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Magnetic nanomaterials are sought to provide new functionalities for applications ranging from infor-
mation processing and storage to energy generation and biomedical imaging. MXenes are a rapidly
growing family of two-dimensional transition metal carbides and nitrides with versatile chemical and
structural diversity, resulting in a variety of interesting electronic and optical properties. However, strat-
egies for producing MXenes with tailored magnetic responses remain underdeveloped and challenging.
Herein, we incorporate elemental Ni and Co into TizC,T, MXene by mixing with dilute metal chloride
solutions. We achieve a uniform distribution of Ni and Co, confirmed by X-ray fluorescence (XRF)
mapping with nanometer resolution, with Ni and Co concentrations of approximately 2 and 7 at% relative
to the Ti concentration. The magnetic susceptibility of these Ni- and Co-incorporated TizC,T, MXenes is
one to two orders of magnitude larger than pristine TizC,T,, illustrating the potential for dilute metal
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Introduction

MXenes encompass a rapidly growing and diverse family of
two-dimensional (2D) materials, represented by the M,,,;X, T,
formula, where M is one or more early transition metals, X is
carbon and/or nitrogen, T are surface terminations (including
-0, -OH, halogens, and chalcogens), and n ranges from
1-4."* MXenes present a unique combination of properties
that render them promising materials for applications such as
electromagnetic interference shielding, implantable electro-
des, and pseudocapacitive energy storage enabled by their
large electronic conductivity and surface redox activity.
Moreover, the hydrophilic surfaces of O- and OH-terminated
MXenes allow for easy processing and device fabrication.”
However, the ability to tailor the magnetic properties of
MXenes is less-understood and lags behind activities focused
on electrochemical, electronic, or optical behavior. The devel-
opment of MXenes with robust magnetic responses, through
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incorporation to enhance linear magnetic responses at room temperature.

either enhancing their linear susceptibility in paramagnetic
phases or realizing long-range magnetically ordered states,
could enable the use of MXenes in magnetic technologies.’

The search for MXenes with magnetic ordering has been
the subject of extensive computational studies, yielding predic-
tions of both ferromagnetic and antiferromagnetic phases.
Density functional theory (DFT) calculations predict that mag-
netic behavior can be tuned intrinsically by changing the
M-site metal,®"" the surface termination species,”'>"*""” and
extrinsically by applying strains.'®° The ability to test these
computational predictions rests on the synthetic feasibility of
the targeted MXene. MXenes are typically derived by selective
etching of the A element (e.g., Al) from layered MAX phase
precursors,”"** represented by M,,.;AX,. For example, Cr,CT,
MXenes have been predicted to exhibit ordered magnetic
states,” >® and in principle, these materials could be derived
from parent MAX phases, such as Cr,AlIC and Cr,GeC.*”
However, synthesis of the corresponding Cr,CT, MXene is
challenging, has only recently been reported, and needs to be
further confirmed.*® Another Cr-based MXene that has been
predicted to host magnetic ordering is Cr,TiC,T,.">""'*?° This
material was successfully synthesized and found to exhibit a
spin-freezing transition temperature near 30 K, indicative of
local magnetic interactions but lacking an ordered magnetic
state.*°

