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Abstract
Ti3C2Tx MXenes are of great interest due to their high conductivity, easy synthesis and unique
functional properties. Functionalisation and structural engineering are essential for various
applications because of their dramatic influences on different chemical and physical properties.
Therefore, understanding the mechanism of the etching reaction of Ti3C2Tx from its parent
MAX phase is crucial. The structural details also need to be understood for application in
different practical devices. In this study, 2D Ti3C2Tx sheets with an average thickness of
3.48 nm and lateral dimension of 5.5 µm were synthesised by removing Al layers from the
Ti3AlC2 MAX phase. The step-by-step etching mechanism was analysed with the help of
Rietveld refinement of the powder x-ray diffraction data. The structural details and influence of
different functional groups on the surface were also studied using transmission electron
microscopy, x-ray photoelectron spectroscopy, and Raman spectroscopy. The magnetic
behaviour and magnetic interaction of bare 2D Ti3C2Tx decorated with β-Ni(OH)2 nanosheets
on its surface was studied. For the bare 2D Ti3C2Tx MXene sheets, a weak ferrimagnetic
ordering with negligible coercivity was found. However, the β-Ni(OH)2-decorated Ti3C2Tx
MXene sheets exhibit strong ferrimagnetic ordering with a sufficiently large coercivity of 0.2 T
at 2 K and a transition temperature of 246 K. The generation of this interfacial ferrimagnetism is
discussed in light of the interfacial charge transfer originating from d-p mixing. These 2D
magnets generated at the interface could be useful for application in different spintronic devices.

Supplementary material for this article is available online
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1. Introduction

MXenes, a new kind of two-dimensional (2D) transition
metal carbide or nitride with different functional groups, were

∗
Author to whom any correspondence should be addressed.

discovered in 2011 [1]. The general formula of the MXene
is Mn+1XnTx, where n can have a value of 1–3. M repres-
ents an early transition metal atom such as Ti, V, Mo, Cr, etc
and X represents the carbon and/or nitrogen atoms, whereas
Tx represents different functional groups (such as –O, –OH, –
F, –Cl, –Br, –S, –NH, –Se, and –Te), which are attached to
the surface terminations depending upon the reaction route

1 © 2024 IOP Publishing Ltd
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[1]. Usually, MXenes are prepared by eliminating A-site ele-
ments from their parent MAX phases; A represents elements
from group 13 or group 14 of the periodic table. In the MAX
phases, A-site atoms (such as Al) are the most reactive sites
and are bonded weakly compared to the M–X bond. This is
why removing it from the MAX phase is relatively easier by
selective etching reactions with different etchants. Ti3C2Tx
was the first discovered and is the most studied 2D MXene.
2D Ti3C2Tx MXene is produced by removing Al-layers from
the bulk Ti3AlC2 MAX phase using hydrofluoric acid (HF)
at different concentrations or HF-containing or HF-forming
compounds in a wet-chemical selective etching reaction. Since
the discovery of 2D Ti3C2Tx, several articles related to dif-
ferent synthesis approaches and their multifunctional applica-
tions in various fields have been published [2–4]. 2D MXene
sheets, especially 2D Ti3C2Tx, possess metallic behaviour
with high conductivity (∼2.4 × 104 S·cm−1) and have attrac-
ted increased interest in the scientific community [5]. Because
of its good electrical conductivity, surface properties, mech-
anical strength, and unique anisotropy, it has been used for
potential applications in optical, flexible electronic, optoelec-
tronic, energy, catalytic, and biomedical applications [6–12].
A step-by-step understanding of the synthesis mechanism and
a detailed understanding of the crystal structure of the derived
2D Ti3C2Tx MXene materials from its parent Ti3AlC2 MAX
phase are lacking. The literature also does not provide a
thorough study of the magnetic behaviour of bare Ti3C2Tx
crystals or their modification due to interfacial interactions
with an antiferromagnet β-Ni(OH)2. Theoretical research sug-
gests that the nonbonding Ti d-orbital, positioned between the
bonding (σ) and antibonding (σ∗) states of Ti–C and Ti–Tx
bonds, probes the magnetic ordering in monolayer graphene-
like Ti3C2Tx [13]. Based on the spin polarisation, the numer-
ical calculations suggest that the ground state of graphene-like
Ti3C2Tx has an antiferromagnetic nature. Here, each Ti1 layer
(the outer site Ti in Ti3C2Tx) provides ferromagnetic order-
ing with a moment of 0.74 µB per Ti atom, whereas the Ti2
layer (the inner site Ti in Ti3C2Tx) provides a very small or
negligible moment (<0.05 µB per Ti atom) [14]. These two
layers of Ti1 atoms in two opposite layers are coupled anti-
ferromagnetically. In practice, due to the presence of differ-
ent functional groups, there is a development of electronic
density of states near the Fermi level and, hence, the gener-
ation of a weak ferromagnetic effect at the edges of the 2D
Ti3C2Tx MXene sheets [15, 16]. This ferromagnetic ordering,
generated due to the presence of different functional groups
(Tx), surpasses the antiferromagnetic arrangement from the
nonbonding Ti 3d orbitals [16]. However, different groups of
researchers have described various magnetic ordering models
for Ti3C2Tx materials, such as antiferromagnetic, ferromag-
netic or paramagnetic [15–17]. Therefore, there is a debate
about the origin and nature of the magnetic behaviour of 2D
Ti3C2Tx MXenes, and a detailed study is needed to understand
its magnetic behaviour further. The literature shows that the
previously reported articles did not consider the whole range
of inverse susceptibility (1/χ vs. T) data. To overcome this dis-
crepancy and explore this issue, the entire range (2–300 K) of

the inverse susceptibility data was considered in this study. All
the available models were tried to fit with the experimental
data. The magnetic behaviour of 2D Ti3C2Tx MXenes were
evaluated based on the best fit of the data.

Furthermore, due to the presence of different functional
groups, especially TF, which have a highly negatively charged
environment on the surface, 2D Ti3C2Tx MXene sheets can
be used as effective substrates for fabricating ‘charge-transfer-
induced’ ferrimagnets [18, 19]. Charge-transfer-induced ferri-
magnets are fabricated by growing an antiferromagnetic layer
such as β-Ni(OH)2, β-Co(OH)2, α-Fe2O3, etc, on a 2D sub-
strate to share its charge with the antiferromagnetic layer at
the interface, resulting in an imbalance in the antiferromag-
netic ordering. An imbalance in the antiferromagnetic arrange-
ment at the interface produces a net magnetic moment with
a strong surface pinning effect [20]. Strong ordering of such
moments produces a 2D ferrimagnet or ferromagnet with good
coercivity [18, 21]. However, the main drawback of this kind
of magnetism is the lower transition temperature (<200 K);
hence, this material is unsuitable for practical applications.

