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ABSTRACT

Carbon nanotubes (CNTs) and their allotropes have been regarded as promising materials for electric double-layer supercapacitors (EDLCs).
It is well accepted that the higher surface area of carbon will enable a higher capacity of energy storage. An interesting question is what could
happen if the half channel size is less than the Stern layer spacing. In this study, we grew CNTs into carbonized basswood for EDLCs, in
which the CNT density varied in bass carbon sheets with different thicknesses, eventually giving various pore/channel sizes. Electrochemical
analyses revealed that the bass carbon with a higher CNT density exhibits inferior performance compared to specimens with lower CNT den-
sities. Further investigation through electrochemical impedance spectroscopy suggests that such anomalous behavior in energy storage is

attributed to the restricted ion diffusion within the densely packed CNTs in bass carbon channels.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0268260

In electric double-layer supercapacitors (EDLCs), two layers of
opposite charges are held together by electrostatic forces, forming a
Stern layer at the electrode-electrolyte interface.' * This layer signifi-
cantly contributes to the capacitance as it acts as an effective dielectric
separating the electrode from the bulk electrolyte. Porous materials
with a high specific surface area provide more sites for Stern layer for-
mation.” However, those micropores may have a compact Stern layer,
leading to limited ion accessibility, increased steric hindrance, and
then reduced ions adsorption, thereby diminishing the contribution of
the Stern layer to overall capacitance.” * For example, Hemp-derived
activated carbon exhibits reduced capacitance as micropore volume
increases, due to limited Stern layer formation. It has been attributed
to the coupling effect of ion sizes and pore sizes.”””'” In addition to
the Stern layer, the capacitance can be affected by the diffuse layer. A
wide diffuse layer may lead to low capacitance, whereas a narrow layer
can facilitate high capacitance. Such a diffuse width depends on the
Debye length as well, which denotes the level of charge screening in
the electrolyte. A shorter Debye length will result in a higher ion con-
centration, a narrower diffuse layer, and then better electrochemical
performance.”'" In this layer, as the ions are mobile, the diffusion of
ions is dictated by boundary conditions. If the channel size is greater
than the Debye length, the electric double layer (EDL) forms

independently on each wall of channels without significant overlap.
The capacitance will primarily depend on the available surface area
and ion accessibility. For the channel size is smaller than the Debye
length, the diffuse layers from opposing walls overlap each other, lead-
ing to that the ions from one wall’s EDL are influenced by the electric
field of the opposite wall (see Fig. 1). The electrolyte ions in overlap-
ping regions cannot fully screen the surface charges on walls, bringing
a weaker charge separation and reduced capacitance.'” '* For example,
the effective electrochemical surface area did not reach the total physi-
cal surface area in nanoporous Pt and mesoporous carbon electrode
due to EDL overlap.'” Therefore, the competition between channel
sizes and Debye length could significantly affect the electrochemical
performance of EDLCs.

To reproduce the scenario of competition between channel size
and Debye length, a porous material with controlled channel sizes is
needed. For EDLCs, carbon-based materials, such as graphite,''® car-
bon nanotubes (CNTs),"” " and activated carbon,”’”> have been
widely investigated. Among them, CNTs have garnered significant
attention as electrode materials for supercapacitors, due to their high
surface area and excellent electrical conductivity.”” The high surface
area facilitates the formation of EDL; meanwhile, their conductivity
enables faster ion transport. To date, various CNT-based electrodes
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FIG. 1. Schematic illustration of EDL perturbation caused by the narrow spacing
between CNTs, leading to overlapping and competition among adjacent EDLs.

have been designed and fabricated to explore their potential toward
EDLCs.'”"” Researchers have also focused on increasing the density of
CNTs, aiming to boost the physical surface area.'”** For example, ver-
tically aligned CNT forests were synthesized on a graphene substrate
to create a three-dimensional (3D) hybrid architecture, exhibiting an
exceptionally high specific surface area (SSA) of 2285 m” g~ and out-
standing super capacitive performance. Whether the CNT density dic-
tates the supercapacitance is unknown.”* Notably, CNTs have been
grown into biomass carbon channels, offering extensive surface area
and enhancing electrochemical performance.”>” The well-defined and
interconnected pore structure allows for the penetration and diffusion
of electrolyte ions into the electrode. The macropores such as channels
in biomass carbon hierarchical structures and spacing between CNTs
act as reservoirs, reducing resistance and supporting ion mobility.”**”
Micropores originating from both the biomass-derived carbon and the
CNTs contribute substantially to charge storage due to their high spe-
cific surface area, while mesopores facilitate ion diffusion, thereby
enhancing transport efficiency.”” However, there is a lack of compara-
tive studies that directly correlate CNT density with electrochemical
performance.”””® Given the critical role CNTs play in charge storage,
the influence of their density on energy storage behavior warrants care-
ful consideration. If CNT density can be precisely controlled within a
porous biomass carbon matrix, it would enable a more thorough
understanding of how channel size and the Debye length govern
energy storage mechanisms.

