Open Access Article. Published on 23 April 2024. Downloaded on 3/23/2026 12:28:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 13190

Received 11th March 2024
Accepted 17th April 2024

DOI: 10.1039/d4ra01873g

rsc.li/rsc-advances

1. Introduction

1D hollow tubular/2D nanosheet hybrid
dimensional porous carbon prepared by one-step
carbonization using natural minerals as templates
for supercapacitorst

Fangfang Liu, ©2 Chao Zhang,? Weiwei Huang,? Lei Chen,? Yuanshuang Wang,?
Jinan Niu @ *2 and Xiuyun Chuan*?

The reasonable construction of one-dimensional (1D)/two-dimensional (2D) hybrid dimensional porous
carbon materials with complementary advantages and disadvantages is an important approach to
addressing the structural and performance deficiencies of single carbon materials, while also significantly
improving the electrochemical performance of super-capacitors. In this study, 1D hollow tubular/2D
nanosheet hybrid dimensional porous carbon was synthesized through one-step carbonization using 1D
fibrous brucite and 2D layered magnesium carbonate hydroxide as templates. By adjusting the feed ratio
of 1D fibrous and 2D layered templates, the morphology, pore structure and specific surface area (SSA)
of the prepared 1D hollow tubular/2D nanosheet hybrid dimensional porous carbon were controlled.
The prepared hybrid dimensional porous carbons were characterized using scanning electron
microscope (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and nitrogen
adsorption—desorption. And their electrochemical performance was also studied by cyclic
voltammograms (CV), galvanostatic charge/discharge (GCD) and electrochemical impedance
spectroscopy (EIS). The results show that the use of templates with different dimensions significantly
influences the morphology, pore structure, SSA and electrochemical performance of the synthesized
hybrid dimensional porous carbon. The hybrid dimensional porous carbon (3F) exhibits a high specific
capacitance and excellent cycling stability. 3F demonstrates the specific capacitance of 2453 F g™ at
1 A g L. Furthermore, the capacity retention rate remains as high as 93.4% after 8000 cycles at 10 A g~%.
This work reveals that hybrid dimensional porous carbon composed of 1D hollow carbon tubes and 2D
carbon nanosheets has great potential for use in supercapacitor electrode materials.

for a wide range of applications.>® Nanostructured carbon-
based materials such as carbon nanotubes (CNTs)” and gra-
phene (G),® due to their low cost, environmental friendliness,

