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This study systematically investigates the influence of nitrogen functionalities and their content in nitrogen-rich
carbon materials, specifically carbon/carbon nitride nanohybrids, on their performance as electrode materials in
electric double-layer capacitors (EDLCs) operated with ionic liquid electrolyte (1-Ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide). The loading amounts of cyanamide as carbon nitride precursor as well as the
condensation temperature are varied over a wide range to obtain materials with significantly different porosity,
nitrogen contents, and chemical properties of the nitrogen species. Thermogravimetric analysis, combustion
elemental analysis, gas physisorption, and X-ray photoelectron spectroscopy measurements show that the ni-
trogen loss from carbon nitride starts to become significant between 500 and 600 °C and that different nitrogen
species are created shifting from more pyridinic forms to graphitic and oxidized nitrogen. For the EDLC appli-
cation, it is found that the mass-specific capacitance is dictated by the specific surface area whereas the
capacitance normalized to the specific surface area determined by gas physisorption can be slightly enhanced by
the presence of pyridinic nitrogen species. In addition, lowering of the total pore volume leads to higher areal
active material loadings and lower dead volume which needs to be filled with electrolyte.

1. Introduction EDLC electrolytes can be categorized into solvent-based and solvent-

free systems, with distinct behaviors in their properties and ion storage

As the global demand for clean and sustainable energy continues to
rise, advanced energy storage technologies are critical to addressing the
associated challenges [1,2]. Among these, electric double-layer capaci-
tors (EDLCs), commonly also referred to as supercapacitors or ultra-
capacitors, have garnered considerable attention due to their ability to
offer high power density, fast charge and discharge rates, and long cycle
life [3-5]. EDLCs store energy through the formation of an electric
double-layer at the interface between the electrode and the electrolyte.
Ions are stored electrostatically and no chemical reactions take place
neither in the electrodes nor in the electrolytes [6,7]. Due to this
mechanism, they generally exhibit higher energy efficiencies at higher
power densities in comparison to established battery systems. EDLCs are
thus, utilized in certain applications with operating timescales in the
range from milliseconds to seconds, particularly, in renewable energy
systems and energy harvesting devices [8-10].

mechanisms [11,12]. In classical solvent-based electrolytes, such as
inorganic or organic salts dissolved in either water or organic liquids,
ions form a classical electric double-layer (EDL) at the electrified elec-
trode surface. This EDL is characterized by the gradual accumulation of
ions with opposite charge than the polarized surface under the increase
of the electrode potential. As the surface becomes more and more
charged, ions (as well as electrons or holes in the electrode) move closer
together and form what is generally referred to as "compressed dou-
ble-layer". The energy is thus, stored through increased proximity be-
tween the ions and the concentration gradient of ions depending on the
distance to the electrode surface [4,13]. Moreover, in solvent-based
electrolytes, bulk ions exist in the solvated state. Those solvation
shells can be potentially removed when entering small nanometer-sized
pores. Such phenomena can affect the final capacitance as well. On the
one hand, due to decreased distances of ions and electrode surfaces, on
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the other hand due to the energy demand needed for the removal of
solvent molecules, which can lead to the storage of additional charges in
the electrodes [14].

In contrast, the charge storage mechanism of solvent-free electro-
lytes, such as ionic liquids (ILs), cannot be described with the classical
model of an electric double-layer based on Stern’s theory [15]. The ionic
building units of ILs interact via strong Coulombic forces, as well as
H-bonds and are incompressible [16]. The presence of shells of solvate
molecules can be ruled out in ILs, however, in their bulk state, ions are
also characterized by a certain number of coordinating counterions,
which can also be stripped off when entering pores with diameters in
molecular dimensions [17,18]. Contrarily to solvent-based electrolytes,
the number of free cations and anions is low due to their strong in-
teractions with each other. Thus, different ionic arrangements formed
on electrified interfaces have been proposed for solvent-free ILs, often
associated with a change of their Coulombic ordering [19].

