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Hapniku redutseerimine kroomkarbiidist sünteesitud süsinikule sadestatud plaatina 

nanoosakestel 

Polümeer-elektrolüüt-membraan kütuseelemendid on efektiivsed energia muundamise 

seadmed, mida kasutatakse juba ühistranspordis. Laialdasemat kasutusele võttu piirab aeglane 

hapniku redutseerumise reaktsioon (ORR) katoodil ning seetõttu tuleb selles katalüsaatorite 

vallas arendustegevust jätkata. Töö eesmärgiks oli sünteesida uus alusmaterjal plaatina 

katalüsaatorile ning uurida ORR-i uuel katalüsaatormaterjalil. Süsinikkandjad sünteesiti 

kroomkarbiidist kasutades kloreerimist erinevatel temperatuuridel (800-900°C). Plaatina 

sadestamiseks süsinikkandjale kasutati kahte meetodit. Alusmaterjali ja katalüsaatori struktuuri 

kindlaks tegemiseks kasutati termogravimeetria, röntgendifraktsioonanalüüsi ja lämmastiku 

madalatemperatuurse adsorptsiooni/desorptsiooni meetodeid. ORR uurimiseks rakendati 

tsüklilise voltammeetria ja pöörleva ketaselektroodi meetodeid. Katalüsaatorite ORR aktiivsus 

0.1 M HClO4 lahuses oli hea. 

Märksõnad: karbiidset päritolu süsinik, hapniku redutseerimine, plaatina katalüsaator, 

kroomkarbiid, süsinikkandja. 

CERCS kood: P401 Elektrokeemia 

 

Oxygen reduction on platinum nanoparticles deposited onto chromium carbide-derived 

carbon support 

Polymer electrolyte membrane fuel cells are very promising energy conversion devices, which 

have already found application in public transportation. However, one of the obstacles in the 

even wider application is the sluggishness of oxygen reduction reaction (ORR) at the cathode. 

Therefore, there is room for development in the field of catalysis synthesis. This study aimed 

to develop novel carbon support material for the platinum catalyst and to study ORR on the new 

catalyst. The carbon supports were synthesized from chromium carbide using chlorination at 

various temperatures (800-900°C). The platinum nanoparticles were deposited onto the 

chromium carbide-derived carbon supports by two different methods. Thermogravimetric 

analysis, X-ray diffraction and low-temperature nitrogen adsorption/desorption methods were 

used to characterize the structure of catalyst and catalyst support. ORR was studied with cyclic 

voltammetry and rotating disk electrode methods. The catalysts showed high activity towards 

ORR in 0.1 M HClO4 solution. 

Keywords: carbide-derived carbon, oxygen reduction reaction, platinum catalysts, chromium 

carbide, carbon support 

CERCS code: P401 Electrochemistry  
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1. INTRODUCTION 

Green energy gains huge attention recently as the demand for finding sustainable and alternative 

energy for fossil fuels is becoming more and more essential. The promising technology for 

alternative-green energy is a polymer electrolyte membrane fuel cell (PEMFC), which converts 

chemical energy stored in hydrogen (and oxygen) molecules directly into electrical energy and 

produces only water as a byproduct. PEMFC applications are widely found in vehicle engines, 

energy station, and power banks for mobile devices. For example, in rural regions where the 

electric grids are unreachable, the solar system combined with PEMFC energy storage is the 

right solution. 

Benefits of PEMFCs on the environment are apparent. However, many barriers are 

preventing the commercialisation and spread usage of PEMFCs. For instance, the cost for 

generating power energy of 1 kW and lifetime of PEMFCs should be competitive with internal 

combustion engines. It is not merely for solving the problem because there are various 

interrelated and complex phenomena such as mass/heat transfer, electrochemical reactions, 

ionic/electronic transport when the fuel cell is operating. The oxygen reduction reaction (ORR) 

at the cathode of PEMFC is somewhat sluggish and slow. Besides, the breakthroughs of the 

cost and durability are crucial factors. Therefore, considerable research is taking place in the 

field of PEMFC catalysts and construction. 

The stability and catalytic activity of the ORR catalyst are critical. The catalyst supports 

play a very often crucial role. Catalyst support, which is stable in a wide potential region and 

has a high surface area, could improve the ORR kinetics. Therefore, extensive research is done 

in the field of catalyst supports. 

The aims of this work were: 

 Synthesise carbon supports from chromium carbide (Cr3C2) under specific 

syntheses temperatures (800-1100 °C) and deposit platinum nanoparticles onto 

these carbon supports. 

 Perform physical characterisations of carbon supports C(Cr3C2) and platinum 

catalysts Pt-C(Cr3C2). 

 Investigate the ORR on C(Cr3C2) and Pt-C(Cr3C2) in 0.1M HClO4 solution.  
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2. LITERATURE OVERVIEW 

2.1. Classification of fuel cells 

Fuel cells convert chemical energy into electricity. Depending on the type of fuel or electrolyte 

used in the fuel cell, the fuel cells may be classified as follows: [1] 

 PEMFC is the assembly of a water-based acidic polymer membrane and platinum-

based electrodes. This fuel cell consumes pure hydrogen gas and releases only water 

as a byproduct. The working temperature is 40-100 °C. 

 High-temperature PEMFC (HT−PEMFC) is a PEMFC with a mineral acid-based 

electrolyte instead of a water-based electrolyte. HT-PEMFC operating temperature 

is up to 200 °C. 

 Direct methanol fuel cell (DMFC) is in a subcategory of PEMFCs, which uses 

methanol as fuel. Electrodes are platinum-ruthenium catalysts supported onto 

carbon. A polymer membrane is an electrolyte. The operating temperature is from 

40 to 100 °C. 

 Molten carbonate fuel cell (MCFC) consists of liquid molten carbonate salts as an 

electrolyte and of an electrode matrix, which is made from nickel and nickel oxide. 

MCFC consumes methane and natural gas. The operating temperature is around 

650 °C. 

 Phosphoric acid fuel cell (PAFC) consists of carbon electrodes with finely dispersed 

platinum as a catalyst. Phosphoric acid is used as an electrolyte in PAFC. Operating 

temperature is in the range of 150-220 °C. 

 Solid oxide fuel cell (SOFC) is operating at very high temperatures at around 

1000 °C. SOFC electrodes are based on perovskite and perovskite/metal cermet and 

electrolyte is based on metallic oxide solid ceramic. The mixture H2/CO is used as 

fuel.  

 Electrodes of the alkaline fuel cell (AFC) consist of transition metals and from 

platinum as a catalyst. Potassium hydroxide is used as the electrolyte. Pure hydrogen 

and oxygen are used as a fuel for AFC. The working temperature is 65-220 °C. 

 

2.2. PEMFC 

The membrane electrode assembly (MEA) consists of a polymer electrolyte membrane in 

contact with anode and cathode (Fig. 1). The electrodes are composed of a gas diffusion layer 

and catalyst layer, which commonly is carbon support with a platinum catalyst. 
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The PEMFC efficiency depends highly from the Pt catalyst. Although the ORR at 

cathode catalyst layer (CL) and hydrogen oxidation reaction (HOR) at anode CL of fuel cell 

have distinguishable electrochemical activities, Pt catalysts are still the best candidates for both 

cathodic and anodic catalysts [2]. Anodic catalyst is expected to possess an excellent ability to 

tolerate CO. CO poisoning effect blocks 

the active site on the Pt surface and reduces 

the reactivity. Cathodic catalysts have 

more requirements due to the sluggishness 

of ORR, which is discussed more detailed 

in the catalyst and ORR sections. 

The polymer electrolyte membrane 

is located in the middle part between the 

anode and cathode electrodes to insulate 

electricity and prevent oxygen reactants 

from travelling across the membrane layer 

to the anode side. The thin membrane plays the role of proton/ion transport layer, which 

transfers hydrogen ions from anode to cathode side. Depending on the used material for 

fabrication, the thickness of membranes varies from 10–100 μm [3]. The membranes should 

tolerate the operating temperature, mechanical tension, and a chemical environment, e.g. the 

formation of OH− and HOO radicals. Perfluorosulfonic acid is the most popular substance for 

membranes, also known as Nafion®. Polytetrafluoroethylene (PTFE) contributes to the 

physical strength of the Nafion® membrane, and sulfonic acid groups work as proton transport 

sites. Other perfluorinated-based materials suit the purpose of fuel cell applications such as 

Gore-SelectTM, FlemionTM, AsiplexTM [3,4]. 

Gas diffusion layers (GDL) are located between the bipolar plate (BP) and the catalyst 

layer. GDL is usually porous carbon paper with the thickness 100-300 μm. GDL distributes the 

gases to the catalyst layers, and GDL is electrical contact between electrodes and facilitates 

water transportation in the system. GDL improves the efficiency of gas diffusion and reduces 

mass transport overpotential [2,3]. 

PEMFC working principle is based on HOR and ORR processes. In HOR, the hydrogen 

gas is split into hydrogen ions and electrons at the anode CL (Eq. 1). After that, hydrogen ions 

travel through the membrane to the cathode CL. The electrons produced at HOR move through 

an external circuit and travel to the cathode CL. Simultaneously, oxygen shifts through the GDL 

and reaches the cathode CL. At cathode CL, the ORR occurs and produces water and heat. 

