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ARTICLE INFO ABSTRACT

Keywords: Due to this generation facing the biggest energy crisis of its lifetime, the spotlight has been shone more than ever
Single walled carbon nanotubes on the rapid development of green energy and its storage. Supercapacitors are an integral technology in this
Supercapacitor

renewable energy storage due to their high-power density. For an increased energy density however, one must
expand the voltage window of the device and utilise electrolytes that allow for the maximum storage capability
of the material. Single walled carbon nanotubes (SWCNT) were identified at the turn of the century as an
excellent material for use in supercapacitor electrodes, however, at anodic potentials in sulphate-based elec-
trolytes, they undergo irreversible oxidation which damage their electrical properties and affects long term
cycling stability. Herein we provide an effective strategy to expand the voltage window of SWCNTs to 1.4 V in
sulphate-based electrolytes through the small addition of tin (II) oxide (SnO), with a capacity of 102 F g'1 /143 C
gl at a current density of 2 A g"'. We study the effect of SnO and propose a pseudo-reversible oxidation reaction
in which the SWCNTs are protected from oxidation through the formation of Sn3O4. Finally, an asymmetric
device using MXene is assembled to illustrate the advantage of the expanded voltage window on energy density
and cycling stability, with a capacity retention of 90% after 7,500 cycles at 10 A g*.

Anodic functionalisation
Tin(II) oxide
Asymmetric device
MXene

applications, and in particular supercapacitor (SC) devices. The large
capacitances obtainable from SWCNTs are due to their highly accessible

1. Introduction

Since their discovery by lijima [1] in 1991, carbon nanotubes (CNTs)
have been at the forefront of advancements in materials science and
nanotechnology. Single walled carbon nanotubes (SWCNTs) are partic-
ularly suited to energy storage applications due to their outstanding
mechanical and electrical properties. SWCNTs have excellent electrical
properties, with a carrier mobility of ~ 10,000 cm? V! s, a room
temperature conductivity in excess of 5 x 10° S m™ and the capability to
carry an electrical current density of ~ 4 x 10° A cm™ [2-4]. SWCNTs
also display exceptional mechanical properties with a Young’s modulus
of ~ 0.64 TPa and a tensile strength of ~ 37 GPa [5,6]. Due to these
properties, SWCNTs are extremely well suited to energy storage
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surface areas in which most of the charge is stored in the electric double
layer (EDL). However, electrochemically active functionalities on the
terminals of the tubes also lead to a pseudocapacitive charge storage
mechanism [7]. Further addition of redox-active functional groups
although leading to an increase in the specific capacitance, leads to a
decrease in conductivity and cycling stability [8].

Sulphate based electrolytes such as sulphuric acid or potassium
sulphate are amongst the most widely used electrolytes in super-
capacitor devices due to the large specific capacitances associated as a
result of the small cationic radii [9]. In particular the H' ion possesses
the highest specific capacitance due to the small hydration sphere
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radius, a large ionic mobility and the highest molar ionic conductivity.
To maximise the energy storage capacity of the next generation of
supercapacitors an increase in the workable voltage window of the de-
vice is an attractive solution, in addition to using an electrolyte which
maximises capacity, whilst maintaining the stability of the active ma-
terial. The energy stored in an SC device is proportional to the voltage
window squared.

The anodic functionalisation of SWCNTSs was reported at the turn of
the century by Sumanasekera et al. [10], with further studies expanding
on the mechanisms at play carried out subsequently [11,12]. However,
to our knowledge, no one to this point has presented an effective strat-
egy to offset the anodic functionalisation of SWCNTs which in doing so
expands the voltage window of a SWCNT-based supercapacitor device
and maintains the integrity of the structure for enhanced cycling
stability.

Tin(II) Oxide (SnO) is a p-type semiconductor [13] with a lead(II)
oxide (PbO)-type layered tetragonal structure (P4/nmm). It is found
naturally as the mineral romarchite and is environmentally friendly. The
stability of the distorted layered structure is due to the coupling of the
unfilled Sn(5p) with the antibonding combination arising from the
interaction of the Sn(5s) and O(2p), with the resulting layered structure
having a sizeable interlayer spacing of 4.85 A [41]. This large interlayer
gap and both the conversion and alloying reactions obtainable with
lithium and sodium have led to SnO being recognised as a potential
anode for future lithium/sodium-ion technologies. To date, most work
has focused on the Tin(IV) Oxide in supercapacitor devices forming
composites with reduced graphene oxide[14-16], or forming alloys with
nickle foam [17,18]. Recently, work has been carried out with SnO [19].
However, to achieve reasonable capacitance, doping of SnO with man-
ganese and the addition of potassium ferrocyanide to the electrolyte was
required, which complicates the synthesis and increases the cost. One
would assume that due to this layered nature, SnO would be suitable for
intercalation pseudocapacitance, and this mechanism was investigated.

