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Composites comprising vanadium-pentoxide (V,Os) and single-walled carbon nanotubes (SWCNTSs) are

promising components for emerging applications in optoelectronics, solar cells, chemical and
electrochemical sensors, etc. We propose a novel, simple, and facile approach for SWCNT covering with
V,0s by spin coating under ambient conditions. With the hydrolysis-polycondensation of the precursor
(vanady! triisopropoxide) directly on the surface of SWCNTSs, the nm-thick layer of oxide is amorphous with
a work function of 4.8 eV. The material recrystallizes after thermal treatment at 600 °C, achieving the work
function of 5.8 eV. The key advantages of the method are that the obtained coating is uniform with
a tunable thickness and does not require vacuuming or heating during processing. We demonstrate the
groundbreaking results for two V,0s/SWCNT applications: transparent electrode and cathode for Li-ion
batteries. As a transparent electrode, the composite shows stable sheet resistance of 160 Q sq~* at a 90%
transmittance (550 nm) — the best performance reported for SWCNTs doped by metal oxides. As a cathode
material, the obtained specific capacity (330 mA h g™ is the highest among all the other V,Os/SWCNT

cathodes reported so far. This approach opens new horizons for the creation of the next generation of

rsc.li/rsc-advances

Introduction

Composite materials of carbon nanotubes and metal oxides are
considered to be the key components of next-generation devices
in electronics and energy applications.”” For example, single-
walled carbon nanotubes (SWCNTs) modified with vanadium
pentoxide (V,0s) are promising to be applied in solar cells,*®
organic light-emitting diodes,”™ liquid crystal displays,*>** Li-
ion batteries,"*** etc. Such a composite is also a great candi-
date for next-generation flexible and stretchable devices:
supercapacitors,'®"” skin-like passive electrodes,” and soft
robotics.*?°

In particular, for transparent conductive films, V,O5 provides
high optoelectronic performance acting as a p-type dopant of
carbon nanotubes and contributes to chemical and mechanical
stability with spectrally uniform optical transmittance.*>*

“Skolkovo Institute of Science and Technology, Bolshoy Boulevard 30, bd. 1, Moscow,
121205, Russian Federation. E-mail: A.Nasibulin@skol.tech

*Aalto University, Kemistintie 1, 02150 Espoo, Finland. E-mail: tanja.kallio@aalto.fi
“‘Boreskov Institute of Catalysis SB RAS, Lavrentieva Avenue 5, Novosibirsk, 630090,
Russian Federation

available. See DOL

T Electronic ~ supplementary  information  (ESI)

https://doi.org/10.1039/d3ra04342h

© 2023 The Author(s). Published by the Royal Society of Chemistry

metal oxide composites for various applications, including optoelectronics and electrochemistry.

Meanwhile, in electrodes for Li-ion batteries, V,05 shows a high
capacity and capability for reversible intercalation of Li-ions in
the organic medium,” while SWCNTs serve as a suitable
substrate with excellent electrical conductivity and large specific
surface area. These applications demand uniform deposition of
V,05 on the SWCNT surface, which is usually achieved by
thermal evaporation or solution-based coating, followed by
heating.”** However, both methods require additional energy
input to provide thermal treatment, while aggregation of oxide
particles®® and even partial oxidation of SWCNTs might occur at
an increased temperature.*

Hydrolysis-polycondensation reaction is a promising
approach to the formation of metal oxides under ambient
conditions and has several advantages: the process usually
occurs at room temperature and atmospheric pressure allowing
formation of a homogenous layer with tailored thickness and
composition.*** Though this method is highly suitable for the
fine deposition of V,0s, it has never been employed for coating
carbon nanotubes.

Here, we introduce the hydrolysis-polycondensation
approach to deposit the V,05 layer onto the SWCNT surface.
With a set of methods (XPS, UV-vis-NIR spectroscopy, Raman
spectroscopy, TEM, SEM, Kelvin Probe Force Microscopy, and in
situ XRD), we examine the V,05 formation and interaction with

RSC Adv, 2023, 13, 25817-25827 | 25817


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra04342h&domain=pdf&date_stamp=2023-08-29
http://orcid.org/0000-0003-3633-2309
http://orcid.org/0000-0003-0453-0933
http://orcid.org/0000-0002-4435-0016
http://orcid.org/0000-0002-2737-098X
http://orcid.org/0000-0001-9079-1843
http://orcid.org/0000-0001-6671-8582
http://orcid.org/0000-0002-1684-3948
https://doi.org/10.1039/d3ra04342h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04342h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013037

Open Access Article. Published on 30 August 2023. Downloaded on 11/7/2025 3:28:35 AM.