Herein, we carbonized basswood that was used as skeleton for in
situ CNT growth. The density of the CNTs varied with the thickness
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of the bass carbon sheets. Briefly, the small thickness of bass carbon
sheet enables full contact of all bass carbon surface with CNT precur-
sors, leading to a denser growth of CNTs. With the electrochemical
testing, the density of CNTs can be pinpointed to energy storage
capacities, from which the competition between channel size and
Debye length can be well understood. For example, the electrochemical
impedance spectroscopy (EIS) of the electrode-electrolyte interface is
further calculated, and equivalent circuits were assigned to understand
the resistance of the system. This work provides an understanding of
optimization of the in situ growth of CNTs in biomass carbon along
with porous electrode materials.

The EDL forms at the interface between an electrode and an elec-
trolyte, consisting of a tightly bound layer of counter-ions near the
electrode surface (Stern layer) and a diffuse region where ion concen-
tration gradually returns to bulk values. The organization of ions in
this structure is critical for facilitating efficient ion flow and charge
storage. Perturbation of the EDL may lead to uneven ion densities or
chaotic ion motion, limiting their ability to contribute to charge trans-
fer reactions. Specifically, overlapping electric fields from adjacent or
opposing interfaces can distort the regular ion arrangement in the
EDL, reducing the field gradient responsible for maintaining ion prox-
imity near the electrode surface. Figure 1 schematically demonstrates
such a scenario. As the density of CNTs in carbon channels increases,
the spacing among CNTs will significantly decrease. As a result, the
diffusion and Stern layer of adjacent CNTs interfere each other. The
ion flow through dense CNTs experiences more resistance than pass-
ing sparse CNTs in carbon channels. The loss of ideal ion packing
within the EDL decreases the total charge density available at the elec-
trode interface, lowering the effective electrochemical capacitance in
energy storage. To fully elaborate such an effect, CNTs were grown
into the bass carbon channels. Interestingly, the density of CNTs
depends on the thickness of bass carbon sheets, which offers opportu-
nity to build up relationships between pore spacing refined by CNTs,
Debye length, impedance, and energy storage performance.

For the fabrication of CNTs/bass carbon (CNTs/BC) electrode
for supercapacitors, briefly, the basswood was cut into sheets along the
longitudinal direction and carbonized at 1000°C. Before growing
CNTs, the sheets were first activated by 3M potassium hydroxide
(KOH) and loaded with nickel nitrate [Ni(NOs),] nanoparticles.
During heat treatment, Ni(NO;), nanoparticles were decomposed into
NiO and then reduced into Ni nanoparticles under reduction environ-
ment. These nanoparticles acted as nucleation sites for the growth of
CNTs. The mixture of xylene and ferrocene as carbon precursors and
catalysts, respectively, was introduced into the reaction zone for in situ
growth of CNTs on and in bass carbon sheets with thickness of 0.5,
0.75, and 1.0 mm. The obtained hybrid carbon specimens were named
CNTs/BC-0.5, CNTs/BC-0.75, and CNTs/BC-1.0. The details of exper-
imental fabrication, characterization, and electrochemical testing can
be found in the supplementary material.

Figure 2 shows the morphology of the bass carbon without and
with the growth of CNTs. Elaborated in Figs. 2(a) and 2(b), the bass
carbon is composed of large and small channels with size of ~40 and
~10 um, respectively. For all three types of bass carbon sheets, the
channels pass through the longitudinal direction [see Fig. 2(c)], allow-
ing CNT precursors to nucleate and grow into CNTs. A great number
of pores are found in the walls of channels as shown in Fig. 2(d), which
may facilitate the flow of precursor molecules during CNT growth and
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FIG. 2. Morphology and structure of BC without and with the growth of CNTs. SEM images of pristine BC: (a) and (b) surface and (c) and (d) channels. SEM images of CNTs/
BC-0.5: (e) and (f) surface and (g) and (h) channels. SEM images of CNTs/BC-0.75: (i) and (j) surface and (k) and (I) channels. SEM images of CNTs/BC-1.0: (m) and (n) sur-
face and (o) and (p) channels. (q) Raman spectra of CNTs/BC with all three thicknesses. (r) N, adsorption/desorption isotherms of CNTs/BC-0.5 and CNTs/BC-1.0. (s) Density

functional theory (DFT) pore size distributions of CNTs/BC-0.5 and CNTs/BC-1.0.

