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An in situ electrochemical electron paramagnetic resonance (EPR) spectroscopic study of N-doped
reduced graphene oxide (N-rGO) is reported with the aim of understanding the properties of this ma-
terial when employed as an electrical double-layer capacitor. N-rGO shows a capacitance of 100 F g~ in
6 M KOH, which is twice that found for reduced graphene oxide (rGO). The temperature dependence of
the rGO EPR signal revealed two different components: a narrow component, following the Curie law,
was related to defects; and a broad curve with a stronger Pauli law component was attributed to the spin
interaction between mobile electrons and localised n electrons trapped at a more extended aromatic
structure. The N-rGO sample presented broader EPR signals, indicative of additional contributions to the
resonance width. In situ EPR electrochemical spectroscopy was applied to both samples to relate changes
in unpaired electron density to the enhanced capacitance. The narrow and broad components increased
and diminished reversibly with potential. The potential-dependent narrow feature was related to the
generated radical species from corresponding functional groups: e.g. O- and N-centred radicals.
Improved capacitance seen for the N-modified basal graphene planes can be accordingly suggested to

underlie the enhanced capacitance of N-rGO in basic electrolytes.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction doped graphene (NG) has been shown to have a higher gravimetric

capacitance, of up to 300 F g1, as well as a high rate capability

Electrical energy storage systems include the secondary battery
and the supercapacitor. Secondary batteries (such as lithium and
sodium ion batteries) have a higher energy density, while super-
capacitors have garnered much attention because of their higher
power density, long cycling ability and good rate capability [1-3].
Carbon based materials, including porous activated carbon, gra-
phene and carbon nanotubes, are potential active materials due to
their high specific surface area and high conductivity [1,4—6].
Heteroatom doping and functionalization have been shown to in-
crease the capacitance of carbon nanomaterials. For example, N-

* Corresponding author.
** Corresponding author. Department of Chemistry, University of Manchester,
Oxford Road, Manchester, M13 9PL, United Kingdom.
E-mail addresses: a.j.fielding@ljmu.ac.uk (A].
manchester.ac.uk (RA.W. Dryfe).

Fielding), robert.dryfe@

https://doi.org/10.1016/j.carbon.2019.12.045

[7—10]. This performance enhancement was attributed to increased
conductivity (graphitic-N) and pseudo-capacitive behaviour (pyr-
idinic-N and pyrrolic-N functional groups) [7—11]. Density func-
tional theory and classical molecular dynamic studies provide
further evidence that N doping increases the quantum capacitance
near the Fermi level, however, detailed experimental studies of the
pseudo-capacitive process are still scarce [12—15].

Electron paramagnetic resonance (EPR) spectroscopy is a sen-
sitive spectroscopic probe of the interplay of localised and itinerant
spins in carbon nanomaterials and their modifications upon inte-
gration as active components in devices, including graphene de-
rivatives where defects, such as vacancies and zigzag states, are
recognised as the main source of magnetism [16—22]. A recent
magnetisation and EPR study of chemically reduced graphene ox-
ide (rGO), showed that the rGO EPR spectrum comprised two in-
dependent spectral components [22]. A narrow EPR resonance at
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g = 2.0027, broader than pristine graphene oxide (GO), with
essentially Curie-like spin susceptibility associated with edge/va-
cancy defect spins, was superimposed on a broad signal at
g = 2.0015 with a higher Pauli contribution to the spin suscepti-
bility. The latter EPR signal was related to defect states, such as
localised 7 electrons trapped by defects or vacancies, strongly
coupled with itinerant spins within extended aromatic domains,
indicative of rGO’s persistent structural inhomogeneity [22,23].
Recent work by Augustyniak-Jabtokow et al. has discussed the
origin of the EPR lineshape of GO, and forbidden transitions in the
hyperfine structure have been proposed as a source of the line
broadening in GO and rGO [19,21].

Heteroatom doping has been pursued as a promising route to
enhance and modulate the magnetic response of graphene nano-
materials. Specifically, while potassium doping on rGO may pro-
mote Pauli paramagnetism by means of electron transfer, similar to
conventional graphitic materials [24], nitrogen doping has been
reported as a highly efficient modification to boost the magnet-
isation on both GO and rGO [25,26], although the microscopic
origin of the observed enhancement is complicated by the contri-
bution of pyrollic and graphitic N configurations [25—27]. N-doping
has been reported to induce ferromagnetism in GO [25] as well as
increase spin-spin/spin-lattice relaxation of nanocarbon based
materials [28].

