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Abstract: The changes in global energy trends and the high demand for secondary power sources,
have led to a renewed interest in aqueous lithium-ion batteries. The selection of a suitable anode
for aqueous media is a difficult task because many anode materials have poor cycling performance
due to side reactions with water or dissolved oxygen. An effective method for improving the
characteristics of anodes in aqueous electrolyte solutions is adding carbon nanotubes (CNTs) to the
electrode materials. For a better comprehension of the mechanism of energy accumulation and the
reasons for the loss of capacity during the cycling of chemical current sources, it is necessary to
understand the behaviour of the constituent components of the anodes. Although CNTs are well
studied theoretically and experimentally, there is no information about their behaviour in aqueous
solutions during the intercalation/deintercalation of lithium ions. This work reveals the mechanism
of operation of untreated and annealed single-walled carbon nanotubes (SWCNT) anodes during
the intercalation/deintercalation of Li* from an aqueous 5 M LiNOj electrolyte. The presence of
-COOH groups on the surface of untreated SWCNTs is the reason for the low discharge capacity of
the SWCNT anode in 5 M LiNOj3 (3 mAh g~ after 100 cycles). Their performance was improved by
annealing in a hydrogen atmosphere, which selectively removed the -COOH groups and increased
the discharge capacity of SWCNT by a factor of 10 (33 mAh g~! after 100 cycles).

Keywords: SWCNT; carbon nanotubes; annealing; anode; aqueous

1. Introduction

A typical Li-ion cell consists of three electrochemically active parts—an anode, a
cathode, and a conducting electrolyte [1]. A cathode, generally made from a lithium metal
oxide, acts during discharge as a positive terminal, and an anode, commercially composed
of graphitic carbon, is the negative cell terminal [2—4]. The electrolyte is usually a lithium
salt such as lithium hexafluorophosphate (LiPF¢) dissolved in an organic solvent, e.g., a
mixture of ethylene carbonate and diethyl carbonate [5-9]. Despite the wide use of lithium-
ion batteries (LIBs) with LiPF¢ electrolytes, they have some important disadvantages; the
main disadvantages are the flammability of organic compounds used as electrolyte solvents
(primarily based on carbonate esters) and their high cost [8,10]. Thus, during the operation
of the batteries, it is necessary to control their temperature, which may increase with
prolonged exposure to sunlight on the battery or with intensive use of mobile devices. At
high temperatures (around 55 °C), LiPF4 decomposes to form pentafluorophosphorane
(PFs), which interacts with a solvent and forms highly toxic substances [11-13]. For example,
the PFg™ anion is highly reactive in dipolar aprotic solvents based on carbonates with weak
nucleophiles, so the presence of trace amounts of water or alcohols can lead to the formation
of hydrogen fluoride [14-17]. The unsafety of organic electrolytes led to attempts in the
early 1990s to use aqueous electrolytes in LIBs. The main advantages of aqueous electrolytes
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are that they are non-flammable, cheap, have very high ionic conductivity, and can operate
at very high power densities [18,19]. However, in the mid-1990s, aqueous electrolytes were
not widely used in LIBs for two reasons: the narrow 1.23 V potential window of aqueous
electrolytes and the lack of electrochemical performance of the existing materials. The
research rate on aqueous LIBs remained low over the next decade due to their uncertain
economic viability and the commercial success of LIBs with organic electrolytes. At the
same time, the improvement of LIBs did not stop: the advances in materials science and
nanochemistry led to the emergence of new materials that can also be used as positive and
negative electrodes in aqua-based LIBs.

Since the mid-2010s, electronics are rapidly becoming smaller and are actively used
in everyday life. The changes in global energy trends, including making materials more
sustainable and reducing energy costs, as well as the high demand for secondary power
sources, have led to a renewed interest in aqueous LIBs. Neutral solutions of LINO3; and
Li»SO4 have become the most used electrolytes for experiments [10,20]. Studies have shown
that cathodes, such as LiFePO4 and LiMn,Oy, used for non-aqueous electrolytes are also
stable in aqua-based solutions [21-23].