 

Figure 1. A PEMFC scheme for a single cell. 
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Water can travel back to the cathode side and through the membrane to the anode side due to 

the differences in water concentration and pressure between anode and cathode site [5]. 

H2 ⟶ 2H+ + 2e− (Eq. 1) 

 

2.3. PEMFC catalysts (general overview) 

The critical function of the catalyst is to increase the ORR rate in the cathode CL. Since Pt is a 

preferred metal used in both anode and cathode, it contributes significantly to the cost of the 

CL and fuel cell [3]. Therefore, one of the goals for researches is to minimise the amount of Pt 

used. Firstly, various Pt-metal alloys were investigated, and high electrochemical activities 

were achieved. Other less expensive precious metals, e.g. ruthenium and palladium [6,7] were 

studied. Finally, a new class of heteroatomic polymer nanocomposite catalyst with non-

precious metals was demonstrated its suitability for PEMFC cathode [8].  

To diminish the cost of catalyst, an abundance of support materials is tested. In order to 

obtain a high catalytic material, the general requirements for support materials are [9]. 

 The maximum dispersion enhances electron transfer and diffusion of species. 

Therefore, support materials with a specific area larger than 100 m2 g−1 allow better 

dispersions of Pt nanoparticles  [10]. 

 For safety reason, support materials should have low flammability under PEMFC 

working conditions. 

 Chemical and electrochemical properties of the catalyst layer should be stable 

during the operating time. 

 Catalyst layer should have a high proton and electric conductivity. 

 Other considerations. Materials with suitable porosity, high crystallinity and large 

surface area facilitate the best dispersion of Pt nanoparticles. 

The dispersion of Pt nanoparticles is affected dramatically by deposition techniques and 

properties of catalyst supports. Techniques for deposition of catalyst nanoparticles onto the 

catalyst supports are investigated many authors [11,12]. In general, there are several techniques 

such as impregnations, ultrasound, polyol and microwave-assisted polyol, electrochemical 

depositions, colloidal-based techniques, sputter depositions, precipitations and ion-exchange 

[13]. The study by Sebastián et al. demonstrated that the Pt nanoparticles dispersed on their 

support material using colloidal synthesised route had a smaller size (2.5 nm) than 8.1 nm for 

impregnation method [14]. According to the study of Li et al. [15], colloidal-based techniques 

are more controllable for suitable Pt nanoparticle size than impregnations and precipitation 
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techniques. The structure of the support materials may control the dispersion of Pt in the 

impregnations, and precipitation techniques since the Pt nanoparticle size in colloidal-based 

techniques is influenced mostly by protecting agents [16–18]. 

 

2.4. PEMFC Pt-catalysts 

Pt-based catalysts are used widely in PEMFC applications. The morphological study of Pt 

nanoparticles is usually performed by either scanning electron microscopy (SEM) or 

transmission electron microscopy (TEM). The particle size of Pt affects the performance and 

durability of fuel cells [19]. A smaller Pt particle size exhibited lower durability, which was 

investigated by using load cycles method. The increment in Pt particle size could provide higher 

Pt surface area for the adsorption of oxygen and improve the durability of the PEMFC. 

However, there are studies which prove that Pt nanoparticles with a size of approximately 2 nm 

exhibit higher mass activity and durability [20,21]. According to Li et al. [19], a suitable catalyst 

should have a narrow nanoparticle size distribution, a high surface area and excellent dispersion 

of platinum on the support material. 

Mayrhofer et al. described the effect of Pt particle size on the ORR performance [22,23]. 

The study indicated that decreasing the particle size increases the surface covering with oxygen 

groups and causes the increase of the zero charge potential. Electroactive species with high 

oxophilicity can block the active site and inhibit oxygen adsorption. However, there are many 

studies, which agree that the Pt particles with size 2-4 nm are the most active towards ORR 

[20,24–27]. 

Since the size of the Pt particle influences the fuel-cell performance strongly, it is crucial 

to optimise the Pt particle size during the synthesis [13]. In the Pt synthesis, there are a few 

popular precursors, e.g. hexachloroplatinic acid, tetraammineplatinum (II) chloride, and 

ammonium hexachloroplatinate. Precursors are hydrophilic compounds and decompose at a 

temperature of 320-375 °C [28,29]. Synthesised techniques, which mentioned above in the 

PEMFC catalysts section, are possible to apply to get a desirable Pt particle size. In the polyol 

technique, ethylene glycol is a well−known reducing agent, which demonstrated to get a smaller 

particle size and a better dispersion on the support material [30–33]. Heat treatment tends to 

increase the Pt particle size, and it gives an abnormal dispersion [34]. 
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2.5. Oxygen reduction reaction 

One of the most critical points in the studies of PEMFC and the commercialisation of PEMFC 

is the ORR at the cathode. The ORR mechanism is determined by the electrode material 

composition and by the environment.  

Commonly, carbon-supported platinum was a successful candidate for ORR studies 

because of the structural sensitivity of oxygen adsorption [35] and oxygen reduction on Pt [36]. 

The ORR can proceed on Pt catalyst material in either alkaline or acidic environments, 

depending on the purposes of the application. The reaction pathways can be either through 

2-electrons or 4-electron transfer. The 2-electron pathway creates intermediates like hydrogen 

peroxide that decrease the catalytic activity of cathode. The 2-electron process is proceeded by 

the reduction to water or decomposition of peroxide [37].  

ORR in the alkaline environment can be described with the following overall chemical 

reaction and standard electrode potential values E0 at 25℃ [37]: 

O2 + H2O + 4e− → 4OH− 𝐸0 = 0.401 V (Eq. 2) 

Simultaneously the second pathway is possible: 

O2 + H2O + 2e− → HO2
− + OH− 𝐸0 = −0.065 V (Eq. 3) 

HO2
− + H2O + 2e− → 3OH− or 𝐸0 = 0.867 V (Eq. 4) 

2HO2
− → 2OH− + O2 (Eq. 5) 

ORR in the acidic solution can be described with the following overall chemical reaction [37]: 

O2 + 4H+ + 4e− → H2O 𝐸0 = 1.229 V (Eq. 6) 

Alternatively, through hydrogen peroxide intermediate: 

O2 + 2H+ + 2e− → H2O2 𝐸0 = 0.67 V (Eq. 7) 

Hydrogen peroxide is reduced or decomposed to water [37]: 

H2O2 + 2H+ + 2e− → 2H2O 𝐸0 = 1.77 V (Eq. 8) 

2H2O2 → 2H2O + O2 (Eq. 9) 

Researchers proposed many models for ORR due to the lacking knowledge of 

intermediate species and competing pathways. However, a widely accepted ORR model in the 

acidic aqueous solution is showed in the figure (Fig. 2) [38].  

In Fig. 2, oxygen can be reduced either 

directly to the water with a 4-electron 

process, and with the rate constant k1, or 

through the formation of hydrogen 

peroxide (H2O2 ads) as a with a 2-electron  

Figure 2. ORR in the acidic environment [37]. 
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process, with the rate constant k2. H2O2 ads can be reduced further to water (with rate constant 

k3) or decomposed at electrode surface to oxygen (with rate constant k4). Additionally, H2O2 ads 

can also diffuse into the electrolyte with the rate constant k5 [38]. 

ORR mechanisms on specific materials are different and depend on the catalyst’s 

support material structure and from the catalytic activity of the material but also from the pH 

of the electrolyte [37]. The detailed mechanism of ORR on graphite electrode is proposed by 

Taylor and Humffray [39] (Eq. 10-12). The first electron transfer was assumed as the rate-

determining step (RDS) [40]. Taylor and Humffray also demonstrated that the RDS depends on 

the electrolyte pH value [39,41]. 

O2 → O2 ads (Eq. 10) 

The “ads” subscript is denoted for corresponding absorbed species on the electrode surface. 

O2 ads + e− → O2 ads
−  (Eq. 11) 

After receiving an electron, O2 ads
− is protonated in the solution (pH < pKa(HO2) ~ 4.8). 

O2 ads
− + H2O → O2 + HO2

− + OH− (Eq. 12) 

 Mechanism of ORR on glassy carbon (GC) was proposed by Yeager [42] (Eq. 13-18). 

At pH < 10, the reaction (Eq. 14) is the RDS [39], and the reaction (Eq. 15) is the RDS at 

pH >10 [41]: 

O2 → O2 ads (Eq. 13) 

O2 ads + e− → [O2 ads
− ] (Eq. 14) 

[O2 ads
− ] → {O2 ads

− } (Eq. 15) 

{O2 ads
− } + HOH → HO2 ads + OH− (Eq. 16) 

HO2 ads + e− → HO2 ads
−  (Eq. 17) 

HO2 ads
− → HO2 

−  (Eq. 18) 

In the reaction (Eq. 15), the reactant and product are two different superoxide ions on the carbon 

surface. The reactant, in this case, is the inert absorbed form at the inert carbon site, but the 

product indicates the migration of the same species to the active site. 

 In Pt catalysts, the dissociative and associative routes were proposed for different 

current ranges [43,44]. The RDS are reactions (Eq. 20 and Eq. 23). 

