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Abstract

Anode materials are key to determining the energy density, cyclability and of life recyclability
for Li-ion energy storage systems. High surface area materials, such as MXenes, can be
manufactured with improved electrochemical properties that remove the need for polymeric
binders or hazardous chemicals that pose a challenge to recycle Li-ion batteries. However,
there remains a challenge to produce Li-ion anode materials that are binder free and poses
energy storage characteristics that match the current carbon-based electrodes. Here we
show the synthesis of N-doped MXene-TiO2 hybrid anode materials using an agueous route.
N-doped TiO2-MXene was modified using a single step continuous hydrothermal process.
Capacity tests indicate an improvement from the initial specific energy capacity of

305 mAhg* to 369 mAhg after 100 cycles at a charge rate of 0.1 C and a Coulombic
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efficiency of 99.7%. This compares to 252 mAhg for the unmodified MXene which exhibited
significant capacity fade to 140 mAhg™. The ability to manufacture a Li-ion anode that does
not require toxic chemicals for processing into an electrode and exhibits good energy
storage characteristics in a binder free system is a significant step forward for energy storage

applications.

Keywords: MXene; nitrogen-doping; continuous hydrothermal flow synthesis; binder-free

electrode processing.

1. Introduction

Lithium-ion batteries (LIBs) are energy storage devices that have emerged as the dominant
current battery technology due to their high energy density and excellent cycling
performance[1,2]. Lithium has low molecular weight and density and is highly suitable for
intercalating into layered materials, thereby showing high volumetric energy density. Despite
these exciting properties exhibited by LIBs, they are limited by power performance, costs,
safety and environmental concerns from toxicity of its components and lithium mining.

LIBs store energy by transporting lithium ions from the cathode to the anode during the
charging process and vice-versa during the discharge process. A typical LIB comprises of
three components; the anode (usually graphite), the cathode (typically lithium metal oxides,
e.g., LiCo0Oz2), and an electrolyte (non-aqueous) that allows for reversible lithiation and de-
lithiation over a wide potential range. Lithium metal oxides (LMOs) as cathode materials
offer high chemical potential (vs L/Li*), while graphite as an anode material is naturally
abundant, low cost, and has a layered structure suitable for intercalation[3,4]. Despite the
long cycle lives shown by LIBs, one major disadvantage is the use of standard polymeric
binders in electrode fabrication. An example is poly vinylidene difluoride (PVDF), a poly-

fluoroalkyl (PFA) compound classified as a "forever chemical" due to its longevity in the



environment. A potential solution that eradicates the use of forever chemical is the aqueous
processing of MXenes into a stable colloidal suspension due to its negatively charged
nanosheets. Previous reports on the use of MXenes as Li-ion anodes show a potential

means to eliminate environmentally unfriendly polymeric binders from LIB electrodes[5-7].
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Fig. 1 Schematic of Lithium-ion battery energy storage process

Also, electrode fabrication in LIBs requires the use of N-methyl-2-pyrrolidone (NMP), a toxic
solvent in slurry processing the electrodes[8-11]. These negatively impacts both the
environmental friendliness and cost of battery manufacturing currently. To overcome this,
the solution is MXene, which enables aqueous processing due to its excellent hydrophilic
surface. This eliminates the use of toxic electrode processing solvents[12]. In addition,
MXenes have high electronic conductivity (6500 S cm™t), enabling them to serve as an active

material and a current collector[13,14].

MXenes are transitional metal carbides, nitrides, and carbonitrides that exhibit ultrahigh
electronic conductivity and excellent charge storage properties[13,15]. MXenes were first
reported by Gogotsi et al. in 2011, highlighting its synthesis from MAX phase precursor by
a selective acid etching process[15]. In the MXene synthesis process, hydrofluoric acid (HF)
selectively etch out the "A" element to produce MXenes with a general formula Mn+1XnTx,

where n= 1,2, or 3, and Tx are surface terminations such as O, OH, and F. Examples of



