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Abstract 

Hydrogen peroxide is a commodity chemical, as it is an environmentally friendly oxidant. 

The electrochemical production of H2O2 from oxygen and water by the reduction of oxygen is of 

great interest, as it would allow the decentralised, on-site, production of pure H2O2. The ability 

to run the reaction in an acidic electrolyte with high performance is particularly important, as it 

would allow the use of polymer solid electrolytes and the production of pH-neutral hydrogen 

peroxide. Carbon catalysts, which are cheap, abundant, durable and can be highly selective 

show promise as potential catalysts for such systems. In this work, we examine the 

electrocatalytic performance and properties of seven commercially available carbon materials 
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for H2O2 production by oxygen electroreduction. We show that the faradaic efficiencies for the 

reaction lie in a wide range of 18-82 % for different carbon catalysts. In order to determine the 

cause of these differences, we employ prompt gamma ray / neutron activation analysis and XPS 

measurements to assess the contribution of heteroatoms and defects, as well as low temperature 

N2-adsorption and transmission electron microscopy to elucidate the particle size, shape, BET 

surface area and porosity. We find that the surface oxygen groups, nitrogen and sulphur content 

display effects that are not straightforward, because their chemical state is likely significant. The 

metal content (when present in the order of magnitude of ~10 ppm) is not a straightforward 

indicator of the electrocatalytic performance for this reaction. XPS and BET data indicate that 

carbons displaying high selectivities for the 2-electron process contain more aliphatic-like, 

“defect” structures on the surface. 

 

1. Introduction 

Hydrogen peroxide is an environmentally friendly oxidant, considered crucial for future 

“green chemistry”. It is widely used in bleaching, chemical synthesis and water disinfection, with 

an annual production of about 5,000,000 t[1]. H2O2 is currently produced in the so-called 

“anthraquinone” or “Riedel-Pfleiderer” process, developed between 1935 and 1945[2], which is 

a complex procedure involving consecutive batch hydrogenation/oxygenation steps of 

anthraquinones. The process requires large-scale facilities, it is highly energy consuming and 

generates considerable amounts of waste. Since the implementation of the anthraquinone process 

necessitates centralised production, H2O2 is generally produced in a concentrated form in order 

to reduce transport costs, however, for many applications only dilute solutions are needed 
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(usually 2-5 %)[3]. A more decentralized on-site production of H2O2 would be more 

attractive[4,5], as it would negate the need for the transport of concentrated H2O2. 

The oxygen reduction reaction (ORR) is one of the most studied reactions in contemporary 

electrocatalysis, mainly due to its significance in energy conversion systems. It can, in principle, 

proceed through two competing pathways: the four-electron, which results in the formation of 

water; and the two-electron one, where hydrogen peroxide is the final product. The former is 

desired in fuel cells and batteries since it enables higher energy efficiency[6]. However, the two-

electron pathway, which could potentially enable the electrochemical production of H2O2, has 

drawn increasing attention[7–11]. The electrochemical production of H2O2 would ideally allow 

on-site production requiring only air (oxygen), water, and electricity, which could be supplied 

from renewable sources. The construction of such devices could potentially allow the provision 

of clean drinking water in remote regions and developing countries[12]. The advancement of 

electrochemical H2O2 production is primarily limited by the development of catalysts with a high 

faradaic efficiency for the electroreduction of oxygen to H2O2, which is competing with the four-

electron process.  

The oxygen reduction to hydrogen peroxide on carbon materials has been shown to be highly 

selective in alkaline media[13–16], even simple glassy carbon is a relatively good catalyst for the 

2-electron process under these conditions (see. e.g. [17]). However, alkaline solutions of H2O2 

are unstable and their applicability is limited. Therefore, the production of pure, pH-neutral, 

H2O2 solutions would be preferable[18]. The use of solid electrolytes allows easy separation of 

the electrolyte from the product; however, this necessitates acidic reaction conditions[19,20], 

particularly considering the instability of OH--conducting electrodes in the presence of H2O2 

[21]. We previously reported a class of catalysts based on Pt and Pd alloyed with Hg, which are 
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highly active and selective for H2O2 generation in acidic media [22,23]. However, the use of 

mercury limits the potential application of these materials due to its toxicity. The implementation 

of other promising catalysts such as Au-Pd[24] could also be limited by the high price of the 

precious metals and problems regarding upscaling. Single atom catalysts can show considerable 

selectivities, however, their stability limits their application [25]. Conversely, carbon-based 

materials, which are stable, inexpensive and environment-friendly, are a promising alternative. 

Therefore, the performance of various carbon-based catalysts for the ORR to H2O2 has been 

investigated lately[19,26–28]. For a catalyst to be applicable in real-world devices, it should 

generally possess a high faradaic efficiency (FE) and desirably a high partial current density for 

H2O2 production, as well as a low tendency to decompose it.  