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

(cc)

RSC Advances

carbon nanotubes and compare its properties with the common
V,0s layer deposited by thermal evaporation. We also assess the
applicability of the obtained V,05;/SWCNT composites to
construct transparent conductive films and electrodes for Li-ion
batteries. The facile and potentially scalable approach for
preparing V,05/SWCNT composites exhibits great potential for
application in optoelectronic, electrochemical, and other fields.
Moreover, the approach proposed can be extended to obtain
uniform coatings from other metal alkoxide precursors on the
surface of various nanomaterials.

Experimental methods and materials
SWCNT synthesis

SWCNTs were synthesized by an aerosol (floating catalyst)
chemical vapor deposition method using ferrocene as a catalyst
precursor, toluene and C,H, as hybrid carbon sources, and
thiophene as a sulfur-based promoter.’” The technique is
described in detail elsewhere.’®* The synthesized SWCNTs
were collected at the reactor outlet as a thin film of randomly
oriented nanotubes on a nitrocellulose membrane filter (HAWP,
Merck Millipore, USA). Then, the films were put by the dry
transfer technique on quartz or Al substrates.® The size of the
samples was 10 x 10 mm? with 90% transmittance at 550 nm
for transparent electrodes and 17 x 17 mm? with 60% trans-
mittance for the Li-ion battery electrodes.

V,0;5 coating

V,05 layer was formed on the surface of SWCNTs due to
hydrolysis and polycondensation reactions in ambient condi-
tions of vanadyl triisopropoxide (VTIP) (98%, Sigma-Aldrich)
according to the scheme shown in Fig. 1. The precursor was
diluted in isopropanol (99.5%, Sigma-Aldrich) with a volume
ratio of 1:75, 1:100, 1:150, 1:200, 1:300, 1:400, 1:500, 1:
600 and 1: 1000 in a nitrogen atmosphere and then spin-coated
(Ossila L2001A3-E461-EU) at the rate 4000 rpm for 60 s onto
SWCNT film at ambient conditions.

Electrode preparation

Aluminum foils (20 pm thick, MTI Corporation) with diameters of
14 and 18 mm were cut using an electrode cutter (EL-Cut, EL-
CELL) and wetted with pure ethanol (=96.1 vol%, ETAX A).
Free-standing SWCNT films (pristine reference and SWCNT
coated with VTIP diluted in isopropanol with a volume ratio of 1:

Vanady! N, atmosphere Substrate
triisopropoxide /

+ Isopropanol

Mixing Spin coating

SWCNT film
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75) were transferred on top of the Al foil by pressing with poly-
propylene film, which acted as a separator. After removing pres-
sure, the SWCNT films showed good adhesion to the Al surface
due to ethanol wetting. The prepared electrodes were packed and
dried under vacuum (~0.05 mbar) at 80 °C for 12 hours to get rid
of water and its effect on electrochemical experiments.

