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Nitrogen-enriched carbon electrodes in electrochemical
capacitors: investigating accessible porosity using
CM-SANST

Anthony J. R. Rennie* and Peter J. Hall

Carbon electrochemical capacitor electrodes containing nitrogen groups were studied with respect to
their electrochemical behaviour, chemical composition and physical characteristics. Thermal treatment of
nitrogen-enriched carbon materials in different atmospheres was used to control the specific type and
concentration of nitrogen groups present, while importantly retaining similar pore size distributions.
Pyridinic nitrogen is shown to be most likely responsible for increased values of surface area normalized
specific capacitance, although the mechanisms by which this occurs are poorly understood. Contrast
matched-small angle neutron scattering (CM-SANS) was employed to probe the electrode porosity
accessible to an electrolyte and indicates that there is no appreciable difference between the materials
studied. Cyclic Voltammetry showed no evidence of electrode reactions occurring over the operating
potential range. Therefore a greater amount of charge is displaced at pyridinic sites during the charge-
discharge process. This may occur due to a specific adsorption mechanism, coupled with enhanced electron
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Introduction

Electrochemical capacitors (ECs), also referred to as supercapacitors,
are electrical energy storage devices that absorb and release charge
at relatively high rates when compared with electrochemical cells."
In addition to high power density, they exhibit exceptionally
long cycle lives and high efficiency, enabling them to comple-
ment batteries and fuel cells in systems where there is a
substantial difference between peak and average power demands
(e.g. in electric vehicles).?

Charge is stored through two main mechanisms; electrical
double-layer capacitors (EDLCs) store charge electrostatically at
the interface between electrode surfaces and electrolyte ions,
whereas pseudocapacitance is more akin to the processes that
occur in battery electrodes."”** The most commonly used electrode
materials in EDLCs are activated carbons,”® due to their
combination of electrical conductivity, high specific surface
area (SSA) and the porous structure of carbon materials can
be tailored to better accommodate specific electrolyte ions.’
In addition, the capacitance associated with some activated
carbons has been shown to include a significant contribution
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conductivity through the carbon matrix.

through pseudocapacitive reactions involving oxygen containing
functional groups,'® which has inspired research into the effects
of incorporating alternative heteroatoms into the carbon matrix.

Several studies have concluded that the inclusion of nitrogen
atoms into the carbon electrode structure can enhance the
performance of ECs,"' ™ although it has been noted that the
mechanism(s) by which this occurs are unclear.”! Proposed
mechanisms include pseudocapacitive reactions involving
electrolyte species,">**?* a larger surface area being rendered
electrochemically active (through enhanced wettability of the
electrode surface),"*'® and superior electron conduction
through the carbon matrix due to the electron donor effect of
certain nitrogen groups.”®

Reports generally normalize specific capacitances by a measure
of surface area to account for changes in the double-layer compo-
nent of the overall capacitance,'®***® however this approach is
problematic when comparing materials with different pore and
structural characteristics as normalized values for activated carbons
are known to vary significantly.*”*® Also, capacitance measured on
carbon surfaces can vary by up to an order of magnitude depending
on the orientation of graphene planes,* and it has been reported
that the pore characteristics of the electrode exert substantial
influence over specific capacitance.>

Nitrogen-enriched carbon materials (NECMs) are normally
synthesized by impregnating a carbon (or carbon precursor) with
nitrogen-containing organic compounds that subsequently decom-
pose during thermal treatment. A further thermal treatment
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step under a reducing atmosphere was employed in this work
to control both the concentration and type of nitrogen groups
present, while retaining similar pore and structural character-
istics. This approach substantially reduces the uncertainties
associated with the process of surface area normalization.
Furthermore this method removes the influence of electro-
chemically active surface oxygen groups, such as quinone,
which can complicate the interpretation of electrochemical
behaviour. Herein, we present work showing that the increased
capacitance associated with NECMs is not due to increased
surface accessibility through the use of contrast-matched small
angle neutron scattering (CM-SANS). This technique is
proposed as a unique tool for the investigation of inaccessible
porosity in porous electrodes.

Experimental

Nitrogen-enriched carbon materials (NECMs) were produced by
carbonisation, activation and further thermal treatment of a
resorcinol-formaldehyde xerogel impregnated with m-phenylene
diamine. The NECM produced after treatment under hydrogen is
denoted as ‘C-H’, the material treated under an argon atmosphere
as ‘C-Ar’, and that treated under a mixed atmosphere as ‘C-HAr".