Herein we show that by combining SWCNT with a low mass loading
of SnO, the anodic oxidation of the SWCNTs is inhibited as a quasi-
reversible reaction instead takes place with the SnO allowing the
workable voltage window to be expanded. The SWCNT/SnO composite
is processed as an ink to allow it to be processed into SC devices using 3D
extrusion printing, and an asymmetric device is assembled with a wide
voltage window using MXene as the counter electrode material.

2. Material and methods
2.1. Synthesis of SnO

SnCl; (7.584 g, 0.04 mol, anhydrous, 98%, Alfa Aesar) was dissolved
in ice-cold distilled water (400 ml) and placed on a magnetic stirring
plate. NH4OH (12.8 ml, 0.08 mol, 25%, Merck) was added dropwise and
left to stir for 1 hour. The solution was transferred to centrifuge tubes
and separated in the centrifuge (Heraeus Multifuge x1 Centrifuge) at
5000 rpm for 5 min. The Sn(OH), precipitates were washed with
distilled water (twice) and ethanol (once) before being re-dispersed in
60 ml of 70% methanol in a 100 ml round-bottom flask and heated at
120 °C for 24 h under reflux. The product was again separated via
centrifuge, repeating the wash procedure as above. The final product
was kept in ethanol solution and dried as needed, to minimise the risk of
oxidation to SnOs.

2.2. Printing of devices

SnO inks were formed using Tuball SWCNTs (0.2%) dispersed in
carboxymethyl cellulose (CMC - 0.3%) and H20. The ratio of SWCNT to
SnO was 9:1. In this work the various SnO inks were printed with a
Nano3DPrint extrusion printer, without the need of additives to aid
printing. For these prints, the material was extruded using a 0.26 mm
internal diameter nozzle onto weighed and cleaned glass slides. The

Electrochimica Acta 448 (2023) 142168

material was extruded onto a print bed set to 60 °C to aid the drying of
the printed patterns. The print speed was held at 200 mm/min to
maintain consistent line and pattern formation and so adjustments could
be made easily during the print process. As standard, three printed
passes were deposited and allowed to dry in each print run to provide a
complete homogenous film before further layers were deposited. The
patterns used were designed using AutoCAD (Autodesk Inc,) and the
final print path GCode was generated using the Simply3D slicing soft-
ware to provide x y z pathing for the designed patterns. Successive layers
were printed at 90° to one another to eliminate issues that could
potentially arise from print defects.

Printed devices were placed in a tube furnace and heated under
vacuum with an argon air flow at a ramp of 10 °C/min with a 2 hour hold
at 400 °C to remove H50 and carbonise the CMC binder. Silver contacts
and a protective resin layer were added subsequently.

MXenes were produced as done by Borghetti et al. [20], and printed
using the same parameters as the SWCNT/SnO electrodes. Briefly,
Ti3AlCo MAX phase powder (1 g, Carbon-Ukraine Itd.) was delaminated
using 9 M HCI (20 mL, Sigma) and LiF powder (1.6 g, Sigma) in a PTFE
vessel. The solution was left stirring at 400 rpm at 35 °C for 24 h to
obtain etched, multilayer Ti3CoTxy MXene. The delaminated MXenes
were obtained through washing with deionized water and centrifugation
at 5000 rpm using a Thermo Scientific Heraeus Multifuge X1 for 5 min,
discarding the supernatant and repeating several times, until the pH of
the supernatant had reached at least 6. The dispersion was then
centrifuged at 1500 rpm for 30 min to sediment any multi-layer MXene
or unreacted MAX phase.

2.3. Electrochemical analysis

A three-electrode electrolytic cell was formed for electrochemical
testing using a working electrode, an Ag/AgCl double junction electrode
as reference electrode, and a graphite rod as a counter electrode. Two
electrode cells were formed using SWCNT/SnO as the positive electrode
and MXene as the negative electrode. All electrochemical measure-
ments: such as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS) were per-
formed using a Bio Logic VMP 300 and analysed using the EC-Lab
software. CVs were recorded at scan rates of 5, 10, 20, 50, 100, 200,
500, 1000, 2000 mV s from —0.4 to 1 V (vs Ag/AgCl) in HySO4 and
—0.2to 1 V (vs Ag/AgCl) in K2SO4. GCD measurements were ran using
the same voltage windows as for the CVs at rates of 1, 2, 5and 10 A g%.
EIS was recorded at an open circuit potential from 1000 kHz to 10 mHz.
The electrode was left at an open circuit voltage for 1 hour to stabilise
prior to measurements and ensure no faradaic charge transfer processes
were occurring. Upon commencement of the readings the voltage
remained steady throughout. The Z-fit software from EC-lab was used to
fit equivalent Randle’s circuits to EIS spectra and obtain values for the
components.

