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Herein, a hybrid of graphene oxide and oxidized single-wall carbon
nanotube (GO/Ox-SWCNT) free-standing film showing efficient
mixed proton and electron conducting (MPEC) properties is
demonstrated. The obtained proton and electronic conductivities
are 5.24 x 10~° and 1.35 x 107> S cm™ %, respectively. The ease of
the GO/Ox-SWCNT free-standing film synthesis process along with
the excellent MPEC performance endow the films with a wide range
of applications as solid electrolyte membranes.

The importance and impact of the transition toward green
energy sources from traditional oil or gasoline-based energy
sources becomes more apparent when looking at the amount of
expected future energy consumption and the plan to reduce
greenhouse gas emissions, primarily CO,, to protect the
climate." In this view, the development of stable solid-state
electrolytes that can allow simultaneously proton and electron
conduction or mixed proton and electron conductivity (MPEC)
are desirable in a wide range of practical applications in green
energy-related technology, including fuel cells, hydrogen sen-
sors, gas separation, electrolysis and so on. During past years,
significant developments in the associated areas are well
documented.*"® Perovskite oxides and their derivatives (foreign
metal atom doped) are widely studied as efficient MPEC
materials and the reported proton and electronic conductivities
are ca. 107>-10"* and ca. 10> S cm™" for proton and electronic
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conductivity, respectively. However, the high operating tem-
perature of such materials (more than 650 °C) limits their areas
of application.”*® Therefore, the development of an efficient
and stable MPEC that can operate at room temperature will
widen the associated application areas.

In fact, some MPEC materials that can operate at room
temperature have been reported in recent years.''™ These
MPEC materials are either (i) heterogeneous mixtures of proton
and electron conductors''™** or (ii) single-phase mixed proton-
electron conductor materials.'*™*” In the former cases, most of
the MPEC materials are based on Nafion, which has obvious
limitations in terms of very high cost. In addition, mechanical
weakness and phase boundary-driven low performance are
other drawbacks of such heterogeneous conductors. In the
current work, we have demonstrated a stable free-standing thin
film prepared from graphene oxide (GO) and oxidized single-
wall carbon nanotubes (Ox-SWCNT), GO/Ox-SWCNT, showing
excellent MPEC performance.

During the last few decades, GO has been widely studied in
almost all areas of science ranging from material science to
biological science due to its unique physical and chemical
properties including high surface area, high mechanical
strength, and so on."®'® Significantly, the 2D layer structure
of GO consisted of many oxygen-containing functional groups
including epoxy, carboxyl, and hydroxyl groups on both sides of
the backbone carbon nanosheet allowing it to be modified in the
desired dimension.?® The high proton conductivity of GO is
reported in our groups while the oxygen functional group of
GO is found to adsorb water in humidified conditions and the
proton conduction takes place using the Grotthuss route."®*'°
On the other hand, single-wall carbon nanotubes (SWCNTs) are
extremely mechanically stable and flexible. They are widely
studied 1D carbon allotropes in different areas of application.
Hexagonal networks of CNTs consist of shells of carbon atoms
that are sp>-hybridized and responsible for continuous n bonding
networks in the CNTs and are favourable for charge transfer
including very high electronic conductivity.
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Hatakeyama et al. reported single-phase GO-based mixed
proton and electron conductivity for the first time.'* The
pristine GO shows considerable proton conductivity, neverthe-
less, upon reduction of the oxygen functional groups of GO
(rGO), some of the sp® functionalized C atoms are reduced and
restore the graphene-like sp> hybridized structure responsible
for the electronic conductivity. Therefore, through a controlled
reduction process, they optimized the proton and electron
conductivity. The obtained proton and electronic conductivities
were 1 x 10~ *. Recently, our group has reported the enhanced
thermoelectric properties that arise from free-standing GO/CNT
membranes.”” Herein, we are able to obtain a potential mixed
proton-electron conductivity using free-standing films of GO
and Ox-SWCNT. The oxidization of the SWCNTs is associated
with the surface functional groups, which are believed to be
involved in the good attachment with GO. The GO is expected
to contribute to the proton conduction while the unoxidized
part of the Ox-SWCNTs contributes to the electronic conduction part.
Moreover, a synergistic effect in the GO/Ox-SWCNT film is expected to
improve the overall performance of the resultant materials. For
example, the intercalation of Ox-SWCNTs within the GO interlayer
inhibits the GO nanosheets from stacking and improves the inter-
layer spacing favourable for proton conduction in GO/Ox-SWCNT.