Among the important factors that influence the selectivity of carbon-based catalysts are the 

transition metal content[29] and the presence of surface functionalities (primarily N-[30,31], 

B[32], P[33] and S-containing [34,35] surface groups). Surface “defects” [36], particularly the 

edges[37,38] been reported to play a significant role. Metal impurities can influence the ORR 

even when present at very low concentrations, causing controversy on the nature of certain 

carbon-based catalysts[29]. Numerous reports show that the presence of transition metals, such 

as Fe [39,40] and Co [9,41] plays a strong role. Even concentrations in the range of hundreds or 

even tens of ppm can influence their electrocatalytic properties[42,43]. The presence of transition 

metals could potentially influence the selectivity and activity of carbon materials in several 

ways: by being incorporated into specific active sites[44], catalysing the creation of new active 

sites[45], and catalysing H2O2 decomposition to H2O and O2[46]. 
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The presence of non-metallic heteroatoms, such as O, B, N and S, shifts the selectivity of 

carbon catalysts towards water generation by the 4-electron process (see, e.g., ref [47,48]). Their 

impact is explained by the idea that the foreign atoms change the electronic structure of carbon 

atoms in the vicinity. Zhang and Dai explain their influence in the terms of the redistribution of 

charge, which changes the O2 chemisorption properties effectively influencing the O-O 

bonding[49]. The changes in the strength of the O-O bond can then be reflected in differences in 

the selectivity for the ORR. Numerous reports show that oxygenated surface groups influence 

many properties of carbon materials, such as the redox capacity[50], conductivity[51], adsorption 

[52,53] their properties as catalyst supports[54], electrochemical activity[13,55–57] and 

photocatalytic activity[58]. 

Behm and coworkers showed that the selectivity of the ORR is linked with catalyst loading 

and mass transport effects[59,60]. The selectivity is highly influenced by the rate of H2O2 re-

adsorption and further reduction to H2O. Thus, decreased catalyst loading and increased 

electrolyte flow rate favour H2O2 generation. The thicker catalyst layer could potentially be 

detrimental for the faradaic efficiency, as H2O2 diffusion away from the surface would be 

inhibited and it would be more likely to undergo further reduction to H2O. 

In order to assess the faradaic efficiencies (FEs) of different carbon materials for the 2-

electron oxygen reduction, the electrocatalytic performance of seven commercially available 

high surface area carbon materials was tested in acidic electrolyte, 0.1M HClO4, in a three-

electrode setup with a stationary working electrode. We chose this setup in order to test the 

catalyst under conditions similar to those used in MEAs, at the same time keeping the system 

simple enough to be able to control the potential of the working electrode well and allow a facile 

assessment of the properties of the catalyst. Furthermore, we apply prompt gamma-ray activation 
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/ neutron activation analysis (PGAA/NAA), X-ray photoelectron spectroscopy (XPS), N2 

adsorption for BET surface area and porosity determination, and transmission electron 

microscopy (TEM) to characterize these carbon materials and correlate their properties with their 

electrocatalytic performance. 

2. Experimental 

The following carbon samples were examined in this work: BP2000, PBX51, LITX 200, 

Vulcan XC72R (Cabot, USA), ENSACO 350G, C-Nergy Super C-65 (Imerys, Switzerland), and 

YP-80F (Kuraray, Japan). The carbons were sprayed using an H&S Ultra Airbrush pistol 125503 

(Harder&Steenbeck, Germany) spraying gun onto an H15 (Freudenberg, Germany) gas diffusion 

layer (GDL) on an area of approximately 14�14 mm (ca 2 cm2). The ink was prepared by 

making a suspension of 40 mg of carbon material in a liquid mixture prepared from ethanol, 

ultrapure water and 5 % perfluarinated Nafion® solution in aliphatic alcohols (Sigma Aldrich, 

Germany). Contact with metals was genetrally avoided during electrode preparation. The 

suspension was sonicated for 20 minutes using a UP50H ultrasonic processor (Hielscher, 

Germany), until a liquid with no visible agglomerates and homogeneous appearance was 

obtained. The amount of deposited carbon (and Nafion®) was determined by measuring the 

weight of GDL before and after the spraying, taking into account the composition of the ink.  

The electrochemical selectivity was measured in a typical three-electrode setup (see SI1), 

consisting of a GDL sprayed with the investigated carbon material with an area of ca 2 cm2 

acting as a working electrode, a graphite rod counter electrode (Graphite rod Grade 1; Ted Pella, 

Inc., USA), and a mercury-mercurous sulphate reference electrode (SI Analytics, Germany). 

GDL without sprayed carbon can reduce O2 as well, but its contribution to the overall activity 
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and selectivity is negligible due to its low activity. The volume of the working electrolyte was 15 

mL. All potentials in this work are referred to the reversible hydrogen electrode (RHE) scale. 