2.4. Characterization techniques

Scanning Electron Microscopy (SEM) was carried out using the Zeiss
ULTRA plus Gemini SEM microscope in high vacuum mode with an
acceleration voltage of 5 keV, a working distance of 6 mm and a 30 um
aperture located in the Advanced Microscopy Laboratory (AML) of TCD.
Images were recorded using both the InLens detector.

Structural characterisation of the CNTs was done by Transmission
Electron Microscopy (TEM). This was performed using a FEI Titan
80-300 Thermo Fisher Scientific, fitted with a Schottky field emission
gun. The operating voltage was set to 300 kV and images were recorded
using a Gatan UltraScan CCD camera. Images of the CNTs were recorded
in overfocussed conditions to enhance the phase contrast. Elemental
composition was determined by Energy Dispersive X-Ray Spectroscopy
(EDS) using a Bruker XFlash 6-30 EDS detector. Elemental mapping
regions were imaged in Scanning Transmission Electron Microscopy
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(STEM) mode with an angle annular dark-field (HAADF) detector. EDS
spectrum analysis was done using Bruker Esprit 2.0.

X-ray diffraction (XRD) measurements were performed using a
Panalytical X’Pert Pro-diffractometer with a Cu Ka source (A=1.5406
nm). Symmetric scans were run over a 20 range of 10 to 75°, with a step
size of 0.0084°

Raman measurements were performed using a Horiba Raman system
(LabRAM ARAMIS HORIBA Jobin Yvon) with integrated LabSpec 5
software. The objective lens was 100x (0.90 NA) and the laser wave-
length was 524 nm. Spectra were recorded by defining a 10 ym x 10 ym
area with a step size of 5 ym with an integration time of 2 s used for each
scan.

Fourier transform infrared (FTIR) spectra were recorded on a Per-
kinElmer Spectrum 100 equipped with a universal total reflectance
(Diamond/KRS-5 sandwich assembly) sampling accessory. The spectra
were recorded from 4000 to 350 em™.

X-Ray Photoelectron Spectroscopy (XPS) spectra were recorded
using an Omicron MultiProbe XPS instrument. High resolution spectra
were obtained at a 50 eV pass energy with a monochromatic Al Ko (XM
1000, 1486.6 eV) source. Films were attached to stainless steel sample
holder by copper tape and degassed in the load lock and preparation
chamber prior to the measurement. Obtained spectra were analysed in
the CasaXPS software with Gaussian-Lorentzian shape fitting and Shir-
ley background.

To assess the surface area of the samples, nitrogen adsorption at 77 K
were measured using a Quantachrome Autosorb-IQ. Prior to the mea-
surements, each sample (+/- 200 mg) has been activated overnight at
150 °C under secondary vacuum. In a typical experiment, adsorption
curves have been measured in the range of 0.0001 - 0.99 p/p0, and
desorption curves in the range of 0.99 — 0.3 p/p0. To determine the
surface area, we used the classic Brunauer-Emmett-Teller (BET) method
[21]. This method consists of the linearisation of the isotherm into a
“BET plot” which allows the determination of the nitrogen monolayer
adsorption capacity of the samples. Knowing the cross-sectional surface
of adsorbed N5 molecules (0.162 nmz), we can determine the BET sur-
face area of the sample.

3. Results and discussion

SWCNT/SnO composite electrodes were produced using extrusion
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printing as shown in Fig. 1A and B and were tested as SC devices in a
three electrode wet electrochemical cell setup using CV (cyclic voltam-
metry), GCD (galvanostatic charge-discharge) and EIS (electrochemical
impedance spectroscopy) measurements. The effect of the presence of
SnO on the functionalisation of the SWCNTs was subsequently
characterised.

