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ARTICLE INFO ABSTRACT

Keywords: MXene is a class of 2D materials exfoliated from ternary carbide and nitride ceramics. During synthesis, etching
MXene and delamination conditions affect the quality, overall crystallinity, defects and surface functionalization of MX-
Lamellar structure ene flakes. In this article, the morphological structure of MXene (Ti;C,) nanosheets under temperature between
:IE\hleS 20 °C and 60 °C were investigated with the application of Small-Angle Neutron Scattering (SANS) combined with
XPS several complementary techniques, such as Scanning Electron Microscopy (SEM) and Transmission Electron Mi-

croscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS). The SANS analysis enabled structural information
to be obtained about the Ti;C, nanosheets, which consists of layers of transition metal carbides in a multilayer
lamella morphology. The results showed that a single Ti;C, layer is approximately 11.4 - 11.8 A(.14-1.18
nm) in thickness with a 20.3 — 21.5 A (2.03 - 2.15 nm) interstacking layer gaps. This results in a total thick-
ness of approximately 32 A (3.2 nm), which was consistent with the model-dependent lamella model analysis.
Furthermore, the thickness of the Ti;C, layer increased by approximately ~2 A (0.2 nm) when the temperature

increased from 20 - 40 to 50 - 60 °C.

1. Introduction

Transition metal carbides, carbonites and nitrides (MXenes) are a
family of two-dimensional (2D) layered material that have enormous
potential applications due to their unique properties. MXenes and their
hybrids containing small molecules, polymers or oxides are utilised as
crucial materials in energy storage devices, including ion batteries, su-
percapacitors, and ion capacitors as well as hydrogen storage. MXenes
are also highly desirable in EMI shielding due to their excellent flexi-
bility, easy processing, and high conductivity with minimal thickness,
having one of the highest EMI shielding effectiveness in terms of weight
gain and thickness. The MXene field is rapidly growing, and to date, the
MXene family includes more than 30 stoichiometric compositions, with
many new MXene compositions and structures already under investiga-
tion [1]
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MXene is produced by etching the "A" layer from MAX phases, a
large family of ternary transition metal carbides, carbon nitrides and
nitrides with a composition of M ,;AX,. As illustrated in Fig. 1, the M
stands for early transition metal (such as Ti, V, Cr, Nb, etc.), A stands
for a group A element (such as Al, Si, Sn, In, etc.), X stands for car-
bon and/or nitrogen, and n = 1, 2, or 3 [3]. There are many reports of
MXene synthesis in the literature [4-6], but the etching processes are
often carried out by immersing a MAX phase (Ti3AlC,) in hydrofluoric
acid. The material is then exfoliated through sonication. The resulting
MXene nanosheet (Ti3C,, thickness of around 1.2 - 1.8 nm) are func-
tionalised through a surface modification using cationic surface active
agents (CTAB and TBPB) [7,8]. Since MXenes are typically synthesized
(derived) topochemically from their parent MAX phases via selective
etching of the A element, the chemical composition and preparation pro-
tocol of the MAX phase affect the chemistry of the resultant MXene [4].
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Furthermore, as-synthesized MXene flakes contain intrinsic defects
[9,10] and the surface chemistry (which depends on etching conditions),
intercalated species [11] and even the flake size [12] significantly affect
MZXene properties. Therefore, there is a growing need for detailed stud-
ies on the characterisation of as-synthesised and functionalised MXene.
And thus provide a deeper understanding of MXene structure morphol-
ogy, overall crystallinity, defects, surface functionalisation and how it
is affected by the synthesis process.

