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Two new commercially available mesoporous graphitic carbon materials were oxygen-functionalized with 0.2 M potassium per-
manganate solution, 10 M nitric acid and a mixture of water, nitric and sulfuric acid in a ratio of 1:2:1, respectively. Heat treatment
of the oxidized samples in the presence of urea as a nitrogen precursor at 800◦C yielded nitrogen-containing surface functional
groups. Functionalized samples are compared to the pristine materials with respect to structure and morphology using TGA, Raman
spectroscopy, TEM and XPS. The degree of oxygen functionalization depends on the oxidation agent and is different for both
materials. There is a weak correlation between the amount of oxygen functional groups and the amount of nitrogen implemented
during urea treatment, with thermally more stable C-O oxygen groups leading to enhanced nitrogen incorporation. The samples
show a considerable structural inhomogeneity as observed from Raman spectroscopy in a mapping mode collecting 300 spectra.
Electrocatalytic activity toward the VO2+/VO2

+ redox pair was determined by CV. The electrocatalytic activity of the materials is
significantly increased after functionalization, however, surprisingly independent from the degree of functionalization. On the other
hand, carbon structural properties seem to have a significant impact on activity.
© The Author(s) 2018. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
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The increasing worldwide energy consumption accompanied by
a growing share of fluctuating renewable energy calls for efficient
means for energy conversion and storage. Research toward commer-
cially viable large-scale, cheap and stable battery systems is of major
importance to face this challenge. The all-vanadium redox flow battery
(VRFB) represents one of the currently intensely investigated promis-
ing energy storage systems. In a VRFB, intermittent renewable energy
from solar and wind power is converted into chemical energy using
redox active chemicals dissolved in electrolyte solutions.1–10 The re-
active species are the VO2+/VO2

+ and V3+/V2+ redox couples, which
typically are converted at carbon-based electrodes made of graphite,
carbon nanotubes, carbon fibers or carbon non-woven11–18 according
to the following equations:

Positive half-cell reaction:

V O2+ + 3 H2 O
charge−−−→ V O+

2 + 2 H3 O+ + e− [1]

Negative half-cell reaction:

V 3+ + e− charge−−−→ V 2+ [2]

Cell voltage (pH = 0):

E = ϕneg − ϕpos = −0.26 V − 1.00 V = −1.26 V [3]

Equations 1 and 2 describe the charging process, while during
discharging the reverse reactions will operate. The development of
the VRFB started with the seminal work of Skyllas-Kazacos and co-
workers, who developed an entire battery system.1,2 Such redox flow
battery systems consists of two tanks for both anolyte and catholyte,
two pumps for constant electrolyte flow and one or more electro-
chemical cells. Typically several electrochemical cells are arranged
in series as so-called stacks. One of the big advantages of VRFB is
that the power output may be controlled independently by the size of
the stack (i.e. electrode area, number of individual cells). Each of the
cells are separated by a membrane into two half cells. The membrane
could be proton exchanging (e.g. Nafion) or anion exchanging, how-
ever in industrial applications only cation exchange membranes are

zE-mail: michael.bron@chemie.uni-halle.de

used.8,19,20 The amount of energy stored in a VRFB is only limited
by the size of its tanks and the concentration of vanadium species
in solution and is independent of the power output.20 The kinetics
of both electrochemical oxidation and reduction of vanadium species
on carbon electrodes and the resulting power density of the battery
are, among others, determined by surface structure, functional sur-
face groups and orientation of edges and planes as demonstrated for
different carbon materials.20–22 For efficient and profitable long-term
application, current research is not only focusing on activity, but also
on stability of the electrodes, which is typically claimed to be higher
for graphitic than for amorphous materials.

This paper investigates Porocarb (Heraeus), a new highly graphitic
material with a large amount of tunable meso- and macropores, toward
its performance as electrocatalytically active material for vanadium
redox reactions. Porocarb materials were recently introduced suc-
cessfully as conductivity additive in Li-ion batteries due to their high
degree of graphitization and porosity.23,24 Similarly, the selection of
this material for investigations toward VRFB reactions is based on the
reported huge influence of the degree of graphitization on conductiv-
ity and reactivity concerning the vanadium species conversion.12,25,26

Furthermore, the tunable porosity may later on help to optimize elec-
trodes toward mass transport properties.

It is quite common to functionalize carbon surfaces using oxidation
agents like nitric acid or potassium permanganate or by performing
a heat-treatment in the presence of nitrogen-containing precursors
with the aim of changing the electrocatalytic behavior (via modified
electronic structure or active sites) or enhancing the hydrophilicity
by introducing defects or oxygen and/or nitrogen functional groups
into the graphitic surface.27–32 However, the effect of functional sur-
face groups on vanadium redox reactions is discussed controversially.
Most publications report activity enhancements of functionalized car-
bon materials.11,12,33,34 On the other hand Friedl et al. reported that
even strong functionalization has no beneficial effect on the kinet-
ics of the VO2+/VO2

+ redox reaction at CNTs.35 Similarly, it was
recently shown that surface oxygen functional groups improve the
catalytic activity of multi-walled CNTs toward vanadium redox reac-
tions due to improved wetting up to about 3% of surface oxygen, while
higher oxygen surface concentrations did not alter the properties of
the multi-walled CNTs significantly.36 On the other hand, the influ-
ence of nitrogen functional groups was not investigated in such detail
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Figure 1. TEM images of HG3 (a), HG3_NASA (b), HG3_NASA_U (c), LG2N (d), LG2N_NASA (e) and LG2N_NASA_U (f), scale bars represent 100 nm.

as for oxygen groups. However, some studies point out that nitrogen
introduced into carbon materials enhances the electrocatalytic activity
toward the vanadium redox reactions.37–39 Thus, nitrogen functional-
ized Porocarb materials are an additional subject of investigation in
this study.

