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Abstract
Palladium-containing ordered mesoporous carbons, such as CMK-1 and CMK-3 doped with nitrogen by pyrolysis of polyani-
line and modified with an imidazolium ionic liquid ([BMIM][Br]) have been synthesized. The carriers and electrocatalysts 
have been studied by low-temperature nitrogen adsorption, thermogravimetric analysis, X-ray fluorescence analysis, and 
Raman spectroscopy. A significant decrease in the surface of CMK materials was shown upon doping with nitrogen and 
modifying with an ionic liquid. Moreover, the electrocatalytic activity in the oxygen reduction reaction from an alkaline elec-
trolyte has been studied by the potentiometric method using a three-electrode cell with a rotating disk as working electrode. 
In addition, the diffusion currents, half-wave potentials, initial potentials, and the number of electrons participating in the 
reaction are calculated. The values of the electrochemical active surface of the synthesized catalysts were determined on the 
basis of cyclic voltammograms. Modification CMK-3_Pd with ionic liquid made it possible to increase the diffusion current, 
which was not observed upon doping with nitrogen. Catalysts CMK-3_Pd and CMK-3_Pd_IL showed high efficiency in the 
reaction under study. The number of electrons transferred during the electroreduction of oxygen on these catalysts is about 
3.5; mass activity in the diffusion region at a potential of −0.8 V is about 0.7 A/mgPd; and it is almost two times higher 
than that of the commercial platinum Pt/C catalyst. In the kinetic region at a potential of −0.05 V, the specific activity of 
the platinum catalyst is significantly higher than that of CMK-3_Pd and CMK-3_Pd_IL. Mass activity in the kinetic region 
for CMK-3_Pd and CMK-3_Pd_IL is comparable to the activity of the Pt/C platinum catalyst. It was shown that the activity 
of materials based on CMK in the reaction of oxygen electroreduction from an alkaline electrolyte will depend not only on 
the size of the electrochemically active surface of the catalysts, but also on the textural characteristics of these materials.
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1  Introduction

Currently, an active search is underway for environmen-
tally friendly, economically viable, efficient systems for the 
conversion, and storage of alternative energy. Membrane 
fuel cells are in the focus of scientific research as potential 
energy sources for stationary and mobile applications [1, 2], 
but expensive platinum-based electrocatalysts remain their 
main barrier [3–6].

Therefore, in recent years, much effort has been made to 
develop highly efficient catalysts that will demonstrate com-
parable or even higher catalytic activity than Pt. A number 
of strategies have been proposed, such as the synthesis of 
Pt–Me (where Me is any metal) binary catalysts [7, 8] or 
the replacement of platinum with other metals. Thus, elec-
trocatalysts based on palladium [9, 10], iron [11, 12], nickel 
[13, 14], copper [15], and other metals have been investi-
gated. Some researchers focus on the study of binary and 
ternary alloys, such as, for example, Ni–Co [16], Ni–Mo 
[17], and Fe–Co–Ni [18]. However, the developed catalysts 
still have a lower activity than platinum materials; moreover, 
they are susceptible to corrosion and oxidation in electrolytic 
environments.

Another strategy for reducing the cost of catalysts is 
the use of new carbon supports, which will improve the 

dispersion of metal nanoparticles and, thus, increase the 
activity of the catalyst. Ordered mesoporous carbons 
(OMCs) have generated wide research interest due to their 
high specific surface area, large pore volume, high electri-
cal conductivity, chemical stability, and low cost [19, 20]. 
In general, the ability to control the properties of OMC such 
as surface area and pore size, combined with possibility of 
doping with metal nanoparticles and heteroatoms, makes 
this class of carbon materials suitable for studies of electro-
catalytic processes.

Among the whole variety of mesoporous carbons, it 
stands out the CMK family (Carbons Mesostructured by 
Korea Advanced Institute of Science and Technology) based 
on mesostructured silicon oxides. These OMCs have been 
widely studied in the literature as promising catalysts for 
redox reactions. These OMCs have a highly ordered three-
dimensional cubic structure (CMK-1) and a hexagonal struc-
ture (CMK-3). Interconnected channels provide a large pore 
volume, which facilitates the diffusion of oxygen and the 
transfer of reagents to the active sites of the catalyst [21, 22].