The application of in situ techniques, such as electrochemical
quartz crystal microbalance (EQCM) and nuclear magnetic reso-
nance (NMR), helps to elucidate ion dynamics, which is particularly
relevant when such materials are employed as electrodes for
supercapacitors and other energy storage systems [29—32]. For
example, in situ NMR has provided insights into ionic diffusion and
the exchange processes in the nanoporous structure [30—32]. In
situ EPR provides an analogous probe of (unpaired) electron density
and dynamics but its application as a probe of the electrical double
layer of carbon based materials is relatively rare [33—36]. In situ EPR
studies of activated carbon in organic electrolyte found that the EPR
signal was potential independent [33]. Similar studies on carbon
black found localised radicals from oxygen-related functionalities
during electrochemical reduction and delocalised electrons on non-
oxidised carbon black in methylene chloride electrolyte [34—36].
Pseudo-capacitive behaviour in carbon based materials can in-
crease the total capacitance efficiently, and EPR spectroscopy is a
powerful technique to explore this behaviour [37—40]. More
importantly, in situ EPR can distinguish between pseudo-capacitive
processes and ionic adsorption in aqueous electrolytes [38].

Here, in situ EPR is used to study the enhanced electrochemical
performance imparted by elemental nitrogen doping on graphene.
N-rGO and rGO were prepared by a hydrothermal method with
different reducing agents, and N-rGO was found to have twice the
specific capacitance of rGO. EPR lineshape simulation, together
with temperature dependent measurements, helped to separate
the nature of spins on N-rGO and rGO. The present study uses an in
situ EPR cell that has been previously described [38] and helps to
further the understanding of the electrochemical behaviour of
different graphene materials.

2. Materials & methods

All chemicals were of analytical grade from Sigma-Aldrich and
were used without further purification.

2.1. Preparation of N-doped reduced graphene oxide and chemically
reduced graphene oxide

Graphene oxide was prepared by the modified Hummer’s
method and was further washed under alkaline conditions to

remove Mn impurities [41]. N-doped reduced graphene oxide (N-
rGO) was prepared by the hydrothermal method according to
previous reports, with hydrazine used as the N source [42]. Nor-
mally, the mixture of hydrazine monohydrate (1 mL) and GO sus-
pension (2 mg mL™!, 30 mL) was sonicated for half an hour. The
mixture was then transferred to a Teflon-lined autoclave and
heated for 12 h at 180 °C. The obtained sample was washed with
water and collected by filtration. Then, the wet sample was freeze
dried (—55 °C and 1 mbar vacuum, Alpha 1-2 LDplus freeze drier,
Martin Christ Gefriertrocknungsanlagen GmbH, Germany) to give
the final N-rGO powder. The rGO was prepared by the same method
except hydrazine was replaced by sodium borohydride with the
same solid reductant molar ratio. Finally, the prepared N-rGO, or
rGO, was dispersed in iso-propyl alcohol/water (volume ratio 1:1)
with sonication treatment (37 kHz, 350 W effective power, Fish-
erbrand FB11205 Ultrasonic Cleaner) for 1 h. The membrane of the
resultant active material was prepared by filtration on a PTFE film
(25 mm hydrophilic PTFE membrane filter with 0.1 um pore size
and thickness of 140 um, Merck Millipore Company), and the
working electrode was prepared as described in our previous report
[38].

2.2. Electrochemical measurements

The electrochemical measurements were carried out with a
three electrode system, using Ag|AgCl as a reference electrode, in
6 M KOH. The specific capacitance (C;) can be assessed from a cyclic
voltammogram (CV) (Equation (1)) or from the galvanostatic
discharge (Equation (2)) response:

szv

& =2mav M
It

C=mav 2)

where v is the scan rate, 3« [IdV is the integral of half of the CV
cycle with respect to potential, 4V is the cell voltage range, m is the
mass loading of the electrode, I is constant current and t is the
discharge time.