Electrochemical measurements were carried out using a Bio-Logic VMP2 (Bio-Logic, France) 

potentiostat. The electrolyte was O2-saturated (5.0 AGA Gas AB, Sweden) 0.1 M HClO4 

prepared from 70 % HClO4 (Merck Suprapur®, Germany) by dilution with ultrapure water from 

a Millipore Synergy® uV water purification system. The H2O2 concentration in the solution after 

electrochemical measurements was determined by the titration of a 5 mL sample of the 

electrolyte from the working electrolyte compartment with 0.02 M KMnO4 (Titripur®, Sigma 

Aldrich, Germany) solution with concurrent stirring using a magnetic stirrer, by adding 10 µL 

aliquots until coloration was observed. The faradaic efficiencies were calculated taking into 

account the amount of detected H2O2 and the overall amount of charge passed through the 

system at -0.2 V vs. RHE, which was ca 10 C in all measurements. 

The BET surface areas of the carbon materials were determined by N2 adsorption at 77 K 

using a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer instrument. MicroActive 

for ASAP 2020 Version 6.0 software was used for the processing of the obtained data. Before the 

measurement, the sample was outgassed for 4 h at 200° C at 13 µbar. The specific surface area 

was determined by a multipoint Brunauer-Emmett-Teller (BET) analysis. The porosity was 

determined by the t-plot method. 

TEM samples were prepared by suspending the carbon material in ethanol and applying it to 

a lacy carbon film 300 mesh Cu (50) TEM grid (Agar Scientific, UK). The micrograph with 

Nafion was prepared by depositing the ink with the same contents as used for spraying to an 

identical lacy carbon-Cu mesh. Bright-field TEM images were taken with a Tecnai T20 G2 S-
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TEM (FEI, USA). The thermionic electron gun with a LaB6 filament operated at 200 keV high 

tension. The magnifications were between 29000 and 195000 times. Typical exposure times 

were 0.5-5 s. Images were processed using the DigitalMicrograph 1.85 and ImageJ 1.51j8 

software.  

PGAA/NAA was conducted at the FRM II neutron source of the Technical University of 

Munich with a cold neutron spectrum from NL4b (last section of 5.8 m elliptical focusing) with 

an average energy of 1.83 meV (6.7 Å). Beam size: 11�16 mm2. Neutron flux max.: 5 1010 n 

cm-2 s-1 thermal n. eq. The typical irradiation times were about 10 hours. A Compton-suppressed 

spectrometer was used (60 % HPGe detector surrounded by a BGO scintillator and connected in 

anticoincidence mode). The signal was processed using a DSpec-50 digital spectrometer 

manufactured by Ortec. A low-background counting chamber was used for the acquisition of 

decay gamma spectra after activating the samples in the beam. A 30 % HPGe detector is used 

with a DSpec-50 unit also equipped with a Compton suppressor (using NaI scintillator). The 

sample masses were ca 0.2-0.5 g. Four decay spectra were acquired after the irradiation: 

typically for 30 min, then for 1–2 h, and then for 10–20 h, and another long measurement after 

4–5 days. Determination of the elemental composition of samples using the Excel macro and 

Excel sheet package ProSpeRo[61]. The instrument is described in detail in ref [62]. The H 

content was determined using PGAA, while the metal impurities were analysed using NAA, i.e., 

from the decay gamma spectra of the irradiated samples. 

A Theta Probe (Thermo Scientific, USA) instrument with a monochromatized Al Kα (1486.6 

eV) source was used for the recording of XPS spectra, which were obtained with a pass energy 

of 100 eV. The spectra were recorded with a step/resolution of 0.1 eV and dwell time of 50 ms. 
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The beam size was 50 µm for all measurements. The atomic concentrations of C and O were 

quantified by integration of the C1s and O1s peaks, respectively, using a Shirley-type 

background. The spectra were processed in the Avantage v5.982 software. The samples for XPS 

analysis were prepared by the deposition of the carbon powders on Si chips by drop-casting from 

an ethanol suspension. In order to make sure that the recorded spectra are indeed of the examined 

carbon materials, the absence of the Si-peaks (Si 2s and 2p3/2 observed at 156.2 eV and 105.2 

eV BE) was considered indicative that the carbon black material was being probed (see SI2). 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

conducted in an RRDE configuration at 1600 r.p.m. CV was conducted in a potential range 0-

1.62 V vs. RHE at 10, 25, 50, 75 and 100 mV/s.  EIS was conducted in the potential range from 

OCV to -0.2 V vs RHE with 20 potential steps. with a 25 mV sinusoidal amplitude in a 

frequency range of 200 KHz - 1 Hz with 6 points per decade with logarithmic spacing. The 

fitting of the impedance spectra was done according to the procedure described in ref [63]. 

