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Prominent Structural Dependence of Quantum Capacitance
Unraveled by Nitrogen-Doped Graphene Mesosponge

Rui Tang,* Alex Aziz, Wei Yu, Zheng-Ze Pan, Ginga Nishikawa, Takeharu Yoshii,
Keita Nomura, Erin E. Taylor, Nicholas P. Stadie, Kazutoshi Inoue, Motoko Kotani,

Takashi Kyotani, and Hirotomo Nishihara*

Porous carbons are important electrode materials for supercapacitors. One of
the challenges associated with supercapacitors is improving their energy
density without relying on pseudocapacitance, which is based on fast redox
reactions that often shorten device lifetimes. A possible solution involves
achieving high total capacitance (C,;), which comprises Helmholtz
capacitance (Cy;) and possibly quantum capacitance (Cy), in high-surface
carbon materials comprising minimally stacked graphene walls. In this work,
a templating method is used to synthesize 3D mesoporous graphenes with
largely identical pore structures (%2100 m? g~! with an average pore size of
~7 nm) but different concentrations of oxygen-containing functional groups
(0.3-6.7 wt.%) and nitrogen dopants (0.1-4.5 wt.%). Thus, the impact of the
heteroatom functionalities on C,; is systematically investigated in an organic
electrolyte excluding the effect of pore structures. It is found that heteroatom
functionalities determine C,,, resulting in the cyclic voltammetry curves being
rectangular or butterfly-shaped. The nitrogen functionalities are found to

significantly enhance C,;, owing to increased C,.

1. Introduction

Supercapacitors are promising energy storage devices with out-
standing power outputs (~15 kW kg=))[!l and long life cycles

(>1000 000 cycles),?! rendering them fasci-
nating candidates for military, satellite, elec-
tric vehicle, and microgrid applications.®!
However, the energy densities of superca-
pacitors tend to be relatively low (10 Wh
kg™!), making them unsuitable for energy-
demanding applications.[* The key com-
ponents of supercapacitors include elec-
trode materials, a separator, electrolyte, and
current collectors. As previously reported,
one potential avenue to increase the en-
ergy density of supercapacitors is to in-
crease the total capacitance (C,,) of the
porous carbon material used as the elec-
trode material.l! Furthermore, relying on
pseudocapacitance, which originates from
fast redox reactions that lead to shorter de-
vice lifetimes, is not preferable. One ap-
proach for enhancing C,, is to increase
the contribution of one or more of its
individual components: Helmholtz capac-
itance (Cy), diffuse layer capacitance (can

be ignored in the presence of a concentrated electrolyte),!
and possibly quantum capacitance (C).°! Understanding the
nature of these capacitance contributions is fundamental to
various fields, including electrochemistry, energy storage, and
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electrocatalysis.[®l Thus, research on carbon materials has fo-
cused on the origin of C,,, its determinants, how it can be im-
proved, and the reason why C,, sometimes varies depending on
the applied potential.[67]

To maximize Cy, the graphene walls of porous carbon materi-
als should be minimized to increase specific surface area (SSA).
However, minimally stacked graphene walls often display a ca-
pacitance drop near their potential at zero charge, resulting in
an inferior C,,.[8] Therefore, it is crucial to elucidate the key fac-
tors that increase C,, in high-SSA carbon materials with mini-
mally stacked graphene walls, including highly activated carbons,
single-walled carbon nanotubes, and graphene-based porous ma-
terials. Due to their structural complexity, porous carbon materi-
als’ structure-capacitance relationship has not been thoroughly
investigated.! The structural features of these materials include
SSA, pore size and shape, topological defects, edge sites, and
heteroatoms.! The SSA is determined by the basal plane and
edge sites of the porous carbon material.['%! Pores can be classi-
fied as micropores (< 2 nm), mesopores (2-50 nm), and macro-
pores (> 50 nm),l"!l and can be open or closed depending on
how they are connected. Topological defects are typically non-
hexagonal carbon ring structures, such as five-, seven-, and eight-
membered rings in the graphene basal plane.'?l Edge sites are
more complex; various types have been reported thus far includ-
ing triplet carbenes and o-radicals (doublet), which could exist
as dangling bonds, o-radicals at H-terminated zigzag edge sites,
H-terminated armchair edge sites, hydroxyl, acid anhydride, lac-
tone, carboxyl, carbonyl, and ether groups.!'}] Heteroatoms can
be also incorporated into carbon frameworks. For example, ni-
trogen doping allows for the incorporation of various nitro-
gen species, including pyridine N-oxide, pyridinic, pyrrolic, and
graphitic nitrogen. This broad array of possible structural fea-
tures and the corresponding subtle or substantial variations in
their chemical properties add to the complexity of the porous car-
bon materials.