The discrepancy in literature regarding the influence of oxygen
functional groups points to a lack of understanding of the real ki-
netics of vanadium species conversion at carbon surfaces including
adsorption, charge transfer and desorption. The comparison of results
obtained on different carbon materials is complicated due to the fact
that structural properties (e.g. ratio of edges and basal planes, carbon
hybridization) as well as electronic (i.e. density of state (DOS)) prop-
erties of the surface depend on the carbon modification. Thus, not only
the surface functional groups but also the electrocatalytically active
carbon species itself must be considered.27,33

In this paper, two different commercial porous graphitic carbons
(Porocarb), as received and surface functionalized, are compared to-
ward their electrocatalytic properties, in particular for the VO2+/VO2

+

redox pair, which has been claimed to be the kinetically more inhib-
ited reaction in an all-vanadium redox flow battery (VRFB).40,41 The
materials are characterized toward structure and morphology to un-
ravel factors influencing the catalytic activity. For this purpose, X-ray
photoelectron spectroscopy (XPS) was used to analyze the chemi-
cal composition of the surface, thermogravimetric analysis (TGA)
was employed to determine the amount of instable oxygen contain-
ing functional groups and transmission electron microscopy (TEM)
was performed to obtain morphological information. Furthermore,
Raman spectroscopy was carried out to unravel structure and struc-
tural changes implemented into the carbon lattice by functionalization,
while cyclic voltammetry (CV) served as characterization technique
to estimate electrocatalytic activity. Often, rate constants are calcu-
lated based on single CV measurements and correlated for example
with results from Raman or XPS investigations. As demonstrated in
this paper, depending on the carbon material single CV or Raman
measurements might be insufficient. In contrast, this study focuses on
a qualitative characterization using solid statistics.

Experimental

Porocarb functionalization.—For oxygen functionalization two
Porocarb modifications (Porocarb HG3, Porocarb LG2N, Heraeus

Deutschland GmbH & Co. KG, Hanau) were treated in solutions of
various oxidation agents. 500 mg of the carbon material were sus-
pended in 100 ml of either 10 M nitric acid (“NA”, Carl Roth, 65%)
or 0.2 M potassium permanganate solution (“PP”, Carl Roth, 99%) or
a mixture of water, sulfuric acid (Carl Roth, 98%) and nitric acid in
a ratio of 1:2:1 (“NASA”). The suspensions were dispersed with the
help of an ultrasonic bath for 30 min and afterwards heated up in a mi-
crowave oven (“Start”, MLS GmbH, Leutkirch) with 800 W, allowing
the solvents to boil (∼100◦C) under reflux conditions for 1 h (note
that nitrous fumes evolve during this procedure). Microwave heating
was used instead of a conventional oil bath since it was shown that un-
der microwave conditions functionalization is much more efficient.32

Then, the acid treated samples were washed several times with distilled
water until pH = 7 was reached, using a centrifuge 5804 (Eppendorf)
to separate solvent and Porocarb material. Afterwards, the samples
were dried in an oven at 100◦C in air for 16 h. Permanganate treated
samples were additionally suspended in concentrated hydrochloric
acid to remove residual impurities of manganese oxides. This proce-
dure was repeated several times to obtain a manganese free carbon
surface as verified by XPS.

Furthermore, pristine Porocarb as well as all oxidized samples
were treated with urea (“U”) in a high temperature process. 80 mg of
the respective carbon sample were mixed with 1.2 g urea (Carl Roth,
99.5%), 5 mL distilled water and 15 mL ethanol (Th. Geyer, 99.9%)
and the suspensions were dried under stirring at room temperature for
two days. The solid mixtures were put onto a quartz boat introduced
into a quartz tube located in a horizontal tube furnace. Subsequently,
the system was flushed with argon (Air Liquide, 99.999%), heated up
to 800◦C with 10 K min−1 and kept at this temperature for 2 h under
constant argon flow. After cooling, the samples were weighted to
determine the mass losses. Treatments, corresponding sample names
and respective mass losses are given in Table I.

Transmission electron microscopy.—Transmission electron mi-
croscopy (TEM) was performed with a LEO 912 OMEGA micro-
scope working at 120 kV. A mixture of several μg of the respective
sample and 0.75 ml of ethanol was treated in an ultrasonic bath for
3 h. Subsequently, a 3.05 mm copper grid (300 mesh) was drop-coated
using a pipette tip containing few μL of the resulting suspension.
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Table I. Sample designations, treatment procedures and resulting mass losses. Last two columns: samples after additional urea treatment (see
experimental).

treatment sample name mass loss/% sample name mass loss/%

- HG3 - HG3_U 5.6
10 M HNO3, 100◦C HG3_NA 1.1 HG3_NA_U 12.3
0.2 M KMnO4, 100◦C HG3_PP 8.4 HG3_PP_U 12.1
H2O H2SO4 HNO3 1:2:1, 100◦C HG3_NASA 3.5 HG3_NASA_U 12.7
- LG2N - LG2N_U 9.3
10 M HNO3, 100◦C LG2N_NA 3.6 LG2N_NA_U 8.1
0.2 M KMnO4, 100◦C LG2N_PP 6.9 LG2N_PP_U 60.6
H2O H2SO4 HNO3 1:2:1, 100◦C LG2N_NASA 2.0 LG2N_NASA_U 12.8

X-ray photoelectron spectroscopy.—Surface characterization was
carried out with the help of X-ray photoelectron spectroscopy (XPS).
A DAR 400 X-ray source using Al Kα radiation (1486.6 eV) and an EA
125X hemispherical energy analyzer (Omicron) were used. Overview
scans were performed with 100 eV pass energy and detail scans of
the O1s and N1s core level regions with 30 eV. Data were fitted and
analyzed using the CasaXPS software yielding element ratios and
binding characteristics of oxygen and nitrogen.

