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The extent of carbon surface oxygen affinity and
its effects on the activity of metal-free carbon
catalysts in the oxygen reduction reaction: the
interplay of porosity and N-, O- and S-enriched
surface chemistryf
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Highly porous carbon black, Black Pearl 2000, was modified with urea and thiourea to introduce only
N- or N- and S-containing functional groups, affecting its activity in the oxygen reduction reaction. The
samples were exposed to heating at 450 and 850 °C to vary surface features. Their chemistry and
porosity were evaluated using various physical and chemical methods. An almost identical porosity of
the urea-modified samples allowed for the evaluation of the effects of their surface chemistry on the
ORR, assuming similar contributions of their micropores activity to an adsorption-induced oxygen
reduction process. Even though the results suggested that pyridones were involved in the oxygen
reduction activity, the number of electron transferred (~4) and the onset potential were found to be
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directly dependent on the affinity of the surface to transport and adsorb dissolved oxygen, either into
ultramicropores and onto N- and/or S- and N-based catalytic centers. The introduction of N and S led
DOI: 10.1039/d2ma00762b to a high catalytic activity. Sulfur, mainly in hydrophobic thiophenic species, compensated for the

smaller absolute amounts of nitrogen. For the thiourea-modified series, the effect of ultramicropores in
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1. Introduction

The oxygen reduction reaction, ORR, is one of the processes
that determine the efficiency of a fuel cell. A device is effective
when 4 electrons are transferred and either H,O or OH™ are
formed in an acidic or basic electrolyte, respectively. Moreover,
a high current density is desired and the onset potential should
be as positive as possible. Even though these conditions are
met with noble metal electrocatalysts, and especially on Pt
their high costs and scarcity may prove problematic to meeting
the demand of the intended wide spread application of fuel cell
technology and as such has prompted research into ORR
electrocatalysts with transition metals,>” as a platinum replace-
ment, with emphasis on their dispersion on a porous carbon
phase rich in nitrogen heteroatoms.* In particular, metals can
coordinate with nitrogen,”> allowing the formation of highly
efficient single atom electrocatalysts.®
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advancing the ORR was clearly indicated by the higher activity with fewer catalytic sites on the surface.

Another intensively explored line of research focuses on
non-metal catalysts and here the interest of researchers is
concentrated on carbon-based catalysts,” '® graphitic carbon
nitride'”"'® or boron nitride.19 In this group, carbon materials
are considered as attractive candidates to replace Pt/C owing
to their conductivity and the possibility of modifying their
electronic structure by the introduction of heteroatoms into a
carbon matrix.>*° The modifications, with a special emphasis
on nitrogen**?*?*! provide basic sites to a carbon surface,
which attract oxygen and then contribute to its reduction either
to OH ™ or H,O0, depending on the conditions. In a recent review
by Cazorla-Amoros and co-workers, not only has the role of
nitrogen species (such as pyridines and quaternary nitrogen)
introduced to the carbon matrix been emphasized but also that
of nitrogen-oxygen configurations such as pyridones.*> The
stress was on the catalytic effects of the specific geometry of
oxygen-active center interactions. Recently the role of sulfur in
the carbon matrix on the ORR has been recognized**** and the
results showed that it is especially beneficial for the ORR when
located in the proximity of nitrogen-containing centers.*?

For an efficient carbon-based electrocatalyst the number
and distribution of active centers as well as their availability/
accessibility are important, and the extent of porosity has also
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834739 Besides carbons of

been targeted as a research topic.
naturally hierarchical porosity,®*° 3-D structures in the family
of new nanocarbons have been built and explored.® Not without
importance is that recent studies have demonstrated that pores
in highly porous carbons are built of distorted graphene layers®
and this finding could be regard as important when the
applications of these materials in electrocatalysis and other
“beyond adsorption” applications are considered.***" Here it is
also worth mentioning that these distorted ‘‘graphene-like”
pore walls have been presented as having many defects and
defects have been also recently identified as active sites for the
ORR‘16,22,42

In our scientific explorations, and based on the literature
data demonstrating the excellent oxygen reduction performance
of nanoporous carbons either heteroatom-rich®® or heteroatom-
free,"*™” we have proposed small micropores/ultramicropores as
pseudocatalytic centers advancing the overall reduction process.
This is due to the strong adsorption of dioxygen on their hydro-
phobic surfaces, followed by oxygen-oxygen bond breaking and
the transfer of four electrons.***” This hypothesis has been
independently supported by the results indicating the depen-
dence of the catalytic efficiency descriptors, such as the kinetic
current density or number of electron transfers, or even the onset
potential, on a surface area or porosity.***> Moreover, theoretical
modeling has shown an effect of carbon pore sizes on the oxygen
reduction mechanism and on the number of electron transfers.*®

Carbon blacks, owing to their conductivity, are commonly
used as supports for the high dispersion of platinum, catalyti-
cally active in the ORR. Their application in the ORR was
investigated from the viewpoints of corrosion*® or desired
support features.**>! Nevertheless, until now their direct usage
as ORR catalysts has been reported rarely.> Appleby and
Marie®® evaluated the kinetics of the ORR on 19 carbon blacks,
among 37 carbon-based materials, and they found a linear
dependence of the measured current on the surface area, Sggr-
Recently, we tested the efficiency of oxygen reduction on a
series of carbon blacks with the increasing surface area (from
110 m> g~ ' to 1600 m* g~ ') of a Black Pearl family.>> On highly
porous carbon black, Black Pearl 2000, the number electron
transferred reached 4 and a high kinetic current density was
measured. Moreover, some dependence of the number of
electron transferred and the onset potential on the volume of
micropores or the surface area has been established. Regarding
surface chemistry, its effect has been found to be similar to that
found on carbon molecular sieves.*” Even though some oxygen
was present, the electron-rich surface and a high volume of
micropores provided sites attracting oxygen. Upon its strong
adsorption, a bond splitting, electron transfer and hydrogena-
tion took place. Moreover, the important role of the porosity of
this series of carbon blacks for oxygen adsorption was demon-
strated by the direct dependence of the extent of oxygen
adsorption from O, saturated water on the CB surface areas
and micropore volumes.>