It is notable that at lower voltages, the energy storage is likely
associated with single-ion inclusion in micropores, whereas at higher
voltages, it is primarily governed by structural changes in the meso-
scopic distance from the electrode surface. Here, in addition to the
generally expected accumulation of similarly charged ions, other effects
such as changes of the coordination number of the ions might contribute
to energy storage as well [20,21]. Structural rearrangement may cause
that the first adsorbed layer delivers a counter-ion charge exceeding that
of the electrode surface. This is called “over-screening” [22]. To
neutralize this excess charge, a second layer of ions with opposite po-
larity forms, and these oscillations extend and decay over several layers
into the bulk [23,24]. The overall common sense is, that the interaction
of ions within the bulk electrolyte in IL is strongly affecting the disso-
ciation of ions and thus, the complete compensation of surface charge in
case of increased polarization, either due to steric or coulombic effects.
For the application of ILs in EDLCs, it therefore seems essential to
establish specific interactions between the electrode and the electrolyte
to densify the electric double-layer and thus, increase capacitance per
electrode area [25-27]. Differently from solvent-based electrolytes, the
strength of the direct ion adsorption by electrostatic, chemical or
physical interaction can be expected to play a more important role for
ILs. This, in turn, also provides an additional screw to regulate
electrode-electrolyte interaction and local structures formed at this
interface by strategies such as changing IL composition, electrode
functionalization or addition of strongly adsorbing additives to the IL
electrolytes [18,27,28].

Nitrogen functionalization of porous carbon electrodes can signifi-
cantly improve the performance of IL-based supercapacitors [25,26,29].
In nitrogen-carbon materials, nitrogen atoms can be present in three
major chemical bonding motives, namely graphitic, pyridinic, and pyr-
rolic [30]. Graphitic nitrogen thereby typically enhances the conduc-
tivity of carbon, while “pyridinic nitrogen” (typically used in literature
as a summation of nitrogen in aromatic six-ring heterocycles, such as
pyridine, triazine or pyrazine) facilitates electrode wetting and
improved chemical interaction with ions due to the presence of
electron-donating and electron-accepting binding sites [31,32]. One
prominent example for such strongly adsorbing compounds are carbon
nitride (C3N4) materials. Density functional theory (DFT) techniques
have identified four possible sites for strong ion adsorption on carbon
nitride electrodes, indicating their potential to densify the electric
double-layer and further improve the performance of EDLCs [33].
However, in EDLC applications under relevant conditions, these sorp-
tion sites can only be utilized when the semiconducting carbon nitrides
are combined with a conductive material. It seems challenging to
combine strong ion binding and high electron conductivity simulta-
neously in a single phase of one nitrogen-containing carbon material. A
promising strategy to minimize this problem is the formation of car-
bon/carbon nitride nanohybrids, which combine two different phases of
nitrogen-functionalized carbon materials or a nitrogen-functionalized
carbon and a pristine carbon material on the nm-scale [34,35].
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When such nanohybrid materials (or also rather ordinary “nitrogen-
doped carbon materials”) are made, there is a complex interplay be-
tween porosity, chemical properties of the nitrogen species present, and
their individual amounts and local distribution within the entire mate-
rial. All these factors are influenced by the synthetic conditions and most
often changing one synthetic parameter does change all these properties
at the same time. Thus, the synthesis is expected to have a significant
impact on the properties of the hybrid materials when applied as EDLC
electrodes. Furthermore, in most cases, these relationships are investi-
gated with relatively low nitrogen contents, typically below 10 wt.%.
Consequently, there is a need for nitrogen-carbon materials which allow
to discuss each single parameter by the rational design of a model
sample matrix exhibiting different porosities, nitrogen functional groups
and nitrogen contents. In the present study, a series of nitrogen-rich
carbon/porous carbon nanohybrid materials is prepared in the tem-
perature range from 500 to 800 °C. The use of different amounts of
cyanamide as nitrogen precursor leads to nitrogen contents of ~1 to
~25 wt.% within a pristine carbon matrix. The synthesis-structure-
property relationships of this series of model compounds, as well as of
a physical mixture is then investigated in symmetrical EDLCs with 1-
Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic
liquid as the electrolyte. Thereby, this work elucidates the role of ni-
trogen functionalities and their amount as well as porosity for increasing
the capacitance in IL based supercapacitors per area and volume.