Since the 21st century, energy resource crises and environ-
mental issues have become two major challenges that humanity
must confront. The replacement of traditional energy sources
with renewable and clean energy sources such as wind,
hydrogen, and solar power has become the prevailing trend."*
Simultaneously, emerging energy storage technologies like
lithium ion batteries, sodium ion batteries, lithium-sulfur
batteries, supercapacitors and so on have found excellent
development opportunities.>* Supercapacitors, with their
advantages of high power density, long cycle life, rapid charge-
discharge rates and eco-friendliness, hold significant potential
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abundant pore structure, large specific surface area, excellent
thermal stability and chemical stability, are widely used as
electrode materials for supercapacitors.” Among them, the
hollow tubular structure of carbon nanotubes facilitates the
rapid diffusion and migration of electrolyte ions, shows excel-
lent directional conductivity and possesses certain spatial
support capabilities, but it has poor charge storage capacity.*
On the other hand, graphene has advantages such as thin
thickness, short transmission distance, large SSA, exposure of
abundant active sites on the surface, as well as excellent flexi-
bility, conductivity and stability, but it tends to agglomerate,
leading to a significant reduction in SSA and active sites.'""*
These issues severely limit the application of individual carbon
materials in electrode materials. Composite of two different
dimensional carbon materials can complement each other's
drawbacks, thereby realizing the synergistic play of their
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respective advantages. Therefore, the rational construction of
hybrid dimensional porous carbon materials with comple-
mentary advantages and disadvantages is an important
approach to address the structural and performance defi-
ciencies of single carbon materials, which is of great signifi-
cance for improving the performance of supercapacitors.
Currently, binary composite hybrid dimensional porous
carbon materials are widely used in supercapacitor electrode
materials.”® Among them, the most common design strategy is
to composite carbon nanotubes (CNT) with a special tubular
structure and graphene (G) with excellent in-plane conductivity
to prepare carbon nanotube/graphene (CNT/G) hybrid dimen-
sional porous carbon materials. 1D carbon nanotubes can
effectively inhibit the stacking aggregation of 2D graphene
while increasing the distance between graphene layers. They
can also construct a three-dimensional (3D) conductive
network structure. Therefore, CNT/G hybrid dimensional
porous carbon materials are favored by researchers.* Jiang
et al.”® prepared CNT/G composite materials through ascorbic
acid-assisted reduction, freeze-drying and annealing using
carbon nanotubes (CNT) and graphene (G) as precursors. In
a 1 M Et,NBF,/PC electrolyte, the CNT/G//CNT/G symmetric
supercapacitor exhibited a specific capacitance of 128 F g~ *,
significantly higher than the 21.67 F g~" of CNT//CNT. Lim
et al.*® synthesized CNT/G composite materials using Zn foil as
an external initiator. Compared to graphene (G) without
carbon nanotubes (CNT), CNT/G exhibited superior conduc-
tivity and higher specific capacitance. Li et al.*” synthesized
a self-supporting AC/CNT/G flexible composite material using
a vacuum filtration method. It showed excellent electro-
chemical performance, with an energy density of up to 30 W h
kg™, surpassing both individual carbon nanotubes and gra-
phene. Numerous studies have shown that binary composite
hybrid dimensional porous carbon materials exhibit superior
electrochemical properties compared to individual carbon
materials. However, to prepare carbon nanotubes and gra-
phene separately faces challenges such as high energy
consumption, complex processes, and low raw material
utilisation.”® > These issues make it difficult to meet the
demands for cost-effective and large-scale production of CNT/
G hybrid dimensional porous carbon materials. However, in
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nature, there are abundant 1D and 2D mineral resources that
have advantages such as structural stability, abundant pores,
low cost, and environmental friendliness.**** Therefore, the
direct synthesis of carbon nanotubes*® and graphene** using
1D and 2D natural minerals as templates has attracted atten-
tion due to its simplicity, low cost and scalability.

Herein, this article aims to synthesize hybrid dimension
porous carbons using 1D fibrous brucite and 2D layered
magnesium carbonate hydroxide as templates, and polyvinyl
pyrrolidone (PVP) as the carbon source, through a one-step
high-temperature carbonization method (Fig. 1). Compared
to the reported synthesis method of CNT/G hybrid dimension
porous carbon materials, our synthesis method has significant
advantages. Firstly, the synthesis of hybrid dimension porous
carbon can be achieved with a simple and easy-to-operate one-
step carbonization process. Secondly, the templates used are
widely available, cost-effective, environmentally friendly, and
in line with sustainable development strategies. In addition,
the templates not only contribute to specific morphologies but
also act as pore-forming agents. After template removal, the
space occupied by the templates forms abundant pore chan-
nels, providing more active sites for electrolyte ions and
convenient diffusion pathways. Lastly, a series of hybrid
dimension porous carbons with different morphologies and
pore structures are synthesized by adjusting the feeding ratio
between the fibrous/layered templates of different dimen-
sions. The effects of morphology, SSA, pore size distribution,
and pore structure on the electrochemical performance are
also studied.

2. Experimental section
2.1 Material

The fibrous brucite was sourced from the Ninggiang heimulin
fibrous brucite in Hanzhong City, Shaanxi Province, China. The
layered magnesium carbonate hydroxide (Mg,(OH),CO;) was
purchased from Lorasa Chemical Corporation in the United
States of America. Polyvinyl pyrrolidone (PVP, (CsHoNO),) was
obtained from Aladdin biochemical technology Co., Ltd.
Hydrochloric acid (HCl, AR) and hydrofluoric acid (HF, AR) were
purchased from Nanjing chemical reagent Co., Ltd.