In recent reports, N-doped carbon blacks were used as
catalysts themselves® or as supports for other active phases.>>’
In the latter category, the performance of these supports is
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rarely reported in detail and specific information on the carbon
black type is not always provided. Dong and Li’° introduced
nitrogen under ammonia annealing to carbon black of a surface
area of 250 m” g~ *. On the doped sample the number of electron
transferred was 3.16 and the kinetic current density reached
2.2 mA cm > with an onset potential 0.79 V vs. RHE in an
alkaline electrolyte. This relatively good performance was
linked to nitrogen in pyrroles and graphitic configurations.
Detailed results on N-doped Ketjen Black as an ORR catalyst
were reported by Oh and co-workers.>® Their samples were
treated with melamine and heated in two steps. The best sample
was obtained with extensive energy consumption (preheated at
750 °C followed by treatment at 1000 °C). The resulting catalysts
had 0.7 at% of N and 2.4 at% of O, and a surface area of
838 m” g '. The onset potential was 0.97 V (on Pt/C 0.95 was
reported), the number of electron transferred was 3.9 and the
kinetic current density was 6.1 mA cm™>. The similarity to Pt/C
in the performance was linked to N-doping and to the positive
effect of the pretreatment at 750 °C on decreasing an electrical
resistance at the interfaces.

Following the previously published encouraging results
obtained on the series Black Pearl carbon blacks,>* our previous
findings,?>***” and the well-established role of nitrogen and
sulfur chemistry when incorporated into the carbon matrix,*?
we have expanded our investigations of the suitability of
the application of metal-free ORR porous carbon catalysts to
carbon blacks whose surface was modified with nitrogen and
with nitrogen and sulfur.”® For this purpose, we have chosen
the best catalyst from the series investigated previously,”
highly porous Black Pearl 2000. Even though N-doped carbons
blacks of different features have been studied as ORR
catalysts™ or catalyst supports,”>™’ the novelty of our approach
lies in analyzing the effects of surface chemistry and porosity,
either separately or combined, on oxygen adsorption in order to
further advance understanding of the ORR on porous carbon
catalysts. When evaluating of the performance, we counted on
the effects of nitrogen and sulfur incorporation into carbon
black and changes caused by them in the overall chemical
and structural environment affecting the ORR performance.
Contrary to other reports,>*>” our CB samples are rather rich
in nitrogen, oxygen and sulfur, which, when combined with
specific porosity, play an important role in catalyzing the
oxygen reduction process. In the analysis, we focused on the
affinity of surfaces, including textural and chemical features, to
interact with O, dissolved in an aqueous electrolyte.

2. Experimental

2.1. Materials

Commercial carbon black from Cabot Corporation, Black
Pearls 2000 (named hereafter BP), was modified with urea
(Amresco) or thiourea (99%, Alfa Aesar), in an as-received form
or oxidized. Oxidation of BP was carried out by heating it in
concentrated nitric acid (68-70%, BDH) at 80 °C for 30 minutes.
The carbon was then filtered and rinsed with water before

© 2022 The Author(s). Published by the Royal Society of Chemistry
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washing it in a Soxhlet apparatus until reaching a constant pH.
After this, the sample was dried at 120 °C.

Urea or thiourea were used as modifiers to introduce nitro-
gen and nitrogen and sulfur heteroatoms into the carbon
matrix, respectively. First, initial or oxidized BP was impreg-
nated with a solution of urea or thiourea (the mass ratio of
carbon to an impregnant was 1:1). After drying, the mixtures
were heated under nitrogen (100 mL min~ ") at 450 °C or 850 °C
for 30 minutes with a heating rate of 10 °C min~?, and, after
this step, washed in Soxhlet apparatus until reaching a constant
pH. The materials were then dry at 120 °C. The oxidized,
modified with urea or thiourea samples are designated with,
-0, -U or -TU, respectively, added to their names. The last
three digits represent the heat treatment temperatures. For
instance, BP-U-450 represents BP used as-received and impreg-
nated with urea and pyrolyzed at 450 °C, and BP-O-TU-850
represents BP first oxidized and then modified with thiourea
and heat treated at 850 °C.

2.2. Methods

2.2.1. Characterization. The porosity of the materials was
obtained by measuring the nitrogen isotherms on an ASAP 2020
(Micromeritics) at —196 °C, after degassing the samples at
120 °C overnight. The surface area Sgrr was calculated based
on the Brunauer, Emmer and Teller theory; the total pore
volume V., was calculated based on the total amount of
nitrogen adsorbed at a relative pressure of 0.98; the mesopore
volume V¢, Was taken as the difference between Vi and the
micropore, volume Vy,;., was calculated using 2-NLDFT taking
into account the surface heterogeneity.>® The pore size distri-
bution was also obtained based on 2D-NLDFT.

Thermogravimetric (TG) and differential TG (DTG) analyses
were completed using an SDT Q600 (TA Instruments) by
heating the samples up to 1000 °C at a rate of 10 °C min~ " in
a 100 mL min~' argon or air flow.

The surface group chemical character in a moist environ-
ment was evaluated via potentiometric titration, using an 888
Titrando (Methrom). 0.1 g of CBs were dispersed in 50 ml of a
0.01 M NaNO; solution under a nitrogen flow. After acidifica-
tion to pH ~ 3.2 with 0.100 M HCI, the dispersion was titrated
with 0.100 M NaOH. Proton binding curves were calculated
from the titration curves, and from them the pK, distributions
of surface groups®® were obtained using a SAIEUS approach.®®

XPS spectra were recorded on a Physical Electronics PHI
5000 VersaProbe II spectrometer, using an Al Ko X-ray source
(50 W, 15 kv, 1486.6 eV) at a take-off angle of 45° by using a
concentric hemispherical analyzer operating in a constant-
pass-energy mode, at 29.35 eV, with a 200 pm diameter analysis
area. Multipack software was used to deconvolute the spectra.