Similar to MAX phase materials, MXene has a hexagonal close-
packed structure where M atoms in MXenes are arranged in compact
structures and X atoms fill the octahedral interstitial sites [3]. The
atomic ordering of this structure is essential for the synthesis of MX-
ene, as it significantly affects the properties and stability of the ma-
terial [13,14]. Attractive electronic, magnetic, optical, plasmonic and
thermoelectric properties have been predicted for many MXene through
methods such as DFT [15] and molecular dynamics [16,17]. However,
many of these property predictions require experimental verification
[3]. Therefore, a detailed characterisation of the atomic structure and
surface chemistry of MXene and how they affect the electrical, thermo-
electric, magnetic and other properties are highly valuable to the cur-
rent research progress. It will provide useful data for the development
of computational models to predict the most promising compounds. A
greater understanding of catalytic and electrocatalytic properties and
the ion dynamics between MXene sheets will enable further advance-
ments in increased energy storage, and cycle life in battery and super-
capacitor applications. In terms of mechanical properties, mechanical
characterisation of MXene to determine their intrinsic mechanical prop-
erties will leads to more advanced and effective structural and multi-
functional composites with MXene layers.

The majority of experimental studies conducted on MXene utilise
scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and X-ray powder diffraction (XRD). These techniques do not pro-
vide data on the magnetic properties of a material. Small-Angle Neutron
Scattering (SANS) enables precise characterisation of dimensions of the
MXene, and has the potential to probe the magnetic structure. Impor-
tantly, SANS is capable of determining the structure of materials con-
taining light elements (such as hydrogen), and none of the characteriza-
tion techniques previously mentioned is sensitive to hydrogen present
in the MXene terminations, which is critical for understanding surface
and interlayer nature in this new class of materials [18]. There are sev-
eral neutron scattering studies for nanomaterials that have investigated
the ligand and light species at the surface of oxide and metal nanoparti-
cles [19-21]. There has been a study that adopted neutron diffraction to
provide new data on light atoms species at the surfaces and interfaces
of TiC,T, MXenes. It led to the development of a novel atomistic model
for the prediction of physical, chemical and applied properties of Ti;C,
based MXene [22]. In summary, SANS is a powerful method to inves-
tigate the large-scale structure of the nanometre (107° m) to the mi-
crometre (10~ m) length scale [23,24] and is often the only method to
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Fig. 1. Synthesis of MXenes from MAX phase
TizAlC,.recreated from [2].
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obtain structural information on the bulk material (average size, shape,
orientation, etc.). Furthermore, the length scale can be further reduced
by applying Ultra-small-angle scattering (USANS) for objects of size 10
um and below. However, anything >30 um is infinite as it is out of size
range by USANS. SANS have superior penetration capability due to the
selective absorption and scattering cross-section of neutrons across the
periodic table and can often be applied in situ, unlike microscopy where
most of the time samples are modified.

In light of the aforementioned knowledge gaps, this study will exam-
ine the structural morphology of MXene and provide a high fidelity char-
acterisation of the material properties. This includes physical properties
such as the thickness and the interlayer gaps of the MXene nanosheet.
This experiment will provide a deeper understanding of the fundamen-
tals that contribute to MXene’s effectiveness as a material for energy
storage and flame retardancy. The specific objectives of this study are
as follows:

1 Understanding the morphological structure and elemental distribu-
tion of the chemical etched MXene nanosheets through various ex-
perimental characterisation methods, including SEM, TEM and X-ray
Photoelectron Spectroscopy (XPS); and

2 Obtain information regarding the structural architecture of as pre-
pared Ti;C, MXene, and investigate the influence of temperature on
these structural parameters through the analysis of SANS data from
Ti;C, MXene at temperatures between 20 °C and 60 °C. This study
is expected to pave the way for future studies where more samples,
temperatures and in-situ setups will be used.

2. Material and methods
2.1. Materials

Titanium aluminium carbide (Ti3AlC,) was purchased from the
Hello Nano Technology Co. Ltd., (Changchun, China). Lithium fluoride
(LiF) was purchased from the Aladdin Reagent Co. Ltd., China. Hy-
drochloric acid (HCI, 36% - 38%) were purchased from the Sinopharm
Chemical Reagent Co. Ltd., (Shanghai, China). Cetrimonium bromide
(CTAB) was purchased from Sigma Aldrich (Australia). Deuterium ox-
ide (D, 0, 99.8 atom % D) was purchased from Chemsupply (Australia).