Nitrogen adsorption-desorption isotherms at 77 K were
obtained using a Micromeritics ASAP 2420 instrument; samples
were degassed at 200 °C for 10 h before analysis. Elemental
analysis was performed using a Perkin Elmer 2400 Series II
CHNS/O Elemental Analyser, and proximate analysis was per-
formed using a Mettler Toledo TGA/DSC1 STARe instrument.
XPS was performed in an ion pumped VG Microtech CLAM 4
MCD analyser system using 200 W unmonochromated Mg X-ray
excitation (1253.6 eV).

Small-angle neutron scattering (SANS) was performed
using the LOQ small-angle diffractometer at the ISIS Pulsed
Neutron Source (STFC Rutherford Appleton Laboratory, Didcot,
U.K.).*"*? Deuterium oxide was identified as a suitable contrast
matching liquid by calculating the scattering length density of
the NECMs.

Electrodes were manufactured by mixing the NECM under
study with polymer binder (KynarFlex) and milled carbon black
(Vulcan XC72), in an 80/10/10 ratio by mass. Symmetric two-
electrode EC cells were constructed using a version of a test cell
used in previous investigations,” and employing potassium
hydroxide solution (28.5 wt%) as electrolyte.

Electrochemical tests were carried out using a Solartron
Analytical 1470E Multichannel Potentiostat/Galvanostat with
1455A Frequency Response Analyser. Cell temperature was
maintained at 25 °C (£0.1 °C). Cells were cycled between 0.0
and 1.0 V (vs. OCP) Galvanostatically at various rates between
0.1 and ca. 12 A g~ . Electrochemical impedance spectra were
obtained at a potential bias of 0.1 V (vs. OCP) using a 10 mV
perturbation over the frequency range 100 kHz to 10 MHz.
Cyclic Voltammetry was performed between 0.0 and 1.0 V (vs. OCP)
at sweep rates of 10 mV s~ and 100 mV s~ . Specific capacitance
values are based on the mass of dry, ash-free active material
and are expressed on a three-electrode basis.
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More details of the synthesis method, physical characteriza-
tion, and electrochemical testing of the NECMs is given as (ESI}).

Results and discussion

Nitrogen adsorption-desorption isotherms for the NECMs studied
are shown in Fig. 1. The isotherms are a mixture of ‘type I' and ‘type
IV’ form*? although the uptake at low relative pressures differs for
each sample indicating that micropore volume is dependent on the
hydrogen concentration during thermal treatment. SSAs and pore
characteristics for each sample derived from the isotherms are
given in Table 1.

Although there is an increase in SSA and total pore volume
with increasing hydrogen concentration during thermal treat-
ment, these materials have similar pore characteristics, which
allows for comparisons between their capacitances to be made
on a surface area normalised basis. The chemical composition
of the samples determined using both combustive elemental
analysis and X-ray photoelectron spectroscopy (XPS), a surface
specific technique, are given in Table 2.
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Fig. 1 Nitrogen sorption isotherms (at 77 K) of NECMs. Circles: NECM treated
under hydrogen (C-H), squares: mixed hydrogen-argon atmosphere (C-HAr),
triangles: argon (C-Ar).

Table 1 Specific surface areas and pore characteristics calculated from nitrogen
sorption isotherms at 77 K. (NECM treated under hydrogen 'C-H’, argon 'C-Ar’,
mixed atmosphere '‘C-HAr’)

SSA® Vtotb VmLtC VmifDRd Vmesoe davf dMg

[m* g™"] [em® g7'] [em’ g7'] [em® g7'] [em’ g'] [nm] [nm]
C-H 580 0.33 0.22 0.24 0.08 23 1.4
C-HAr 535 0.33 0.21 0.23 0.08 24 14
C-Ar 465 0.28 0.18 0.21 0.08 24 1.4

“ Specific surface area calculated using the BET method. ? Total pore volume
calculated at P/P, > 0.95. © Micropore volume determined using the t-plot
method. ¢ Micropore volume determined using the Dubinin-Astakhov
method. ¢ Average pore width was estimated using the relationship 4 V;/
SSA./ Mesopore volume evaluated using the Barrett-Joyner-Halenda (BJH)
method on the adsorption branch of the isotherms. ¢ Modal pore width
calculated from the obtained form of the Dubinin-Astakhov equation using
the equation proposed by Medek.
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Table 2 Elemental composition of NECMs. (NECM treated under hydrogen
'C-H’, argon 'C-Ar’, mixed atmosphere 'C-HAr")

View Article Online

Table 3 Absolute concentration of nitrogen groups present in NECMs. (NECM
treated under hydrogen ‘C-H’, argon 'C-Ar’, mixed atmosphere ‘C-HAr’)

Elemental analysis® X-ray photoelectron spectroscopy”

C[wt%)] H[wt%] N[wt%] C[at%]  N[at%]  O[at%]
C-H 93.4 0.5 1.1 92.1 0.8 6.5
C-HAr 95.8 0.8 1.7 93.6 1.1 5.0
C-Ar 91.0 0.4 2.3 92.3 1.9 5.5

“ Expressed on a dry, ash-free basis (£0.3 wt%). ? (+0.1 at%).