Various competing theories have been proposed to gain in-
sights into the complexity of porous carbon materials. However,
far from providing some clarity, these theories have instead of-
ten spawned conflicting claims. Regarding the basal plane, one
well-known theory has supported the concept of space charge
capacitance (Cgc).'**1¢1 Specifically, it proposes that Cy is de-
termined by the basal plane thickness and is dependent on the
potential.l'”] Although such a theory may qualitatively explain the
low value of C,,.,; (C\, Per SSA) and the observation of butterfly-
shaped cyclic voltammetry (CV) curves, a quantitative analysis of
these curves remains to be seen.['®19 Another theory incorpo-
rates Cy, which has been used to quantitatively explain the varia-
tion in the C,, of graphene at different potentials.?°! Graphene’s
C,ot is generally considered to be primarily determined by Cy
and by C,.**** The origin of C, can be understood as follows:
graphene is not a conductor, but a semiconductor. When ions
with a charge of Q are electrostatically adsorbed on graphene,
in addition to the potential change (Uy) caused by band shift
relative to the neutral surface, there is also a potential change
(Ug) caused by the Fermi level shift relative to the Dirac point.[?*]
Therefore, according to the definition of total capacitance (C,,),
Ciot = Q/(Uy + Uy), inverting the above equation yields: 1/C,,
= Uy/Q+ Uqy/Q=1/Cy + 1/Cy.1**) However, a Cy-based the-
ory falls short of being a general theory that satisfactorily ex-
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plains much of the experimental data encompassing a gamut
of materials ranging from graphene to porous carbon materi-
als. For example, the CV curves of most porous carbon materi-
als have not displayed any features attributable to Cy,. In addi-
tion, no report has offered direct evidence that connects the en-
hanced C,., of modified porous carbon materials to a correspond-
ing gain in C,,.**? Therefore, the C,, theory has received only
limited acceptance from researchers involved in porous carbon
materials research,®] despite the fact that graphene is a compo-
nent of porous carbon materials. Furthermore, it has been pro-
posed that ion reorganization within an electrolyte, rather than
the electronic properties of carbon materials (Cgc or Cy), un-
derpin the C,, variation under different potentials.”’] Regard-
ing edge sites, one well-known theory is based on pseudoca-
pacitance, which typically originates from reversible redox reac-
tions between oxygen(?-3%1 or nitrogen functionalities®!! and an
aqueous electrolyte. Note that pseudocapacitance is often used
to express capacitance enhancement for unknown reasons.32!
Other theories propose that the presence of oxygen functional-
ities enhances Cy by improving the wettabilityl?®! or carbon-ion
interaction.I*}] In terms of pore size, ions’ inability to penetrate
small pores has been cited to explain the decrease in C,,,.**! Such
an explanation is sometimes used to explain the low value of
C,ea for activated carbon materials with high SSAs.[**] On the
other hand, an increase in C,,, has been observed when the
pores and ions have matching sizes;3*3’] however, the mecha-
nism behind the observed increase in C, ., remains elusive.[38-41]
Additionally, it has been proposed that the butterfly shape of cer-
tain CV curves might be due to the electrowetting of the small-
est pores.[*?] Nitrogen doping has also been demonstrated to
enhance C,, by introducing pseudocapacitance,[***! improving
wettability,*] enhancing carbon-ion interaction,***¢ or increas-
ing C,.1*>*") However, some researchers disagree with the notion
that nitrogen doping can enhance C,,. It is reported that nitrogen
doping is not so effective in enhancing C,,[!! or even negatively
affects C,, at high current densities in organic electrolyte-based
supercapacitors.[*8]

