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Robust Single-Walled Carbon Nanotube-Infiltrated Carbon 
Fiber Electrodes for Structural Supercapacitors: from 
Reductive Dissolution to High Performance Devices

Evgeny Senokos,* David B. Anthony, Noelia Rubio, Maria Crespo Ribadeneyra, 
Emile S. Greenhalgh, and Milo S. P. Shaffer*

Multifunctional electrodes for structural supercapacitors are prepared 
by vacuum infiltration of single-walled carbon nanotubes (SWCNTs) into 
woven carbon fibers (CFs); the use of reductive charging chemistry to 
form nanotubide solutions ensured a high degree of individualization. The 
route is highly versatile, as shown by comparing four different commercial 
nanotube feedstocks. In film form, the pure nanotubide networks (“bucky-
papers”) are highly conductive (up to 2000 S cm−1) with high surface area 
(>1000 m2 g−1) and great electrochemical performance (capacitance of  
101 F g−1, energy density of 27.5 Wh kg−1 and power density of 135 kW kg−1). 
Uniformly integrating these SWCNT networks throughout the CF fabrics 
significantly increased electrical conductivity (up to 318 S cm−1), surface 
area (up to 196 m2 g−1), and in-plane shear properties, all simultaneously. 
The CNT-infiltrated CFs electrodes exhibited intrinsically high specific 
energy (2.6–4.2 Wh kg−1) and power (6.0–8.7 kW kg−1) densities in pure 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) 
electrolyte. Multifunctional structural supercapacitors based on CNT-coated 
CFs offer a substantial increase in capacitive performance while main-
taining the tensile mechanical properties of the as-received CF-based com-
posite. This non-damaging approach to modify CFs with highly graphitic, 
high surface area nanocarbons provides a new route to structural energy 
storage systems.
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1. Introduction

The electrification of the transport sector 
offers a promising route to alleviating 
environmental burdens, particularly from 
greenhouse gases, but also other harmful 
emissions.[1] One of the central challenges 
is the need for an effective electrical 
energy storage system since the masses of 
such systems are significant and feed back 
into the overall energy requirements for 
the vehicle. In the automotive sector, the 
performance of the battery system affects 
range and user acceptance. In aerospace, 
the sensitivity to mass is even greater, 
and the available energy storage density 
will determine the format of future all-
electric aircraft.[2] Extensive efforts are 
underway to improve the absolute per-
formance of supercapacitor and battery 
systems; although commercial systems 
have improved steadily, the gains are rela-
tively modest.[3] Multifunctional devices 
that combine structural properties with 
electrochemical energy storage provide 
a more radical route to improving the 
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performance, even to the point of effectively “massless” energy 
storage.[4,5] Although they offer greater technical challenges, 
systems based on multifunctional materials are, in principle, 
more effective than multifunctional structures that simply 
embed conventional batteries, since the same atoms can serve 
multiple functions.

The development of multifunctional systems fulfilling both 
structural and electrochemical energy storage roles has been 
previously shown to offer system-level weight and volume 
reductions.[4–6] This concept has been widely explored in bat-
teries,[7–10] supercapacitors,[11–13] dielectric capacitors,[14–17] fuel 
cells[18,19] as well as sensors[20,21] and actuators.[22–24] In par-
ticular, the study of structural supercapacitors has gained 
recent interest, due to their long lifetime, dimensional stability, 
and relative environmental tolerance.[25–27] Supercapacitors 
are promising for a wide spectrum of applications with high 
power and long cycle stability requirements, including backup 
power and load management schemes, in partnership with bat-
teries.[28,29] Most supercapacitors are electrochemical double-
layer capacitors (EDLCs), though often augmented by redox-
active elements to form pseudo-capacitors or hybrid systems.[30]

Carbon fibers (CFs) have exceptional mechanical proper-
ties and high inherent electrical conductivity, which underpins 
their widespread use as a reinforcement in structural compos-
ites,[31,32] as well as interest in their use as a conductive scaffold 
in electrochemical energy storage systems.[33,34] Whilst small 
fiber-scale devices have been explored, most multifunctional 
structural supercapacitor composites have a layered archi-
tecture mirroring that of both structural laminates and most 
electrochemical devices. The simplest embodiment consists of 
two conductive structural CF electrodes, separated by a struc-
tural insulating spacer and infused with an ionically conductive 
matrix. Each component plays a crucial role, simultaneously 
providing sufficient electrochemical and mechanical contri-
butions to realize an entire structural power device capable of 
offering weight/volume reduction at a system level.

The main intrinsic limitation to using CFs in structural 
supercapacitors is their low specific surface area (≈0.2 m2 g−1) 
since EDLC energy storage is defined by the charge accumu-
lating at the electrode-electrolyte interface. In the context of 
multifunctional systems, the external surface area must be 
maximized without compromising the mechanical properties 
of the material.