In this article, the step-by-step etching of Al from the
Ti3AlC2 MAX phase by HF-forming agents (LiF + HCl) to
form the 2D Ti3C2Tx MXene was studied. Here, Rietveld
refinement was used to understand the step-by-step removal
of Al layers from the MAX phase before they were ulti-
mately converted into 2D MXenes. Because of the presence
of different functional groups (Tx) on the surface of the 2D
Ti3C2Tx MXene sheets, the crystal structure was strongly
influenced. This result differs from the theoretically simu-
lated actual crystal structure of Ti3C2 MXene. Hence, the
refinement of the experimentally obtained powder x-ray dif-
fraction data becomes much more complex. This study also
determined the crystal structure (structural and microstruc-
tural details) of chemically synthesised 2D Ti3C2Tx MXene
sheets via Rietveld refinement. A decrease in the in-plane lat-
tice parameters, i.e. a and b, and an increase in the out-of-plane
lattice parameter, i.e. c, from their theoretically calculated
values for the pure Ti3C2 MXene phase were observed. The
maximum interlayer spacing for the β-Ni(OH)2-decorated 2D
Ti3C2Tx MXene sheets was found notably higher compared to
their parent MAX phase. Thus, the as-synthesised 2D Ti3C2Tx
MXene sheets become more suitable for different applica-
tions. In this study, ultrathin (approximately three-layered) 2D
Ti3C2Tx MXene sheets with a uniform thickness was synthes-
ised. The magnetic behaviour of chemically synthesised 2D
Ti3C2Tx MXene sheets was investigated. The interfacial inter-
action of 2D Ti3C2Tx MXene sheets with as-grown antifer-
romagnetic β-Ni(OH)2 layers on it was also studied. There
are two polymorphs of Ni(OH)2: the α-phase and the β-phase.
Theα-Ni(OH)2 exhibits ferromagnetic behaviour, whereas the
β-Ni(OH)2 phase displays antiferromagnetic characteristics
with a Neel temperature of approximately 26 K [21]. Notably,
compared to conventional antiferromagnetic layers such as
β-Co(OH)2 and α-Fe2O3, β-Ni(OH)2 demonstrates superior
interfacial-interaction with various 2D template materials (e.g.
rGO, MoS2) during growth. Additionally, β-Ni(OH)2 exhibits
a higher coercivity value for the interfacial 2D magnetism
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induced by charge transfer, surpassing other antiferromag-
netic layers [18–21]. In this study, the magnetic interaction
between β-Ni(OH)2 and 2D Ti3C2Tx micro-sheets was invest-
igated, exploring the generation of an interfacial 2D ferrimag-
net induced by charge-transfer. The interfacial magnetic inter-
action was also studied in this work.

2. Experimental section

2.1. Chemicals used

For the synthesis of the samples, titanium aluminium carbide
powder [MAX (Ti3AlC2)] (Product no. NRE-58013, CAS
No. 196506-01-1, Molecular weight 194.60 g mol−1, Purity
99.9%, Nano Research Elements, India), lithium fluoride
[LiF] (Product no. 04440, CAS No. 7789-24-4, Molecular
weight 25.94 g mol−1, Density 2.64 g cm−3 (25 ◦C),
Purity 98%, Loba Chemie Pvt. Ltd, India), nickel (II) acet-
ate tetrahydrate [Ni(OCOCH3)2,4H2O] (Product no. 244 066,
CAS No. 6018-89-9, Molecular weight 148.84 g mol−1,
Density 1.798 g cm−3 (25 ◦C), Purity 98%, Merck, India),
hydrochloric acid (Product no. 100317, CAS No. 7647-01-
0, Molecular weight 36.46 g mol−1, Density 1.19 g cm−3

(20 ◦C), Purity 37%–38%, Merck, India), ammonium hydrox-
ide solution [NH4OH] (Product no. 221228, CAS No. 1336-
21-6, Molecular weight 35.05 g mol−1, Density 0.9 g cm−3

(25 ◦C), Purity 28%–30% NH3 basis, Merck, India), ethanol
[C2H5OH] (Product no. 100983, CAS No. 64-17-5, Molecular
weight 46.07 g mol−1, Density 0.79 g cm−3 (20 ◦C), Purity
99.9%, Merck, India), acetone [CH3COCH3] (Product no.
100014, CAS No. 67-64-1, Molecular weight 58.08 g mol−1,
Density 0.79 g cm−3 (20 ◦C), Purity 99.8%,Merck, India), and
N,N-dimethylformamide (DMF) [HCON(CH3)2] (Product no.
103053, CAS No. 68-12-2, Molecular weight 73.09 g mol−1,
Density 0.944 g cm−3 (25 ◦C), Purity 99.8%, Merck, India)
were purchased. All the reagents were used as received, and
no further purification was performed.

2.2. Synthesis of Ti3C2Tx MXene nanosheets

Several methods are available in the literature for synthesising
Ti3C2Tx MXene sheets from the bulk Ti3AlC2 MAX phase.
The crystallinity, sheet-thickness, lateral dimension and pres-
ence of different functional groups on the surface of synthes-
ised Ti3C2Tx MXenes are entirely dependent upon the syn-
thesis technique and post-synthesis treatment. Here, a modi-
fied method was used, reported elsewhere, to synthesise 2D
Ti3C2Tx MXene sheets by wet-chemical etching of the parent
MAX (Ti3AlC2) phase [2]. The synthesis procedure is demon-
strated in figure 1. First, 4 ml of water in a plastic beaker was
taken and added 12 ml of HCl. The mixture was stirred for
5 min to obtain a uniform solution. Then, 1 g of LiF was added
to the previously prepared acid solution under stirring condi-
tions. The reaction between HCl and LiF produces HF and
LiCl. The reaction mechanism is as follows.

LiF+HCl→ HF+LiCl (1)

Then, 0.5 g of the MAX (Ti3AlC2) phase was slowly added
to avoid generating excess heat. Ti3AlC2 reacts with a mix-
ture of LiF and HCl to produce Ti3C2 with different functional
groups (Tx) terminating its surface. The reaction mechanism is
as follows

2 Ti3AlC2 + 6 LiF+ 6 HCl→ 2Ti3C2 +Li3AlF6
+AlCl3 + 3LiCl+ 3H2. (2)

The stirring reaction at room temperature was continued
for 12, 24, and 48 h to obtain different batches of samples,
marked as M12h, M24h, and M48h, respectively. After the
stirring reaction was complete, this slurry solution was poured
slowly into 40 ml of deionised water dropwise. During the
etching reaction, the reaction medium becomes highly acidic.
Therefore, it needs to be neutralised. The solution was washed
with DI water using centrifugation at a rotation speed of
13 000 rpm until the pH reached 7. After centrifugation at a
rotation speed of 12 000 rpm, it was observed that the solution
had not settled completely, even after centrifugation. This is
because the layers of the etched Ti3C2Tx MXene were peeled
off, and the supernatant is retained. At this stage, the mix-
ture was centrifuged at a rotation speed of 3500 rpm and sep-
arated the supernatant solution from the sedimented sample.
The supernatant was then centrifuged at a rotation speed of
16 000 rpm, and the Ti3C2Tx MXene was collected under wet
conditions. The final Ti3C2Tx MXene sample was dried in a
vacuum oven at 60 ◦C for 8 h. Finally, the Ti3C2Tx MXene
sample was collected in powder form for further characterisa-
tion, reaction, and property measurements.