Carbonization
——
700°C2h inN2

HCIHHF | 12h

Fig. 1 Schematic illustration of synthesis of hybrid dimensional porous carbon.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 13190-13199 | 13191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01873g

Open Access Article. Published on 23 April 2024. Downloaded on 3/23/2026 12:28:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2.2 Fabrication of binary composite hybrid dimensional
porous carbon

A specific mass ratio of layered magnesium carbonate hydroxide
(Mg,(OH),CO3) and fibrous brucite was dispersed in 100 mL of
deionized water. 4 g of PVP was added to the mixture and stirred
at room temperature for 2 h. Then, ultrasonication was per-
formed for 1 h. The resulting mixture was then stirred in an 80 °
C oil bath until all the deionized water evaporated. The obtained
template/carbon precursor was dried overnight in a 110 °C
oven. The precursor was then transferred into a tube furnace
under N, atmosphere. It was carbonized at 400 °C for 0.5 h and
further heated at 700 °C for 2 h (5 °C min™ ). Then the template
was removed by stirring in 1 M HCI and HF for 12 h each. The
sample was subsequently washed with deionized water until
neutral and dried in an 80 °C oven for 12 h, resulting in the final
product, 1D hollow tube/2D layer hybrid dimensional porous
carbon. When the mass combinations of fibrous brucite and
layered magnesium carbonate hydroxide are 0.5 g and 3.5 g,
1.0gand 3.0g,1.5gand 2.5¢,2.0gand 2.0g,2.5gand 1.5 g,
3.0 g and 1.0 g, and 3.5 g and 0.5 g, the resulting samples are
respectively labeled as 0.5F, 1.0F, 1.5F, 2.0F, 2.5F, 3.0F and 3.5F.
In addition, samples obtained with only fibrous brucite and
only layered magnesium carbonate hydroxide are used as
control experiments and labeled as 4.0F and OF, respectively.

2.3 Material characterization

The phase characterization of hybrid dimensional porous
carbon was performed using X-ray diffractometer (XRD, D8
Advance, BRUKER AXS, Germany) and laser confocal Raman
spectrometer (Raman, Senterra, BRUKER, China). The specific
surface area and pore structure of the samples were tested using
the Brunauer-Emmett-Teller analyzer (BET, ASAP2020PLUS
HD88, Micromeritics, USA). The morphology of the samples was
observed using the scanning electron microscope (SEM,
SU8220, Hitachi, Japan) and the field emission transmission
electron microscope (FTEM, Tecnai G2 F20, Thermo Fisher
Scientific, USA). The chemical elemental composition of the
materials was obtained by scanning the local area of the
material using an X-ray photoelectron spectrometer (XPS,
ESCALAB250XI, Thermo Fisher Scientific, USA).

2.4 Electrochemical test

The electrochemical properties of hybrid dimensional porous
carbon were tested using the Chenhua CHI660E electro-
chemical workstation. In the three-electrode system, the Hg/
HgO and platinum sheet electrodes were used as the refer-
ence electrode and the counter electrode, respectively. While
the synthesized sample was used as the working electrode. The
electrolyte used was 6 M KOH. The preparation steps of the
working electrode are as follows: the synthesized sample and
conductive carbon black were mixed in a mass ratio of 8:1 in
a mortar. Several drops of ethanol solution (volume ratio of
anhydrous ethanol to deionized water is 1: 1) were added, and
the mixture was ground evenly. PTFE with the same mass as
conductive carbon black was added, and the mixture was
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ground again to obtain a homogeneous slurry. The slurry was
coated on the foam nickel with dimensions of 10 x 20 x 1.5
mm, and then the coated foam nickel was placed in an 80 °C
oven for 12 h. After drying, the foam nickel was pressed using
a manual press machine (5 MPa pressure, 5 min pressing time)
to obtain the working electrode. The active material was loaded
at 1.2 mg cm 2, and the specific capacitance was calculated
based on the GCD curve using the following formula (1):>

IAt

NG @

I(A) and A¢(s) represent the discharge current and discharge
time, respectively. m(g) represents the mass of the active mate-
rial, AV(V) represents the voltage window, and C (F g~ ') repre-
sents the specific capacitance. The testing content includes
cyclic voltammograms (CV, voltage range: —0.6 to 0.2 V, scan
rate: 5 to 200 mV s~ '), galvanostatic charge/discharge (GCD,
voltage range: —0.6 to 0.2 V, current density: 0.5 to 10 Ag™ ") and
electrochemical impedance spectroscopy (EIS, frequency range:
10?2 to 10° Hz), and cycling stability (8000 cycles at 10 A g™ %).