Electrochemical tests

The requirements for electrochemical measurements were
taken from the protocol article.*® The as-prepared electrodes
were transferred into an Ar-filled glove box (Jacomex GP
Campus) for coin cell (Hohsen 2016) and three-electrode cell
assembling (EL-CELL®, ECC-Ref model). In a two-electrode cell,
a Li foil was used as a counter electrode (Alfa Aesar, 0.75 mm
thick); and glass fiber (Whatman GF/A, 19 mm in diameter,
0.26 mm thick) was used as a separator with 200 pl of a lithium
hexafluorophosphate based electrolyte (BASF, LP30, 1 M LiPFs
in 1:1 EC/DMC solution). Two parallel coin cells with good
reproducibility were cycled by a LAND Battery Testing System
(LAND CT2001®) at a constant temperature of 22 °C within the
voltage range from 2.0 to 4.0 V. Various current densities were
applied to evaluate the rate capability of the electrode materials.
The charge and discharge current density for the rate capability
tests varied from 0.1 to 10.0C (1C = 250 mA g ') in a constant
current mode.** The C-rates were calculated based on the
amount of the capacity obtained on the discharge step of the
formation cycle.*>** In the first run, the cell was formatted with
an estimated capacity based on the theoretical capacity, and
then after the first formation cycle, experimental capacity was
obtained. The capacity value from the formation cycle and mass
of the electrode obtained from a 5-digit high precision scale was
used to calculate the specific capacity. Cyclic voltammetry
measurements were carried out in a three-electrode setup with
a Bio-Logic potentiostat (MPG-205) by applying the potential of
2.0t0 4.0 Vvs. Li'/Li at 0.02 mV s~ scan rate. A lithium wire was
used as a reference electrode in the three-electrode setup while
the other components were the same as for the coin cell setup.
Another three-electrode cell was assembled to perform electro-
chemical impedance spectroscopy (EIS) before and after
cycling. The EIS measurements were performed using an
Autolab potentiostat (PGSTAT302 N, Nova 2.1 software). The
alternating potential amplitude of 5 mV,,,s (root-mean-square)
was applied to the cells in the frequency range of 1 MHz-15
mHz.

Water vapor

\—",—'—’—"

Hydrolysis / polycondensation

Hybrid material

Fig. 1 Scheme of SWCNT coating at ambient conditions by nanometer-thick V,Os layer using vanadyl triisopropoxide (VTIP) dissolved in

isopropanol.

25818 | RSC Adv, 2023, 13, 25817-25827

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04342h

Open Access Article. Published on 30 August 2023. Downloaded on 11/7/2025 3:28:35 AM.

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

(cc)

Paper

Characterization

UV-vis-NIR transmittance (7) spectra were measured using
a PerkinElmer LAMBDA 1050 spectrophotometer. The sheet
resistance of the samples was measured by a linear four-probe
method using the Jandel RM3000 Test Unit. To compare the
optoelectronic properties of the thin films, as a figure of merit
we utilized an equivalent sheet resistance (Rg) — the sheet
resistance of a film with a transmittance of 7= 90% (at 550 nm)
calculated according to the following equation:***

log(T/100%)- R,

Roo = log(10/9) (1)

where Ry is the sheet resistance of the examined film and T (%)
is the transmittance at 550 nm.

The morphology of the films was investigated by trans-
mission electron microscopy (TEM) using FEI Tecnai G2 F20. X-
ray diffraction (XRD) data were collected using the Bruker D8
Advance diffractometer (CuKe). In situ synchrotron radiation
XRD measurements were performed in the Siberian Synchro-
tron and Terahertz Radiation Centre at Budker Institute of
Nuclear Physics. XRK-900 reactor chamber (Anton Paar, Austria)
equipped with a fast, parallax-free one-coordinate X-ray detector
OD-3M as well as a mass-spectrometer (UGA 100, Stanford
Research Systems, USA) were used to heat V,05/SWCNT. A
standard sample (SRM676) was employed to calibrate the reflex
positions at a wavelength of 0.1732 nm.

The climatic tests were carried out in the chamber KHTV-
0.03 (Russia) in two regimes: in soft conditions at 25 °C and
40% relative humidity (RH) and in the regime of damp heat
steady state at 35 °C and 100% RH and at 60 °C and 100% RH
(standard: IEC 60068-2-78). The fitting of the data was carried
out using OriginPro software applying the monomolecular
growth model: y = A(1 — e ***9) where A - amplitude, xc -
center, k - rate.*®

Kelvin Probe Force Microscopy measurements were per-
formed in a 2-pass amplitude modulation mode using a Pt-
coated Si cantilever with a Cypher ES atomic force microscope
(Asylum Research, Oxford Instruments) installed in an Ar-filled
glove box (MBraun). The second pass height was 50 nm. The
cantilever was calibrated on a ZYA-grade highly oriented pyro-
lytic graphite (HOPG).

Thermal evaporation of V,05 powder (99.9%, Kurt J. Lesker
Company) was carried out in a tungsten boat at 10~ ° mbar
(Pfeiffer turbo vacuum pump). The power of the source was
increased slightly until an evaporation speed of 0.2 A s™* was
stabilized. Further, the first 5 nm of the material was evaporated
on a shutter, then the shutter was opened, and the evaporation
proceeded with the rate maintained at the interval of 0.2-0.4 A
s~ " until the desired thickness of 30 nm was reached.