Doping of carbon materials with heteroatoms can addi-
tionally modify the electronic and physicochemical proper-
ties of OMC [23, 24]. For example, doping with elements 
such as nitrogen and sulfur increases the electron density, 
which can facilitate oxygen adsorption and diffusion and 
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effectively weaken the O–O bond. Studies show that cata-
lysts based on CMK-3 doped with nitrogen atoms have high 
activity and stability [25].

In recent years, the use of ionic liquids in electrochem-
istry, and in catalysts for the electrochemical reduction of 
oxygen for fuel cells, has been actively studied. The use of 
ionic liquids as precursors makes it possible to specify a 
certain structure of the active site, for example, a metal sur-
rounded by several nitrogen atoms [26] or to influence the 
textural characteristics of electrocatalysts [27].

In the present study, palladium-containing catalysts based 
on ordered mesoporous carbon materials CMK-1 and CMK-
3, doped with nitrogen and modified with an ionic liquid 
were synthesized.

The aim of the work was to investigate the electrocatalytic 
activity of the obtained materials in the reaction of oxygen 
electroreduction from an alkaline electrolyte using a rotat-
ing disk electrode in linear and cyclic voltammetry modes.

2 � Experiment

2.1 � Catalyst synthesis

The synthesis of mesoporous carbon materials was carried 
out by the template method. Mesoporous silicates synthe-
sized by presented methods: MCM-48 [7] and SBA-15 [6], 
respectively, were used as templates for the preparation of 
CMK-1 and CMK-3. To obtain mesoporous carbons, the 
synthesized samples of silicate materials were twice impreg-
nated with an aqueous solution of sucrose containing sulfu-
ric acid, similarly to the procedure described in [3]. Carboni-
zation was completed by pyrolysis with heating to 600 °C in 
a nitrogen atmosphere. The resulting carbon-silicate com-
posite was treated with an HF solution at a temperature of 
50 °C for 3 h to remove the silicate template. Then the mate-
rial was filtered, washed with ethanol, and dried at 120 °C. 
The obtained carbon materials were designated using the 
international nomenclature based on MCM-48—CMK-1, 
SBA-15—CMK-3.

When preparing N-doped samples, the technique 
described in [25] was used. A 30 mg of carbon was dis-
persed in 10 mL of deionized water with sonication for 
10 min. Then, a 300 μL of aniline and 1500 μL of an aque-
ous solution of HCl (2 M) were mixed at room tempera-
ture, and the resulting mixture was added to a dispersed 
solution with carbon and stirred with ultrasound for 5 min. 
A 1350 mg FeCl3⋅6H2O was added to the above mixture 
(the molar ratio of aniline to FeCl3 was 2: 3), which initi-
ated the oxidative polymerization in situ. The mixture was 
kept on an ice bath for 24 h with stirring. The resulting 
composite was a green dark precipitate, which was sepa-
rated by centrifugation and washed 3 times with deionized 

water and ethanol. Then, the samples were dried in vac-
uum at 60 °C and heated in an N2 atmosphere at 900 °C 
with a heating rate of 5 °C min−1 for 2 h. The resulting 
composites were designated CMK-1_N and CMK-3_N, 
respectively.

For the preparation of palladium-containing catalysts, the 
active component (~ 5 wt%) was applied to N- doped and 
undoped carbon supports by the method of single incipient 
wetness impregnation. Palladium chloride PdCl2 (99.995%, 
CAS 7647-10-1, Merck) was used as a precursor. The 
impregnated samples were kept for a day at room tempera-
ture, and then dried at 60 °C for 6 h and calcined at 200 °C 
on air for 1 h. The reduction of the catalysts was carried out 
in a stream of hydrogen at 350 °C for 2 h. The resulting com-
posites were designated as CMK-1_N_Pd, CMK-3_N_Pd, 
CMK-1_ Pd, and CMK-3_ Pd.