In the two-electrode system, the prepared samples were used
as both positive and negative electrodes, and 6 M KOH was used
as the electrolyte to assemble a symmetric supercapacitor. The
working electrode was prepared as follows: the active substance,
PVDF (binder), and carbon black (conductive agent) were
ground into a slurry according to the mass ratio of 8:1:1, and
coated onto graphite paper, where NMP was the solvent. The
loading of the active substance was 1.3 mg cm ™. According to
the GCD curve, the specific capacitance (Cs, F g~ ') of the single
electrode was calculated according to formula (2), and the
energy density (E, W h kg™') and power density (P, W kg )
were calculated according to formulas (3) and (4), respectively.

41Nt

c, == 2
mAU )

G (AU)?
Ei= 2% 3.6 (3)

E; x 3600
p="""" 4
! At )

I(A), At(s) and AU(V) are the discharge current, discharge
time and discharge voltage, respectively, and m(g) is the mass of
active material.

3. Results and discussion

3.1 Morphology and structure

Fig. 2a shows the XRD patterns of the OF, 1F, 2F, 3F and 4F
samples. There are two prominent peaks at around 28° and 41°
which correspond to the (002) and (100) planes of graphite,
respectively. In addition, the broad and weak peak in the
pattern indicates the amorphous carbon nature of the
sample.”**” No other diffraction peaks except for the amorphous
carbon were observed, indicating the complete removal of the
template and the absence of other impurities. The Raman

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD; (b) Raman; (c) N, adsorption—desorption isotherms; (d) specific surface area; (e) XPS of hybrid dimension porous carbon and (f)

N1s spectra of 3.0F.

spectra of the OF, 1F, 2F, 3F and 4F samples are shown in
Fig. 2b, and the peaks near 1335 cm™ ' and 1581 cm ™" corre-
sponding to the D band and the G band, respectively. As can be
seen from the Fig. 2b, the integral area of the D peak is signif-
icantly larger than that of the G peak, indicating that the
samples exhibits amorphous characteristics, which is consis-
tent with the results demonstrated by the XRD pattern. Fig. 2¢
displays the N, adsorption-desorption isotherms of the OF, 1F,
2F, 3F and 4F samples. All samples exhibit type IV isotherms
with hysteresis loops, which can be attributed to the capillary
condensation in the meso-pores.”*** The adsorption in low,
medium and high pressure ranges indicates the co-existence of
micro-pores, meso-pores, and macro-pores in the samples.**
The hierarchical pore structure can significantly improve the
electrochemical performance due to the contribution of micro-
pores as active sites, meso-pores allowing for fast diffusion and

© 2024 The Author(s). Published by the Royal Society of Chemistry

transport of electrolyte ions, and macro-pores serving as reser-
voirs for ion storage.*” Fig. S11 shows the BJH pore size distri-
bution, which exhibits the adsorption of all pore sizes including
micro-pores, meso-pores, and macro-pores, but the overall
adsorption of micro-pores is small, indicating a limited number
of micro-pores in the sample. The SSA of the OF, 1F, 2F, 3F and
4F samples are 64.2, 74.0, 112.4, 281.9 and 432.9 m> g !,
respectively (Fig. 2d), which gradually increases with an
increase in the 1D fibrous brucite template, possibly due to the
contribution of the hollow carbon tube.

The elemental composition of OF, 1F, 2F, 3F and 4F samples
were analyzed using XPS. In Fig. 2e, the XPS survey spectrum
reveals characteristic peaks around 284.21, 399.19 and
531.55 eV, corresponding to C, N and O, indicating in situ
doping of nitrogen atoms during the carbonization process due
to the thermal decomposition of PVP.** Additionally, the atomic

RSC Adv, 2024, 14, 13190-13199 | 13193
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percentages of C, N and O elements of 3.0F are 84.51%, 4.41%
and 11.09%, respectively. The N1s spectrum was deconvoluted
into three peaks labeled as pyridinic-N (N-6), pyrrolic-N (N-5)
and graphiticN (N-Q), located at 397.57, 399.66 and
404.34 eV, respectively.***® The nitrogen content for N-6, N-5
and N-Q is 20.9%, 67.4% and 11.7%, respectively (Fig. 2f).
Among them, N-6 and N-5 are situated at the edge of the carbon
framework, providing additional active sites and pseudo-
capacitance, while N-Q involves nitrogen atoms replacing
carbon atoms within the carbon framework, significantly
improving the conductivity of the carbon material.*”*® There-
fore, the introduction of nitrogen enhances the electrochemical
performance of the porous carbon material.