2.3. In situ EPR experiments

The in situ EPR cell was also based on a three electrode system,
as previously described: Pt mesh and Ag|AgCl were used as the
counter and reference electrodes, respectively [38]. The electrolyte
was anaerobically treated, and the cell was assembled under a N,
atmosphere in a glove box. Supporting materials, such as PTFE
membrane and the Pt wire, were found to be EPR silent [38]. The
prepared cell was cycled 20 times (using CV at 50 mV s, with the
same potential window as used for the active samples, in 6 M KOH)
to obtain a stable response before the in situ EPR experiment. The
potential waveforms were applied using a potentiostat (EmStat>*
Blue, PalmSens, the Netherlands). The EPR spectra were recorded
using a continuous-wave (CW) Bruker micro EMX spectrometer at
room temperature. In all cases, the microwave frequency was
approximately 9.8 GHz, and the modulation amplitude was 4 G, and
the microwave power was typically 2 mW. Triplicate samples were
recorded for the in situ EPR experiment, each averaged over 20
scans. The Q value of the electrode under various potentials was
monitored using a ruby placed inside the cavity and was found to
be stable [38]. The EPR signal of N-rGO/rGO decayed over time in
6 M KOH aqueous electrolyte, owing to chemical quenching of the
radical species [41]. For example, the signal intensity decreased by
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around 10% when the powder sample was immersed in the elec-
trolyte for one week [41]. In order to minimize the intrinsic signal
decay during the in situ measurement, the assembled cell was left
for 24 h before use.

2.4. Ex situ EPR temperature dependence experiments

The ex situ temperature-dependent experiments of the powder
rGO/N-rGO samples were carried out in a range between 4.2 K and
150 K under non-saturating conditions (Fig. S1). Temperature
calibration was carried out using a temperature sensor (Cernox®,
Lake Shore Cryotronics, Inc.) inserted into the sample position.
Error bars reflect duplicate runs and the estimated temperature
uncertainty. Experiments to observe the effect of an applied po-
tential on the temperature dependence were made with the elec-
trode frozen immediately (within 5 s) in liquid nitrogen after
applying the potential for 5 min (under non-saturating conditions,
Fig. S2). The assumption is that the potential distribution is main-
tained, to some extent, and therefore the low temperature exper-
iment retains some information about the state of the system under
the applied potential. In support of this approach, previous studies
on activated carbon indicated that the return to equilibrium after
removal of the applied voltage was relatively long (timescale of
hours) [38].

2.5. Characterization

The SEM analysis was carried out using an FEI Quanta 650 FEG
environmental scanning electron microscope. X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD
spectrometer with a monochromated Al Ko X-ray source
(E = 1486.6 eV, 10 mA emission).

3. Results
3.1. XPS characterization of rGO and N-rGO

XPS was used to confirm the distribution of elements in both
rGO and N-rGO samples. rGO and N-rGO were prepared via the
hydrothermal method by using different reductants, as described
above. Both materials are seen to possess a three-dimensional (3D)
porous structure (Fig. S3) due to the self-assembly of GO nano-
sheets and the freeze drying process [10,43,44]. XPS was used to
confirm the elemental compositions and nitrogen bonding con-
figurations in N-rGO and rGO. As shown in Fig. 1a, the peaks at
284.5 eV and 532.5 eV correspond to C 1s and O 1s, respectively
[45—49]. Only N-rGO presents the N 1s peak at 399.5 eV with the
atomic N percentage of 4%, indicating successful nitrogen doping of
graphene. The C1s peak of N-rGO can be fitted to four components
(Fig. 1b), corresponding to the C=C/C—C, C—N, C=0/N—-C=0,
0—C=0 and the m-7* shakeup from sp? (aromatic) carbon located
at 284.5, 285.8, 287.8, 288.9 and 291.5 eV, respectively. Similarly,
the N 1s peak in N-rGO has three components, centred at 398.5 eV,
400.1 eV and 401.5 eV, corresponding to pyridinic-N, pyrrolic-N,
and graphitic-N (Fig. 1c), while no nitrogen groups were found in
rGO (Fig. 1d).

3.2. EPR characterization of solid state rGO and N-rGO

The origin of the spins in rGO and N-rGO samples were studied
by temperature dependent EPR experiments using lineshape
simulation, over the range of 4.2 K—170 K (Fig. S4) under non-
saturating conditions.

The rGO sample showed a composite resonance lineshape with
a turning point at g = 2.0038 close to the free electron (ge = 2.0023)

across the temperature range. The origin of the EPR signal of rGO
was corroborated by the temperature dependence of the corre-
sponding spin susceptibilities (), determined from the double in-
tegral of the first-derivative EPR signal for each resonance. The x
can be fitted with the sum of Curie-Weiss law from localised spins
and a temperature independent Pauli contributions (xo):

X = xo + C[(T-6) (3)