Raman spectra were recorded on a WITec alpha300R
confocal Raman microscope at 100x magnification and with
a 5 mW laser at 532 nm.

Resistivity of the materials was measured using a Keithley
2400 Multimeter on a 0.5 x 0.45 cm gold interdigitated
electrode covered with a thin film of carbon.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Water adsorption was estimated by measuring the weight
gain of the dry samples left for four hours in a closed chamber
saturated in water vapor.

Oxygen adsorption in solution was measured by recording
the concentration of dissolved oxygen in 50 ml water using a
Hach IntelliCAL LDO probe upon the addition 250 mg of the
carbon sample.

2.2.2. Electrochemical measurements. Electrochemical
measurements were carried out in a three-electrode cell com-
prising a graphite rod as a counter-electrode, an Ag/AgCl
reference electrode and a rotating ring disk electrode (RRDE)
with a gold ring and a glassy carbon disk (0.1963 cm?) covered
with a catalyst, as a working electrode. The glassy carbon disk
was covered by dropcasting 10 pl of sample ink containing 50%
Nafion binder onto it and letting it dry overnight at room
temperature. The sample amount in a film on the carbon disk
was 33.3 pg. A 0.1 M KOH water solution was used as an
electrolyte and a WaveDriver 40 bipotentiostat (Pine Research
Instrumentation) was used to control and measure the potential
and current between the electrodes.

Cyclic voltammetry (CV) curves were measured in either a
nitrogen or oxygen-saturated electrolyte solution with a scan
rate of 5 mv s ..

An electrochemically active surface area (ECSA) was esti-
mated by deriving a double layer capacitance, Cpy, from CV
curves measured in a non-faradaic region by varying the scan
rate v from 5 to 150 mV s~ (Fig. S1 of the ESI{):*

I+ 1,
1

CpL =

with I. and I, representing the cathodic and anodic current,
respectively.

Assuming that all samples have a similar specific capaci-
tance Cg as carbon black, 27.5 uF cm™ >, ECSA is given by:®"

ECSA = —2& @)

Linear sweep voltammetry (LSV) curves were measured in
oxygen saturated electrolytes at various rotation speeds (w, between
400 and 2000 rpm) while keeping the ring at a constant
potential of 1.07 V vs. RHE.

The LSV curves were used to calculate the kinetic current
using the Koutecky-Levich eqn (3):%

1 1 1 1 1

5k B ©)
where Iy, I and I are the disk, diffusion limited and kinetic
currents, respectively. The corresponding current densities
Jo, Ji and J, were calculated based on the carbon disk area,
0.1963 cm>.

LSV curves measured at 2000 rpm were used to obtain the
onset potential using the unbiased second derivative method,®*
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the electron transfer number n and the amount of H,O,
produced, using eqn (4) and (5) respectively:**

g N
LY
I
2002
%H,0, = 7]2{ (5)

where I, and Iy are the disk and ring currents, respectively, and
N is a collection efficiency obtained experimentally for each
sample using a ferricyanide/ferrocyanide redox couple.

Tafel slopes were obtained by linear fit of the potential as a
function of log(|/«|) in a region close to the onset potential.

The stability of the samples was evaluated by measuring the
current for 24 hours at the potential giving the maximum
oxygen reduction current, with a constant O, flow through
the electrolyte.

Methanol resistance was tested by measuring a current at
the potential giving the maximum oxygen reduction current by
adding 2.5 ml of methanol into 60 ml of the electrolyte solution.

3. Results and discussion

All CV curves measured in a nitrogen saturated electrolyte
(Fig. S2, ESIT) have similar quasi-rectangular shapes indicating
some capacitance, which we link to the developed pore struc-
ture of the BP series.’ In the presence of dissolved O,, all
samples show very clear humps on a cathodic current indicat-
ing their activity in oxygen reduction.

The LSV curves (Fig. S3, ESIt) show that the measured
current depends on the rotation rate, indicating a mixed kinetic-
diffusion control process. Current densities at 2000 rpm for
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the urea and thiourea modified samples are compared in
Fig. 1(A) and (B), respectively. Even though not all modifica-
tions led to an increase in the current compared to that for the
initial BP, the shapes of the curves, reflecting the mechanism of
the process, were markedly changed. While for BP two waves
are clearly visible and linked to the two step oxygen reduction
in pores of various sizes,>® the curves for the modified samples,
with an increase in the treatment temperature, gradually
resemble a typical shape of the LS curve of Pt/C carbon
(included for comparison in Fig. 1(A) and (B)). This is especially
pronounced for the samples modified with urea, and might
suggest a predominance of one type of highly kinetically active
catalytic centers. This trend after chemical/thermal modifica-
tions of Katjen Black was also reported by Oh and coworkers.>*
Generally, for both series of modified carbons, preoxidation of
the carbon surface increased the current density. BP-O-U-450
and BP-O-U-850 exhibit the highest current density (~6.1-
6.2 mA cm ?), and perform better than Pt/C (5.5 mA cm 2).
The unoxidized samples and those heated at a low temperature
appear to be inferior to BP and this is true for both series of the
catalysts. The samples heated at 850 °C exhibited the higher
current densities, regardless of the chemistry of the modifier.
Onset potentials calculated from the LSV curves using the
unbiased second derivative method®® are shown in Fig. 1(C)
and (D). While the modification with urea at 850 °C increased
the onset potential by 40 mV compared to that of the initial BP,
preoxidation had an even more positive effect with an 80 mV
increase. By contrast, the modification at 450 °C led to a small
decrease in the onset potential. However, here too, oxidation of
BP before the modification resulted in the more positive onset
potential, though not as high as that after the 850 °C treatment.
The modification with thiourea had rather a small effect on the
onset potential. It was not affected by the treatment at 850 °C
and heating at 450 °C resulted in the lowest onset potential
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Fig. 1 Current density for the urea modified samples (A) and thiourea modified ones (B); onset potentials for the urea modified samples (C) and thiourea
modified ones (D). The kinetic current densities calculated using the Koutecky—Levich equation for the urea modified samples (E) and thiourea modified

ones (F).
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among all samples tested (25 mV decrease compared to that
of BP).