To facilitate the development of a C,, theory for porous carbon
materials and elucidate the structure-capacitance relationship in
high-surface carbon materials with minimally stacked graphene
walls, one approach is to initially design or use carbon materi-
als with fixed or relatively simple structural features and poten-
tially branch out later to carbon materials with more complex
structures. We recently reported that a Cy-based theory, rather
than one based on Cg, can explain the capacitance behavior of
an edge-site-free three-dimensional mesoporous graphene pre-
pared using a template carbonization method.!®! This carbon ma-
terial was named graphene mesosponge (GMS) because of its
uniform sponge-like mesoporous structure, essentially a nega-
tive replica of a sacrificial template of Al,O, nanospheres (¢ =
~7 nm).[*1 GMS is a powdery form with a particle size of %10 ym,
and its SSA is as high as ~1900 m* g~'. Moreover, GMS ex-
hibits a capacitance performance closer to that of graphene due to
its specific framework with minimally stacked basal planes and
very few edge sites. Here, we report the preparation of nitrogen-
doped graphene mesosponge (N-GMS) via chemical vapor depo-
sition (CVD) on a sacrificial template of Al,O, nanospheres (¢
= &7 nm). We show that the investigation of any capacitance
performance variations or similarities among graphene and its
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Figure 1. a—c) SEM and d—f) TEM images of the nitrogen-doped carbon species: (a,d) N-CMS, (b,e) N-GMS-1000, and c,f) N-GMS-1800. g) BET SSAs
and h) average pore sizes of the carbon materials after high-temperature annealing. i) Carbon yields after high-temperature annealing for the doped and

undoped materials.

3D frameworks is enabled using a series of N-GMS materials as
models. We also propose intrinsic mechanisms by which oxygen-
containing functional groups and nitrogen doping affect C,, and
C,.;- Ultimately, these investigations aim to break through the low
energy density bottleneck that has hindered progress in the field
of supercapacitors.

2. Results

GMS can be synthesized by high-temperature annealing of its
precursor, carbon mesosponge (CMS). CMS was synthesized by
methane CVD at 900 °C for 100 min on a sacrificial template
of Al,0; nanospheres (¢ = ~7 nm). Figure 1a shows a scan-
ning electron microscopy (SEM) image of the nitrogen-doped
carbon mesosponge (N-CMS) synthesized by acetonitrile CVD at
650 °C for 3 h on the same Al, O, templates. Acetonitrile was used
as the source of both carbon and nitrogen (see the Experimen-
tal Section and Figure S1, Supporting Information). Nearly one
carbon layer was deposited, as confirmed by thermogravimetric
(TG) analysis (Figure S2, Supporting Information). The result-
ing material exhibited a particle size of ~10 um. These relatively
large particles were found to be composed of smaller aggregated
particles. In addition, numerous macropores were observed on
the particle surfaces. Following high-temperature annealing of
the prepared N-CMS from 1000 to 1800 °C, we synthesized a
series of samples denoted N-GMS-1000, N-GMS-1200, N-GMS-
1400, N-GMS-1600, and N-GMS-1800, where the number indi-
cates the corresponding annealing temperature. The morpholo-
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gies of the samples were found to be very similar (see, for ex-
ample, Figure 1b,c). Furthermore, the samples comprised hol-
low spheres with a diameter of ~#7 nm and were essentially neg-
ative replicas of the Al,O, template, as shown in the transmis-
sion electron microscopy (TEM) images of the pristine and an-
nealed nitrogen-doped carbon materials (Figure 1d—f). As shown
in Figure S3a (Supporting Information), the type IV nitrogen
adsorption—desorption isotherms and hysteresis at P/P, > 0.4
indicate the presence of a highly mesoporous structure for the
pristine and annealed carbon species. A slight increase is shown
at P/P, greater than 0.95 meaning some macropores in these
carbon materials.’*%2] The Brunauer-Emmett-Teller (BET) sur-
face areas (Sggr) of N-CMS, N-GMS-1000, N-GMS-1200, N-GMSS-
1400, N-GMS-1600, and N-GMS-1800 were determined to be
2369, 2112, 2186, 2079, 2116, and 2037 m? g, respectively. Al-
though the SSA of N-CMS was slightly higher than the annealed
samples probably due to its larger number of edge sites, the
SSA of the annealed samples are almost identical up to 1800 °C
(Figure 1g).