MXenes include TisC2Tx, Ti2CTx, TisCNTx, NbaC3sTx, etc.[13,15]. Reversible redox reactions
occurring at the titanium surface (Ti) in MXene provide a pseudo-capacitance, thereby
increasing the faradaic performance of a MXene electrode[16]. A tapped density of
4 g cm? exhibited by MXenes reduces the electrode's mass loading compared to 2D
graphene (0.4 g cm3). A reported high volumetric capacitance of up to 900 F cm= in MXene
attracts increasing interest in energy storage applications[13,14]. However, the stability of
MXenes in an aqueous solution, re-stacking of its nanosheets, and limited control of its
surface functionalities limit the full use of its properties. A potential solution is through the
surface and chemical functionalisation of 2D MXenes with metal oxides such as titanium (iv)
oxide (TiO2) or doping with heteroatoms such as nitrogen[17]. The growth of TiO2
nanoparticles between MXene sheets prevents re-stacking, thereby keeping sheets
separated. During the doping process, the dopant (nitrogen) behaves like an electron donor.
It replaces carbon in the crystal lattice of the semiconducting material by generating an extra

valence electron in modulating the conductivity of the semiconductor material.

Due to its natural abundance, low cost, high safety and non-toxic nature[18], TiOz serves as
an attractive Li-ion anode material in energy storage[19,20] and various applications such
as photocatalysis[21-23] and water treatment[21,23]. TiO2 also exhibits a low volume
expansion (<4%) during the lithiation process, a prerequisite for long cycle life materials[24—
26]. However, challenges exist in performance, chiefly related to the poor electrical
conductivity and sluggish Li-ion diffusion within the material[27,28]. Utilising nano-TiOz is a
potential route to overcome this due to improved surface area and reduced diffusion
distance for Li-ion transport compared to bulk materials[29]. Furthermore, combining TiO2
nanoparticles with highly conductive 2D materials such as MXenes has the potential to boost
performance significantly while simultaneously eliminating the need for conventional

fluorinated polymeric binders[26].



Advanced surface modifications of 2D materials via a unique route of synthesis offer an
advantage of distinct morphologies, improved surface area and surface functionalities. In
addition, these modifications alter the material structure by size tuning and engineering
defects in the material, thereby causing a change in the electronic and optoelectronic
properties[30]. As stand-alone materials do not have enough properties to render practical
functions, it is advantageous to combine the properties and modified functionalities of 2D
MXenes and TiO2 nanoparticles as electrode materials to enhance electrochemical
performance. However, the current approaches in the synthesis of materials face
challenges, including toxic precursors, non-uniformity of particle size distribution, lengthy
manufacturing time, and energy costs. As a result, there is a need to adopt synthetic
strategies that overcome these challenges by providing a rapid, clean and scalable material

synthesis process while delivering high-performance materials.

Continuous Hydrothermal Flow Synthesis (CHFS) is employed here as a favourable
methodology that offers a single-step process of delivering water-soluble precursors with a
flow of supercritical water at 374 °C and 22.4 MPa for homogeneously producing highly
crystalline nanostructures[30—32]. This method exploits the properties of supercritical water,
such as its reduced dielectric constant and increased dissociation to H* and OH" ions which
facilitate the rapid synthesis of various metal oxides through hydrolyses, dehydration, and
precipitation[33]. CHFS methodology delivers fine particles, single crystals, and metal
oxides by controlling the reaction medium's viscosity, density, and dielectric constant
through changes in the reaction temperature and pressure. This hands-on approach offers
control over the particle size, morphology, and crystal structure of as-synthesised
materials[14,32—-35]. Compared to traditional methods, CHFS saves time (within a fraction

of a second) and energy in delivering quality and reproducible homogenous



materials[32,36—39]. In addition, the CHFS process has a low environmental impact, as

shown in the synthesis of graphene quantum dots.

2. Experimental Section

Chemicals: MAX phase Ti2AIC (Maxthal 211) was purchased from Kanthal AB® 211. 40%
hydrofluoric acid (HF), 99% potassium carbonate and anhydrous 99.9% dimethyl sulfoxide
(DMSO) were purchased from Sigma Aldrich (UK). 32% ammonia was purchased from
Fisher Scientific (UK). All chemicals were used as received without any further purification.