The palladium-containing catalyst was modified with an 
ionic liquid by the method of single impregnation. As the 
ionic liquid, an imidazolium ionic liquid [BMIM] [Br] was 
used. A sample of a palladium-containing catalyst impreg-
nated with an ionic liquid was sonicated for 5 h and then 
dried at 100 °C on air. The resulting composite was desig-
nated CMK-3_Pd_IL (5 wt% Pd, 23 wt% IL).

2.2 � Characteristics of catalysts

The textural characteristics of the synthesized supports and 
catalysts were studied by low-temperature nitrogen adsorp-
tion using a Quantochrome Autosorb-1 porosimeter (Quan-
tachrome instruments). The specific surface area was cal-
culated using the Brunauer–Emmett–Teller (BET) model.

The qualitative analysis was carried out by the method 
of X-ray fluorescence (XRF) analysis on a BRA-18. The 
Raman analysis was performed under backscattering geom-
etry on a Renishaw InVia micro-Raman spectrometer 
equipped with a Charged Coupled Device (CCD) detector, 
Ar-ion laser (λ = 532 nm), and 1800 lines/mm grating with 
a spectral resolution of 1 cm−1. The excitation source was 
focused down to a 2 μm spot with a laser power of about 1 
to 5 mW.

The thermoprogrammed reduction of catalysts was car-
ried out on a TPDRO 1100 instrument using a thermal con-
ductivity detector. The reduction process was carried out 
in a mixture of 5% hydrogen volume in nitrogen with the 
following parameters: volumetric flow rate 50 mL/min, tem-
perature range from room temperature to 1100 °C, and heat-
ing rate 10 °C min−1. Directly before analysis, the samples 
were dried in an argon atmosphere.

Thermogravimetric analyses were performed on an STA 
449 F3 Jupiter (NETZSCH) instrument in the temperature 
range from 35 to 800 °C at a heating rate of 10 °C min−1 in 
an air flow with a flow rate of 200 mLmin−1.
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2.3 � Electrochemical measurements

2.3.1 � Preparation of catalytic ink

The 0.02 g of the catalyst was dissolved in 5 mL of ethyl 
alcohol and 250 μL of Nafion's solution (5 wt%), and then 
the resulting solution was ultrasonicated for 2 h in an Ultra-
sonic disperser. After that, the catalytic ink was applied to 
the surface of a glassy carbon (GC) disk electrode (elec-
trode surface area 0.071 cm2) with a pipette at a load of 
80 μg cm−2 and dried for 4 h at a temperature of 90 °C on 
air. A catalytic ink based on commercial platinum on carbon 
[metal content 20%—(Pt/C)] was prepared in a similar way. 
This catalyst was used for comparative analyses.

2.3.2 � Electrochemical measurements

The oxygen reduction reaction from alkaline solutions was 
studied by the potentiometric method using an electrochemi-
cal workstation «CorrTest» in the modes of cyclic and lin-
ear voltammetry (LV). A three-electrode cell with a rotat-
ing disk working electrode was used. A platinum electrode 
with a large surface was used as an auxiliary electrode, and 
a silver chloride electrode served as a reference electrode. 
The oxygen reduction reaction was studied in a 0.1 molar 
potassium hydroxide solution. Linear voltammograms were 
recorded in an air-saturated potassium hydroxide solution 
in the potential range of «−800 ÷ 200 mV» with a potential 
sweep of 5 mV s−1 and at various speeds of rotation of the 
working disk electrode (500–3000 rpm). Cyclic voltammo-
grams (CV) were recorded in a de-aerated atmosphere in the 
potential range of «−1000 ÷ 200 mV»

3 � Results and discussion

3.1 � Physicochemical studies of samples

Nitrogen adsorption–desorption isotherms and pore size 
distribution for synthesized CMK-1 and CMK-3 carbon 
supports are shown in Fig. 1. The isotherms are type IV 
(IUPAC classification) with a typical H1 hysteresis loop at 
a relative pressure (P/P0) 0, 45–0.9, which corresponds to 
capillary condensation inside the pores [28] and indicates 
the mesoporous nature of the prepared samples.