Earlier studies have explored chemical activation of CFs,[35] 
direct growth of carbon nanotubes[36] and graphene nanoflakes 
on CFs,[27] deposition of inorganic transition oxide-based nano-
structures[37,38] and embedding CFs in a continuous network 
of carbon aerogel (CAG).[25,36] Integration of a highly porous 
monolithic CAG (>700 m2 g−1) has shown to be a successful 
approach, leading to up to 100-fold increase in capacitance, 
while providing good shear modulus (895  MPa) and shear 
strength (8.7 MPa) in the matrix.[25] The main drawback of the 
CAG modification method is associated with the high temper-
ature (>800 °C) required to convert the organic gel precursor 
into the conductive high surface area carbon network. This 
step may degrade the CFs mechanical properties, as has also 
been observed for high-temperature growth of nanocarbons on 
the surface of CFs.[27,39] On the other hand, a lower pyrolysis 
temperature reduces the degree of carbonization of the CAG, 

the associated electric conductivity, and ultimately, the power 
performance of the electrodes. Therefore, there is a particular 
interest in a low-temperature approach to CF modification with 
highly conductive and large surface area materials.

Previous studies have explored the use of unidirectional, 
non-woven, CNT fiber veils impregnated with polymer elec-
trolytes as interleaves between CF plies in multifunctional 
composites.[26] CNT fiber veils offer good electrochemical 
performance and enable additional interlaminar toughening 
of the structural composite. Furthermore, mechanical prop-
erties of the structural system can be further improved by 
machining coarse holes through the structure, filled with struc-
tural epoxy to transfer load, but at the expense of reducing 
the mass loading of active material. However, in this architec-
ture, the electrically active CNT veil is inserted into the lay-up, 
increasing mass and volume; the surfaces of the individual CFs 
and the volume within the CF plies are effectively unused. An 
alternative strategy, therefore, is to deposit nanocarbon disper-
sions within the plies, effectively utilizing the full structural 
electrode volume. The crucial factor for uniform coverage of 
the internal fabric structure is compatibility of the nanocarbon 
dispersion with the hydrophobic surface of CFs. Aqueous dis-
persions of CNTs are often prepared by surfactant-assisted 
sonication or aggressive chemical oxidation.[40] However, these 
approaches tend to shorten and damage the graphitic CNT 
structure, as well as introduce unwanted contamination, lim-
iting both mechanical and electrochemical performance. As 
an alternative to these damaging routes, nanocarbons can be 
charged, by chemical reduction, to form thermodynamically-
stable solutions of individual, undamaged species.[41] Such 
solutions of negatively-charged CNT anions (“nanotubides”) 
are easily manipulated and can be assembled in a variety of 
architectures to form highly graphitized and large surface area 
materials.[42–44] In addition, the charge can be used deliberately 
to initiate a wide spectrum of functionalization and grafting 
reactions.[45,46]

This paper explores a new approach to producing large sur-
face areas and highly conductive electrodes, using reductive 
chemistry to infiltrate highly individualized SWCNTs into CF 
fabrics. The room temperature method allows a highly conduc-
tive (up to 2000 S cm−1) and high surface area (>1000 m2 g−1) 
network of SWCNTs to be introduced within the CF plies, max-
imizing electrochemical performance, without increasing the 
volume of the composite or degrading the intrinsic CF proper-
ties. The reductive dissolution method maximizes the degree 
of SWCNTs individualization, and hence the accessible surface 
area, in the final hybrid electrode. Since the approach can be 
applied to most nanocarbon feedstocks, the properties can be 
manipulated by selecting CNT starting materials with different 
dimensions, perfection, and purity. This study explores the 
infiltration of a range of commercial SWCNTs into CFs to iden-
tify the characteristics that offer the best multifunctional perfor-
mance for use in composite-based structural supercapacitors.

2. Results and Discussion

SWCNT-modified CFs electrodes were prepared by vacuum-
assisted infiltration of highly individualized nanocarbon  
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dispersions into pre-washed fabrics of CFs, as shown schemati-
cally in Figure 1. Reference buckypapers were prepared by fil-
tration directly onto the filter membrane in the absence of the 
CF fabric. The SWCNTs were dispersed in an organic solvent 
(DMAc) by forming negatively charged carbon nanotubide 
(CNTubide) ions using sodium naphthalide as a reducing 
agent.[47]

CNT characteristics, including length, aspect ratio, degree 
of graphitization, specific surface area, and purity, influence 
both intrinsic properties, such as electrical conductivity, and 
the performance once assembled into a network. Four types of 
SWCNTs obtained from different suppliers were selected for 
infiltration onto the CF fabrics: HiPco, Tuball, Supergrowth, 
and EDIPS. Each type of SWCNT material offers a specific 
advantage: short length (<1 µm) HiPco provides better dispers-
ibility and good specific surface area (SSA), long and highly 
graphitized Tuball and EDIPS exhibit high electrical conduc-
tivity (500-2000 S cm−1) and mechanical properties, more defec-
tive Supergrowth shows large SSA (>1000 m2 g−1) and capaci-
tance (101 F g−1). All four materials exhibit great energy storage 
performance with measured energy density in the range of 
13.5–27.5 Wh kg−1 and specific power of 75–135 kW kg−1. These 
properties are exceptionally high for buckypapers, reflecting 
the effectiveness of the reductive dissolution process, and pro-
viding a high degree of individualization of undamaged, high 
aspect ratio SWCNTs.[44,48–51] The properties measured for the 
reference buckypapers prepared by reductive processing are 
presented in Table S1 and Figure S2 (Supporting Information), 
alongside selected manufacturers’ data for the SWCNT starting 
powders. Spread tow CF fabrics improve the mechanical perfor-
mance of composites, by both increasing fiber alignment and 
reducing the tendency for delamination; they are also attrac-
tive for structural supercapacitors, as they should reduce ionic 
diffusion distances, and allow a larger number of cells to be 
stacked in series within a given volume.[52]