ion transport during charging and discharging. The bass carbon sheets
were precisely milled to thickness of 1.0, 0.75, and 0.5mm for CNT
growth. As evidenced in Figs. 2(e), 2(f), 2(i), 2(j), 2(m), and 2(n), the
sheet surface exhibits uniform CNT coverage with comparable densi-
ties. Such uniformity is attributed to the even distribution of precursor
across the bass carbon sheet, ensuring that all surface receives an equal
amount, thereby promoting consistent CNT growth. However, signifi-
cant variations in the CNT density were observed within the bass car-
bon channels. In the 0.5mm thick sheets [CNTs/BC-0.5 shown in
Figs. 2(g) and 2(h)], CNTs occupy the entire channel space, with nota-
ble entanglement between CNTs grown from opposing channel walls.
In contrast, the 1.0 mm thick sheets [CNTs/BC-1.0 shown in Figs. 2(0)

and 2(p)] exhibit incomplete channel coverage, with minimal CNT
entanglement, as shown in Fig. 2(p). These differences in the CNT
density are primarily due to the limited penetration of precursor into
deeper regions of thicker samples. This variation offers a means to pre-
cisely control CNT density, thereby influencing ion transport and
impacting the diffusion resistance in the CNTs/BC.

The morphology analysis of individual CNTs and catalysts in
CNTs through a transmission electron microscope (TEM) can be
found in the supplementary material Fig. S1. In addition to morphol-
ogy analysis, the structure and porosity of CNTs/BC were also charac-
terized. Raman spectroscopy was performed on all samples to confirm
the growth of CNTs and evaluate their degree of graphitization
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[see Fig. 2(q)]. The D peak, located around 1340 cm™Y, is associated
with defects in sp” or sp’ hybridized carbon, while the G peak at
~1570 cm™ ' corresponds to the graphitic structure of sp* carbon, aris-
ing from the in-plane stretching of C-C bond in the graphene.”* '
The absence of G peak split suggests the predominant formation of
multiwalled CNTs.””*” Additionally, the peak at ~2690 cm !, an over-
tone of the D, is associated with crystallinity of nanotubes.”’ The pres-
ence of a distinct 2D peak further confirms the formation of crystalline
CNTs. The Ip/Ig ratio of CNTs/BC-0.5 and CNTs/BC-1.0 is higher
than that typically seen in CNTs peak due to the presence of amor-
phous carbon from carbonization of basswood.”” Notably, the Ip/Ig
ratio of CN'Ts/BC-0.5 is much higher than that for CNTs/BC-1.0 indi-
cating more extensive CNT growth and coverage in the 0.5 mm speci-
men. This result aligns well with the observation from SEM images.

To investigate and compare the porosity of CNTs/BC with different
thicknesses, the Brunauer-Emmett-Teller (BET) surface measurement
was conducted. Figures 2(r) and 2(s), respectively, show the N, adsorp-
tion—desorption isotherms and pore size distributions for samples with
thickness of 0.5 and 1.0 mm. Both samples exhibit nearly identical type
IV with H4 hysteresis loop, as classified by the IUPAC, indicating the
presence of mesoporous structure.”* In both the dominant pore width
falls between ~3 and 7 nm, with wide pore distribution spanning to
~40nm as presented in Fig. 2(s). The slightly higher pore volume
around ~3.5nm in the 0.5mm sample may result from the denser
growth of CNTs on the bass carbon, which could affect the ion transport
and conductivity. The calculated specific surface area (SSA) is 47.6 m>
g ! for the 0.5mm sample and 39.7 m*> g ' for the 1.0mm sample.
Despite the significant difference in the CNT density between CNTs/
BC-0.5 and CNTs/BC-1.0, the surface areas and pore size distributions
are quite similar, which suggests that CNTs/BC-0.75 would have compa-
rable results. The slightly higher SSA in the 0.5 mm sample further sup-
ports the presence of a more compact CNTs in the 0.5 mm sample.