SWCNTs were purchased from Zeon Nano Technology Co.,
Ltd. (ZEONANO™ SG101) and used without further purifica-
tion. GO and Ox-SWCNT were prepared from the modified
hummer oxidation process using pristine graphite powder
and SWCNTs, respectively."”® GO and Ox-SWCNT dispersions
were mixed in the ratio (by weight) 1:1 and the mixed suspen-
sions were filtered through a membrane using reduced pres-
sure to obtain free-standing GO/Ox-SWCNT membranes. XPS,
FTIR, and SEM analyses were employed to characterize the
samples. The proton conductivities (impedance) of GO and GO/
Ox-SWCNT film (in the out-of-plane direction) were measured
by the four-probe AC method using an impedance/gain phase
analyser (Solartron 1260) over the frequency range 1 to 10° Hz.
In a typical cell preparation, each film was cut with a surface
area of 1 cm®. Both sides of the film were covered with gold
paste and attached to a gold wire (50 um diameter, Tanaka
Kikinzoku Kogyo). Measurements were executed under con-
trolled temperature and relative humidity (RH) using an incu-
bator (SH-221, ESPEC). Bulk resistances were determined from
the radius of the semicircle on the real axis. Proton conductivity
(0) was calculated according to the equation ¢ = (1/R) x (d/A),
where R is the resistance (radius of the semi-circular curve), d is
the thickness of the film sample and 4 is the cross-section area
of the sample. On the other hand, to measure the electronic
conductivity (from the same measurement cell), the current
versus voltage curve (I-V curve) was plotted using linear sweep
voltammetry while the slope of the I-V curve represents the
resistance in Ohm (Q) of the sample. The electronic conductiv-
ity was estimated by the equation of E = 1/R x L/A, where R is
the slope of the I-V curve, L is thickness, and A is the area of
the film.

The successful surface functionalization of SWCNTs to Ox-
SWCNTs during the oxidation process was confirmed from XPS
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and FTIR spectral analysis. The C 1s XPS spectra of the SWCNTs
and Ox-SWCNTs are shown in Fig. S1 (ESI). A clear difference
between the two spectra has been observed. In particular, the
characteristic peaks between 286 eV and 288.8 eV are assigned
to oxygen containing functional groups including carboxyl
groups (-COOH), hydroxyl groups (-C-OH), and epoxy group
(C-0-C). In the case of the pristine SWCNTs, the observed
peaks in this region are small/insignificant. On the other hand,
the appearance of a new peak is observed for the Ox-SWCNTs,
which indicates the development of the oxygen functional
groups after oxidation.”® The FTIR spectra of the SWCNTs
and Ox-SWCNTs in Fig. S2 (ESIT) further confirm the develop-
ment of oxygenated functional groups in the Ox-SWCNTs.
Compared to the SWCNTs, the appearance of new peaks for
the Ox-SWCNTs at 3200-3650 cm ', 1670-1820 cm ', and
1050-1150 cm™ ' can be assigned to the ~OH groups, carbonyl
(C=0) and C-O functional groups, respectively. The retention
of the tubular structure of the SWCNTs after oxidation was
confirmed from the SEM images. Fig. 1a and b represent SEM
images of the pristine SWCNTs and Ox-SWCNTSs, respectively.
The tubes of the Ox-SWCNTs are more congested with each
other compared to the pristine SWCNTs, which might be due to
the interaction among the oxygenated surface functional
groups at the Ox-SWCNT surface.

The preparation and characterization of GO from graphite
using the modified hummers oxidation process are well-
documented in some previous work by our group.*®*** There-
fore, the detailed characterization and properties of pristine GO
are not included here. Fig. 1c and d show the optical photo-
graphs of free-standing films of GO/Ox-SWCNT prepared using

O

Intensity ( a. u.)