2. Experimental
2.1. Synthesis of ZTC and NZTCs

Zinc oxide-templated carbon (ZTC) was prepared by employing ZnO
as hard templates for well-defined mesopores (Scheme 1). 8 g ZnO
nanoparticles (20-50 nm, provided by IBU-tec Advanced Materials AG,
Weimar) were mixed with an aqueous solution consisting of 13 ml ul-
trapure water, 7 g sucrose (> 99.5 %, Sigma Aldrich) and 0.4 g NaOH (>
99 %, Carl Roth) in a Petri dish. Then the carbohydrate precursor un-
derwent a poly-condensation at 100 °C for 3 h followed by subsequent
heating to 160 °C for 6 h under air. Afterwards, the mixture was
carbonized in a horizontal tubular furnace under N5 flow. After purging
the tube at 60 °C, a heating rate of 1 K min™! was used from 60 °C to 950
°C. This temperature was held for 2 h under ~0.05 L min™! nitrogen flow.
A series of nitrogen-rich carbon/ZTC nanohybrid materials or an ordi-
nary nitrogen-doped carbon material with varying nitrogen content and
pore structures was then synthesized. This was achieved by adjusting the
functionalization temperature and dispersing ZTCs in different amounts
of aqueous cyanamide solution (99 %, Sigma Aldrich; 200 mg mL™
prepared with ultrapure water). The mixture was dried in an oven at 60
°C, followed by cross-condensation at various temperatures for 4 h
under ~0.05 L min™! nitrogen flow with a heating rate of 1 K min™! to
yield the corresponding NZTCs (Scheme 1). NZTCs are further catego-
rized into two groups: NDZTC, which stands for nitrogen-doped carbon,
and CN-ZTC, which refers to ZTC/carbon nitride hybrid materials. The
sample synthesized at the highest condensation temperature of 800 °C is
designated as nitrogen-doped carbon (NDZTC). All ZTC/carbon nitride
hybrid materials are labeled as CN-ZTCX Y:Z, where X denotes the
condensation temperature in °C, and Y:Z indicates the mass ratio of ZTC:
cyanamide.

2.2. Fabrication of supercapacitors

To prepare free-standing symmetrical electrodes for EDLCs, ZTCs/
NZTCs, carbon black (C—NERGY Super C65, Nanografi Nano Technol-
ogy), and polytetrafluoroethylene (PTFE, 60 wt.% solution in HoO from
Sigma Aldrich) were mixed with a mass ratio of ~ 9:0.5:0.5 in a mortar
and ground with ethanol repeatedly at a temperature around 100 °C
until a film was formed. This film was then placed onto aluminum foil
and hand-rolled to uniformly thin sheets (thicknesses 150 + 10 um) at
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Scheme 1. Preparation of salt-templated carbons (ZTCs) and nitrogen-rich carbon/ZTC hybrid materials (NZTCs).

100 °C, followed by punching into free-standing electrode disks of 10
mm in diameter. The areal loadings of all electrodes were in the range of
2.8-5.3mg cm? (Table S1). The electrodes were dried at 70 °C for 12 h
under vacuum. EDLCs were tested in a symmetrical two-electrode
configuration  employing  1-Ethyl-3-methylimidazolium  bis(tri-
fluoromethylsulfonyl)imide (EMIMTFSI, > 99.5 %, Sigma Aldrich) ionic
liquid as the electrolyte. A Swagelok cell was assembled using a pair of
circular electrodes sandwiching a separator (Whatman GF/D glass mi-
crofiber, 13 mm in diameter) with 150 pL electrolyte. The EDLCs with IL
as electrolytes were assembled in an argon filled glove box (H20 < 0.1
ppm, O3 < 0.1 ppm).

2.3. Materials characterization

Thermogravimetric analyses (TGA) were performed on a Netzsch
STA 449 in Al;03 crucibles under Ns in a temperature range from 25 °C
to 1000 °C with a heating rate of 10 K min™. Argon physisorption
measurements were carried out at —186 °C on a Vapor 200C Gassorption
Analyzer from 3P Instruments. Prior to all measurements, the samples
were degassed at 150 °C under vacuum for 24 h before each phys-
isorption test. Quenched-solid density functional theory (QSDFT, for Ar
at 87 K on carbon surfaces with cylindrical/sphere pores, adsorption
branch kernel) was used for the calculation of the specific surface area
and pore size distribution (PSD). Elemental analysis (EA) for carbon,
hydrogen, and nitrogen (C/H/N) was conducted using a Vario Micro
device through combustion analysis. X-Ray photoelectron spectroscopy
(XPS) was conducted using a Thermo Scientific KAlpha spectrometer
(monochromatic X-ray source: Al Ka anode 1486.6 eV). During analysis,
pressure chamber was not exceeding 5 x 107° mbar. For charge
compensation, a flood gun (NEK150-SC, Staib), which was calibrated to
the C—C binding energy in polyethylene at 284.8 eV, was used. Survey
scans to obtain the element composition were recorded with a step size
of 1 eV and a pass energy of 100 eV For deconvolution of the nitrogen
functional groups, high resolution spectra of C1 s, N1 s and O1 s were
recorded as a sum of 5 individual scans. The step size of HR spectra was
0.05 eV and the pass energy was 30 eV The spot size for the measure-
ment was 400 um. Spectral fitting was done using the Avantage software
(v 6.6.0).

The morphology of the obtained samples was analyzed using a JEOL-
2100 transmission electron microscope (TEM) operated at an acceler-
ating voltage of 200 kV. For TEM grid preparation, the samples were
dispersed in 1 mL of ethanol and sonicated for 3 min to achieve a uni-
form dispersion. Subsequently, 15 pL of the dispersion was carefully
deposited onto TEM grids (200-mesh copper grids with carbon support
film, Electron Microscopy Sciences) and allowed to dry at room tem-
perature under a fume hood.