The carbons were subjected to the following treatments: (1.) Liquid phase oxidation: 0.1 g of 

carbon in 1 % H2O2 for 6 h, followed by filtration and thorough rinsing. (2.) Gas phase 

oxidation: heating up 0.1 g of the carbon powder in air in an ATS 3210-1.62-12-15 Tube Furnace 

(Applied Test Systems, USA) with a 10° C/min ramp to a set temperature (3.) Thermal 

treatment: Heating up in tube furnace with a 10° C/min ramp to the desired temperature 900, 

1000° C and held at that temperature for 2 h in an Ar (5.0 AGA Gas AB, Sweden) atmosphere, 

and then left to cool in an Ar-stream. (4.) Gas phase reduction: Heating up in a tube furnace with 

a 10° C/min ramp to 500° C and held at that temperature for 2 h in an H2 (5.0 AGA Gas AB, 

Sweden) atmosphere, and then left to cool in a stream of the same gas. 
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3. Results 

In order to elucidate the physical properties of the carbon materials TEM measurements were 

performed to visualize the carbon particles and low temperature N2-adsorption in order to assess 

the surface area and porosity. Examples of TEM micrographs of the carbon materials are given 

in Figure 1.  

The TEM images show that there are differences between the different carbon materials in 

size, shape, and structure. Most notably YP-80F differs from the rest of carbon materials as its 

particles are significantly smaller and seem to have a two dimensional character, i.e., they are 

flake-like. It is also notable that LITX 200 consists of two distinct kinds of particles, larger (ca 

49 nm on average) and smaller ones (ca 9.5 nm on average). The image in Figure 1 H shows 

BP2000 carbon deposited on the lacy carbon substrate with Nafion. The image shows that 

Nafion binds the carbon nanoparticles to the lacy carbon substrate enveloping them partially. The 

average size of the nanoparticles identified in the TEM images from different carbon samples are 

summarized in Table 1. 

It is notable that the sizes of BP2000, Vulcan, LITX 200 and ENSACO are comparable, 

taking into account their standard deviations. PBX51, and particularly YP-80F are notably 

smaller in size, while C-Nergy contains larger particles, as observed in TEM micrographs. In 

order to determine the surface area and porosity we performed N2 adsorption on the carbon 

materials and recorded the isotherms. The results of BET surface area and t-plot fits are 

summarised in Table 2. 

The properties of the carbon materials, both the specific surface areas and porosities, vary 

greatly. Comparing the size distribution with the measured surface area of the carbon materials, 

it is clear that the differences in the surface areas is not merely the result of different particle size 
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(see SI3). We consider the differences are likely to a large degree due to the structure and 

porosity of the carbon particles. 

The carbon materials, sprayed onto a gas diffusion layer (GDL) were submerged in an O2-

saturated 0.1 M HClO4 electrolyte and a potential of -0.2 V was applied. Considering the 

differences in their specific surface areas and the effects of catalyst loading on ORR selectivity, 

the faradaic efficiencies were assessed under two different conditions: (a.) one were the surface 

area of the carbon materials sprayed onto the GDL was the same (but the mass of carbon, and 

therefore, the thickness of the catalyst layer was different) - the value of 0.2 m2 was chosen, and 

(b.) the same mass of the material, 150 µg cm-2 was applied (with the carbon surface area 

differing significantly in this case (for details see SI4). The measured faradaic efficiencies of the 

carbon catalysts are shown in Figure 2.  

Figure 2 A shows that at constant surface area YP-80F and BP2000 display the highest FE of 

ca 82 %, while other carbon materials show lower FE values, with the lowest one being only 

about 18 % (C-Nergy). While the selectivities displayed by the BP2000 and YP-80F carbons are 

similar, the partial current density (normalized per geometric electrode area) of YP-80F is 

significantly higher, likely due to the higher specific surface area of this carbon material. The 

significant differences in the selectivities of these carbon materials, displayed at both the same 

surface area and mass loading of the carbon, are not easy to explain at first glance.  

Generally, higher surface area carbons required lower loading to achieve the designated 0.2 

m2, so the catalyst layer is thinner in comparison to lower surface area materials in Figure 2A, 

which generally favours the 2-electron process. While we showed that decreasing the loading can 

have a notable effect on the selectivity of carbon catalysts, this effect alone is cannot completely 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

explain the differences seen in Figure 2 (see SI5). For instance, with the decrease in the loading 

of C-Nergy by an order of magnitude (from 1690 to 176 µg cm-2) the selectivity improved from 

17.5% to about 32%, which is significant, but still far from that displayed by the best catalysts. 

In order to eliminate the effects originating from the difference in loading, we have also assessed 

the faradaic efficiencies in the same configuration with same loading, i.e., same mass of sprayed 

carbon catalyst, Figure 2B. At constant mass loading BP2000 performs the best as well, followed 

by Vulcan, YP-80F, and PBX51. The Vulcan carbon, however displays a relatively low current 

density, probably due to its relatively low specific surface area (234 m2 g-1). 