3.1. Materials characterization

Raman spectroscopy is a powerful technique for probing the struc-
ture of graphitic materials and in particular CNTs. Five distinctive
Raman bands from SWCNTs are shown in Fig. 2A and B: the radial
breathing mode (RBM) at the low frequency end (~ 100 — 200 cm’l), the
D-band (1329 cm'l), the G-band (1577 ecm™") which contains both the
G" and G band, the M-band [22] (1730 cm'l) and the G’ band (~2650
cm™)). When SWCNTs are functionalised, the hybridization of the carbon
is changed from sp? to sp® [23]. The D-band (A1g symmetry) represents
forbidden out of plane vibrations [24] in a perfect graphite lattice and is
a key indicator of deviations from the ideal structure, whilst the G-band
(E2¢ symmetry) is due to in-plane vibrations and characteristic of sp?
hybridized carbon; thus the ratio of the D/G band intensities (Ip/Ig)
allows one to quantify disorder in the SWCNT structure and deviations
from the perfect sp2 network [25,26]. The Ip/Ig ratio for both the pris-
tine and annealed SWCNT electrodes remain constant at 0.04 respec-
tively, whilst for the SWCNT electrode subject to use in HSO4 the ratio
increases to 0.07 (Fig. 2A). In comparison, all the SWCNT/SnO com-
posite electrode’s Ip/Ig ratio remain constant at 0.03 (Fig. 2B), sug-
gesting that electrochemical oxidation is being inhibited by the presence
of SnO, which again agrees with the electrochemical data.

FTIR was carried out on 5 samples in Fig. 2C (Pristine SWCNTs,
Annealed SWCNTs, Annealed SWCNT/SnO composite, HoSO4 SWCNT/
SnO composite, H,SO4 SWCNTs). The HoSO4 SWCNT sample displays a
peak at 1720 cm™! which is due to the stretching of the carbonyl group
(C=0)[27-29] and is unique to this spectrum. The band at 1250 cmtis
partly due to C—O stretching vibration [27,30] and is further confir-
mation of the oxidative process. In addition, the S=O symmetric (1150
em™) and asymmetric vibrations (1300 cm™) lie in this region leading to
the broad absorption band [31]. The long broad peak at 3350 cmis due
to the O—H stretch [32]. The peak at 890 cm?t may be due to S—OR
bond [33], but lies in the fingerprint region so may be hard to

Silver Contact

Fig. 1. (A) Picture of Nano3DPrint extrusion printer used to fabricate SC devices (B) Picture of an as fabricated SC device with a silver contact and a protective

resin layer.
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Fig. 2. Material characterisation of SWCNTs and SWCNT/SnO. Raman spectroscopy for (A) pure SWCNT SC devices and (B) SWCNT/SnO SC devices. (C) FTIR of
pristine SWCNT (grey), annealed SWCNT (cyan), annealed SWCNT/SnO (yellow), SWCNT/SnO post-mortem use in HoSO4 (green) and SWCNT post-mortem use in
H,S04 (blue). (D) X-ray diffraction pattern of SnO/SWCNT pre/post-mortem use after 30,000 GCD cycles in H,SO4 (a y-offset has been applied on the relative

intensities for display purposes). .

distinguish. C=C [27,30] stretching at 1620 cm’! is common to all
samples, although more pronounced in the pure CNT samples as ex-
pected. The peak at 1080 cm’! is due to C—O [29,34], and this occurs on
the tails of the CNTs and is common to all samples. Peaks at 2160 and
2000 cm’! are seen in all samples and are consistent with overtones of
the 6 ringed carbon of the graphene/graphite structure of the CNTs
[35-37]. The peaks on the spectrums obtained from the samples with
SnO at 640, 600, 570 and 500 cm’! are due to the Sn-O vibrations [19,
38-40].

The structure of the SWCNT/SnO composites were analysed using
XRD pre- and post-mortem in SC devices in Fig. 2D. The annealed
SWCNT/SnO is consistent in structure with that of pure SnO (JCPDS
06-0395) [41]. This confirmed that the thermal carbonisation of the
CMC binder did not cause the SnO to oxidise to SnO,, consistent with
previous reports on the thermal stability of SnO [13]. Post cycling,
additional XRD peaks (*) are recorded consistent with Sn304 (JCPDS
16-0737). Therefore, it is suggested that a hybrid structure exists where
both SnO and Sn304 exist in tandem.

3.2. XPS

X-Ray Photoelectron Spectroscopy (XPS) was utilised in this study to
determine the changes (if any) to the SWCNTs after HoSO4 treatment
when the SWCNTs were mixed with/without SnO. In order to compare
the various samples, first the high resolution Cls region was analysed,
Fig. 3A- D.

The Cls region of the SWCNT annealed sample was fitted with

typical contributions of annealed SWCNTs i.e. presence of C—C sp° due
to C—O and carbonyl contributions in the C—C sp? structure due to the
annealing process, Fig. 3A [42,43]. After HoSO4 treatment, the sample
appeared to have further oxidised due to the decrease in the C—C sp?
peak and the disappearance of the n-1* bonds which shows a decrease in
the graphitic carbon in the sample, Fig. 3B. This is in agreement with the
reported Raman results. Furthermore, the C—C sp contribution in-
creases, indicating the introduction of defects to the carbon structure,
Table 1. These defects can be easily explained by the appearance of the
carboxylic group contribution (O—C—OH) after HoSO4 treatment.