Where C is the Curie-Weiss constant and O is the Curie-Weiss
temperature. The y of rGO samples can be fitted using Equation
(3) with Gigo=1.2(1) x 107> emuK g7, ©,60 = —9.3 (8) K and the
constant term, yo.rgo = 4.4 (5) x 10~ emu g~'. The spin density of
rGO calculated from the Curie-Weiss constant was 1.9 (2) x 10'°
spins g . This is a similar value to that measured by Dia-
mantopoulou et al. [22] The composite nature of the EPR signal was
revealed as a function of temperature. For example, the EPR signal
of rGO (e.g. 20 K, Fig. 2b) could be fitted well to the sum of two
independent Lorentzian or Dysonian components (Fig. S5): a broad
(B) resonance superimposed on a narrow (N) one, which largely
determined the central EPR peak. The narrow EPR resonance had a
g value of 2.0038 (2) and was temperature independent (Fig. S6a).
The peak-to-peak linewidth initially decreased from 170 K to 30 K
(from 6.5 G to 5.4 G) and then increased on further lowering of the
temperature (5.9 G at 5 K, Fig. S6a). Previous work has found that
reduced graphene oxide had a relatively small EPR linewidth,
which remained approximately constant down to 50 K indicative of
isolated spins. This was thought to be due to a narrowing mecha-
nism that effectively reduced dipolar broadening and other inho-
mogeneous contributions to the resonance width [22]. In our case
the narrowing of line width may arise through changes in the ex-
change, thereby causing a change in the motional narrowing phe-
nomenon [22]. The broad signal came into resonance at g = 2.0040
(20) (Fig. S5) and had considerably greater linewidth that decreased
almost linearly with the decreasing temperature (Figure S6b,
120 G at 170 K and 22 G at 5 K) indicating the dominance of
relaxation processes [23,50—52].

The nature of the two different signals was further analysed by
the spin susceptibilities x(T) as shown in Fig. 2c and d. The narrow
component (Fig. 2¢) closely followed Curie-Weiss behaviour with
Mo=51(8)x 10" emuKg !, ONo=—-71(7)Kand x).,co = 3.2
(2) x 10~ emu g1, as shown in Table 1. The paramagnetic nature of
the narrow component was directly reflected in the temperature
variation of the product y x T (inset in Fig. 2c) which increased
weakly down to 50 K, below which a maximum was observed at ca.
20 K. This behaviour is characteristic of localised spins with weak
antiferromagnetic interactions (signalled by the negative Curie-
Weiss temperature) and possibly the contribution of a high spin
state producing the maximum as has previously been reported
[22]. The broad curve (Fig. 2d) showed similar Curie-Weiss x(T)
variation together with a Pauli contribution with %o = 5.4
(8)x 1077 emuKg !, ©%p=-8.7(1)Kand x§.,co=13(3) x 1078
emu g~ !, which supports the interpretation of the influence of
itinerant electrons in sp? domains.

Qualitatively similar results were obtained for the N-rGO pow-
der (Fig. S7, Fig. 3b and Table 1), whose EPR signal at g = 2.0033 (4)
could be simulated by two independent Lorentzian components, a
broad and narrow resonance. Greater linewidths were found for the
N-rGO powder compared to those of rGO (Figs. S8—S9, Table 1). The
normalised signal intensity for N-rGO was found to be less than
that of rGO by around 60%. Further results from out-of-phase ex-
periments following the work of Augustyniak-Jabtokow et al. did
not show any evidence for forbidden transitions and significantly
slow relaxation of spins in both N-rGO and rGO materials (Fig. S10)
[19,21]. The total spin susceptibility (inset in Fig. 3a) could be also
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Fig. 1. XPS data for N-rGO and rGO. (a) XPS survey scan spectra of N-rGO and rGO, the inset table shows the elemental content of each sample; (b) C1s and (c) N 1s spectra of N-rGO;

(d) C 1s spectra of rGO. (A colour version of this figure can be viewed online.)

fitted to Curie-Weiss behaviour with Cn.rgo = 6.8 (6) x 10~ emu K
gL Onrgo = —0.2 (1) K and yo-n-rco = 3.2 (5) x 1078 emu g1, and
spin density of 1.1 (2) x 10'° spin g~ . The spin susceptibility of the
narrow EPR line (Fig. 3¢) with CN.;co = 2.8 (1) x 10 8 emuK g~ ', On.
rcot = 1.0 (4) K and xN-n-rco = 1.8 (9) x 1078 emu g, increased
continuously at lower temperature, more quickly than the 1/T
dependence predicted by the simple Curie behaviour (inset of
Fig. 3c). This has been previously observed for GO by Ciri¢ et al. [53]
and discussed in terms of increasing interaction between localised
moments on decreasing temperature or from thermal excitation of
weakly localised spins into the conduction band. The broad EPR
component had a strongly temperature dependent linewidth
(Fig. S5b) that followed the Curie-Weiss law with CB.,co = 3.5
(2) x 108 emu K g!, OF_;co = —0.1 (3) K and considerably higher
Pauli contribution compared to the narrow y5.n.,co = 5.4 (4) x 108
emu g~ ! (Table 1), indicating, again, that the underlying spins most
likely arise from electrons trapped by defects at the extended sp?
aromatic regions of N-rGO [22,38]. Interestingly, the Pauli contri-
bution is less than that for rGO.