As shown in Table 1, the obtained mesoporous coals 
are characterized by very high values specific surface 
area (SBET). This is due to the large number of micropores 

Fig. 1   Low-temperature adsorption–desorption isotherms of nitrogen synthesized carbon materials: a nitrogen undoped, b nitrogen doped

Table 1   Textural characteristics of synthesized carbon materials and 
catalysts

Sample Surface area 
SBET, m2 g−1 

Pore volume, VP, cm3 
g−1 

Pore diame-
ter DP, nm

General Micropores

CMK-1 1245 0.78 0.40 3.4
CMK-3 1333 1.04 0.04 3.8
CMK-1_N 375 0.21 0.17 3.4
CMK-3_N 398 0.22 0.19 3.4
CMK-1_Pd 848 0.63 0.23 3.4
CMK-3_Pd 839 0.77 0.05 3.8
CMK-1_N_Pd 277 0.19 0.12 3.4
CMK-3_N_Pd 332 0.21 0.15 3.4
CMK-3_Pd_IL 575 0.53 0 4.1
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formed during the surface carbonization process. In addi-
tion, CMK-3 has a larger total pore volume compared to 
CMK-1. In the case of sample CMK-1, micropores account 
for almost half of the total pore volume.

When carbon materials are doped with nitrogen, the sur-
face area reduces by almost 3 times. According to the studies 
of the authors [25], the carbon layer obtained from polyana-
line covers both the outer and inner surfaces of the porous 
CMK structure, which leads to a decrease in the surface area.

Significant differences in pore size distribution can be 
observed for non-doped and doped samples. Thus, samples 

CMK-1_N and CMK-3_N are characterized by a narrow 
pore size distribution with an average size of 2 nm (Fig. 2). 
Moreover, the main volume of pores falls precisely on 
micropores (80–85% of the total pore volume), which was 
formed as a result of carbonization of the carbon precursor 
[29].

Upon metal deposition, the SBET values for all samples 
decreased: for non-doped samples—by 32–37%, for N 
doped—by 17–25% [30]. In the case of modification of the 
palladium-containing catalyst CMK-3_Pd with an ionic liq-
uid, the surface area decreases by almost 1.5 times.

The presence of palladium in the synthesized catalysts 
was confirmed by X-ray fluorescence analysis (XRF), and 
the results are shown in Fig. 3.

XRF spectrum for all palladium-containing catalyst sam-
ples contains only characteristic signals of electronic transi-
tions for palladium.

The Raman spectra shown in Fig. 4 provide additional 
information on the surface of synthesized carbon materials. 
As shown, the D band at about 1300 cm−1 and the G band at 
1590 cm−1 characterize the disordered carbon and graphite 
carbon peak, respectively [31, 32]. The non-doped CMK-1 
and CMK-3 are characterized by approximately the same 
ID/IG ratios (0.68 and 0.70, respectively). The insertion 
of nitrogen atoms into the carbon lattice is usually accom-
panied by the creation of defects. Therefore, for the doped 
samples CMK-1_N and CMK- 3_N, a higher ID/IG ratio is 
observed, which implies a less ordered structure. Moreover, 
the CMK-1_N sample is characterized by a higher ratio (ID/
IG = 0.82) compared to CMK-3_N (ID/IG = 0.72), which is Fig. 2   Pores distribution of the studied carbon materials by diameter

Fig. 3   Typical XRF spectrum of palladium-containing CMK samples
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associated with the presence of a larger number of defects 
and edge atoms.

Figure  4 shows Raman spectra of CMK-3 modified 
by ionic liquid [BMIM][Br]. The high-frequency range, 
2800 − 3200  cm−1, exhibits a complex pattern of over-
lapped bands proper to several C−H stretching modes. The 
800−1600 cm−1 range includes characteristic bands of imi-
dazolium ring vibrations. The 400−800 cm−1 range also 
contains ring vibrations, which provides insight on confor-
mations of alkyl chains [33].

The temperature-programmed reduction (TPR) curves of 
palladium-containing catalysts are shown in Fig. 5.

Analysis of the TPR data for Pd catalysts (Fig. 5 shows 
the profiles only for CMK-3_Pd and CMK- 3_N_Pd) 
showed that the catalysts are completely reduced at 350 °C. 