2.3. Synthesis of the β-Ni(OH)2/Ti3C2Tx composite

For the preparation of the β-Ni(OH)2/Ti3C2Tx composite
samples, a hydrothermal technique was followed [22]. 50 mg
of as-prepared Ti3C2Tx powder was dispersed in 50 ml of
DMF by ultrasonic vibration for 10 min. An aqueous solu-
tion of 0.1 MNi(OCOCH3)2,4H2Omixed with 0.2 MNH4OH
solution was prepared. 10 ml of this solution was added to the
previous dispersion of Ti3C2Tx powder in DMF. The entire
solution was transferred into an iron-lined autoclave, and a
hydrothermal reaction was performed for 12 h at 180 ◦C. After
the completion of the hydrothermal reaction, the final solu-
tion was washed by centrifugation. The Ti3C2Tx nanosheets,
decorated with β-Ni(OH)2 flakes, are heavy and sedimen-
ted at a lower centrifugation speed (8000 rpm). The Ti3C2Tx
nanosheets, which remained in the supernatant even after cent-
rifugation, were removed because of their lack of attachment
to the β-Ni(OH)2 nanosheets on their surface and interlayer
spacing. A large increase in the interlayer spacing of the (002)
planes was observed, as discussed in the experimental section,
after the hydrothermal reaction, indicating the growth of β-
Ni(OH)2 nanosheets within the interlayer spacing. The final
composite sample, in powder form, was collected after drying
in a vacuum oven at 60 ◦C for 8 h.
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Figure 1. (a)–(f) Scheme of the synthesis of Ti3C2Tx MXene. (g) Staking of Ti3AlC2 (MAX) layers with Al. (h) Stacking of Ti3C2Tx

MXene layers after etching of Al atoms from MAX.

2.4. Characterisation techniques

Atomic force microscopy (AFM) was performed on an
MFP-3D Origin AFM machine (Asylum Research, Oxford
Instruments, USA) to characterise the as-prepared samples.
X-ray diffraction (XRD) was performed with a D8 Advance
Diffractometer (Bruker, USA). An x-ray beam of the Cu
Kα line (λ = 1.54 Å) was used for the XRD measure-
ments. The structural and microstructural details are obtained
from the Rietveld refinement of the XRD data [23]. To per-
form the Rietveld refinement, MAUD 2.99 software was used
[24]. To determine the binding energy positions for the dif-

ferent elements, present within the samples, x-ray photo-
electron spectroscopy (XPS) was performed on a PHI-5000
VersaProbe-III XPS machine (Physical Electronics, USA). To
understand the sample morphology and elemental analysis,
high-resolution transmission electron microscopy (HRTEM)
and electron-dispersive x-ray spectroscopy (EDX) was per-
formed on a JEM-2100 Plus electron microscope (JEOL,
Japan). Raman spectroscopy was performed on a T64000
Raman spectroscope (HORIBAScientific, Japan) to determine
the different vibrational bonds present within the samples. A
monochromatic LASER source with a wavelength of 532 nm
was used to perform the Raman spectroscopy.
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Figure 2. (a) AFM image of 2D Ti3C2Tx MXene micro-sheets. (b) The corresponding height-profile of the 2D Ti3C2Tx along the line A.

3. Results and discussion

3.1. Visualisation of ultrathin Ti3C2Tx MXene microsheets
using atomic force microscopy

In the study of the magnetic properties of 2D Ti3C2Tx MXene
sheets and their interfacial interactions with decorated β-
Ni(OH)2 nanosheets, the essential requirement is to obtain
ultrathin Ti3C2Tx MXene sheets with sufficiently large lat-
eral dimensions. The theoretical thickness of the monolayer
Ti3C2 MXene sheet is approximately 1 nm, whereas an exper-
imental study suggested that this thickness is approximately
1.5 nm [25, 26]. As discussed in the synthesis section, etch-
ing Al atoms from the Ti3AlC2 MAX phase, followed by
proper centrifugation, produces ultrathin 2D Ti3C2Tx sheets.
The AFM image and height profile, as shown in figure 2,
reveal that the thickness of the sheet is approximately 3.48 nm,
corresponding to three layers of Ti3C2Tx MXene. The aver-
age lateral dimension of approximately 5.5 µm indicates the
sufficiently large lateral extent of the 2D Ti3C2Tx MXene
sheets. A surface roughness of approximately 1 nm indicates
the surface cleanliness of the as-grown sheets. These clean
ultrathin (∼three-layered) 2D Ti3C2Tx MXene micro sheets
were used for further reaction, characterisation and property
measurements.

3.2. Rietveld refinement of x-ray diffraction

To understand the crystal structure and synthesis mechanism
of the Ti3C2Tx MXene by etching Al layers from the par-
ent MAX (Ti3AlC2) phase, the x-ray diffraction (XRD) meas-
urements were performed of the samples at different stages
of synthesis. The analysis was started with Rietveld refine-
ment of the XRD profile, as shown in figure 3(a), of the com-
mercially purchased parent Ti3AlC2 (MAX) phase. Ti3AlC2

has a layered hexagonal structure with two formula units in a
unit cell with a space group P63/mmc. In the XRD profile of
the Ti3AlC2 crystal, the (014) peak indicates lattice symmetry

due to the Al layers, whereas the in-plane (002) peak indic-
ates the crystal symmetry of the in-plane layers. The 2θ value
of 9.7◦ for the (002) plane indicates an in-plane lattice spa-
cing of 9.0 Å. The absence of additional peaks and the well-
fitted profile indicate the phase purity of the starting precursor
material. After etching the Ti3AlC2 crystal for 12 h, it was
found that the peaks for the Ti3C2Tx phase along with the
Ti3AlC2 phase in the XRD profile, as shown in figure 3(b),
of sample M12h. It was found that the in-plane peak, i.e. the
peak for the (002) plane, appears at lower 2θ values. In the
XRD profile, as shown in figure 3(c), for the M24h sample,
it was found that the peaks corresponding to the Ti3C2Tx
phase and the Ti3AlC2 phase. However, here, the peak intens-
ity and the number of peaks corresponding to the Ti3AlC2

phase decreased. For the final MXene sample, i.e. for M48h,
there is no peak corresponding to the Ti3AlC2 phase in the
XRD profile, as shown in figure 3(d). Interestingly, the (002)
planes at two different 2θ positions appeared for all three
Ti3C2Tx samples (M12h, M24h, and M48h). For the M12h
sample, the (002) peak appears at 6.75◦ and 7.65◦, corres-
ponding to lattice spacings of 13.07 and 11.50 Å, respect-
ively, whereas for the M24h sample, the (002) peak appears
at 6.75◦ and 7.64◦, corresponding to lattice spacings of 13.07
and 11.54 Å, respectively. For the M48h sample, the (002)
peak appears at 6.71◦ and 7.38◦, corresponding to lattice spa-
cings of 13.15 and 11.95 Å, respectively. There are two reas-
ons for the increase in the lattice spacing and, hence, the
shift of the (002) peaks to lower 2θ values. During the etch-
ing of Al from the Ti3AlC2 phase, there is a generation of
hydrogen gas, which creates pressure to increase the inter-
layer spacing [1, 27]. The production of hydrogen gas was
observed through vigorous bubbling at the beginning of the
reaction. The violent bubbling within the interlayer spacing
of the Ti3C2 layers creates a pressure to enhance the inter-
layer spacing between two adjacent layers. Additionally, each
layer is functionalised with different functional groups (Tx),
such as –F, –O, –OH, and –Cl. As a result, the interlayer spa-
cing increases, and the (002) plane shifts to a lower 2θ value.
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Figure 3. XRD profile of (a) commercial Ti3AlC2 MAX phase, (b) M12h sample, (c) M24h sample, (d) M48h sample, and (e)
β-Ni(OH)2/Ti3C2Tx composite sample. (f) Comparative position and shifting of (002) plane from Ti3AlC2 MAX to different Ti3C2Tx

MXene sheets.