3.3. Electrochemical properties of N-rGO and rGO

The electrochemical performance of the prepared N-rGO and
rGO was tested using a three-electrode system, in 6 M KOH elec-
trolyte, with the N-rGO and rGO used as the working electrodes to
study the effect of N-doping.

The CV of the rGO and N-rGO electrodes was analysed as a
function of scan rate (see Fig. S11), which led to a gravimetric

capacitance of 100 F g~! being calculated for N-rGO, whereas rGO
presented a gravimetric capacitance of 45 F g~ at 10 mV s~
(Fig. 4a), which is consistent with previous reports [7,45,46]. Ac-
cording to the charge/discharge curves (Fig. 4b), the discharging
time of the NG is significantly longer than that of rGO, indicating
that N-rGO offers a much larger capacitance, which is again
consistent with the conclusions drawn from cyclic voltammetry.
The rate performance of N-rGO is shown in Fig. 4c: the calculated
capacitance falls from 125 Fg ' at 0.2 Ag 'to51 Fg 'at8Ag LA
comparison of the data with that obtained in previous literature is
shown in Table S1. The decrease of specific capacitance with
discharge current might be related to ion transport limitations as
well as the relatively low conductivity of the electrode [54]. Simi-
larly, the increased capacitance of N-rGO might be related to the
improved conductivity from the presence of graphitic N in gra-
phene and the external pseudo-capacitive behaviour from the
presence of the pyrrolic N [8,45,46,55,56].

3.4. In situ EPR spectroelectrochemical response of rGO in 6 M KOH

In situ EPR was used to study the Faradaic reactions occurring at
the rGO electrode during the electrochemical process, and the ex-
situ temperature dependent experiment was adapted to confirm
the origin of generated spins.

The EPR spectrum of a rGO electrode in 6 M KOH electrolyte
presented a distinct reversible dependence on potential, ie. a
marked increase of the signal intensity during charging that
reversibly decreased with the decrease of the applied potential
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Fig. 2. Temperature dependent results of powder rGO sample. (a) Temperature variation of x vs T (black dots) of rGO powder; (b) EPR lineshape simulation with two independent
Lorentzian curves at 20 K; temperature dependent of the corresponding narrow (c) and the broad (d) component. The red line in (a), (c) and (d) shows the fitting result of the sum of
Curie-Weiss and Pauli law. The insets in (c) and (d) show the corresponding temperature variation of x x T vs T results. (A colour version of this figure can be viewed online.)

Table 1
Summary of the XPS derived elemental composition and EPR spin susceptibility of N-rGO and rGO.
rGO N-rGO
Element (%) C 90.2 89.4
N - 4
(o) 9.8 6.6
Spin Density 1.9 (2) * 10" spins g~ 1.1(2) * 10" spins g~!
C(10emuKg™) 1.2(1) 0.68
0 (K) -9.3(8) -0.2(1)
%0 (1078 emu g~ 1) 4.4 (5) 3.2 (5)
Resonance Components Narrow Broad Narrow Broad
C(10emuKg™) 5.1(8) 5.4 (8) 2.8(1) 3.5(2)
O (K) -7.1(7) -8.7(1) 1.0 (4) -0.1(3)
%o (10~8 emu g~ 1) 32(2) 13 (3) 1.8 (9) 5.4 (4)
Width (G) (20 K) 5.6 241 8.7 428

when discharged (Fig. 5a and b). Line-shape deconvolution indi-
cated the presence of two different components (marked with
different colours in Fig. S12), qualitatively similar to the powder
rGO EPR. The narrow curve at g = 2.0035 (5) presented a linewidth
close to 8 G at —0.8 V with an asymmetric Lorentzian lineshape,
with an increase of linewidth up to 20 G at 0 V. The corresponding
spin density (calculated by the double integration of the first-
derivative signal) of the narrow component (blue lines in Fig. 5¢)
remained approximately constant at lower potentials, whereas a
sudden increase occurred at around —0.4 V. A reversible change of
the narrow component was observed during discharging, i.e. the
spin density was approximately constant from 0 to —0.3 V, then
dropped rapidly from —0.4 to —0.5 V, and finally decreased slightly
at —0.8 V. The broad EPR component at g = 2.0020 (8) (Fig. S13) in
Fig. 5a and b, presented an asymmetric Lorentzian lineshape with a