The reference composite for the optoelectronic performance
test was produced by dispersing 1 g of V,05 powder (99.9%, Kurt
J. Lesker Company) in a mixture of isobutanol and benzyl
alcohol in the ratio 180:12 ml with refluxing at 110 °C for
4 h,*”*® followed by spin coating (Ossila L2001A3-E461-EU) on
the surface of SWCNT film at the rate of 4000 rpm for 60 s at
ambient conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Elemental analysis was carried out by X-ray photoelectron
spectroscopy (XPS) using a Kratos Axis Ultra spectrometer with
monochromated Al Ko-radiation and charge neutralization,
pass energy of 20 eV, X-ray power of 195 W and an analysis area
of approximately 700 pm x 300 pm. The binding energy scale
was referenced to the C 1s peak of SWCNTSs at 284.4 eV. During
the measurements, we observed a process of photoreduction of
V> to V**, and therefore the measurement time was limited to
a few minutes.*’ Peak fitting of the V 2p region was carried out
using CasaXPS software after Shirley background subtraction.
To fit properly the V 2p region, the background was extended
over the O 1s peak which was also fitted (not shown). For each
vanadium oxidation state Gaussian-Lorentzian peaks (GL(82)
line shape in CasaXPS) with a V 2p;/,-V 2p3/, splitting of 7.35 eV
and a V 2p,,,/V 2p3, area ratio of 0.5 was used. Peak positions
and full widths at half-maximum of the peaks were allowed to
vary within reported limits.>

Results and discussion
V,05/SWCNT composites

Hydrolysis-polycondensation of vanadyl triisopropoxide (VIIP)
into a vanadium oxide affects the SWCNT properties complexly.
According to UV-vis-NIR spectroscopy studies (Fig. 2a), transi-
tions between van Hove singularities partially disappear (S;4,
S22, M;4) owing to charge transfer,**** induced by p-type doping
with V,0s. Notably, the absorbance of the SWCNT film does not
significantly increase upon vanadium oxide deposition. The
doping also manifests as a significant decrease in the film sheet
resistance,> opening a route for application as an electrode in
general and as a transparent electrode in particular. XPS
measurements confirm the exclusive presence of vanadium
pentoxide on the surface of the SWCNTs (Fig. 2b; the survey
spectrum is shown in Fig. Slat). We observe characteristic
peaks of V' at 517.2 €V (2ps,) and 524.5 eV (2pss,). The peak
corresponding to the trace amount of V** (2p;/, at 516.0 eV) is
found to increase during the exposure and is most likely due to
V> reduction by X-ray irradiation.*® O 1s-V 2p region of bare
V,0s5 obtained by the scheme from Fig. 1 almost coincides with
the same region for V,05/SWCNT composite proving that
interaction between carbon nanotubes and vanadium oxide is
predominantly physical (Fig. S1b¥).

TEM observation was carried out to investigate the
morphology of the obtained V,05/SWCNT composite, while
pristine SWCNTs served as the reference (Fig. 2c). We observed
homogeneous deposition of a thin film of vanadium oxide on
the surface of SWCNTs (Fig. 2d) which can be accounted to
efficient wetting of SWCNT surface with isopropanol (solvent
for VTIP). The layer around SWCNTs can be ca. 1 nm and
appears to be amorphous, which coincides with XRD
measurements (Fig. S2a and bt) and selected area electron
diffraction of the V,05/SWCNT composites (the pattern does
not contain rings corresponding to crystalline phases,* so we
assume the structure to be amorphous). The thickness of the
V,0s layer can be varied by tuning the concentration of the VTIP
solution. TEM morphology of the materials doped by 0, 9, and
42 uM solutions are shown in Fig. S2c-e.f

RSC Adv, 2023, 13, 25817-25827 | 25819
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. (@) UV-vis-NIR spectra of the pristine and V,Os-covered SWCNT films; (b) XPS spectrum (O 1s-V 2p region) of the V,Os/SWCNT

composite material, (c) and (d) TEM images of pristine and V,Os-covered SWCNTSs, respectively.