15 MQ deionised (DI) water obtained from an ELGA Pure Lab system was used.

2.1 MXene Synthesis

Ti2C MXene was prepared following processes described in the literature by Gogotsi and
co-workers[15]. Ti2AIC MAX phase material (6 g) was added slowly into 20% HF (200 mL)
in a large flask. The resulting mixture was stirred mildly at room temperature for 24 h. Solid
materials were obtained by vacuum filtration of the slurry and washed with DI water (2 L)
until a pH of 6. Wet solids were collected and freeze-dried to obtain multilayered MXene
powder (m-MXene). m-MXene was further delaminated into fewer layers by bath sonication
in DMSO for 24 hrs and centrifuged at 3500 rpm for 20 minutes to obtain delaminated
MXenes (d-MXenes). The delaminated MXene was used as starting precursor in the

hydrothermal treatment process and referred to as “untreated MXene”.



2.2 Continuous Hydrothermal Flow Synthesis (CHFS) of N-doped MXene-TiO2 hybrids
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Fig. 2 Schematic of continuous hydrothermal flow synthesis of N-doped MXene-TiOz hybrids
consisting of three feeds delivering superheated water (T = 350 °C or T =450 °C; P = 22.4
MPa), MXene (which also served as TiO2 precursor) and ammonia (N-source) precursors.

BPR = back-pressure regulator.

Using the CHFS schematic in Fig. 2, CHFS experiments were conducted to synthesise N-
doped MXene/TiO2 composites at different temperatures (350 °C or 450 °C). The system
consists of three pumps F1, F2, and F3, as labelled in Fig. 2, delivering aqueous mixtures
of de-ionised (DI) water in F1, 2 mg/mL delaminated MXene solution in F2, and 0.5 M
ammonia in F3 at a flow rate of 20 mL min-t, 5 mL min~t and 5 mL min-tin pumps F1, F2 and
F3 respectively. This aqueous mixture of MXene in P2 was pumped to meet a flow of
aqueous ammonia in F3 at a T-junction. This mixture then meets superheated water (T =
350°C and 450 °C, P = 22.4 MPa) from F1 at the mixing point R, where product formation
occurs continuously. Experimental CHFS operating conditions (pressure and flow rate)

remained the same for the different temperature reactions. The reaction temperature was



monitored by a K-type thermocouple connected to the 1/4-inch Swagelok cross union
stainless steel mixing point to read the temperature data on a Pico log software. The
resulting suspension was cooled by passing through a vertical cooler, and the slurry was
collected from the tubing outlet of the back-pressure regulator (BPR). The assembled
products were centrifuged and washed several times to a pH of 6. The precipitate was
freeze-dried for 24 hrs, and solid particles were collected for characterisation. The as-
synthesised materials at two different temperatures of 350°C and 450°C were labelled as

NMT350 and NMT450, respectively.

2.3 Equipment and Techniques

Samples were freeze-dried using a Heto Powder Dry PL3000 device. Slurries were frozen
with liquid nitrogen and dried for 24 hrs. Scanning Electron Microscopy imaging (SEM) was
acquired using a Zeiss Upra 55VP field emission gun scanning electron microscope.
Powdered samples were prepared by sputter coating of gold to ensure conduction of the
layer. Samples were imaged at 5 kV with secondary electron imaging (SEI). Transmission
Electron Microscopy imaging (TEM) was acquired for particle size determination and
morphology analysis using a JEOL JEM-1400 microscope with an accelerating voltage of
80 kV. Samples were prepared on copper grids (Holey Carbon Film, 300 mesh Cu, Agar
Scientific, UK) by dispensing a small amount in ethanol and adding a few drops of the
suspension over the TEM grids. Particle size measurements were performed with ImageJ
particle size analysis software. X-ray photoelectron spectroscopy (XPS) measurements
were performed using a Thermo Fisher Scientific K-alpha* spectrometer utilising a micro-
focused monochromatic Al X-ray source operating at 72 W (6 mA x 12 kV) and with the 400-
micron spot mode, which averages over an elliptical area of approximately 400 x 600
microns. Data was recorded at pass energies of 150 eV for survey scans and 40 eV for a

high-resolution scan with 1 eV and 0.1 eV step sizes. The charge neutralisation of the
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sample was achieved using a combination of both low-energy electrons and argon ions.
Data analysis was performed using CasaXPS (v2.3.24) using Scofield sensitivity factors and
an electron escape depth dependence of -0.6 after subtraction of a Shirley-type background.
Raman spectroscopy measurements were performed on a Jobin Yvon Labram HR laser
Raman microprobe equipped with a 473 nm laser to investigate the composition of the
samples. A Bruker D8 ADVANCE X-ray diffractometer equipped with a ceramic copper
target X-ray tube was used to obtain the XRD patterns. The Rietveld refinement of powder
diffraction data was conducted using Match software (Crystal Impact) equipped with Fullprof

program.