Thermogravimetric analysis.—Thermogravimetric analyses
(TGA) were performed with a Netzsch STA449 F1 Jupiter thermobal-
ance. An alumina crucible was filled with 10 mg of the respective
carbon sample and placed in the oven of the TGA instrument,
which was evacuated and flushed with argon (Air Liquide, 99.999%)
several times to remove residual gas impurities. The samples were
investigated under argon flow (50 ml min−1) as well as under
argon/oxygen (Air Liquide, 99.998%) flow (3:1 ratio, 50 ml min−1)
from room temperature to 1000◦C with a heating rate of 10 K min−1.

Raman spectroscopy.—For Raman spectroscopy an InVia Raman
spectrometer (Renishaw) with a microscope, a Cobolt CW DPSS
Laser (532 nm excitation wavelength), a 1800 l mm−1 grating and a
CCD camera were used. A small amount of the carbon material was
placed on a glass slide. Spectra were recorded with a x100 objective
creating a laser spot size of ∼1 μm on the sample surface. Addi-
tionally, Raman mappings were performed with the help of an XY
stage (Prior, 100 nm resolution) in 500 nm steps scanning areas of
10 × 10 μm of the respective sample to evaluate homogeneity.

Electrolyte solution.—A 0.01 M vanadium (IV) solution in a 0.5 M
hydrogen sulfate/sulfate buffer (1:1 molar ratio, pH = 2) was used
for electrochemical analysis. The lower concentrations compared to
industrial solutions allow for a more accurate distinction between the
individual catalysts. It is similarly important to minimize conductivity
issues.42 The solution was prepared by dissolving VOSO4 · xH2O
(Sigma-Aldrich, 99.99%), KHSO4 (Carl Roth, 99%) and K2SO4 (VEB
Jenapharm) in MilliQ water (< 0.055 μS cm−1).

Electrochemical characterization.—To evaluate the electrocat-
alytic activity of the Porocarb materials, cyclic voltammetry (CV) of
thin film electrodes was performed. For electrode preparation, inks of
Porocarb were prepared by suspending 20 mg of Porocarb in 2 mL
acetone (Carl Roth, 99.5%) and 5 μl of Nafion 117 solution (Sigma-
Aldrich, 5 wt% in lower aliphatic alcohols). These suspensions were
treated in an ultrasonic bath (Sonorex) for 5 h, which was thermostated
to 20◦C. A GC (glassy carbon) electrode (4 mm in diameter, embedded
in a PTFE cylinder) was cleaned with alumina oxide polishing paste
(1.0 and 0.3 μm) and with distilled water on a polishing cloth before
each measurement. After ultrasonic treatment of the suspension, 5 μl
of the ink was pipetted onto the cleaned GC tip electrode giving a load-
ing of 50 μg and resulting in a homogeneous film. Afterwards, cyclic
voltammograms were recorded in N2 purged 0.01 M VOSO4 buffered
solution (see above) in a three-electrode one compartment glass cell in
the potential range between 0.0 and 1.0 V vs. Ag|AgCl|KClsat at a scan
rate of 50 mV s−1. The glassy carbon (GC) electrode covered with the

sample served as working electrode (WE), an Ag|AgCl|KClsat elec-
trode as reference electrode (RE) and a Pt mesh as counter electrode
(CE). Cyclic voltammograms were recorded with a Gamry potentio-
stat PGI4 controlled by the Gamry Framework 2.67 software. Five
cycles were recorded. In case all cycles showed constant behavior,
the fifth cycle is represented and discussed, otherwise the deviating
cycles will be discussed separately.

Results and Discussion

Comparison of pristine porocarb modifications.—Porocarb ma-
terials are a class of highly graphitic, porous synthetic carbons man-
ufactured by Heraeus, which are offered with different fundamental
physical properties. According to the sample data sheets, the tap den-
sity of Porocarb LG2N is 280 kg m−3 and thus twice the tap density
of Porocarb HG3 Fine Grain (150 kg m−3), however, the surface area
of the latter is 55 m2 g−1 and thus three times higher than for LG2N
with 17 m2 g−1. The particle sizes are between 3 and 4 μm and are the
same for both modifications. The pore volume amounts to 0.9 cm3 g−1

for LG2N with broad and homogeneous diameter distribution from
40 nm up to 8 μm. HG3 has a 2.35 cm3 g−1 cumulative pore volume
with a less homogeneous diameter distribution from 20 nm to 800 nm.