However, the suitable anode choice for aqueous media was a difficult challenge due
to the dissolution of the material in the electrolyte and their oxidation in the discharged
state [23,24]. At first, for aqueous LIBs as the anode material monoclinic, metastable VO, (B)
was used, but in this case, Li* intercalation was optimal only at an alkaline pH [25,26]. G.X.
Wang and co-authors [27] showed the possibility of using lithium-rich spinel (Li;MnyOy,
LiyMn5017) and lithium titanate (Lis Ti5O;2) with LiNO3 + LiOH water-based electrolyte
instead of vanadate electrodes. The use of lithium titanate as an anode is complicated
because titanate has a high water-splitting tendency, which works against the intended
application as the anode in aqueous solutions. H. Wang and co-authors [28] showed that
pyrophosphate TiP,O7 and NASICON-type LiTi;(POy)3 can be used as anode materials for
aqua-based batteries, but at the same time, due to side reactions of water and oxygen, they
demonstrated a poor cycling performance. Further research has shown that carbon coating
is an effective method for improving the performance of anodes in aqueous electrolyte
solutions [24]—electrode materials modified by carbon nanotubes (CNTs) demonstrated
significantly improved electrochemical properties [29-32]. These results showed that the
addition of CNTs to the active material can provide higher conductivity, a better rate
performance, and also improve capacity retention during cycling by avoiding contact loss
between active particles. J. Barraza-Fierro with co-authors [33] described the electrochemi-
cal behaviour of multi-walled carbon nanotubes (MWCNTs) in an acidic aqueous electrolyte
(1 M LiNO3/HNO3 with pH = 2) in the potential range of 0.4-1.4 V vs. Ag/AgCl. However,
in this potential range (0.4-1.4 V vs. Ag/AgCl), lithium intercalation in MWCNTs did not
occur, so it does not allow for the evaluation of the applicability of MWCNTs as an anode.
Additionally, to the best of our awareness, there is no cyclic testing of carbon nanotube
anodes in water-based electrolytes, which leads to a lack of knowledge about the behaviour
of both multi-walled (MWCNT) and single-walled carbon nanotubes (SWCNT) during
the intercalation/deintercalation of lithium in aqueous solutions. MWCNTs represent
several tubes nested inside each other, while the SWCNTs are one layer thick; therefore, to
understand the mechanism of lithium intercalation/deintercalation and to investigate the
related processes, it is necessary to start the investigation with SWCNTs, as they have a
more basic structure.

SWCNTs have a large surface area and easily interact with atmospheric gases (for
example, CO and CO,), which can lead to the formation of carboxyl groups on the surface
of nanotubes [34]. These carboxyl groups can affect the surface chemistry and electronic
properties of SWCNTs, and their performance in energy storage devices [35,36]. Annealing
can be used to remove -COOH groups from SWCNTs and restore their original properties.
While there is research on the effect of annealing on the performance of SWCNTs for appli-
cations such as sensors [37], there is no information specifically focused on the performance
of SWCNTs’ anodes in aqueous environments after annealing. Meanwhile, in non-aqueous



Batteries 2023, 9, 260

3of 14

Raw SWCNT
~5mg(£0.01 mg)

R

electrolytes, the annealing leads to a 7-fold increase in the Li-ion storage capacity for a
SWCNT cathode after its annealing [38].

In this work, the electrochemical behaviours of untreated and annealed SWCNTs
anodes during Li* intercalation/deintercalation processes from the 5 M LiNOj electrolyte
are investigated.

2. Experimental Part

The SWCNT film sample was fabricated using CNT (0.6 mg) deposition on a glass
slide (1.0 x 2.5 cm). One edge (1.0 x 1.0 cm) was covered by a 50 nm thick gold electrode.
For the preparation of the sample, 5 £+ 0.01 mg of SWCNTs (Nano RAY-T Ltd., Stopinu
Parish, Latvia) were weighed, mixed with 50 mL of isopropanol (98%), and placed in an
ultrasonic bath for 15 min to achieve a homogeneous suspension (Figure 1). The obtained
suspension was sprayed on a hot (150 °C) microscope glass slide with a spray gun until
the predetermined weight (0.6 mg) was reached. To anneal the sample, a single thermal
reduction step for 1 h at a temperature of 400 °C under 200 sccm H; /2000 sccm Ar flow
was performed. The 400 °C temperature was chosen, because it represents the conditions,
at which CNT based heterostructures using physical vapor deposition are fabricated [39].
The annealing at this temperature can enable more efficient synthesis, as multiple steps can
be performed without the heating/cooling of the substrate.