Electrochemical investigations were conducted using a two-electrode Swagelok-type cell
consisting of Cu foil current collectors. The N-MXene/TiO2 nanocomposite served as the
active material acted of the working electrode with Li foil as the counter and reference
electrodes. A Celgard separator (2400) was used and saturated with a carbonate-based
electrolyte solution of 1M LiPFs [EC/DMC 1:1]. HCs were tested over the voltage window 0

— 3 V using a Biologic MPG-2 for all galvanostatic measurements.

2.4 Electrode Fabrication

The N-doped MXene/TiO2 nanocomposite was mixed with de-ionised water in a ratio of 1:10
w/v and stirred for 12 hrs to form a homogenous and viscous slurry. The slurry was coated
onto a Cu foil substrate (of thickness 9 um) using a laboratory-scale doctor blade machine,
without any binders or conductive additives. The MXene tape was air-dried for 24 h, and
further vacuum-dried at 110 °C for 60 minutes to ensure all water was removed. Samples
were cut with a square punch to an area of 0.5 cm? and an average mass loading of 0.3

mg/cm?,



3. Results and Discussion

We have explored a rapid synthesis approach that delivers MXene (which also functioned
as TiO2 precursor) and ammonia (N-source) continuously into a supercritical environment in
synthesising N-doped MXenes decorated with TiO2 nanoparticles. TiO2 nanoparticles have
been produced in situ through a one-step hydrothermal process from MXene as a starting
precursor. MXene (containing Ti atoms) is controllably oxidised during the hydrothermal
method and form TiO2 on the edges of the MXene sheets, and the surface defects are
produced after the etching process. As the hydrothermal process proceeds, the nucleus of
the TiO2 particles grows due to the diffusion of Ti atoms from the MXene surface. Ti-C bonds
are broken during this process, C-C bonds are formed, and an anticipated CO: is released
during the reaction process as supported by precedence from literature[40]. A combination
of all these processes results in the formation of TiO2 nanoparticles on the surface of N-
doped MXene sheets. Characteristically, this is also associated with the formation of carbon.

The as-synthesised materials were collected and characterised for various analyses.

_ &7 Al layers
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Fig. 3 SEM Images of (a) MAX phase material (b) HF treated MXene (m-MXene) (c)
ultrasonicated MXene (labelled as d-MXene or untreated MXene). This delaminated MXene

was used as starting precursor in the CHFS treatment process.

Electron microscopy analyses were used to investigate the effect of the continuous

hydrothermal flow treatment on the structure and morphology of synthesised materials. The
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MAX precursor prior to being treated in CHFS was subjected to HF treatment (to remove Al
layers) followed by ultrasonication in DMSO. SEM images shown in Fig.3 reveal the
characteristic MXene phase Ti2C. Furthermore, as shown in the SEM images (Fig. 4), as-
prepared N-MXene/TiO2 (NMT) composites exhibit accordion-like and separated sheet
structures with spherical nanoparticles distributed across the surface of the sheets. These
nanoparticles were formed in both NMT350 and NMT450 samples due to the supercritical

environment created during hydrothermal treatment at 350°C and 450°C, which can be

related to the controlled oxidation of MXene to TiOx.

Fig. 4 SEM images of N-MXene/TiO2 nanocomposites produced via continuous
hydrothermal flow synthesis showing a sandwich arrangement with TiO2 nanoparticles

embedded in between MXene sheets.

The surface of the MXene sheets appears “rough” after hydrothermal treatment due to the
formation of titania nanoparticles on its surface compared to pre-treated delaminated MXene
(Fig. 3). EDS analysis (Fig.S1 and Table S1) confirmed the presence of TiOz particles.