To evaluate the impact of CNT density on the energy storage per-
formance, CNTs/BC was used as a free-standing electrode for charging
and discharging. The use of free-standing electrodes offers two key
advantages: (1) eliminating the need for a current collector, thereby
avoiding poor adhesion between active materials and the collector,
which can introduce interface resistance; and (2) removing noncon-
ductive binders, preventing additional resistance at the active materi-
als-binder interface.””””  Consequently, the electrochemical
performance observed is solely based on the intrinsic properties of the
CNTs/BC electrode. This study systematically investigated how the in
situ grown CNT density, both on the surface and within the channels
of biomass carbon, impacts the electrochemical behavior of carbon
materials, which would help answer if the denser CNTs in channels
can always deliver a higher energy storage capacity.

The obtained pristine CNTs/BC sheets were evaluated using a
three-electrode system, where the CNTs/BC sheets served as the work-
ing electrode, a platinum (Pt) sheet as the counter electrode, and an
Ag/AgCl as the reference electrode. Electrochemical testing was per-
formed in 6M KOH electrolyte. The CV measurements were per-
formed for all three CNTs/BC sheets with thicknesses of 0.5, 0.75,
and 1.0 mm, within a potential window of 0.1-0.9V at a scan rate of
1mV s, as shown in Fig. 3(a). Notably, the 1.0 mm sample enclosed
the largest area between the charging and discharging curves, while the
0.5mm sample enclosed the smallest area, despite its highest CNT
density. This observation is particularly significant, as a higher CNT
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density is typically associated with enhanced electrochemical perfor-
mance. Given the superior performance of the 1.0 mm sample, more
detailed electrochemical characterizations including cyclic voltamme-
try, galvanometric charge-discharge (GCD), and calculated capaci-
tance can be found in supplementary material Fig. S2. Figure 3(b)
presents the GCD curves at a current density of 1mA cm > The
nearly triangular and symmetrical shape of the curves suggests efficient
ion transport during both charging and discharging processes.””*
Consistent with the CV results, the GCD analysis confirms the supe-
rior electrochemical performance of the 1.0 mm sample. Capacitance
calculations at various current densities for all samples [see Figs. 3(c)
and 3(d)] further prove this observation. At 1 mA cm™ 2 the 1.0mm
sample exhibits an aerial capacitance of 6810 mF cm ™2, significantly
outperforming the 0.5mm sample, which displays a capacitance of
432 mF cm ™ 2. The 0.75 mm sample demonstrates intermediate perfor-
mance, aligning with its CNT density. The performance trend persists
across increasing current densities. To understand this unique behav-
ior, EIS was conducted for the 0.5 and 1.0 mm samples. The full EIS
spectra are shown in Fig. 3(e), with a magnified view of the high-
frequency region presented in Fig. 3(f). The EIS spectrum of the
0.5 mm sample exhibits a longer tail in the low-frequency region com-
pared to the 1.0 mm sample, suggesting hindrance of ion diffusion, as
low-frequency behavior is associated with diffusion processes.”” *’
However, no significant difference is observed in the high-frequency
region. This clearly suggests that the inferior performance of the
0.5mm sample is primarily attributed to ion diffusion limitations.
Moreover, given that the Debye length of the 6M KOH electrolyte is
approximately 0.2 nm, it is significantly smaller than the pore size of
the electrode as shown in Fig. 2(s). Therefore, the ion transport is pre-
dominantly governed by bulk transport behavior, which is mainly
affected by the diffusion of the ions.

To better understand the role of ion diffusion in energy storage,
the EIS curves for both samples with thicknesses of 0.5 and 1.0 mm
were fitted using equivalent circuit elements’®*" [see Figs. 3(g) and
3(h)]. The details of the equivalent circuit elements can be found in
supplementary material Fig. S3. The value of each element is listed in
Table 1. The equivalent resistance, which represents the electrode—elec-
trolyte interface resistance, is similar for both samples. However, the
double-layer capacitance (C), corresponding to the EDL formation, is
higher in the 0.5mm sample (0.0082 F) than in the 1.0mm sample
(0.0022 F), which is attributed to the higher CNT density in the thin-
ner electrode. This increase is attributed to the higher CNT density in
the thinner electrode, which promotes the initial development of a
well-defined Stern layer and facilitates greater EDL formation.