The kinetic current densities calculated using the Koutecky-
Levich equation are shown in Fig. 1(E) and (F). The samples
modified with thiourea at 450 °C (Fig. 1(F)), regardless of
the pretreatment, and BP-U-450, revealed the lowest kinetic
currents, similar to that of pristine BP (~20 mA cm ?).
However, the samples modified at 850 °C with thiourea, and
BP-U-850 show higher kinetic currents of ~45-55 mA cm 2.
And again, while carbon oxidation does not visibly affect
the behavior of the samples modified with thiourea, for the
samples modified with urea, prior oxidation of BP resulted
in the highest kinetic current. For BP-O-U-450 it reached
~70 mA cm 2 and for BP-O-U-850 a remarkable 110 mA cm >
was measured. Thus, urea brought a more positive effect to the
performance of the catalysts compared with that of thiourea.

Another important descriptor of the ORR efficiency is the
number of electron transferred, n, as it indicates how complete
the oxygen reduction is. The numbers of electron transferred
for our samples are shown in Fig. 2(A) and (B). All samples
show high n, above 3.8, and, at most, 12% of O, is converted
into H,0, on the least effective sample, BP-TU-850 (Fig. 2(D)).
On the best performing sample, BP-O-U-850 3.98 electrons were
transferred and the trend in n with the potential is almost the
same as that on Pt/C. On this sample only 2% of H,O,
(Fig. 2(C)) was formed, similarly to the amount detected on
Pt/C. Even though all samples pass through a minimum in the
n values, these minima are least pronounced for the oxidized
samples heated at 850 °C from both series, indicating the
steady mechanism of oxygen reduction. At 0.2 V, for all cata-
lysts, n is above 3.9 and three samples are worse than pristine
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BP: BP-TU-850, BP-TU-450 and BP-U-450. For BP-O-U-450,
n varies between 3.80 and 3.97. Four carbons exhibit higher n
than does BP: BP-O-TU-450, BP-U-850, BP-O-TU-850 and BP-O-
U-850. These trends suggest that modifying pristine BP with
thiourea, and/or heating at a low temperature deteriorate the
electrocatalysts in terms of the numbers of electrons trans-
ferred. However, using urea, and/or the high temperature and/
or preoxidation significantly improve n. Interestingly, for the
number of electron transferred, the positive effect of carbon
oxidation is clearly visible, even when modifying with thiourea.

Tafel plot slope values are linked to the kinetics of an
electron transfer.”” Fig. 2(E) and (F) show the Tafel plots with
their calculated slopes. For Pt/C the slope of 0.81 mV dec™ ' was
found.** The slopes for the urea modified series are almost the
same for all samples, similar to that for Pt/C, and only slightly
larger than that for BP, which indicate a fast electron transfer
and likely some similarities in the mechanisms of the ORR
process. For the thiourea modified samples, on the other hand,
the differences in the slopes are more pronounced upon
the specific modifications than those for the urea-modified
catalysts. The slopes are larger than those for BP and Pt/C and
the best performing sample- BP-O-TU-850, in terms of the onset
potential, number of electron transfer, and kinetic current, has
the largest slope, suggesting a complex mechanism of the ORR.
All thiourea-modified catalysts exhibit a similar stability to that
of Pt/C (Fig. S4, ESIf) but BP-O-TU-450 and BP-TU-850 are
slightly more stable. Interestingly, the urea-modified samples
show the same trend, with BP-O-U-450 and BP-U-850 being
more stable, and BP-O-U-850 and BP-U-450 being less stable
than Pt/C is. All samples show a much better tolerance to
methanol cross-over than that of Pt/C (Fig. S4, ESIt). Pt/C loses
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Fig. 2 The number of electron transferred, n, for the urea modified samples (A) and thiourea modified ones. (B) Percent of H,O, formed on the urea
modified samples (C) and thiourea modified ones. (D) Tafel plot for the urea modified samples (E) and thiourea modified ones (F).
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about 30% of its efficiency after an injection of methanol, while
the thiourea samples lose only 5-7.5% and the urea samples
less than 5%.

To identify factors governing the difference in the perfor-
mance of modified BP in the ORR, extensive surface charac-
terization was performed. To account for the effect of defects
the Raman spectra were obtained and deconvoluted using the
Sadezky approach.®* For all materials the spectra are very
similar - all have an Ip/I; ratio between 1.1 and 1.2- and so
are the contributions of specific defects in all samples (Fig. S5,
ESIY). Resistivity measurements revealed the conductive nature
of all catalysts with very small differences between samples
(8-39 ohms). The results of these measurements allowed us to
exclude the effects of defects and conductivity differences from
the interpretation of the trends in the performance of our
catalysts.