Even in the absence of the connecting element (Al), these lay-
ers are stacked with greater interlayer spacing, as indicated by
the (002) peak at a lower 2θ value. The generation of hydro-
gen gas and the number of functional groups depend entirely
on the synthesis conditions, such as the nature and number of
etchants. Thus, the increase in the lattice spacing due to these
two effects depends on the synthesis environment. During rig-
orous centrifugation, some layers peel off from the stack, and
the interlayer spacing increases. This additional increase in
the lattice spacing further shifts the (002) peak positions for
a few crystal layers. Thus, two peak positions for the (002)
plane were observed in the three Ti3C2Tx samples (M12h,
M24h, and M48h). Eventually, with the etching of the Al
layers, pressure is produced by the generated hydrogen gas,
and centrifugation contributes to the lattice increase; hence,
the (002) peak shifts to a lower 2θ value. In the case of the
composite sample, there was growth of β-Ni(OH)2 nanoflakes
on both surfaces of each Ti3C2Tx layer. Due to the uniform
growth of β-Ni(OH)2 nanoflakes within the interlayer spacing
of Ti3C2Tx nanosheets produce additional interlayer spacing.
The β-Ni(OH)2-decorated Ti3C2Tx nanosheets were separated
by controlling the centrifugation speed from the undecorated
Ti3C2Tx nanosheets. The stacking of Ti3C2Tx nanosheets was
fully decorated with β-Ni(OH)2 nanosheets sedimented at a
lower centrifugation speed of 8000 rpm. The supernatant solu-
tion containing undecorated Ti3C2Tx nanosheets was washed
away. Due to the presence of β-Ni(OH)2 nanosheets within
the interlayer space of the Ti3C2Tx nanosheets, the (002) peaks
were found, as shown in figure 3(e), at a lower 2θ of 6.1◦ cor-
responding to a lattice spacing of 14.4 Å. To better visualise
the gradual shift of the (002) plane from the MAX phase to the
composite sample, the (002) peak regions were plotted for all
the samples in a single panel, as shown in figure 3(f). All the

parameters obtained from the Rietveld refinement of the XRD
profiles are summarised in table 1. The lattice parameters, i.e.
a and c, of Ti3C2Tx, as presented in table 1, differ from the
lattice parameters of pure Ti3C2, with values a = b = 3.06 Å
and c = 15.11 Å. Because of the different functional groups,
the lattice parameters decrease for a and b, whereas the lattice
parameter along the c axis increases [28]. For the composite
sample, the (002) peak was found at a lower 2θ value and an
increase in the interlayer spacing to 14.4 Å. The increase in the
lattice parameter along the c-axis increases to a large value
of 26.41 Å. To further confirm the presence of the as-grown
β-Ni(OH)2 phase in the synthesis technique discussed in this
article, the XRD measurements of the bare β-Ni(OH)2 crys-
tal was also performed. The supplementary materials include
the detailed XRD analysis of the bare β-Ni(OH)2 crystal. All
the bare β-Ni(OH)2 peaks, as presented in figure S1, are well
fitted with the standard reference positions and confirm the
phase purity. Hence, the value of the lattice parameter is con-
sistent with the experimental observations. For refinement, the
crystallographic information files (CIFs) with the following
card nos. mp-3747 (Ti3AlC2, hexagonal phase), mp-1094034
(Ti3C2, hexagonal phase) and mp-27912 (Ni(HO)2, trigonal
phase) from the Materials Project website were used [29].

3.3. X-ray photoelectron spectroscopy

Figures 4, 5 and 6 show the XPS spectra of the bare-
Ti3C2Tx MXene, bare-β-Ni(OH)2 and β-Ni(OH)2-decorated
Ti3C2Tx MXene samples, respectively. In the case of the
bare-Ti3C2Tx MXene, as shown in figure 4(a), the signa-
ture peaks corresponding to compositional elements (Ti,
C) in the Ti3C2Tx along with different functional groups
(such as –F, –O and –OH) were found. The absence of any
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Table 1. Parameters obtained from Rietveld refinement of the XRD data.

Sample
Crystal
phases

Volume
fraction (%) Lattice parameters (Å)

Average
crystallite size (Å)

RMS lattice
strain

Goodness
of Fit

Commercial MAX Ti3AlC2 100

a = 3.06 ± 0.01

870 ± 1 8.3 × 10−5 1.07

b = 3.07 ± 0.01
c = 18.55 ± 0.03
α = 89.89 ± 0.01
β = 89.99 ± 0.02
γ = 119.62 ± 0.02

M12h

Ti3C2Tx 71 a = 3.05 ± 0.01
c = 23.01 ± 0.03

169 ± 9 2.7 × 10−2

2.95

Ti3AlC2 29

a = 3.10 ± 0.01

221 ± 1 3.0 × 10−3

b = 3.04 ± 0.01
c = 18.53 ± 0.03
α = 92.09 ± 0.01
β = 89.03 ± 0.02
γ = 120.52 ± 0.05

M24h

Ti3C2Tx 83
a = 3.05 ± 0.02

363 ± 7 1.1 × 10−3

2.63

c = 23.07 ± 0.08

Ti3AlC2 17

a = 3.09 ± 0.01

113 ± 3 4.4 × 10−3

b = 3.19 ± 0.01
c = 18.02 ± 0.05
α = 99.32 ± 0.03
β = 79.01 ± 0.04
γ = 120.5 ± 0.02