Morphology determination by TEM.—Possible differences in
morphology of both Porocarb modifications as well as changes in-
troduced by functionalization were analyzed by TEM. Figures 1a–1c
show images of pristine HG3 as well as the oxidized and the urea
treated samples, Figures 1d–1f show similar images of the LG2N
equivalents. Graphene- or graphite-like layers seem to be visible in
all structures, with the less dense HG3 structure appearing more open
and less compact compared to the more solid morphology of LG2N,
which is consistent with the difference in tap density between these
two modifications. A certain porosity is visible in particular in the
case of LG2N. However, it also seems to be present in HG3. Besides
the graphitic structures, also less ordered or amorphous material is
visible in the pristine samples. Clear morphological changes are in-
troduced by functionalization. The edges of LG2N are smoothened,
the amorphous material disappears partially after oxidation and com-
pletely after urea treatment. On the other hand, this smoothing is not
observed for the HG3 modification but the surface seems to become
rougher, which is however difficult to judge from TEM measurements.
From TEM it is thus very obvious that HG3 and LG2N not only differ
in their macroscopic properties, like surface area and density, but also
in their microstructure. The changes introduced into this microstruc-
ture by functionalization are different for both materials.

X-ray photoelectron spectroscopy.—The atomic composition in
the near surface region as well as the nature of surface functional
groups of the various samples was analyzed by XPS. Examples of
the obtained photoelectron spectra are shown in Figure 2. Figure 2a
shows a typical overview scan which reveals the presence of O, N
and C only. Additionally, detail scans of the oxygen and nitrogen
regions are given in Figures 2b and 2c. The atomic compositions of
all samples are summarized in Table II for surface oxygen and in
Table III for surface nitrogen, respectively.
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Table II. Overall surface oxygen content obtained from XPS
and distribution among binding energies respectively bonding
situations of functional groups of oxidized Porocarb samples. All
values in [at%].

C–O C=O
sample name O 1s 532.7–533.8 eV 531.4–532.5 eV

HG3 2.0 2.0 0.0
HG3_NA 4.0 3.4 0.6
HG3_PP 4.5 3.2 1.3
HG3_NASA 6.0 5.2 0.8
LG2N 3.0 2.4 0.6
LG2N_NA 6.3 3.5 2.8
LG2N_PP 8.8 7.5 1.3
LG2N_NASA 11.0 5.5 5.5

From Table II it is obvious that all applied treatments lead to higher
concentrations of oxygen at the surface. However, both modifications
react differently to each individual treatment. In general, LG2N seems
to incorporate a much higher amount of oxygen compared to HG3,
with NASA-treated HG3 having 6% and NASA-treated LG2N hav-
ing 11% of surface oxygen. Note that already the pristine samples
contain surface oxygen in the amounts of 2% (HG3) or 3% (LG2N).
However, the different treatments also lead to a different distribution
in functional groups. Binding energies in the range of 533.2 ± 0.3 eV
represent hydroxyl and ether groups as well as single bonded oxy-
gen in ester and carboxyl groups. Oxygen-carbon double bonds show
binding energies of 531.6 ± 0.3 eV, i.e. functional groups such as
ketones or quinone structures and also carbonyl oxygen in ester and
carboxyl groups.28 Obviously, the C-O/C=O ratio is relatively higher
for the NA or NASA treated HG3 samples (low amounts of C=O),
while the same LG2N samples show a relatively lower ratio (high
amounts of C=O). On the other hand, the PP treated LG2N sample
shows a higher C-O/C=O ratio compared to the HG3 one, attributed
to the high amount of C-O-groups in the former sample. Therefore, it
can be assumed that structural differences between HG3 and LG2N
influence the reaction behavior and the formation of functional groups.

Nitrogen incorporation by urea treatment leads to a variety of
surface nitrogen groups as displayed in Figure 2c and Table III. How-
ever, two contributions dominate the N1s region, attributed to terminal
end groups and in particular amine structures with binding energies of
about 399.2 ± 0.4 eV as well as pyrrole structures at 400.1 ± 0.3 eV.43

This indicates, that the majority of the introduced nitrogen is linked
by one or two single bonds to the carbon network. Although it seems
that a certain amount of surface oxygen, probably as reactive sites,
is necessary to promote incorporation of nitrogen into the carbon
surface,44 there is only a weak correlation between the total amount of
surface oxygen before urea treatment and that of implemented nitro-
gen, and Obefore/N-values range from 1.8 for LG2N_PP_U to 5.2 for
LG2N_NASA_U. This indicates, that additional structural factors of
the carbon substrate are of importance for the incorporation of nitro-
gen. This is corroborated by the fact that after urea treatment there is
still a significant oxygen concentration present in the samples. How-

Figure 2. XPS overview scan of the functionalized LG2N sample with O
1s at 532 eV, N 1s at 399 eV and C 1s at 284 eV (a), O 1s detail scan of
LG2N_PP with two peak fits for carbon oxygen single and double bond (b)
and N 1s detail scan of LG2N_PP_U with three peak fits for pyridine, terminal
and pyrrole groups (c).

ever, this oxygen could also result from post urea-treatment during
handling in air at ambient temperature. The ability to implement ni-
trogen is obviously higher for LG2N than that for HG3. It also seems
that there is a weak correlation between the amount of C-O-bonds
and the total nitrogen, and the C-Obefore/N ratio is 2.6–3.5 for HG3

Table III. Overall surface nitrogen content of urea-treated samples and distribution among the different species integrated into the carbon surface.
All values in [at%].

sample N NHx adsorbed Npyridine Nterminal Npyrrole Nquaternary
name 1s 397.0 ± 0.3 eV 398.1 ± 0.3 eV 399.2 ± 0.4 eV 400.0 ± 0.3 eV 401.5 ± 0.3 eV