 In dissociative route (from Eq. 19-21) the O2 is broken up before the RDS [44]: 

O2 + 2Pt ⇌ 2PtO (Eq. 19) 

PtO + H+ + e− ⇌ PtOH (Eq. 20) 

PtOH + H+ + e− ⇌ Pt + H2O (Eq. 21) 
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In this pathway, the adsorption of oxygen to the Pt clusters breaks the superoxo state of oxygen 

(O-O bond) to form adsorbed atomic O [35], which is gains two electrons to produce water. 

Peroxide cannot be formed with this route because of no adsorbed O2 on Pt site. This pathway 

can be considered as the direct route for the 4-electron pathway. 

In the associative route of ORR, the O2 is broken up after the RDS (Eq. 22-26) [44]: 

O2 + Pt ⇌ PtO2 (Eq. 22) 

PtO2 + H+ + e− ⇌ PtOOH (Eq. 23) 

PtOOH + H+ + e− ⇌ PtOH + OH (Eq. 24) 

PtOH + OH + H+ + e− ⇌ PtOH + H2O (Eq. 25) 

PtOH + H+ + e− ⇌ Pt + H2O (Eq. 26) 

The associative route does not include the formation of peroxide and follows the peroxo 

mechanism, described with equations Eq. 24-26 [44]. In detail, when the adsorbed O2 is 

presented on Pt site, O-O bond may be not broken. As a result, H2O2 is formed. The H2O2 can 

be a final product or be reduced to form H2O. In that case, the mechanism can be expressed as 

in Fig. 2 [36]. 

 Kinetics of the reaction (Eq. 27), which forms or reduces OH from/to water, is so fast 

and becomes equilibrium during ORR. OH was considered as the leading cause of blocking 

intermediates at sites, and this effect was used to explain large overpotentials observed on even 

the best catalysts [45,46]. The site-blocking hypothesis was concerned by many researchers to 

improve the site accessibility of new catalysts [47–49]: 

H2O +∗⇋ OH ∗ +H+ + e− (Eq. 27) 

 

2.6. Catalyst supports 

In the PEMFC application, two categories of catalyst supports are used: carbon and non-carbon-

based support material. In this study, the carbon-based catalyst support was used. Carbon 

support is widely used because of its very high surface area to obtain high metal dispersion, 

optimal porosity for quick mass transport, high electric conductivity, and stability under the 

working environment of PEMFCs. Many interesting nanostructures of carbon such as 

mesoporous carbons, carbon nanotubes, carbon nanofiber, nanodiamonds, graphite, graphene, 

and hetero-doped atoms in carbon-based support have been tested in several works and are 

suitable for PEMFC application [9,50]. 

Carbon black is one of the most popular catalysts supports for PEMFCs, especially for 

Pt and Pt-based catalysts. The carbon black particles have a spherical shape with a diameter of 
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less than 50 nm [51]. However, the structure of carbon black is thermo-chemically unstable in 

PEMFC working condition. The impurities in carbon black [51] may affect negatively to ORR 

on Pt catalyst because of the sensitivity of platinum to the impurities in ORR [36]. 

Carbon nanotubes (CNTs) structure [9], and the morphology can be controlled well in 

chemical vapour deposition [52]. In comparison with carbon black, CNTs exhibit higher surface 

area, better electric conductivity, higher stability under operation condition and a lower amount 

of impurities than in carbon black [9]. Multiple-walled CNTs exhibited better ORR activity and 

fuel cell performance than the commercial Pt-C materials due to better mass transport and 

electron transfer [53–55].  

The surficial morphology of carbon and catalyst dispersion may affect catalyst activity 

directly. For example, catalyst nanoparticles could dive into micropores of carbon black, which 

prevent the catalyst contact with reactants and therefore, reduce the ORR activity [51]. It is also 

considered that the increment of oxygen groups on the surface of carbon material improves the 

dispersion of the catalyst and catalyst activity [50]. The insufficient number of active sites for 

binding causes abnormal dispersion and agglomeration of catalyst. Many mesoporous carbons 

with a high number of oxygen groups on the surface increase the dispersion of catalyst due to 

a better binding of carbon surface and metal catalysts [56]. The large microporous surface 

provided an excellent ORR performance due to the increment of active site density [57]. 

Pretreatments of carbon before catalyst deposition for obtaining more binding sites are 

necessary and widely implemented [11,56,58]. Smaller Pt nanoparticles were formed on the 

surface of the carbon after acid treatment in comparison with the same untreated carbon [59]. 

 

2.6.1. Carbide-derived carbons 

Excellent carbon support material with controlled bimodal pore size and high specific surface 

area can be synthesised from metal carbides. Carbide-derived carbons (CDC) can be 

synthesised from carbide precursors, mainly from the binary or ternary carbides, using the high-

temperature etching method in halogen gas environment or hydrothermal method [60]. 

The formation of micro- and mesoporous structure is caused mainly by the chemical 

properties and the structure of precursor [61]. In the synthesis of CDCs by using chlorination, 

it is possible to control the porosity in atomic level by optimizing parameters of chlorination 

such as chlorination temperature [62–65], chlorine concentration [66], etching reagent [67,68], 

annealing [69], catalyst [70,71], and post-synthesized treatment [72]. 

A general reaction to synthesise CDCs [73]:  
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M𝑥C𝑦 +
𝑥𝑧

2
Cl2 → 𝑥MCl𝑧 + 𝑦C (Eq. 28) 

where M stands for different elements from the carbide. T. Thomberg et al. [73], synthesised 

CDC from different types of chromium carbide powders by chlorination at specific 

temperatures from 800 °C to 1100 °C. In the final step, residues of the halogenated and 

oxygenated groups from the CDC surface were removed by treatment with H2 / Ar at 800 °C 

for 1.5 hours. The C(Cr3C2) and C(Cr7C3) carbon materials have micro/mesoporous structures; 

however, the amount of micropores is small due to the long-lasting byproducts removing step. 

The bimodal pore size distributions are exhibited with the pore size distribution around 

2.5-3.5 nm and from 6-8 nm. Compared to other materials synthesized and studied by 

T. Thomberg et al., C(Cr3C2, 800 °C) has high specific surface area (270 m2 g−1) and the highest 

microporous area (Smicro=102 m2 g−1) and volume (Vmicro=0.057 cm3 g−1), the average pore size 

was 4.7 nm. Therefore, this material is a good candidate for PEMFC studies [12]. 

 

2.7. Deposition of catalyst layer on glassy carbon disk electrodes 

In order to measure the electrochemical activity of the material, catalyst ink suspension has to 

be prepared and deposited onto the electrode. Many factors are affecting the ORR kinetics such 

as impurities, measuring protocols, and measurement correction. However, the influences of 

catalyst ink and catalyst layer on the glassy carbon disk electrode have an essential role in 

improving the measured ORR activity. 

Ikuma Takahashi et al. [74] sonicated a few times the proportion of water and 

isopropanol (isopropyl alc., IPA) to optimise IPA content. The catalyst inks, prepared with the 

optimal IPA, presented approximately 20% higher electrochemical activities (ECAs) than 

IPA-free inks [74]. 

The material dispersion quality onto the electrode surface affects enormously the 

parameters measured using electrochemical methods. The catalyst suspension can be deposited 

onto the electrode using different methods like stationary (S) or rotational drying technique 

(RD) [75]. Using the rotational drying technique, the suspension is deposited onto the glassy 

carbon electrode at a very slow rotation rate before drying at the desired rotational rate. 

A typical structure, which is usually formed when depositing the catalyst suspension onto the 

electrode using the stationary techniques (S) is the “coffee ring” structure [76]. The “coffee 

ring” effect is suppressed significantly by using RD techniques. After depositing the catalyst 

suspension using RD technique, the specific activities (SA) at 0.9 V increase by a factor of 1.9 

(without iR compensation) [76]. 
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Watanabe et al. [77] illustrated that the <0.2 μm film thickness did not influence the 

limiting currents of H2 and O2 diffusion. A depositing/drying techniques were developed by 

Schmidt et al. [78], called TF-RDE, which includes of the serial of processes, depositing a drop 

of catalyst ink on the electrode surface, drying, and lastly creating a capped structure by putting 

a drop of Nafion® on the electrode. In their study, H2 diffusion resistance is negligible when 

the Nafion® capped thickness is less than 0.5 μm. Paulus et al. [79] presented that O2 diffusion 

resistance could be not of concern when the Nafion® capped thickness is below 0.2 μm. In 

conclusion, the calculated Nafion® cap thickness has no measurable effects on O2 limiting 

currents if it is less than or in range of 0.1−0.2 μm, but the effects of the ionomers on ORR 

kinetics should be of concern [79,80]. 

The influence of ink composition on the coverage of the electrode surface and electrode 

activity is well-known [80,81]. A high ratio of ionomer to carbon (I/C) can cause the flooding 

issue on the electrode surface, but a too low I/C ratio also results in incompletely coverage of 

the electrode surface. 

In the study of Shinozaki et al. [75], they used Pt/V for studying the influences of 

catalyst inks, and depositing/drying techniques on ORR kinetics. The loadings of 

Pt nanoparticles in both Nafion®-based and Nafion-free ink composition were 18 μgPt cm⁻². 

The Nafion®-free ink composition exhibited three times higher mass activity (MA) and specific 

activity (SA). In case of Nafion®-based inks, RDE drying in the air (N-RAD) was more 

reproducible than the stationary drying in isopropanol vapour technique (N-SIPAD), which is 

more sensitive and depending on the specialist skills. From the conventional stationary air 

drying techniques, it is impossible to forecast the ORR trends accurately. 