It is hypothesised that the oxidation of MXene sheets starts from the edges due to the
presence of these spherical nanoparticles observed around the edges (inset Fig. 4), which
later extends to the core as reaction temperature increases to 450°C. The structure of the

N-doped MXene/TiO2 (NMT) composites shows a sandwich arrangement with TiO2
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nanoparticles embedded in between MXene sheets. It is envisaged that this arrangement
helps keep MXene sheets separated, thereby making them accessible for intercalation of
Li* ions and promoting its surface area access to electrolyte ions. EDS analysis (Fig.S1 and

Table S1) confirmed the presence of TiO2 particles.

The high-resolution transmission electron microscopy (HRTEM) images and measurements
of lattice fringes show a distribution of nanoparticles on the MXene sheets in a sandwich
arrangement (Fig. 5). HRTEM images further show that Ti2CTx exists in single and few-

layered nanosheets with nanoparticles grown on the surface of MXene (Fig. 5g).

~MXene sheetj (e) Carbon sheet

Fig. 5 High-resolution transmission electron microscopy images with selected area electron
diffraction (inset) of MXene hybrids consisting of anatase TiO2 (lattice fringe spacing of d =

0.35 nm), Ti2C MXene (d = 1.30 nm), and carbon (d = 0.33 nm).

HRTEM also reveals the lattice planes of anatase TiOz, Ti2C MXene, and carbonaceous
carbon (Fig. 5b, 5d & 5f) with parallel fringe spacings of 0.35 nm and 1.30 nm for TiOz2and
Ti2C MXene, respectively. A d-spacing of 0.33 nm is also measured in the HRTEM image,

which can be attributed to graphitic carbon[41]. The selected area electron diffraction
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(SAED) pattern shows that MXene retained the hexagonal symmetry (inset image in Fig.

5¢0)[2,32,42,43].

XPS analysis was carried out to determine the elemental composition and surface chemistry
of the NMT nanocomposites. The acquired survey spectrum (Fig. 6a) for each sample

shows the presence of titanium (Ti), carbon (C), nitrogen (N), oxygen (O), and fluorine (F).
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Fig. 6 (a) XPS survey scans (b) High-resolution spectra of C(1s), N(1s), O(1s) and Ti(2p)
core levels showing the chemical bonding states in NMT nanocomposites. Three distinct
doping sites in N-MXene were observed attributable to surface absorption (400.8 eV),

surface functional site substitution (399.1 eV), or lattice substitution (395.6 eV).
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The high-resolution Ti 2p spectrum of NMT samples was fitted with four doublet pairs (Ti
2ps2 and Ti 2p12) with a fixed area ratio equal to 2:1 and a doublet separation of 5.7 eV,
note for clarity, the fits of the Ti 2p spectra are shown offset from the photoelectron speaks
after subtraction of a Shirley background. The Ti 2ps2 components are positioned at 458.9
eV, 458.0 eV, 455.7 eV and 454.6 eV. The Ti 2ps2 component centred at 458.9 eV is
dominant associated with Ti4* ions, indicating the presence of TiOz, and the lower binding
Ti 2p32 component at 458.0 eV is associated with reduced charge state titanium ions (TixOy).
The Ti 2ps2 component centred at 455.7 eV represents sub-stoichiometric titanium oxide or
oxycarbides, and the Ti 2p32 component centred at 454.6 eV is assigned to Ti-C bonds
present in the composites[44-46]. Ti-C was not completely converted to TiOz; this can be
seen in the XPS spectrum of Cl1s core level showing the presence of Ti-C bonds due to
component located at 281.1 eV along with other components at 288.6 eV, and 284.7 eV
corresponding to (O-C=0 and C-F), C-O and C-C (sp2) bonds respectively[40,44]. The
presence of the N 1s signal further confirms the exciting chemistry of functionalising MXene
using CHFS via doping with nitrogen atoms to enhance its electronic properties. The high-
resolution N 1s spectrum could be fitted with two peaks centred at 400.8 eV and 399.1 eV
corresponding to protonated pyridinic nitrogen and pyrrolic nitrogen respectively[32,47]. An
absence of Ti-N peak (395.6 eV) at 350 °C indicates that the substitution of carbon atom in
the Ti2C lattice structure with nitrogen atoms did not begin until about a temperature of 400°C
(Fig. 6a & 6b). In addition, from elemental analysis an increase in nitrogen uptake (from
1.60 % to 2.14 %) with a corresponding decrease in the F-surface terminations (from 2.90
% to 1.94 %) is observed as the reaction temperature increased from 350 °C to 450 °C. This

observation agrees with previously reported data on N-doped MXenes from literature!’.