The electrochemical characterization of the carbon electrodes (see SI6) shows that the 

double-layer capacitance at constant mass determined by cyclic voltammetry and capacitance 

due to adsorption from electrochemical impedance spectroscopy at -0.2 V scale seemingly 

linearly with the BET surface area of the carbon materials. This indicates that the differences in 

the surface areas are retained in the electrode/electrolyte interface even with the inclusion into 

Nafion polymer, as well as that the micropores are likely accessible for the reaction since 

otherwise the dependence would quickly reach a plateau since the differences in BET surface 

area of, e.g., ENSACO, PBX51, BP2000, and YP80F are mostly due to the micropore area, 

Table 2.  

The faradaic efficiency at constant mass (chosen considering that PGAA/NAA is a bulk 

technique) are shown as a function of the total metal contents, Figure 3A, and the contents of Fe, 

Ni and Co, Figure 3B, of the carbon catalysts as determined by PGAA/NAA.  

While it may in principle be said that good catalysts for oxygen reduction to H2O2 contain 

low amounts of metals, the correlation between metal content and selectivity is not 
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straightforward. It is notable that carbons with similar selectivity can have significantly different 

metal contents. The contents of transition metals (see SI7) that are known to influence the 

selectivity for the ORR, such as Fe (21 ppm in YP-80F and PBX51, less than 10 ppm in Vulcan, 

C-Nergy and BP2000), Co and Ni (ppm levels in all carbons) also do not correlate with the 

observed selectivity trends, Figure 3B. This indicates that the metal content is likely not the only 

factor that determines the electrocatalytic properties of these materials for the ORR.  

The amounts of N and S in the carbon materials were also determined by PGAA/NAA and 

were found to be significantly different for different carbon materials, as shown in Figure 4. The 

concentration of boron in the materials was generally very low, 1-6 ppm (see SI8 for full table). 

Phosphor was below detection limit in all samples. 

The oxygen content could not be determined by PGAA/NAA due to the difficulty of oxygen 

activation (requires three subsequent neutron captures to become O19). In order to investigate the 

surface composition of the carbon materials XPS measurements were performed. Surveys in the 

range of 0-1350 eV of electron binding energy (BE) displayed only the C1s and O1s peaks. The 

relative intensities and shapes of these peaks were, however, different for different materials. 

Small N1s-peaks appearing only for high N-content carbon materials but their intensity was 

insufficient for any meaningful analysis. The C1s peaks in the carbon material are generally 

deconvoluted to six different peaks (see SI9) assigned to different chemical states of the C atoms. 

These are assigned to the following carbon states: 1. ~284.3-284.6 eV BE - aromatic structures, 

graphite, sp2 2. ~285.2-285.6 eV BE - localized alternant hydrocarbon, sp3 3. ~286.1-286.3 eV 

BE -OH, S-component 4. ~287.3-287.8 eV BE - C=O (carbonyl, quinone) 5. ~288.6-289.3 eV 

BE - COOH (carboxyl), N-component 6. ~290.6-291.0 eV BE - π* ← π shake-up, 
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carbonate[13,64–66]. The less intense O1s peaks could not be analysed to obtain reproducible 

information about the chemical state of the oxygen at the carbon surface. 

The C1s and O1s peaks were integrated in order to estimate the ratio of the carbon and 

oxygen atoms at the surface using the equation: NO/NC=IO·SC/IC·SO, where IC and IO are the 

intensities of the peaks, and SC and SO – the relative sensitivity factors for surface carbon (0.25) 

and oxygen (0.66) respectively[67]. The FEs of the materials as a function of their surface 

oxygen content, i.e., the ratio of oxygen to carbon atoms as determined from the XPS spectra are 

shown in Figure 5.  

From Figure 5 we can conclude that surface oxygen content does not show clear correlation 

with the selectivity for the H2O2 generation. We note here that the results of surface oxygen 

fraction as determined by XPS for Vulcan carbon are similar to the results reported in literature, 

ca 0.03[13]. 

In order to investigate further the dependence of the faradaic efficiency on the No/Nc ratio, 

we attempted to alter the amount of oxygen on the surface of the carbon materials. It has been 

shown that oxidizing and reducing agents can oxidize groups at the surface of carbon black and 

with a larger the surface area, the ability for electron exchange increases[68]. BP2000 was 

subjected to treatment at elevated temperatures (900° C and 1000° C for 2 h) in an Ar-stream, 

oxidation in 15% H2O2 for 10 h, and ENSACO was treated at 500° C in an H2-stream. Liquid 

phase oxidation with H2O2 and HNO3 both resulted in the decrease of selectivity of BP2000 

carbon. Gas phase oxidation of C-Nergy, improved its faradaic efficiency from 18 to 32 %, 

however it also lead to an increase in specific surface area (from 63 to 146 m2 g-1) and porosity 

(from  ̴0 to 0.024 cm3 g-1). The same treatment of BP2000 did not result in an improvement in the 

selectivity, but it had little effect on the BET parameters as well (BP was oxidized at 400° C 
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because it burned off at higher temperatures). In the case of BP2000 both increasing the amount 

of surface oxygen by gas- or liquid-phase oxidation and decreasing it by heating (although some 

re-adsorption can be expected[69]) leads to a decrease in selectivity.  