HG3_U - - - - - -
HG3_NA_U 1.3 0.1 - 0.9 0.1 0.2
HG3_PP_U 0.9 - 0.1 0.2 0.4 0.2
HG3_NASA_U 1.6 - - 1.2 0.3 0.1
LG2N_U 1.2 - - 1.0 0.1 0.1
LG2N_NA_U 3.2 0.2 - 1.4 1.4 0.2
LG2N_PP_U 4.8 - 1.8 1.5 1.5 -
LG2N_NASA_U 2.1 - 0.3 0.7 0.9 0.2
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Figure 3. Decomposition curves up to 1000◦C in Ar atmosphere of oxidized
HG3 (upper) and LG2N (lower) samples.

and 1.1–2.6 for LG2N, with the untreated HG3 sample as an excep-
tion (see supporting information, Figure S1). LG2N_PP_U possesses
the highest amount of surface nitrogen up to 4.8 at% including a third
nitrogen species identified as pyridinic N at 398.1 ± 0.3 eV.43 Further-
more, all three nitrogen species are present in equal amounts, while
acid treated LG2N shows only pyrrole and terminal nitrogen species
after urea heat-treatment.

Thermogravimetric analysis.—Thermogravimetric analysis in ar-
gon atmosphere was employed in conjunction with the XPS results
to obtain additional information about the chemical composition and
stability of the carbon surfaces. Oxygen containing functional groups
such as hydroxyl and carboxyl species bound to carbon networks de-
compose in inert gas atmosphere in the temperature range from 150
to 450◦C according to the following chemical equations:45

RC O H
�T−−−→ RH + C O [4]

2 RC O H
�T−−−→ RO R + H2 O [5]

RC O O H
�T−−−→ RH + C O2 [6]

At higher temperatures the decomposition of anhydrides and lac-
tones may be observed.28 Thus, the mass loss of the oxidized samples
during TGA in argon atmosphere should correlate with the amount
of these functional groups. Figure 3 displays the respective decom-
position curves. Generally, mass losses are between about 0.5 wt%
for the pristine and 4 wt% for the NASA-treated samples, and as ex-
pected the mass loss depends on the oxidation agent used. The much
lower oxygen content detected by TGA compared to XPS (while the
latter however is given in at.%) can be easily explained by the lim-
ited probing depth of XPS of about 10 nm while TGA probes the
whole sample. The lower oxygen content as determined from TGA
reveals, that the oxygen resides at the surface. This also rationalizes
why LG2N and HG3 are comparable in their mass loss, while LG2N

Figure 4. Box plot diagram of the ID/IG values from Raman mappings car-
ried out for all samples containing 250–300 individual spectra per sample.
Inset: Raman spectrum of pristine HG3 measured with 532 nm excitation
wavelength.

has a much higher surface oxygen concentration: despite the smaller
surface area of LG2N compared to HG3, LG2N shows a much higher
density in surface oxygen functional groups, as seen by XPS.

A more detailed look at Figure 3 reveals that the mass loss not only
depends on the oxidizing agent used, but also on the carbon modifi-
cation. For HG3 all curves show a steady decrease in mass loss from
100 to 1000◦C with a pronounced decomposition step between 200
and 400◦C, indicating that these samples contain a significant amount
of more easily decomposed hydroxyl and carboxyl groups, and in
conjunction with the XPS shown above it seems that hydroxyl groups
are dominating. On the other hand, NA and PP treated LG2N shows a
different decomposition behavior and obviously is dominated by oxy-
gen functional groups with a higher decomposition temperature. The
LG2N NASA sample is an exception as it also contains a significant
amount of easily decomposable groups. It is however instructive to
compare these results with the amounts of surface nitrogen as detected
by XPS (Tables II and III): those samples showing decomposition
of oxygen functional groups at lower temperatures (all treated HG3
samples as well as LG2N_NASA) show comparably low nitrogen sur-
face concentrations (Obefore/N values 3.1–5), while those with oxygen
functional groups with higher decomposition show higher surface N
(Obefore/N 1.8–2.5). This is clearly not related with the decomposition
temperature of urea, which is as low as 132◦C, but probably with the
fact that the decomposition of oxygen surface groups and concomitant
defect healing takes place at low temperatures, where the reactivity of
the decomposition products of urea is still low. Vice versa, one may
conclude that when aiming at high nitrogen surface concentration
in carbons via post treatment, the prior implementation of thermally
more stable oxygen functional groups may be beneficial. Addition-
ally, the thermal stability under oxidizing conditions of all samples
was investigated by TGA in O2/Ar gas (see supporting information
Figure S2), revealing a reduced stability of the nitrogen functionalized
samples, while the effect of oxygen functionalization differs for both
samples.

Raman spectroscopy.—Raman spectroscopy is a valuable tool to
provide information about the structure and morphology of carbon
materials and their defect density.46 The various vibrational modes
of a carbon Raman spectrum may be analyzed to reveal the bonding
situation, number of layers in graphite or few-layered graphene and
degree of crystallinity.47 In this study the Raman spectra evaluation
was restricted to the analysis of the two major bands, the so-called D-
(“disordered”) and G-(“graphitic”) band, which are typically used as
an indicator for the number of defects or disordered carbon compared
to the amount of graphitic material. The inset in Figure 4 presents
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Figure 5. Cyclic voltammograms of the different Porocarb samples of this study: (a) oxidized HG3, (b) oxidized LG2N, (c) urea-treated HG3, (d) urea-treated
LG2N. Recorded at RT in N2 purged 0.01 M VOSO4 in a hydrogen sulfate/sulfate buffer system at 50 mV s−1.

the respective region of a Raman spectrum of HG3 showing these
two bands at around 1580 cm−1 (G-) and 1350 cm−1 (D-band) as
well a shoulder at 1600 cm−1 corresponding to the D’-band. The G-
band is considerably more intense than the D-band and the spectrum
resembles that of graphite48 indicating that pristine HG3 contains
mainly domains of graphitic structure. Similar spectra were obtained
for the LG2N sample (not shown). Commonly, the intensity ratio
between the D- and G-band (ID/IG) is used as a qualitative indicator of
the defect density in carbon samples. Defects in the perfect graphite
sheets may be introduced by the presence of structures such as five
or seven-membered rings, quaternary heteroatoms or sp3-hybridized
carbon atoms. However, a separation of these individual contributions
is hardly possible.