To determine the crystalline phase structures, present in the NMT nanocomposites and the

effect of hydrothermal treatment on the d-spacing of Ti2C, XRD analysis (Fig. 7a) was
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carried out. Relatively sharp diffraction peaks of crystalline TiO2 were observed at 2 theta =
25.3°, 37.2°,47.8° and 54.1°, which corresponds to the (101), (004), (200), and (105) peaks
of anatase TiO2 (JCPDS card no. 21-1271)[40,44,48]. The intensity of these peaks
(especially 101 peaks) can be observed to increase as temperature increases from 350 °C
to 450 °C, indicating more TiO2 being formed. However, the (002) peak of Ti2.C MXene shifts
to a lower angle of 2 theta = 7° as compared to the starting material (d-MXene), indicating
an increase in interlayer distance resulting from TiO2 formation in between MXene sheets
after heating[42]. A peak at 14.5° is also observed and can be attributed to carbon. The
presence of titania, MXene and carbon diffraction patterns are consistent with the
observations from HRTEM analyses. According to the Scherrer equation, the average size
of TiO2 nanopatrticles in NMT350 and NMT450 is 32 nm and 34 nm, respectively. The XRD
pattern also shows that the (002) diffraction peaks of Ti2AIC broadened with a shift towards
lower angles, indicating an increase in d-spacing in the MXene sample due to removal of Al
layer. In addition, (002) peak is the dominant peak, indicating the majority of the NMT
nanocomposite is the MXene phase. Based on the Rietveld refinement, we observed a 12%
and 27% composition of TiO2in NMT350 and NMT450 respectively, which is a two-fold
increase in TiO2 from 350 °C to 450 °C. However, this increment is not greatly reflected in
an increase in the specific capacity of the NMT composites, as TiO2 contributes primarily as

a spacer between MXene sheets to prevent re-stacking.

To observe the change in the electronic properties and vibrational modes of untreated Ti2C
and NMT nanocomposites, the Raman technique was used. The Raman spectra below (Fig.
7b) show the constituents of the prepared samples. A prominent Raman peak centred at
149 cm! corresponds to anatase TiO2, whose intensity increases as temperature increases,
signifying more TiO2 formation[43,48]. Also shown are three Raman peaks centred at 250

cm?, 410 cm?, and 612 cm attributed to vibrations from Ti2C[50]. These peaks are
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observed to exhibit a redshift as temperature increases owing to thinning of MXene layers.
D and G peaks at 1347 cm™ and 1588 cm respectively, indicate the formation of graphitic
carbon during the hydrothermal process, which increases with temperature[40]. The G band
is attributed to the Ezg vibration modes of sp? carbon atoms associated with the graphitic

core, while the D band represents the sp® carbon atoms.
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Fig. 7(a) XRD patterns and (b) Raman spectra of NMT nanocomposites showing the

presence of Ti2C, anatase titania and formation of carbon.

The composites were prepared into electrodes as a binder-free Li-ion anode material via
aqueous processing. Viscous slurries of the NMT material synthesised using both the upper
and lower processing temperatures in the CHFS reactor (i.e. 450 °C or 350 °C) were
prepared by dispersing the material in de-ionised water in a ratio of 1:10 w/v and then stirring
for 12 hours. The slurries were subsequently coated onto a Cu foil substrate and dried.
Notably, no polymeric binders or conductive anodes were required to fabricate the
electrodes, unlike conventional anode materials for LIBs. The electrochemical performance
of the NMT electrodes was evaluated by cyclic voltammetry and galvanostatic cycling in the
voltage range of 0 — 3 V versus Li/Li* in a 1 M LiPFs in EC/DMC (1:1 v/v) electrolyte (Fig.