linewidth of 60 G at —0.8 V that decreased drastically with
increasing potential to 20 G at 0 V (Fig. 5 e,f). The changes in the
broad EPR component were also reversible with respect to poten-
tial, as shown in Fig. 5b. The spin density of the broad spectral
feature varied reversibly during the charging/discharging process
presenting a weak potential dependence consisting of a small in-
crease/decrease at the low potential range during charging/dis-
charging, as shown in Fig. 5c and d.

In order to explore the physical origin of the unpaired spins, the
temperature dependence of the electrochemical EPR spectra for the
rGO electrode was measured under applied potentials of —0.7 V
and 0 V as shown in Fig. S11. The total spin density of rGO at the
different potentials followed the Curie-Weiss behaviour described
above. EPR lineshape simulation identified two components at the
lower potential of —0.7 V (Figure S14a/b), similar to the powder rGO
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EPR spectra. The narrow component at 0 V showed Curie-Weiss
behaviour but with a higher spin susceptibility value (Table S2
and Fig. S14) compared to —0.7 V. The broad EPR component pre-
sented standard Curie-Weiss behaviour with a Curie-Weiss tem-
perature of —1.78 K (Table S2). Considerably higher spin density
was found at the higher potential of 0 V compared to —0.7 V, as
shown in Figure S14c, and a broad EPR component could not be
discriminated at temperatures lower than 115 K.

3.5. In situ EPR spectroelectrochemical response of N-rGO in 6 M
KOH

Again, in situ EPR at room temperature and ex-situ temperature
dependence experiment was adapted to confirm the origin of
generated spins on N-rGO electrode during electrochemical pro-
cess. The EPR signal of N-rGO changed over potential as shown in
Fig. 6 (with the lineshape simulation at various potentials shown in
Fig. S15). The EPR signal of N-rGO also showed a reversible potential
dependent behaviour during charging (a) and discharging (b). The
narrow resonance showed a potential dependence consisting of an
increase of intensity at higher potentials (e.g. —0.4 V) during the
charging process (and the corresponding decrease during
discharge), as shown in Fig. 6¢. The linewidth of the narrow EPR line
remained constant at about 6.5 G, independent of the applied po-
tential (Fig. S16). The broad EPR component with linewidth over
50 G presented a significant potential dependence (Fig. S16). In
particular, the corresponding spin density increased/decreased
markedly during the charging/discharging process as shown in
Fig. 6¢, reaching a two-fold enhancement/reduction as the poten-
tial varied. The spin density variation was accompanied by little
linewidth change during charging and broadening during

discharging (from 50 G at 0 V to 70 G at —0.8 V) indicative of
concomitant potential dependent variations of spin dynamics in
the N-rGO electrode. Interestingly the lineshapes with applied
potential showed more asymmetry compared to the solid samples
without applied potential. Mobile electrons within conducting
materials (e.g. graphite, graphene) can show a Dysonian lineshape
due to the skin effect: the asymmetry parameter can be quantified
by the A/B ratio (Fig. S17) [37]. For example, the asymmetric factors
of GO and N-rGO are 1.5 (+0.2) and 2.1 (+0.4), respectively,
compared to 1.1—-1.2 in the solid state with no applied potential. The
asymmetry did not change over the potential range employed.

Temperature-dependent EPR measurements of N-rGO at
different potentials were subsequently carried out to investigate
the nature of different spins. The magnetic properties of the narrow
resonance of N-rGO electrode at —0.7 V/0 V (Fig. S18) were very
similar compared to the results of solid N-rGO without applied
potential (Fig. 3). This indicates that the nature of two resonances
were essentially identical during the electrochemical process. The
spin density of the narrow EPR signal increased moderately at 0 V,
compared to —0.7 V, reflecting the formation of O/N centred radi-
cals owing to the enhanced oxidation at the higher potential. The
broad EPR component at 0 V (Fig. S18, Table S2) exhibited a mixed
Curie-Pauli behaviour with the Pauli contribution considerably
enhanced compared to —0.7 V, suggesting an increase in the den-
sity of delocalised electrons for the N-rGO electrode with increased
potential.