The content of other non-metals in the carbon materials was also analysed using PGAA/NAA 

(see SI8). The amount of hydrogen was found to be in the range of ca 0.1-1 mass%, which 

corresponds to approximately 1.25-11.2 atomic%. The faradaic efficiencies and partial current 

density at constant surface areas correlate with the amounts of detected hydrogen surprisingly 

well, Figures 6 A and B. The partial current density for the 4-electron process remains similar, 

being somewhat higher for the low-surface area carbons, Figure 6C. This unexpected 

dependence could be explained if the hydrogen atoms were mostly located on the surface of the 

carbon particles. 

Further analysis of the XPS peaks, namely the deconvolution of the C1s peak (see SI9) 

shows that the peak at ~284.3 eV BE associated with aromatic and graphitic structures, and the 

one at ~285.6 eV BE assigned to localized alternant hydrocarbons reveal certain interesting 

trends. The peak at 284.3 eV becomes less intense for carbons with higher faradaic efficiencies, 

Figures 6D and E, while the peak at 285.6 eV generally increases in intensity. 

This observation is indeed consistent with more hydrogen present at the surface of carbon 

materials as the increase of the 285.6 eV peak indicates an increase in the aliphatic 

(hydrocarbon-like) character of the surface, as opposed to graphitic. 

 

4. Discussion 

The lowest surface area carbons (C-Nergy, LITX 200) seem to have a rather poor catalytic 

performance for the reaction. The role of the micropores could particularly be of great 
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significance for the catalysis of the reaction. The mass transport within the micropores could be 

inhibited. Additionally, when the carbon powder is applied with the Nafion® polymer, Figure 

1H, many of the micropores might be inaccessible for the electrolyte. If H2O2 could not 

efficiently diffuse away from the catalyst surface, i.e. the H2O2 concentration in the micropores 

could be higher; the likelihood of it being further reduced to H2O would, therefore, be greater, 

thus reducing the FE. Analysing the BET data in Table 2, it is particularly interesting to note two 

groups of materials with similar external surface areas. The first one being BP 2000, PBX51 and 

ENSACO, which of which ENSACO has a significantly smaller (ca 3.5 times) micropore 

volume. The faradaic efficiencies of these carbons are approximately 75, 66 and 62 %, 

respectively. Similarly, Vulcan and LITX 200 have similar external surface areas, but the 

micropore volume of Vulcan is ca 5 times larger. However, this does not seem to have a notable 

detrimental effect on the FE, which is actually higher for Vulcan carbon (68 %, while it is 62 % 

for LITX 200). In fact, surprisingly, carbons with high micropore volumes seem to be efficient 

for H2O2 generation.  

In Figures 7 A and B the faradaic efficiency and partial current density for the reduction of 

O2 to H2O2 are plotted as a function of the micropore volume. Carbons with higher (ENSACO, 

PBX51, BP 2000 and YP-80F) microporosity, > 0.1 cm3 g-1, apparently display higher partial 

current density for H2O2 generation. At the same time, the presence of micropores does not seem 

to affect the activity for the 4-electron process. The higher amount of micropores observed for 

more efficient catalysts is in line with the observation that catalysts with a higher amount of 

defects on the surface display higher efficiency for the reaction. The number of micropores 

correlates with the amount of hydrogen detected by PGAA/NAA (SI9). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 

 

The metal content of the catalyst is not the deciding factor regarding the selectivity of these 

catalysts towards the reaction. A number of metal-containing carbon catalysts have been 

developed for the ORR, i.e., for the 4-electron pathway[70,71], but also for the 2-electron 

one[72,73] Therefore, the chemical state of the metal atoms is likely an important factor to 

consider. 

The high selectivity of some of the S- and N-containing catalysts towards the 2-electron 

pathway is surprising considering previous findings in the literature that carbons materials with 

significant amounts of these elements favour the formation of water[35,74,75], particularly if we 

take into consideration that synergetic effects of N and S[76] have also been observed. From 

Figure 4A we can see that carbons containing similar amounts of N can have very different 

selectivities for the ORR. This could be due to the fact that different nitrogen containing 

functionalities can have different influences on the selectivity for the ORR, as the nature of the 

active sites for ORR in CN-type catalysts is still controversial (compare for instance refs [75,77–

79]). This is in line with these findings of Biddinger and Ozkan[80] and Zhao et al. [75], that 

indicate that the overall nitrogen content is a poor indicator of ORR activity, and only certain 

types of nitrogen, e.g., on the edges of graphitic sheets promotes the 4-electron process [81,82]. 