Nitrogen content is seen to decrease with increasing hydrogen
concentration indicating that thermal treatment under hydrogen
is a useful technique by which to control the amount of nitrogen
groups in NECMs. Table 2 also shows that C-H possesses the
lowest nitrogen content while displaying the largest micropore
volume, therefore the abstraction of nitrogen groups is accom-
panied by the evolution of accessible porosity. Nitrogen content was
then divided into the groups illustrated in Fig. 2 by deconvolution
of detailed XPS scans and is expressed as an absolute surface
concentration in Table 3.

Table 3 shows that the gas used in the thermal treatment
process not only controls the amount of nitrogen in the NECMs
but can also be used to control the concentration of specific
nitrogen groups. By comparing the composition of C-H and
C-Ar it is seen that the reduction is attributable to the removal of
N-5 and N-6 type groups. Table 2 also shows that a considerable
amount of oxygen atoms are present in the materials, however
detailed XPS scans show that the oxygen content is not in the
form of electrochemically active quinone groups.

Small-angle neutron scattering (SANS) has been employed to
investigate the pore characteristics of carbon materials used in
ECs** and is especially suited to the study of materials that
possess microporosity.>® Additionally, the technique of contrast-
matched SANS has been used to identify the degree of closed
porosity in porous carbon materials®® and has been applied in
this work to investigate the amount of porosity accessible to an
electrolyte. It is proposed that any increase in electrochemically

N-5: pyrrolic
(ca. 400.4 eV)

N-5: pyridonic
(ca. 400.6 eV)

N-6: pyridinic
(ca. 398.7 eV)

N-X: pyridine-N-oxide
(ca. 403.0 eV)

N-Q: quaternary
(ca. 401.2eV)

Fig. 2 Nitrogen groups found in NECMs with corresponding XPS binding
energies."?
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N-5% [at%)] N-6” [at%] N-Q° [at%] N-X? [at%]

C-H 0.11 0.09 0.45 0.15
C-HAr 0.24 0.13 0.53 0.21
C-Ar 0.73 0.52 0.41 0.24

% 400.6 + 0.1 eV. ? 398.7 & 0.1 eV. € 401.2 + 0.1 eV. ¢ 403.0 + 0.3 eV.

active surface area resulting from the presence of nitrogen
groups would appear as a difference in the scattering behaviour
of a sample that has been impregnated with a liquid of the same
scattering length density. For the NECMs studied, the calculated
scattering length density of the samples almost identical to that
of deuterium oxide, which was employed as a suitable analogue
to the aqueous electrolyte used in electrochemical testing.

The difference in scattering cross section between the dry
and contrast matched carbon materials (of up to three orders of
magnitude) seen in Fig. 3 confirms that an excellent degree of
contrast matching was obtained.

For each of the NECMs, the SANS plots in Fig. 3 are of a
similar form which confirms that their pore characteristics are
comparable. For values of scattering wave vector (q) greater than
0.1 A™*, corresponding to the micropore region,*” both C-H and
C-HAr exhibit a greater amount of scattering in comparison with
C-Ar, which correlates well with the micropore volumes pre-
sented in Table 1. Further analysis of the SANS data confirms the
trend in SSA seen in Table 1 (see ESIf). Where scattering occurs
purely due to micropores there remains a difference between the
dry and contrast-matched scattering curves, which confirms that
even the smallest pores in each NECM are open and filled by the
contrast-matching fluid. There is no discernable difference in
the scattering between the contrast-matched plots that could be
attributed to the presence of nitrogen groups, and it is therefore
unlikely that any changes in capacitance between NECMs are
due to an increased electrochemically active surface area arising
from an increase in surface wettability.

Symmetrical two-electrode cells were constructed using the
NECMs and aqueous potassium hydroxide solution electrolyte.
Cells were tested using electrochemical impedance spectroscopy,
obtained spectra are given as ESL.T Parameters derived from the
spectra are presented in Table 4.

C-H could be expected to produce the largest specific
capacitance through the EDLC mechanism by possessing the
highest SSA, however C-Ar exhibited the highest specific capacitance
confirming that nitrogen heteroatoms can have a beneficial
effect on the capacitance. However, polarization resistance also
increases with nitrogen content and therefore a trade-off exists
between increased capacitance and an increased equivalent
series resistance (and therefore reduced power density).