The samples prepared with a shorter CVD time of 1 h
showed significantly reduced Sy after high-temperature an-
nealing (Figure S4, Supporting Information), suggesting that
CVD time is a critical parameter for controlling the robustness of
the prepared carbon frameworks. In general, high-temperature
annealing of porous carbon materials has been found to be detri-
mental to their porous structures.>3] However, we previously syn-
thesized a series of templated mesoporous carbon materials that
were able to withstand high-temperature annealing up to 1800 °C

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. N1s XPS results for the a) N-CMS, b) N-GMS-1000, c¢) N-GMS-1200, and d) N-GMS-1400. Elemental analysis results for the e) doped and

f) undoped carbon materials.

without significant alteration in their pore structures.[*>>4%] This
work, therefore, extends our earlier templating method to prepar-
ing nitrogen-doped mesoporous carbon materials. Indeed, in
addition to the SSAs, the pore-size distributions (Figure S3b,
Supporting Information) and average pore sizes (Figure 1h) of
the annealed materials were nearly identical, suggesting that the
carbon frameworks were largely retained after high-temperature
annealing. Thus, using N-GMSs as model materials allowed us to
achieve nearly unchanged SSA and pore size distribution, which
facilitated the elucidation of C,.

We also synthesized an undoped carbon mesosponge (CMS)
via CVD at 900 °C for 100 min using the same sacrificial tem-
plate and methane as the carbon source (see the Experimental
Section in the Supporting Information). As with the nitrogen-
doped sample, nearly one carbon layer was deposited, as verified
by TG results (Figure S5, Supporting Information). We also sub-
jected CMS to high-temperature annealing at 1400, 1600, and
1800 °C; the resulting carbon specimens were denoted GMS-
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1400, GMS-1600, and GMS-1800, respectively. These undoped
carbon materials possess pore structures similar to those of the
nitrogen-doped carbon materials (Figure 1g,h) and were consid-
ered suitable reference materials. The carbon yields after high-
temperature annealing (Figure 1i) were slightly lower in the
nitrogen-doped samples (79.4-85.5 wt.%) than in the undoped
species (93.6-95.8 wt.%) because of the thermal decomposition
of the nitrogen and oxygen functionalities, as will be demon-
strated later.

Figure 2a—d show the X-ray photoelectron spectroscopy (XPS)
profiles of the nitrogen-doped carbon materials. The N 1s peak is
deconvoluted into four peaks according to the literature.>*%] N-
CMS shows three major N 1s peaks at 401, 400, and 398 eV, corre-
sponding to graphitic N, pyrrolic N, and pyridine N, respectively,
and a minor peak at 403 eV, corresponding to pyridine N-oxide
(Figure 2a).5%°7] With increasing the annealing temperature, the
peak intensity decreased due to the thermal decompositions of
the N-species, and only the graphitic N remained at 1400 °C due

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) XRD results, b) L,, c) Raman results, and d) G-FWHM for the nitrogen-doped carbon materials.

to its higher stability than the other nitrogen compounds.[®:62] Af.
ter annealing at 1600 and 1800 °C, no N 1s signal was detected by
XPS. Figure 2e,f show the bulk elemental (CHN) analysis results
for the nitrogen-doped and undoped carbon materials. Upon
increasing the annealing temperature from 1000 to 1800 °C, the
amount of nitrogen gradually decreased from 8.3 wt.% (N-CMS)
to 4.5, 2.4, 1.0, 0.4, and 0.1 wt.% (Figure 2e). At the same time,
the O content also decreased from 9.3 wt.% (N-CMS) to 6.7, 5.1,
2.4,1.2, and 0.3 wt.%. The results shown in Figures 1 and 2 indi-
cated that the surface of the nitrogen-doped carbon specimen can
be converted from highly functionalized (8.3 wt.% N, 9.3 wt.%
O) to a highly pristine carbon surface (0.1 wt.% N, 0.3 wt.% O)
without altering its pore morphology. Compared with N-CMS,
the non-doped CMS contained a lower O content of 2.8 wt.%,
and this gradually decreased to 2.5, 1.6, and 0.8 wt.% under high-
temperature annealing at 1400, 1600, and 1800 °C, respectively
(Figure 2f).