T T T T
292 290 288 286 284 282
Binding energy ( eV)

Fig. 1 Surface morphology of the prepared materials. (a) SEM image of
SWMCNT, (b) SEM image of Ox-SWCNTs. (c and d) Optical image of the
free-standing film of GO/Ox-SWCNT, (e) C 1s XPS spectra of GO/
Ox-SWCNT, and (f) cross section SEM images of GO/Ox-SWCNT.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the membrane filter under reduced pressure. The SEM in
Fig. S3 (ESIf) shows the distribution of GO and Ox-SWCNTs
and demonstrates an excellent attachment of the Ox-SWCNTs
to GO. The resultant film is mechanically stable and flexible in
nature (Fig. 1d).

The GO/Ox-SWCNT film is believed to be stabilized through
noncovalent interaction including van der Waals interactions
and hydrogen bonding between GO and the Ox-SWCNTs.”
Also, no crack in the GO/Ox-SWCNT film is observed after
bending the membrane (Fig. S4, ESIt). The C 1s XPS spectra
of GO/Ox-SWCNT are shown in Fig. 1e. The XPS survey spectra
confirm the oxygen atomic percentage of 20.34% in GO/
Ox-SWCNT, which is due to the presence of large oxygen-
containing functional groups in GO. Fig. 1f represents the
SEM images of the GO/Ox-SWCNT cross-section and the typical
layer structure can be confirmed.

The proton and electron conductivity measurements were con-
ducted using the free-standing GO/Ox-SWCNT film at room tem-
perature and 40-100% RH. The mixed conductivity was compared
with the pristine GO in the same experimental conditions. The
Cole—Cole plots (Nyquist plot) of impedance arising from the GO/
Ox-SWCNT film are shown in Fig. S5 (ESIt). The resultant real (Z')
vs. imaginary parts (Z) of the impedance observed as distorted
semicircular curves followed by the existence of a second circle
indicate the characteristic proton conductive properties.'®

Fig. 2a represents the corresponding proton conductivity
values of GO/Ox-SWCNT and GO at room temperature and 40-
100%RH. In both cases, the proton conductivity increases
gradually with increasing RH, which can be attributed to the
enhanced amount of adsorbed water molecules responsible for
forming hydrogen bonding for proton transportation. The
proton conductivity value increases from 2.24 x 10°° S cm™*
at 40% RH for GO to 7.14 x 10™* S em™* at 100% RH. Also, the
proton conductivity value increases from 1.25 x 107> S cm™ " at
40% RH to 5.24 x 102 at 100% RH. Clearly, in all conditions,
the proton conductivity of GO/Ox-SWCNT shows a higher value
than that of pristine GO. Fig. 2b shows the RH-dependent
electronic conductivities observed from GO and GO/Ox-
SWCNT at room temperature. At 40% RH the electronic con-
ductivity of GO and GO/Ox-SWCNT is 7.81 x 10~® and 2.05 x
107% S em ™, respectively. The electronic conductivity values of
both samples decrease with increasing humidity. At 100% RH
conditions, the observed electronic conductivities are
7.81 x 10 %and 1.35 x 107* S ecm ™, respectively. The decrease
in electronic conductivity with increased RH can be ascribed to
the consequence of water uptake. In particular, the adsorption
of water results in the swelling of the sample, which in turn
disrupted the electronic connections within the carbon struc-
ture. The pristine SWCNT shows the electronic conductivity of
1.8 x 1072 at room temperature and 50% RH in the out-of-
plane direction (Fig. S6, ESIt). Compared with the pristine
SWCNTs, the lower electronic conductivity of the GO/
Ox-SWCNT hybrid can be ascribed to the formation of oxygen
functional groups on the SWCNT surfaces with sp® hybridized
carbon followed by the formation of a hybrid with GO. In
particular, the surface functionalization of SWCNTs is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mixed conductive properties of GO and GO/OX-SWCNT. (a) Pro-
ton conductivity of GO and GO/OX-SWCNT and (b) electronic conduc-
tivity of GO and GO/OX-SWCNT.