Even more, it turned out that Raman spectra recorded from dif-
ferent parts of the same sample were different to each other. Thus,
to access the Raman-spectroscopic features of the samples as well as
their variance, mapping experiments recording 250–300 single spectra
were performed. A statistical evaluation allows for improved differen-
tiation between the individual samples. For all samples, the results of
the mapping experiments are given in Figure 4 in form of a Box plot
providing all relevant information such as the average, the distribution,
maximum and minimum of the ID/IG ratio. This plot allows visualizing
a large amount of data and renders the required information accessi-
ble in an easy way. Both Porocarb modifications in their pristine form
show a certain heterogeneity, which is enhanced or reduced depend-
ing on the treatment procedure. The data reveal differences of 0.60
between overall maximum and minimum ID/IG ratios which points
out that single measurements are insufficient to characterize these
(and probably many other) carbon samples. For comparison purpose,
Vulcan XC72 as a material typically used in electrocatalysis shows
a significantly narrower distribution of ID/IG ratios however, still this
material is not completely homogeneous.

All functionalized samples show an increased average ID/IG ratio,
ranging from 0.27 to 0.55 for HG3 and from 0.53 to 0.88 for LG2N
and a maximum ID/IG value of 1.20 for LG2N_NASA_U is reached.

Figure S3 visualizes this heterogeneity in form of false-colored maps
of the ID/IG-ratio. Obviously, the more graphitic nature of the samples
is partially but not fully destroyed during the rather harsh treatments.
From TEM measurements, in particular for LG2N, one would expect
a reduced ID/IG ratio due to removal of amorphous carbon. Keeping
in mind the relatively low surface area of Porocarb, the increase in
the amount of defects in the carbon structure (increased ID/IG ratio) is
likely not only correlated to the introduction of heteroatom containing
functional groups but further morphological changes must occur in
the material, penetrating into the bulk. This would be also in line with
the decreased thermal stability, which was observed during TGA in
Ar/O2 atmosphere (Figure S2).

As expected, the stronger oxidation agents PP and NASA lead to
the highest increase in ID/IG ratio. On the other hand, the distribution
of these values for each sample does not show such a straightforward
correlation to the oxidation agent. For example PP treated HG3 shows
the broadest distribution from 0.10 to 0.90 while NASA treated HG3
has a considerably narrow distribution, however, these tendencies are
not found for LG2N. Keeping in mind the different morphologies
of the starting materials and the different amounts of non-graphitic
components, this may be explained by the different reactivity of these
components toward each individual oxidation agent. Urea treatment
introduces minor changes regarding the ID/IG ratio and distribution
indicating that no significant healing of defects or introduction of new
defects occurs, supporting the view that oxygen functional groups
serve as reactive sites for nitrogen incorporation. A slight increase of
the ID/IG ratio for some HG3 materials and a slight decrease for some
LG2N materials should not be overinterpreted.

In the present case, Raman spectroscopy can be considered as a
bulk method as the penetration and escape depths of 532 nm laser
photons are between 20 and 120 nm for carbon materials.47,49 Thus
a quantitative correlation of defect density from Raman spectroscopy
and surface functional groups from XPS is not straightforward. How-
ever, qualitatively one can conclude that LG2N shows both a higher
defect density as well as a higher amount of surface functional groups
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after oxidative treatment compared to HG3, indicating that the defect-
rich material is more prone to oxidative attack.

Electrochemical characterization.—Electrochemical characteri-
zation with cyclic voltammetry was performed in order to evaluate
the electrochemical performance of the materials of this study toward
redox reactions of vanadium species. Typically, the peak separation
between both the oxidation (VO2+ to VO2

+) and reduction peak (VO2
+

to VO2+) is used as an indicator of electrocatalytic activity.14,15,18,33,50

However, this approach was recently considered as insufficient for ki-
netic investigations,35,51 in accordance with previous experience. Thus
a procedure was recently established based on scanning electrochem-
ical microscopy (SECM) which allows for a sound comparison of the
redox activity of samples very different in nature (e.g. showing very
different capacitive currents).32 On the other hand, previous studies
show that CV still allows for fast screening of materials and provides
reliable results if samples of similar nature are compared toward the
VO2+ to VO2

+ redox pair, provided that a very careful electrode
preparation is carried out and a statistic analysis is performed since
significant scatter is observed. The evaluation of the cyclic voltam-
mograms was restricted to a qualitative analysis only and each sample
was measured 12 times to obtain reliable statistics.