As-received SWCNTs were dispersed at a concentration of 
1  mg ml−1 and filtered through woven spread tow CF fabric. 
The total mass loading of CNTs for all four samples was main-
tained around 0.9  mg cm−2, corresponding to 17  wt.% of the 
total electrode mass. The SWCNT concentration was selected 
to be just below the rheological percolation threshold, in order 
to minimize viscosity and encourage infusion. The loading was 
estimated to fill the void space within the CF fabric, assuming 
a network density ≈150 mg ml−1; whilst higher densities form 

after drying, infusion is limited by the wet gel concentration.[44] 
To remove any chemicals from the CF surface that could poten-
tially quench the charge of the CNTubide during infiltration 
(e.g., binder or size), the CFs were prewashed with pure DMAc 
and NaNp solution prior to nanotubide infiltration. The wash 
with NaNp may charge the fibers, helping to prevent prema-
ture adsorption of the negatively-charged nanotubide, via cou-
lombic repulsion, hence facilitating its infiltration throughout 
the fabric.

The optical and SEM images of the infused fabrics, after 
washing and drying, show the presence of CNTs on both upper 
and lower surfaces, confirming that they can easily pass through 
the gaps between the carbon fibers (Figure  1a,d; Figure S3, 
Supporting Information). After drying, the CNTs act as sizing, 
preventing individual desized CF filaments from becoming 
damaged or misaligned, during subsequent handling; without 
this behavior, the removal of the original size during the sol-
vent washing would complicate composite fabrication.[53] SEM 
showed uniform coverage of SWCNTs on the surface of the 
fabrics (Figure  2e; Figure S4, Supporting Information) and 
on the individual fibers (Figure  2f,g), in sharp contrast to the 
bare, as-received CFs which exhibited only faint crenulations 
and no nanofibrous features (Figure  2b,c). The CNTs form a 
well-dispersed network (Figure 2g) both at a macroscopic level 
on the surface of the woven fabrics and at a microscale on the 
surface of the individual CFs (Figure 2h). The CFs lying on the 
external surface of the fabric are embedded into a networked 
nanocarbon layer, similar to a buckypaper or a veil (Figure S5, 
Supporting Information). At the same time, throughout the 
thickness of the fabric, the surfaces of the individual CFs are 
covered with a thin CNT coating (Figure 2h). This architecture 
is formed during self-filtration of SWCNTs on the bottom of the 
fabric which increases the gel concentration around CFs (see 
schematic in Figure S6, Supporting Information). The infiltra-
tion continues until a layer of SWCNTs forms on top of the 
fabric, indicating that the space between the fibers is filled with 
SWCNT gel. On subsequent drying, the surface tension causes 
the nanotubide gel to contract and densify, forming a bucky-
paper-like structure at the top and bottom of the fabric. Within 
the fabric, the constraint provided by the CF causes the gel to 
collapse onto the fiber surfaces, forming a connected, bucky-
paper-like network wrapped around all the fibers.

In all cases, the SWCNT mass loading was around 17 wt.% 
of the total mass of the hybrid fabric; filtration losses were 
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Figure 1.  Schematic of the fabrication of SWCNT-infiltrated CF-based structural electrodes.
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negligible. This increase in the fabric mass is modest and will 
be even less significant in the final composite, as the SWCNTs 
will displace the resin phase (depending on the structural elec-
trolyte chosen, the resin density may be higher or lower than 
the SWCNTs themselves). Nevertheless, this small addition of 
SWCNTs has a dramatic effect on surface area. The results of 
nitrogen gas physisorption analysis ( Figure S7, Supporting 
Information) showed that infiltration of SWCNTs into CFs 
produced up to three orders of magnitude larger SSA as com-
pared to that of as-received CFs, reaching up to 196 m2 g−1 for 
the roughest, Supergrowth nanotubes (see Table S3). Given 
that the mass loading of SWCNTs is only 17 wt.%, this average 
surface area or the SWCNT-CF hybrid translates to a surface 
area of 1152 m2 g−1 normalized to the mass of the nanotubes 
themselves; in other words, approaching the value of 1315 
m2 g−1 for the external surface of perfectly isolated SWCNTs. 
Considering that the SWCNTs are adsorbed on the CFs sur-
face and partially networked in small bundles, such a high 
value for the Supergrowth nanotubes likely reflects access to 
the internal surface through the wall pores or broken ends, 
as shown by the strong peak in the pore size distribution 
around 1 nm (Figure S7c, Supporting Information). The other 
three SWCNT hybrids have around half the surface area, and 
a much smaller micropore fraction, indicating mainly closed 
nanotubes, with a low degree of bundling. All the samples 
exhibited mesopores in the 10–40  nm range consistent with 
the gaps in the porous SWCNT network (as visualized by SEM 
in Figure 2g); the exact size varied with tube type, presumably 

depending on the influence of SWCNT diameter and stiffness 
on network packing.