2.2. Synthesis

The preparation of Ti;C, nanosheets was conducted by etching
TizAlC, using LiF and HCI followed by exfoliation based on previous
works [25]. Diluted HC] was prepared first by adding 2.5 ml distilled
water into a test tube followed by 7.5 ml 9 M HCL. Then, 0.5 g LiF and 0.5
g Ti3AlC, were added to the acid solution. The etching process was con-
ducted at a temperature of 40°C with magnetic stirring for 48 hours to
remove the interlayer of Al. The reaction mixture was then centrifuged
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Fig. 2. Image of the Ti;C,/D,0 dispersion in the sample cell.

at 9500 rpm (Eppendorf Centrifuge 5810) for 5 minutes to recover the
sediments by decanting the supernatant. The centrifugation process was
repeated with fresh deionised water until the pH value of the mixture
become neutral. The exfoliation process was conducted by using 120 ml
of deionised water to flush the centrifuged material into a beaker for
ultra-sonication for 30 minutes. The suspension was then centrifuged
again for 5 minutes under 4000 rpm to remove the unexploited lay-
ered TizC, powders. Finally, a colloidal suspension containing single or
few-layered Ti;C, nanosheets was obtained. The Ti;C, suspension was
obtained by diluting the as-prepared Ti;C, nanosheet with the deionised
water until the concentration was 1 mg/ml.

2.3. Characterisation

In addition to the small-angle neutron scattering (SANS), the TizC,
nanosheets were characterised by SEM, TEM and XPS. SEM analysis was
conducted on a Hitachi SU8010 SEM (Tokyo, Japan) with an accelera-
tion voltage of 10 kV. TEM was carried out using a JEOL JEM-2100
instrument with an acceleration voltage of 200 kV. The XPS was con-
ducted on a K-alpha X-ray spectrometer (Thermofisher Scientific Com-
pany) with Al source.

2.4. Small-angle neutron scattering

SANS is a well-established and powerful technique used to study the
nanostructure of various materials in size range of 1 - 1000 nm. In this
work, the SANS were conducted on the BILBY SANS instrument [26] in
the Australian Centre for Neutron Scattering (ACNS), located at the Aus-
tralian Nuclear Science and Technology Organisation (ANSTO). The in-
strument was run in monochromatic mode, at a neutron wavelength of
4 = 6.0 A and a corresponding wavelength resolution of A4 / 1 = 0.1.
The three detector banks were positioned at ~8.8 m, 2.7 m and 1.7 m
from the sample giving access to a Q-range of ~0.01 - 0.4 A~1. This
corresponds to a size range from 6300 A (63 nm) to 16 A (1.6 nm),
which are appropriate for probing the internal structure and separation
of lamellar structures. Data were placed on an absolute scale against
the direct beam intensity using Mantid [27], and reduced to I(Q) vs Q,
where Q = #sin(0), 4 is the wavelength and 20 is the scattering angle.
The I(q) vs q data were corrected for solvent scattering by subtraction
of scattering from an appropriate blank. All samples were maintained at
20, 30, 40, 50 or 60°C during measurement by a temperature controlled
sample changer.

2.4.1. Preparation of samples

All the MXene samples were prepared in D,O solution at a concen-
tration of 1.3 wt%. Samples were mounted in a 2 mm path length de-
mountable cell with quartz windows in an Ar glovebox as illustrated in
Fig. 2. In-situ SANS was then used to determine the thickness of the
nanosheets, and the interstitial gaps between the layers. The scattering
length density of the Ti,C, nanosheet is ~0.3 x 106 A-2, and the use
of D, 0 (scattering length density of 6.34 x 1076 A-2) as the supporting
solvent maximises the contrast of the nanosheet in solution. The use of
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H,O (scattering length density of -0.56 x 10~5 A-2) would result in a
lower nanosheet contrast, thus, less scattering. This distinct difference
in scattering length between the two isotopes of hydrogen, protium and
deuterium is extremely valuable for the study of hydrogen-containing
materials and forms the basis of a method known as contrast variation.
Neutrons are scattered by nuclei, and the extent of this scattering is de-
pendent on the composition of the nucleus, while for X-ray radiation, it
is dependent on the electronic structure of the target atom [28].