M48h Ti3C2Tx 100
a = 3.03 ± 0.01

740 ± 8 2.4 × 10−3 1.97
c = 23.15 ± 0.03

β-Ni(OH)2 decorated
MXene

Ti3C2Tx 62
a = 3.02 ± 0.04

362 ± 8 7.8 × 10−3

1.52

c = 26.41 ± 0.06

β-Ni(OH)2 38

a = 2.99 ± 0.01

159 ± 1 5.0 × 10−3

b = 3.06 ± 0.05
c = 4.96 ± 0.04
α = 96.61 ± 0.01
β = 83.56 ± 0.01
γ = 119.89 ± 0.01

peaks for Al indicates the complete removal of the Al layers
from the Ti3AlC2 MAX phase to the Ti3C2Tx MXene phase.
Similarly, in the survey scan spectra of bare β-Ni(OH)2, as
shown in figure 5(a), signature peaks for the compositional ele-
ments, viz., Ni and O were found. Similarly, in the case of β-
Ni(OH)2-decorated Ti3C2Tx MXene, as shown in figure 6(a),
the signature peaks for different compositional elements of
both Ti3C2Tx and β-Ni(OH)2 were found. To obtain the exact
peak positions of the different compositional elements, a slow
scan of the peak regions for Ti 2p, C 1s, O 1s, F 1s and Ni 2p
for all three samples were performed and deconvoluted them
with the proper profile fittingmethod. The exact peak positions
for all the deconvoluted spectra are tabulated in table 2. The Ti
2p spectra for both the bare-Ti3C2Tx MXene (figure 4(b)) and
β-Ni(OH)2-decorated Ti3C2Tx MXene (figure 6(b)) samples
show 2p3/2 and 2p1/2 spin-orbital splits of the three peaks. As
the energy positions of the Ti 2p spectra for the C–Ti bond
are influenced by local bonding with the terminated functional
groups (Tx), three kinds of influences and three sets of peaks

corresponding to the Ti 2p bonds, viz., C–Ti–TO, C–Ti–TF,O

and C–Ti–TO were observed [30, 31]. The peaks near 454.7
(2p3/2) and 460.8 (2p1/2) eV correspond to the C–Ti–TO bond.
The peaks near 456.1 (2p3/2) and 464.6 (2p1/2) eV corres-
pond to the C–Ti–TF,O bond. The peaks near 459.0 (2p3/2) and
466.3 (2p1/2) eV correspond to the C–Ti–TF bond. Figures 4(c)
and 6(c) show high-resolution XPS spectra of the C 1s peak of
the bare-Ti3C2Tx MXene and β-Ni(OH)2-decorated Ti3C2Tx
MXene samples, respectively. Two major peaks near 281.41
and 284.87 eV were found in both spectra, corresponding to
Ti–C–Ti and C–C bonds, respectively [30, 31]. The Ti–C–Ti
peak represents the characteristic peak of the Ti3C2Tx MXene
network, whereas the C–C bond represents the graphitic car-
bon networks at the C-terminated edges. The hump(s) in the
spectra for both the samples (figures 4(c) and 6(c)) at the knee
near the binding energy of 286.78 and 288.36 eV correspond
to the C–O, C=O, etc, bonds coming from C-based impurities
such as COH, COO, CHx, etc [31]. Three component peaks
in the O 1s spectra, as shown in figures 4(d), 5(b), and 6(d),
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Figure 4. (a) XPS spectra of bare 2D Ti3C2Tx MXene sample. High-resolution scan in the region of (b) Ti 2p, (c) C 1s, (d) O 1s, (e) F 1s,
and (f) Ni 2p region.

Figure 5. (a) XPS spectra of bare β-Ni(OH)2 sample. High-resolution scan in the region of (b) O 1s, and (c) Ni 2p region.

for all three samples (bare-Ti3C2Tx MXene, bare β-Ni(OH)2
andβ-Ni(OH)2-decorated Ti3C2TxMXene, respectively) were
found. The three peaks near 529.1, 530.2 and 531.3 eV in
the O 1s spectra for the bare-Ti3C2Tx sample correspond to
Ti–C–TO (2nd site), Ti–C–TO (1st site), and Ti–C–TF,O (1st
site), respectively [31]. The three component peaks near 527.9,
530.1 and 532.1 eV in the O 1s spectra for the bare β-Ni(OH)2
correspond to ionic oxygen; the Ni–OH bond and the bond
come from adsorbed H2O, respectively. In the case of the com-
posite sample, three peaks approximately at the same positions
were also observed, but there was a difference in the nature of
the peaks. The three peaks near 529.0, 529.9, and 531.3 eV
correspond to ionic oxygen; the Ni–OH bond and the bond
come from adsorbed H2O [31, 32]. These three peaks may
overlap with the three characteristic peaks of O 1s (viz., Ti–
C–TO (2nd site), Ti–C–TO (1st site), and Ti–C–TF,O (1st site)
bonds) due to the adsorbed functional groups (Tx) of Ti3C2Tx.
The influence of different terminal functional groups (Tx such
as F and O) was also confirmed by observing their presence
in the XPS spectra for both the bare-Ti3C2Tx MXene and β-
Ni(OH)2-decorated Ti3C2Tx MXene samples. Two peaks in

the F 1s spectra (figures 4(e) and 6(e)) for both samples were
found. In the bare-Ti3C2Tx sample, as shown in figure 4(e), the
intense peak near 684.5 eV corresponds to the C–Ti–TF bond,
whereas the hump near 686.0 eV corresponds to the C–Ti–TF,O

bond [31]. For the bare-Ti3C2Tx MXene sample, the F 1s peak
is quite close to the reported value, whereas for the composite
sample, the F 1s peak (figure 6(e)) occurs at a slightly greater
value (684.9 and 687.3 eV), as presented in table 2. The reason
is the charge transfer from the anionic p-site of TF to the d-site
of the transition metal, as discussed later. Compared with the
bare Ti3C2Tx, as presented in table 3, the average peak shifting
of the F 1s spectra of the composite sample is 0.8 eV. Usually,
most of the TF groups are washed away during heat treatment.
However, due to the bond formation with the Ni atoms of
β-Ni(OH)2, some TF groups cannot be removed; hence, the
presence of these groups in the XPS spectra of the compos-
ite sample was observed even after hydrothermal treatment.
The Ni 2p spectra of the bare β-Ni(OH)2 and the composite
sample are shown in figures 5(c) and 6(f). In the Ni 2p spec-
trum of bare β-Ni(OH)2, there are four component peaks near
855.5, 860.7, 873.2, and 878.5 eV. The peaks near 855.5 and
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Figure 6. (a) XPS spectra of β-Ni(OH)2/Ti3C2Tx composite sample. High-resolution scan in the region of (b) Ti 2p, (c) C 1s, (d) O 1s,1s,
(e) F 1s, and (f) Ni 2p region.

873.2 eV correspond to the Ni 2p3/2 and 2p1/2 states, whereas
the peaks near 860.7 and 878.5 eV correspond to shake-up
satellites [32]. Whereas, the Ni 2p spectrum of the composite
sample consists of four component peaks near 854.2, 859.9,
871.7, and 877.4 eV. The peaks near 854.2 and 871.7 eV cor-
respond to the Ni 2p3/2 and 2p1/2 states, whereas the peaks near
859.9 and 877.4 eV correspond to shake-up satellites [32].
Compared with the bare β-Ni(OH)2, as presented in table 3,
it was observed that all the component peaks of Ni 2p of the
composite sample had lower binding energies [32]. The aver-
age peak shift for the Ni 2p3/2 bands is approximately 1.3 eV,
whereas that for the Ni 2p1/2 bands is approximately 1.8 eV
(table 3). The reason behind the shift in the Ni 2p spectra to a
lower binding energy is the charge sharing from the negatively
charged environment of different functional groups (Tx), espe-
cially TF. Like in other composites of MXene, as suggested
by Xie et al, interfacial charge transfer occurs from negatively
charged Tx (e.g. –F) to positively charged cation (Ni2+) when
β-Ni(OH)2 grows on Ti3C2Tx and forms ionic-like bonds [33].
Because of this bond formation, even after treating the Ti3C2Tx
via a hydrothermal treatment, the F atoms did not wash away
completely in the composite sample. Previously reported pho-
toconductive and x-ray photoelectron spectroscopy data estab-
lished the phenomenon of charge transfer from the anionic
p-orbital (F 2p) to the transition metal d-orbital (Ni 3d) [34,
35]. The well-known core hole effect in XPS spectra influ-
ences the F 1s and Ni 2p spectra [36]. The partial transfer of
electrons from the F p-orbitals of Ti3C2Tx to the Ni d-orbitals
of β-Ni(OH)2 reduces the binding energy of core-level elec-
trons in Ni. Hence, the shifting of Ni 2p states to lower bind-
ing energy regions was observed, and the modification of 2p
shake-up satellites (table 3) was found. Similarly, the charge
transfer from the p-orbital of F influences the F 1s spectrum
in XPS; hence, this transfer occurs at a higher binding energy