 

2.8. Rotating disc electrode method 

The most common method to study the ORR mechanism and kinetics is the rotating disc 

electrode method (RDE) [11,12,82], where the working electrode is mounted to a rotator for 

the hydrodynamic voltammetry. The mass transfer of reactants takes place through three 

mechanisms: migration caused by the electric field gradient, convection due to the rotating of 

the electrode, and diffusion caused by the concentration differences at the surface of the 

working electrode and bulk solution [83]. The influence of migration on reacting species is 

usually suppressed by the usage of indifferent electrolyte in high excess. The solution near the 

electrode can be divided into the convection region and stagnant Nernst diffusion layer. 

The diffusion layer thickness, 𝛿, is proportional to the rotation speed of the electrode [84]: 
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𝛿 = 1.61𝐷O2

1/3
𝜈1/6𝜔−1/2 (Eq. 29) 

where 𝐷O2
 is the diffusion coefficient of oxygen in the bulk solution, 𝜈 is kinematic viscosity 

of the bulk solution, and 𝜔 is the angular velocity of the rotating electrode. If the process is a 

mass-trasfer limited, the diffusion step limited charge transfer current density can be calculated 

with the Levich equation [84]: 

𝑖𝑑 = −0.62𝑛F𝐷O2

2/3
𝜈−1/6𝑐O2

𝜔1/2 (Eq. 30) 

where F is Faraday constant, 𝑐O2
 the concentration of oxygen in the bulk solution, n is the 

number of electron transfer per one O2 molecule. According to the Levich equation, the limiting 

current depends linearly from the bulk solution concentration. The oxygen diffusion coefficient 

value and the electron number may be calculated using Eq. 30. 

If charge transfer and mass transfer steps limit the ORR process, the classical 

Koutechký-Levich (K-L) equation [85] can be applied. 

1

𝑗
=

1

𝑗k
+

1

𝑗d
 (Eq. 31) 

where 𝑗 is the current density, 𝑗k = −𝑛F𝑘het𝑐O2
 is kinetic current density, and 𝑘het the 

electrochemical rate constant for ORR. 

Nevertheless, it has been shown that for a thick Nafion film, mass-transport resistance 

on poly-Pt RDE disk covered with an ionomer film contributes an additional term 
1

𝑗f
 to the 

K-L equation. 

1

𝑗f
=

1

−𝑛F𝐷f𝐶f 𝛿f⁄
 (Eq. 32) 

where ẟf is the Nafion film thickness, Df and Cf are the diffusivities and the solubility of oxygen 

in the film, respectively. K-L equation with the film resistance is written out in detail below 

[12,85]: 

1

𝑗c
=

1

−𝑛F𝑘het𝑐O2

+
1

−0.62𝑛F𝐷O2
2/3𝜈−1/6𝑐O2𝜔1/2 +

1

−𝑛F𝐷f𝐶f 𝛿f⁄
 (Eq. 33) 

In this study, 𝑐O2
= 1.26 mol m3 in 0.1 M HClO4 solution at 25 °C [86], 𝐷O2

= 1.90×10−5 cm2 s−1 

in 0.1 M HClO4 solution at 25 °C [86], and 𝜈 (of 0.1 M HClO4 solution) = 0.0089 cm2 s−1 at 

25 °C [87]. 

Using the above equations, it is possible to calculate the kinetic current density and the 

number of electrons transferred in the electrochemical reaction. The kinetic current density 

versus electrode potential plots are so-called Tafel plots. It is possible to get information about 

the ORR mechanism from the Tafel plot slopes. 
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3. EXPERIMENTAL 

3.1. Synthesis and preparation of experiments 

3.1.1. Synthesis of catalyst supports 

Carbide-derived carbons from Cr3C2 (99.5% purity, −325 mesh powder, the product of Sigma-

Aldrich) were synthesised by high-temperature chlorination process. Chromium carbide 

powder was reacted with a flow of chlorine gas (AGA, 99.99%) in a quartz stationary bed 

reactor at the desired temperature from 800 to 1100 °C. The flow rate of chlorine was controlled 

at 50 cm³ min⁻¹. The byproduct, CrCl3, was eliminated by flowing chlorine, then excessive 

chlorine and byproduct gases were removed by flushing slowly with an Ar stream. Halogenated 

and oxygenated groups on the surface of carbon were removed using the mixture H2/Ar (1:4) 

at 800 °C (H2 >99.9999%, Model NMH2 500, Linde Gas; Ar 99.999%, Linde Gas AGA). 

 

3.1.2. Synthesis of platinum catalysts 

The desired amount of platinum in the catalyst was 20 wt%. The platinum was deposited on 

carbon supports using two methods. 

Firstly, Pt-nanoparticles were synthesised on C(Cr3C2, 800 °C) by ultrasound assisted 

incipient wetness impregnation (UIGR) [13] of H2PtCl6×6H2O solution in ethanol and gas 

phase reduction under H₂/Ar atmosphere. In detail, a mixture of H2PtCl6×6H2O (99.9%, Alfa 

Aesar) and C(Cr3C2, 800 °C) was mixed with 1 cm3 of 99.5% ethanol (200 proof, anhydrous, 

Sigma-Aldrich). Impregnation was performed in an ultrasonic bath (Elmasonic P 30 H, Elma) 

at 100% power for 1 hour before the mixture was placed in the vacuum oven at 90 °C and 

50 mbar to dry overnight. The powder was placed in a large quartz vessel for the gas reduction 

process. The mixture of H2/Ar in volume ratio 3:7 flowed over the powder, so the flow rates 

were 15 cm³ min⁻¹ and 35 cm³ min⁻¹, respectively. Temperature program was controlled to rise 

1 K min⁻¹ from 25-135 °C. The temperature of the tube furnace was increased up to 135 °C, 

and the reaction mixture was kept at this temperature for three hours. Afterwards, the gas was 

switched to pure argon, and it waited until the furnace cooled down. 

The second method for deposition Pt nanoparticles onto C(Cr3C2, 800 °C), 

C(Cr3C2, 900 °C), C(Cr3C2, 1000 °C) was ultrasound-microwave assisted ethylene glycol 

reduction (MWEG) [11,13] with H2PtCl6×6H2O precursor (99.9%, Alfa Aesar). H2PtCl6×6H2O 

and CDC were mixed with desired amount NaOH solution (99.99%, semiconductor grade, 

Sigma-Aldrich) and 100 cm³ ethylene glycol solution (puriss. p.a., Reag. Ph. Eur., ≥99.5%, 

Honeywell). The amount of NaOH should be enough to adjust pH to 12 (tested by the indicator 
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paper). The 250 cm³ beaker containing the mixture was covered by a piece of parafilm, and the 

mixture was sonicated in the ultrasonic bath for 30 min. Then, the beaker was covered with a 

Petri dish before microwaving at low-medium power to nearly boiling state (commercial 750W 

microwave). C(Cr3C2, 800 °C) and C(Cr3C2, 900 °C), were microwaved twice. The mixture 

was cooled down to room temperature before the second microwaving step started. 

C(Cr3C2, 1000 °C) was microwaved one time. After that, the mixture was cooled down to room 

temperature. At this stage, the pH was around 7-8 before topping up with 100 cm³ of Milli-Q 

water. The mixture was stirred for 30 min before adjusting to pH 0 by concentrated nitric acid 

(65% G.R., the product of Lach-ner). It was stirred for 30 min before standing overnight for the 

sedimentation. Next morning, the mixture was filtrated with the Durapore® membrane filter 

(0.45 μm HV, Merck Millipore Ltd.) and a vacuum filtration system. After that, the filter and 

the sample were dried at 50 °C and 50 mbar before collecting the final material synthesised. 

 

3.1.3. Preparation of catalyst suspension and electrodes 

Specific suspension recipes and drying techniques were used for different types of materials. 

In the case of the CDC electrodes, the carbon loading was 1 mg cm⁻², ionomer to carbon 

I/C (wt / wt) ratio was 0.07. Nafion®117 (~5% solution, Sigma-Aldrich) was the ionomer used. 

The mixture of isopropanol and MilliQ water (1:4, wt:wt) was the solvent of the suspension. In 

order to have the suspension, the mixture of carbon, solvent, and ionomer was sonicated by the 

ultrasonic horn (Vibra-Cell Ultrasonic Processor VCX 500, Sonics and Materials, Inc.) for 

30 seconds at 35% amplitude power. The ice bath was used to cool the mixture. The 7 μL drop 

of the suspension was deposited onto glassy carbon disk electrodes (GCDE) before drying.  

For the Pt-CDC electrodes, the platinum loading was 18 μg cm⁻², I/C (wt / wt) ratio was 

0.5. The same ionomer and solvent were used as in the case of carbon electrodes. Similarly, the 

mixture was sonicated by the ultrasonic horn with ice for 30 seconds at 35% amplitude power. 

The 7 μL drop of the suspension was deposited onto GCDE before drying. 