40
Sprayed

/I\ SWCNT

§99 >

Glass substrate
Homogenization in the u

(1x2.5cm)
ultrasonic bath for

'50 ml 15 minutes Suspension is being
98 % isopropanol sprayed on the hot
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Figure 1. Schematic illustration of the preparation of SWCNTs samples.

Further in the text, untreated and annealed samples will be designated u-SWCNT and
a-SWCNT, respectively. Electric contacts were fabricated using the thermal evaporation
method in the Sidrabe SAF EM device with gold pellets as evaporation materials (Kurt J.
Lesker Company, Jefferson Hills, PA, USA, purity 99.99%, EVMAU40SHOT).

The morphology of the SWCNTs samples was investigated with a scanning electron
microscope (SEM) “Hitachi FE-SEM 5-4800”. The chemical composition of the samples
was investigated by energy-dispersive X-ray spectroscopy (EDX) “Bruker XFLASH 5010”
and Fourier transform infrared spectroscopy (FTIR). The FTIR spectrum was obtained in
the frequency range 4000 to 400 cm ! by PerkinElmer FT-IR/FIR Spectrometer Frontier.
For the FTIR analysis, the SWCNTs sample was pressed with KBr pellets with the ratio
of 1:600 of SWCNTs:KBr, respectively. The spectrum was analyzed by the catalogue of
Spectrometric Identification of Organic Compounds [40].

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
performed to characterise the electrochemical properties of SWCNTs samples. The elec-
trochemical investigations were carried out using a PalmSens4 potentiostat/galvanostat.
As an electrolyte, 5 M LiNO;3 (Thermo Fischer, Waltham, MA, USA, purity 99%) was used.
During the electrochemical measurements, a 3-electrode laboratory-made electrochemical
cell system with SWCNT film as a working electrode, Ag/AgCl in aqueous 3 M KCl as
a reference electrode, and Pt wire as a counter electrode were used [41,42]. The active
mass loading of the electrode was 0.5 mg/cm?. Cyclic voltammetry curves were measured
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at the potential range from —0.2 V to +0.6 V vs. Ag/AgCl at a scan rate of 0.5 mV s~ 1.
Electrochemical impedance spectra were measured in the frequency range of 0.1-10,000 Hz
at the open circuit potential. The equivalent electrical circuits for the SWCNTs in 5 M
LiNOj3 were acquired from the impedance hodographs. The spectra complied with the
Kramers—Kronig relations [43]. The selection of equivalent circuits and calculations of
their parameters were performed by the Levenberg-Marquardt method. Galvanostatic
charge/discharge measurements were performed in the potential range from —0.2 V to
0.5V vs. Ag/AgCl at a C-rate of 0.5 C.

3. Results and Discussion
3.1. Effect of Annealing on the Structure of SWCNT5 Samples

There is almost no change in SWCNTs morphology before and after annealing (Figure 2a,d).
C, O, and Fe elements were identified in SWCNTs samples (Table 1). As-prepared SWCNT
before annealing (u1-SWCNT) predominantly consisted of carbon (~86%) and oxygen (~13%)
with Fe impurities (0.7%) from the precursor used in synthesis. On the other hand, for the
annealed sample, the amount of oxygen is only ~2% (sample a-SWCNT, Table 1) showing a
successful reduction of the sample; furthermore, the iron impurity level dropped almost
to zero (the carbon and oxygen values also include the background from the SEM/EDX
chamber and from the glass substrate on which the CNTs are deposited). Full EDX spectra
(Supplementary Figures S1-54) and mapping data (Supplementary Figures S5-58), which
include background signals from the glass substrate, for u-SWCNT and a-SWCNT samples
are presented in supplementary information.