2.4.2. Test environment and conditions

At a fixed ambient temperature, the scattering profile of the spec-
imen was measured at ambient pressure. - The same experiment was
repeated at temperatures ranging from 20 °C to 60 °C.

2.4.3. Analytical method and data treatment

The background corrected I(Q) (or differential macroscopic scatter-
ing cross-section as the intensity data are on an absolute scale), vs the
scattering vector Q, were analysed using SasView, Small-Angle Scatter-
ing Analysis Software Package version 5 [29].

2.4.4. SANS Data Analytical Model

To obtain useful information regarding the structure, size and shape
of the MXene nanosheets from the experimental data, the "Lamella"
model was adopted based on our understanding of the layered Ti/C
structure. As Ti3C, is two-dimensional materials with stacking layers of
titanium and carbon. It can be assumed that the structure of the testing
samples will exhibit features of the lyotropic lamellar phases [30,31].
For a lyotropic lamellar phase where a random distribution in solution
is assumed. The scattering length density (SLD) of the head region (the
functionalised surface) is taken to be different from the SLD of the tail
region (the bulk Ti;C, nanosheet). The scattering intensity I(Q) is given
by:

scale 1

1 =2r——— P(Q)— 1
(©) =2 s PO )

The form factor P(Q) is:
4 . . ;
P(O) = E{ApH [sm [Q(&H + §T)] — sin (QBT)] + Apy sin (QéT)}z 2)

where 67 is the length tail, 65 is the length head, Apy; is the head contrast
and Apy is the tail contrast. The total thickness of the lamellar sheet
is 2(6 + ). A figure illustration of the lamella structural features is
shown in Fig. 3

3. Results and Discussion
3.1. Morphology of MXene via SEM/TEM

SEM and TEM images of Ti;C, was acquired to visualise the layered
structure of the nanosheets after the etching process. In Fig. 4(a), the
multiple nanoflakes visible in the image demonstrates that the MXene
was effectively etched out from its MAX phase with the removal of the
Al layer. Sequentially, it can be observed in Fig. 4(b) that the resulting
nanosheets are ultrathin and multi-layered with clear sharp edges, con-
firming the quality of the fabrication procedures. Previous studies also
showed that the lateral size distribution of few layers of Ti;C, ranged
from 0.1 ym to 1.3 ym, with most in the 0.3 - 0.5 ym size range [25].
Fig. 4(c) and (d) show the TEM images of the Ti;C, sample According
to the figure, several layered nanosheets can be found with edges po-
sitioned at the centre of the image. From Fig. 4(c), it is found that the
nanosheets are nearly transparent, where each layer (i.e. Ti layer or C
layer) of one single Ti;C, sheet is visible. Based on the higher magnifi-
cation image (Fig. 4(d)), the thickness of one single layer Ti;C, can be
estimated to be around 1 - 2 nm. Overall, the high quality Ti3C, ultra-
thin nanosheets can be formed via the etching process using hydrofluo-
ric acid and lithium fluoride. Provided that the morphological structure
of MXene observed are layered, we propose the "lamella" model should
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Fig. 3. (a) Geometric model of a lyotropic lamellar phase; the bilayers has thickness §; the bilayers are stacked along the z-direction with period d. (b) Schematic

scattering length density profile along the normal to the bilayer z in SANS.

Fig. 4. SEM (a and b) and TEM (c and d) images of funtionalised Ti;C, nanosheets at various magnification

be adopted to analyse the SANS data. Accordingly, the average dimen-
sions, shape and configuration of the etched Ti;C, nanosheets would be
realised.