To highlight the hydrolysis-polycondensation mechanism
peculiarities, we examined the influence of the process condi-
tions, such as temperature and humidity. We employ a sheet
resistance (Rs) of the composites as a facile non-invasive
parameter to observe the evolution of materials and interac-
tion between SWCNTs and V,0s. After the spin coating of VTIP/
isopropanol upon the SWCNT films, we observe an immediate
drop in the sheet resistance to a value, which we refer to as R,.
The raw data of R, values are displayed in Table S2+.

We register a steady ca. 30% increase in the sheet resistance
(Fig. 3a red curve) during the first month, while the following
observation for around 2 months shows no further changes
proving the doping stability in time. Interestingly, the evolution
pattern shows no dependence on the vanadium oxide amount
(Fig. 3a blue curve) or the presence of water or oxygen in storage
(Fig. 3a violet curve). When the temperature was increased to
35 °C (Fig. 3b green curve) or 60 °C (Fig. 3b navy curve), we
observed a similar 30% rise in the resistance values but within
significantly shorter periods, i.e. 60 and 5 minutes, respectively;
such a change in a rate for chemical process corresponds to the
apparent activation energy ca. 190 k] mol ™.

When an SWCNT film was spin-coated by VTIP solution (9
uM) in a nitrogen glovebox (<0.1 ppm of water and oxygen), we

25820 | RSC Adv, 2023, 13, 25817-25827

observed similar significant doping of SWCNTs reaching Rgq =
130 Q sq ', when compared to the equivalent sheet resistance
of 330 Q sq ' of the undoped film. However, the evolution
pattern for the sheet resistance under nitrogen is different
(Fig. 3b orange curve) - the value of R steadily increases. This
could be attributed to the evaporation of liquid VTIP without
any V,05 formation due to the lack of water-induced hydrolysis
in the system.

Thus, we can address the mechanism of V,05 formation
from the VTIP solution. During spin coating (Fig. 1), iso-
propanol covers nanotubes and evaporates from the SWCNT
surface; VTIP reacts with water vapor from the air to form the
vanadium oxide coating. The hydrolysis-polycondensation
mechanism is shown in Fig. 4.%°

The simplified general reaction of complete hydrolysis of
VTIP is:**

2VO(0-iPr); + 3H,0 — V,0s + 6iPrOH. (2)

As it is found, VTIP/isopropanol solution enhanced the
conductivity of the SWCNT films, which can be proven from the
orange curve in Fig. 3b, when V,0s is not formed. The rate of
hydrolysis-polycondensation reaction strongly depends on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Time evolution of normalized sheet resistance (Rg is the initial sheet resistance) of the V,O5/SWCNT composite under different condi-
tions: (a) at 25 °C and 40% RH, (b) increased temperature and RH, and the test of VTIP/V,05 material.

Hydrolysis:
HGp o=isimen
)—CH, .

0 0 \ o) OH
N X
S +H0o — S
A N 7N

0 CH, - iPrOH o) O_ ,CH,

H3C‘( ch—(
CH, CH; CH, CH,
Polycondensation:
CH,
HyC—{_
OH (0]
R 4 N AP 2ONZ oy THO oy o 20
\Y + V. Y V~o P — v H
o” No_ cH ne. o7 o HCS07 ) b O/| I
: : - iPrOH CHy _4n jPrOH 0
H,C CH,3 H,4 H.C CH, i n
‘((H3 \gH3 HSCY HI ‘kCH\ H‘é—

Fig. 4 2-step mechanism of hydrolysis-polycondensation of VTIP.

temperature; the activation energy is estimated to be ca.
190 kJ mol ™, according to the temperature dependence of the
sheet resistance shown in Fig. 3 at 25, 35, and 60 °C. This value
most probably is attributed to the hydrolysis reaction (Fig. 4) as
the slowest step of the process.*® In the previous work,* the
synthesis of V,05 was characterized by activation energy twice
lower, which may be explained by different precursors and the
presence of a catalyst.