To expand our understanding of the differences caused by
the specific modification method, a thermal analysis in argon
was carried out (Fig. 3(A) and (B)). It revealed differences in the
bulk chemistry of the samples, through differences in thermal
decomposition patterns. The results for the urea-modified
samples showed that the catalysts heated at 850 °C are thermally
more stable than BP 2000 is (Fig. 3(A)), indicating changes in
chemistry upon the applied treatment. BP-U-450 showed some
weight loss starting at about 300 °C, and BP-O-U-450 - at about
500 °C, due to the decomposition of the thermally unstable
surface groups.”® This indicates the marked differences in
chemistry of these two samples caused by different modes of
urea interactions with the as-received and oxidized surfaces, and
thus differences in its thermal decomposition products (NHj,
HNCO).*® Even though the oxidized sample is more stable at
low temperatures, its weight loss over 600 °C exceeds that of
the corresponding as-received sample. Generally, when oxygen
groups on the carbon surface are considered, carboxylic acids

View Article Online
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decompose between 200 and 400 °C and then carbonyl does
(~600 °C) and phenols appear as the most stable one.®® The
picture is much more complex when nitrogen and/or sulfur
groups are also present, and it is an expectation in the case of
our catalysts. In the former category, amines are considered as
the least stable, followed by pyridinic and graphitic nitrogen.®”
In the case of sulfur functional groups of a carbon surface,
sulfonic acids decompose at about 200 °C, sulfones and sulf-
oxides are slightly more stable®®®® and sulfur in thiophenic
configurations is considered as the most resistant to the thermal
decomposition.®® Nevertheless, we do not attempt to make any
precise assignment owing to the expected complex bonds with
an involvement of oxygen. The thermally stable surface of the
samples obtained at 850 °C suggests that they either have small
amounts of groups on the surface, a significant number of
heteroatoms are introduced to carbon rings and/or the bonds
are thermally stable.

The samples exposed to thiourea and heated at 850 °C show
exactly the same stability as BP2000, regardless of the pretreat-
ment. On the other hand, treatment at 450 °C, apparently left
a significant amount of a thermally unstable residue, about
25 wt% of both samples, which decomposed between 500 and
600 °C. Apparently, and also noticed when the performance was
analyzed, thiourea interactions with the surface of our carbon
blacks are less sensitive to the surface chemistry modification
by oxidation than are those of urea. Moreover, the thermal
behavior of thiourea differs from that of urea.®® As a pure
compound, it is transformed into ammonium thiocyanite at
130 °C and at 200 °C decomposes into NH3, H,S and CS, with a
residual guanidinium thiocyanite. Its decomposition into NH;
and SC, is expected to result in the incorporation of S and N
heteroatoms to the carbon matrix. It is important to mention
that the oxidized BP sample loses 11% weight almost linearly
starting from 200 °C (Fig. S6, ESIt) and this pattern is not
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Fig. 3 TG curves in argon for the urea modified samples (A) and thiourea modified ones. (B) Pore size distributions for the urea modified samples (C) and
thiourea modified ones. (D) Proton binding curves for the urea modified samples (E) and thiourea modified ones (F).
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visible for the modified samples. This clearly indicates the
surface chemical heterogeneity of the formed oxygen functional
groups and these groups were apparently involved in inter-
actions with the modifiers during the thermal treatment.”
To further support this hypothesis, we run the TG analysis of
urea, thiourea and BP2000 impregnated with these two com-
pounds (Fig. S7, ESIt). For the urea-modified samples a distinct
decomposition of the modifier, only slightly influenced by the
presence of carbon, takes place at 300 °C, thus already affecting
the chemistry of the samples heated at 450 °C. On the other
hand, thiourea stability when mixed with carbon totally differs
from that of the pure compound. While the main decomposi-
tion of the latter takes place as a distinct event at about 200 °C,
and with an increase in the temperature the small intensity
events are visible at 250, 400 and about 600 °C, on carbon the
first step is gradual and takes place between 200 and 400 °C,
and the second one between 450 and 625 °C. The latter step is
seen in Fig. 3(B). These results clearly indicate a reaction
between thiourea and the carbon support.

Nitrogen adsorption isotherms were measured to obtain
information on the extent of porosity, which we consider as
important for the overall efficiency of the porous electro-
catalysts®*?%**~*7 (Fig. S8, ESIT). From them, pore size distribu-
tions (Fig. 3(C) and (D)) and pore structure parameters, includ-
ing surface areas and pore volumes (Table 1) were calculated.
The shapes of the isotherms are similar indicating a micro/
mesoporous nature. Generally, a decrease in the surface area is
observed upon the treatment, which we link to a pore blocking
effect and thus inaccessibility of the N, molecules to the pore
system in the case of urea and all high temperature-treated
samples and to the deposition of the significant amounts of
nonporous thiourea residue on the samples modified with this
compound and heated at 450 °C, as demonstrated from the TA
analysis and discussed above. All urea-modified samples but
BP-O-U-450 exhibit almost identical porosity with predominant
pore sizes between 0.4-0.5 nm (0.53 nm), 0.9-1.0 nm, and
1.8 nm. Large mesopores important for mass transfer are also
present. Thus, the contribution of the oxygen adsorption
strength in ultramicropores to the efficiency of the ORR is
expected to be similar and differences in the performance of
these electrocatalysts could be mostly linked to the differences
in surface chemistry and the volumes of ultramicropores, not

Table 1 The parameters of pore structure: Sger — surface area, S=onm —
surface area in mesopores, Vmic — volume of micropores, V_g7 — volume
of ultramicropores, Vi — total pore volume

SBET S >2nm Vmic V< 0.7nm Vtot
Sample (m*g) (m’g™") (m’g") (m’g") (m’g)
BP 1609 316 0.54 0.10 2.71
BP-U-450 1346 280 0.44 0.08 2.29
BP-O-U-450 1336 269 0.45 0.10 1.94
BP-U-850 1472 305 0.49 0.09 2.53
BP-O-U-850 1449 302 0.47 0.11 2.09
BP-TU-450 704 209 0.19 0.03 1.63
BP-O-TU-450 688 198 0.19 0.03 1.29
BP-TU-850 1396 279 0.47 0.10 2.33
BP-O-TU-850 1291 265 0.43 0.08 1.92

© 2022 The Author(s). Published by the Royal Society of Chemistry
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their sizes.”* On the other hand, slightly larger ultramicropores
in BP-U-450 (0.64 nm) than in the other samples of this series,
with a similar volume, likely result in a decrease in the strength
of oxygen adsorption, decreasing the efficiency of the contri-
bution of the adsorption-mediated part of the ORR process.
Indeed, the performance of this sample is worse among all urea
modified samples. This increase in the pore size is likely caused
by blocking of the smallest pores by the bulky functional
groups, likely amine-type, formed at a low temperature range
of the heat treatment. It is interesting that the ultramicropore
blocking did not take place for BP-O-U-450, suggesting that a
change in surface chemistry upon oxidation resulted in a
change in the mode of urea interactions with the surface and,
as a result, in its thermal decomposition pattern and in a final
effect on carbon surface chemistry. Indeed, in this case the
chemical interactions of the carboxylic and carbonyl surface
groups with urea and the products of its decomposition (NHj,
HNCO) were expected.”