Interestingly, for the SWCNT annealed sample with the SnO, the
fitted contributions before and after HoSO4 treatment were not altered,
Fig. 3C and D. This result indicates that the SnO hinders the SWCNTs
from oxidation during the HySO4 process. Additionally, when comparing
the pure SWCNT annealed sample, Fig. 3A, to the SWCNT/SnO annealed
sample, Fig. 3C, it is evident that the SnO doesn’t form bonds with the
SWCNTs as the two samples exhibit near identical fits. However, from
the high resolution Sn3ds/; region, Fig. 3E, the shift in the peak to a
higher binding energy by 0.2 eV indicates that the original SnO is itself
oxidised after the HySO4 treatment in agreement with the XRD analysis.
Hence, the SnO may block/shield the SWCNT from being oxidised as it
itself is interacts with the anions present, resulting in partial oxidation
during cycling with HaSO4.

3.3. Electron microscopy

Scanning electron microscopy (SEM) analysis was carried out to
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Fig. 3. (a) XPS Cl1s core level for SWCNT annealed. (b) XPS C1s core level for SWCNT post use in SC device with 0.5 M H,SO4. (c) XPS Cl1s core level for SWCNT/SnO
annealed. (d) XPS Cls core level for SWCNT/SnO post use in SC device with 0.5 M H;SO,4 (e) XPS Sn 3ds,5 region of SWCNT/SnO post use in SC device with 0.5 M

H,S0,4 and SWCNT/SnO annealed.

Table 1
XPS Cl1s contributions and corresponding binding energies for SWCNT and SnO/
SWCNT electrodes .

Cls SWCNTs SWCNTs SWCNTs/SnO SWCNTs/SnO
Contribution Annealed post Annealed post HoSO4
H,S04
sp2 43.8% 38.5% 40.9% 39.9%
284.1 eV 283.8 eV 284.2 eV 284 eV
sp3 26.3% 32.5% 27% 29.5%
284.8 eV 284.5 eV 284.9 eV 284.7 eV
c-0 12.3% 13.8% 12.1% 13.6%
285.9 eV 285.4 eV 286.2 eV 285.9 eV
c=0 11.2% 6.3% 13.4% 12%
287.8 eV 286.4 eV 288.3 eV 287.6 eV
C=0 - OH n/a 8.9% n/a n/a
288.4 eV
n-m* 6.4% n/a 6.6% 5%
293.1 eV 291.3 eV 290.9 eV

examine the morphology of the SWCNTs and SnO both pre and post use
in SC devices. There was no noticeable difference in morphology be-
tween the pure SWCNT SC devices pre/post use due to the limitations of
the resolution of the SEM, Fig. 4A and B. The morphology of the SnO
however does exhibit differences once it has undergone use in SC de-
vices. Pristine SnO has a relatively clear surface on the square platelet,
Fig. 4C and D. However, upon cycling this platelet becomes covered in
nanoparticles, Fig. 4E and F. Using the XRD analysis it may be assumed
these nanoparticles consist of Sn3O4, and due to their reversible pro-
duction, the SWCNTs are shielded from undergoing any irreversible
oxidation processes in the electrolyte.

Transmission electron microscopy (TEM) was utilised to characterise
the morphology of the tubes of the SWCNTs having undergone the
various treatments (Fig. 5). Both as received (Fig. 5A) and annealed
SWCNTs (Fig. 5B) have a very similar appearance overall with subtle
differences. The walls of the annealed SWCNT appear less clear and
rough due to the carbonisation of the CMC, whilst in addition the tubes
have a greater tendency to clump together. The tendency of annealed

samples to clump together is due to the removal of the CMC which acts
as a repellent between adjacent tubes, and thus its removal would lead to
favourable conditions for bundle formation [43].

Pure SWCNTs analysed post use in devices displayed further deteri-
oration in the wall clarity (Fig. 5C), agreeing with the suggestion of
functionalisation and wall damage to the graphitic structure of pure
SWCNTs. In addition, nanoparticles were distributed on the walls of the
SWCNT matrices (Fig. 5D), which were identified as sulphates origi-
nating from the electrolyte using EDX (Fig. 5E and Supplemental
Figure 1A) and consistent with the presence of sulphur in the XPS survey
scan (Supplemental Figure 1C). SWCNTs from the composite with SnO
similarly displayed clumped morphologies with small particles distrib-
uted throughout (Fig. 5F and G) identified as SnO with trace amounts of
sulphur using EDX and consistent with the XPS survey scan (Fig. S5H,
Supplemental Figure 1B and D).