An alternative approach for controlling magnetic behavior
in MXenes is incorporating secondary phase particles into
paramagnetic MXenes, such as the prototypical Ti;C,T,. Along
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these lines, the synthesis of MXene-ferromagnetic nanoparticle
composites has been widely studied as a route to engineer pro-
perties related to electromagnetic shielding.>’® One com-
monly used synthetic strategy is to employ metal chlorides
mixed in a solution with MXenes as the precursors for the
ferromagnetic second phase. For example, a wide range of
morphologies have been realized in ferromagnetic Ni phases
adhered to MXenes using NiCl,-6H,0-containing solutions,
including Ni chains or rods,*®*” spherical particles,**™** and
shells.*’ Similarly, CoCl,-6H,0 has been utilized to create Co-
based nanoparticles that bolster microwave absorption in
MXene-based composites.’®** In these composites, clear ferro-
magnetic behavior is observed due to the non-MXene ferro-
magnetic secondary phase. A less-studied strategy for engineer-
ing magnetic responses is incorporating magnetically active
ions in dilute concentrations into MXenes flakes without
forming secondary phases, as dilute atomic concentrations of
Ni and Co can impact electromagnetic wave absorption.*>*®
For example, dilute concentrations of Mn were incorporated
into Ti3C,T, utilizing a solution of Mn(CH;COO),-4H,0 dis-
solved in ethanol.”” The resultant MXenes exhibited an
increase in magnetic susceptibility compared to TizC,Ty
without inducing magnetic order. Ni atoms have also been
incorporated into TizC,T, by immersing Ti;C,T, into a KOH
solution containing NiCl,-6H,0.*® Multilayer powders of these
Ni-Ti;C,T, were found to exhibit enhanced performance for
microwave absorption applications, but the magnetic pro-
perties of the materials were not reported, nor was the nano-
scale distribution of Ni atoms. Ni-intercalated Mo,TiC,T, has
also been synthesized via mixing MXene ink with a
NiCl,-6H,O solution, but the magnetic properties of these
materials were not reported.*® The limited reports of single-
phase MXenes hosting magnetic elements such as Ni, Co, or
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Fe point to the need to better understand the magnetic
responses of such materials.

In this work, we incorporated Ni and Co into delaminated
Ti;C,Tx MXene sheets by mixing with metal chloride solutions
under conditions that do not result in the formation of ferro-
magnetic secondary phase particles. By using a low concen-
tration of metal chloride solutions (<0.03 M), it was possible to
prevent aggregation of the negatively charged MXenes sheets
by self-assembly with the positively charged metal cations. We
show that the incorporation of Ni and Co results in significant
increases in room temperature magnetic susceptibility, pre-
senting a promising strategy for modifying linear magnetic
responses through dilute ion incorporation in single-phase
MXenes.

Results and discussion

Delaminated d-Ti;C,T, MXene was prepared following stan-
dard procedures for MXene synthesis, as described in the
Methods section. The incorporation of Ni and Co was realized
by dissolving 0.2 g of NiCl,-6H,O and 0.156 g of anhydrous
CoCl, in 35 mL of DI water, respectively. The salt solutions
were added to 5 mL (~2 mg mL™") of d-Ti;C,T, dispersions
and mixed for 15 min at room temperature. The resulting dis-
persions were washed with DI water through a series of cen-
trifugation, mechanical shaking, and decantation cycles until
the color became transparent. Free-standing TizC,T,, Co-
Ti;C, Ty and Ni-Ti;C,T, films were successfully prepared from
the MXene dispersions by vacuum-assisted filtration (Fig. 1).
The cross-sectional scanning electron microscopy (SEM)
micrographs of the free-standing films show the lamellar
stacking of the MXene sheets before and after Ni and Co incor-

Fig. 1 Scanning electron microscopy (SEM) images of (a and d) pristine and (b and e) Co and (c and f) Ni incorporated TizC,T, MXene free-standing
films showing the (top) surface and (bottom) cross-section. Scale bars are 5 pm for (a—c) and 2 pm for (d—f).
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poration (Fig. 1d-f and Fig. S11). The surface of the pristine
MXene film is mostly smooth, with a few defects and titania
crystals on the edges of MXene flakes indicative of oxidation
and a few wrinkles and bumps indicative of the roughness of
the filtration membrane (Fig. 1a and Fig. S1at). After the incor-
poration of Co, the surface of the resulting film is similar to
that of the pristine MXene (Fig. 1b and Fig. S1bt), while the

F a . ]
— TigC,T,
i * *
w
4 T T T T T T m|
S
o B — CO_TISCZTX
ksJ 4
>
= 4
0
C * *
() amaaa s
b —4 Il 1 1 1 1 1 i
£
—— NiTi,C, T,