(table 3). The absence of any peak in the binding energy region
of 845–875 eV, as shown in figure 4(f), for the bare-Ti3C2Tx
MXene sample confirms that the peaks in the same region of
the composite sample are not from any functional groups/pre-
cursor impurities of MXene but from the Ni 2p states. This
charge sharing to the Ni atoms of β-Ni(OH)2 results in the
induced ferrimagnetism discussed later in section 3.7 to the β-
Ni(OH)2-decorated Ti3C2Tx MXene sheets. The mechanism
of the induction of the magnetic moment due to charge trans-
fer is discussed in detail in a later section (section 3.7).

3.4. Transmission electron microscopy

The transmission electron microscopy (TEM) analysis was
performed to determine the morphology of the as-prepared
samples. Figure 7(a) shows the overall image of the β-
Ni(OH)2-decorated Ti3C2Tx sheet. To confirm the lattice para-
meters and hence the crystal phases, selected area electron dif-
fraction (SAED) of the sample was performed. In the SAED
pattern, as shown in figure 7(b), the diffraction spots for both
the β-Ni(OH)2 and Ti3C2Tx crystals were observed. A pair
of spots for the parallel sets of planes (004) and (111) of the
Ti3C2Tx crystal with lattice spacings of 0.59 and 0.15 nm,
respectively, were found. Spots for the (001), (011), and (110)
parallel sets of planes of β-Ni(OH)2 with lattice spacings
of 0.46, 0.22, and 0.16 nm, respectively, were also found.
For better visualisation and accurate measurement of the lat-
tice spacing and phase confirmation, high-resolution transmis-
sion electron microscopy (HRTEM) was performed on the
sample. The HRTEM image, as shown in figure 7(c), reveals
an island of β-Ni(OH)2 nanosheets growing on the surface
of the Ti3C2Tx crystal. For the sake of exact measurement of
the lattice parameters of the signature planes of β-Ni(OH)2,
i.e. the (001) set of planes, an inverse fast Fourier transform
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Table 2. Binding energy values of all the XPS spectra.

Samples Elements Components Binding energy (eV)

Bare-Ti3C2Tx MXene

Ti 2p
C–Ti–TO 454.7 (2p3/2) 460.8 (2p1/2)
C–Ti–TF,O 456.1 (2p3/2) 464.6 (2p1/2)
C-Ti-TF 459.0 (2p3/2) 466.3 (2p1/2)

C 1s

Ti–C–Tx 281.4
C–C 284.8
C–O 286.7
C=O 288.8

F 1s
Ti–C–TF 684.5
Ti–C–TF,O 686.0

O 1s
Ti–C–TO (2nd site) 529.1
Ti–C–TO (1st site) 530.2
Ti–C–TF,O (1st site) 531.3

β-Ni(OH)2

Ni 2p
Main peaks 855.5 (2p3/2) 873.2 (2p1/2)
Shake-up satellites 860.7 (2p3/2) 878.5 (2p1/2)

O 1s
Ionic O 527.9
Ni–O 530.1
Adsorbed H2O 532.1

β-Ni(OH)2 decorated Ti3C2Tx

Ti 2p
C–Ti–TO 454.3 (2p3/2) 460.6 (2p1/2)
C–Ti–TF,O 455.1 (2p3/2) 464.3 (2p1/2)
C–Ti–TF 458.5 (2p3/2) 467.4 (2p1/2)

C 1s
Ti–C–Tx 281.2
C–C 284.8
C–O 288.3

F 1s
Ti–C–TF 684.9
Ti–C–TF,O 687.3

O 1s
Ti–C–TO (2nd site) or Ionic O 529.0
Ti–C–TO (1st site) or Ni-O 529.9
Ti–C–TF,O (1st site) or Adsorbed H2O 531.3

Ni 2p
Main peaks 854.2 (2p3/2) 871.7 (2p1/2)
Shake-up satellites 859.9 (2p3/2) 877.4 (2p1/2)

Table 3. Major shift in binding energy in composite sample in comparison with their bare form.

Element Orbitals

Binding energy (eV)

Shifting of binding energy (eV)Composite sample Bare sample

Ni 2p

2p3/2 854.2 855.5 −1.3
2p3/2 satellite 859.9 860.7 −0.8
2p1/2 871.7 873.2 −1.5
2p1/2 satellite 877.4 878.5 −1.1

F 1s
Ti–C–TF 684.9 684.5 +0.4
Ti–C–TF,O 687.3 686.0 +1.3

(IFFT) was performed, as shown in figure 7(d). The lattice
spacing is measured as 0.46 nm, which matches the lattice
spacing of the (001) plane of β-Ni(OH)2. Thus, it can be
concluded that β-Ni(OH)2 nanosheets grow on the Ti3C2Tx
planes. Electron diffraction x-ray spectroscopy (EDXS), as
shown in figure 7(e), was also performed to obtain a rough
estimation of the sample’s elemental composition. All the
compositional elements (Ti, C and F from Ti3C2Tx and Ni
and O from β-Ni(OH)2) were in the EDXS spectrum. To visu-
alise the uniformity of the elements’ distribution within the

samples, we have performed the elemental mapping, as shown
in figure S2 of supplementary material. It also establishes the
presence of all the compositional elements of the composites.
The absence of other elements in the EDXS spectra indicates
the phase purity of the sample.

3.5. Raman spectroscopy

The Raman spectroscopywas performed on the as-synthesised
Ti3C2Tx MXene and β-Ni(OH)2-decorated MXene samples.
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Figure 7. (a) TEM image of β-Ni(OH)2 nanosheet decorated 2D Ti3C2Tx MXene sheet. (b) SAED pattern of the β-Ni(OH)2/Ti3C2Tx

composite sample. (c) High-resolution TEM image of β-Ni(OH)2 nanosheet grown on Ti3C2Tx MXene sheet. (d) Corresponding IFFT
pattern for better visualization of lattice spacing. (e) EDXS spectra of β-Ni(OH)2/Ti3C2Tx composite sample.