There are only three carbons with significant sulphur content: BP2000, Vulcan and PBX51, and 

they showed high faradaic efficiencies. However, the difference in the FE between the best low-

sulphur catalyst (YP-80F) and best sulphur containing (relatively high 10300 ppm in BP2000) is 

only about 9%. Thus, the possible role of sulphur in the catalysis of this reaction requires further 

clarification. 
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Carbons with a slightly higher oxygen content generally display higher faradaic efficiencies 

for H2O2 generation at constants surface area, while YP80F shows comparatively high oxygen 

content, Figure 5. However, carbons with similar amounts of oxygen at the surface can display 

significantly different faradaic efficiencies, e.g., LITX 200 and ENSACO. This could be due to 

the different activity, or lack thereof, and selectivity of various oxygen functionalities in the 

catalysis of the ORR. Another possible issue is that XPS measurements were conducted on as-

received or modified carbon materials that have not been subjected to the ORR. The state of the 

surface oxygen might be quite different under ORR conditions (-0.2 V, pH=1) and the oxygen 

content of as-received carbons can differ from that during the catalysis of the reaction. Strelko et 

al.[50] predicted that the electron-donor ability of the carbon will have a maximum, and they 

place it at value 4-6 % oxygen of furanic and carbonyl groups, while C=O reduces that capability 

as the authors have found lower overall currents. The fact that lower temperature treatment of the 

carbon materials in Ref [27] leads to selectivity towards the two electron pathway, while 

treatment at 800° C leads to selectivity towards the 4-electron one since higher temperatures will 

result in the removal of more surface oxygen. The increased oxygen content was also found to 

have an influence on the hydrophilic character of the carbon materials[13,54]; it is possible that 

increasing the hydrophilic character of the surface could contribute to improved activity, 

however, after a certain hydrophilicity has been obtained, further introduction of oxygenated 

groups would not lead to further improvement in activity. 

H2O2 treatment leads to an increase in acidic groups[54]. Song et al.[56] found that gaseous 

oxidation leads to a predominant population of quinoid, while liquid phase oxidation is leading 

to large amounts of surface carboxylic groups. Figueiredo et al.[83] similarly note that gas phase 

oxidation of the carbon increases mainly the concentration of hydroxyl and carbonyl, while 
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liquid phase oxidation increases the concentration of carboxylic groups. Thus, there seem to be 

significant differences in the changes induced in carbons undergoing liquid- and gas-phase 

oxidation. Both liquid- and gas-phase oxidation of BP2000, as well as heating in an inert 

atmosphere resulted a decreased selectivity for the 2-electron process (while the surface area and 

porosity did not change significantly). Surprisingly, the gas phase oxidation treatment increased 

the surface oxygen content of C-Nergy (O/C ratio of 0.047), which lead to improved selectivity 

for the reaction. This gas-phase oxidation procedure also induced significant changes in the 

surface area and porosity, which increased from 63 to 146 m2 g-1 and from ca 0 to 0.024 cm3 g-1, 

respectively. The gas phase oxidation introduced structural changes to the material, changing its 

porosity and introducing “defects” to the surface. 

It is interesting to note that carbons that display high faradaic efficiencies at constant surface 

area show high hydrogen content, Figure 6 A. The explanation could be that most of the 

hydrogen detected using PGAA/NAA is located at the surface of carbon materials. Similarly, the 

partial current density for H2O2 generation also indicates that carbons with a higher hydrogen 

content are generally more active, Figure 6B. XPS results also indicate that carbons with high 

selectivity for the 2-electron process contain more “defect sites”, in contrast to ones with lower 

selectivities that show a more graphitic character. A similar effect has been observed previously 

in alkaline media[13]. It has been shown that decreasing the graphitic nature of the carbon leads 

to improved redox capacity[68], in agreement with our observations. 

There is likely a link between the amount of defects on the surface and microporosity. 

Carbons with high amounts of micropores consequentially have a larger amount of surface 

defects, i.e., less graphitic structures and more aliphatic-like sites. Indeed, the defects have been 
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shown to have an influence even greater than the presence of foreign atoms in some cases[36]. It 

has also been shown that the electron transfer site on graphene sheets are the edges[84]. 

The results obtained in this work have significant implications for the synthesis of carbon-

based catalysts for the 4-electron process. In order to improve the performance of these catalysts 

for ORR to water, it seems carbon materials with low microporosity are to be chosen. The 

introduction of heteroatoms (metals, nitrogen, oxygen, etc.) should be done with great care 

taking into account their chemical state when incorporated into the carbon material. The complex 

interactions between carbon, heteroatoms (nitrogen in particular), and possibly the adventitious 

metals present, along with various synergetic doping effects (e.g., N and S) make the 

interpretation of their influence of particular components challenging. 

 

5. Conclusions 

The electrocatalytic performance of carbon materials towards the O2-reduction to H2O2 in 

acidic media depends on several factors, such as transition metal content, doping with 

heteroatoms and surface defects. 