8). Fig. 8a shows the cyclic voltammogram of the NMT350 electrode using a sweep rate of
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0.1 mV s1. The same analysis was performed on the NMT450 electrode and is presented
in Fig. 8b. A distinct lithiation peak occurs at 0.6 V in the first cycle, which disappears
subsequently and is related to the formation of the solid electrolyte interphase (SEI) layer.
The shape of the CV curves match previously reported MXene derived materials, with broad
peaks in the range of 1.0 V to 2.0 V occurring during both lithiation and de-lithiation
associated with the reversible intercalation of Li* in Ti2C. Evidence of the reversible insertion
of lithium in TiOz is also present from the CV curves, with a coincident peak occurring at 2.0
V attributed to the oxidation of the TiO2[51,52].

The cycle stability of the NMT material was assessed via galvanostatic cycling using a
current density of 30 mA g with results shown in Fig. 8c. Both NMT350 and NMT450
electrodes offer excellent capacity retention over extended cycles. The stability of the
material is notable, considering that no binders or conductive additives were used to prepare
the electrodes. In both cases, the material undergoes an activation process. The gravimetric
capacity of NMT350 increases from an initial value of 305 mAh g at cycle 3 to
369 mAh g after 100 cycles, while NMT450 shows an initial gravimetric capacity of 313
mAh gtincreasing to 355 mAh g over its cycling range. This behaviour has previously been
reported for TiO2-based anodes and is similar to activation phenomena for other transition
metal-based oxide electrode materials[53-55]. Furthermore, the increasing capacity can be
attributed to the fact that repeated intercalation and de-intercalation of Li* in Ti2C causes a
gradual increase in the interlayer space, enhancing the lithiation capacity of the material[56—
58]. Post-mortem SEM analysis of the NMT anodes after extended cycling indicate that the
individual MXene sheets have further separated and are reduced in size compared to the

material prior to cycling (Supporting Info Fig. S2).

The coulombic efficiency of the NMT350 and NMT450 electrodes increases from an initial

value of 40.2% and 19.4% to an average of 99.7% and 99.1% respectively for the last five
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cycles (Supporting Info Fig. S3). To benchmark the performance of the NMT electrodes, it
was compared to the galvanostatic cycling behaviour of the untreated MXene precursor
material (Supporting Info Fig. S4). Notably, the performance of the NMT electrodes was
far superior to the control, which exhibited a lower initial capacity of 252 mAh g? that
gradually decreased over the next 20 cycles before plateauing at 140 mAh g?*. The
enhancement in the gravimetric capacity of the NMT electrodes is due to the sandwich
arrangement of the material, with TiO2 nanopatrticles increasing the accessibility of the Li*
ions through separation of the Ti2C sheets (Fig. 4). TiO2 plays a dual role as it also
electrochemically active and contributes to the capacity through the reversible insertion and

removal of Li* ions during charging and discharging.

The electrochemical processes occurring during cycling were further assessed through
analysis of the voltage profiles and differential capacity plots of the electrodes. Fig. 8d and
8e shows the voltage profile and differential capacity plot of the 10™ cycle of the NMT350
electrode. The sloping shape of the voltage profiles shows that lithium is stored over a wide
potential range (Fig 8d). The differential capacity plot shows (Fig. 8e) that a dominant and
broad peak occurs between 1.0 V and 2.0 V during charging and discharging. This potential
region is associated with both the intercalation of Li* in Ti2C and lithium insertion into anatase
TiO2. In the differential capacity plot for the untreated MXene (Fig. 8e), the peak between
1.0 V and 2.0 V is far less prominent, indicating the prohibition of the interlayer accessibility
of Li* ions due to the absence of the enhanced separation that TiO2 provides in the NMT
material. Notably, as described in the literature, an increase in the surface area of MXenes
either by oxidation or delamination creates a considerable increase in its specific capacity
[41,44]. This observation illustrates the benefit of processing the material in the CHFS
reactor as both the specific capacity and capacity retention increase compared to untreated

delaminated MXene due to the enhancing properties of TiOx.
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Fig. 8 (a) Cyclic voltammogram of the 1%, 2" and 10" cycle of NMT350 half-cell using a
sweep rate of 0.1 mV/s in the potential range of 0 — 3 V. (b) Cyclic voltammogram of the 18,
2"d and 10 cycle of NMT450 half-cell using a sweep rate of 0.1 mV/s in the potential range
of 0 — 3 V. (c) Specific discharge capacities of the NMT350 and NMT450 electrodes using
a current density of 30 mA/g in the potential region of 0 — 3 V. (d) Voltage profile of the 10™
cycle of the NMT350 electrode cycled in c). (e) Differential capacity plots of the 10" cycle of
the NMT350 electrode overlaid with that of the untreated MXene electrode. (f) Differential