3.2. Molecular structure and surface elemental composition of MXene

In order to investigate the element composition of the surface func-
tional groups of the chemically etched MXene, we conducted X-ray
photoelectron spectroscopy (XPS) characterisation on the as prepared
Ti;C, samples, as the surface topology would affect the scattering pat-
tern in the SANS experiment. X-ray photoelectron spectroscopy (XPS),
also known as electron spectroscopy for chemical analysis (ESCA), is

a technique for analysing the surface chemistry of a material. XPS can
measure the elemental composition, empirical formula, chemical state
and electronic state of the elements within a material. The XPS analysis
was conducted to study the surface elemental compositions. According
to the Fig. 5(a), Li 1s, Cl 2p, C 1s, Ti 2p, O 1s, Ti 2s and F 1s peaks were
identified at around 57.03, 199.08, 284.28, 454.86, 529.47, 562.08, and
684.85 eV [32], where some of the peaks can be attributed to the fab-
rication etching process (i.e. lithium, chloride and fluoride peaks). By
observing in high-resolution XPS spectra, the C 1s spectrum displays
four main peaks of TizC,, C-C, C-O and C=0 centred at approximately
281.23, 284.04, 285.21 and 288.21 eV, respectively (Fig. 5(b)) [33]. Ti
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Fig. 5. (a) Survey XPS spectrum (b) C 1s spectra (c) Ti 2p spectra and (d) O 1s spectra of Ti;C, nanosheets.

2p spectrum (Fig. 5(c)) was found to be composed of Ti-C (454.58 eV)
and Ti-O (455.88 eV) peaks at 2p 3/2 orbital, and Ti (II) (458.49 eV)
and Ti-O (460.91 eV) peaks at 2p 1/2 orbital [34], indicating the exis-
tence of -OH termination groups on the surface of Ti [35]. In addition,
the high-resolution O 1s spectrum can be deconvoluted into TiO,, TiOy,
TizCy 04, C=0, Ti3C,(OH), and C-O, H-O-H peaks at 529.09, 530.26,
531.10, 531.43, 532.26 and 533.50 eV, where oxygen-containing func-
tional groups are confirmed on the surface of the Ti;C, nanosheets [36].

3.3. Small-angle neutron scattering for MXene

The MXene samples were prepared in D,O solutions at a concen-
tration of 1.3 wt% and exposed to the neutron beam at temperatures
ranges from 20 °C to 60 °C. These experiments were performed to study
(i) the morphological structure of the prepared Ti3C, nanosheets and
(i) the influence of temperature on the TizC,, which may be caused
by surface oxidation [37]. Unlike previous techniques (i.e. SEM, TEM,
XPS), which mainly probe the surface of the samples, SANS can charac-
terize the assembly, dispersion, alignment, as well as internal structures
of nanoscale materials. Fig. 6(a) shows the SANS intensity profiles for
Ti3C, at temperatures from 20 °C to 60 °C, subtracted from the D,0O
solution background. The Q range is 0.01 - 0.39 AL Generally, dif-
ferent structural information can be obtained from different Q regions.
At low-Q, the I(Q) intensity yields information on large length scale
structural features such as geometry and size of the sample (i.e. molec-
ular weight, polydispersity, topology, and fraction dimensions). While
high-Q yields information on smaller length scale surface features such
as surface roughness, fractal nature of the surface and the crystallinity
of the sample [38,39]. From Fig. 6(a), the intensity profile of TizC,
is essentially unchanged by temperature, especially in the Q regions <
0.1 A=, In the high-Q regions (Q > 0.1 A-1), the intensity slightly in-

creased with increasing temperature. Thus, the structural dimensions of
the Ti;C, nanosheets remain constant at temperatures between 20 to
60 °C.