Figure 3a shows the X-ray diffraction (XRD) patterns of the
nitrogen-doped carbon materials, where the peak at 20 = 43°

Small 2024, 20, 2308066
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corresponds to the graphene in-plane diffraction. The index of
(10) was used here instead of (100) because the structure was a
two-dimensional lattice and the c-axis could not be defined.[63-6%]
Upon increasing the annealing temperature, the carbon (10) peak
became more intense, suggesting an increase in the graphene
domain size. Such a phenomenon was not observed in the un-
doped carbon materials (Figure S6a, Supporting Information),
possibly due to the lower degree of heteroatom dopants in CMS.
The domain size (L,) was then determined from the full width
at half maximum (FWHM) of the XRD (10) peak, as shown in
Figure 3b. L, was found to increase upon increasing the anneal-
ing temperature, implying that the graphene structure was grad-
ually refined after the removal of the nitrogen dopants and oxy-
gen functionalities during annealing. Figure 3c shows the Ra-
man spectra of nitrogen-doped carbon materials. N-CMS exhibits
a broad Raman G band, which gradually became narrower at
higher annealing temperatures. As shown in Figure S7 (Sup-
porting Information), the Raman spectra were deconvoluted into
four bands,**! the G band, the D band, the band ascribed to

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. CV curves for a) the doped and b) the undoped carbon materials in an organic electrolyte composed of 1 m Et,NBF,/PC. The scan rate
employed was 1 mV s™'. The Cq values obtained using the determined values of C,., and Cy for c) the doped and d) the undoped carbon materials

are shown (see details in the Supporting Information).

amorphous carbon (i.e., the Am band), and the band ascribed to
the sp3-bonded carbon atoms (i.e., the P band). The FWHM of the
G-band (G-FWHM) gradually decreased as the annealing temper-
ature increased (Figure 3d). This also indicated a refinement of
the graphene structure and confirmed that the XRD and Raman
results agreed with the XPS and CHN analyses described above.
The calculated I,/ ratio increases with annealing temperature
(Figure S8, Supporting Information). The intense D band of N-
GMS-1800 should be ascribed to the crystallite boundaries along
the basal planes as explained in our previous work.[*’]

Figure 4a,b show the CV curves of the nitrogen-doped and
undoped carbon materials measured in a three-electrode cell
using an organic electrolyte consisting of 1 M tetraethylam-
monium tetrafluoroborate dissolved in propylene carbonate
(Et,NBF,/PC). The potential range was limited to between —1.1
and 0.5 V versus Ag/AgClO, so that the obtained CV curves (the
first four cycles) were symmetrical to the x-axis (Figure 4a,b).
Thus, the electrochemical process was highly reversible and free
from irreversible reactions (an example is shown in Figure S9,
Supporting Information), i.e., parasitic side reactions between
carbon and the organic solvent molecules.[!*13] The CV curves
of N-GMS-1000 and N-GMS-1200 exhibited a rectangular shape
(Figure 4a), which is typical for the majority of carbon materi-
als. However, when the annealing temperature was increased
to above 1400 °C, the CV curves transformed from rectangu-
lar to butterfly-like shape (Figure 4a). Additionally, C,, gradu-
ally decreased and the potential corresponding to the minimum
C,o: gradually decreased with increasing annealing temperature

Small 2024, 20, 2308066
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(Figure 4a). On the other hand, the undoped carbon materials ex-
hibited butterfly-shaped CV curves similar to that of N-GMS-1800
(Figure 4b) regardless of the annealing at 1800 °C. CMS exhibited
only a little higher C,, than GMS-1800 (Figure 4b), indicating
that the inclusion of H- and O-terminated edge sites (Figure 2f)
in the minimally stacked graphene walls is not effective in en-
hancing C,,. By contrast, the inclusion of H- and O-terminated
edge sites together with N functionalities (Figure 2e) remarkably
enhances C,,.

3. Discussion

First, we discuss the decrease in C,,, with the increase in anneal-
ing temperature (Figure 4a,b). Generally, the decrease in C,,, can
be attributed to the following possible reasons: (1) a decrease in
the SSA;18 (2) a decrease in the pore size;3¢66%7] (3) impaired
wettability;[%8%1 (4) reduced electrostatic interactions;[*¢! (5) a de-
crease in the pseudocapacitance. ;[**7%73] or (6) a decrease in
Cq1*#7] In the case of the N-GMS samples, we can rule out (1)
and (2) because the porous structures of the annealed samples
were largely identical as shown in Figure 1. For (3), we used an or-
ganic electrolyte together with mesoporous carbon materials. The
pore sizes were significantly larger than the sizes of the solvent
molecules and ions; therefore, the wettability was not likely to
be adversely affected by high-temperature annealing.”*! For (4),
Cy, could decrease when O and N functionalities were lost by an-
nealing and the carbon-ion interaction was weakened.*3#¢) How-
ever, (4) cannot explain the transformation of the CV curves from
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rectangular to butterfly-shaped. For (5), some studies have as-
cribed the enhancement in C,, for nitrogen-doped carbon mate-
rials to reversible reactions occurring between the surface func-
tionalities and the aqueous electrolyte.[*314470-73] However, we
used an organic electrolyte, which eliminates this scenario. More-
over, the shapes of the CV curves and the shift of the potential
corresponding to the minimum C,, value cannot be explained
by pseudocapacitance. Thus, only (6) can explain the decrease in
C,o» the appearance of butterfly-shaped CV curves, and the shift
of the potential corresponding to the minimum C,, value.