capacity plot of the 10™ cycle of the NMT450 electrode.
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The voltage profiles (Supporting Info Fig. S5) and differential capacity plots (Fig. 8f) of the
NMT450 electrode have very similar shapes to the NMT350 electrode. However, a more
pronounced peak at 2.0 V in the differential capacity plot is observed that can be attributed
to the increased concentration of TiOz in the NMT450 nanomaterial synthesised at a higher
temperature. Rate capability testing of the MXene electrodes produced initial specific
discharge capacities of 177 mAh/g (untreated MXene), 288 mAh/g (NMT350) and 310
mAh/g (NMT450) at a C/10 rate (Supporting Info Fig. S6). Furthermore, the NMT350 and
NMT450 exhibited higher capacities than the untreated MXene control electrode at rates of
C/5, C/2 and 1C, however at the faster rates of 2C, 5C and 10C, the control electrode

behaved similarly to the N-MXene/TiO2 composites in terms of exhibited capacity.

4. Conclusions

Herein, a controlled single-step hydrothermal synthesis of NMT nanocomposites was
developed using Ti2C MXene and ammonia as water-soluble precursors. The CHFS
methodology shows an economically feasible means of nitrogen-doping and controlled in-
situ synthesis of TiO2 nanoparticles from MXenes. The as-synthesised NMT nanomaterials
were fabricated into electrodes without the use of binders as a Li-ion anode material. The
NMT nanocomposite electrodes underwent an activation process and obtained a specific
capacity of 305 mAh gt initially, increasing to 369 mAh g after 100 cycles. NMT also exhibit
stable capacity retention and are more environmentally friendly than conventional materials
such as graphite. The electrochemical performance of NMT nanocomposites synthesised
via CHFS in a fraction of a second exceeds that of N-doped MXenes prepared via annealing
at 700 °C for 2h[17]. Furthermore, the as-synthesised NMT nanocomposites outperform
reported Ti2C-carbon nanocomposites in specific capacity and rate capability. CHFS
synthesised materials performed well electrochemically, however because NMT350 is
synthesised at a lower temperature, we conclude it is the optimum material. To conclude,

CHFS offers an environmentally friendly synthetic approach for engineering NMT
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nanocomposites as promising Li-ion anode materials. Furthermore, the electrodes are
fabricated via aqueous processing, thereby eliminating the need for harsh solvents. On the
whole, this work adds to the expanding portfolio of CHFS materials in the development of

rapid and clean hydrothermal technologies for energy storage applications.
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Supporting Information

lpm

Fig. S1. Electron image showing EDS of TiO2 particles on the surface of NMT

nanocomposites.

Table S1. elemental compositions of the surface of NMT nanocomposites.

|_tozparticte | | | | | [ | |

Spectrum Label (+) C N (0] F Al Ti Total

Spectrum 1 0 0 20.75 0 0.85 78.41 100

0 0 26.52 0 0.71 72.76 100
Spectrum 3 0 0 20.81 0 1.25 77.94 100
0 0 26.52 0 1.25 78.41
0 0 20.75 0 0.71 72.76
Average 0 0 22.69 0 0.94 76.37
Standard
0 0 3.32 0 0.28 3.13

Deviation
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Fig. S2. SEM imaging of NMT anode before (a-b) and after (c-d) 100 cycles. Yellow dotted

circles in (d) indicate presence of TiO2 nanopatrticles.
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Fig. S3. Coulombic efficiencies of the NMT350 and NMT450 electrodes when

galvanostatically cycled using a current density of 30 mA/g in the potential region of 0 — 3 V.
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Fig. S4. Specific discharge capacities of the untreated MXene electrode using a current

density of 30 mA/g in the potential region of 0 — 3 V.
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Fig. S5. Voltage profiles of the 10th, 30th and 50th cycles of the NMT450 electrode cycled

using a current density of 30 mA/g in the potential region of 0 — 3 V.
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Fig. S6. Rate capability testing for the untreated MXene control, NMT350 and NMT450

electrodes showing the specific discharge capacity.
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