2.4. Electrochemical measurements

To establish both nitrogen functionality and porosity-performance
relationships of the NZTCs when applied in EDLCs, the NZTCs elec-
trodes were characterized with cyclic voltammetry (CV) tests,

galvanostatic charging/discharging with potential limitation (GCPL), as
well as electrochemical impedance spectroscopy (EIS) in a frequency
range from 100 kHz to 1 mHz with 6 frequencies per decade at 10 mV
amplitude.

CV tests were performed at scan rates of 2-100 mV s. The carbon
differential gravimetric capacitance for CV plots, C4 (F g) was calcu-
lated according to Eq. (1),

Cq = 2I/my 8]

where I is the current (A), y is the scan rate (V s'l), and m is the active
mass in one single carbon electrode (g).

GCPL was applied at specific currents between 0.1 and 10 A gl ina
voltage range from 0 to +2.5 V. The carbon gravimetric capacitance, C
(F g"l), was calculated according to Eq. (2),

C=2IAt/AVm (2)

where I (A) refers to the GCPL current, At (s) is the discharge time, m (g)
represents the mass of the active material in a single electrode, and AV
(V) corresponds to the discharge potential change within At excluding
the IR drop.

3. Results and discussion
3.1. Influence of nitrogen functionalities

Thermogravimetric analysis of the ZTC material under air shows
nearly complete combustion starting at ca. 400 °C (Fig. 1). Nitrogen-rich
carbon was introduced into ZTC via an impregnation step using dicya-
namide and a heat treatment at different temperatures. To monitor the
mass changes during this heat treatment, TGA under nitrogen
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Fig. 1. TGA curves of pure cyanamide, pristine ZTC as well as ZTC-cyanamide
mixture with mass ratio of 1:2.
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atmosphere was utilized (Fig. 1). Cyanamide is well-known to undergo
self-condensation. It starts forming carbon nitride at temperatures be-
tween 500 °C and 600 °C [36,37]. The resulting carbon nitride then
becomes unstable around 600 °C, and decomposes into small
nitrogen-containing species, such as ammonia and gaseous cyano frag-
ments [38]. This can also be seen in the TGA profile of ZTC infiltrated
with cyanamide. The first two mass loss steps can be assigned to evap-
oration of volatile species, which may stem from residual solvent or
water. Subsequently, additional mass losses can be seen at 215 - 330 °C,
and 330 - 680 °C, which mainly correspond to the polycondensation and
formation of carbon nitride. Lastly, the mass loss above 680 °C is
assigned to the conversion of carbon nitride to N-doped carbon.
Consequently, 800 °C, 650 °C, 600 °C, and 500 °C were selected as
functionalization temperatures for nitrogen-rich carbons (NZTCs) to
obtain materials with varying nitrogen functionalities and contents.
TGA measurements also indicate that the cyanamide is really infiltrated
and confined into the ZTC matrix prior to condensation as the mass
profile is shifted and changed in shape as compared to the pristine cy-
anamide. According to the TGA and elemental analysis results, the
sample functionalized at 800 °C is nitrogen-doped carbon (NDZTC),
while the others are carbon / carbon nitride composites (CN-ZTC). The
nitrogen content of NDZTC is as low as 0.97 wt.%. In contrast,
CN-ZTC650, CN-ZTC600, and CN-ZTC500 have nitrogen contents of
1.71 wt.%, 3.56 wt.%, and 24.84 wt.%, respectively, as detected by
elemental analysis (Table 1). The survey XPS spectra of ZTC, NDZTC,
and CN-ZTC samples show the presence of carbon, nitrogen, and oxygen
(Fig. 2a). Analysis of the elemental contents (Table S2) confirms the
increase of nitrogen content with decreasing functionalization
temperature.

XPS was employed to characterize and specify the chemical structure
of the nitrogen-containing functional groups [39]. A trace of 2.7 wt.%
residual zinc is detected in ZTC but there is no metal content in the NZTC
materials. Deconvolution of the high-resolution N 1 s spectra (Fig. 2b-e)
of CN-ZTC500, CN-ZTC600, and CN-ZTC650 further reveal five peaks
representing nitrogen with a similar chemical environment such as
pyridinic nitrogen (398.5 eV), pyrrolic nitrogen (400.1 eV), graphitic
nitrogen (401.2 eV), oxidized nitrogen (402.6 eV) [28,40,41], and ni-
trite (NO3) nitrogen (404.5 eV) [42] but with varying relative contents
of these nitrogen species. It is noteworthy that the deconvolution of the
N1 s spectrum of NDZTC is difficult due to the high signal-to-noise ratio.
The presence of nitroxides (404.5 eV) cannot be determined in this
sample.