Observation of the morphology and microstructure of the
sample was carried out using SEM and TEM. Fig. 3a shows the
SEM image of the porous carbon (0F) synthesized solely with 2D
layered magnesium carbonate hydroxide as the template. It
contains a large number of 2D nanosheets, but the nanosheets
are severely aggregated and densely packed together. SEM
images of a series of hybrid dimensional porous carbons (0.5F-
3.5F) synthesized with fibrous/layer templates of different
dimensions are shown in Fig. 3b-h. It can be seen that both 2D
carbon nanosheets and 1D hollow carbon tubes are present in
the hybrid dimensional porous carbons, forming a composite
carbon material with 1D and 2D dimensions. The 1D carbon
tubes provide convenient channels for the rapid transport of
electrolyte ions and effectively prevent the aggregation of 2D
carbon nanosheets. At the same time, with the increase of
fibrous brucite template, the content of 1D carbon tubes in the
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samples also gradually increases. In the SEM image of the 0.5F
sample, 2D carbon nanosheets are mainly present, with a few
scattered 1D carbon tubes (Fig. 3b). Fig. 3c-e show that the 2D
carbon nanosheets are interlinked, but the distribution of 1D
carbon tubes can be clearly seen. With the continued increase of
the fibrous template, the 2.5F-3.5F samples are mainly
composed of 1D carbon tubes, with a small amount of 2D
carbon nanosheets. The porous carbon (4F) synthesized solely
with 1D fibrous brucite as the template exhibits a 3D network
structure formed by the interlinked 1D carbon tubes (Fig. 3i).
The 1D carbon tubes in the hybrid dimensional porous carbon
provide convenient channels for the rapid transport of electro-
Iyte ions and effectively prevent the aggregation of 2D carbon
nanosheets. TEM characterization further confirms the pres-
ence of stacked 1D hollow carbon tubes and a small amount of
carbon nanosheets in the 3.0F sample (Fig. 4a and b), indicating
that 3.0F is a hybrid dimensional porous carbon consisting of
both 1D carbon tubes and 2D carbon nanosheets, consistent
with the results of SEM images. High-resolution transmission
electron microscopy (HRTEM) patterns are shown in Fig. 4c,
and the inset is a selection of electron diffraction, all showing
amorphous features. The uniform distribution of nitrogen (N)
and oxygen (O) elements on the surface of the 3.0F sample is
shown in Fig. 4d-f, indicating the in situ doping of N element
during the carbonization process.

3.2 Electrochemical properties

The electrochemical performance of hybrid dimension porous
carbon was evaluated through GCD, CV and EIS tests. Fig. S27

(e) (H)
500 nm 500 nm
(h)
g6 nn

Fig. 3 SEM images of hybrid dimension porous carbon. (a) OF; (b) 0.5F; (c) 1.0F; (d) 1.5F; (e) 2.0F; (f) 2.5F; (g) 3.0F; (h) 3.5F; (i) 4.0F.
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Fig. 4

shows the GCD curves of the OF to 4.0F samples. GCD curves of
all samples exhibited nearly isosceles triangle within the
current density range of 0.5 to 10 A g ', indicating excellent
double-layer capacitance characteristics of the hybrid dimen-
sion porous carbon. Fig. S31 presents the CV curves of the OF to
4.0F samples at scan rates ranging from 5 to 200 mV s~ '. Even at
200 mV s, the shape of the CV curves remained unchanged,
exhibiting quasi-rectangular shapes, indicating good revers-
ibility and double-layer capacitance characteristics of the hybrid
dimensional porous carbon, consistent with the GCD results.
Fig. 5 displays the electrochemical performance of the samples.
At 1 A g, the GCD curves of the OF to 4F samples showed
nearly isosceles triangular shapes with good symmetry and
linearity, indicating excellent reversibility (Fig. 5a). Further-
more, the 3F sample exhibited the longest discharge time and
had the highest specific capacitance calculated based on
specific capacitance calculation formula (1). Fig. 5b shows the
CV of the samples at 100 mV s, all exhibiting rectangular
shapes without redox peaks, indicating good double-layer
capacitance characteristics. Additionally, the 3F sample had
the largest area, indicating the highest specific capacitance,
consistent with the GCD results.