Therefore, this temperature was used to activate (reduce) the 
samples before testing the catalytic activity. On TPR profiles 
for palladium catalysts supported on CMK-3 and CMK-3_N, 
should be noted the presence of a small negative peak at 
about 80 °C. A similar release of H2 in the temperature 
range of 50–100 °C is attributed to the decomposition of 
β-palladium hydride formed during TPR analysis [34]. The 
maximum absorption of hydrogen occurs at a temperature of 
150 °C, which indicates that PdO particles on these catalysts 
are easily reduced at relatively low temperatures [35].

Thermal decomposition of the synthesized Pd-contain-
ing catalysts was investigated using combined differential 
thermal and thermogravimetric analysis. Two well-distin-
guishable regions of the materials mass loss can be distin-
guished on the curves (Fig. 6): in the temperature range of 

Fig. 4   Raman spectra of synthesized carbon materials: a CMK-1 doped and undoped with nitrogen, b CMK-3 doped and undoped with nitrogen, 
c modified with ionic liquid and unmodified CMK-3
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100–120 °C and 400–600 °C. The insignificant weight loss 
observed in the range of 100–120 °C and mainly associated 
with the desorption of water from the surface and pores of 
the support. The main weight loss was observed in the tem-
perature range of 400–600 °C due to oxidation of the carbon 
support (Fig. 6). At temperatures above 600 °C, no further 
weight loss was observed for the samples. The residual mass 
after analysis was 5%.

According to differential scanning calorimetry (DSC) 
data, in air atmosphere, exothermic reactions caused by 
carbon oxidation were observed for all samples. For sam-
ples on CMK-1, peak DSC temperatures were observed 
at ~ 450 °C, and for catalysts on CMK-3 at ~ 550 °C. The 

higher oxidation temperature for the samples deposited on 
CMK-3 indicates a higher stability of its structure [36].

3.2 � Electrochemical experiment

The electrochemical experiment was carried out in the 
modes of linear and cyclic voltammetry. Figure 7 shows lin-
ear voltammograms for synthesized CMK samples obtained 
using a rotating disk electrode.

Table 2 shows some characteristics of the oxygen elec-
troreduction reaction from an alkaline electrolyte calculated 
based on the polarization curves.

It was found that the texture of CMK and the method 
of their modification strongly affect the activity of the pro-
cess of oxygen electroreduction. The CMK-3_Pd catalyst, 
characterized by long channels of interconnected pores (2D 
hexagonal mesostructure with morphology of interconnected 
rods), has the highest activity in the studied process com-
pared to other synthesized catalysts, in particular, with the 
CMK-1_Pd catalyst. This can be predominantly associated 
with a well-ordered mesoporous structure, which ensures 
rapid diffusion of adsorbed oxygen from solution into the 
catalyst bulk and accelerating the process of electrochemi-
cal oxygen reduction. For the CMK-1_Pd catalyst character-
ized by a three-dimensional pore structure (3D cubic meso-
structure), oxygen diffusion is likely to be hindered due to 
the low pore connectivity. This may be due to the fact that 
the volume of mesopores in CMK-3_Pd is higher than in 
CMK-1_Pd, which is also characterized by the presence of 
micropores. Apparently, oxygen transport through the larger 
mesopores of the CMK-3_Pd catalyst is more intense, which 
leads to an increased activity of this catalyst in the reaction 
of oxygen electroreduction. It is likely that the participation 
of micropores in the transport of oxygen into the bulk of 
catalysts of the CMK type will be less expressed.

Doping with nitrogen did not lead to a significant increase 
in the activity in the studied reaction on the investigated 
mesoporous carbon catalysts. Moreover, the activities for 
the CMK-1_Pd and CMK-1_N_Pd catalysts are compara-
ble—the difference between the initial potentials and the 
half-wave potentials is about 0.02 V. The diffusion current at 
potentials lower than −0.6 V is higher for the nitrogen-doped 
CMK-1_N_Pd catalyst; at a potential of −0.8 V, the differ-
ence in the values of the diffusion current for CMK-1_Pd and 
CMK-1_N_Pd is 0.26 mA cm−2. The activity of CMK-3_Pd 
is significantly higher than for CMK-3_N_Pd—the differ-
ence between the initial potentials and half-wave potentials 
is about 0.04 and 0.09 V, respectively. At a potential of 
−0.8 V, the difference in the values of the diffusion current 
for CMK-3_Pd and CMK-3_N_Pd is 0.42 mA cm−2. Thus, 
the doping of these materials with nitrogen by pyrolysis of 
polyaniline leads to blocking of pores and impairment of the 