Raman spectroscopy (Figure 3) demonstrated a signifi-
cant increase in graphiticity following SWCNT deposition, 
as expected given the more crystalline structure of SWCNTs 
compared to CFs. The spectra of all four infiltrated fabrics 
(Figure  3a) showed the characteristic SWCNT bands: D- 
(1340 cm−1), G- (1570 cm−1), and 2D-modes (2688 cm−1), as well 
as the low-frequency radial breathing modes (RBM) between 
100–300 cm−1. The peak intensity of the D-mode can be used 
as an estimate of graphitic defects, and the intensity ratio of the 
D-mode to the G-mode (ID/IG) can be used as a measure of the 
quality of the samples (e.g., quantity of structural defects or/and 
amount of amorphous carbon). Overall, infiltration of SWCNTs 
considerably reduced ID/IG ratio of the as-received CFs from 
0.87 to 0.01–0.16 as confirmed by Raman mapping over >5000 
µm2 regions and 130 independent points, statistically repre-
sented in normalized histograms (Figure  3b). The high ID/IG 
for CFs is typical, related to large sp3 carbon content, or incom-
plete graphitization.[54,55] Deposition of relatively crystalline 
EDIPS and Tuball SWCNTs led to a more pronounced reduc-
tion of ID/IG (0.011 ± 0.001 and 0.015 ± 0.002, respectively), as 
compared to HiPco and Supergrowth nanotubes (0.087 ± 0.002 
and 0.159 ± 0.008, respectively). The low ID/IG reflects both the 
presence of highly graphitic SWCNTs and the non-damaging 
nature of the reductive dissolution approach.[47]

Since the penetration depth of the Raman probe is smaller 
than the thickness of the CNT layer on the fabrics (typically 

Figure 2.  a–c) Optical and scanning electron microscopy (SEM) images of as-received and d–h) Supergrowth CNT-infiltrated CFs. b,e,g) The second 
column illustrates the top surface morphology of the fabric (i.e., external surface), c,f,h) whilst the third column shows the surface of the individual 
CFs (i.e., inner surface).
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90% of the Raman signal originates from the 50 nm depth),[56] 
Raman spectra were additionally obtained from the internal 
region of the fabrics. All the spectra, from both the external 
and inner surfaces of the modified fabrics (Figure  3c), exhib-
ited similar features, including the characteristic asymmetric G 
peak and low intensity of D band, confirming the presence of 
SWCNTs throughout the fabric (Figure 3d).

The deposition of highly graphitic nanocarbons was also 
established by X-ray photoelectron spectroscopy (XPS) analysis. 
The C1s XPS spectrum of the CNT-infiltrated CFs (Figure  3e) 
exhibited a dominant contribution of sp2 CC carbon 
(284.4 eV) and increased intensity of the ππ signal (290.5 eV) 
as compared to the unmodified CFs. The as-received, commer-
cially electro-oxidized fibers showed a significant oxygen con-
tent (CO, CO at 286.3 eV and OC = O at 288.6 eV) and sp3 
CC carbon (285.0 eV) manifested in the doublet C1s feature 
and the asymmetry of the main peak. After SWCNT infiltra-
tion, the observed oxygen content was reduced from 30.6 at% 
to 7.5 at% for the external surface of the hybrid fabric, and to  
14.1 at.% in the interior. Quantitative analysis data are presented 
in Table S2 and Figure S8 in Supporting Information. The C1s 
peak collected from the interior of the fabric resembled the 
shape of C1s signal for SWCNTs, with only a small contribution 
from the non-graphitic components associated with the CFs.

The advantages of using the reductive dissolution to prepare 
the CNT dispersions for CF fabric infiltration were illustrated 
by comparison with a conventional SWCNT bath sonicated 
approach. Bath sonication produced a relatively poor, unstable 
SWCNT dispersion that did not readily infiltrate into the fabric. 
Instead, an inhomogeneous CNT coating is formed predomi-
nantly on top of the CFs which increased the thickness of the 
hybrid material. An increase in ID/IG ratio values in the Raman 
spectra additionally confirmed the damaging effect of bath 
sonication on the graphitic structure of CNTs (Figure S9, Sup-
porting Information).

The presence of the highly graphitic SWCNTs significantly 
increased the in-plane electric conductivity of the infiltrated 
CF fabrics, a critical factor for current collection in structural 
power devices. The conductivity values, measured by the four-
point probe setup, are listed in Table S3 (see Supporting Infor-
mation). The highest conductivities were provided by EDIPS  
(317 ± 15 S cm−1) and Tuball (287 ± 21 S cm−1) SWCNTs, showing 
a good correlation with the CNTs quality (i.e., high aspect ratio 
and low defect density favor conductivity). For comparison, the 
CFs coated with bath-sonicated Tuball SWCNTs had less than  
half the electrical conductivity (110.4 ± 9.6 S cm−1). CFs modi-
fied with the less graphitized Supergrowth (79 ± 13 S cm−1) and 
HiPco (151 ± 6.9 S cm−1) SWCNTs had lower conductivities but 

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2212697  (5 of 11)Adv. Funct. Mater. 2023, 2212697

Figure 3.  a) Raman spectra and b) normalized histograms of Raman D/G intensity ratios for the as-received and CNT-infiltrated CF samples; c) Raman 
spectra, d) Raman mapping histograms of D/G intensity ratios and e) C1s XPS spectra comparing external top layer and inner CF layer (surface of 
individual filaments) of Supergrowth CNT-infiltrated fabrics.
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still a considerable enhancement compared to the non-modi-
fied CF fabric (5.2 ± 0.1 S cm−1).