The CVs of the oxidized samples of HG3 and LG2N are summa-
rized, together with those of the pristine materials, in Figures 5a and
5b. Both pristine samples behave different. While significant anodic
currents are observed during the first cycle of pristine HG3 (Figure 5a),
no such currents are visible at LG2N except a slight current increase at
potentials above 0.8 V, probably due to vanadyl oxidation (Figure 5b).
The currents during the first scan of pristine HG3 are attributed to elec-
trochemical carbon oxidation and their absence in LG2N is somewhat
surprising since the latter sample was more prone to chemical oxida-
tion compared to HG3. In the subsequent cycles of HG3, a constant
behavior with redox peaks attributed to the VO2+/VO2

+ redox couple
and a peak separation of 313 ± 32 mV is observed. All oxidized HG3
samples show well defined CVs with well pronounced redox peaks
attributed to the conversion of vanadium ions throughout all five cy-
cles. Compared to the pristine sample, a significant enhancement of
the electrochemical performance is observed resulting in decreased
peak separations with values of about 200 ± 30 mV. Similarly, the
oxidized LG2N samples (Figure 5b) show well-defined redox peaks
which are not observed in the pristine sample, however, with a slightly
higher peak separation of about 290 ± 20 mV. The considerably large
peak separations seem to indicate poor catalytic activity. However,
note that diluted, buffered solutions compared to those of an indus-
trial application were used. It was shown that the electrochemical
activity of the positive half-cell reaction depends on the pH value as
well as sulfate concentration.52 Diluted solutions allow comparisons
between CV and SECM experiments and thus with previous results.36

Furthermore, reference tests of HG3 in concentrated VOSO4 solution
(not shown) revealed that the experimental scatter in this solution
is much higher, impeding collection of statistical data or calculation
of kinetic parameters. Consequently, to evaluate the electrocatalytic
properties and to compare the individual samples on a reliable ba-
sis, diluted solutions were chosen, which also allow observing un-
expected issues like the carbon oxidation during the first cycle of
HG3.

The reduction peak at the LG2N samples is comparable in shape
and intensity to that of HG3, however, the oxidation peak is much
broader, probably indicating that more than one oxidation process is
operating. Since only VO2+ is present as oxidable species in solu-
tion, this observation can be ascribed to the presence of two or more
types of catalytic sites different in nature, with one providing a lower
overpotential than the other. On the other hand, the well-defined and
considerably narrow peak in the backward scan implies either only
one type of catalytic sites or similar activity/overpotential of the dif-
ferent types. Investigations to clarify these issues are of high interest
for future catalyst development and are planned for the future.

As mentioned above, due to a certain scatter in the electrochemi-
cal data a statistical analysis with twelve prepared electrodes has been

Table IV. Peak separation between oxidation of vanadium (IV) and
reduction of vanadium (V) obtained from cyclic voltammograms
of Porocarb materials.

Peak separation Peak separation
sample 1 �E/mV 2 �E/mV

HG3 313 ± 32 -
HG3_NA 220 ± 33 -
HG3_PP 187 ± 26 -
HG3_NASA 185 ± 26 -
HG3_U 184 ± 22 -
HG3_NA_U 175 ± 7 -
HG3_PP_U 182 ± 8 -
HG3_NASA_U 187 ± 13 -
LG2N - -
LG2N_NA 312 ± 41 -
LG2N_PP 277 ± 41 -
LG2N_NASA 283 ± 43 -
LG2N_U - -
LG2N_NA_U 267 ± 17 108
LG2N_PP_U 247 ± 19 135
LG2N_NASA_U 240 ± 39 88

conducted and the results are summarized in Table IV together with
those of the nitrogen-doped samples, which will be discussed below.
Obviously, NA treatment leads to a strong decrease in peak separa-
tion, while PP and NASA treatment lead to a slight further decrease.
However, comparing the data from Table IV with results from XPS
or Raman spectroscopy, there is no obvious correlation between peak
separations and the amount or type of oxygen functional groups as
well as defects in the carbon lattice. On the other hand, a certain
amount of surface oxygen seems to be necessary to enhance activity
of the samples.

Enhanced hydrophilicity is another effect introduced by surface
oxidation. For example, for CNTs it was demonstrated that 3–5 at%
surface oxygen are necessary to achieve stable suspensions in polar
solvents.53,54 In a similar experiment, 5 mg of the respective sample
were added to 10 mL of distilled water and the suspensions were
treated for 30 min in an ultra-sonic bath. Afterwards, a photographs
of all samples was taken (supporting information, Figure S4) and the
suspensions were left without agitation for 24 h. Then, photographs of
all suspensions were taken again (supporting information, Figure S4).
These photographs demonstrate that oxygen containing functional
groups stabilize the suspension of the oxidized samples in contrast to
the starting materials HG3 and LG2N, which is attributed to a stronger
interaction with water and better wettability. Furthermore, SECM
enabled to demonstrate for oxidized carbon nanotubes, that a certain
amount of surface oxygen functional groups (min. 3 at%) increases
the catalytic activity for vanadium redox reactions dramatically,
likely due to improved wetting of the porous catalyst layer, while
a further increase up to 8 at% did not lead to additional activity
enhancement.36 These considerations explain why functionalization
is often proposed to be a required step to achieve conversion of
vanadyl ions but question if selective functional groups lead to a
specific catalytic enhancement.11,12,51 Similarly, the observation in
this study, that activation of Porocarb materials is largely independent
of the functionalization method, supports the conclusion that wetting
effects caused by functionalization are important but does not suggest
a kinetic enhancement by active sites based on oxygen functional
groups introduced into the carbon.