As the temperature increases from 500 °C to 800 °C, the relative
proportion of pyridinic nitrogen in NZTCs decreases, while the amounts
of pyrrolic nitrogen and graphitic nitrogen increase. This trend is clearly
reflected in the ratio of pyridinic nitrogen to pyrrolic nitrogen, which is

Table 1
Mass ratio of ZTC to cyanamide, DFT specific surface area (SSA), DFT total pore
volume (Vy), as well as the nitrogen content of NDZTC and CN-ZTC samples.

Sample ZTC: Cyanamide DFT N amount
(weight) SSA (mz v, (cm3 o (wt.%)
gh p)

ZTC 1:0 1362 1.17 _

NDZTC 1:2 1233 0.87 0.97

CN-ZTC650 1:2 1416 1.06 1.71

CN-ZTC600 1:2 1346 0.99 3.56

CN-ZTC500 1:2 165 0.16 24.84

CN-ZTC500 1:1 450 0.49 17.78
1:1

CN-ZTC500 1:0.5 862 0.72 10.81
1:0.5

CN-ZTC500 1:1 962 0.74 15.82
1:1P

Note: CN-ZTC500 1:1 P refers to the physical mixture of ZTC and carbon nitride
derived from cyanamide at 500 °C for 4 h under a 0.005 L/min nitrogen flow,
mixed in a 1:1 mass ratio with ZTC and cyanamide.
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2.6 for CN-ZTC500, 1.5 for CN-ZTC600, 1.4 for CN-ZTC650, and 0.9 for
NDZTC. These results underline that nitrogen in CN-ZTC500 is
predominantly present as pyridinic nitrogen.

ZTC shows a type IV isotherms in argon physisorption [43] with H3
hysteresis loop at a relative pressure ranging from 0.40 to 0.99, indicating
a multimodal porosity including micro- and mesopores (Fig. 3; Table 1). In
contrast, NDZTC, CN-ZTC650, and CN-ZTC500 exhibit type I isotherms,
whereas CN-ZTC600 presents a type II isotherm, implying that some
mesopores are blocked by carbon nitride. Among the nitrogen-rich sam-
ples, CN-ZTC500 displays notably lower argon uptake, suggesting that the
ZTC micropores were widely blocked by carbon nitride.

The electrochemical performance of pure EMIMTFSI IL as electro-
lyte, paired with ZTC / NDZTC / CN-ZTC electrodes, was investigated in
a free-standing symmetrical two-electrode configuration. First of all, it
can be seen that in tendency a higher mass of samples with lower
porosity can be loaded per electrode area at comparable thickness
(Table S1). Achieving a high areal loading is important for a high
practical energy density of EDLCs on cell level. In addition, less elec-
trolyte which does itself not contribute to capacitance needs to be added
if the electrode materials are less porous. Electrochemical impedance
spectroscopy (EIS) has been used to characterize resistive behavior of
the electrodes [44,45]. According to the physicochemical transport
model proposed by Mei et al., the low-frequency region reflects the
diffuse layer resistance, while the intermediate-frequency region cor-
responds to the electrolyte resistance. The high-frequency region rep-
resents the electrode resistance, and the combined resistance of the
electrode and electrolyte according to the proposed model. This internal
resistance showed good agreement with the internal resistance derived
from the IR drop observed in GCPL measurements [44]. All Nyquist plots
display an almost vertical orientation in the low-frequency region
beginning at around 0.15 Hz (Fig. 4a), indicative of capacitive behavior.
ZTC demonstrates the lowest internal resistance, yet, shows the highest
diffuse layer resistance. This outcome can be attributed to the nitrogen
species, which, while reducing the electrode’s conductivity, enhances
the equilibration of ion binding to the electrode surface, by decreasing
diffuse layer resistance. The CV curves show nearly rectangular shapes
from O to 2.5 V at various scan rates (Fig. 4b; Fig. S1), the GCPL curves
are close to symmetrical triangle at a low current density of 0.1 A g’}
(Fig. 4d), which is a typical characteristic of an ideal electric
double-layer capacitor behavior. Under the conditions of the measure-
ments, none of the nitrogen-carbon compounds seems to induce con-
tributions of Faradaic processes. CN-ZTC500 has the smallest integral
CV area and largest IR drop in the GCPL curve, indicating the largest
internal resistance due to the restricted accessibility of the electrode
surface after blocking of the microporous structure, with a large portion
of the carbon surface not being accessible even during a slow,
quasi-equilibrium charging / discharging process. At a low current
density of 0.1 A g’ the specific capacitance of ZTC reaches 117 F g’
(Fig. 4c). With the decrease of the functionalization temperature, the
mass-specific capacitance decreases from 107 F g™} (NDZTC) to 17 F g’}
(CN-ZTC500). This is, first of all, mainly related to the lower specific
surface area (Table 1).