4. Discussion

Table 1 summarises the composition and spin susceptibility of
the N-doped reduced graphene oxide and reduced graphene oxide
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prepared by the hydrothermal method with different reducing
agents. The C 1s XPS results confirmed the presence of N (4%) along
with residual O (6%) in N-rGO, while only O (9%) was found in rGO.
The nitrogen is distributed on both edges and also defective do-
mains at the basal plane [7,57]. Both samples presented a porous
structure on the micrometre scale, formed by the overlap or coa-
lescence of reduced GO nanosheets via m-m stacking interactions.
Comparative EPR measurements showed that hydrothermally
prepared rGO and N-rGO exhibit a composite resonance lineshape.
The g value of rGO (2.0038) is slightly higher than N-rGO (2.0033),
matching the higher oxygen content in the rGO samples. The nor-
malised narrow signal of N-rGO was weaker than the corre-
sponding rGO signal, possibly because of reduction in the number
of defects. Spectral deconvolution of the EPR lineshape revealed the
superposition of two resonances and thus the presence of two
distinct spin species for both samples: a narrow signal at a g value
close to that of free electron with linewidth around 8 G, and a broad
resonance at a slightly higher g value with linewidth above 50 G.
The narrow component was attributed to localised spins related to
defects and the edge states. The broad component was attributed to
7 electrons trapped by defects at more extended sp? aromatic re-
gions coupled with mobile electrons. Differentiation of the indi-
vidual EPR signals of localised and itinerant spins is rather difficult
at conventional X band (9 GHz) frequencies due to the fast ex-
change of localised T electrons and delocalised ones that leads to an
averaged resonance line [58]. The presence of conduction electrons
in both rGO and N-rGO samples was further evident by the tem-
perature variation of the corresponding spin susceptibilities that
followed closely the Curie-Weiss law in combination with a Pauli

contribution for the broad component (Figs. 2 and 3). Despite the
similarities in the EPR spectra for both samples, a small amount of N
doping changed the magnetic properties appreciably. The magnetic
contribution of nitrogen is effective and complicated
[25—27,59,60]. For example, it has been found that pyrrolic-N can
introduce external magnetic moments of 0.95 pg due to the
contribution of 7 bonds [27,59]. Furthermore, graphitic-N without
any magnetic moment can act as a stable attractor, which forms
magnetic defects [60], while pyridinic-N contributes less to the
magnetic properties [25,26]. Both EPR components in N-rGO were
broader than compared to rGO, implying either faster spin relaxa-
tion or changes in hyperfine splitting and strain imparted by the
presence of pyrrolic and graphitic N-doping. Moreover, the narrow
EPR component of N-rGO exhibited less antiferromagnetic prop-
erties evident from the less negative Curie-Weiss temperature
[54,61,62].

Comparative electrochemical measurements showed that N-
rGO possesses a higher specific capacitance (100 F g at 10 mV s~ 1),
twice that of the rGO sample. The electrochemical performance of
N-rGO is lower than some earlier reports, especially compared to
literature reports for acidic electrolytes (e.g. HySO4). This is related
to the limited pseudo-capacitance from functional groups (e.g.
quinone, pyrrolic) in proton-free electrolyte (e.g. 6 M KOH) [63,64].
The in situ EPR study found a reversible change of the narrow
spectral component (Figs. S12 and S15) in both rGO and N-rGO
samples. The enhancement of the narrow component can be
accordingly attributed to the formation of carbon-oxygen centred
radical species on the oxidation of hydroquinone groups/or
carboxylate functionalities and also N-centred radical species, for
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Fig. 5. In situ EPR spectral change of rGO from —0.8 to 0 V in 6 M KOH. EPR signal change under various potentials during (a) charging and (b) discharging; the double integral of
each component during (c) charging and (d) discharging; the linewidth change during (e) charging and (f) discharging. Inner spectra in (a) and (b) show the comparison of the rGO
electrode under 0 V and —0.8 V during charging and discharging. Simulations can be found in Fig. S12. (A colour version of this figure can be viewed online.)
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example due to the oxidation/reduction of pyrrole-type function-
alities under alkaline conditions. However, no significant variation
for the g value of the narrow line was observed with the increased
potential (Figs. 5 and 6). This might be related to the presence of an
averaging of the g value and the relatively low concentration of O
centred radicals due to lower O content compared with the reduced
sample (confirmed by XPS in Fig. 1) [41]. The relatively localised
nature of the narrow signal is confirmed by the temperature
dependent results (with the Curie-Weiss fitting in Figs. S13 and
S17) and gives further support to the existence of oxygen/nitro-
gen centred radical species. As N-rGO has a lower O content, the
corresponding potential dependence of the narrow EPR component
was rather weak. Overall, greater differences were found between
the broad resonances for the two materials. The broad component
linewidth of the rGO fell significantly with increased potential
(Figs. 5 and S13) and this may be explained by differences in the

contribution to the linewidth by both the Pauli and the Curie
components [65].