However, comparing the data for both oxidized HG3 and LG2N, it
is not just the hydrophilicity, as both materials provide quite different
performance with the sample having the higher surface oxygen content
seems to exhibit worse electrocatalytic activity. This clearly demon-
strates the dependence on the carbon modification. It has even been
claimed that functionalization could lead to adverse effects, i.e. larger
peak separation.35 Thus, obviously the carbon structure and morphol-
ogy has a huge influence, which is reflected in different responses
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regarding wetting behavior, stability against (electro)chemical func-
tionalization and intrinsic catalytic activity including higher electro-
chemically available surface. Pristine HG3 for example is less stable
against electrochemical oxidation at positive potentials in comparison
to pristine LG2N. On the other hand, LG2N was more easily func-
tionalized by the used oxidation agents, resulting in almost twice the
surface oxygen content.

Finally, from Figures 5a and 5b one might be tempted to use
current values as an indicator of performance. However, according to
previous experience already slight deviations in film quality during
electrode preparations lead to significant deviations in peak currents.
Thus in the present case these currents are an inadequate descriptor
of performance.

Besides oxygen functionalization, nitrogen functionalization is
often used to tune the electrochemical properties of carbon
materials.15,39,55 Nitrogen modifications were obtained by urea ad-
dition and heat-treatment, as described above. CVs of all samples
are displayed in Figures 5c and 5d and the values of the statistical
analysis are displayed in Table IV. The peak separations observed for
N-modified HG3 are 180 ± 20 mV, similar to that of the oxidized
samples. A nearly unchanged electrochemical behavior after nitrogen
surface treatment supports the above view that wetting of the surface
has a higher impact than the type of the individual functional groups,
but that the general nature of the carbon material is important.

However, the more complex behavior of nitrogen-modified LG2N
samples requires further attention (Figure 5d). In general, urea treated
samples show a behavior similar to the oxidized ones in CV ex-
periments including broad oxidation peaks and well-defined reduc-
tion peaks. The peak separation is once again nearly unchanged
(250 ± 25 mV). A closer look reveals that in particular the oxida-
tion peak in the CV of LG2N_PP_U has a shoulder which implies two
separate peaks with the first one located at considerably low potentials
(∼750 mV). On the other hand, this effect is much less pronounced
in the other samples, however, still the current increase does not show
the expected exponential behavior but a steady increase instead. As
already discussed structure and morphology of the carbon seem to
have significant influence on catalysis. As Porocarb carbons are in-
dustrial materials with a certain heterogeneity, the observed behavior
may well be explained in this way.

Conclusions

The influence of O- and N-functionalization of two Porocarb mod-
ifications on their structural and electrochemical properties and in
particular on their electrocatalytic activity toward vandyl ion redox
reactions was studied. O-functionalization was carried out with dif-
ferent liquid oxidation agents (nitric acid, potassium permanganate
solution, and a mixture of nitric and sulfuric acid) and the degree of
functionalization as well as the kind and amount of functional groups
implemented into the surface depends on both the functionalization
agent as well as the carbon material, as shown by TGA and XPS mea-
surements. However, the differences in kind and amount of functional
groups are not reflected in the kinetics of vanadyl ion conversion at
carbon surfaces, which leads to the conclusion that the choice of car-
bon material is more important than the type of modification. On the
other hand, a comparison of pristine with functionalized samples un-
derlines that in the case of Porocarb chemical activation is absolutely
essential to obtain a material which catalyzes vanadium redox reac-
tions. This activation provides a more hydrophilic surface, facilitating
diffusion and adsorption of vanadyl ions. This view is corroborated
by the fact, that nitrogen incorporation has equally a beneficial effect
on catalytic activity, which however again does not depend on the
kind of nitrogen surface functional groups. Nitrogen modification has
been carried out by high-temperature urea treatment of the oxygen-
functionalized samples, and a correlation between thermally more
stable surface oxygen functional groups and the amount of embedded
nitrogen was found.

To shed more light onto the influence of carbon structure and
properties on its electrocatalytic behavior, future activities will

include in situ-spectroscopic investigations using e.g. Raman and IR
spectroscopy to unravel the reaction mechanism in dependence of the
carbon structural features. On the other hand, from a practical point
of view the performance of modified carbon materials including their
long-term stability under technical conditions, i.e. in a working RFB,
should be investigated.
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M. A. Gómez, and M. T. Martı́nez, J. Phys. Chem. C, 115(15), 7238 (2011).
55. Y. Shao, J. Sui, G. Yin, and Y. Gao, Appl. Catal. B: Environmental, 79(1), 89

(2008).

http://dx.doi.org/10.1016/j.electacta.2014.06.099
http://dx.doi.org/10.1021/jz3008744
http://dx.doi.org/10.1149/2.0131601jes
http://dx.doi.org/10.1149/2.0261607jes
http://dx.doi.org/10.1016/j.jpowsour.2011.06.080
http://dx.doi.org/10.1016/j.carbon.2006.07.021
http://dx.doi.org/10.1016/j.carbon.2006.07.021
http://dx.doi.org/10.1021/cm048357f
http://dx.doi.org/10.1016/j.carbon.2008.02.012
http://dx.doi.org/10.1103/PhysRevB.61.14095
http://dx.doi.org/10.1021/cr068076m
http://dx.doi.org/10.1063/1.1674108
http://dx.doi.org/10.1002/jrs.4077
http://dx.doi.org/10.1016/j.carbon.2014.06.075
http://dx.doi.org/10.1016/j.carbon.2016.02.011
http://dx.doi.org/10.1016/j.electacta.2004.02.020
http://dx.doi.org/10.1021/jp066541d
http://dx.doi.org/10.1021/jp110830y
http://dx.doi.org/10.1016/j.apcatb.2007.09.047