Capacitance is closely related to the specific surface area of elec-
trodes. The polarity, however, which depends on the functionality of
nitrogen can influence the wettability due to the specific interactions
between IL ions and accessible adsorption sites in the carbon pore walls
and thus, the capacitance as well. Therefore, capacitance have been
normalized to the specific surface area determined by argon phys-
isorption. At 0.1 A g}, the normalized specific capacitances are 0.086 F
m2 (ZTC), 0.087 F m™ (NDZTC), 0.066 F m™? (CN-ZTC650), 0.077 F m™
(CN-ZTC600), and 0.104 F m2 (CN-ZTC500) (Fig. 4e,f). CN-ZTC500 has
the largest area-normalized area in CV curve, and the highest normal-
ized capacitance retention. To evaluate the influence of surface area and
nitrogen content on capacitance, plots of surface area and nitrogen
content versus capacitance were generated (Fig. $2). The results reveal
that capacitance is affected not only by surface area, but also
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significantly depends on nitrogen content.

3.2. Influence of nitrogen content

A comparable content of (particularly pyridinic) nitrogen in NDZTC
and CN-ZTC samples cannot be obtained by changing the functionali-
zation temperature, as it will also change the ratio of N-containing
groups as could be seen via XPS (Fig. 2). Therefore, the ratio was
adjusted by varying the mass-ratio of ZTC to cyanamide from 1:2 to 1:1
and 1:0.5 at the constant condensation temperature of 500 °C. Argon
physisorption isotherms (Fig. 5) reveal that CN-ZTC500 1:0.5 and CN-
ZTC500 1:1 have additional mesopores and increased porosity
compared to CN-ZTC500 1:2.

TEM images (Fig. 6a) reveal that ZTC possesses an open morphology
with a nanostructure including mesopores, which is maintained even
after functionalization in CN-ZTC500 1:0.5 and CN-ZTC500 1:1 (Fig. 6b,
c). However, CN-ZTC500 1:2 (Fig. 6d) exhibits a nearly closed pore

nanostructure. This effect is attributed to the substantial presence of
stacked carbon nitride sheets (Fig. 6h) which do not have an intrinsic
porosity, consistent with the argon physisorption result. As the cyana-
mide ratio increases from 1:0.5 to 1:2, CN-ZTC500 samples demonstrate
progressively larger areas of stacked layers (Fig. 6f-h), due to the more
pronounced contribution of carbon nitride with increasing stacking
height from CN-ZTC500 1:0.5 to CN-ZTC500 1:2. This adjustment ach-
ieved nitrogen contents of 10.81 wt.% for CN-ZTC500 1:0.5, 17.78 wt.%
for CN-ZTC500 1:1, and 24.84 wt.% for CN-ZTC500 1:2 (Table 1). The
N1 s XPS fitting results indicate that CN-ZTC500 1:0.5, CN-ZTC500 1:1,
and CN-ZTC500 1:2 exhibit a comparable distribution of nitrogen spe-
cies (Fig. 7). All samples are characterized by the dominant presence of
pyridinic nitrogen, with smaller amounts of pyrrolic nitrogen, and even
lower proportions of graphitic nitrogen. Additionally, there are minor
contributions from oxidized nitrogen and nitride nitrogen. Thus, CN-
ZTC500 samples allow for the investigation of the absolute nitrogen
content on the capacitance and the electric conductivity, without an