Figure 8. Raman spectra of (a) bare 2D Ti3C2Tx nanosheet sample, and (b) β-Ni(OH)2/Ti3C2Tx composite sample.

As shown in figure 8(a), the Raman spectrum of the
bare-Ti3C2Tx MXene sample shows characteristic peaks at
155, 395, 629, 1361, and 1565 cm−1 [37, 38]. The peaks at
395 and 629 cm−1 correspond to the vibration of the C–Ti–
O bond, whereas the peak at 155 cm−1 is due to the stretch-
ing vibration of the Ti–O bond [38]. The broad peaks near
1361 and 1565 cm−1 correspond to the D and G bands of the
defective carbon species present within the Ti3C2Tx MXene
[37]. As shown in figure 8(b), the Raman spectrum of the β-
Ni(OH)2/Ti3C2Tx composite sample shows the characteristic

peaks of both Ti3C2Tx and β-Ni(OH)2. The peaks near 155,
208, 254, 317, 410, 450, 614, 1353, 1574, and 3577 cm−1

were found for the composite sample. The peaks near 410
and 614 cm−1 correspond to the vibrational mode of the C–
Ti–O bond, whereas the peak near 254 cm−1 corresponds to
the stretching vibrational mode of the Ti–O–Ti bond [38]. The
peak near 155 cm−1 is due to the stretching vibration of the
Ti–O bond [38]. The broad peaks near 1353 and 1574 cm−1

correspond to the D and G bands of the defective carbon spe-
cies present within the Ti3C2Tx MXene [37]. The peaks near
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Figure 9. (a) The χ(T) data in both ZFC and FC mode of bare 2D Ti3C2Tx nanosheet sample. (b) The corresponding inverse susceptibility
data fitted with Neel equation.

317 and 450 cm−1 correspond to the Ni–OH vibrational mode,
and the peak in the higher frequency range near 3577 cm−1

corresponds to the stretching vibration of the Ni–O bond of β-
Ni(OH)2 [39, 40]. Hence, the Raman spectra of both samples
established the phases present within the bare-Ti3C2TxMXene
and β-Ni(OH)2/Ti3C2Tx composite samples. The absence of
any extra peaks within these ranges confirmed the absence of
any artefacts or impurities.

3.6. Magnetic study of 2D Ti3C2Tx MXene sheets

To understand the magnetic behaviour of the bare-Ti3C2Tx
MXene sheets, the susceptibility data as a function of tem-
perature, i.e. χ(T) data, in both zero-field cooled (ZFC) and
field-cooled (FC) modes were measured. The magnetisation
data as a function of the magnetic field, i.e. the M(H) data
were also measured. Figure 9(a) shows the χ(T) data in ZFC
and FC modes for the bare 2D Ti3C2Tx MXene sheets. The
χ(T) data show a paramagnetic-like behaviour throughout
the whole temperature range, but the data are not fitted with
the well-known Curie law

(
χ = C

T

)
. A bifurcation between

the ZFC and FC data in the low-temperature region was also
observed. To gain insight into the magnetic ordering within
the bare-Ti3C2Tx MXene sheets, the inverse susceptibility
( 1
χ vs T) data was plotted. The inverse susceptibility data do

not show linear paramagnetic behaviour. The typical beha-
viour of the inverse susceptibility data fits the Neel equation
( 1
χ = T

C + 1
χ 0

− σ
T−θ ) considered for antiferromagnetic or fer-

rimagnetic substances having two different sublattices [41].
The best fit (adj. R2 = 0.99) of the data provides the dif-
ferent fitting parameters C = 2.3 × 10−3 emu K g−1 Oe−1,
χ 0 = 2.77× 10−6 emu g−1 Oe−1,σ= 1.29× 106 KgOe emu−1

and θ = 3.5 K. The configurations of the Ti atoms for the
exposed surface and its interior plane are fairly different. The
bonding of different functional groups, especially with TF,
provides the outer-plane Ti atoms with magnetic ordering
opposite to that of the inner-plane Ti atoms. Hence, weak
ferrimagnetic ordering is generated. A weak ferrimagnetic
behaviour was also observed in the M(H) data. As shown in
figure 10, the isothermal hysteresis curves at different tem-
peratures for the bare-Ti3C2Tx MXene sample show weak

ferrimagnetic behaviour with negligible coercivity. Thus, it
is concluded that the generated moment does not have any
strong ordering between them.

3.7. Magnetic study of β-Ni(OH)2-decorated MXene sheets

To understand the magnetic behaviour of the β-Ni(OH)2-
decorated Ti3C2Tx MXene sheets, the susceptibility as a func-
tion of temperature, i.e. χ(T) data, in both zero-field cooled
(ZFC) and field-cooled (FC) modes was measured. The mag-
netisation data as a function of themagnetic field, i.e. theM(H)
data was also measured. Figure 11(a) shows the χ(T) data in
both the ZFC and FC modes for the β-Ni(OH)2/Ti3C2Tx com-
posite sample. Here, a ferrimagnetic-like behaviour with a
clear bifurcation between the ZFC and FC up to a certain
temperature limit was observed. To understand the magnetic
behaviour, the inverse susceptibility ( 1

χ vs T) data, as shown
in figure 11(b) was plotted. The nature of inverse susceptib-
ility data with respect to temperature is not uniform. It can
be observed that two different magnetic transitions in dif-
ferent temperature zones. Considering the low-temperature
region, we found a typical ferrimagnetic behaviour that was
well fitted with the Neel equation ( 1

χ = T
C + 1

χ 0
− σ

T−θ ). The

best fit (adj. R2 = 0.99) in the low-temperature region (2–
150 K), as shown in figure 11(b), provides different fitting
parameters, such as C = 3.54 × 10−3 emu K g−1 Oe−1,
χ 0 = 1.24× 10−5 emu g−1 Oe−1,σ= 7.79× 105 KgOe emu−1

and θ = 9.5 K. Although all the magnetic parameters are equi-
valent to those of the bare-Ti3C2Tx MXene sheets, there is
an increase in the transition temperature from 3.5 to 9.5 K. A
possible reason behind the increase in the transition temper-
ature is the heat treatment during the hydrothermal reaction
used to produce the composite sample. It is well known that
in the case of antiferromagnetic or ferrimagnetic materials,
the Neel (TN) transition temperature solely depends upon the
material particle size [42]. The dependency of the Neel tem-

perature occurs as TN(D) = TN(∞)[1− ( ξ 0
D )

λ
], where ξ 0 and

λ are the correlation lengths at the absolute zero temperature
and shift exponent, respectively. TN(D) and TN(∞) are the
Neel temperatures of a ferrimagnetic material with a finite
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Figure 10. The isothermal magnetization data as a function of magnetic field at temperature of (a) 2 K, (b) 5 K, (c) 10 K, (d) 20 K, (e) 30 K,
and (f) 100 K.