In addition, the mass-specific capacitances calculated based
on the GCD curves using the specific capacitance calculation
formula (1) are shown in Fig. 5c. At 1 A g~ ', the mass-specific
capacitances of the OF, 0.5F, 1.0F, 1.5F, 2.0F, 2.5F, 3.0F, 3.5F
and 4.0F samples were 75.63, 132.4, 134.9, 142.6, 149.0, 181.6,
245.3, 234.5 and 210.25 F g ', respectively. As shown in Fig. 5c,
the OF sample synthesized with layered template had the
smallest specific capacitance, and the specific capacitance of
the samples increased and then decreased with the addition of
fibrous template. Table 1 presents the electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@ and b) TEM images, (c) HRTEM (the inset shows the SAED pattern) and (d—f) elemental mapping images (N and O) of 3.0F.

performance of some reported CNT/G binary composite porous
carbons. It can be observed that the 3.0F sample prepared in
this study exhibits notably excellent electrochemical properties.
To further characterize the electrochemical performance of the
samples, EIS tests were conducted, and the Nyquist plots are
shown in Fig. 5d. The Nyquist plots of the samples were
composed of a semicircle in the high-frequency region and
a line in the middle-to-low-frequency region. The semicircle
diameter in the high-frequency region represented the charge
transfer resistance (R.), and the slope of the line in the low-
frequency region represented the Warburg impedance (W,).
The larger the slope, the smaller the Warburg impedance.
Fig. 5e shows an enlarged view of the high-frequency region of
the Nyquist plots. The intercept of the curve with the X-axis
represented the equivalent series resistance (Ry), and it can be
observed that the R; (0.5-0.75 Q) and R of the 0.5F to 4.0F
samples were relatively small, while the R, of the OF sample was
larger, with a value of 1.93 Q. This is likely mainly due to the
presence of hollow carbon tubes providing convenient channels
for the fast diffusion and transport of electrolyte ions, resulting
in a smaller Ry of the hybrid dimensional porous carbon. The
cycle stability of the samples after 8000 cycles at 10 A g~ is
shown in Fig. 5f. The capacity retentions of the OF, 0.5F, 1.0F,
1.5F, 2.0F, 2.5F, 3.0F, 3.5F and 4.0F samples were 98.6%, 98.9%,
97.2%, 98.8%, 95.3%, 96.4%, 93.4%, 95.5% and 95.6%,
respectively. The capacity retentions remained above 90% after
8000 cycles, indicating excellent cycle stability of the hybrid
dimension porous carbon.

To further characterize the diffusion kinetics of the hybrid
dimensional porous carbon during charge and discharge
processes, we employed formulas (S1) and (S2)f for evaluation.
According to formula (S1),} the calculated b value of the 3.0F

RSC Adv, 2024, 14, 13190-13199 | 13195
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Fig. 5 The electrochemical performance of hybrid dimension porous carbon. (a) GCD curves at 1 A g~%; (b) CV curves at 100 mV s™%; (c) specific
capacitance at different current density; (d) Nyquist plots; (e) the enlarged view of the high-frequency region of the Nyquist plots; (f) cycle
stability; (g) determination of b value of 3.0F by CV curves of 5-200 mV s; surface-controlled capacitance at (h) 100 mV s™%; () different scan

rates.

Table 1 Comparison of the electrochemical performance of hybrid dimension porous carbon

Materials Electrolyte Capacitance (F g %) Cycle stability Ref.
NC-M3-0.02 6 M KOH 137.1at0.5 A g71 104% after 5000 cycles 39
PEI-GN 1 M H,SO, 120at1Vs* — 40
CNT/RGO 1 M Et,NBF,/PC 128at3.4Ag " 95.63% after 2000 cycles 15
AC/CNT/RGO 1 M LiClO, 101 at 0.2 A g71 75% after 1000 cycles 17
RMGO-8 EMI-BF, 213 at 0.2 A g71 — 41

3F 6 M KOH 2453at1Ag " 93.4% after 8000 cycles This work

sample is 0.94, indicating its demonstration of a double-layer
capacitance behavior with ultrafast kinetic response. Addition-
ally, utilizing formula (S2),f we calculated the capacitive
contributions under surface-controlled and diffusion-
controlled conditions at different scan rates. Fig. 5h and S4t
display the capacitance contributions of 0F-4.0F samples at
a scan rate of 100 mV s ', which are 86.5%, 80.6%, 68.2%,
78.7%, 87.5%, 88.0%, 68.2%, 84.6% and 85.6%, respectively.
Furthermore, the capacitance contributions of 0F-4.0F samples
at different scan rates of 5, 10, 20, 50, 100 and 200 mV s~ * are
illustrated in Fig. 5i and S5.1 At higher scan rates (200 mV s~ %),
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the capacitive contribution is predominantly governed by
surface control.