When specific capacitance is normalized on the basis of SSA,
the influence of nitrogen content becomes clearer as the two
samples that contain a low concentration of edge nitrogen groups
have a similar value, whereas C-Ar, which has a significantly larger
concentration of edge nitrogen groups, has a value of 20.3 uF cm™>.
The finding that an increased surface area normalized specific

This journal is © the Owner Societies 2013
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Fig. 3 Small angle neutron scattering (solid lines) and contrast matched small angle neutron scattering (dashed lines) plots for (a) NECM treated under argon (C-Ar),
(b) NECM treated under a hydrogen-argon mixed atmosphere (C-HAr) and (c) NECM treated under hydrogen (C-H).

Table 4 Characteristics determined by fitting Randles’ circuit to EIS data for
NECMs. (NECM treated under hydrogen ‘C-H’, argon 'C-Ar’, mixed atmosphere
'C-HAr)

CFg?] s’ [Fem?] RE[@em?] RS [Qem
C-H 85.4 14.7 0.07 0.03
C-HAr 76.1 14.2 0.07 0.04
C-Ar 94.5 20.3 0.07 0.06

“ Specific capacitance determined at 10 MHz and expressed on a three-
electrode basis using the active mass of NECM. ? Specific capacitance
normalized on the basis of surface area SSA given in Table 2. © Series
resistance (Rs) and polarization resistance (R,) determined by fitting
Randles’ circuit®® to the impedance spectra (see ESI).

capacitance is associated with greater nitrogen contents is in
agreement with several reports.

Moreover, by considering the concentration of the nitrogen
groups present, the best correlation is found with the pyridinic
form of nitrogen (N-6). It is therefore likely that the increase in
capacitance is specifically associated with pyridinic nitrogen
(N-6). This can be asserted due to the different nitrogen groups
classified as N-5 type, which are found at a binding energy of
400.6 eV. The situation whereby pyrollic nitrogen and the tauto-
meric forms of pyridonic nitrogen found at this binding energy
behave in an identical manner electrochemically, is far less likely
than the situation where pyridinic nitrogen is responsible for the
larger surface area normalized specific capacitance observed.

Specific capacitance was also determined under Galvano-
static discharge over a range of current densities and the results
are presented in Fig. 4. Capacitance values determined at
relatively low rates are in agreement with those determined
using EIS. The surface area normalized values of specific
capacitance in Fig. 4 are higher for C-Ar at all of the rates
studied than the samples possessing very little pyridinic nitro-
gen. The fact that the there is no rate dependence of this effect
could indicate that reactions involving N-6 groups do contri-
bute to the overall capacitance of the electrode.

In order to determine whether any potential dependent
reactions influence the electrochemical behaviour of the samples
Cyclic Voltammetry (CV) was performed in symmetrical two-
electrode cells. Electrodes exploiting known pseudocapacitive
reactions (e.g. metal oxides," quinone/hydroquinone'®*®) usually
produce peaks in CVs over a voltage range of roughly 400 mvV.

This journal is © the Owner Societies 2013
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Fig. 4 Normalized Galvanostatic discharge capacitance against specific dis-
charge current. Circles: NECM treated under hydrogen (C-H), squares: mixed
hydrogen-argon atmosphere (C—HAr), triangles: argon (C-Ar).
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Fig. 5 Cyclic Voltammograms at (a) 10 mV s and (b) 100 mV s~ . Current is
normalized based on the mass of NECM. Circles: NECM treated under hydrogen (C-H),
squares: mixed hydrogen—-argon atmosphere (C-HAr), triangles: argon (C-Avr).

Fig. 5(a) and (b) however show a rectangular form for all
samples, which is typically associated with the EDLC mechanism.
As no changes in the rate of charge acceptance with changes in
voltage were obtained during CV, it unlikely that a potential
dependent redox mechanism occurs.

Conclusions

NECMs treated in the presence of hydrogen were used to investi-
gate the mechanisms by which nitrogen groups influence the
electrochemical behaviour of EC electrodes. CM-SANS experiments
indicate that there is no discernable difference in electrolyte
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accessibility between the NECMs studied and CV showed no
evidence of electrode reactions occurring over the operating
potential range. CM-SANS could be an extremely useful technique
by which to study electrolyte accessibility in systems where there is
interaction between electrodes and liquid electrolytes (e.g. batteries,
dye-sensitized solar cells etc.). Electrochemical methods confirmed
that nitrogen groups can have a beneficial effect on specific
capacitance, and it was concluded that pyridinic nitrogen (N-6) in
particular is likely to be responsible for this effect. It is proposed
that a greater amount of charge is displaced at pyridinic sites
during the charge-discharge process, and that a specific adsorption
mechanism coupled with enhanced electron conductivity through
the carbon matrix is responsible for this effect.
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