Fig. 5   The temperature-programmed reduction (TPR) curves of palla-
dium-containing catalysts

Fig. 6   The curves of combined differential thermal and thermogravi-
metric analysis of Pd-containing catalysts
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adsorbed oxygen transport into the bulk of the catalysts. This 
leads to a decrease in the activity of nitrogen-doped CMCs 
in the oxygen electroreduction reaction from an alkaline 
electrolyte. This is more typical for a CMK-3 type catalyst.

In the present study, the effect of an imidazolium ionic 
liquid ([BMIM][Br]) on the activity of catalysts of the 
CMK type in the oxygen reduction reaction was studied. It 
is shown that IL highly effects the process of oxygen elec-
troreduction and is significantly superior materials doped 
with nitrogen. It was found that the doped sample CMK-
3_N_Pd is less active in the studied reaction than the sam-
ple CMK-3_Pd_IL modified with an ionic liquid; the dif-
ference between E½ and Eonset for these catalyst samples 
is 0.06 and 0.03 V, respectively. Although the activity of 
CMK-3_Pd_IL is reduced relative to the unmodified sample 
CMK-3_Pd (comparing the values of E½ and Eonset). The 
diffusion current at potentials lower than −0.6 V is higher 

for the catalyst CMK-3_Pd_IL modified with an ionic liq-
uid; at a potential of −0.8 V, the difference in the values of 
the diffusion current for CMK-3_Pd and CMK- 3_Pd_IL 
is 0.26 mA cm−2. Apparently, the π-electronic structure of 
imidazole in the structure of the ionic liquid, in general, 
can increase the efficiency of the oxygen reduction process 
by increasing the electron density on the catalyst surface. 
However, for a more accurate mechanism of IL action on the 
process of oxygen electroreduction, additional theoretical 
and experimental studies are required.

Figure 8 shows the linear voltammetry for the most active 
catalysts CMK-3_Pd (a) and CMK-3_Pd_IL (b) at different 
speeds of rotation of the disk electrode.

To compare the activity of the catalysts, the Koutecky-Lev-
ich equation was used, written in the following form [37, 38]:

where j is the measured current density, jk and jd are the 
kinetic and diffusion-limited current densities, respec-
tively, k is the electrochemical rate constant for O2 reduc-
tion, DO2—is the diffusion coefficient of oxygen (1.910–5 
cm2 s−1), CO2—is the concentration of oxygen in the bulk 
(1.2‧10−3 mol L−1), � is the kinematic viscosity of the solu-
tion (0.01 cm2 s−1), ω is the electrode rotation rate, and n is 
the number of electrons transferred per O2 molecule.

Figure 9 shows the dependences in the coordinates of 
the Koutecky-Levich equation for all synthesized catalysts, 
obtained from the data on oxygen reduction at different 
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Table 2   Parameters for ORR on synthesized catalysts in KOH solu-
tion (O2 saturated, 1000 rpm)

Catalysts jdif (−0.8 V), mA 
cm−2

E½, V Eonset, V

CMК-3_Pd 2.70  −0.20  −0.07
CMК-3_Pd_IL 2.96  −0.23  −0.08
CMК-1_Pd 1.86  −0.25  −0.12
CMК-1_N_Pd 2.12  −0.27  −0.11
CMК-3_N_Pd 2.28  −0.29  −0.11
CMК-3 1.20  −0.38  −0.23

Fig. 7   Polarization curves for 
O2 reduction on electrode with 
various catalysts in air-saturated 
KOH solution with a concentra-
tion 0.1 M: potential scan rate 
5 mV s−1, electrode rotating 
rate: 1000 rpm, catalyst loading: 
80 μg cm−2
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speeds of rotation of the disk electrode in a 0.1 M KOH 
solution with O2—saturated.