Figure 2. SEM images of the u-SWCNT (a—c) and a-SWCNT (d—f) in 5 M LiNOj3; before cycling (a,d),
after the 5th cycle (b,e) and after the 100th cycle (c,f).

Table 1. The relative content of elements (atom, %) in SWCNTs samples.

Element u-SWCNT a-SWCNT
C 86.4 97.7
(@] 12.9 2.2

Fe 0.7 0.1
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The FTIR spectra of u-SWCNT (Figure 3) shows a wide band at 3437 cm~! correspond-
ing to O-H stretching vibrations. The C=0O (at 1717 cm 1) and C-O (at 1104 cm 1) peaks
represent the presence of the carboxyl groups. These carboxyl groups can emerge from
adsorbed CO and CO, in u-SWCNTs due to surface oxidation that can occur when CNTs
after synthesis are released into the laboratory environment [34]. The peak at 1435 cm ™! is
associated with aromatic C=C. The lines at 677 cm ™! and 1644 cm ™! are characteristic of
alkene =C-H groups and vibrations of the C=C covalent bonds, respectively [44]. The peak
at 2030 cm ! corresponds to the C=0 group, characteristic of mononuclear metal carbonyls,
and the peak at 482 cm ™! corresponds to vibrations of the Fe-CO bond [40,44]. The peak
at 2350 cm ! corresponds to atmospheric carbon dioxide and is used for calibration. Ob-
tained results were in good agreement with the literature data of FTIR spectra for carbon
nanomaterials [45,46].
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Figure 3. FTIR spectra of the investigated SWCNTs samples.

For the a-SWCNT sample, the carboxyl groups are reduced to -CHjz groups, as evi-
denced by the appearance of a band at 1375 cm~!. There are no peaks characterizing the
C-0O and C=0 bonds in the spectrum. However, there is a broad band at 3450 cm~ 1,
this O-H stretching mode is more likely due to adsorbed water molecules. The ab-
sorption bands at 2870 cm ™! characterize asymmetric vibrations of -CH,- groups and
at 2720 cm~! characterize fluctuations in the C-H bond. The peak at 879 cm~! indicates
the presence of iron carbonate Fe,CO3 or, more likely, Fe;CO3(OH), [47]. Additionally,
as reported by Zhang et al. [48], the removal of the oxygen-containing functional groups
create nanowindows in the SWCNT’s graphene sheet and lead to the increased overall
porosity of the material.

Schematically, possible changes in the SWCNTs structure during annealing are shown
in Figure 4.

[o) (o)
o\ o\
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\Y
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Figure 4. The scheme of the possible changes in SWCNTs structure during annealing.

+ Fe,CO;(OH),
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3.2. Effect of Annealing on the Electrochemical Properties of SWCNTs Anodes in 5M LiNO3

The impedance spectra are arranged in the form of stable graphs, which is also typical
for other promising anodes for LIBs [49-52]. The acquired experimental dependences of
the Nyquist impedance hodographs for a-SWCNT have the form of a part of a semicircle
with the center lying below the abscissa axis, and therefore the classical Randles scheme
cannot be used to describe this impedance. To describe this type of curve, the constant
phase (Q) element, is introduced.

Thus, the system can be described by a model of a polarizing electrode with a dis-
tributed capacity (Figure 5). The equivalent circuit of the u-SWCNT electrode includes an
electrolyte resistance (R), a constant phase element (Q;), and a charge transfer resistance
(Rp). The constant phase element reflects the exponential distribution of the parameters
of the electrochemical reaction associated with overcoming the energy barrier during
charge transfer due to the desolvation of ions on the hydrophobic surface of the SWCNT
electrode [53]. The form of the impedance hodograph for the annealed sample (Figure 5
a-SWCNT) indicates the presence of an additional R-Q element, which prevents the use
of the u-SWCNT equivalent circuit for the a-SWCNT sample. The first response of the
system in the high-frequency range of 0.5-10,000 Hz, which is described by the elements
Rp-Q», refers to the outer layer. The low-frequency response (0.01-0.5 Hz), which is de-
scribed by R3-Q; elements, refers to the formations of some nanowindows on the graphene
sheets of annealed nanotubes [48]. The values of the phase angle (6 = —67°) indicate the
heterogeneity of the surface.