3.4. Mechanism — electrochemical anodic oxidation and SnO

The mechanism for the anodic oxidation and subsequent function-
alisation of SWCNTs was first described by Sumanasekera et al. [10].
Initial contact between HySO4 and SWCNTs with no external potential
applied leads to a spontaneous chemical reaction in which the SWCNT
walls are decorated with H,SO4 molecules and HSOj ions according to
Egs. (1) and (2). This spontaneous reaction is unique to CNTs and does
not take place in graphite [10,44,45]. This leads the cell potential to
climb to roughly 0.2 V vs Ag/AgCl reference as was observed experi-
mentally under open circuit prior to electrochemical testing and is in
agreement with Ref [10] and Ref [44].

e+ H,S0,~1/2H, + HSO; (cathode) (€]

SWCNT*HSO] + vH,S04—~SWCNT*HSO; -0H,S0, + €~ (anode) 2

Upon the commencement of cyclic voltammetry/galvanostatic
charging and increasing the potential from ~0.2 V to 0.5 V vs Ag/AgCl,
‘overcharging’ is observed in which the cell potential causes the neutral
H3SO04 molecules in the interstitial channels of the tube bundles to be
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Fig. 5. TEM images of (A) as received SWCNT material, (B) annealed SWCNT sample, (C) annealed SWCNT sample post use in supercapacitor device in HoSO4 (D)
and particles dispersed throughout after use, (E) EDX map of particles dispersed on SWCNT post use in H,SO4, (F) annealed SWCNT/SnO sample post use in 0.5 M
H2S04 (G) and associated particles throughout, (H) EDX map of particles dispersed on SWCNT/SnO tubes post use in HoSO4.

converted to HSO and hydrogen is evolved and lost as shown in Egs. (3)
and (4) [10-12,45,46]. This conversion of H,SO4 creates new holes in
the SWCNT n-band which is consistent with the XPS (Fig. 3B) and Raman
(Fig. 2A) results measured.

SWCNT " HSO; -0H,S04—SWCNT"*?* (HSO} ) |, (0 — 8)H2S04 + Ge”
+ 6H* (anode)
©))
SH™ + de”—5/2H, (cathode) “@

As the potential exceeds 0.5 V vs Ag/AgCl, ‘overoxidation’ occurs in
which the presence of HyO allows for the irreversible electrochemical
formation of C—O bonds, leading to further functionalisation of the
SWCNTs with a disordered structure containing C, H and O [47],

aligning again with the observations from XPS and FTIR.

Evidence shows that SnO inhibits the formation of holes in the sp?
SWCNT structure and the subsequent irreversible electrochemical for-
mation of C—O bonds, through itself pseudo-reversibly reacting with the
available HSO3, forming Sn30y4 in the process. Through this, the SWCNT
is protected from ‘overoxidation’ and thus maintains the integrity of the
tube and the electrochemical performance associated.

3.5. Electrochemical analysis

The functionalisation of pure SWCNTs in the presence of HoSO4 and
K2S04 was shown by the initial CV response at 5 mV s'. As shown in
Fig. 6B and D, between the initial and 10th cycle drastic changes have
occurred to the rectangular shape of the voltagramms of the pure
SWCNTs with further changes occurring with subsequent cycles. These
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Fig. 6. (A) Capacity retention at 10 A g'1 of various SC devices over 2,500 cycles. (B) CV at 5 mV st of SWCNT H,S0,. (C) CV at 5mV s of SWCNT/SnO H,S04. (D)

CV at 5mV s of SWCNT K,804. (E) CV at 5 mV s of SWCNT/SnO H,SO,.

changes are seen by the additional wide redox peaks on the cathodic
sweep at roughly 0.25 V in H,SO4 and 0.1 V in K2SO4 and on the anodic
sweep at 0.25 V, 0.5 V and 0.75 V for K3SO4 whilst in HoSO4 there is no
distinctive peak, just a broad region from 0 — 1 V in which the redox
processes are taking place.

Conversely, as shown in Fig. 6C and E, a 10% mass fraction of SnO
prevents this functionalisation from occurring, with subsequent cycles
appearing almost identical to previous ones (the increase in the overall
area is due to additional electrode wetting with subsequent cycling). The
observable broad reaction peaks that deviate from the typical rectan-
gular shape associated with EDL capacitance (EDLC) are related to the
redox processes due to surface oxygen groups on the terminals of the
tubes [23,48].