Z. Guo et al.

(o

a

Electrochimica Acta 518 (2025) 145751

s J 250
—=—ZTC —2ZTC 10
mVis 120 4
25 —e—NDZTC 200 { ——NDZTC
—4—CN-ZTC650 - ——CN-ZTC650 - —
——CN-ZTC600 > 1504 —— cN-zTC600 21004 =
204 = -
£ 8 1004 8 g0
3 g § ——2TC
= 154 . S gl 3 —e—NDZTC
g . 2 8 60 —a—CN-ZTC850
E Y o o o —v—CN-ZTC800
10 7 & & &
N g T 404
: 2 -50 &
54 %) %)
-100 201
0 T T T T T T T -150 T T T T T T 0 T T T
[ 5 10 15 20 25 30 35 0.0 05 1.0 1.5 20 25 10 10° 10'
d Re(Z) / Ohm e Cell Voltage / V f Current Density / A g’
30 0.20
% —Z1c 10 mV/s %
£ £ 0.10 -
25 w 015] ——NDZTC w
ey ——CN-ZTC650 =
8 8
2.04 § 0.10 4 EOOB_ —_—
> g R |
T 1.5 S 0.054 & 0084
210 g °™1 i
a 1.0
& G004 —a7TC
o -0.05 ° —e— NDZTC
0.5+ @ o
N N —a— CN-ZTC650
® S 0.02 - g Taans
E -0.10 4 £ —v— CN-ZTC600
0.0+ 2 2
T T T T T T 0.15 T T T T r T 0.00 4+ T T
0 1000 2000 3000 4000 5000 00 05 1.0 15 20 25 101 10° 10!
Time /s Cell Voltage / V Current Density / Ag™

Fig. 4. EDLC performance of the ZTC, NDZTC, CN-ZTC650, CN-ZTC600, and CN-ZTC500 tested in EMIMTFSI ionic liquid electrolyte using a two-electrode
configuration: a) Nyquist plots with a zoomed-in view of intermediate-frequency region; b) cyclic voltammograms at 10 mV s™; ¢) capacitance retention with
current density increase; d) galvanostatic charging / discharging with potential limitation at 0.1 A g with a zoom into the IR region in the inset; e-f) cyclic vol-
tammograms at 10 mV s and capacitance retention with current density increase, both normalized by specific surface area.

1400 0.7 14
o] ——ZTC 06 ] ——2ZTC 4] ——ZTC
1 ——CN-ZTC500 1: 0.5 ’ ——CN-ZTC500 1: 0.5 o —— CNZTC-500 1: 0.5
1000 - -~ 0.5 —+—CN-ZTC500 1 51_0. —— CNZTC-500 1: 1
- o %
o E E
£ 800 E 04+ 308+
2 % >
3 § 0.3 1 206+
t?; 600 3 2
= 0.2 2044
> 400 3 £
0.1 £02
200 4 3
0.0 4 0.0+
0 T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1 10 1 10
PRy Pore Diameter / nm Pore Diameter / nm

Fig. 5. a) Argon physisorption isotherms measured at 87 K of ZTC, CN-ZTC500 1:0.5, CN-ZTC500 1:1, and CN-ZTC500 1:2; b) differential plots of pore size dis-
tributions calculated from QSDFT model, adsorption branch kernel; ¢) cumulative pore size distribution plots.

overlapping influence of a different surface chemistry.

The electrochemical performance of CN-ZTC500 electrodes were
again assessed in free-standing symmetrical two-electrode Swagelok cell
configurations. As well as for the temperature series discussed before,
electrode areal loadings increase with increasing content of carbon
nitride. The Nyquist plots exhibit a consistent profile among the CN-ZTC
electrodes, characterized by an almost vertical curve progression in the
low-frequency domain (Fig. 8a). CN-ZTC500 1:0.5 and ZTC reveal
nearly identical internal resistance, both of which are lower than those
of CN-ZTC500 1:1 and CN-ZTC500 1:2 in Nyquist plot. Nevertheless,
CN-ZTC500 devices demonstrate lower diffuse layer resistance than the
ZTC device, indicating that, as the carbon nitride content increases,
polarization and electric formation of the IL/carbon interface within
CN-ZTC500 devices equilibrates more rapidly. The cyclic voltammetry

(CV) curves again demonstrate nearly rectangular shapes within the
voltage range of 0 to 2.5 V at various scan rates (Fig. 8b; Fig. $3). All
CN-ZTC500 samples exhibit a lower capacitance than ZTC (Fig. 8c). The
GCPL profiles exhibit a nearly symmetrical triangular shape at a low
current density of 0.1 A g (Fig. 8d), indicating efficient charge-
discharge characteristics. At this current density, the measured IR
drop values are 6.8 Q for ZTC, 7.0 Q for CN-ZTC500 1:0.5, 8.0 Q for
CN-ZTC500 1:1, and a substantially higher 64.2 Q for CN-ZTC500 1:2.
These results suggest that samples with lower carbon nitride content
display higher conductivity, consistent with the typical behavior of
electric double-layer capacitors. Additionally, at this current density, the
CN-ZTC500 1:0.5 achieves a specific capacitance of 54 F g™, as deter-
mined through GCPL measurements (Fig. 8c). Conversely, with the in-
cremental addition of carbon nitride, the specific capacitance declines to
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Fig. 6. TEM images of a, ) ZTC; b, f) CN-ZTC500 1:0.5; ¢, g) CN-ZTC500 1:1; and d, h) CN-ZTC500 1:2.
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Fig. 7. Fitted high-resolution XPS N1 s spectra of CN-ZTC500 1:0.5, CN-ZTC500 1:1, and CN-ZTC500 1:2, respectively.