Figure 11. (a) The χ(T) data in both ZFC and FC mode of β-Ni(OH)2/Ti3C2Tx composite sample. (b) The corresponding inverse
susceptibility data fitted with Neel equation.

particle size (D) and bulk dimensions, respectively. During
the hydrothermal treatment used to prepare the composite, the
particle size of the Ti3C2Tx crystal increased, which resulted
in a higher Neel transition temperature for the 2D Ti3C2Tx
MXene sheets than for the bare-Ti3C2Tx MXene sheets. The
most crucial observation and key point of this study is the 2nd
transition in the higher temperature range (>200 K). The best
fit (adj. R2 = 0.99), as shown in figure 11(b), provides different
fitting parameters, such as C= 8.10× 10−3 emu K g−1 Oe−1,
χ 0 = 1.99× 10−6 emu g−1 Oe−1,σ= 3.37× 106 KgOe emu−1

and θ = 246.2 K. The value of the Curie constant (C) is relat-
ively greater than that of the bare-Ti3C2Tx MXene sheets. The
most important thing is the vast increase in the Neel transition
temperature. Due to the higher Neel transition temperature,
magnetic ordering is expected to occur up to a higher tem-
perature. The isothermal hysteresis curves at different tem-
peratures, as shown in figure 12, reveal ferrimagnetic-like
behaviour with a sufficiently high coercivity for the compos-
ite sample. The coercivity values at different temperatures are

summarised in table 4. The origin of ferrimagnetic ordering
with a sufficiently high transition temperature (>200 K) lies
in the charge-transfer phenomenon, commonly referred to as
d-p mixing, occurring at the interface of the as-grown anti-
ferromagnetic layer (β-Ni(OH)2) and the Ti3C2Tx sheets. In
this study, the Ti3C2Tx sheets served as a template for the
growth of a thin layer of antiferromagnetic β-Ni(OH)2. As
the β-Ni(OH)2 layers develop on the surface of the Ti3C2Tx
sheets, they form an ionic-like bond with negatively charged
functional groups (Tx), such as F [33]. The XPS analysis,
detailed in section 3.3, indicates charge transfer from the F
p-orbital of Ti3C2Tx to the Ni d-orbital of β-Ni(OH)2. As
discussed in the supplementary materials, the charge-transfer
effect has also been realised from the density functional theory
(DFT) calculation. The DFT calculation shows that there is
an influence of the present TF (of Ti3C2Tx) functional groups
on the density of states (DOS) of the β-Ni(OH)2, as shown in
figure S3 of the supplementary materials. Due to the presence
of TF (of Ti3C2Tx) functional groups at the adjacent point of
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Figure 12. The isothermal magnetization data as a function of magnetic field, for the β-Ni(OH)2/Ti3C2Tx composite sample, at
temperatures of (a) 2 K, (b) 5 K, (c) 10 K, (d) 15 K, (e) 20 K, (f) 25 K, (g) 30 K, (h) 50 K, (i) 75 K, (j) 100 K, (k) 200 K, and (l) 300 K.

Ni (of β-Ni(OH)2), there is a generation of additional elec-
tronic states near the Fermi level. This calculation establishes
the redistribution of charge within the layers of β-Ni(OH)2,
hence the generation of interfacial magnetic moments. In
pristine β-Ni(OH)2, Ni2+ spins are aligned parallelly within
a sublattice, whereas the Ni2+ spins in other sublattices are
aligned antiparallelly [43]. The partial transfer of electrons
to the Ni d-orbitals of β-Ni(OH)2 disrupts the antiferromag-
netic nature of the antiparallelly aligned spins within it. This
disruption arises from the charge sharing between the F p-
orbital and Ni d-orbital, commonly known as d-p mixing.
Consequently, an uncompensated spin moment emerges at
the interface of β-Ni(OH)2 and the Ti3C2Tx sheets [19, 20].
The locally generated spin magnetic moments provide mag-
netic ordering, forming a 2D ferrimagnet at the interface.
Remarkably, this ordering persists up to a sufficiently high
temperature of approximately 246 K, which is much greater

than the actual Neel temperature (∼26 K) of the bare β-
Ni(OH)2 crystal. The origin of the high coercivity at different
temperatures is the strong surface-pinning effect of spins,
usually observed at the interface of two ultrathin magnetic
layers [44].

The coercivity values at different temperatures are plot-
ted as a function of temperature in figure 13. The coercivity
decreases with increasing temperature according to Kneller’s
law (HC = H0(1− T

T0
)
α
), where H0 is the coercivity at the

absolute zero temperature and α is an exponent [45]. The
coercivity at 2 K shows a slight deviation. The coerciv-
ity data are consistent with those of conventional ferrimag-
netic or ferromagnetic substances. The tendency of the iso-
thermal hysteresis loops at higher temperatures to exhibit
non-saturation magnetisation indicates the fractional presence
of some antiferromagnetic component within the composite
materials.
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Table 4. Coercivity values of the β-Ni(OH)2/Ti3C2Tx composite
sample at different temperatures.

Temperature
Forward

coercivity (T)
Reverse

coercivity (T)
Average

coercivity (T)

2 0.201 0.199 0.200
5 0.181 0.180 0.180
10 0.179 0.177 0.178
15 0.173 0.171 0.172
20 0.171 0.170 0.170
25 0.165 0.164 0.164
30 0.161 0.160 0.160
50 0.153 0.152 0.152
75 0.138 0.137 0.137
100 0.127 0.126 0.126
200 0.076 0.074 0.075
300 0.029 0.029 0.029

Figure 13. Variation of coercivity with temperature for the
β-Ni(OH)2/Ti3C2Tx composite sample.

4. Conclusions

In conclusion, the wet-chemical synthesis process utilising
an HF-generating (LiF + HCl) etchant successfully yielded
ultrathin 2D Ti3C2Tx MXene microsheets through the etch-
ing of Al layers from the Ti3AlC2 MAX phase. Rietveld
refinement analysis of powder XRD data provided a compre-
hensive understanding of the synthesis mechanism, highlight-
ing the exfoliation of Ti3C2Tx MXene layers. Magnetic res-
onance studies revealed weak ferrimagnetic behaviour with
low coercivity value in the resulting 2D Ti3C2Tx MXene
microsheets. The introduction of ultrathin layers of β-Ni(OH)2
on to the MXene surface demonstrated the generation of
magnetic moments through charge transfer, known as d-p
mixing. The charge transfer effect has been realised from
the generation of additional electronic states near the Fermi
level of the β-Ni(OH)2 in the presence of the nearby func-
tional groups (TF) of Ti3C2Tx. Hence, the charge redistribu-
tion within the β-Ni(OH)2 indicates a hindrance to the antifer-
romagnetic properties within it. Consequently, a generation of
magnetic moment occurs at the interface of β-Ni(OH)2 and
Ti3C2Tx. These charge-transfer-induced magnetic moments
exhibit ordering up to a sufficiently high temperature. The
composite structure (β-Ni(OH)2/Ti3C2Tx) exhibited a notably
high coercivity of 0.2 T at 2K,making it a promising candidate
for spintronic devices. Importantly, the ferrimagnetic ordering

remained stable at temperatures up to 264 K, indicating prac-
tical applicability for diverse technological uses. Overall, the
successful synthesis and characterisation of this novel com-
posite (β-Ni(OH)2/Ti3C2Tx) open avenues for further explor-
ation and development of advanced multifunctional materials
with tailored magnetic properties.
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