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Abstract

Hydrogen peroxide is a commodity chemical, as @nsenvironmentally friendly oxidant.
The electrochemical production ob®; from oxygen and water by the reduction of oxygeof i
great interest, as it would allow the decentralised-site, production of pure .. The ability
to run the reaction in an acidic electrolyte witlgh performance is particularly important, as it
would allow the use of polymer solid electrolytesl dhe production of pH-neutral hydrogen
peroxide. Carbon catalysts, which are cheap, abahddurable and can be highly selective
show promise as potential catalysts for such systen this work, we examine the
electrocatalytic performance and properties of segeemmercially available carbon materials
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for H,O, production by oxygen electroreduction. We show tha faradaic efficiencies for the
reaction lie in a wide range of 18-82 % for diffetearbon catalysts. In order to determine the
cause of these differences, we employ prompt gar@ynaneutron activation analysis and XPS
measurements to assess the contribution of hetarsaand defects, as well as low temperature
N-adsorption and transmission electron microscopliecidate the particle size, shape, BET
surface area and porosity. We find that the surfaxggen groups, nitrogen and sulphur content
display effects that are not straightforward, besatheir chemical state is likely significant. The
metal content (when present in the order of mageitof ~10 ppm) is not a straightforward
indicator of the electrocatalytic performance fbig reaction. XPS and BET data indicate that
carbons displaying high selectivities for the 2e#den process contain more aliphatic-like,

“defect” structures on the surface.

1. Introduction

Hydrogen peroxide is an environmentally friendlyidant, considered crucial for future
“green chemistry”. It is widely used in bleachimpemical synthesis and water disinfection, with
an annual production of about 5,000,000 t[1}OHK is currently produced in the so-called
“anthraquinone” or “Riedel-Pfleiderer” process, dwped between 1935 and 1945[2], which is
a complex procedure involving consecutive batch rbgenation/oxygenation steps of
anthraquinones. The process requires large-sceidiés, it is highly energy consuming and
generates considerable amounts of waste. Sindefilementation of the anthraquinone process
necessitates centralised productiopQHis generally produced in a concentrated form oheor

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

attractive[4,5], as it would negate the need ferttlansport of concentrated®}.

The oxygen reduction reaction (ORR) is one of tleststudied reactions in contemporary
electrocatalysis, mainly due to its significancesirergy conversion systems. It can, in principle,
proceed through two competing pathways: the foectebn, which results in the formation of
water; and the two-electron one, where hydrogewxpee is the final product. The former is
desired in fuel cells and batteries since it ermhlgher energy efficiency[6]. However, the two-
electron pathway, which could potentially enable #hectrochemical production of,&, has
drawn increasing attention[7—11]. The electrochamproduction of HO, would ideally allow
on-site production requiring only air (oxygen), eftand electricity, which could be supplied
from renewable sources. The construction of suelicds could potentially allow the provision
of clean drinking water in remote regions and depielg countries[12]. The advancement of
electrochemical kD, production is primarily limited by the developmeritcatalysts with a high
faradaic efficiency for the electroreduction of gey to HO, which is competing with the four-
electron process.

The oxygen reduction to hydrogen peroxide on carbaterials has been shown to be highly
selective in alkaline media[13-16], even simplesgjacarbon is a relatively good catalyst for the
2-electron process under these conditions @ee[17]). However, alkaline solutions of,8,
are unstable and their applicability is limited.€eféfore, the production of pure, pH-neutral,
H.O, solutions would be preferable[18]. The use ofdseliectrolytes allows easy separation of
the electrolyte from the product; however, this essitates acidic reaction conditions[19,20],
particularly considering the instability of Oldonducting electrodes in the presence gOH

[21]. We previously reported a class of catalystsdal on Pt and Pd alloyed with Hg, which are
3



highly active and selective for,B, generation in acidic media [22,23]. However, tlse of
mercury limits the potential application of thesaterials due to its toxicity. The implementation
of other promising catalysts such as Au-Pd[24] daalko be limited by the high price of the
precious metals and problems regarding upscalimglésatom catalysts can show considerable
selectivities, however, their stability limits theapplication [25]. Conversely, carbon-based
materials, which are stable, inexpensive and enment-friendly, are a promising alternative.
Therefore, the performance of various carbon-basgdlysts for the ORR to &, has been
investigated lately[19,26—28]. For a catalyst todpgplicable in real-world devices, it should
generally possess a high faradaic efficiency (Fif) desirably a high partial current density for