The determination of surface area and porosity showed a dependence of the activity for 

hydrogen peroxide generation on the porosity of carbon materials. The metal content is likely 

significant, however at levels found in these catalysts (in the order of tens of ppm) does not seem 

to be the determining factor. The dependence of the electrocatalytic performance on the surface 

oxygen content as determined by XPS shows no clear correlation. The elucidation of the role of 

different oxygen functionalities is necessary for the assessment the influence of surface oxygen 

on the electrocatalytic properties. Similarly, the chemical state of N and S, i.e., the presence of 

different functionalities and their influence on ORR selectivity requires further elucidation. 
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However, we found a surprising correlation between the hydrogen content and faradaic 

efficiency. This result from NAA/PGAA was supported by XPS data as well, which showed that 

carbon materials with high faradaic efficiencies have higher contribution from the C1s peak 

component correlated with aliphatic-type carbon atoms, as opposed to graphitic, and an increased 

amount of aliphatic-like carbon sites indeed entails higher H-content on the surface of the carbon 

particles, as seen in PGAA/NAA measurements. This fact indicates the role of defects in the 

electrocatalysis of this reaction, in line with the observations from BET as microporous materials 

likely have more defect sites.  

The assessment of the nature of the active site and the factors significant for the 

electrochemical oxygen reduction to H2O2 activity and selectivity requires further insight into the 

structure of the carbon materials and the chemical state of the surface. 
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Figure captions: 

Figure 1: TEM images of (A) YP-80F (B) BP2000 (C) PBX51 (D) LITX 200 (E) Vulcan (F) 

ENSACO (G) C-Nergy (H) BP2000 in Nafion® polymer. Magnification: A-G: x145000, H: 

x15000. 

Figure 2:  The faradaic efficiencies of different carbon materials for oxygen reduction to H2O2 in 

O2-sat 0.1M HClO4 at -0.2 V measured in the three-electrode setup (A) with a constant surface 

area of  the sprayed carbon material of ca 0.2 m2 (B) constant mass of deposited carbon of 150 

µg cm-2. Black triangles show the total current density, while red triangles represent the partial 

current density for H2O2 generation. The currents have been normalized per geometric electrode 

surface area. 

Figure 3: The faradaic efficiency (at the same mass of carbon deposited) for H2O2 production by 

oxygen reduction in O2-sat. 0.1M HClO4 at -0.2V plotted versus the (A) total metal (excluding 

alkali and alkaline earth metals) content (B) Fe, Co, and Ni content, determined by PGAA/NAA. 

Figure 4: The faradaic efficiencies (at constant mass) for H2O2 generation by ORR as functions 

of the (A) nitrogen and (B) sulphur content determined by PGAA/NAA. 

Figure 5: The dependence of the faradaic efficiency (at constant surface area) for oxygen 

reduction to H2O2 in O2-sat. 0.1M HClO4 at -0.2 V vs. RHE on the O/C atomic ratio on the 
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surface of the carbon materials as determined from XPS data by the integration of the O1s and 

C1s peaks.  

Figure 6: (A) The faradaic efficiencies at constant surface area of the carbon, (B) partial current 

density normalized per geometric surface area for H2O2 generation, and (C) partial current 

density normalized per geometric surface area for the 4-electron process plotted versus the 

hydrogen content of carbon materials as determined by PGAA/NAA. (D) The faradaic efficiency 

at constant surface area plotted versus the percentage of the C1s counts associated with the 

particular XPS peak (% of counts), 284.6 eV (red shapes) – assigned to graphitic or aromatic 

carbon and 285.7 eV (blue shapes) assigned to aliphatic or edge C-C and (E) the ratio of the 

graphitic (284.6 eV) and aliphatic “defect” counts (285.7 eV). 

Figure 7: The (A) faradaic efficiency (at constant mass) (B) Partial current density for O2 

reduction to H2O2 (C) 4-electron ORR as a function of the micropore volume determined by the 

N2 adsorption t-plot method. 
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Table 1: Statistics of the identified nanoparticles in different carbon samples. The number 
of individual identified particles was 100. 

Carbon 
material 

Average size 
/ nm 

Standard 
deviation 

/ nm 

Size range 
/ nm 

Median 
/ nm 

YP-80F 9.3 ±7.7 2 – 39 6.0 

PBX51 13.3 ±4.2 6 – 34 12.8 

BP2000 21.3 ±10.6 5 – 55 19.9 

Vulcan 26.9 ±14 6 – 65 23.8 

LITX 200 27.2 ±15.8 9 – 84 22.8 

ENSACO 30.0 ±8.8 12 – 55 29.8 

C-Nergy 42.2 ±15.5 17 – 96 41.8 
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Table 2: Results of the BET measurements on the carbon materials 

Carbon material BET Surface area 
/m2 g-1 

t-plot external 
surface area 

/m2 g-1 

t-plot micropore 
volume 
/ cm3 g-1 

YP-80F 2330 220 1.00 

BP2000 1580 537 0.479 

PBX51 1490 556 0.422 

ENSACO 790 509 0.127 

Vulcan 234 125 0.056 

LITX 200 159 134 0.012 

C-NERGY 63 64 0.0001 
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