Model-independent analysis consisting of firstly, a power-law fit fol-
lowed by a correlation function analysis [40] was performed on the
SANS data to extract useful structural information before applying more
geometry-specific models. The model-independent methods require no
a priori knowledge about the sample, and most importantly, no experi-
menter bias of assumed structure [41]. The power-law data fits are illus-
trated in Fig. 6(b) with the extracted parameters for each dataset listed
in Table 1. An overall good fit was achieved from the power-law func-
tions, and the results indicate the power ranges from 2.2668 - 2.2990.
A value of ~2 is expected for thin sheets, thus the results are consistent
with the thin lamella structure observed from previous experimental
characterisation.

The correlation function is the Fourier transform of the scattering
curve and may be analysed in terms of an ideal lamellar morphology
[42-44] to obtain structural parameters describing the sample. The pa-
rameters that may be obtained from the correlation analysis includes
the long period (L,) which is also known as the Bragg spacing d or
lamellar repeat distance [45], average hard block thickness (L.), aver-
age core thickness (D), polydispersity and the local crystallinity (L./Lp).
In addition, an interface distribution function (IDF) can also be calcu-
lated, which represents a superposition of thickness distributions from
all the contributing lamellae [46]. The correlation function analysis is
performed in three stages: (i) extrapolation of the scattering curve to
Q =0 and Q = oo, (ii) calculation of the Fourier Transform of the data
to determine the correlation function and (iii) interpretation of the cor-
relation function assuming the sample conforms to an ideal lamellar
morphology. The low-Q range is extrapolated to Q = 0 with the Guinier
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Fig. 6. Scattering intensity profile of (a) the Ti;C, samples at temperatures from 20 °C to 60 °C subtracted from the D,0 solution background and (b) power-law fit

of the scattering data.

Table. 1

Summary of structural parameters from power-law fit of Ti;C, samples

Parameter 20C 30C 40C 50C 60C Average
scale 4.07E-05  4.22E-05  3.88E-05 3.49E-05  3.49E-05 3.83E-05
background  2.53E-02  2.54E-02  2.70E-02  2.75E-02  2.75E-02  2.65E-02
power 2.269 2.267 2.274 2.299 2.299 2.282

function:
1(Q) = A.(B2) ©)

While the high-Q range data are extrapolated to Q = oo with the
Porod function:

1) = K. e(-7"9%) 4 Bg @

where B is proportional to a radius of gyration, ¢ describes the width of
the neutron scattering length density profile at the interface between the
crystalline and amorphous regions. It is a measure of how abruptly the
SLD changes between the quasi-lamellar regions. Bg is a Q-independent
background level. The factors A and K are scaling coefficients. Subse-
quently, the discrete cosine transform was performed on the extrapo-
lated data to calculate the 1D correlation function expressed as:

S}

=g / 10)0% cos (0140 5)
where Q*is the scattering (Porod) invariant. The 3D correlation function
is calculated as:
I 2 8in (Ox)

I3(x) = o g ()l TdQ (6)

In this study, the low-Q range was set to range from 0.0 — 0.012 A-1
and the upper-Q range was set to 0.12 — 0.25 A~1. The extrapolation pre-
vents truncation effects in the Fourier transformation. Meanwhile, the
important structural data are extracted from the experimental data in
the range ~0.01-0.25 Ang~!. While the range is somewhat arbitrary, it
covers most of the measured Q-range and closely corresponds to lengths
spanned by the thickness than the other dimensions of the sheet. Even
if USANS or Bonse-Hart double-crystal diffractometer (DCD) data had
have been available, the lower-Q range would have been set to a very
similar (if not identical range). Thus, additional USANS experiments
would not have provided useful information regarding the thickness
of the sheets. The correlation function analysis is illustrated in Fig. 7
and the list of extrapolated parameters for the Ti;C, samples from 20
°C to 60 °C are detailed in Table 2. The background ( Bg) source was