120 6 100
la - b e Uu-SWCNT [
- e a-SWCNT F
100 81 5 _—80
807 6_: . / "*4 :—60 -g;
g * ] . % )
f\jk 60 4_: §3 - §
14 0 o -40 2
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204 1 20
o+ 0
0 20 40 60 80 100 120 -2 -1 0 1 2 3 4
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R2 RZ
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—A\N\N— —— _/\/V\_ a, —
R | ¢
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Figure 5. Nyquist (a) and Bode (b) plot of SWCNTs samples in 5 M LiNO3 with appropriate equivalent

circuits (c).

The cyclic voltammogram of SWCNTs networks in 5 M LiNOj3 at the scan rate
0.5 mV s~! (Figure 6) clearly shows the peaks of Li* intercalation (—0.02 V vs. Ag/AgCl)
and deintercalation (0.04 V vs. Ag/AgCl) according to reactions (1) and (2) [54,55].

Intercalation xLi* + xe™ + C — Li,C 1)
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Deintercalation LiyC — xLi* + xe™ + C (2)
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Figure 6. (a,b) Cyclic voltammograms in 5 M LiNO3; of SWCNTs anodes: (a) u-SWCNT and (b) a-
SWCNT at the scan rate of 0.5 mV s~1 (¢,d) charge/discharge plateaus of the first five cycles of
u-SWCNT (c), and a-SWCNT (d) in the 5 M LiNOj at the C rate of 0.5 C. The arrows on the plots (a,b)
indicate the potential scan.

The intercalation and deintercalation processes of Li* ions demonstrate high reversibil-
ity, confirmed by the reproducibility of the voltammogram peaks in all 5 CV cycles (Figure 6).
During the first cycle, lithium intercalation leads to a short-time excess of positive charge
on the electrode surface [56]. At the same time, NO3;~ and OH™ anions are concentrated
around the electrode to reduce this positive charge. The formed electric double layer
at the electrode/solution interface creates additional restrictions for Lit deintercalation.
During the first five cycles, the amount of intercalated lithium in SWCNT increases, which
leads to the strengthening in the electrostatic adsorption of anions and is supported by the
rising in the height of the intercalation and deintercalation peaks on the voltammogram
(Figure 6, peak 1 and peak 2, respectively); this effect is more pronounced for the u-SWCNT
(Figure 6a).

The group of carboxylates, which are present in u-SWCNT as weakly electron-withdrawing
ligands, could act as redox centers for coordination with Li [57], and the presence of the
third peak III (—0.16 V vs. Ag/AgCl) (Figure 6a) can be associated with the interaction of
surface carboxyl groups with lithium ions:

xLi* + nRCOOH — nLiy(COOR) + nH" 3)
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The charge/discharge potential plateaus (Figure 6¢,d) in the initial five cycles are in
good agreement with the CV results (Figure 6a,b). Both samples (u-SWCNT, a-SWCNT)
demonstrated small plateaus which represent the Li* intercalation and deintercalation
processes (Figure 6a,b). For the u-SWCNT sample, the additional charge plateau was
observed as well at —0.16 V vs. Ag/AgCl indicating the reaction between surface carboxyl
groups with lithium ions.

The total stored charge resulting from both faradaic and non-faradaic processes
was determined from the area beneath the CV curves obtained at different sweep rates
(Figure 7a,b), as described in our previous works [41,42]. While a significant contribu-
tion of the capacitive current can be observed for both samples, the contribution of the
diffusion-controlled Li* intercalation effect for a-SWCNT increases by 7-10% compared
to u-SWCNT (Figure 7c,d), which may indicate the removal of diffusion restrictions for
lithium intercalation after annealing.

