
electrocatalysts deposited on the glassy carbon support. Like in the case 
of ORR assessment, the electrocatalysts prepared by method 1 perform 
better than the electrocatalysts obtained from method 2. 

The Tafel slopes of all catalysts are listed in Table 4 (see Tafel plots in 
Fig. S5a and b). It can be observed that Tafel slopes of catalysts prepared 
by both methods are close to that of the commercial Pt/C sample (57 mV 
dec− 1), which indicates that the HER kinetics are similar for all as- 
prepared catalysts and the commercial Pt/C. 

Table 4 compiles the most important information of the HER per
formance for the electrocatalysts obtained from method 1. Furthermore, 
the stability of the samples is also compared after cycling. For this 
purpose, LSV was measured and compared to the initial LSV. As shown 
in Fig. 9, the activity of electrocatalysts decays, but it is noteworthy that 
the Vulcan-based electrocatalysts prepared by method 1 still have higher 
current density values (8.57 mA cm− 2 is reached at − 0.15 V) than the 
commercial Pt/C electrocatalyst (6.5 mA cm− 2). Furthermore, the 
decrease in activity for M1V5 and M1V10 compared to the initial 
counterpart tests is around 5%, which is similar to that of Pt/C. Thus, it 
can be concluded that Vulcan-based electrocatalysts prepared by 
method 1 have excellent performance towards the HER compared to the 
commercial Pt/C electrocatalyst, despite the low Pt loading incorpo
rated. The results support the critical role of the Pt nanoparticles dis
tribution, the average size and the interaction with the support, in the 
catalytic activity for the HER. 

4. Conclusions 

The incorporation of Pt nanoparticles was achieved by a fast and 
efficient microwave method, leading to carbon-supported Pt nano
particles electrocatalysts, which present a small average particle size 
(less than 1 nm) and excellent distribution, without using any reducing 
and protecting agents. These Pt-based electrocatalysts showed signifi
cant electrocatalytic activity and high selectivity for the ORR in both 
acid and alkaline solutions. In addition, these electrocatalysts exhibited 
high poisoning resistance to CO, indicating that the Pt nanoparticles are 
less affected by the adsorption of CO on the surface. This effect may be 

Fig. 8. Linear sweep voltammetry curves for the prepared electrocatalysts in N2-saturated 0.1 M KOH solution at 2 mV s− 1 and 1600 rpm.  

Table 4 
Electrochemical parameters obtained from LSV curves to the HER in the alkaline 
medium for all electrocatalysts prepared. And Tafel slope obtained for the HER 
reaction for the samples.  

Catalyst E (Onset) (V 
vs RHE) 

j (mA cm− 2) (at 
− 0.15 V vs RHE) 

% j (after 
stabilization) 

Tafel slope 
(mV dec− 1) 

M1V5 0 9.2 93 59 
M1V10 0 9.0 95 58 
M1F5 − 0.01 6.0 77 63 
M1F10 − 0.01 3.7 86 65 
M2V5 − 0.02 4.2 76 63 
M2V10 − 0.01 5.2 81 60 
M2F10 − 0.01 6.0 77 58 
Pt/C 0 6.9 94 57  

Fig. 9. Linear sweep voltammograms after the 500 cycles for M1V5, M1V10, 
and commercial Pt/C electrocatalysts for HER, in 0.1 M KOH saturated with N2. 
Scan rate of 2 mV s− 1 from 0.2 V to − 0.15 V (vs RHE). 
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attributed to the fact that microwave-assisted synthesis help to embed 
the Pt nanoparticles into the structure of the carbon material thus 
facilitating a strong metal-support interaction. This may result in a 
change in the electronic structure and geometry of the Pt nanoparticles 
that reduces the interaction with the CO-type species and gives rise to 
less poisoning. Additionally, results showed that the as-prepared elec
trocatalysts present excellent electrocatalytic behavior for the HER, 
improving significantly the results obtained with the commercial Pt/C 
electrocatalyst and showing outstanding stability. It should be noted 
that our synthesis approach resulted in Pt-based electrocatalysts with a 
much lower Pt loading than that of Pt/C used as reference electro
catalyst, but with a much higher electroactive surface area. 
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