Prior to assembling a full cell structural multifunctional 
device, the intrinsic capacitances of the hybrid electrodes were 
evaluated in a conventional liquid electrolyte system. This 
purely electrochemical characterization is often omitted from 
the structural energy storage field, but it is important to under-
stand and compare the intrinsic properties of the electrodes.[57] 
The electrochemical performance of CNT-infiltrated CFs was 
evaluated in a 2-electrode symmetric Swagelok cell setup using 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
(EMIM TFSI) ionic liquid electrolyte. The negligible SSA and 
hence EDLC contribution of the CFs makes it difficult to dis-
play the performance of the non-modified fabrics relative to 
the CNT-infiltrated electrodes; however, the CNT-infiltrated 
hybrids showed a strong energy storage response. The galvano-
static charge-discharge (GCD) curves exhibited bulging profiles 
(Figure 4a) as opposed to the conventional triangular shape of 
EDLCs. However, this behavior is well-known in the field and 
is attributed to the quantum capacitance of low dimensional 
CNTs with a finite density of states near the Fermi level, which 
manifests in a non-linear dependence between the charge and 
the potential applied.[58–60] The small ohmic drop indicates a 
low equivalent series resistance (ESR, combination of bulk 
electrolyte and electrode intrinsic resistances) of the devices, 
attributed to the high electrical conductivity and accessible pore 
structure.

Electrochemical impedance data show consistent trends. 
Nyquist plots (Figure 4b) exhibited similar ESR values ≈2.2 Ωcm2  

for the assembled cells, with a slightly increased resistance 
for the least conductive Supergrowth CNT-based electrodes 
(ESR = 9.5 Ωcm2). A vertical line at low frequency suggests 
nearly ideal EDLC behavior with no indication of the diffu-
sion control region, typically observed in impedance loci as a 
slope of π/4 (45°). The direct transition from purely resistive 
behavior (phase angle ≈0°) to nearly pure capacitive response 
(phase angle 85–87°) demonstrates excellent pore accessibility 
excluding any diffusion limitations caused by pore size or 
shape. However, small alterations were observed for the device 
assembled with HiPco SWCNTs, showing an inclined line in 
the mid-frequency range. This feature can be related to minor 
ion diffusion limitations associated with more tightly packed,  
small-diameter, short HiPco SWCNTs, which became more 
evident at higher nanotube loadings (Figure S10, Supporting 
Information). The relaxation time constant, the time required 
to release 50% of the total stored energy of the EDLC, was esti-
mated to be 30–200 ms. These values are considerably smaller 
than those for both activated carbon electrodes employed in 
conventional supercapacitors (260–1250  ms)[61,62] and CAG-
modified CFs (2.5 s),[52] reflecting the high conductivity of the 
SWCNT networks and indicating a higher power performance 
for the hybrid SWCNT/CF fabrics. More details of EIS analysis 
of the tested devices are presented in Figure S11 (Supporting 
Information).

The specific capacitance was calculated from the GCD dis-
charge curves (Figure 4c). The difference in capacitance for four 
types of SWCNTs followed the trend in measured SSA. The 
fabrics infiltrated with Supergrowth SWCNTs gave the largest 

Figure 4.  Electrochemical performance of CNT-infiltrated CFs electrodes in a full cell: a) GCD profiles, b) Nyquist plots, c) specific capacitance and 
d) Ragone plots.
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capacitance value (16.6 F g−1), consistent with their high surface 
area. However, Supergrowth SWCNTs had lower capacitance 
when normalized by SSA (85 mF m−2) as compared to the other 
types of nanotube (140–160 mF m−2). This lower efficiency indi-
cates that not all the surface area measured by gas sorption is 
available electrochemically to the relatively large ions of the 
ionic liquid; in this case, likely, the internal pores of the opened 
Supergrowth tubes do not contribute effectively to capacitance. 
The area normalized capacitance of the other SWCNTs is sim-
ilar to the best carbon materials used for EDLCs,[63] reflecting 
the high electrochemical accessibility of the SWCNT network. 
The high electrical conductivity of CNT-infiltrated CFs elec-
trodes translates to excellent rate capability; the devices retained 
78–83% of their capacitance at up to 100 mA cm−2. The HiPco 
SWCNT-infiltrated electrodes showed the biggest decline, 
consistent with the ion diffusion limitations identified in the 
EIS. The electrochemical performance of the nanotubide infil-
trated materials was dramatically higher than that of the bath-
sonicated controls, manifested in reduced resistance, larger 
capacitance, and higher rate capability (Figure S12, Supporting 
Information).