H,0O, production, as well as a low tendency to decomose

Among the important factors that influence the cgléy of carbon-based catalysts are the
transition metal content[29] and the presence ofasa functionalities (primarily N-[30,31],
B[32], P[33] and S-containing [34,35] surface greuSurface “defects” [36], particularly the
edges[37,38] been reported to play a significatd. rbletal impurities can influence the ORR
even when present at very low concentrations, ngusontroversy on the nature of certain
carbon-based catalysts[29]. Numerous reports shatvthe presence of transition metals, such
as Fe [39,40] and Co [9,41] plays a strong roleerEsoncentrations in the range of hundreds or
even tens of ppm can influence their electrocataproperties[42,43]. The presence of transition
metals could potentially influence the selectivégd activity of carbon materials in several
ways: by being incorporated into specific actiiesd4], catalysing the creation of new active

sites[45], and catalysing.B, decomposition to O and Q[46].



The presence of non-metallic heteroatoms, such,&3, ® and S, shifts the selectivity of
carbon catalysts towards water generation by thkedtron process (seeg, ref [47,48]). Their
impact is explained by the idea that the foreigmret change the electronic structure of carbon
atoms in the vicinity. Zhang and Dai explain thaiftuence in the terms of the redistribution of
charge, which changes the, @hemisorption properties effectively influencinget O-O
bonding[49]. The changes in the strength of the ®e@d can then be reflected in differences in
the selectivity for the ORR. Numerous reports shibat oxygenated surface groups influence
many properties of carbon materials, such as tthexreapacity[50], conductivity[51], adsorption
[52,53] their properties as catalyst supports[5dlectrochemical activity[13,55-57] and

photocatalytic activity[58].

Behm and coworkers showed that the selectivithef®RR is linked with catalyst loading
and mass transport effects[59,60]. The selectigithighly influenced by the rate of.8, re-
adsorption and further reduction to,® Thus, decreased catalyst loading and increased
electrolyte flow rate favour #D, generation. The thicker catalyst layer could podédlg be
detrimental for the faradaic efficiency, as@] diffusion away from the surface would be
inhibited and it would be more likely to undergather reduction to kD.

In order to assess the faradaic efficiencies (FKESjifferent carbon materials for the 2-
electron oxygen reduction, the electrocatalyticfggenance of seven commercially available
high surface area carbon materials was tested idicaelectrolyte, 0.1M HCIQ in a three-
electrode setup with a stationary working electrod&e chose this setup in order to test the
catalyst under conditions similar to those useMiBAs, at the same time keeping the system
simple enough to be able to control the potenfighe working electrode well and allow a facile

assessment of the properties of the catalyst. &urtbre, we apply prompt gamma-ray activation
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/ neutron activation analysis (PGAA/NAA), X-ray pbelectron spectroscopy (XPS),2 N
adsorption for BET surface area and porosity dateation, and transmission electron
microscopy (TEM) to characterize these carbon neseand correlate their properties with their

electrocatalytic performance.
2. Experimental

The following carbon samples were examined in thask: BP2000, PBX51, LITX 200,
Vulcan XC72R (Cabot, USA), ENSACO 350G, C-Nergy &up-65 (Imerys, Switzerland), and
YP-80F (Kuraray, Japan). The carbons were spraged)an H&S Ultra Airbrush pistol 125503
(Harder&Steenbeck, Germany) spraying gun onto ab (Fteudenberg, Germany) gas diffusion
layer (GDL) on an area of approximatelyX#4 mm ¢a 2 cnf). The ink was prepared by
making a suspension of 40 mg of carbon materia liquid mixture prepared from ethanol,
ultrapure water and 5 % perfluarinated Nafion® 8oluin aliphatic alcohols (Sigma Aldrich,
Germany). Contact with metals was genetrally awbidkiring electrode preparation. The
suspension was sonicated for 20 minutstng a UP50H ultrasonic processor (Hielscher,
Germany), until a liquid with no visible agglomesatand homogeneous appearance was
obtained. The amount of deposited carbon (and N3fiovas determined by measuring the

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

The electrochemical selectivity was measured iypicél three-electrode setup (see Sl1),
consisting of a GDL sprayed with the investigatedbon material with an area o 2 cnf
acting as a working electrode, a graphite rod cauelectrode (Graphite rod Grade 1; Ted Pella,
Inc., USA), and a mercury-mercurous sulphate refsxeelectrode (Sl Analytics, Germany).