30 40 50 60 70 80 90
28 (°)
Fig. 2 X-ray diffraction (XRD) patterns of (a) pristine TizC,T, MXene,

and after (b) Co and (c) Ni metal incorporation. The 00! peaks marked
with asterisks (*) indicate the out-of-plane alignment of the MXene
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incorporation of Ni resulted in some wrinkling of the film
surface (Fig. 1c and Fig. Sict). The corresponding energy-dis-
persive X-ray spectroscopy (EDS) maps of the film surfaces
indicate that both Co and Ni are uniformly dispersed through-
out the films, although local areas with high Ni concentration
exist correlated with areas of high Ti concentration, which
suggests some local agglomeration of MXene sheets (Fig. S17).

The ordered out-of-plane stacking of the MXene sheets in
the free-standing films is further indicated by the 00/ peaks in
the X-ray diffraction (XRD) patterns at a standard Cu K, X-ray
energy (Fig. 2), where the 002 peak at 5.74° indicates that the
interlayer spacing is 15.39 A compared to the d-spacing of com-
pletely dried multilayer MXene powder of 15.3 A. After the Co
and Ni metal incorporation, the 002 peak does not shift sig-
nificantly, appearing at 5.74° and 5.98°, respectively, which
further suggests that there is no significant growth of salt crys-
tals in between the MXene sheets. However, the 002 peak
broadens where the FWHM increases from 0.48° to 1.06° and
1.70°, respectively. This broadening is likely due to local struc-
tural inhomogeneities from the presence of Co and Ni in
between the MXene sheets or from stacking disorder induced
by Ni/Co incorporation within the M-site of the MXenes.
Moreover, no new peaks appear that would suggest the pres-
ence of salt crystals.

To better understand the uniformity and the amount of
Co and Ni within the samples, X-ray fluorescence mapping
with nanometer resolution (nano-XRF) was performed at the
National Synchrotron Light Source II (NSLS-II) at the 3-ID
Hard X-ray Nanoprobe (HXN) beamline.”® MXene sheets were
deposited onto a Si substrate from a colloidal aqueous dis-
persion, which aggregated once dried as opposed to forming a
smooth layered morphology as in the vacuum-assisted fil-
tration process (Fig. S21). The corresponding nano-XRF maps
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Fig. 3 X-ray fluorescence (XRF) mapping of MXene flakes drop-cast onto Si substrates. (a) Ti XRF map, (b) XRF map of the incorporated metal, and
(c) intensity ratio of the incorporated metal and Ti. Scale bars are 2 um. (d) Histograms showing the distribution of Co vs. Ti and Ni vs. Ti from the

concentration values within each pixel in the XRF maps.
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obtained with 50 nm step sizes show intensity distributions
corresponding to the amount of each element present (Fig. 3a
and b). In both Co- and Ni-Ti;C,T, samples, the distributions
of Co and Ni follow that of Ti, suggesting that they are distribu-
ted throughout the MXene flakes instead of clustered as iso-
lated particles. The variation of elemental intensity is due to
the non-uniform deposition of the MXene sheets on the sub-
strate. The uniform intensity across the maps correlating the
Ti and Co/Ni distributions, after normalization by the X-ray
fluorescence cross-sections (to obtain the number density of
atoms per unit area),”® further suggests the uniform distri-
bution of Co and Ni across the flakes (Fig. 3c). The atomic
ratios of Co to Ti and Ni to Ti, obtained from the overall inte-
grated fluorescence intensity ratios after compensating for the
corresponding XRF cross-sections, were found to be 0.075 and
0.026, respectively, based on the image histograms of the
atomic ratios obtained from each pixel of the XRF maps
(Fig. 3d). Analysis of six other clusters further supports the
uniform distribution of Co and Ni, and lead to similar concen-
tration values (Fig. S3 and S47).