The values of real energy and power densities were estimated 
directly from the discharge profiles, with the ohmic drop and 
non-linear shape of the curves taken into account (Figure  4d). 
The theoretical energy and power values reported in literature 
for structural electrodes and supercapacitors are frequently 
calculated assuming an ideal triangular shape of GCD curves 

and ignoring the ohmic drop ( E
CV

2
max

2

=  and P
V

R4
max

2

=
∗

). 

However, these values in general do not represent practical per-
formance, particularly in systems with higher ESR. By direct 
measurement, all four devices achieved excellent specific 
power densities (6.0 kW kg−1 for Supergrowth, 8.0 kW kg−1 for 
HiPco, and 8.7 kW kg−1 for EDIPS and Tuball, normalized by 
the total electrode weight, including the CF). The high power 
performance of CNT-infiltrated CFs normalized to the mass 
of electrodes, is in the range of values reported for monofunc-
tional non-structural electrodes of conventional supercapacitors 
(0.5–60 kW kg−1),64,65 which can be attributed to the remark-
able electric conductivity induced by deposition of graphitic 
SWCNTs. The energy densities obtained for SWCNT-infiltrated 

CFs naturally follow the trend observed for specific capaci-
tance, with the largest value of 4.2 Wh kg−1, at low current 
densities, recorded for Supergrowth SWCNTs. The maximum 
energy density values for the other SWCNT-infiltrated fabrics 
ranged between 2.6 and 3.5 Wh kg−1, in line with the capaci-
tance and surface area trends discussed above. For comparison 
with approaches in the literature, the maximum theoretical 
energy and power values of the structural electrodes were also 
estimated. For the Tuball SWCNT-CF device, the theoretical 

energy density was calculated as E
CV

2
max

2

= , using the actual 

voltage applied (2.7 V), reaches 3.8 Wh kg−1, when power den-

sity ( P
V

R4
max

2

=
∗

) is 58 kWg kg−1. The large power density sub-

stantially exceeds the values of previously reported structural  
electrodes, normally found between 0.4–5 kWg kg−1 (see Table S7  
in Supporting Information). One critical challenge in structural 
power electrodes is how to transfer mechanical load effectively 
between the CFs, in the absence of a conventional structural 
resin. One potential advantage of infiltrating a network of 
SWCNTs throughout the CF fabric is that it may contribute 
to the matrix-dominated mechanical properties of the subse-
quent CF composites. The fiber-dominated tensile properties of 
the composites are not expected to be significantly affected by  
the non-damaging, room-temperature infiltration of the nano-
tubide. Instead, in-plane shear properties were determined to 
explore whether the SWCNTs offer any matrix reinforcement. 
A poly(ethylene glycol) diglycidyl ether (PEGDGE)-based struc-
tural electrolyte (cross-linked PEGDGE containing 10 wt. % of 
EMIM TFSI) was utilized as a classic, simple, multifunctional 
matrix, widely explored in the literature.[6] There is a well-rec-
ognized trade-off between matrix stiffness and ionic conduc-
tivity that remains a major focus of ongoing work in struc-
tural energy storage.[11] As expected, in order to supply useful 
ionic conductivity, the PEGDGE matrix has lower mechanical 
performance than conventional epoxies, which translates to 
lower absolute shear moduli of the composite.[66] However, 
the PEGDGE matrix does offer sufficient ionic mobility and 
mechanical stability in multifunctional devices to explore the 
effects of electrode modifications.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2212697  (7 of 11)Adv. Funct. Mater. 2023, 2212697

Figure 5.  The results of [± 45]s in-plane shear test of CNT-infiltrated CFs infused with PEGDGE/IL-based solid polymer electrolyte: a) typical shear strain 
versus shear stress curves and b) in-plane shear strength and shear modulus for as-received and CNT-infiltrated CF fabrics.
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Typical shear stress−strain curves (Figure 5a) showed that 
the presence of SWCNTs has a significant reinforcing effect 
on the in-plane shear properties of the laminates. The shear 
strength was improved by 84–400% and the shear modulus was 
enhanced by 244–549% for different SWCNT materials relative 
to the as-received CF composite (Figure 5b; Table S3, Supporting 
Information). The most pronounced increase was observed for 
long and highly graphitic Tuball (G12 = 415 MPa, τ12 = 12.3 MPa) 
and EDIPS (G12  = 552  MPa, τ12  = 14.8  MPa) SWCNTs. The 
improved in-plane shear properties after SWCNT infiltration 
can be attributed to several factors. First, SWCNTs coated on 
the surface of individual carbon fibers can promote better wet-
ting and adhesion between the matrix and CFs, thus enhancing 
the stiffness of matrix/fiber interface.[39] This interaction pre-
serves fiber orientation and reduces scissoring of the composite 
in shear. Secondly, some fraction of CNTs, remaining in the 
gaps between fibers, may act as a nanoreinforcement providing 
enhanced matrix-dominated properties, similar to bulk polymer 
nanocomposites.[67,68] Finally, the compacted SWCNT layer 
adhered to the surface of the CF fabric may serve as additional 
reinforcement,[69–71] similar to an isotropic CNTs buckypaper or 
CNT veil. Once infused to form composite, such materials have 
significant in-plane mechanical properties and have often been 
introduced as interlaminar reinforcements in purely structural 
composites.[72,73]