calculated to be approximately 2.60E-02 to 2.8E-02. Overall, there are
very little variations in the 1D and 3D correlation functions for TizC,
at temperatures from 20 °C to 60 °C (Fig. 7 (b), (d)). In terms of the
extrapolated structural parameters, the long period (L,) for the TizC,
nanosheet ranged between 32.1 and 33.1 A. The average hard block
thickness, L. and soft block thickness L, varied from 11.4 to 11.8 A and
from 20.3 to 21.5 A, respectively. The variations in L,, L. and L, among

samples under temperatures between 20 °C and 60 °C were within 2 A,
which may fall within the uncertainty range of the experimental errors.
The results suggest that at this temperature range, it does not affect the
structure of the Ti;C, nanosheets. Nevertheless, this study provides in-
formation regarding the lamellar architecture in the sample sets. The
structure of Ti;C, nanosheets consists of layers of transition metal car-
bides in a multilayer lamellas morphology with interstack gaps [47].
Therefore, the hard block thickness or the crystalline thickness of 11.4
~11.8 A (i.e. 1.14 — 1.18 nm) from the SANS data can be interpreted to
be the thickness of a single layer of TizC,. Subsequently, the soft block
thickness of 20.3 - 21.5 A (2.03 — 2.15 nm) can be taken to be an approx-
imation of the interstacking layer gaps within the Ti3C, samples. Under
these assumptions, the magnitude of the extrapolated thicknesses was
in agreement with other experimental observations [7,48].

3.4. Characterisation of MXene dimensional parameters using Lamella
model

The SANS results were curve-fitted using the lamella model to fur-
ther study the key structural parameters for the Ti;C, samples at various
temperature. Under the lamella model framework, there are a total of
five parameters for optimisation to curve-fit against the experimental
data. The parameters including scale factor or volume fraction (scale),
source background (background), thickness, scattering length density
(SLD), and solvent scattering length density (SLD_solvent). The param-
eter scattering length density of the solvent (SLD_solvent) was set to
6.34E-06 A=2 according to the background D,O solvent. The SLD of the
Ti3C, layers was calculated to be around 0.29E-06 A~2 assuming a den-
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Fig.7. Correlation function analysis of Ti;C, scattering data at 20 °C. (a) scattering intensity, I(Q) profile illustrating the lower and upper Q range. (b) 1D correlation
function. (c) the extrapolated interface distribution function (IDF) and (d) 3D correlation function from the correlation analysis.

Table. 2

Summary of structural parameters from correlation function analysis of Ti;C, samples

Parameter 20C 30C 40C 50C 60C
Guinier A 1.38 1.42 1.36 1.31 1.31

B -9.83E+03  -9.88E+03  -9.94E+03  -9.50E+03  -9.50E+03
Porod K 1.16E-06 1.10E-06 1.13E-06 1.07E-06 1.18E-06

o 1.65E-07 2.00E-05 4.94E-11 1.27E-09 2.04E-05
background 2.60E-02 2.63E-02 2.77E-02 2.81E-02 2.79E-02
long period (A) 33.1 32.1 32.6 323 323
average hard block thickness (A) 11.6 11.8 114 11.6 11.6
average soft block thickness (A) 215 20.3 21.2 20.7 20.7
polydispersity 0.0369 0.0215 0.0374 0.0238 0.0238
average core thickness (A) 1.83 1.83 1.75 1.83 1.83
local crystallinity 0.349 0.369 0.351 0.359 0.359

sity of 2.5 g cm~3. While the surface layer (i.e. O, OH and F terminations)
[49-51] will affect the SLD of the particle, they are localised to the sur-
face, and layer thickness is small relative to the Ti3C, layer. Therefore it
will have very low contrast in D50, and thus in the model, the SLD of the
Ti;C, was fixed. The rest of the parameters were automatically adjusted
based on the SasView built-in algorithm. The background source was set
to a range between 2.6E-02 — 2.9E-02, and the initial approximation of
the thickness was set to 32 A which is equal to the long period (L,) from
the correlation function analysis.