 

3.1.4. Electrochemical cell and cleaning protocol 

In electrochemical measurements, cleanliness of glassware and apparatus are of concern. In this 

study, it was secured by the cleaning protocol. All glassware and apparatus such as platinum 

electrodes, the measuring cell and components were soaked in hot (80 °C) concentrated sulfuric 

acid solution (conc. 95−97%, Sigma−Aldrich, puriss. p.a, ACS reagent) with a few drops of 

hydrogen peroxides (conc. 30%wt, Perhydrol®, the product of Merck) until cooling down to 
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the room temperature. Then, the glassware was washed with demineralised water to eliminate 

all acid residues, and finally three times with Milli-Q water (18.2 MΩ cm at 25 °C, and 2 ppb 

total organic carbon). In this study, all other glassware (pipets, flasks, etc.) were cleaned using 

the same protocol. The measuring cell was filled with Milli-Q water after the wash to avoid 

contaminants from the air. The rotator and connectivity components of the RDE device were 

cleaned with 99.5% ethanol (200 proof, anhydrous, Sigma-Aldrich) solution. The cleaning of 

the RDE equipment was performed after one or two measurements. This interval cleaning 

ensured that there was no measurable influence from the impurities after long measuring 

process. 

The measurement cell contains several components. Luggin capillary, which is a glassy 

component, is present in the Fig 3a. The tip of the long capillary was placed close to the working 

electrode surface to reduce the resistance of electrolyte between the working electrode and a 

reference electrode. The counter electrode consists of the bridge tube with a permeable 

membrane at one end to avoid the mixing of the solutions in the main compartment and counter 

electrode compartment (Fig 3b). Gas inlet component 

has a long capillary to let the gas inside or over the 

solution of measurement cell (Fig 3c). The valve of the 

gas inlet component enables the switchover. Gas outlet 

component, i.e. water trap, is designed with a small 

water chamber which isolates the measuring 

environment and allows the gas to travel only in one 

direction from inside to the outside (Fig 3d). The whole 

measuring cell assembly is shown in Fig 4.  

The electrolyte in electrochemical experiments 

was 0.1 M HClO4, which was prepared from 70% 

HClO4 (99,999%, redistilled, Sigma-Aldrich) and Milli-Q water. 

a b c d 

Figure 4. Luggin capillary(a), bridge tube with the permeable membrane (b), gas inlet (c), and gas outlet (d). 

 

 

Figure 3. The cell for electrochemical 

measurements with component assembly. 
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3.1.5. Preparation of electrodes 

Glassy carbon disk electrodes (GCDE), i.e. working electrodes, were polished with 0.05 μm 

water-based alumina suspension (Buehler, Inc.) by a figure-eight polishing motion. Polished 

electrodes were rinsed with Milli-Q water before and after sonicating in an ultrasonic bath for 

30 seconds. Electrodes were dried before the catalyst ink was deposited onto a GCDE surface.  

In this study, the catalyst was deposited onto GCDE using three depositing/drying 

techniques. The catalyst suspension was dropped on GCDE and left to dry. Electrodes were 

dried in atmospheric conditions, called air-drying technique. In isopropanol vapour drying, 

electrodes were dried slowly in isopropanol vapour at 40 °C. In the last technique, the electrode 

was mounted to an inverted rotator, which rotates slowly (less than 100 rev min⁻¹) at first. Then 

the rotating speed was increased to the desired velocity after a drop of catalyst ink was deposited 

onto the electrode. The deposition technique was optimised until uniform coverage was 

achieved. 

Dynamic hydrogen electrode was prepared in galvanostatic conditions (current of the 

platinum cathode was −30 mA). Before filling the electrode with 0.1 M HClO4 electrolyte 

solution, it was saturated with H2 gas (>99.9999%, Model NMH2 500, Linde Gas). The anode 

was a large surface (> 10 cm2) Pt bar. All the potentials are reference against this electrode, and 

the electrode is noted as RHE, i.e. reversible hydrogen electrode in solution under study. 

The auxiliary electrode was high surface area platinum mesh. 

 

3.2. Electrochemical measurements 

Cyclic voltammetry (CV), RDE and electrochemical impedance spectroscopy (EIS) methods 

were used to characterise the catalyst supports and catalysts. All the electrochemical 

measurements were performed with potentiostat Metrohm Autolab PGSTAT204. 

The cyclic voltammetry was measured in the range of potentials from −0.4 V to 1.1 V 

vs RHE for carbons and from 0.02 V to1 V vs RHE for the platinum catalyst. In case of carbon, 

the potential sweep rates were 5, 10, 20, 30, 50, 70, 100, 150, 200, 300, 500, and 1000 mV s⁻¹, 

but in case of platinum, an additional set of measurement, in which potential sweep rates were 

10, 20, 30, 70, 100, 150, 200, 300, and 400 mV s⁻¹, was applied. Both materials were measured 

in quiescent conditions. 

RDE was performed at 10 mV s⁻¹ and the rotation speeds were 3000, 2500, 2000, 1500, 

1000, 500 and 0 rev min⁻¹. The activity of platinum catalysts was also screened by the technique 
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suggested by Shinozaki et al. [82], i.e. quick screening measurements at 1600 rev min⁻¹ were 

performed. 

The background current measured in the solution saturated with argon (99.9999%, 

Linde Gas AGA) was subtracted from the current measured in oxygen (99.999%, AGA – the 

Linde Group AGA) to elucidate the oxygen reduction. 

The EIS method was mainly used to establish the solution resistance, Rel, between the 

working electrode and the tip of the Luggin capillary. The EIS was done at 0.8 V vs RHE 

(ΔE = 10 mVrms, 0.1 Hz ≤ f ≤ 10 000 Hz, 50 points in logarithmic scale). The potential was 

corrected during the CV and RDE measurements for IR-drop. 

The electrochemical experiments were performed at 22±1 °C in the Faraday cage. At 

least three separate measurements were performed with each material, and the data was 

averaged. Error bars in figures represent the standard deviation of average. 

 

3.3. Physical characterisation 

The porosity of the catalysts was estimated using the low-temperature (−195.8 °C) nitrogen 

sorption method [88] with a 3FLEX instrument (Micromeritics, USA). A nonlocal density 

functional theory model “Carbon-N2-77, 2D-NLDFT Heterogeneous surface” [89], available 

in SAIEUS software [90], (v2.02, Micromeritics, USA) was used to calculate the pore size 

distribution data. The specific surface area, SBET, values were calculated according to the 

Brunauer-Emmett-Teller multipoint (BET) theory within the relative pressure range from 

0.05 to 0.2. The total volume of pores, Vtot, was calculated from the amount of gas adsorbed 

near the saturation pressure. The t-plot method was used to calculate the volume of micropores, 

Vmicro. 

A Bruker D8 Advance diffractometer with Ni-filtered Cu Kα radiation (0.6 mm wide 

parallel beam, two 2.5° Soller slits and LynxEye line detector system) was used to measure 

diffractograms of materials under study. The scanning step of 0.01° for 2θ was applied from 

10° to 90°. The total counting time per step was 166 s. 

Thermogravimetric analysis (TGA) of the platinum catalysts was performed using a 

NETZSCH STA449F3 instrument to find out the platinum content in the samples. The 

temperature range was from 25°C up to 1000 °C, the heating rate was 10 K min⁻¹, and the gas 

flow rate of synthetic air (20 vol% N2 and 80 vol% O2) was 50 cm³ min⁻¹. Weight of the sample 

was 10 mg, and an Al2O3 pan was used. The purity of nitrogen was 99.999% (AGA - A member 

of the Linde Group).  
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4. RESULTS AND DISCUSSION 

4.1. Physical characterisation 

4.1.1. Low-temperature nitrogen absorption/desorption measurements 

C(Cr3C2, 800 °C) showed the highest specific surface area amongst studied CDCs. The SBET 

value was even 8.5 times higher compared to the same material in the previous study [73], and 

7.4 times higher than for C(Cr3C2, 1000 °C) (Table 1). In this study the chlorination of the 

carbide was made very slowly to ensure the completeness of the reaction and as there was 

enough time for chlorides to diffuse out of the structure the initial structure of the carbide was 

retained and not destroyed during the synthesis process. Therefore in material C(Cr3C2, 800 °C) 

highly microporous structure was formed with Smicro/SBET = 0.98. Other carbons synthesised 

were micro-mesoporous. It is believed that at higher temperatures during the long reduction 

with hydrogen, the surface of materials become more graphitised.  

Micropores of all CDCs are distributed around 1 nm (Fig. 5 (a)). However, the 

mesopores of C(Cr3C2, 800 °C) are distributed at lower pore widths compared to other CDCs. 

In detail, mesopores for C(Cr3C2, 800 °C) were around 2-3 nm and for others CDCs around 8-10 

nm. After deposition of the Pt nanoparticles onto CDCs, the specific surface areas of catalyst 

materials decreased. The change indicated the modification of the structure of carbon support. 

Table 1. Low-temperature nitrogen adsorption/desorption measurement results for the catalyst 

supports C(Cr3C2) and the catalysts Pt-C(Cr3C2). 