80 60 7
ja ib
60 — 10.0mV s 403
40 7.0mvV s 207
£ 20_5 50mvV s g_. 0_
= ] . L = :
03 20mVs 204
3 — 05mVst 3
-204 -404
— 40 e - 60 e
-0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6
E,V vs. Ag/AgCI E,V vs. Ag/AgCl
c d
100————: wd
S 80 ! 331 [89 —_
S || [so] [33 - g a0 mp=
% 60 71 [ Capacitive py 73| |76] |79
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© 40 @ —
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1 1 1 1 1 0 . . . T T
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05 0 30 0 100 05 20 5.0 7.0 100

—1
v, mVs v, mV st

Figure 7. Cyclic voltammetry curves at different sweep rates for u-SWCNT (a) and a-SWCNT.
(b) and the contribution ratio of capacitive and diffusion-controlled current at different scan rates for
u-SWCNT (c) and a-SWCNT (d).

The cycling performance of the u-SWCNT anode at 0.5 C in 5 M LiNOj3; showed
very low specific capacity values (Figure 8a). The initial discharge capacity (6.5 mAh g’l)
was significantly lower than the charge capacity (100 mAh g~!) showing the Coulombic
efficiency of only 6.5%. During cycling, the Coulombic efficiency gradually increased due to
a significant reduction in charging capacity and reached 30% by the 100th cycle. Irreversible
capacity is most likely associated with the irreversible reaction between lithium and -COO"
groups of SWCNT [58,59], which is also supported by the cyclic voltammetry (Figure 6a)
and FTIR data (Figure 3).
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Figure 8. Cycling performances of u-SWCNT (a) and a-SWCNT (b) anodes at 0.5C in 5 M LiNOs.

The annealing of the electrode made it possible to increase the initial value of the
discharge capacity by 10 times compared to the unannealed sample (65 mAh g~! for a-
SWCNT and 6.5 mAh g~! for u-SWCNT). The value of the initial charging capacity also
increased to 170 mAh g~!, while the initial Coulombic efficiency for the a-SWCNT sample
was ~30% with a gradual increase during cycling to ~70% (Figure 8b), which may be due
to the dissolved-in-electrolyte oxygen reduction at the platinum counter electrode [60].
During the cycling of the a-SWCNT anode, the discharge capacity gradually decreased and
by the 100th cycle was 33 mAh g~ 1.

The low value of the Coulombic efficiency (for u-SWCNT <15% and for a-SWCNT
<30%) can be caused due to the reduction of oxygen at the platinum counter electrode.
The main sources of oxygen are the electrolyte (dissolved oxygen) and SWCNT (adsorbed
oxygen). In the following cycling (from the 20th to the 100th cycle), the capacities start to
stabilize which is indicated by a gradual increment of Coulombic efficiency. This fact might
indicate that in the subsequent cycling, the amount of dissolved oxygen in the electrolyte
has significantly decreased. In addition, the significant capacity fading in the first cycles is
very common for the aqueous type of LIBs [28,61].

The reasons for such a 10-fold increase in the capacity of a-SWCNT compared to the u-
SWCNT sample can be explained by the formations of some nanowindows on the graphene
sheets after annealing, as evidenced by the obtained impedance spectrum (Figure 5). For a
better understanding of the processes of charge accumulation in u-SWCNT and a-SWCNT
samples during cycling, impedance spectra and the equivalent circuits were obtained for
the anodes in discharged states (Figure 9).