Nevertheless, this denser CNT configuration introduces critical
electrochemical limitations. As the spacing between adjacent CNT's
decreases, their respective EDLs begin to overlap both physically and
electrostatically, causing significant perturbation to the local ionic envi-
ronment. This overlap leads to electrostatic competition among neigh-
boring EDLs for counter-ions, diminishing the effective surface area
for charge storage and ultimately suppressing the individual capacitive
contributions of the CNTs. This phenomenon is evidenced by the
sharp increase in the charge transfer resistance (R,) from 0.1628 to
3227 Q when transitioning from the 1.0 mm to the denser 0.5mm
CNTs/BC sheet [Figs. 2(g) and 2(h)]. The overlapping EDLs create a
zone of electrostatic repulsion that significantly impedes charge trans-
fer across the electrode-electrolyte interface.
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FIG. 3. Electrochemical testing of CNTs/BC. (a) Cyclic voltammetry (CV) curves of CNTs/BC with all three thicknesses measured at a current density of 1mV/s. (b)
Galvanometric charge—discharge (GCD) curves of CNTs/BC with all three thicknesses measured at 1 mA/cm?. () Areal capacitance of CNTs/BC with all three thicknesses cal-
culated at various current densities. (d) Gravimetric capacitance of CNTs/BC with all three thicknesses calculated at various current densities. (e) Nyquist plots for CNTs/BC-0.5
and CNTs/BC-1.0 with frequency ranging from 0.01 Hz to 100 kHz. (f) The Nyquist plots for CNTs/BC-0.5 and CNTs/BC-1.0 under high frequency region. (g) Nyquist plot fitting
along with equivalent circuit for CNTs/BC-0.5. (h) Nyquist plot fitting along with equivalent circuit for CNTs/BC-1.0. (i) Cyclic performance of CNTs/BC-1.0 tested at a current
density of 50 mA/cm? for 10 000 cycles.
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TABLE I. Value of each equivalent element obtained from EIS curve fitting. Furthermore, the narrow interstitial voids between densely
packed CNTs restrict electrolyte penetration and hinder ion diffusion,

Equivalent circuit elements CNTs/BC-0.5 CNTs/BC-1.0 as reflected in the substantial increase in the diffusion resistance (Ry;)
from 0.0345 Q in the 1.0 mm sample to 446 Q in the 0.5 mm sample.

R (Q) 1.1910 1.0560 These elevated diffusion barriers are the result of intensified electro-
Ca (F) 0.0082 0.0022 static interactions and physical confinement within the porous CNT
Rt (©) 3.2270 0.1628 network. Such a scenario is schematically illustrated in Fig. 1. The
Q (S.sec™) 0.0072 0.0386 cumulative effect is reduced ion mobility, higher internal resistance,
(n=0.6916) (n=0.6452) and lower accessible capacitance. This trade-off highlights a funda-

Ryir (Q) 446 0.0345 mental constraint in designing high-density CNT electrodes: while
W (S.sec™) 0.000 24 323%x107° increased surface area and conductivity are theoretically favorable,
C(F) 0.000 75 1.88 x 10°° excessive densification disrupts interfacial charge dynamics and ion
R(Q) 0.595 30 0.000 19 transport. Notably, only the 1.0 mm sample exhibits excellent electro-
chemical stability, retaining nearly constant capacitance over 10000
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charge-discharge cycles [Fig. 3(i)], suggesting that a moderate CNT
density better preserves EDL integrity and structural resilience during
prolonged operation.

In summary, we designed and fabricated a hybrid biomass-car-
bon/CNTs electrode material with varying CNT densities. Despite hav-
ing the highest CNT density, interestingly, the CNTs/BC-0.5 electrode
exhibited the poorest electrochemical performance. This counterintui-
tive observation originates from the following: (1) High charge transfer
resistance: As the spacing between adjacent CNTs decreases, their
respective EDLs begin to overlap, leading to electrostatic competition
among neighboring EDLs for counter-ions, diminishing the effective
surface area for charge storage. As a result, the charge transfer resistance
increases significantly from 0.1628 Q in CNTs/BC-1.0 to 3.227Q in
CNTs/BC-0.5. (2) Elevated diffusion barrier: The narrow interstitial
voids between densely packed CNTs restrict electrolyte penetration and
hinder ion diffusion, as reflected in the substantial increase in Ry from
0.0345 Q in the 1.0 mm sample to 446 Q in the 0.5 mm sample. The ele-
vated diffusion barrier is the result of intensified electrostatic interac-
tions and physical confinement within the porous CNT network. The
investigation in this study elaborates how in situ grown CNTs in bio-
mass carbon channels affect electrochemical behavior and would guide
the design of hybrid electrode materials. The understanding of EDL
behavior and ionic transport in nanostructured carbon systems could
be continued through integrating materials modeling, electrochemical
theory, and advanced characterization techniques.

See the supplementary material for experimental details, TEM
imaging, electrochemical testing, and EIS analysis.
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