To further evaluate the capacitive behavior of the hybrid
dimensional porous carbon, two-electrode symmetric capaci-
tors were assembled using 6 M KOH as the electrolyte. The GCD
curves of all the samples (Fig. S61 and 6a) showed good isos-
celes triangular shaped traits, indicating excellent double layer
capacitance properties and reversibility of charging and dis-
charging. Fig. 6b shows the GCD curves of different hybrid
dimensional porous carbons at 1 A g " current density, and it
can be seen that 3.0F//3.0F presents the longest discharge time,
indicating that it has the maximum mass specific capacitance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The electrochemical performance of symmetric capacitors. (a) GCD curves at different current density of 3.0F//3.0F; (b) GCD curves of
hybrid dimension porous carbon at 1A g~%; (c) CV curves at various scan rate of 3.0F//3.0F; (d) CV curves at 100 mV s~ %; (e) specific capacitance at

different current density; (f) Nyquist plots.

The GCD curves of all the samples are shown in Fig. 6¢ and S7,t
which exhibit a quasi-rectangular nature and remain undis-
torted as the scan rate increases, indicating that all the samples
have excellent charge/discharge reversibility and good double
layer capacitance behavior. Fig. 6d shows the CV curves of the
samples at a scan rate of 100 mV s . It can be seen that 3.0F//
3.0F has the largest integrated area, qualitatively indicating that
it has the largest specific capacitance, which is consistent with
the results exhibited by the GCD curve. Based on the GCD
curves, the specific capacitances at different current densities
obtained by using formula (2) are shown in Fig. 6e, where OF//
OF, 0.5F//0.5F, 1.0F//1.0F, 1.5F//1.5F, 2.0F//2.0F, 2.5F//2.5F,
3.0F//3.0F, 3.5F//3.5F and 4.0F//4.0F with specific capacitances
of 46.17, 50.7, 50.7, 52.5, 59.76, 61.65, 80.13, 75.88 and 68.5 F
g~', respectively. In order to further evaluate the electro-
chemical properties of the porous carbon, AC impedance tests
were performed (Fig. 6f). The Nyquist plots of all samples con-
sisted of semicircles in the high frequency region and straight
lines in the middle and low frequency regions. The diameter of
the semicircle represents the charge transfer resistance (R.),
and the slope of the straight line represents the Warburg
impedance, where the larger the slope, the smaller the imped-
ance. From the Fig. 6f, it can be seen that 3.0F//3.0F has the
smallest charge transfer resistance and Warburg impedance,
which indicates that the electrolyte ions can be transported
more conveniently inside the electrolyte, and therefore further
indicates that it has excellent electrochemical performance.

4. Conclusion

The hollow tubular/layered hybrid dimension porous carbon
was synthesized directly through one-step carbonization using
fibrous/layered hybrid template. This method is simple, easy to

© 2024 The Author(s). Published by the Royal Society of Chemistry

operate, and cost-effective. The combination of two different
dimensional porous carbon materials can compensate for the
shortcomings of single-dimensional carbon materials and
achieve synergistic effects of their respective advantages.
Therefore, constructing hybrid dimension porous carbon
materials with complementary advantages and disadvantages
can significantly improve the electrochemical performance of
carbon materials. Thanks to the abundant pore structure,
hierarchical pore channels, and hollow tubular/layer composite
morphology, the 3F sample exhibited a specific capacitance of
287.8 Fg ' (at 0.5 A g "), higher than that of 1D hollow tubular
porous carbon (244.75 F g~ ') and 2D layer porous carbon (81.25
F g ). Therefore, the application of hybrid dimension porous
carbon provides a short process and low-cost solution for high-
performance super-capacitors.
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