Previous reports have studied the potential dependent change
in charge carrier density in single layer graphene, where the EPR
signal was related to the change in Fermi level around the Dirac
point [66]. In this work, temperature dependent results for the
broad EPR component as a function of potential suggest that the
nature of the underlying spins originates mainly from = electrons
localised at more extended aromatic domains. Basal plane defects
can be recognised as more extended sp? structures (different from
the ideal graphene layers and the edge structure) that stabilise
electrons, showing a broad EPR signal. The broad EPR signal is
significantly enhanced at higher potentials (Figs. 5 and 6), espe-
cially for N-rGO, with the corresponding spin susceptibility at —0.3
to 0 V presenting a marked increase (Table S2) of the Pauli contri-
bution compared with at —0.7 V (Fig. S18a), indicating an enhanced
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contribution of itinerant spins. Our previous study of the potential
dependent broad signal on activated carbon in 3 M KOH was
associated with the ion adsorption into the pore structure [38]. The
capacitive process of rGO/N-rGO materials comprises both the
pseudocapacitive (the redox peaks shown in CV) and the double
layer behaviour (reflecting charge/ion sorption) on the surface. The
increased spin density of T electrons localised at more extended sp?
structures follows a similar trend to the narrow component and
may be related to the functional groups on the defective basal
plane.

Although the induced pseudocapacitive process can enhance
the electrochemical properties of N-rGO, this is not enough to
explain the large capacitance enhancement compared with pristine
graphene [7,67,68]. Therefore, modifications of the electronic
properties arising from N doping should be an important factor. For
example, the improved solvent accessibility due to graphitic N in
the basal plane (which can disrupt 7 electrons conjugation) is
beneficial for double layer capacitance [67,69]. Double layer
capacitance at edge sites is known to be significantly higher than
the basal plane contribution, and extra edge sites from N-doping
can also contribute to the capacitance [70]. The broad EPR
component comprises a major contribution of delocalised spins
with a higher spin susceptibility ratio in N-rGO, which presented a
higher sensitivity to potential than rGO. We may accordingly
conclude that the enhanced electrochemical performance of N-rGO
in basic electrolytes is related to the improved electrochemical
properties of defective structures (due to the N functionalization at
the basal plane) that can be sensitively monitored by in situ EPR
electrochemical spectroscopy.

5. Conclusions

In this work, in situ electrochemical EPR spectroscopy was
exploited to probe spin dynamics in N-rGO and rGO super-
capacitors, and thereby provide insight to the charging mechanism
of N-doped graphene in KOH aqueous electrolytes. Comparative
XPS and electrochemical measurements on the hydrothermally
prepared N-rGO and rGO confirmed successful N bonding on the
graphene layers by pyridinic-N, pyrrolic-N, and graphitic-N func-
tionalities in the former materials, resulting in the doubling of the
specific capacitance to a value that exceeded 100 F g~ ! for the N-
rGO electrodes. EPR measurements identified a composite EPR
spectrum for both samples, consisting of two distinct resonance
lines: a narrow component arising mainly from localised spins at
defects and edge states, and a broad component with strongly
temperature dependent linewidth, indicative of conduction elec-
tron spins coupled with localised 7 electrons in more extended sp?
domains. In situ electrochemical EPR experiments revealed a
reversible variation of the signal intensity during charging/dis-
charging, with the signal intensity increasing with potential for
both N-rGO and rGO electrodes, though with distinct differences in
the spectral weights of the two components. Considering that the
narrow EPR signal arises largely from localised defect spins,
corroborated by temperature dependent EPR measurements after
the application of different potentials, the increase of the corre-
sponding spin density at high potential was related to the forma-
tion of stable radical species such as carbon-oxygen centred
radicals in the KOH electrolyte, an effect most pronounced for the
rGO electrode with the higher O content. On the other hand, the
potential dependent broad signal can be related to the changes in
unpaired spin density at more extended aromatic structures (basal
plane with defects such as pyridine groups, vacancies). The broad
EPR component showed a greater variation over the potential range
studied in N-rGO than rGO, which indicates the improved capaci-
tive behaviour resulting from N modification at basal planes.
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