In the case of the thiourea-modified samples, the samples
heated at 450 °C, BP-TU-450 and BP-O-TU-450, adsorbed small
amounts of nitrogen, likely due to pore clogging by the partially
decomposed thiourea residue, as seen in the TG curves
(Fig. 3(B)). For these two samples, the effect of oxidation is
only seen in the slightly smaller amount of nitrogen adsorbed
at high p/p,. The difference in the porosity between BP-O-U-450
and BP-O-TU-450 indicates the difference in the chemical
interface formed upon the treatment applied. The pore size
distributions show (Fig. 3(D)) that the smallest ultramicropores
in the thiourea-modified samples are in BP-O-TU-850, and
this factor might contribute to its good performance through
an increase in the strength of oxygen adsorption. The worse
performing samples in this series in terms of the current
density, BP-TU-450 and BP-O-TU-450, have the smallest volume
of ultramicropores and thus are expected to adsorb the least
oxygen among all samples through a physical adsorption
mechanism. It is interesting that BP-O-TU-450 shows a rela-
tively good performance in terms of the number of electron
transferred. This complex behavior of the thiourea modified
samples suggests the various extents of the contributions of
porosity and chemistry to the efficiency of the ORR process and
it is also reflected in the differences in the Tafel plot for the
samples in this series.

Potentiometric titration experiments were performed to
evaluate the acid-base character of the carbon surface. This
method was expected to bring a complementary view of surface
chemistry to that of the XPS analysis,"® discussed below.
The proton binding curves are presented in Fig. 3(E) and (F).
Calculated from them the pK, distributions of the surface
protonated/deprotonated groups and their amounts are shown
in Fig. S9 and Table S1 (ESIt). For the urea-modified series,
marked differences in an acid-base behavior are visible in the
extent of the proton uptake (basic character - positive values)
and proton release (acidic character - negative values).>® Based
on the proton binding curves, among the urea modified sam-
ples only BP-O-U-850 (Fig. 3(E)) exhibits a basic character and
the other three samples are amphiprotic, as is as-received BP.>?
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BP-U-450 has almost equal amounts of acidic and basic groups.
The pH values, representing the average number and strength
of the acidic groups for BP, BP-U-450, BP-O-U-450, BP-U-850,
and BP-O-U-850 are 8.0, 6.9, 7.5 7.6, and 7.9, respectively. The
samples also differ in the amounts of groups detected in our
experimental window between pH 3-11. On BP, BP-U-450,
BP-U-850, BP-O-U-450 and BP-O-U-850 0.41, 0.42, 0.85, 0.67,
and 0.65 mmol g~ ' were detected, respectively. Interestingly the
number of dissociating groups on BP-U-850 is highest among
all samples tested, and almost equal to that on BP-oxidized.
Nevertheless, the groups on the surface of these two samples
are of different strength/chemistry and those on the latter
sample are much more acidic since its pH is 4.7. On the other
hand, BP-U-850 and BP-O-U-450 have similar pH values but the
latter has less groups and the marked difference in the amount
of the groups with pK, 10-11 (0.67 mmol g~ * for BP-U-850 and
0.35 mmol g~ ' for BP-O-U-450) (Fig. S8 and Table S1, ESIY).
There is also a marked difference between the samples heated
at 850 °C. The oxidized sample is more basic on average and
has a smaller number of groups. This consistently shows the
differences in the interactions of urea and its decomposition
products with the as-received and oxidized samples. Differ-
ences in the quality and quantity of the protonated groups
might affect the wettability”®> and thus mass transfer to small
pores of the catalysts. An increase in pH upon the modifica-
tions applied was expected, following the incorporation of the
nitrogen groups to the carbon matrix.’® The trend in the acid-
base behavior of the thiourea-modified samples with the heat
treatment temperature is similar to that of their urea-treated
counterparts. The average surface pH for BP-TU-450, BP-TU-
850, BP-O-TU-450 and BP-O-TU-850 are 6.8, 7.5, 6.8 and 7.7,
respectively. Preoxidation of the carbon did not result in
significant differences in pH for the thiourea samples, contra-
rily to the temperature of the heat treatment. Even though the
numbers of dissociating groups are very similar, treatment at
850 °C made the surface more basic and the proton binding
curve of BP-O-TU-850 shows a predominant proton uptake
process (Fig. 3(F)).