GDL without sprayed carbon can reducg & well, but its contribution to the overall adgv
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and selectivity is negligible due to its low adyviThe volume of the working electrolyte was 15
mL. All potentials in this work are referred to theversible hydrogen electrode (RHE) scale.
Electrochemical measurements were carried out usiBgp-Logic VMP2 (Bio-Logic, France)
potentiostat. The electrolyte was,-€aturated (5.0 AGA Gas AB, Sweden) 0.1 M HEIO
prepared from 70 % HClUO(Merck Suprapdt, Germany) by dilution with ultrapure water from
a Millipore Synerg{ uV water purification system. The,8, concentration in the solution after
electrochemical measurements was determined bytitfagion of a 5 mL sample of the
electrolyte from the working electrolyte compartmernth 0.02 M KMnQ, (Titripur®, Sigma
Aldrich, Germany) solution with concurrent stirringing a magnetic stirrer, by adding (1D
aliquots until coloration was observed. The faradafficiencies were calculated taking into
account the amount of detecteddd and the overall amount of charge passed through th

system at -0.2 Ws.RHE, which waga 10 C in all measurements.

The BET surface areas of the carbon materials wetermined by B adsorption at 77 K
using a Micromeritics ASAP 2020 Surface Area antbBity Analyzer instrument. MicroActive
for ASAP 2020 Version 6.0 software was used forgiaeessing of the obtained data. Before the
measurement, the sample was outgassed for 4 Dat@t 13ubar. The specific surface area
was determined by a multipoint Brunauer-Emmett-@rel(BET) analysis. The porosity was

determined by the t-plot method.

TEM samples were prepared by suspending the cartaderial in ethanol and applying it to
a lacy carbon film 300 mesh Cu (50) TEM grid (Adgioientific, UK). The micrograph with
Nafion was prepared by depositing the ink with faene contents as used for spraying to an

identical lacy carbon-Cu mesh. Bright-field TEM iges were taken with a Tecnai T20 G2 S-



TEM (FEI, USA). The thermionic electron gun withLaBg filament operated at 200 keV high
tension. The magnifications were between 29000 E®D00 times. Typical exposure times
were 0.5-5 s. Images were processed using theaidrograph 1.85 and ImageJ 1.51j8

software.

PGAA/NAA was conducted at the FRM Il neutron souafethe Technical University of
Munich with a cold neutron spectrum from NL4b (lasttion of 5.8 m elliptical focusing) with
an average energy of 1.83 meV (6.7 A). Beam siz& 16 mnf. Neutron flux max.: 5 18n
cm? s’ thermal n. eq. The typical irradiation times wab®ut 10 hours. A Compton-suppressed
spectrometer was used (60 % HPGe detector surrdunda BGO scintillator and connected in
anticoincidence mode). The signal was processedguai DSpec-50 digital spectrometer
manufactured by Ortec. A low-background countingrober was used for the acquisition of
decay gammapectra after activating the samples in the bearB0 A HPGe detector is used
with a DSpec-50 unit also equipped with a Comptoppsessor (using Nal scintillator). The
sample masses weim 0.2-0.5 g. Four decay spectra were acquired dfterirradiation:
typically for 30 min, then for 1-2 h, and then fild-20 h, and another long measurement after
4-5 days. Determination of the elemental compasiob samples using the Excel macro and
Excel sheet package ProSpeRo[61]. The instrumedeseribed in detail in ref [62]. The H
content was determined using PGAA, while the mietplurities were analysed using NARe.,

from the decay gamma spectra of the irradiated kEsmp

A Theta Probe (Thermo Scientific, USA) instrumerittmva monochromatized Al &(1486.6
eV) source was used for the recording of XPS sageethich were obtained with a pass energy

of 100 eV. The spectra were recorded with a steplison of 0.1 eV and dwell time of 50 ms.



The beam size was 50n for all measurements. The atomic concentratidn€ and O were
guantified by integration of the Cls and Ols pealkspectively, using a Shirley-type
background. The spectra were processed in the Agant5.982 software. The samples for XPS
analysis were prepared by the deposition of thiearapowders on Si chips by drop-casting from
an ethanol suspension. In order to make surehbatetcorded spectra are indeed of the examined
carbon materials, the absence of the Si-peaksq@&n@d 2p3/2 observed at 156.2 eV and 105.2

eV BE) was considered indicative that the carb@cllmaterial was being probed (see SI2).