The variation in textural, mechanical, electrochemical, and 
conductive properties highlights that multifunctional perfor-
mance can be tuned through the starting nanocarbon material 
selection. A parallel coordinate plot provides a useful summary 
of the multifunctional performance of the SWCNT-infiltrated 
CFs (Figure S13, Supporting Information). As an example, 
infiltration of the high surface area and highly defective Super-
growth nanotubes provides the most pronounced enhancement 
in energy storage performance of the structural hybrid elec-
trode but offers relatively smaller increases in electrical con-
ductivity and mechanical properties. In contrast, infiltration of 
highly graphitic EDIPS SWCNTs offers the largest increment 
in conductivity and mechanical reinforcement, but moderate 
capacitive performance. In the present study, the optimum bal-
ance between mechanical and electrochemical properties was 
achieved by infiltrating Tuball nanotubes. Therefore, a full 
structural supercapacitor was fabricated using CF fabrics infil-
trated with Tuball SWCNTs as electrodes, two glass fiber layers 
as separators, and a PEGDGE-based polymer electrolyte con-
taining 10 wt.% EMIMTFSI as a simple structural electrolyte.

In-plane tensile tests of these structural supercapacitors 
confirmed that, as expected, the mild reductive infiltration 
of the CF fabrics does not significantly affect the mechanical 
performance in the fiber direction. The stress-strain curves 
(Figure 6a) showed similar behavior for the composites in ten-
sion, with similar modulus and tensile strength, both with and 
without SWCNT infiltration; in both cases, samples failed by 
delamination caused by the relatively weak polymer matrix 
used as the structural electrolyte.[27,74] The very large improve-
ment in electrochemical properties, following SWCNT infiltra-
tion, which was observed for monofunctional devices, is trans-
lated to an increase in energy storage performance of the full 
structural supercapacitors. Nyquist plots (Figure 6b) showed a 
reduced ESR from 14.7 to 6.0 kΩcm2 as a result of introducing 

the highly conductive nanocarbons. The high resistance of the 
simple structural electrolyte is reflected in the tilted shape of 
CV curves (Figure  6c), which becomes more pronounced at 
higher scan rates (Figure S14a,b, Supporting Information). The 
specific capacitance (Figure S14c, Supporting Information), 
determined by integrating the area of CV plots, for as-received 
and CNT-infiltrated CF-based structural supercapacitors was 7.7 
and 34.9 mF g−1, respectively.

The GCD curves (Figure 6d) confirm that the infiltration of 
SWCNTs into the CF fabrics significantly increased the electro-
chemical energy stored in the device, observed as a pronounced 
increase in the area under discharge profile. The values of real 
energy and power densities calculated by integrating this area 
reached 1.6 mWh kg−1 and 193 mW kg−1, respectively (Figure S14d,  
Supporting Information). In comparison, the structural device 
based on as-received CFs alone offered only Ereal = 0.004 mWh kg−1  
and Preal = 74 mW kg−1. The improvement in capacitance and 
charge transport provided by the SWCNT-infiltrated fabric 
architecture allows the real electrochemical performance of 
structural devices in this work to be directly evaluated by GCD 
cycling; many previous studies rely only on a “fitted” chrono-
amperopotential approach, due to unfeasibly long discharge 
times.[25,27,36,66] Tables S4–S6 in Supporting Information sum-
marise the properties of structural supercapacitors based on as-
received CFs and CNT-infiltrated CFs.

The absolute capacitance and energy density of CNT-infil-
trated CF-based structural supercapacitors were substantially 
smaller than for the monofunctional devices. The major con-
straint, in this case, was high ionic resistance of the structural 
electrolyte, which limits ion diffusion into the CNT networks. 
As a result, only a small fraction of large capacitive contribution 
of SWCNTs measured in the pure ionic liquid electrolyte was 
exploited in the structural devices.

To demonstrate the prospect for potential enhancement of 
energy storage properties with an improved structural elec-
trolyte, small amounts of additional IL (1 and 6  wt.% of the 
total device mass) were added to the composite. This addition 
significantly improved ESR (3.8 and 1.0 kΩcm,2 respectively) 
and specific capacitance (55 and 101 mF g−1, respectively), 
which translated to an increase in energy and power densities  
(Figure S15, Supporting Information).