38 F g! for CN-ZTC500 1:1, eventually reaching 17 F g™ for CN-ZTC500
1:2, which correlates with a reduction in specific surface area values
(Table 1, Fig. S4a). Both the specific capacitance and capacitance
retention, normalized to the DFT-derived SSA of the electrodes, were
employed to assess the influence of nitrogen content (Fig. 8e, f).
Notably, CN-ZTC500 1:2 continues to exhibit the largest normalized
integrated area in the CV curve and the highest normalized capacitance
retention, attributable to its elevated proportion of nitrogen (Fig. S4b).

To evaluate the electrochemical performance of a carbon/carbon
nitride nanohybrid material compared to a carbon/carbon nitride
physical mixture, CN-ZTC500 1:1 and its physical mixture counterpart,
CN-ZTC500 1:1 P were selected, along with pure carbon nitride syn-
thesized from cyanamide and carbonized under identical conditions as
used for the functionalization. The nitrogen contents of CN-ZTC500 1:1
and CN-ZTC500 1:1 P as determined from elemental analysis are in the
same range (Table 1). Argon physisorption isotherms reveal that carbon
nitride contains no nitrogen-detectable porosity at all, while CN-ZTC500
1:1 and CN-ZTC500 1:1 P exhibit both micropores and mesopores.
Notably, the pore volume and SSA of CN-ZTC500 1:1 lie between those
of the physical mixture (CN-ZTC500 1:1 P) and pure carbon nitride
(Fig. S5, Table 1). Given the comparable nitrogen content in both

samples, this confirms that the carbon nitride phase is indeed located
within the pore system of ZTC in case of the CN-ZTC500 1:1 nanohybrid
material. The CV and GCPL results show that the capacitance of
CN-ZTC500 1:1 corresponds to 57 % of that of the CN-ZTC500 1:1
physical mixture (Fig. $6). This is in line with the lower pore volume
and SSA of the nanohybrid material. The CV results of pure carbon
nitride indicate a marginal capacitance of only 0.04 F g}, as calculated
from GCPL at a current density of 0.1 A g\. That means the capacitance
of the CN-ZTC500 1:1 physical mixture electrode is entirely originating
from ZTC. For the example of the nanohybrid material discussed here,
the obtained specific capacitance of the physical mixture is in good
accordance with the mass ratio of ZTC:carbon nitride which is roughly
3:1. In the nanohybrid material, the capacitance is decreased even
further because a certain portion of the porosity of ZTC is blocked in
addition to the contribution of the mass of carbon nitride. Notably, the
electrode mass loading decreases with the increasing carbon nitride
content, from 4.7 mg cm™ for CN-ZTC500 1:2 to 4.0 mg cm™ for
CN-ZTC500 1:1 and 3.1 mg cm=2 for CN-ZTC500 1:0.5 (Table S1).
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4. Conclusion

A porous carbon material with large mesopores obtained by using
ZnO nanoparticles of 20 - 50 nm as template has been used as a model
matrix to investigate the effect of different nitrogen loading amounts,
different nitrogen species, and different remaining porosity on the
properties of IL-based EDLCs. On the one hand, it has been shown that
cyanamide condensation at temperatures between 500 and 800 °C leads
to a gradual decrease of the nitrogen content, change of the chemical
bonding motives of the nitrogen species from pyridinic to graphitic and
oxidized forms and to a gradual increase in porosity. The chemical
properties of the nitrogen species present expectedly depend on the
condensation temperature. In addition, a series of samples with different
content of pyridinic nitrogen has been prepared by changing the cyan-
amide loading at constant condensation temperature of 500 °C. It is
found that, while the mass-specific capacitance is dictated by the
specific surface area, the area-normalized capacitance can be slightly
enhanced by the presence of pyridinic nitrogen species. In addition,
lowering of the total pore volume leads to higher areal active material
loadings and lower dead volume, which needs to be filled with
electrolyte, which is in case of IL supercapacitors a relevant cost factor.
Comparison between the formed nanohybrids and a purely physical
mixture between ZTC and carbon nitride shows that the chosen
infiltration-condensation method indeed leads to the formation of car-
bon nitride within the pore system of ZTCs. All in all, our study provides
a systematic investigation about the synthesis-structure-property-
relationships of nitrogen-functionalized carbon materials as EDLC
electrodes and gives insights into the interplay between nitrogen con-
tent, nitrogen species, and porosity on the properties of the materials
when applied as electrodes in EDLCs.
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