To investigate the coordination of the incorporated metals
and their species, we probed the surface of free-standing
MXene films using X-ray photoelectron spectroscopy (XPS)
(Fig. 4). The Ti 2p core-level spectra indicate that the surface of
all films is free of significant oxidation in the form of titania,
assigned to the Ti 2p;/, component at ~459 eV (Fig. 4a-c). The
Co 2p and Ni 2p core-level spectra indicate that both species
appear predominantly as zero-valent metals, rather than metal
chlorides (Fig. 4d and e), based on the binding energy of the
major Co 2p;, component at ~778 eV and the Ni 2p;, com-
ponent at ~853 eV.>> Further, survey XPS spectra indicate no
Cl present (Fig. S5t). The reduction of the metal chlorides
suggests that the Ti;C,T, MXene was partially oxidized and
acted as a reducing agent, evidenced by the slight increase in
the oxide-related component in the Ti 2p spectra at ~459 eV.
The negative values in the difference spectra of the Ti 2p
region further support the shift in the spectra to higher
binding energy and, therefore, slight oxidation (Fig. 4f).
Moreover, as the concentration of the oxidizing salt (e.g.,
CoCl,) increased, the MXene was more oxidized, evidenced by
the shift in the Ti 2p spectra to higher binding energy
(Fig. Seat), and the yield of reduction decreased, leaving
behind some residual material (e.g., CoO, Co030,4, etc.)
(Fig. S6b¥). A similar reduction of metals upon reaction with
MXenes has been reported for U, Cd, Ru and Cu.”*>®

To probe the influence of Ni and Co incorporation on the
MXene structure and bonding, we performed Raman spec-
troscopy analysis (Fig. S71). The resonant Raman peak, which
is related to the coupling between the exciting Raman laser
and the surface plasmon resonance in the MXene, shifts from
~127 cm™" in pristine and Ni-incorporated MXene to
~125 ecm™' in Co-incorporated MXene, which suggests there
are slight changes to the electronic structure of the material.>
The out-of-plane A, (Ti, C, T,) shifts from ~209 cm™" in pris-
tine MXene to ~210 and ~213 ecm ™" in Ni and Co incorporated
MXene, which indicates bond stiffening, possibly due to

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

dNi2p

aTi2p

Ni oxidé

Pristine Ti,C,T,
465 460 455 880 870 860 850
b € Co2p
i)
c
=]
§ Co oxide
>
=
c
Q
c . "
— | Co-Pristine Ti,C,T,
465 460 455 800 790 780 770
(o]
Co

Ni-Pristine Ti,C,T,
465 460

455 470 460 450

Binding Energy (eV)

Fig. 4 X-ray photoelectron spectroscopy (XPS) of the (a-c) Ti 2p core-
level from (a) pristine TizC,T, MXene, and after (b) Co and (c) Ni metal
incorporation. Corresponding (d) Ni 2p and (e) Co 2p spectra. (f)
Difference spectra, obtained by subtracting the metal-incorporated
spectra from the pristine MXene spectra, for the Ti 2p core-level, indi-
cating slight oxidation of the MXene during metal incorporation.

greater disorder in layer stacking and the presence of metal
atoms near the MXene surface.”” However, the A,y (C) at
~734 ecm™', E, (C) at ~600 cm™', and the E, (T,) modes at
~290 and ~370 cm™" appear unaffected by the metal incorpor-
ation. Moreover, no other species were detected in the Raman
spectra, despite the high sensitivity of Raman spectroscopy to
various impurities in MXene samples, such as nano-crystalline
titania in Ti;C,T,.