V,0;s is characterized by a high value of its work function up to
7.0 eV,* which is suitable for various applications: gas sensors,
heterogeneous catalysts, organic photovoltaic devices, organic
light-emitting diodes,***"*® etc. When applied to an SWCNT film,
a material with a high work function might effectively increase the
conductivity due to doping.”” Kelvin Probe Force Microscopy
measurements were carried out to estimate the work function of
the obtained materials (Fig. 5). Pristine V,05 deposited from 9 uM
VTIP solution possesses a relatively low work function of around
4.8 eV (Fig. 5a), so the V,0s thin layer on a surface of SWCNTs

© 2023 The Author(s). Published by the Royal Society of Chemistry

does not increase total work function of the composite (Fig. 5b)
compared to the pristine SWCNTs (~4.8 eV) (Fig. S3). As the
reference, we measured the work function for the thermal-
sputtered 30 nm V,0s layer, which was also around 5 eV
(Fig. 5c). Thus, thin amorphous layers of V,0Os obtained by
hydrolysis-polycondensation and by thermal evaporation routes
have rather low work functions, which might be increased to
5.8 eV by the sample annealing at 600 °C (Fig. 5d), when the
crystalline phase appeared. However, the films became non-
uniform, while extra defects could appear in the SWCNT struc-
ture due to the thermal treatment. These data coincide with in situ
XRD studies: no additional reflexes appear after V,05 deposition
(Fig. S4t) while forthcoming heating in “air” shows recrystalliza-
tion to the mixture of phases (most likely orthorhombic and
monoclinic) appears after nanotube burning (Fig. S51). Never-
theless, the V,05 thin amorphous layer increases the conductivity
of the SWCNT film, as it might cause charge exchange between
SWCNTs and an absorbed oxide molecule leading to p-type

RSC Adv, 2023, 13, 25817-25827 | 25821
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doping.**** It may also serve as a protective layer for SWCNTSs
preventing the influence of the environment on the characteristics
of SWCNTs.

Overall, we propose the method for obtaining homogenous
amorphous V,0s5 coating on the surface of SWCNTs utilizing
a hydrolysis-polycondensation route. The complete trans-
formation to the V,05 phase takes a few days at room temperature
and could be significantly reduced in time to a couple of minutes
at 60 °C. We investigated the change in the work function of the
obtained composite and found practically no change when
compared with the pristine SWCNTs. The work function of V,Os,
however, could be increased by annealing at 600 °C.

Transparent conductive films based on V,05;/SWCNTs

High-quality pristine SWCNT films exhibit equivalent sheet
resistance values above Ry = 250 Q sq '.**5%! The value of
Rgo can be significantly reduced by a certain post-synthesis
procedure, among which adsorption doping is one of the
most effective and robust.'?>%>% The best conductivity
improvement for carbon nanotubes was achieved by applying
HNO3,>*® HAuCl, *** and AuCl; (ref. 44 and 65) as a dopant.
Unfortunately, optoelectronic characteristics of the doped
SWCNTs are always accompanied by poor time stability due to
dopant desorption or decomposition.®** To solve this problem,
we could utilize stable inorganic compounds to simultaneously
dope and protect SWCNTSs.

As an example, Hellstrom et al. produced MoO;/SWCNT
structures by thermal evaporation of molybdenum oxide on

25822 | RSC Adv, 2023, 13, 25817-25827

a substrate, followed by spray coating of carbon nanotubes.
After the subsequent annealing, the films showed Ryo = 154 Q
sq~". Over 20 days of monitoring, the equivalent sheet resis-
tance of the films increased to Rey = 170 Q sq ™ *. Although the
optoelectronic performance of the MoOs;/SWCNT structure is
inferior to SWCNTs doped by HNO; or gold compounds, the
stability of properties is noticeably higher. Despite the demon-
strated perspective of the approach to use a transition metal
oxide as a doping agent for SWCNTs, it has not been practically
studied yet.

V,Os is considered to be a promising dopant for SWCNTSs as
in the form of thin layers it possesses high transmittance and
leads to p-type doping.**** The increase in the VTIP concentra-
tion from 1 to 60 uM leads to a change in the equivalent sheet
resistance of transparent conductive films that contain an
extremum point (Fig. 6a): at the concentration of 9 puM the
minimal Rgy = 130 Q sq ' is achieved. The equivalent sheet
resistance is the trade-off balance between the conductivity and
transmittance of the sample (Fig. S61). Up to the 9 uM
concentration (Fig. S2et), there is no significant change in the
transmittance of the samples, while the resistance gradually
decreases.