To extract C, (see Equations (1-3) in Supporting Information),
C,: (F g71) was converted into C,.,; (uLF cm™2) using the SSA of
the carbon (Figure S10). While N-GMS-1000 exhibited the high-
est C,,., value of ~6 pF cm™2, the minimum C, ., value of N-
GMS-1800 was ~2.9 uF cm™2. The areal C, value was determined
to be 9.7 uF cm™ as reported in our previous work.®l Subse-
quently, C, (uF cm™) was calculated using the obtained C,.,
and Cy; values (see details in the Supporting Information). As
shown in Figure 4c, the Cq, of N-GMS-1000 was calculated to be
in the range of 17-20 pF cm™2, larger than the value of Cy4 (9.7
pF cm~2, dashed orange line). By contrast, N-GMS-1800 showed
asignificantly smaller C,, value with a minimum of ~4.2 uF cm~
and a slope of ~#21 pF cm™ V~! over the potential range of 0.3—
0.4 V. For pure and perfect graphene, the theoretically calculated
C, has a minimum value that is close to zero at the Dirac point
and increases with potential with a slop of ~#23 pF cm™ V! on
each side of the Dirac point.?%] Xia et al. experimentally mea-
sured the C,, of graphene exfoliated from Kish graphite by a tape
and reported the minimum C, value to be ~6.7 uF cm™ and
the slope to be ~11 pF cm™ V~1.1201 The authors suggest such a
difference between theoretical calculations and experimental re-
sults can be explained by the existence of impurities and defects
in a real graphene structure.l?”! Ruoff et al. reported a minimum
Cq value of ~2.5 uF cm™ and a slope of ~22 pF cm™ V' for
graphene synthesized by methane CVD on a copper foil.?2] The
Cq of N-GMS-1800 is comparable to the results previously mea-
sured for graphene despite the differences in their dimensions
and overall sizes. This is in good agreement with our previous
finding that our 3D graphene materials synthesized by the tem-
plated method possess well-served 2D properties.®! For nitrogen-
doped graphene, Ruoff et al. reported a minimum C, value of
~5.5 pF cm~2 and a slope of ~16 pF cm™2 V~1.122] The difference
between Ruoff’s result and the result of N-GMS-1000 should be
ascribed to the enhanced nitrogen doping amount in our case (4.5
wt.% vs 1.7 wt.% reported previously'??l). Based on these results,
the transformation of the CV curve shape can be understood by
considering that C,, is enhanced to values larger than C}; when
the carbon surface is highly functionalized. Since C,,,, Cyy, and C,
are related through the inverse sum, C}; becomes the dominant
factor affecting C,,. As Cy; is relatively constant, the CV curve
displayed a rectangular shape. When the carbon surface was de-
functionalized, C, decreased to values smaller than Cy. Thus,
the impact of C, on C,, was significant, and the CV curve trans-
formed into a butterfly shape. For the undoped species, we found
that annealing at 1800 °C reduced C, (Figure 4d). However, such
a decrease was insignificant compared to that observed for the
nitrogen-doped species.

To elucidate the mechanisms involved in the C, transition,
we employed joint density functional theory (JDFT) simulations
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based on an implicit solvent model. We compared the C,,, and C,
of pristine and nitrogen-doped graphene with varying amounts of
graphitic nitrogen (1.6, 3.2, and 4.8 wt.%, the models are shown
in Figure 5a—d. As shown in Figure Se-h, there was a shift in
the minimum C,, to lower potentials with a reduced amount
of graphitic nitrogen, which agreed with the experimental re-
sults (Figure 4a,c). From the theoretical results, we only found
a negligible change in the shape of the C,, curve with no tran-
sition from butterfly to rectangular-shaped transition, suggest-
ing that merely introducing graphitic N did not effectively en-
hance Cy,. From the experimental results shown in Figure 4b,d,
we found that oxygen functionalities did not effectively enhance
Ciot OF Cq- Therefore, we deduced that the enhanced value of
Cq can be attributed to the N functionalities that were abun-
dant below 1200 °C (pyrrolic N and pyridinic N) or their inter-
actions with the H-terminated edge sites and oxygen functional
groups.