Material/ Parameter 
SBET / 

m
2 
g⁻¹ 

Smicro / 

m
2 
g⁻¹ 

Smeso / 

m
2 
g⁻¹ 

Smicro/SBET 
Vtot / 

cm
3 
g⁻¹ 

Vmicro / 

cm
3 
g⁻¹ 

Vmeso / 

cm
3 
g⁻¹ 

C(Cr3C2, 800 °C) 2287 2233 55 0.98 1.14 1.14 0 

C(Cr3C2, 900 °C) 238 42 196 0.18 0.39 0.02 0.37 

C(Cr3C2, 1000 °C) 311 78 233 0.25 0.65 0.03 0.62 

C(Cr3C2, 1100 °C) 252 77 175 0.30 0.72 0.03 0.69 

Pt-C(Cr3C2, 800 °C) 

UIGR 
385 100 285 0.35 0.30 0.04 0.26 

Pt-C(Cr3C2, 800 °C) 

MWEG 
410 54 356 0.13 0.29 0.02 0.27 

Pt-C(Cr3C2, 900 °C) 

MWEG 
130 10 120 0.08 0.20 0.002 0.20 

Pt-C(Cr3C2, 1000 °C) 

MWEG 
210 30 180 0.14 0.44 0.01 0.44 

SBET – specific surface area, Smicro – micropore area, Smeso – mesopore area, 

Vtot – total pore volume, Vmicro – micropore volume, Vmeso – mesopore volume 
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Furthermore, the decrease was more 

pronounced in the case of C(Cr3C2, 800 °C) - it 

is 5-6 times in case of both synthesis methods. 

There were differences between 

Pt-C(Cr3C2, 800 °C) UIGR and 

Pt-C(Cr3C2, 800 °C) MWEG in areas of 

micro- and mesopores, i.e. the difference in 

Smicro/SBET is about three times, however, SBET, 

Vtot, Vmicro and Vmeso were practically the same 

(Table 1). These two materials were even 

similar to each other in pore-width distribution 

(Fig. 5 (b)). Both materials have two-peak 

distribution, in which the dominant pore size 

was from 0.35 to around 1 nm, the second peak 

is in the area of mesopores from 2 to 10 nm 

(Fig. 5 (b)). Both materials have mesopores, 

which are desirable for optimal catalyst 

activity. Unfortunately, the catalyst 

Pt-C(Cr3C2, 800 °C) UIGR presented low ORR activity –discussed later. 

Although Pt-C(Cr3C2, 900 °C) MWEG and Pt-C(Cr3C2, 1000 °C) MWEG were also 

two-peak distributions, micropores from 0.35 to 1 nm were not dominant in their structure. The 

ratio of micropores to mesopores is not very different for all catalysts Pt-C(Cr3C2). However, 

the mesopores distribution of these catalysts is slightly different. Mesopore distribution is 

broader for materials for Pt-C(Cr3C2, 900 °C) with a maximum around 4 nm, and for 

Pt-C(Cr3C2, 1000 °C) with a maximum around 8 nm (Fig. 5b). This difference could be caused 

by the structure of carbon support C(Cr3C2) (Fig. 5a). 

 

4.1.2. X-Ray diffraction (XRD) 

The diffractograms in Fig. 6 (a) confirm that all C(Cr3C2) do not contain precursor Cr3C2, 

because of there no visible peaks in the diffractograms of CDC corresponding to the precursor. 

The crystallinity of CDCs increase with synthesised temperature because the peaks become 

sharper, i.e. the crystallite size of carbon increases. 

 

 
Figure 5. Pore-width distributions (a) for the catalyst 

support C(Cr3C2) and (b) for the catalysts Pt-C(Cr3C2). 
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The diffractograms of platinum catalysts are given in Fig 6 (b). The presence of Pt peaks 

indicated the successful deposition. The Pt peaks of Pt-C(Cr3C2, 800 °C) UIGR were slightly 

sharper compared to the material synthesised with the MWEG method. It could indicate that 

the material Pt-C(Cr3C2, 800 °C) UIGR might have bimodal or even multimodal distribution of 

platinum crystallites sizes.  

The crystallite size, d, could be estimated from Scherrer equation [91]:  

𝑑 =
𝐾𝜆

𝛽cos𝜃
 (Eq. 34) 

where K is a dimensionless shape factor (K = 0.93), λ is the characteristic wavelength, θ is the 

Bragg angle, and β is the full width at half maximum of reflections. According to the XRD 

results, the average size of platinum crystallites was from 2-3.3 nm (Table 2).  

 

Figure 6. Diffractograms (a) for the catalyst supports C(Cr3C2) and precursor Cr3C2, and  

(b) for the catalysts Pt- C(Cr3C2). 

Table 2. Summary of electrochemical measurements for the catalysts Pt-C(Cr3C2) and the 

crystallite sizes of platinum nanoparticles. 

Material / 

Parameter 

wt% 

of Pt 

ECA / 

m² g⁻¹ 

dECA /  

nm 

dXRD / 

nm 

MA / 

A g⁻¹Pt 

SA / 

A m⁻²Pt 
n 

Pt-C(Cr3C2, 800 °C) 

UIGR 
19 

24 ±  

7 

12.8 ± 

3.8 
2.0 

21.5 ± 

5.7 
0.9 ± 0.1 

1.3 ± 

0.1 

Pt-C(Cr3C2, 800 °C) 

MWEG 
19 

34 ±  

2 

8.5 ± 

0.7 
2.2 95 ± 15 2.8 ± 0.4 

3.4 ± 

0.1 

Pt-C(Cr3C2, 900 °C) 

MWEG 
22 

21 ±  

2 

13 ±  

1 
3.2 60 ± 15 2.8 ± 0.5 

3.6 ± 

0.2 

Pt-C(Cr3C2, 1000 °C) 

MWEG 
22 

27 ±  

2 

10.3 ± 

0.7 
3.3 59 ± 12 2.2 ± 0.5 

3.2 ± 

0.1 

ECA – electrochemical activity, dECA − diameter of Pt particles calculated from ECA, 

dXRD − diameter of Pt crystallites calculated from XRD, 

MA – mass activity, SA – specific activity, n – number of transferred electron 
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4.1.3. Thermogravimetric analysis 

TGA was performed to find out the content of platinum in catalysts and elucidate the thermal 

stability of the catalysts. During the controlled temperature increase, the carbon is oxidised 

step-by-step in synthetic air (Fig. 7). The content of platinum in all samples was around 20 wt% 

and is given in Table 8. The catalysts start to 

decompose at 400 °C, and the decomposition is 

complete at 650 °C. For catalyst 

Pt-C(Cr3C2, 800 °C) which has most porous and 

amorphous carbon support the curve is shifted 

about 50 °C compared to catalysts 

Pt-C(Cr3C2, 900 °C) and Pt-C(Cr3C2, 1000 °C). 

The synthesis method did not influence the 

thermogravimetric curve of the catalyst Pt-

C(Cr3C2, 800 °C) noticeably.  

 

4.2. Electrochemical measurements 

4.2.1. Capacitive behaviour of catalyst supports and catalysts 

The CV was used to characterise the capacitive behaviour of synthesised materials in 0.1M 

HClO4 solution saturated with argon. The current density, j (A m⁻²), was calculated from the 

current, I (A), by the equation, Eq. 35 below:  

𝑗 =
𝐼

𝑆
 , (Eq. 35) 

where S (m2) is the geometric area of the electrode surface area. The sample voltammograms 

for materials C(Cr3C2, 900 °C) and Pt-C(Cr3C2, 900 °C) MWEG are given in Fig. 8. The 

current density is proportional to the potential sweep rate. This is characteristic to capacitive 

process, i.e. reversible adsorption/desorption on the electrode surface. The cyclic 

voltammograms of C(Cr3C2) are relatively featureless at high potential sweep rates (Fig. 8a). 

However, there are three distinct regions in the cyclic voltammograms of Pt-C(Cr3C2) (Fig. 8b). 

At electrode potentials less than 0.35 V, there are two developed symmetric peaks, which are 

caused by the reversible hydrogen adsorption and desorption on the surface of platinum 

nanoparticles [92]. At potentials more positive than 0.7 V, the oxygen adsorption takes place. 

The middle section 0.4 V < E < 0.6 V is a so-called electrical double (EDL) layer region. 

 
Figure 7. Thermogravimetric curves of the catalysts 

Pt-C(Cr3C2) in synthetic air (20 vol% N2 and 

80 vol% O2). The temperature was increased at 

10 K min⁻¹, and the gas flow rate was 50 cm³ min⁻¹. 
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In order to study the capacitive response of materials and to have better visualisation 

behaviour of cyclic voltammograms at lower sweep rates, the measured currents from CV were 

converted into gravimetric capacitance, C (F g−1), by the equation:  

𝐶 =
𝐼

𝜈𝑚
 (Eq. 36)  

where I (A) is the measured current, ν (V s−1) is the potential sweep rate, and m (g) is a mass of 

catalyst support or platinum catalyst (without Nafion) on GCDE. The CE-curves for materials 

C(Cr3C2, 1000 °C) and Pt-C(Cr3C2, 1000 °C) are presented in Fig. 9. In case of catalyst 

supports C(Cr3C2) at lower sweep rates, there is a noticeable increase of current density |j| at 

potentials more negative than 0 V which is probably caused by the hydrogen evolution on the 

carbon surface (Fig. 9a). The onset of the carbon oxidation could be the cause of the slight 

increase of current density at potentials more positive than 1.0 V. As these processes are very 

slow, they do not influence the shape of cyclic voltammograms at higher sweep rates. On the 

other hand, the cyclic voltammograms of the Pt-C(Cr3C2) catalysts (Fig. 9b) lye nicely on each 

 

Figure 8. Dependence of current density, j, on electrode potential, E, at different potential sweep rates, v, in Ar 

saturated 0.1 M HClO4 electrolyte for (a) catalyst support C(Cr3C2, 900 °C) and 

(b) catalyst Pt-C(Cr3C2, 900 °C) MWEG. 