Conductivity /S cm™

associated with the certain localization of the conduction
electrons of SWCNTSs resulting in electronic insulation.

From the above experimental results, the free-standing film
of GO/Ox-SWCNT shows considerably high mixed proton and
electron conductive properties at room temperature. During
past years, GO and related materials have been well studied as
proton conductors. The reported out-of-plane proton conduc-
tivity of GO is ~107*-107% S cm ™" at room temperature and
high RH conditions, while showing insignificant electronic
conductivity."® This high proton conductivity has been ascribed
to the presence of oxygen-containing functional groups in the
GO surface, including carboxylic acid, hydroxyl, and epoxy
groups. Under humidified conditions, GO can adsorb water
molecules through oxygenated functional groups, and the pro-
ton conduction occurs through the Grotthuss mechanism with
continuous breaking and formation of hydrogen bonds.>°
Herein, to achieve a potential mixed conductor from the GO
and SWCNT-based materials, the surface of SWCNTs was
modified to add polar functional groups by a chemical oxida-
tion process followed by a free-standing film of GO/Ox-SWCNT
being prepared through the vacuum filtration process. Inter-
estingly, the addition of Ox-SWCNT on the GO does not inter-
fere with the proton conductivity of the pristine GO; rather GO/
Ox-SWCNT shows slightly higher proton conductivity than that
of pristine GO. The oxygenated functional groups of CNT
arising from hummers oxidation provide a better attachment
with GO while facilitating the continuous paths and networks

Energy Adv., 2023, 2, 293-297 | 295
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Fig. 3 Proposed mixed proton and electron conducting pathway of GO/
Ox-SWCNT.

through H-bonding, which might be attributed to the better
proton conductivity in the hybrid. Also, the hydration dynamics
are expected to be enhanced due to the generation of interlayer
void space of GO due to the addition of Ox-SWCNT in the GO/
Ox-SWCNT hybrid.*! On the other hand, pristine SWCNTs
containing a tubular structure of sp> hybridized carbon result
in a very high electronic conductivity. Upon oxidation, part of
the SWCNT surface is oxidized and the non-oxidized part of the
SWCNTs with sp® hybridized C is expected to show electronic
conductivity. Therefore, the GO/Ox-SWCNT hybrid shows a
considerable electronic conductivity of 1.35 x 107> S ecm ™.
The proposed mixed proton and electronic conduction route
through GO/Ox-SWCNT is shown in Fig. 3.

A number of materials showing room-temperature MPEC
properties have been reported in past years. Very recently,
Kimura and co-workers reported nickel(m) dithiolene complex/
1,4-naphthoquinone as MPEC materials with a proton conduc-
tivity of 7.2 x 1077 S em™ " and electronic conductivity of 4.1 x
107* S em ™" In another study, a mixed proton and electronic
conductivity of 3.15 x 107> S em™* and 1.68 x 107 S cm™?,
respectively, were observed from the oxidized porous carbon.'®
Also, an optimized mixed conductivity for photo-reduced rGO
with a proton and electronic conductivity of 1.0 x 10™* S em ™"
was reported.'* In the current work, we observed a comparable
MPEC performance with the existing literature."* ™" Moreover,
the free-standing film with a facile preparation route and
enough mechanical stability of the materials signifies their
possible practical application as a solid electrolyte membrane.

In summary, we successfully prepared a free-standing film
of GO/Ox-SWCNT using a facile route of vacuum filtration
under reduced pressure. The material exhibits a considerably
high proton conductivity of 5.24 x 107> S cm ™" and electronic
conductivity of 1.35 x 107> S cm™", respectively, at room
temperature and 100% RH. The undisturbed flow of ions and
charges that arises from the improved attachment of GO and
Ox-SWCNT can be attributed to the observed properties. The
GO/Ox-SWCNT free-standing film is flexible and mechanically
stable, signifying its usefulness in many practical applications
including fuel cells, gas separation membranes, and a super-
capacitor for room temperature applications.
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