The advantage of inhibiting the functionalisation is apparent in the
cycling stability data shown in Fig. 6A. With functionalisation, the
charge capacity of the SWCNTs falls to 85% in HoSO4 and 74% in K2SO4
of its initial value after 2,500 cycles. Through the use of SnO to inhibit
the functionalisation, after 2,500 cycles, capacity retention remains at
99%. To further demonstrate the effectiveness of SnO/Sn304 at pre-
venting the functionalisation of SWCNTs, extended cycling for 15,000
and 30,000 cycles was recorded with the resulting CVs (Supplemental
Fig. 2A) displaying only minor alterations and the capacity retention
remaining in excess of 95% (Supplemental Fig. 2B) whilst both SnO/
Sn304 were still present (Fig. 2D). Herein we define capacity retention as
the ratio of the capacitance at a given cycle to the value measured during
the initial cycle. The over-oxidation necessary for functionalisation leads
to defects and degradation of the polymer structure of the tube, and this
causes a decline in performance. EIS was carried out on both pure
SWCNT and SnO/SWCNT in both electrolytes (Supplemental Fig. 3). The

EIS fitting of the equivalent circuit showed all electrodes displayed
similar performances in terms of charge transfer resistance both pre/
post use, with the electrodes with SnO having slightly higher resistances
due to the presence of the non-conductive oxide (Supplemental Fig. 3
and Supplemental Table 1).

Functionalisation leads to greater charge storage at low scan rates,
however, as shown in Table 2, as the scan rate increases, the gap be-
tween the charge capacity levels off, as these surface redox reactions do
not have time to take place. As the CVs of the functionalised SWCNTs
differ significantly in shape from the SWCNT/SnO composite it is more
correct and representative of the electrode performance to compare in
terms of Coulombs as the capacitance is not constant throughout the
potential window, as shown in Table 2 (note that SWCNT/SnO are
represented in Farads and Coulombs as they display rectangular CVs)
[49]. For real world applications where supercapacitors are expected to
act in an ultrafast fashion the SWCNT/SnO composite is favoured due to
its enhanced cycling stability.

The electrochemistry of the SnO/SWCNT composite electrode in
H3S04 is shown with a CV plot at various scan rates and the GCD curve at
various current densities (Fig. 7A and B). At2 A g'1 which corresponds to
a time roughly equivalent to a rate of 60C for a battery it delivers a
capacitance of 102 F g'! which would be a normal operating rate for a
supercapacitor [50], whilst at 10 A g it delivers 60 F g'!. The specific
capacitance (Cgp) was evaluated from CV curves using Eq. (5) and GCD
curves using Eq. (6), where m is the mass of the electrode, v is the scan
rate, Vg and V, are the anodic and cathodic cut-off potentials, and I is the
current. As the CVs present are not perfectly rectangular, and the GCD
curves not perfectly triangular displaying a linear time dependant
change in potential at constant current [50] the integral forms are used

Table 2
Capacitance in F g! and C g™! of various tested electrodes at various scan rates.
Scan Rate 5mV s’ 10 mV s 20 mV s™! 50 mV st 100 mV s 200 mV s 500 mV s 1000 mV s! 2000 mV s
Composite
SWCNT H,S0, 288 C gt 223Cg?! 174Cg! 128 Cg?! 100Cg! 78Cg! 53Cg! 39Cg! 27Cg?
SWCNT K,S04 387Cg? 248 Cg?! 154Cg! 81Cg? 50Cg* 35Cg? 27Cg? 23Cg? 20Cg?
SWCNT/SnO H,S04 171 F g! 128 F g! 96 F g 73F g’ 62F g 55F g 47F gt 39F gl 28 F gt
240 Cg? 179Cg! 134Cg! 102Cg? 87Cg! 77Cg! 65Cg! 54Cg! 39Cg!
SWCNT/SnO K550, 88Fg! 77F g! 54F g! 41Fg! 36Fg! 33Fg! 27Fg! 23F g! 18F g!
105Cg! 92Ccg? 64Cg! 50Cg? 43Ccg? 39Ccg? 33Ccg! 28Cg? 21Ccg?
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in Egs. (5) and (6) to account for the non-ideality [51,52].

T /1 (V )av ®)

Cy, = é / %dt 6)

In the voltage window tested the SnO has no capacitive effect except
that which its surface area contributes to the EDLC, which is negligible
when compared to the SWCNTs. This was demonstrated as by increasing
the mass content of SnO from 10 to 50, 70 and 90%, there was a fall in
capacitance owing to the replacement of the SWCNT with SnO (Sup-
plemental Table 2). The specific surface area of SnO calculated from the
N, isotherms (Supplemental Figure 4) using the classic BET method was
12.98 m? g’ whilst the SWCNT specific area was 240.242 m? g1, thus
the EDLC available is far greater through use of the SWCNT.