 

Figure 9. Dependence of capacitance, C, on electrode potential, E, at different potential sweep rates, v, in Ar 

saturated 0.1 M HClO4 electrolyte for (a) catalyst support C(Cr3C2, 1000 °C) and 

(b) catalyst Pt-C(Cr3C2, 1000 °C) MWEG. 
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other. This indicates that the adsorption/desorption processes are reversible, and there are no 

contaminants in the solution because the region of hydrogen adsorption/desorption is very 

sensitive to all sorts of impurities.  

The CE-curves for catalyst supports and catalysts at constant sweep rate 100 mV s⁻¹ are 

demonstrated in Fig. 10. The materials C(Cr3C2, 900 °C) and C(Cr3C2, 1000 °C) exhibit very 

similar capacitance (Fig. 10a) as they also have close specific surface area values (Table 1). 

However the capacitance of C(Cr3C2, 800 °C), 93 F g⁻¹ was ca. six times higher than for 

C(Cr3C2, 900 °C) and C(Cr3C2, 1000 °C), which was 16 F g⁻¹ for both materials. This 

observation is following the trends in specific surface area measurements of catalyst supports 

C(Cr3C2) (Table 1). The material C(Cr3C2, 800 °C) can be used as the electrode material for 

the electric double layer capacitor. The deposition of platinum particles onto carbon support 

C(Cr3C2, 800 °C) caused a substantial decrease of capacitance (Fig. 10a). This decrease is in 

agreement with the decrease of the specific surface area of catalyst Pt-C(Cr3C2, 800 °C). 

However, this is not caused only by the 20% reduction of carbon in the catalyst. Probably also 

some of the micropores are blocked with platinum nanoparticles as could be deduced by the 

drastic change of the Smicro/SBET ratio (Table 1) and from the pore size distribution (Fig. 5). In 

the region of hydrogen adsorption/desorption, the capacitance depends directly on the 

dispersion of platinum nanoparticles.  

From the region of hydrogen adsorption/desorption, the active surface area of platinum 

nanoparticles or active electrochemical area (ECA) could be estimated using the equation [93]: 

𝐸𝐶𝐴 =  
𝑄H

𝑚Pt𝑄H ref
 (Eq. 37) 

where 𝑄H ref is the reference charge value of formation Pt-H on the smooth polycrystalline 

platinum (0.21 mC cm⁻²) [94], mPt (g) is the mass of platinum on the electrode and 𝑄H (C g⁻¹) 

 

Figure 10. Dependence of capacitance, C, on electrode potential, E, at 100 mV s⁻¹ in Ar saturated 0.1 M HClO4 

electrolyte for (a) catalyst supports C(Cr3C2) and (b) catalysts Pt-C(Cr3C2). 
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is the total charge needed to adsorb monolayer of hydrogen atoms on the platinum surface. In 

detail, 𝑄H was calculated by the following equation [78]: 

𝑄H = 0.5 × (𝑄total − 𝑄EDL) (Eq. 38) 

where 𝑄total (C g⁻¹) and 𝑄EDL (C g⁻¹) are the total charge and the charge of EDL, respectively, 

which were obtained in the potential region of hydrogen adsorption/desorption. In addition, the 

diameter of Pt nanoparticles, dECA (nm),  can be estimated from the ECA value [26]. 

𝑑ECA =
6

ρPt𝐸𝐶𝐴×109 (Eq. 39) 

where ρPt = 21.45×106 (g m⁻³) is the density of platinum [95]. It was assumed that the platinum 

nanoparticles are spherical. Nevertheless, this kind of diameter estimation is strongly affected 

by the dispersion of Pt nanoparticles on the support surface. 

The ECA and dECA values are given in Table 2. The ECA value decreases in the order 

of catalysts Pt-C(Cr3C2, 800 °C) MWEG > Pt-C(Cr3C2, 1000 °C) MWEG > 

Pt-C(Cr3C2, 800 °C) UIGR > Pt-C(Cr3C2, 900 °C) MWEG. In the same order, the diameter of 

platinum nanoparticles increases. The diameter of the crystallites calculated from the XRD data 

is several times lower compared to particle size dimensions calculated from the cyclic 

voltammetry data. Probably one platinum nanoparticle consists of several crystallites, and this 

reduces the dECA value. Part of the 1-2 nm size platinum nanoparticles might be deposited into 

narrow micropores of carbon support and are inaccessible to electrolyte and therefore 

“invisible” to electrochemistry. Also, the carbon support and deposition method influence the 

particle size of platinum nanoparticles. 

 

4.2.2. Oxygen reduction reaction 

4.2.2.1. Cyclic voltammetry 

ORR on all materials synthesised was studied in 0.1 M HClO4 solution. The current densities 

measured in the oxygen-saturated solution, 𝑗O2
, were corrected for the current densities 

measured in argon- saturated solution, jAr: 

𝑗c = 𝑗O2
− 𝑗Ar (Eq. 40) 

to obtain the corrected current densities corresponding to ORR, i.e. current densities were 

corrected for EDL charging effects. 

The cyclic voltammograms for catalyst supports C(Cr3C2) and catalysts Pt-C(Cr3C2) for 

ORR are shown in Fig. 11. The ORR on catalyst supports C(Cr3C2) proceeds in two steps. In 

the first step, the hydrogen peroxide is formed. This behaviour was consistent with the 
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2-electron process of glassy carbon [42]. However, there is a very distinct second peak at 

negative potentials, which corresponds to the reduction of hydrogen peroxide to water. Material 

C(Cr3C2, 800 °C) have the lowest overpotential among catalyst supports (Fig. 11a). 

C(Cr3C2, 900 °C) and C(Cr3C2, 1000 °C) exhibited lower activity towards ORR. Furthermore, 

C(Cr3C2, 800 °C) presents higher current density |jc| as the first peak is about 2.5 A m⁻² higher. 

As expected, the catalysts Pt-C(Cr3C2) have much higher activity. The most active catalyst is 

Pt-C(Cr3C2, 800 °C), whose overpotential is 20 mV lower compared to other platinum catalysts 

(Fig. 11b). There is only one peak on the cyclic voltammogram corresponding to the 4-electron 

ORR process (or to the 2+2 process). There is no anodic peak on cyclic voltammograms, i.e. 

the ORR was irreversible process on these materials.  

The dependence of the first peak potential, Ep, on the potential sweep rate in 

0.1 M HClO4 solution saturated with oxygen for catalyst supports C(Cr3C2) and 

catalysts Pt-C(Cr3C2) is shown in Fig. 12. As the potential sweep rate increases, the peaks shift 

towards more negative potentials. The irreversible ORR causes this shift. The Ep vs ln v 

 

Figure 12. The dependence of the first peak potential, Ep, on potential sweep rate, ln v, in 0.1 M HClO4 solution 

saturated with oxygen for (a) catalyst supports C(Cr3C2) and b) catalysts Pt-C(Cr3C2). 

 

Figure 11. Oxygen reduction current densities, jc, vs electrode potential, E, in 0.1 M HClO4 solution saturated with 

oxygen at potential sweep rate 10 mV s⁻¹ for (a) catalyst supports C(Cr3C2) and (b) catalysts Pt-C(Cr3C2). 
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dependencies is linear for platinum catalysts. However, they are curved for carbon supports. 

These curves could be caused by the mass transport limitations in the thick layer of the catalyst 

support on the electrode. Therefore, models developed for flat surfaces could not be applied 

straightforwardly.  

The dependence of the first peak current density, jp, on potential sweep rate, v½, is linear 

for studied materials (Fig. 13). This dependence indicates the diffusion limitation of ORR. The 

slope values are similar for platinum catalysts, i.e. mass transport conditions within the catalyst 

layer are alike. However, the slopes are somewhat different for catalyst supports. The difference 

demonstrates that slightly different mass transport conditions are realised in a thick layer of 

catalyst supports. At higher sweep rates, the difference is even more pronounced. The intercepts 

as well are not equal to zero, which could indicate mass transport limitations inside the catalyst 

layer.  

 

4.2.2.2. Rotating disc electrode method 

The rotating disc electrode method was used to study in more detail the ORR mechanism and 

calculate the kinetic current density of ORR. The jc vs E dependences at different electrode 

rotations speeds for catalyst support C(Cr3C2, 800 °C) and catalyst Pt-C(Cr3C2, 800 °C) 

MWEG are given in Fig. 14. The jc,E-curve could be divided into three regions. These sections 

are considered using Pt-C(Cr3C2, 800 °C) MWEG as sample (Fig. 14b). There is no dependence 

of ORR current density on the rotation speed of the electrode at potentials more positive than 

0.9 V, and here the reaction speed depends only on the charge transfer kinetics, i.e. the kinetics 

of ORR is so sluggish that the surface concentration of oxygen molecules is equal to the bulk 

value. The dependence of current density, jc, on the electrode potential is not very pronounced 

 

Figure 13. The dependence of the first peak current density, jp, on potential sweep rate, v½, in 0.1 M HClO4 

solution saturated with oxygen for (a) catalyst supports C(Cr3C2) and b) catalysts Pt-C(Cr3C2). 
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in the potential region from 0.1 V to 0.7 V. However, there is very marked dependence on the 

rotation speed of the electrode. The electrode kinetics are covered only by mass-transfer in this 

region, as the ORR overpotential is high enough to support high mass-transfer limited current 

densities, |jd|. As ORR on the materials under investigation is not reversible, the width of this 

region depends on the rotation speed. The high mass-transfer limited current densities, |jd|, 

increase as the rotation speed of the electrode is increased because the thickness of diffusion 

layer is decreased and the concentration gradient of oxygen at the surface increase. ORR is 

governed by slow charge transfer, and mass transfer kinetics in the middle section from 0.7 V to 

0.9 V. This is the so-called region of mixed kinetics. In case of platinum catalysts, the current 

density, |jc|, starts to decrease at potentials less positive than 0.1 V, this is caused by the 

enhanced formation of hydrogen peroxide in the region of hydrogen adsorption and desorption 

on the platinum electrodes. There is also one other feature characteristic of platinum catalysts. 