Aside from changes to the structure and chemistry, the
slight increase in the Ti oxidation state has a relatively
minimal impact on electronic conductivity. For example, the
temperature-dependent resistivity measurements exhibit
similar shapes with similar values for Ap/AT of 0.76, 1.2, and
0.85 uQ cm K™, and room temperature resistivity values of
~0.96, 0.73, and 1.53 mQ cm, for pristine, Co and Ni incorpor-
ated samples, respectively (Fig. S87). Thus, the resistivity in Ni-
Ti;C,T, is increased by a factor of approximately 1.5 compared
t0 TizC,T,.
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The magnetic properties of the MXenes were investigated
using DC magnetometry (Fig. 5). The field-dependent magneti-
zation (M vs. H) curves at different temperatures indicate that
pristine Ti;C,T, MXene is paramagnetic as it exhibits a linear
relationship, with very low magnetization of ~4 x 10™* emu g™*
at 300 K and 1.5 x 10> emu g~ " at 10 K under an applied field
of 0.2 T (Fig. 5a). The M vs. H curves for Co and Ni incorpor-
ated TizC,T, MXene exhibit non-linear behavior below 50 K
and 20 K (Fig. 5b and c), respectively, that indicate deviations
from simple paramagnetism at low temperature, which can be
fit with the Langevin function (Fig. S9 and Table $1%).°°7¢
Importantly, the incorporation of these magnetically active
transition metals into TizC,T, MXene samples leads to a sig-
nificant increase in the room temperature magnetization with
the susceptibility increasing from 2.0 x 10~ emu g~ Oe™" for
TizC,Ty, to 1.1 X 107> emu g~ " Oe™* and 2.3 x 10°® emu g™
Oe ™! for Co- and Ni-incorporated TizC,T, (Fig. 5d).

For both, Co- and Ni-incorporated samples, the tempera-
ture-dependent magnetization (M vs. T) curves show that while
there is a low-temperature upturn in magnetization, there is
no evidence of a ferromagnetic or antiferromagnetic transition
(Fig. 5e and f). The M vs. T curves for the chloride salts indi-
cate that CoCl, exhibits a maximum in magnetization at
15.5 K, associated with an antiferromagnetic transition. The
magnetization data from Co-TizC,T, does not exhibit a local
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maximum or anomaly near 15.5 K, providing further evidence
that the MXene samples do not contain residual metal chlor-
ide salts. By comparing the magnetization values between the
Co and Ni-incorporated MXene samples and the respective
salts, we estimate it would require 10 wt% of salt incorporated
in the sample to induce the change in the magnetization
herein measured in the MXenes (Fig. 5e and f). Such a signifi-
cant mass fraction of a secondary phase would be detectable
by one of the characterization techniques presented earlier.
The difference in the magnetic behavior observed for the salt
and MXene sample, along with the large increase in magnetic
susceptibility despite the low concentration of incorporated
transition metal atoms, further support that the magnetization
enhancement originates from a relatively uniform distribution
of dilute Ni and Co atoms, rather than the presence of residual
salt impurities. While this work establishes the general feasi-
bility and utility of incorporating dilute concentrations of mag-
netic metal atoms in MXenes, future efforts are needed to
understand the location of these atoms within or on the
surface of MXenes and the upper limits to the Ni and Co con-
centrations that can be incorporated without the formation of
ferromagnetic non-MXene secondary phases. Atomically
resolved scanning transmission electron microscopy coupled
with electron energy loss spectroscopy would be especially
helpful in understanding whether the magnetic elements are
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(a—c) Field-dependent magnetization curves at different temperatures for (a) pristine TizC,T, and (b) Co- and (c) Ni-incorporated TizC,T,. (d)

Field-dependent magnetization curves at room temperature for TizC,T, MXene before and after metal incorporation. The magnetic susceptibility is
indicated in terms of emu g~ Oe™. (e and f) Temperature-dependent magnetization curves for (e) Co-TisC,T, and (f) Ni-TisC,T, at an applied field
of 0.2 T. The insets are the temperature-dependent magnetization curves for CoCl, and NiCl; salt powders.
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incorporated within Ti vacancies or other defect sites in the
MXenes.