Due to its layered structure, it was thought SnO would partake in
intercalation pseudocapacitance. The potential intercalation pseudoca-
pacitance was investigated by exploring more negative potentials in the
three-electrode setup. Upon repeated cycling, poor coulombic efficiency
was recorded and diminishing currents for subsequent cycles as shown
in Supplemental Figure 5. At these negative potentials, a reduction re-
action happens in place of/in parallel to ion intercalation which reduces
the SnO to metallic tin. During the subsequent anodic sweep not all of
the metallic tin is re-oxidised to SnO resulting in the poor coulombic
efficiency. This agrees with previous work carried out on Tin(II) Oxide

sensors [53]. Therefore it is of no benefit to expand the voltage window
to include this reaction as it is not fully reversible and the limit of the
cathodic sweep was kept at —0.4 V vs Ag/AgCl reference.

To demonstrate the advantage of extending the voltage window to
real world applications, an asymmetric device was assembled using
MXene (TizCyTx) as the negative electrode and 3 M H2SOy4 in polyvinyl
acetate (PVA) as the electrolyte. MXenes to date have shown great
promise as high-rate electrodes for pseudocapacitive energy storage due
to their highly reversible surface redox reactions [54], their 2D structure
and the large accessible surface area available. As both electrodes pre-
sent in this device display the same charge storage mechanisms (EDLC
and pseudocapacitance) one may consider it an asymmetric device [49].
SEM images of the MXene sheets used are shown in Fig. 7I. With the
MXene electrodes working range between —0.8 and 0.2 V vs Ag/AgCl
(Supplemental Figure 6), the working voltage window of the device was
set at 0 - 1.8 V (Fig. 7C, D and Supplemental Figure 7).

The maximum power of the asymmetric device was calculated using
Eq. (7) [52,55,56], where Vcharged is the voltage of the device and ESR is
the equivalent series resistance of the electrode:

V2

charged 0]

Poox = ——Fcs
4 x ESR

The ESR was calculated by using EIS and fitting the resulting Nyquist
plot with an equivalent Randle’s circuit as shown in Fig. 7G. Ry the point
of intersection of the real axis at high frequency is the internal/series
resistance and includes the intrinsic electronic resistance of the elec-
trode material, the ohmic resistance of the electrolyte and the interfacial
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resistance between the electrode and current collector [55]. R is the
charge transfer resistance, Cq is the double layer capacitance, and W is
the Warburg element used to describe the impedance of diffusion of
mobile charges in the electrode whilst Cpseudo is the pseudocapacitance
obtainable in both the SWCNT [7,57] and MXene [58] electrodes.

The ESR is a sum of the internal resistance (4.62 Q) and the charge
transfer resistance (0.99 Q). This leads to a maximum power density of
51.5 kW kg'! in terms of the SWCNT/SnO electrode in the asymmetric
device (note the MXene was in excess). The energy density at 1 A g was
24.39 Wh kg™! for the SWCNT/SnO electrode in the asymmetric device
dropping to 6.66 Wh kg™! at 10 A g'!. The energy density was calculated
from the GCD curve using Eq. (8) which considers the non-perfect
triangular GCD curve of the device, where t; is the time the discharge
finished and t; is the time after the initial IR drop [55].

n

E = /IV(,)dl‘ (8)

2l

(Note if accounting for the excess mass of MXene the full results for
the device are: 15 kW kg1,9.5 Wh kgl and 2.6 Wh kg™h).

Cycling data at 10 A g shows the enhanced stability obtainable
through the small addition of SnO to the SWCNTs with the three-
electrode configuration retaining 95% of the initial capacity after
7,500 cycles whilst the asymmetric device retains 90% of its initial
capacity.

4. Conclusions

In conclusion, pure SWCNT and SWCNT/SnO inks were successfully
manufactured into functioning supercapacitor electrodes. The presence
of SnO, although not adding to the capacitance of the electrode in the
voltage window, importantly inhibited the oxidation and subsequent
degradation of the SWCNT as confirmed by Raman spectroscopy, FTIR,
and XPS. We believe that the mechanism for shielding the SWCNTs in-
volves a pseudo-reversible reaction between the sulphate ions and SnO,
which leads to the existence of both SnO and Sn3O4 after cycling in
devices. This led to enhanced cycling stability for electrodes containing
a small fraction of SnO with a capacitance of 102 F g1 at 2 A g! and
capacity retention in excess of 95% after 7,500 cycles at 10 A g, thus
demonstrating the advantage of inhibiting the functionalisation of
SWCNTs. The asymmetric device assembled allowed the voltage win-
dow to be expanded to 1.8 V using MXene as the negative electrode, with
an energy of 24.39 Wh kg at 1 A ¢! and capacity retention of 90% after
7,500 cycles. Through further optimisation of this device and printing
more intricate geometries, we believe this figure can be improved upon.
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