Cyclic voltammetry (CV) and electrochemical impedanspectroscopy (EIS) were
conducted in an RRDE configuration at 1600 r.p.i\. Was conducted in a potential range O-
1.62 Vvs.RHE at 10, 25, 50, 75 and 100 mV/s. EIS was cotadlin the potential range from
OCV to -0.2 V vs RHE with 20 potential steps. w&h25 mV sinusoidal amplitude in a
frequency range of 200 KHz - 1 Hz with 6 points plecade with logarithmic spacing. The

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

The carbons were subjected to the following treatsi€1.) Liquid phase oxidation: 0.1 g of
carbon in 1 % KO, for 6 h, followed by filtration and thorough ring. (2.) Gas phase
oxidation: heating up 0.1 g of the carbon powdaaiinn an ATS 3210-1.62-12-15 Tube Furnace
(Applied Test Systems, USA) with a 10° C/min ramp & set temperaturé3.) Thermal
treatment: Heating up in tube furnace with a 10Mmi@/ramp to the desired temperature 900,
1000° C and held at that temperature for 2 h idaf6.0 AGA Gas AB, Sweden) atmosphere,
and then left to cool in an Ar-strea(d.) Gas phase reduction: Heating up in a tube furngite
a 10° C/min ramp to 500° C and held at that tentpezafor 2 h in an KH(5.0 AGA Gas AB,

Sweden) atmosphere, and then left to cool in astref the same gas.



3. Results

In order to elucidate the physical properties ef ¢tarbon materials TEM measurements were
performed to visualize the carbon particles and temperature MNadsorption in order to assess
the surface area and porosity. Examples of TEM agi@phs of the carbon materials are given
in Figure 1.

The TEM images show that there are differences é@tvthe different carbon materials in
size, shape, and structure. Most notably YP-80fewiffrom the rest of carbon materials as its
particles are significantly smaller and seem toehavtwo dimensional charactee., they are
flake-like. It is also notable that LITX 200 cortsi®f two distinct kinds of particles, largera(

49 nm on average) and smaller ones 9.5 nm on average). The image in Figure 1 H shows
BP2000 carbon deposited on the lacy carbon subsw#éh Nafion. The image shows that
Nafion binds the carbon nanoparticles to the laapan substrate enveloping them partially. The
average size of the nanopatrticles identified inTte& images from different carbon samples are
summarized in Table 1.

It is notable that the sizes of BP2000, Vulcan, X1Z00 and ENSACO are comparable,
taking into account their standard deviations. PBX&nd particularly YP-80F are notably
smaller in size, while C-Nergy contains larger jgdet, as observed in TEM micrographs. In
order to determine the surface area and porosityp&érmed N adsorption on the carbon
materials and recorded the isotherms. The resdltBEY surface area and t-plot fits are
summarised in Table 2.

The properties of the carbon materials, both trecifip surface areas and porosities, vary
greatly. Comparing the size distribution with theasured surface area of the carbon materials,

it is clear that the differences in the surfaceagarie not merely the result of different partidgles
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(see SI3). We consider the differences are likelyatlarge degree due to the structure and

porosity of the carbon patrticles.

The carbon materials, sprayed onto a gas diffulsiger (GDL) were submerged in an-O
saturated 0.1 M HCI©electrolyte and a potential of -0.2 V was appli€bnsidering the
differences in their specific surface areas andeffects of catalyst loading on ORR selectivity,
the faradaic efficiencies were assessed under tffgreht conditions: (a.) one were the surface
area of the carbon materials sprayed onto the GB& tlve same (but the mass of carbon, and
therefore, the thickness of the catalyst layer ditfsrent) - the value of 0.2 fiwas chosen, and
(b.) the same mass of the material, 18D cm” was applied (with the carbon surface area
differing significantly in this case (for detailses SI4). The measured faradaic efficiencies of the

carbon catalysts are shown in Figure 2.

Figure 2 A shows that at constant surface area 0Pa®d BP2000 display the highest FE of
ca 82 %, while other carbon materials show lower Flugs, with the lowest one being only
about 18 % (C-Nergy). While the selectivities désfgd by the BP2000 and YP-80F carbons are
similar, the partial current density (normalizedr geeometric electrode area) of YP-80F is
significantly higher, likely due to the higher sggcsurface area of this carbon material. The
significant differences in the selectivities of $eecarbon materials, displayed at both the same

surface area and mass loading of the carbon, amasy to explain at first glance.

Generally, higher surface area carbons require@rndoading to achieve the designated 0.2
m?, so the catalyst layer is thinner in comparisofioteer surface area materials in Figure 2A,
which generally favours the 2-electron process.|8Mlve showed that decreasing the loading can

have a notable effect on the selectivity of carbatalysts, this effect alone is cannot completely
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explain the differences seen in Figure 2 (see &bi).instance, with the decrease in the loading
of C-Nergy by an order of magnitude (from 1690 76 g cni®) the selectivity improved from
17.5% to about 32%, which is significant, but g8t from that displayed by the best catalysts.
In order to eliminate the effects originating fréine difference in loading, we have also assessed
the faradaic efficiencies in the same configuratgth same loading,e., same mass of sprayed
carbon catalyst, Figure 2B. At constant mass laa@8R2000 performs the best as well, followed
by Vulcan, YP-80F, and PBX51. The Vulcan carbonyéwer displays a relatively low current

density, probably due to its relatively low specBurface area (234°m*Y).