The surface chemistry was also evaluated in detail using
XPS. The spectra of C 1s, O 1s, N 1s and S 2p with their
deconvolutions are shown in Fig. S10, S11 and Table S2 of
the ESI,{ and the results are summarized in Fig. 4. All samples,
even pristine BP, contain some nitrogen on their surface.
Interestingly, since oxidation of BP removed all nitrogen
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(Fig. S8, ESIt), the nitrogen functionalities in the oxidized
sample and urea- or thiourea-modified ones might be of differ-
ent chemistry than those of the as-received carbon sample. This
surface “cleaning” with nitric acid was not expected since, on
the contrary, in some cases this oxidation method introduces
nitrogen to a carbon surface.>® Thus, it is possible that nitrogen
on the as-received sample was incorporated to some secondary
carbon phase, which was oxidized upon the HNO; treatment and
removed as CO,/CO and NO,. The treatment with urea reintro-
duced nitrogen to the oxidized samples and slightly increased
nitrogen in the as-received samples. BP-U-450 and BP-U-850 have
very similar elemental contents, however the sample prepared
at 850 °C has more nitrogen in a pyridone form. These species
are important sites for oxygen reduction, as suggested by
Cazorla-Amoros and coworkers’* and their presence might con-
tribute to the much better performance of this catalyst. Thus, the
highest contribution of these species along with quaternary
nitrogen, only detected in BP-O-U-850, might explain its excellent
catalytic activity in the ORR. This sample also has the smallest
oxygen content and highest percentage of sp® carbon which
contributes to its hydrophobicity enhancing oxygen adsorption
in small pores. Moreover, BP-O-U-850 is the only one in the
urea-modified catalyst series that has the smallest ultramicro-
pores and its surface is the most basic. Since free electrons can
contribute to the basicity of the carbon matrix,” their presence
might also enhance the oxygen reduction process. BP-O-U-850 is
also the only sample with C—O bonds and quinones were
suggested as the catalytic centers for the ORR.”® Relatively high
and similar oxygen contents in all urea-modified samples, but in
BP-O-U-850, might be a consequence of the presence of oxygen
in the modifier. The surface oxygen of the modified samples
seems to differ from that on the BP sample and that in the
oxidized one. In the latter sample, oxygen is mainly in phenols
and carboxylic acids, as expected after HNO; oxidation®® and this
explains the acidic pH of this sample. On the other hand, the
combined analysis of the C 1s, O 1s and N 1s suggests that
oxygen in the urea-modified samples is in a close vicinity to
nitrogen, in pyridones.

The thiourea modified samples reveal a higher level of
chemical heterogeneity than do their urea-modified-counterparts
and, along with heterogeneity in the pore sizes, this factor is
reflected in the complexity of the ORR on this series of
catalysts. As in the case of urea, the high temperature of the
heat treatment resulted in a high content of sp> carbon, but in
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this case the oxygen content decreased dramatically for both
samples. This might be a consequence of a lack of oxygen in
thiourea and its different mode of interactions with the carbon
surface, resulting in specific thermal decomposition patterns
(Fig. S6B, ESIT). A reduction of the oxygen groups by the sulfur
species (CS,) during the heating phase probably occurred. The
lack of the significant effect on the surface pH, onset potential
and reduction current of the thiourea modified samples,
regardless of the pretreatment/oxidation might be caused by
this process. A decrease in the contribution at about 288 eV
(C=0, C-N=0) after heating at 850 °C can be only related to a
decrease in the number of carbonyl groups, since the deconvo-
lution of N 1s shows a dramatic increase in the contribution of
pyridones, especially, for BP-TU-850. A decrease in the content
of nitrogen from ~6% to about 1% is associated with the
decomposition of the partially pyrolyzed thiourea residue at
~600 °C, as seen from the TA analysis (Fig. 3(B)). Between the
two low-temperature-carbonized samples, BP-O-TU-450 has
more pyridones than its as-received counterpart (Table S2,
ESIt), which might be related to the difference in the oxygen
speciation between BP and BP-O. The absolute content of
nitrogen in BP-TU-450, BP-O-TU-450, BP-O-TU-800 and BP-O-
TU-850 is 1.63, 1.98, 0.76, and 0.48 at%, respectively. The high
number of pyridines acting as the ORR catalytic sites and their
high densities on the surfaces of low temperature oxidized
samples (owing to their low surface areas) might explain their
relatively good performance in the number of transferred
electrons, especially in the case of BP-O-TU-450. On the other
hand, the residue (~25%) of the not-fully-carbonized organic
matter likely negatively affects the electron transfer through the
carbon matrix resulting in the rather small current and kinetic
current densities. Not without importance, is the quaternary
nitrogen, which was detected only in BP-O-TU-850 and which
might contribute to the good performance of this sample.
Another marked difference between the urea- and thiourea-
modified samples is the presence of sulfur in the latter. Even in
a small amount (~0.2%), that sulfur, when in the vicinity of
nitrogen containing centers might be engaged in the oxygen
reduction process.** Based on the ratio of nitrogen to sulfur in
the sample obtained at 450 °C (~12), the residue existing in
these samples is nitrogen-rich, implying the thermal instability
of thiourea C=S bonds. That ratio changes to 4 and 7 for
BP-TU-850 and BP-O-TU-850, respectively, and the majority of
sulfur in both samples is in thiophenic compounds, which
might also contribute to the hydrophobicity and thus increase
oxygen adsorption.

To probe the ability of our catalysts to adsorb/interact with
oxygen, a change in the oxygen concentration in O, saturated
water was measured and the results are presented in Fig. 5(A)
and (B). Since the porosities of the urea-modified samples are
quite similar, as seen from nitrogen adsorption, the trends
observed are expected to be mainly caused by the differences in
the pore surface chemistry. The accessibility of oxygen to the
hydrophobic pores is expected to be important and here the
density of the dissociating groups in larger pores might play a
marked role. Moreover, the electron rich-surface, even though