Conclusions

In summary, we demonstrated a method to incorporate a sec-
ondary metal element into delaminated Ti;C,T, MXene. While
only Co and Ni are reported in this work, we anticipate that
other transition metal elements with magnetic activity can
also be incorporated into Ti;C,T, and other MXenes by mixing
MXene dispersions with salt solutions at low concentrations to
prevent significant oxidation of the MXene and neutralizing
the negative surface charge of the MXene and cause agglom-
eration. Further, this work provides evidence that TizC,T,
MXene can reduce CoCl, and NiCl, to Co and Ni metal, while
maintaining its structure, electronic conductivity, and result-
ing film morphology. Using nano-XRF, we find that the Co and
Ni are uniformly distributed across the MXene flakes, but
future studies are required to identify the specific location of
the Ni and Co atoms with respect to the MXene lattice. The Co
and Ni incorporation results in a 57x and 11x enhancement,
respectively, of the magnetic susceptibility at room tempera-
ture, which can be utilized for applications such as electro-
magnetic energy absorption.

Experimental section
Material synthesis

Pristine TizC,T, MXene was prepared by selective etching of Al
from Tiz;AlC, MAX (<40 pm, Carbon-Ukraine). Briefly, 1 g of
TizAlC, was added to a solution of 30% hydrofluoric acid
(48-50%, Acros Organics) and stirred for 3 hours at 35 °C. The
resulting dispersion was washed with DI water through a
series of centrifugation (2500 RCF for 3 min) and decantation
cycles until the supernatant reached a pH > 6. Delaminated
d-Ti;C,T, MXene was prepared by exfoliation of multilayered
ml-TizC,T, using tetramethylammonium hydroxide (TMAOH).
Briefly, 3 mL of 25 wt% TMAOH solution was added to a dis-
persion of 1 g mi-Ti;C,T, in 20 mL of DI water, followed by stir-
ring for 20 hours at 35 °C. The resulting dispersion was
washed with DI water through a series of centrifugation
(12,000 RCF for 5 min) and decantation cycles until the super-
natant reached a pH < 8. Stock solutions of the metal salts
were prepared by dissolving 0.2 g of NiCl,-6H,O (Acros
Organics, CAS#7791-20-0) and 0.156 g of anhydrous CoCl,
(Alfa Aesar, CAS#7646-79-9) in 35 mL of DI water, respectively.
The salt solutions were respectively added to 5 mL (~2 mg
mL™") of d-Ti;C,T, dispersions and mixed for 15 min at room
temperature. The resulting dispersions were washed with DI
water through a series of centrifugation (12000 RCF for
5 min), mechanical shaking (5 min), and decantation cycles
until the color became transparent from the initial purple
(CoCl,) or green (NiCl,) colors. The washing process continued
until the MXene flakes were well dispersed. Free-standing Co-
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Ti3C,T, and Ni-Ti;C,T, films were prepared by vacuum-
assisted filtration through a porous polypropylene membrane
(Celgard, 3501). The films were dried in a vacuum desiccator at
room temperature for over 48 hours before characterization.

Materials characterization

For XPS analysis, free-standing MXene films were mounted on
conductive carbon tape and measured using a PHI VersaProbe
5000 spectrometer (Physical Electronics) with a 200 pm, 50 W
monochromatic Al K, X-ray source. Samples were sputtered
using Ar' ions for 1 min at 2 kV and 2 pA across a 2 X 2 mm
area. The pass energy and step size were set at 23.5 eV and
0.05 eV, respectively. Curve fitting and quantification were con-
ducted using the CasaXPS V2.3.19 software. SEM analysis was
performed using a Zeiss Supra 50VP microscope operating at 3
kV accelerating voltage in secondary electron mode. XRD pat-
terns were collected using a Rigaku SmartLab diffractometer
(Rigaku Co. Ltd) with a Cu K, source operating at 40 kV and
15 mA, within the 20 range of 3° to 60°, at 1° min™", in 0.02°
steps. Raman spectra were collected using a Renishaw InVia
confocal Raman microscope using a 785 nm laser at 5% power
(~0.15 mW). Magnetometry measurements were carried out
using vibrating sample magnetometry in a Physical Property
Measurement System (Quantum Design). For XRF mapping
measurements, we used a nanofocused X-ray beam of size
~40 nm at 8.4 keV, produced by a Fresnel zone plate with an
outermost zone width of 30 nm.’>®® The XRF spectra were
fitted using PyXRF software to generate elemental intensity
maps.>”
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