The electrochemical characterization of the carletectrodes (see SI6) shows that the
double-layer capacitance at constant mass detedniigecyclic voltammetry and capacitance
due to adsorption from electrochemical impedancectspscopy at -0.2 V scale seemingly
linearly with the BET surface area of the carbortanals. This indicates that the differences in
the surface areas are retained in the electrodéfelge interface even with the inclusion into
Nafion polymer, as well as that the micropores ldtely accessible for the reaction since
otherwise the dependence would quickly reach aglasince the differences in BET surface
area of,e.g, ENSACO, PBX51, BP2000, and YP80OF are mostly du¢he micropore area,

Table 2.

The faradaic efficiency at constant mass (chosarsidering that PGAA/NAA is a bulk
technigue) are shown as a function of the totabhreintents, Figure 3A, and the contents of Fe,

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

While it may in principle be said that good caté&y®r oxygen reduction to 4, contain

low amounts of metals, the correlation between metntent and selectivity is not
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straightforward. It is notable that carbons withnisar selectivity can have significantly different

metal contents. The contents of transition metaée (S17) that are known to influence the
selectivity for the ORR, such as Fe (21 ppm in YO™&nd PBX51, less than 10 ppm in Vulcan,
C-Nergy and BP2000), Co and Ni (ppm levels in altbons) also do not correlate with the
observed selectivity trends, Figure 3B. This inthsahat the metal content is likely not the only

factor that determines the electrocatalytic prapsrf these materials for the ORR.

The amounts of N and S in the carbon materials @@ determined by PGAA/NAA and
were found to be significantly different for difesrt carbon materials, as shown in Figure 4. The
concentration of boron in the materials was gehexary 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 PGB due to the difficulty of oxygen
activation (requires three subsequent neutron capto become ). In order to investigate the
surface composition of the carbon materials XPSsonements were performed. Surveys in the
range of 0-1350 eV of electron binding energy (Biplayed only the C1ls and Ol1s peaks. The
relative intensities and shapes of these peaks, inergever, different for different materials.
Small N1s-peaks appearing only for high N-contesrtoon materials but their intensity was
insufficient for any meaningful analysis. The Clesaks in the carbon material are generally
deconvoluted to six different peaks (see SI9) assigo different chemical states of the C atoms.
These are assigned to the following carbon states284.3-284.6 eV BE - aromatic structures,
graphite, sp2. ~285.2-285.6 eV BE - localized alternant hydrbon, sp 3. ~286.1-286.3 eV
BE -OH, S-component 4. ~287.3-287.8 eV BE - C=QHgayl, quinone) 5. ~288.6-289.3 eV

BE - COOH (carboxyl), N-component 6. ~290.6-291.0 8E - n* «— = shake-up,

13



carbonate[13,64—66]. The less intense Ols peald oot be analysed to obtain reproducible
information about the chemical state of the oxygethe carbon surface.

The Cls and O1s peaks were integrated in ordestimate the ratio of the carbon and
oxygen atoms at the surface using the equatigiNN:lo- &/1c- S, where |k and b are the
intensities of the peaks, and 81d % — the relative sensitivity factors for surfacebzar (0.25)
and oxygen (0.66) respectively[67]. The FEs of thaterials as a function of their surface
oxygen contenti,e., the ratio of oxygen to carbon atoms as determireed the XPS spectra are
shown in Figure 5.

From Figure 5 we can conclude that surface oxygerient does not show clear correlation
with the selectivity for the pD, generation. We note here that the results of sartaxygen
fraction as determined by XPS for Vulcan carbonsam@lar to the results reported in literature,
ca0.03[13].

In order to investigate further the dependenceheffaradaic efficiency on the,M. ratio,
we attempted to alter the amount of oxygen on thitase of the carbon materials. It has been
shown that oxidizing and reducing agents can ogigjups at the surface of carbon black and
with a larger the surface area, the ability forcelen exchange increases[68]. BP2000 was
subjected to treatment at elevated temperature® (@0and 1000° C for 2 h) in an Ar-stream,
oxidation in 15% HO, for 10 h, and ENSACO was treated at 500° C in astkeam. Liquid
phase oxidation with ¥, and HNQ both resulted in the decrease of selectivity oL@
carbon. Gas phase oxidation of C-Nergy, improvedfaradaic efficiency from 18 to 32 %,
however it also lead to an increase in specifitaser area (from 63 to 146°m™) and porosity
(from~0 to 0.024 crhg™). The same treatment of BP2000 did not resulniimgrovement in the
selectivity, but it had little effect on the BET rpmeters as well (BP was oxidized at 400° C

14



because it burned off at higher temperatures)héncase of BP2000 both increasing the amount
of surface oxygen by gas- or liquid-phase oxidatod decreasing it by heating (although some
re-adsorption can be expected[69]) leads to a deerm selectivity.