To further confirm this assumption, two hole-containing mod-
els were used as shown in Figure S11a,b (Supporting Informa-
tion). Model 1 was used as a reference, and Model 2 (9.4 wt.%
N, 8.4 wt.% O) represented the structure of N-CMS (8.3 wt.%
N, 9.3 wt.% O). For each model, we found an introduction of
the density of states around the Fermi level (Figure S11c—e, Sup-
porting Information), which would lead to an increase in Cy. As
Model 2 exhibited semi-conductor properties, we only calculated
the C,, curve for Model 1 as presented in Figure S12 (Support-
ing Information). As is evident, the curvature of C,, followed
that of the density of states (Figure S11d, Supporting Informa-
tion) and we found an increase in the minimum of C,, from
~3.0 to ~6.0 uF cm™? with a much lower curvature. For our
highly functionalized Model 2 (Figure S1le, Supporting Infor-
mation) we expected an even higher C,,. Therefore, we attributed
the C,,, enhancement to the greater number of electronic states
around the Fermi level compared to that of the pristine graphene
(Figure S11, Supporting Information). These theoretical results
were consistent with our previous conclusion that the change
in magnitude of C,, for the nitrogen-doped species shown in
Figure 4a was due to the corresponding change in the C, com-
ponent of C,,. Many previous studies have reported that the rect-
angular CV curves of porous carbon materials arise from their
metallic nature.””) Such an explanation eliminates a Cy-based
theory for the majority of porous carbon materials. However, as
demonstrated in this study, the rectangular CV curves did not
necessarily imply the absence of C,,. Instead, we posit that even
for rectangular CV curves, C,, can be further improved via C,
enhancement.

4, Conclusion

In summary, nitrogen-doped graphene frameworks with an ultra-
high mesoporosity (%2100 m? g~') were synthesized using a
templating method. The framework was thermally stable and
the pore structure was unchanged upon the annealing from
1000 to 1800 °C, while the graphene framework refined grad-
ually and the incorporated nitrogen dopants and oxygen func-
tionalities were systematically altered. In addition, nitrogen-
free counterparts were also synthesized. These materials were
used as model porous materials consisting of minimally stacked
graphene walls with different amounts of H, O, and N to in-

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Periodic structural models of a) pristine graphene and nitrogen-doped graphene with varying amounts of graphitic nitrogen b) 1.6, c) 3.2, and
d) 4.8 wt.%. Green dots indicate graphitic nitrogen in the carbon frameworks. Comparison of the calculated differential capacitances separated into their
quantum and Helmholtz contributions for e) the pristine graphene and the f) 1.6 wt.%, g) 3.2 wt.%, and h) 4.8 wt.% N-doped graphene surfaces. The
dashed black and gray dotted lines indicate the calculated PZC and the minimum Cq, respectively.

vestigate the impact of the heteroatoms on their capacitive be-
havior. The value of C,, was found to decrease upon increas-
ing the annealing temperature, and the CV curves gradually
transformed from rectangular to butterfly-shaped curves. We
propose that the decrease in C,, was due to the defunction-
alizing of carbon frameworks, which resulted in a decrease
in Cq. Our results indicated that C, was enhanced to val-
ues larger than C,; when the carbon surface was highly func-
tionalized, which leads to the smaller component (Cy) sig-
nificantly affecting the value of C,,, moreover, the values of
Cy were relatively constant, thus producing a rectangular CV
curve. Overall, this work potentially expands the scope of fu-
ture research leading to a better understanding of the nature
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of Cq. It also broadens the scope of applications of Cj the-
ory to various materials ranging from graphene to its three-
dimensional frameworks, which is important in the design of
desirable carbon structures for supercapacitor applications. The
model carbon materials presented here may also be useful in
studies on the mechanism of other carbon-related electrochemi-
cal applications.[>*76-7°]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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