Figure 10 shows the dependence of the number (n) of 
electrons transferred in the reaction on the value of the 
potential using the synthesized catalysts.

The dependences in the coordinates of the Koutetsky-
Levich equation have a linear form, which indirectly confirm 
the diffusion-limiting stage of the oxygen electroreduction 
process. It has been shown that, on the CMK- 3_Pd and 
CMK-3_Pd_IL catalysts, the electroreduction of oxygen 
at a potential of −0.8 V is characterized by a number of 

Fig. 8   Polarization curves of 
the reduction of O2 on the 
electrode with CMK-3_Pd (a) 
and CMК-3_Pd_IL (b) at dif-
ferent electrode rotating rates 
(500, 1000, 2000, 3000 rpm) in 
an O2-saturated KOH solution 
with a concentration of 0.1 M: 
potential sweep rate 5 mV s −1, 
catalyst load: 80 μg cm−2
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transferred electrons of about 3.5. This indicates a low yield 
of a by-product in the form of an HO2

− ion and a predomi-
nant production of water in the process of the oxygen elec-
troreduction reaction. When the potential is shifted to a more 
positive region, the number of electrons participating in the 
reaction decreases to 3 and the probability of the forma-
tion of the HO2

—increases. For other investigated catalysts, 
in particular, doped with nitrogen, the mechanism is close 
to the 2-electron process at all investigated potentials, so 
the oxygen reduction process on them will be carried out 
through the intermediate formation of hydrogen peroxide. It 
has been shown that on the CMK-3_Pd and CMK-3_Pd_IL 

catalysts, the limiting current at −0.8 V and 3000  rpm 
reaches 4.4 and 4.7 mA/cm2, respectively.

The type of cyclic voltammograms (Fig. 11) indicates 
that the texture and method of CMK modification signifi-
cantly affect the values of the specific electrochemical active 
surface.

QC(C cm−2) is the amount of electricity required to charge 
the surface of the studied material, which was determined 
from the cathode region of the CVs using the following for-
mula [39]:

where ϑ—the potential scan rate (V s−1) parameter Qcatod 
is a characteristic of electrochemical active surface values 
(SEAS).

It was found that doping CMK-1_Pd with nitrogen leads 
to an increase in the active electrochemical surface. For 
CMK-3_Pd, on the contrary, a decrease in the size of the 
active surface is observed upon doping with nitrogen. The 
electrochemical surface modified by the ionic liquid also 
slightly decreases. It can be assumed that the activity of 
materials based on CMK in the reaction of oxygen electrore-
duction from an alkaline electrolyte will depend not only 
on the number of active centers (proportional to SEAS, pre-
sented in Table 3) on the surface, but also on the textural 
characteristics of the materials.

Figure 12 shows the voltammograms for the most efficient 
catalysts in this study and a commercial platinum catalyst 
with a mass content of platinum of 20%.

Qcatod =
∫ idE

�
,

Fig. 9   Dependences in the coordinates of the Koutecky-Levich equation at the potential −0.8 mV for all catalyst samples

Fig. 10   The calculated numbers of electrons transferred in the reac-
tion from the value of the potential
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On the voltammograms of the catalysts, three regions for 
the reaction under study: the diffusion, mixed, and kinetic 
regions. Figure 13 shows comparative diagrams of specific 
(j) and mass activity (i) activity in the diffusion and kinetic 
regions for CMK-3_Pd, CMK-3_Pd_IL, and Pt/C.

The mass activity of the CMK-3_Pd and CMK-3_Pd_IL 
catalysts in the diffusion region at a potential (−0.8 V) is sig-
nificantly higher than that of commercial Pt/C. In the kinetic 
region at a potential (−0.05 V), the mass activity is higher 
for the platinum catalyst, but the values are comparable. This 
is probably due to the high dispersion of palladium on the 
mesoporous matrix CMK-3 and CMK-3 modified with an 
ionic liquid. The specific activity in the kinetic region is 
significantly higher for the platinum catalyst as compared to 
the synthesized palladium catalysts based on CMK, which 
is associated with a high content of platinum (20 wt%) in 
the Pt/C catalyst. In the diffusion region, these quantities 
are comparable.