The content of other non-metals in the carbon riasewas also analysed using PGAA/NAA
(see SI8). The amount of hydrogen was found tonbthé range ota 0.1-1 mass%, which
corresponds to approximately 1.25-11.2 atomic%. fEnadaic efficiencies and partial current
density at constant surface areas correlate wehathounts of detected hydrogen surprisingly
well, Figures 6 A and B. The partial current denséitr the 4-electron process remains similar,
being somewhat higher for the low-surface area arep Figure 6C. This unexpected
dependence could be explained if the hydrogen ateens mostly located on the surface of the
carbon patrticles.

Further analysis of the XPS peaks, namely the dedotion of the Cls peak (see SI9)
shows that the peak at ~284.3 eV BE associated amtimatic and graphitic structures, and the
one at ~285.6 eV BE assigned to localized altermaurocarbons reveal certain interesting
trends. The peak at 284.3 eV becomes less intensmaifbons with higher faradaic efficiencies,
Figures 6D and E, while the peak at 285.6 eV gdiyarereases in intensity.

This observation is indeed consistent with morerbgedn present at the surface of carbon
materials as the increase of the 285.6 eV peakcateB an increase in the aliphatic

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

4. Discussion
The lowest surface area carbons (C-Nergy, LITX Z¥®m to have a rather poor catalytic

performance for the reaction. The role of the npores could particularly be of great

15



significance for the catalysis of the reaction. Thass transport within the micropores could be
inhibited. Additionally, when the carbon powderaigplied with the Nafion® polymer, Figure
1H, many of the micropores might be inaccessible tfe electrolyte. If KO, could not
efficiently diffuse away from the catalyst surface, the HO, concentration in the micropores
could be higher; the likelihood of it being furthexduced to KD would, therefore, be greater,
thus reducing the FE. Analysing the BET data inl@&) it is particularly interesting to note two
groups of materials with similar external surfaceas. The first one being BP 2000, PBX51 and
ENSACO, which of which ENSACO has a significantlnadler ca 3.5 times) micropore
volume. The faradaic efficiencies of these carbans approximately 75, 66 and 62 %,
respectively. Similarly, Vulcan and LITX 200 havengar external surface areas, but the
micropore volume of Vulcan isa 5 times larger. However, this does not seem te zanotable
detrimental effect on the FE, which is actuallyhegfor Vulcan carbon (68 %, while it is 62 %
for LITX 200). In fact, surprisingly, carbons witiigh micropore volumes seem to be efficient
for H,O, generation.

In Figures 7 A and B the faradaic efficiency andtiphcurrent density for the reduction of
O, to HO; are plotted as a function of the micropore volu@atbons with higher (ENSACO,
PBX51, BP 2000 and YP-80F) microporosity, > 0.13@m, apparently display higher partial
current density for ED, generation. At the same time, the presence ofapares does not seem
to affect the activity for the 4-electron proce$he higher amount of micropores observed for
more efficient catalysts is in line with the obssren that catalysts with a higher amount of
defects on the surface display higher efficiency tfte reaction. The number of micropores

correlates with the amount of hydrogen detecteBGRA/NAA (SI9).
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The metal content of the catalyst is not the degdactor regarding the selectivity of these
catalysts towards the reaction. A number of metakaining carbon catalysts have been
developed for the ORR,e. for the 4-electron pathway[70,71], but also fbe t2-electron
one[72,73] Therefore, the chemical state of theamatoms is likely an important factor to

consider.

The high selectivity of some of the S- and N-camtag catalysts towards the 2-electron
pathway is surprising considering previous findimgshe literature that carbons materials with
significant amounts of these elements favour tmené&dion of water[35,74,75], particularly if we
take into consideration that synergetic effectgNoand S[76] have also been observed. From
Figure 4A we can see that carbons containing sinaifaounts of N can have very different
selectivities for the ORR. This could be due to fhet that different nitrogen containing
functionalities can have different influences oa #electivity for the ORR, as the nature of the
active sites for ORR in CN-type catalysts is stilhtroversial (compare for instance refs [75,77—
79]). This is in line with these findings of Biddjer and Ozkan[80] and Zhaat al. [75], that
indicate that the overall nitrogen content is arpodicator of ORR activity, and only certain
types of nitrogene.g, on the edges of graphitic sheets promotes tHectren process [81,82].
There are only three carbons with significant sufptontent: BP2000, Vulcan and PBX51, and
they showed high faradaic efficiencies. Howeveg, difference in the FE between the best low-
sulphur catalyst (YP-80F) and best sulphur contairgrelatively high 20300 ppm in BP2000) is
only about 9%. Thus, the possible role of sulphuthe catalysis of this reaction requires further