Multifunctional performance in structural energy storage 
usually involves trade-offs.[5,17] However, for the structural elec-
trodes produced using SWCNT-infiltrated CFs, the excellent 
mechanical properties of the CFs are retained, whilst delivering 
a large improvement in capacitive performance (Figure  6e). 
Although the absolute performance is low, and limited by 
the structural electrolyte, this structural electrode system is 
itself very promising. To estimate potential mass-savings by 
employing multifunctional structural devices, multifunctional 
efficiency (ηMF) can be considered as a combination of mechan-
ical (ηs = EMF/Emono) and electrochemical (ηs = ΓMF/Γmono) effi-
ciencies.[17] Even though energy density of the structural super-
capacitor is significantly lower than that of monofunctional 
system, the overall multifunctional efficiency approaches ηs = 1, 
relative to the available structural electrolyte matrix. The main 
challenge to improve both mechanical performance and energy 
storage of structural power devices remains the structural elec-
trolyte. Whilst this study focuses on the structural electrode, 
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many researchers are working on improving structural elec-
trolytes, particularly exploiting bicontinuous nanostructured 
systems.[75,76]

It is interesting to compare the mechanical and electro-
chemical performance of other published works on structural 
power systems (Table S7 in Supporting Information). How-
ever, inconsistency in the methods used both for mechanical 
and electrochemical characterization of the devices makes a 
full comparison challenging. Most works report theoretical 
maximum energy and power values extrapolated from the 
chronoamperopotential method at low potential. These calcu-
lations assume large electrochemical windows are often not 
achievable for structural supercapacitors; extrapolating a future 

energy density, using a capacitance derived at low voltages, 

using E
CV

2

2

=  with a voltage exceeding commercial devices 

is likely misleading, even more so, if considering pseudoca-
pacitive hybrids.77 In this work, electrochemical properties rep-
resent real performance of the system obtained through the 
type of GCD cycling applied for conventional energy storage 
devices. CFs modified through infiltration of charged disper-
sion of SWCNTs offer both promising structural properties 
comparable to other studies and energy storage characteristics 
that surpass those obtained for many multifunctional structural 
supercapacitors.

Figure 6.  Multifunctional performance of the structural supercapacitors based on as-received CFs and CNT (Tuball)-infiltrated CFs electrodes:  
a) tensile strain-stress curves, b) Nyquist plots, c) CV curves at 50 mV s−1, d) GCD curves at 40 µA cm−2 and e) comparison of tensile strength, Young’s 
modulus, energy, and power densities.
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3. Conclusions

This work introduces a new approach to infiltrate graphitic 
SWCNTs into woven CF fabrics using reductively dissolved 
nanocarbons processed at room temperature. The efficacy of the 
reductive dissolution approach produces pure buckypapers with 
exceptional properties (σ ≈2000 S cm−1, SSA >1000 m2 g−1 and C 
≈100 F g−1) and allows the effective infiltration of SWCNTs into 
spread tow fiber preforms. The resulting highly porous SWCNT 
networks are distributed throughout the internal volume of the 
CF fabrics as a uniform thin (submicron) surface coating. The 
resulting structural electrodes exhibit exceptional multifunc-
tional performance combining high electrical conductivity, high 
specific surface area, and enhancements in in-plane shear prop-
erties, with only marginal increases in the mass and volume 
of the fabric. The approach is versatile and was successfully 
applied to four different nanotube feedstocks, demonstrating 
the ability to tune the multifunctional performance. In all cases, 
the SWCNTs synergistically improve both electrochemical and 
mechanical matrix shear properties. The intrinsic capacitive 
performance of CNT-infiltrated CFs in ionic liquid is excellent  
(E = 2.6–4.2 Wh kg−1 and P = 6.0–8.7 kW kg−1) and translates to 
a substantial improvement of energy storage properties of struc-
tural supercapacitors, even using a simple structural electrolyte. 
The values of real energy and power densities for multifunc-
tional structural power devices produced with CNT-modified 
CFs electrodes are 400 and 2.6 times larger, respectively than 
those obtained for bare CFs-based structural systems. Taking 
advantage of the excellent multifunctional performance of the 
electrode material, the resulting structural supercapacitors can 
be charged at conditions similar to conventional monofunc-
tional supercapacitors. This realistic testing regime is a signifi-
cant step, often overlooked in the field, which brings the concept 
of structural power devices closer to actual application. Unlike 
other thermal methods, the infiltration of charged nanotubide 
dispersion does not cause any deterioration of mechanical prop-
erties of the material and the laminates demonstrate similar 
in-plane elastic modulus and tensile strength to those of the con-
trol CF-based composite. The key requirement to access the full 
potential of these structural electrodes is the development of new 
structural electrolytes, with high ion mobility and mechanical 
modulus[76,78]; this challenge is central to a wide range of struc-
tural power embodiments and is a focus of research worldwide. 
The SWCNT-CF hybrids presented here could be developed fur-
ther, using a wide range of other nanomaterial feedstocks and 
associated optimized reduction protocols. In principle, the per-
formance of different SWCNT feedstocks could be improved 
by adjusting the dissolution process to remove impurities or to 
maximize coulombic repulsion (and hence the extent of indi-
vidualization).[44,47] Although the nanotube concentration and 
charging ratio were fixed for all nanotubide dispersions in this 
work, the exact values can affect SWCNTs dispersion/individu-
alization significantly and, consequently, electrochemical prop-
erties of capacitor electrodes.[44] The optimal charging ratio can 
significantly alter for different types of CNTs depending on their 
specific structural characteristics. In addition to their use in 
structural supercapacitors, these hybrid infiltrated fabrics have 
other potential applications in catalyst supports, fuel cell elec-
trodes, and pure structural composites.
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