Thus, the synthesized catalysts based on CMK-3 can be 
further tested as a cathode electrode in alkaline fuel cells. 
A large load of palladium will be required to enhance the 
activity, as well as some modification of the CMK-3 surface, 
in particular, functionalization with ionic liquids.

The most active catalyst CMK-3_Pd was tested for cor-
rosion resistance by running 1000 cycles in a stream of oxy-
gen. After cycling, a linear voltammogram was taken and 
the diffusion current was calculated at a potential −0.80 V. 
(Fig. 14).

After 1000 cycles in an oxygen atmosphere, the current 
density in the diffusion region for the CMK-3_Pd catalyst 
decreases by ~ 2.2%, which indicates a high corrosion resist-
ance of material in the studied process.

Table 4 compares the characteristics of the studied reac-
tion obtained in this work with the literature data.

It can be seen that the synthesized bimetallic catalysts on 
CMK-3 are characterized by E1/2 and Eonset characteristics 
comparable with some obtained in similar studies.

4 � Conclusions

Catalysts for the electrochemical reduction of oxygen from 
an alkaline electrolyte based on mesoporous carbon materi-
als CMK-1 and CMK-3 have been synthesized. It was found 
that the doping of carbon material based on CMK-1 with 
nitrogen by pyrolysis of polyaniline leads to an increase 
in the diffusion current for the palladium-containing cata-
lyst CMK-1_N_Pd compared to CMK-1_Pd. For catalysts 

Fig. 11   Cyclic voltammogram 
(CV) on electrode with various 
catalysts in de-aerated 0.1 M 
KOH solution: potential scan 
rate 50 mV s −1

Table 3   Electrochemical active 
surface values (SEAS) for the 
catalysts (ϑ=50mVs−1)

Catalyst Qc ((as 
SEAS), mC 
cm−2

CMК-3_Pd 20.80
CMК-3_Pd_IL 18.50
CMК-1_Pd 7.93
CMК-1_N_Pd 13.34
CMК-3_N_Pd 16.74
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based on CMK-3 doped with nitrogen, on the contrary, the 
efficiency of electrochemical oxygen reduction process is 
reduced from an alkaline electrolyte. It could be concluded 
that doping of this material with nitrogen leads to the block-
ing of pores and, thereafter, the transport of adsorbed oxy-
gen into the catalyst volume worsens. It was found that IL 
([BMIM] [Br]) generally favorably affects the process of 
oxygen electroreduction and is significantly superior in this 
respect to materials doped with nitrogen. The electroreduc-
tion of oxygen from an alkaline electrolyte at a potential of 
−0.8 V is characterized by a number of transferred elec-
trons of about 3.5 on the CMK-3_Pd and CMK-3_Pd_IL 
catalysts. Other synthesized catalysts, in particular, doped 

with nitrogen, are characterized by a mechanism close to 
the 2-electron process at all investigated potentials. Moreo-
ver, the activity of materials based on CMK in the reaction 
of oxygen electroreduction from an alkaline electrolyte will 
depend not only on the size of the electrochemically active 
surface of the catalysts, but also on the textural characteris-
tics of these materials. The mass activity of the CMK- 3_Pd 
and CMK-3_Pd_IL catalysts in the kinetic region is com-
parable to the activity of the Pt/C platinum catalyst, which 
is probably due to the high dispersion of palladium on the 
CMK-3 matrix. The specific activity of the catalysts in the 
kinetic region is much higher for the platinum catalyst. In the 
diffusion region at a potential of −0.8 V, the mass activity of 

Fig. 12   Voltammograms for 
the most active catalysts based 
on CMK and a commercial 
platinum catalyst: potential scan 
rate 5 mV s−1, electrode rotating 
rate: 1000 rpm, catalyst loading: 
80 mkg cm−2

Fig. 13   Comparative diagrams of the specific and mass activities of catalysts in the kinetic (a) and diffusion (b) regions
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the CMK-3_Pd and CMK-3_Pd_IL catalysts is almost two 
times higher than that of the platinum catalyst at comparable 
specific activity values.
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