clarification.
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Carbons with a slightly higher oxygen content gafterdisplay higher faradaic efficiencies
for H,O, generation at constants surface area, while YRB@®s comparatively high oxygen
content, Figure 5. However, carbons with similaroants of oxygen at the surface can display
significantly different faradaic efficiencies,g, LITX 200 and ENSACO. This could be due to
the different activity, or lack thereof, and seleity of various oxygen functionalities in the
catalysis of the ORR. Another possible issue i$ XS measurements were conducted on as-
received or modified carbon materials that havebea&n subjected to the ORR. The state of the
surface oxygen might be quite different under ORIRditions (-0.2 V, pH=1) and the oxygen
content of as-received carbons can differ from thaing the catalysis of the reaction. Stre#to
al.[50] predicted that the electron-donor ability betcarbon will have a maximum, and they
place it at value 4-6 % oxygen of furanic and casgtgroups, while C=0 reduces that capability
as the authors have found lower overall currertte. fact that lower temperature treatment of the
carbon materials in Ref [27] leads to selectivibyvards the two electron pathway, while
treatment at 800° C leads to selectivity towar@s4telectron one since higher temperatures will
result in the removal of more surface oxygen. Tiwdased oxygen content was also found to
have an influence on the hydrophilic characterhef ¢arbon materials[13,54]; it is possible that
increasing the hydrophilic character of the surfaoeild contribute to improved activity,
however, after a certain hydrophilicity has beemawted, further introduction of oxygenated

groups would not lead to further improvement in\agt

H.O, treatment leads to an increase in acidic groupsfa@nget al[56] found that gaseous
oxidation leads to a predominant population of gidnwhile liquid phase oxidation is leading
to large amounts of surface carboxylic groups. €iigadoet al[83] similarly note that gas phase

oxidation of the carbon increases mainly the cotmaéion of hydroxyl and carbonyl, while
18



liquid phase oxidation increases the concentradfocarboxylic groups. Thus, there seem to be
significant differences in the changes induced anbons undergoing liquid- and gas-phase
oxidation. Both liquid- and gas-phase oxidation BR2000, as well as heating in an inert
atmosphere resulted a decreased selectivity fo2-#lectron process (while the surface area and
porosity did not change significantly). Surprispglhe gas phase oxidation treatment increased
the surface oxygen content of C-Nergy (O/C rati® ®47), which lead to improved selectivity
for the reaction. This gas-phase oxidation procediso induced significant changes in the
surface area and porosity, which increased frorto6B316 nf g and fromca 0 to 0.024 crig™,
respectively. The gas phase oxidation introducecttral changes to the material, changing its
porosity and introducing “defects” to the surface.

It is interesting to note that carbons that disgiagh faradaic efficiencies at constant surface
area show high hydrogen content, Figure 6 A. Thplaation could be that most of the
hydrogen detected using PGAA/NAA is located atdtdace of carbon materials. Similarly, the
partial current density for #, generation also indicates that carbons with adrigtydrogen
content are generally more active, Figure 6B. XB8ults also indicate that carbons with high
selectivity for the 2-electron process contain nfolefect sites”, in contrast to ones with lower
selectivities that show a more graphitic charaddesimilar effect has been observed previously
in alkaline media[13]. It has been shown that daesirey the graphitic nature of the carbon leads
to improved redox capacity[68], in agreement witin observations.

There is likely a link between the amount of defeoh the surface and microporosity.
Carbons with high amounts of micropores consegaknthave a larger amount of surface

defectsj.e., less graphitic structures and more aliphatic-kes. Indeed, the defects have been
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shown to have an influence even greater than thgepce of foreign atoms in some cases[36]. It
has also been shown that the electron transfeositgaphene sheets are the edges[84].

The results obtained in this work have significamplications for the synthesis of carbon-
based catalysts for the 4-electron process. Inracdenprove the performance of these catalysts
for ORR to water, it seems carbon materials witiv lmicroporosity are to be chosen. The
introduction of heteroatoms (metals, nitrogen, erygetc.) should be done with great care
taking into account their chemical state when ipooated into the carbon material. The complex
interactions between carbon, heteroatoms (nitrageyarticular), and possibly the adventitious
metals present, along with various synergetic dppaifects €.g, N and S) make the

interpretation of their influence of particular cpaments challenging.