We suggest that at lower concentrations up to 9 pM the
equivalent sheet resistance decreases noticeably because of the
SWCNT coverage by the precursor. The consequent increase in
the VTIP concentration does not contribute to the composite
conductivity. However, it leads to a further decrease in the
transmittance due to the formation of an extra V,0; layer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S2eT). We obtained the equivalent sheet resistance of Ry =
130 Q sq ', which is among the lowest values for metal oxide
doping.

We performed a stability test of SWCNTs doped by the highly
effective dopant HAuCl, (ref. 8) to compare the doping stability
with the V,05 layer prepared by our method. For HAuCl,-doped
samples (30 uM solution in isopropanol), the resistance
increased by 90% at 25 °C and 40% RH (Fig. 6b). For V,0s-
doped samples pre-heated to 60 °C for 5 minutes (9 uM solution
in isopropanol), the resistance increased only by 30% (the
complete transformation discussed above) under the same
conditions, proving that the composite is highly stable in its
optoelectronic properties.

For a comparison of our method, we tested the performance
of two extra V,0s/SWCNT composites. The first one was ob-
tained by thermal evaporation of vanadium (V) oxide on the
surface of a SWCNT film. The second one was fabricated by
dispersing V,05 powder in a mixture of benzyl- and isobutyl
alcohols,*** followed by spin coating of the dispersion on the
SWCNT surface. The results of the optoelectronic performance
of the composites are shown in Table 1.

The composite obtained by thermal evaporation possessed
worse sheet resistance and transmittance compared to the
hydrolysis-polycondensation sample. The higher value of R; can
be attributed to the less contact between the oxide and carbon
nanotubes because thermal evaporation produces coating only

on a surface without penetration to deep layers of the SWCNT
film, while transmittance decreases due to the higher thickness
of the oxide coating. The sample produced from a dispersed
V,05 powder showed less efficiency of doping as well. Rs showed
poor performance because the isobutanol/benzyl alcohol
mixture may extend a reduction effect to the oxide making it
a less effective dopant and giving a negative contribution to
transmittance of the composite. Hence, the doping of SWCNTs
by means of the hydrolysis-polycondensation method is pref-
erable for the production of the highest optoelectronic
performance.

To summarize this section, SWCNT film coating with VTIP
solution at ambient conditions provides high stability doping
for the SWCNTs. The 30% conductivity drop can be attributed to
the completion of the hydrolysis-polycondensation reaction.
The V,05/SWCNT composite provides a stable value of the
equivalent sheet resistance of Rgq = 160 Q sq .

Cathode for Li-ion battery based on V,05;/SWCNTs

The specific capacity of V,05 depends on the applied potential
window determining the number of Li ions involved in elec-
trochemical reactions during battery charging. The theoretical
values for V,05 are relatively high for a positive electrode
material and equal to 294 and 440 mA h g~ ' for 2 and 3 lithium
ions, respectively. To investigate the applicability of the V,0s/

Table 1 Comparison of optoelectronic performance of V,Os/SWCNT composites under different synthesis methods

Route T (550 nm), % Re, Qsq " Rog, @ 5q "
Thermal evaporation 89 180 199
Isobutanol/benzyl alcohol solution 88 190 231
Hydrolysis-polycondensation (this work) 90 160 160

© 2023 The Author(s). Published by the Royal Society of Chemistry
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SWCNT composite as a positive electrode in lithium batteries,
three-electrode cells have been assembled and cycled between
2.0 to 4.0 V vs. Li'/Li. In crystalline V,05 compounds with well-
defined crystal phases, sharp peaks in cyclic voltammograms
are found due to fast phase changes during lithiation or deli-
thiation.”®”* Instead, voltammograms of amorphous V,05 elec-
trodes are featured with wide peaks for lithium reactions with
vanadium oxide owing to the absence of clear phase
transformations.”™

Fig. S71 shows the cyclic voltammetry curves of the as-
prepared SWCNT and V,05/SWCNT electrode at a 0.02 mV s
scan rate. Observed wide peaks are characteristics of amor-
phous nano-V,0;5 particles functioning as an active electrode
material”>’> meeting our observation of amorphous coating by
TEM (Fig. S81) and XRD (Fig. S27).