The ORR current densities, |jc|, of the anodic sweep, are always higher in the region of mixed 

kinetics because ORR takes place on the platinum surface, which is not yet covered with a 

uniform oxide layer. The same behaviour could also be observed in the case of carbon supports 

C(Cr3C2, 800 °C) (Fig. 14a). Although there are not well-defined current plateaus because of 

the ORR mechanism changes with the potential, i.e. 2-electron mechanism is replaced by 2+2 

electron mechanism. As the number of electrons transferred is lower for catalyst support, the 

current density, |jc|, is also lower.  

The rotation disc electrode data of catalyst supports C(Cr3C2) and catalysts Pt-C(Cr3C2) 

are compared in Fig. 15. The ORR overpotential of catalyst supports C(Cr3C2) increases in 

order C(Cr3C2, 800 °C) < C(Cr3C2, 900 °C) < C(Cr3C2, 1000 °C) (Fig. 15a). In the same order 

increases the graphitisation of the carbons (Fig. 6). It could be speculated that as the synthesis 

 

Figure 14. Oxygen reduction current densities, jc, vs electrode potential, E, in 0.1 M HClO4 solution saturated with 

oxygen at different rotation speeds for (a) catalyst support C(Cr3C2, 800°C) (10 mV s⁻¹) and  

(b) catalyst Pt-C(Cr3C2, 800°C) MWEG (10 mV s⁻¹). 
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temperature increases the ordering of carbon takes place and the amount of defects in the carbon 

structure decreases, therefore, the number of active sites for ORR is reduced and the ORR 

activity decreases. The activity of the material C(Cr3C2, 800 °C) is remarkably higher. This 

could also be attributed to much higher specific surface area (Table 1), as the kinetic current is 

proportional to the true surface area. The ORR overpotential of catalyst supports C(Cr3C2) 

increases in order Pt-C(Cr3C2, 800 °C) MWEG < Pt-C(Cr3C2, 900 °C) MWEG ≈ 

Pt-C(Cr3C2, 1000 °C) MWEG < Pt-C(Cr3C2, 800 °C) UIGR (Fig. 15b). The ORR activity of 

platinum catalysts synthesised using MWEG methods follows the general trend in ECA 

(Table 2) – the catalyst Pt-C(Cr3C2, 800 °C) MWEG has the highest ECA and also highest 

ORR activity. The platinum catalyst synthesised using UIGR is much lower. The reason is 

unclear. The structure of the catalyst could cause it, i.e. the UIGR method facilities the synthesis 

of very small (< 2 nm) platinum nanoparticles which could be deposited into micropores and 

might be not accessible to the electrolyte. The XRD analysis also supports the explanation. 

Other reason could be connected to the uniformity of the catalyst layer. It was challenging to 

disperse this catalyst on GCDE. If the catalyst layer is not uniform, then the kinetic behaviour 

is also compromised. The CV and RDE methods give consistent activity estimation.  

The Koutechký-Levich method was used to estimate kinetic current densities, jk, and 

the numbers of electrons transferred in ORR, n. The K-L plots at different potentials were linear. 

From the intercept of the K-L lines, the kinetic current densities were calculated, and the 

number of electrons transferred in reaction could be found from the slope. 

The kinetic current densities are presented as Tafel plots (Fig. 16). The general trends 

in activities for catalyst supports C(Cr3C2) and catalysts Pt-C(Cr3C2) are also followed in the 

 

Figure 15. Oxygen reduction current densities, jc, vs electrode potential, E, in 0.1 M HClO4 solution saturated with 

oxygen for (a) catalyst supports C(Cr3C2) and (b) catalysts Pt-C(Cr3C2) (20 mV s⁻¹). 



32 

 

Tafel plot. The slopes of Tafel plots were calculated, and the slopes are shown in the figure. 

The slope values for carbon supports are very high, more than 200 mV⁻¹. Those slope values 

could be caused by very thick catalyst layers, which could hinder the calculation of correct 

kinetic parameters. There are two regions in Tafel plots for platinum-based catalysts, so-called 

low-current and high current regions. The Tafel slope is 90 mV⁻¹ in the low current region, and 

this is a reasonable value. The very high value of Tafel slope in the high-current region could 

be influenced by the mass transport difficulties in the catalyst layer.  

For platinum catalysts Pt-C(Cr3C2), the number of electrons transferred is around 3.5 

and does not depend on the electrode potential (Fig. 17b). However, it is lower for the material 

Pt-C(Cr3C2, 1000 °C) MWEG and much lower for the material Pt-C(Cr3C2, 800 °C) UIGR. The 

decrease of n value could also be explained by the non-uniformity of the catalyst layer on the 

GCDE. In the case of catalyst supports C(Cr3C2), the number of electrons depends on the 

 

Figure 16. Tafel plot from anodic sweep for (a) catalyst supports C(Cr3C2), and (b) catalysts Pt-C(Cr3C2) in 0.1 M 

HClO4 saturated with oxygen. 

 

 

Figure 17. Number of transferred electrons, n, from anodic sweep for (a) catalyst supports C(Cr3C2), and 

(b) catalysts Pt-C(Cr3C2) in 0.1 M HClO4 saturated with oxygen. 
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electrode potential and changes from two to three (Fig. 17a). This result is in a good agreement 

with CV data (Fig. 11a). The n value is highest for the support C(Cr3C2).  

Mass activity, MA (A g⁻¹Pt), and specific activity, SA (A m-2), was calculated from the 

measured current, I0.9 V (A), at the potential 0.9 V [96]. 

MA =
𝐼0.9 V

𝑚Pt
 (Eq. 41) 

𝑆𝐴 =  
𝑀𝐴

𝐸𝐶𝐴
 (Eq. 42) 

In comparison amongst Pt-CDCs, Pt-C(Cr3C2, 800 °C) MWEG and Pt-C(Cr3C2, 900 °C) 

MWEG exhibited the highest SA (2.8 A m⁻²Pt). Pt-C(Cr3C2, 800 °C) MWEG has the highest 

MA (95 A g⁻¹Pt).  
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5. SUMMARY 

In this work, carbon supports C(Cr3C2) were synthesised from Cr3C2 using high-temperature 

chlorination method at selected temperatures 800, 900, 1000 and 1100°C. The carbon 

C(Cr3C2, 800°C) was microporous with very high specific surface area (2287 m2 g−1). Other 

carbons have much lower specific surface area and micro-mesoporous. X-ray diffraction (XRD) 

revealed that the carbon crystallites increased with the synthesis temperature and synthesised 

C(Cr3C2) did not contain a precursor. 

Cyclic voltammetry measurements in 0.1 M HClO4 revealed that C(Cr3C2) materials 

show capacitive behaviour. The capacitance of C(Cr3C2, 800°C) was 93 F g−1, and it could be 

suitable for energy storage application. All carbons materials showed activity towards oxygen 

reduction (ORR). In cyclic voltammograms, two separated electron transfer processes could be 

distinguished, i.e. the formation of hydrogen peroxide in the first step and the reduction of 

hydrogen peroxide to water at more negative potentials. The C(Cr3C2, 800°C) material had the 

highest activity towards ORR amongst carbons. 

Two methods were used to deposit the platinum nanoparticles onto the carbon support 

C(Cr3C2, 800°C). Ultrasound-assisted incipient wetness impregnation with hexachloroplatinic 

acid in ethanol, and further gas phase reduction under hydrogen atmosphere received the desired 

loading of platinum. However, the ORR activity was low. Ultrasound-microwave-assisted 

polyol method (MWEG) with hexachloroplatinic acid as the precursor and ethylene glycol as 

the environment and reducing agent received well-dispersed platinum catalyst with desired 

ORR activity. The platinum nanoparticles were deposited onto the carbon supports 

Pt-C(Cr3C2, 900°C) and Pt-C(Cr3C2, 1000°C) using MWEG method. The platinum loading 

(20-weight percent) was confirmed by thermogravimetry. XRD confirmed the presence of 

platinum nanoparticles with crystallite sizes from 2.2 nm to 3.3 nm. The materials Pt-C(Cr3C2) 

had a micro-mesoporous structure with the specific surface area from 130 m2 g−1 to 410 m2 g−1. 

The material Pt-C(Cr3C2, 800°C) had the lowest ORR overvoltage; and highest mass activity 

(95 A g⁻¹Pt) and electrochemically active area (34 ± 2 m2 gPt
−1). 
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