5. Conclusions

The electrocatalytic performance of carbon materialvards the @reduction to HO; in
acidic media depends on several factors, such assition metal content, doping with
heteroatoms and surface defects.

The determination of surface area and porosity sloa dependence of the activity for
hydrogen peroxide generation on the porosity ob@armaterials. The metal content is likely
significant, however at levels found in these gattsl (in the order of tens of ppm) does not seem
to be the determining factor. The dependence oktlbetrocatalytic performance on the surface
oxygen content as determined by XPS shows no ctaaelation. The elucidation of the role of
different oxygen functionalities is necessary foe issessment the influence of surface oxygen
on the electrocatalytic properties. Similarly, gteemical state of N and &e., the presence of

different functionalities and their influence on RRelectivity requires further elucidation.
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However, we found a surprising correlation betwéle@ hydrogen content and faradaic
efficiency. This result from NAA/PGAA was supportbyg XPS data as well, which showed that
carbon materials with high faradaic efficienciexédigher contribution from the Cls peak
component correlated with aliphatic-type carbonretoas opposed to graphitic, and an increased
amount of aliphatic-like carbon sites indeed esthigher H-content on the surface of the carbon
particles, as seen in PGAA/NAA measurements. Tacs indicates the role of defects in the
electrocatalysis of this reaction, in line with thieservations from BET as microporous materials
likely have more defect sites.

The assessment of the nature of the active site thadfactors significant for the
electrochemical oxygen reduction te®4 activity and selectivity requires further insighto the

structure of the carbon materials and the chemsiedd of the surface.
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Figure captions:

Figure1l: TEM images of (A) YP-80F (B) BP2000 (C) PBX51 (OY X 200 (E) Vulcan (F)
ENSACO (G) C-Nergy (H) BP2000 in Nafion® polymeralghification: A-G: x145000, H:
x15000.

Figure2: The faradaic efficiencies of different carbon miais for oxygen reduction to4@,in
Oy-sat 0.1M HCIQ at -0.2 V measured in the three-electrode setypnih a constant surface
area of the sprayed carbon materiataD.2 nf (B) constant mass of deposited carbon of 150
ng cmiZ Black triangles show the total current densithjlevred triangles represent the partial
current density for BD, generation. The currents have been normalizedygametric electrode

surface area.

Figure 3: The faradaic efficiency (at the same mass of cadeposited) for kD, production by
oxygen reduction in @sat. 0.1M HCIQ at -0.2V plotted versus th{#@) total metal (excluding
alkali and alkaline earth metals) content (B) Fe, &d Ni content, determined by PGAA/NAA.
Figure 4: The faradaic efficiencies (at constant mass) fgpHyeneration by ORR as functions
of the (A) nitrogen and (B) sulphur content deteradi by PGAA/NAA.

Figure5: The dependence of the faradaic efficiency (at teonisurface area) for oxygen

reduction to HO, in O,-sat. 0.1M HCIQ at -0.2 V vs. RHE on the O/C atomic ratio on the
33



surface of the carbon materials as determined ¥X&® data by the integration of the O1s and
Cls peaks.

Figure 6: (A) The faradaic efficiencies at constant surfacea of the carbon, (B) partial current
density normalized per geometric surface area fgD,Hyeneration, and (C) partial current
density normalized per geometric surface area lier 4-electron process plotted versus the
hydrogen content of carbon materials as determayddGAA/NAA. (D) The faradaic efficiency
at constant surface area plotted versus the pagerdf the Cls counts associated with the
particular XPS peak (% of counts), 284.6 eV (redp&ls) — assigned to graphitic or aromatic
carbon and 285.7 eV (blue shapes) assigned toadilipbr edge C-C and (E) the ratio of the

graphitic (284.6 eV) and aliphatic “defect” cou(@85.7 eV).

Figure7: The (A) faradaic efficiency (at constant mass) PRrtial current density for O
reduction to HO, (C) 4-electron ORR as a function of the micropaskime determined by the

N, adsorption t-plot method.
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Table 1: Statistics of the identified nanoparticles in @iffint carbon samples. The numbg

of individual identified particles was 100.

Standard

Carb(_)n Averagesize deviation Sizerange Median
material / nm /nm / nm /nm
Y P-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 1255 29.8
C-Nergy 42.2 +15.5 1796 41.8




Table 2: Reaults of the BET measurements on the carbon materias

BET Surface area

t-plot external

t-plot micropore

Carbon material Im? gt sur/fa%e ﬁrea vol u3mg
m°g /cm’g
Y P-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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