Fig. 8 shows the comparisons between the numerical fitted curve
versus the experimental data, and the optimised model parameters
are shown in Table 3. Overall, the model achieved a good fit with

the experimental data, which provides further evidence for the thick-
ness of the Ti;C, samples. The thickness ranged from 29.14 - 32.27
A, which are comparable with the long period thickness from the
correlation analysis. Furthermore, the optimised background sources
are also consistent with all previous results. Interestingly, the lamella
model results indicate that from 20 °C to 40 °C, the thickness is con-
sistently around 29 A, while increasing to 50 °C and 60 °C leads to
an increase in thickness from 29 A to 32 A. In summary, the results
indicate that Ti;C, nanosheets are relatively stable at the tempera-
ture range from 20 to 60 °C, and there was a slight increase in the
thickness of the Ti;C, layers when heat was exerted to the sample
solutions.
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Table. 3
Lamella model parameters for Ti;C, samples ranging from 20 - 60 °C.
Parameter 20C 30C 40C 50C 60C Average
scale 1.77E-04 1.82E-04 1.69E-04 1.56E-04 1.56E-04 1.68E-04
background 2.64E-02 2.65E-02 2.80E-02 2.85E-02 2.85E-02 2.76E-02
thickness (A) 29.14 29.01 29.76 32.27 32.27 30.49
SLD (10-6A-2) 0.290 0.290 0.290 0.290 0.290 0.290
SLD_solvent (10-6A-2) 6.340 6.340 6.340 6.340 6.340 6.340
" — relatively stable at the temperature range from 20 to 60 °C, and there
100 \‘\‘. _I- oo was a slight increase in the thickness of the Ti;C, layers when the tem-
(‘ P a0c perature range increased to between 50 to 60 °C.
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Fig. 8. Lamella model curve fit of the scattering intensity profile of 1.3 wt%
Ti;C, samples at temperatures from 20 °C to 60 °C subtracted from the D,0O
solution background.

4. Conclusion

In this article, the morphological structure of MXene (Ti3C,)
nanosheets were investigated with the application of small-angle neu-
tron scattering (SANS) combined with several complementary tech-
niques, such as scanning electron microscopy (SEM), Transmission Elec-
tron Microscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS).
The TizC, nanosheets were synthesised via the etching process using
hydrofluoric acid and lithium fluoride. The SEM results showed that the
Ti3C2 nanosheets are ultrathin and multi-layered with clear sharp edges
which are similar to lamella structure. Based on the higher magnifica-
tion images, the thickness of one single layer Ti3C2 can be estimated
to be around 1 - 2 nm. A series of model-independent statistical anal-
ysis (i.e. power-law and correlation function analysis) and 1D model
curve-fitting (i.e. lamella model) was performed to extrapolate key in-
formation from the SANS data regarding the structural architecture of
the TizC, nanosheets and investigate the influence of temperature on
these structural parameters. From the correlation function analysis, the
hard block thickness or the crystalline thickness of 11.4 — 11.8 A (i.e.
1.14 - 1.18 nm) from the SANS data can be interpreted to be the thick-
ness of a single layer of Ti;C,. Subsequently, the soft block thickness of
20.3-21.5A (2.03 - 2.15 nm) can be taken to be an approximation of
the interstacking layer gaps within the MXene samples. This adds up to a
total layer thickness of approximately 32 A (3.2 nm), which was consis-
tent with the 29 A to 32 A range obtained through the shape-dependent
lamella model and are aligned with SEM/TEM observations. Further-
more, the lamella model results indicate that from 20 °C to 40 °C, the
thickness is consistently around 29 A, while increasing to 50 °C and 60
°C leads to an increase in thickness from 29 A to 32 A. There were no
clear indications of oxidation effects or changes to the scattering length
density of the sample. In summary, the dimensions, shape and config-
uration of the etched Ti;C, nanosheets were successfully characterised
via SANS analytical methods. The structure of Ti;C, nanosheets consists
of layers of transition metal carbides in a multilayer lamellas morphol-
ogy with interstack gaps. The results indicate that Ti;C, nanosheets are
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