The capacity of the V,05/SWCNT electrode at the 0.02 mV st
scan rate is 330 mA h g, which is higher than the corre-
sponding values reported earlier for 3D V,05/CNT cathodes.”
To distinguish the capacity provided by V,05 and the SWCNTs
film, the electrochemical behavior of a reference sample with
only the pristine SWCNT film has been examined in a similar
cell setup. The electrode does not show any redox peaks in the
cyclic voltammetry measurements. Yet, a huge amount of
current is passed through the electrode at higher potentials,
which indicates that SWCNTs react irreversibly with the
electrolyte.”™

The rate capability results of the V,05/SWCNT electrodes are
shown in Fig. 7. Increase of the current rate from 0.1 to 10C
decreases capacity only from 280 to 210 mA h g~ *. This is due to
the high electrical conductivity of SWCNTs and the nano-
structured V,05 layer, which shows very low polarization at the
higher C rates indicating that this electrode has an excellent
power performance. The rate capability measurements have

View Article Online

Paper

been performed only in a constant current mode, i.e. constant
voltage has been not applied for the charge steps, which means
that the reported discharge capacities are also affected by the
polarization of the former charge step. It should be noted that
the discharge-specific capacity values are higher in the case of
constant current-constant voltage charge measurements. The
energy efficiency remained around 90-95% for all the C rates up
to 2C while increasing to 5 and 10C decreases the energy effi-
ciency down to 87% and 83%, respectively. These results are in
agreement with cyclic voltammetry results (Fig. S71) since they
show that the reaction of lithium with V,05 (insertion) is more
difficult than Li extraction from the structure. Capacity reten-
tion after the rate capability measurements is 99.89%, which
shows the high stability of the electrode active material.

According to the long-term cycling results (Fig. S97), the
V,05/SWCNT positive electrode provides 234 and 210 mA h g ™!
in the first and 200th cycles, respectively, at the 1C rate. The
minor scattering of the efficiency after the 30th cycle is
observed, which corresponds to the capacity fading due to the
side reaction between nanotubes and Li battery electrolyte
causing changes in the functional groups of the nanotubes.”””
This interaction results in the partial release of V,05 nano-
particles, followed by the capacity increase. The cell shows
a high capacity retention of 96% after 100 cycles, which
demonstrates good reversibility of the active composite material
during charge and discharge cycling.

To investigate loss mechanism and electrode aging, imped-
ance spectroscopy measurements were carried out. The result-
ing Nyquist plots of the V,05/SWCNT electrode measured at the
three-electrode system at the beginning of and after the above-
mentioned long-term cycling together with the corresponding
equivalent circuits are shown in Fig. S10.T The resistance is
increased after 500 cycles as the electrode interface resistance

~ 100
240 0.1C | 0.2C | 0.5C | 1C 2C 5C | 10C | 0.2C
AAAl L, ALl a4l aa A 4100
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Fig. 7 Rate capability performance of V,Os/SWCNT in the coin cell assembly with the lithium counter electrode cycled between 2.0 to 4.0 V.
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increases from 102 to 197 Q and the charge transfer resistance
increases from 613 to 898 Q (Table S2f). The corresponding
discussions are given in ESL{

Overall, the V,05/SWCNT composite as a cathode shows
a high specific capacity of 330 mA h g™, which is the highest
value among V,05/SWCNT cathodes.””® According to the trans-
parency and low loading of oxide in composite, it may be applied,
for instance, in microdevices working with low currents.”®”®

Conclusions

In this work, we proposed a novel, simple, and fast method to
cover SWCNTs with a uniform and continuous layer of V,05 with
tunable thicknesses. The method employs the synthesis based on
the hydrolysis-polycondensation mechanism on the surface of
SWCNTSs, using vanadyl triisopropoxide as a precursor. We prove
the coating to be amorphous vanadium pentoxide with a work
function of 4.8 eV, which can be enhanced to 5.8 eV by high-
temperature recrystallization at 600 °C. As a result, we fabricated
the films with the equivalent sheet resistance of 160 Q sq * (at
T = 90%), which is among the best for metal-oxide doping of
carbon nanotubes. The material produced was also tested as
a cathode for Li-ion batteries. It demonstrated the highest specific
capacity of 330 mA h g~ for V,05/SWCNT cathodes. We expect our
method to produce a thin layer of V,05 coating around SWCNTSs
and other substrates to be useful in many applications, including
electrochemistry, optoelectronics, and photovoltaics.
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