The R; value, which indicates the electrolyte resistance, is relatively stable during
cycling, indicating the good performance/stability of the electrolyte (Figure 9, Table 2).
For both samples, the charge transfer resistance (R;), which represents the resistance
of the electrical double layer, decreases during cycling for both samples—five times for
the u-SWCNT sample and six times for the a-SWCNT sample. Both samples have a
Warburg element, that describes the diffusion of solvated ions from the solution volume
to the electrode surface. For both samples, the R, and W values decrease during cycling,
indicating the acceleration of the electrochemical charge transfer reactions and the removal
of limiting restrictions for lithium intercalation with subsequent cycles. R3 and Q; elements
for the a-SWCNT sample represent pore resistance and capacitance, respectively. The
calculated parameters of the a-SWCNT electrode impedance (Table 2) made it possible
to conclude that lithium intercalates in the inhomogeneity of the electrode already in
the first cycle, during which the Q; increases from 0.8 x 107 to 1.1 x 10~* Q-s™", and
practically does not change during cycling. Lithium diffusion decreases during continuous
cycling, as evidenced by the decrease in the Warburg impedance values from 27.1 x 10° to
0.2 x 10° O-s~1/2. The main changes are observed in the structure of the electrical double
layer: the resistance Ry decreases from 1200 () after the first cycle to 200 () after the 100th

cycle, as well as a decrease in the parameter Q, from 2.4 x 107* to 0.9 x 107* Q-s7",
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respectively. Based on these data, it can be concluded that an increase in the porosity of the
electrode is one of the reasons for the increase in the capacitance of the electrode.

6 100
0.06 W, C
] R, 5 -
80
4 Qz :
] <10° 4 - =)
0.04 [ /81— s ] F 0 S
c N .
S 9 = 37 B @
e o> u @
l-\l d 2 - 40 <
& 24 C a
0.02 ] F
1] 20
0 2 4 0 0
—————r o 1t o
0.00 T 1% Cycle 2 -1 0 1 2 3 a4
0.00 0.04 0.06 5t Cycle log (freq/H
z MQ og (freq/Hz)
o 10" Cycle
0.05 __ 25 Cycle 6 — 100
- R 3 1 th -
1C R, 2 O 50" Cycle : -
0.04] /9 - 75" Cydle L 80
] ! o 100" Cycle ] R C
. g X103 S ‘ F oo &
0.03 ] g S
c E q N 2] [ o
= A CE <7 F 3
N 2 40 2
0.02] § 4] 2] F 5
] 2] ]
0.01 17 20
00 s :
0+ - 0
0.00 T T 2 1 0 1 P 3 4

0.

01

0.02 0.03 0.04 0.05

Z.MQ log (freq/Hz)
Figure 9. Nyquist (a,c) and Bode (b,d) plots for u-SWCNT (a,b) and a-SWCNT (c,d) anodes during
cycling in 5 M LiNOs.

3.3. Changes in Surface Morphology and Material Structure of SWCNTs Samples during Cycling
as an Anode in 5M LiNOj;

After 5 cycles, no change is observed for the a-SWCNT sample (Figure 2e); however, in
the case of u-SWCNT, the sample is partially covered with crystals (predominantly LiNO3).
This difference is due to the fact that lithium interacts with -COOH groups of u-SWCNT
already during the first cycles, thus staying on the electrode surface and forming nucleation
centers around which crystals can start to form. After 100 cycles, the crystal structures
cover the whole surface of the u-SWCNT electrode (Figure 2c). For the annealed sample,
crystals are also formed on the surface; however, they are dispersed along the entire length
of the nanotubes and do not cover the entire surface (Figure 2f). The SEM (Figure 2) and
EDX data (Supplementary Figures S1-58) did not reveal any structural changes for the
u-SWCNT and a-SWCNT electrodes after cycling. Additionally, the before and after cycling
XRD pattern (Figure 10) for the SWCNT on the glass substrate showed that the sample
is amorphous—no significant diffraction peaks were identified, except for a broad, low
intensity band with a Bragg angle at 20 between 20 and 30° (Figure 8). This indicates that
material is amorphous and the XRD signal most likely is a sum of the SWCNT electrode
and the glass substrate. After cycling (100 cycles), there were no significant changes in the
XRD pattern.
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Table 2. Results of simulation of electrode impedance during cycling of untreated and annealed