© 2022 The Author(s). Published by the Royal Society of Chemistry
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it might attract oxygen, could also hinder its diffusion through
the pore system when dissolved in water. Adsorption of oxygen
on the urea-modified samples does not directly follow the trend
in the total oxygen content measured by XPS, since, as dis-
cussed above, this method provides the content of both hydro-
phobic and hydrophilic oxygen groups. BP-U-450 adsorbs the
least oxygen, followed by BP-O-U-450, BP-U-850 and BP-O-U-
850, as the most oxygen attracting sample. This is the exact
trend in the number of electron transferred and a high correla-
tion between these two parameters is presented in Fig. 5(C).
Surprisingly, for this series of samples a very similar depen-
dence is found for the onset potential. Since the overall porosity
of these series of samples is similar, the differences in oxygen
adsorption are governed by surface chemistry. They must
include both the affinity of oxygen to interact with various
heteroatom-based groups, including pyridines, pyridones, qua-
ternary nitrogen,*> quinones,”® and ethers*” and the efficiency
of mass transfer of oxygen dissolved in water to enter deeply
into the pore system and to be physically adsorbed in ultra-
micropores. Owing to the complexity of oxygen adsorption/
interactions with heteroatom-based catalytic centers, and diffi-
culties in calculating their combined amount, no sound depen-
dence between the onset potential and that quantity could be
established. The efficiency of mass transfer indeed affects the
onset potential and when the porosity is similar, as that of the
urea modified samples, the onset potential is dependent on
the surface ability to transport oxygen. It is visible in a depen-
dence (R* = 0.95) of the onset potential on the parameter
& expressing the contribution of dissociating groups (derived
from potentiometric titration) in the total heteroatom content
(oxygen + nitrogen, from XPS) (Fig. 5(D)). It assumes that
dissociating groups, owing to geometrical constrains, exist in
pores larger than 2 nm and the surface area in those pores are
similar for this series of carbons. Indeed, those pores are the
ones large enough to facilitate mass transfer and to accommo-
date the surface functionalities (Fig. 5(D)). Dissociating groups
provide hydrophilicity and thus improve surface wetting, while
other groups will repel water solutions.

In the case of the thiourea-modified samples the situation is
much more complex since their chemistry is more convoluted
and differences in porosity are also expected to affect the
ORR performance. That complexity is seen in the results from
oxygen adsorption tests (Fig. 5(B)), which show that the
samples obtained at 450 °C, upon immersion in water, briefly
increased the oxygen concentration, which is likely caused by
their high affinity to chemisorb oxygen from the atmosphere on
the outer surface. It is important to mention that only these two
samples have the under pyrolyzed phase of the N-rich thiourea
deposit. In the analysis of the oxygen affinity of these samples, a
decrease in the initial oxygen concentration was taken into
consideration. As seen in Fig. 5(C), for this group of catalysts
a linear dependence of the onset potential on the extent of
oxygen adsorbed was found with R®> = 0.87. However, no
dependence of n on the amount of oxygen adsorbed could be
established and no trend in the onset potential versus the
fraction of dissociating groups were found, probably due to
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the complexity of the mechanism involving the effect of
heteroatom based catalytic centers and that of the sizes of
ultramicropores.

Interestingly, our evaluation of the affinity of the catalysts to
adsorb water vapor indicated a similar behavior of all samples
and a high affinity to attract water from its saturated vapors
(Fig. $12, ESI¥).

To complete the analysis of the electrochemical activity, we
measured ECSA and the results are collected in Fig. 5(E). Even
though this parameter is considered to reflect the specific
activity of a catalyst, the collected results rather suggest that
it is of a limited significance for highly porous electrocatalysts
whose combined chemistry and porosity, which, through not-
electrochemically-active components, play an important role
in a catalytic process. The only general trend, which could be
found in these values, are smaller ECSA for the preoxidized
samples than for the as-received ones for the samples heated at
850 °C and, on the contrary, higher values for the preoxidized
samples than for the received counterparts for the samples
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content, in at% (oxygen + nitrogen, from XPS), for the urea-modified samples)

heated at 450 °C. The differences observed are larger, in
general, for the urea-modified samples than for those treated
with thiourea. This might suggest that surface chemistry is
more important for the activity of the low temperature heated
samples than for those obtained at 850 °C, where the changes
in the carbon matrix are naturally more pronounced, and such
factors as porosity and hydrophobicity play an important role in
the observed activity.

4. Conclusions

The results collected and discussed in this paper showed both
the complexity of the ORR process on porous and heteroatom
N- and S-modified carbon materials and the direct effect of
oxygen adsorption and its interactions with the carbon surface
on this process. Even though N-; S-modified porous carbons
have already been studied as ORR electrocatalysts, by investi-
gating carbons with practically the same porosity in terms of

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00762b

Open Access Article. Published on 27 September 2022. Downloaded on 12/9/2025 11:42:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

pore sizes and volumes, as those CBs modified with urea,
we have shown that both oxygen adsorption in pores and that
governed by surface chemistry directly affect the number of
electron transferred and the onset potential. With an assumed
constant contribution of the former, we have clearly shown the
advancing effect of the latter on the efficiency of the ORR. Here,
we demonstrated that by combining the activities of both
processes, although different in their principles, 4 electrons
can be transferred and the reduction can initiate at favorable
values of potentials, close to that on Pt/C. Moreover, highly
porous carbon black, a commodity, can be converted into an
efficient ORR catalyst by simple modification methods. For a
good performance, not only surface hydrophobicity in ultra-
micropores is important, as promoting oxygen adsorption, but
also hydrophilic surface in larger pores, as enhancing mass
transfer of an aqueous electrolyte with dissolved oxygen to
small pores, to take full advantage of such a dual system. Even
though one might consider this kind of arrangement as hard to
find in materials, and maybe difficult to synthesize, the unique
nature of porous carbon surface makes such an arrangement
feasible and relatively easy to achieve. In the carbon pores of
small sizes is exactly where the adsorption of oxygen is the
strongest (< 0.7 nm), where dissociating groups have very small
probability to exist, and where heteroatom are expected to exist
only if introduced to carbon rings in specific synthesis efforts.
The surface in larger pores, on the other hand, can easily be
modified and accommodate not only electrochemically active
heteroatom-based catalytic centers but also hydrophilic groups
helping oxygen dissolved in an electrolyte to reach these
centers. Along with ultramicropores withdrawing oxygen and,
by its strong adsorption, participating in its reduction process,
this configuration is a promising one leading to the develop-
ment of efficient ORR catalysts competitive to those based on
noble metals.
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