SWCNT anodes.
Cycle Number
Parameter Before
Cycling 1st Cycle 5th Cycle 10th Cycle 25th Cycle 50th Cycle 75th Cycle 100th Cycle
untreated SWCNT anode (u-SWCNT)
Ry, O 12.4 11.4 9.7 8.7 8.2 7.9 8.0 7.6
Ry, x 1073, 0 1690.0 15.0 8.4 5.6 4.6 2.8 2.8 29
Wi x 107°, Q-s71/2 - 1.75 0.35 0.21 0.20 0.23 0.27 0.39
Q, x 10%, Q-s™ 1.2 2.3 2.1 1.9 1.7 1.8 1.8 1.8
n 0.92 0.92 0.93 0.93 0.93 0.89 0.87 0.86
annealed SWCNT anode (a-SWCNT)
Ry, O 20.2 17.8 17.8 17.2 17.6 17.7 17.7 17.1
R, x 1073, Q 19.9 1.2 0.9 0.9 0.6 0.5 0.3 0.2
R3 x 1072, Q) 12.8 5.0 10.2 9.8 8.1 6.8 7.9 0.4
Wi x 1075, )-s71/2 - 271.0 89.8 15.5 14.9 13.8 9.8 22
Q; x 10%, Q-s™™ 0.8 1.1 1.1 1.0 13 1.2 1.3 1.3
m 0.91 0.87 0.84 0.82 0.78 0.77 0.76 0.76
Q, x 10%, Q-s™™ 0.8 24 2.1 1.8 1.2 1.2 1.0 1.0
n, 0.82 0.90 0.91 0.91 0.91 0.91 0.93 0.94
S
-
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Figure 10. X-ray diffraction patterns of the SWCNT networks on the glass substrate before and after
100 charge/discharge cycles.

Accompanied with the cycling performance data, it can be concluded, that the forma-
tion of the crystals around the a-SWCNT pores, possibly created by the removal of -COOH,
inhibits the intercalation/deintercalation of lithium in SWCNT by a lesser extent than the
one for the untreated sample, thus improving the overall electrochemical performance.

4. Conclusions

The electrochemical properties of untreated and reduced SWCNTs were investigated.
The mechanism of interaction between an aqueous solution of 5M LiNOj3 and the untreated
SWCNT anode is a complex multistep process, where the intercalation/deintercalation of
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lithium into single-walled carbon nanotubes is complicated by unwanted side-reactions of
lithium cations with -COOH groups on SWCNTs. They lead to the gradual crystallization
of lithium nitrate from the solution on the surface of the SWCNT network anode. These
parallel processes are responsible for the low discharge capacity (3 mAh g~ after 100 cycles)
and low value of the Coulombic efficiency (30% after 100 cycles). The annealing of SWCNTs
in a hydrogen atmosphere significantly improved the characteristics of the anode in a water-
based 5 M LiNOj electrolyte. Compared to the untreated sample, the Coulombic efficiency
for the annealed sample after 100 cycles increased more than two times to 70%, and the
anode discharge capacity increased by a factor of 10—to 33 mAh g~!. This increase in the
performance is associated with the removal of -COOH groups from the SWCNTs surface,
which eliminates the undesirable side reactions, alters the crystallization mechanism of
the lithium nitrate on the anode’s surface, and creates additional pores on the surfaces of
SWCNTs, allowing lithium to intercalate/deintercalate more effectively.

These findings are important for both the use of SWCNTs as standalone anodes and
even more so as electroconductive and structural additives to other active materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /batteries9050260/s1, Figure S1. EDX spectra of the untreated
SWCNT (u-SWCNT) sample before cycling. Figure S2. EDX spectra of the untreated SWCNT (u-
SWCNT) sample after 100 cycles. Figure S3. EDX spectra of the annealed SWCNT (a-SWCNT) sample
before cycling. Figure S4. EDX spectra of the annealed SWCNT (a-SWCNT) sample after 100 cycles.
Figure S5. EDX mapping spectra of the untreated SWCNT (u-SWCNT) sample before cycling.
Figure S6. EDX mapping spectra of the untreated SWCNT (u-SWCNT) sample after 100 cycles.
Figure S7. EDX mapping spectra of the annealed SWCNT (a-SWCNT) sample before cycling. Figure
S8. EDX mapping spectra of the annealed SWCNT (a-SWCNT) sample after 100 cycles.
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