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HIGHLIGHTS

o Ferromagnetic hysteresis loops were observed for reduced TisC2Tx up to 150 K.

e L-ascorbic acid treatment is a promising approach for enhancing magnetism in MXenes.
e Chemical reduction enables novel 2D magnetic materials for spintronic applications.

ABSTRACT

Chemical reduction is a facile and cost-effective technique for the modulation of the physical and chemical properties of nanomaterials. Herein, we demonstrate an
enhancement of the magnetic behavior of TizC2Tx MXene after its chemical reduction via 1-ascorbic acid treatment. Small ferromagnetic loops have been observed
below 50 K for TizCTx prepared by hydrofluoric acid (HF) etching of Al layers from Ti3AlC,. Such a ferromagnetic ordering of spins was significantly enhanced via a
chemical reduction of Ti3CyTx with L-ascorbic acid. Ferromagnetic hysteresis loops were observed for reduced TizCaTx (r-TigC2Tx) up to 150 K indicating a significant
upshift of the paramagnetic to the ferromagnetic transition temperature, pushing towards room temperature. The enhancement of ferromagnetism and upshift of the
ferromagnetic transition temperature could be attributed to the localized unpaired electron in Ti-3d orbital of the r-Ti3CyTx crystal and increase in the number of
unsaturated Ti atoms upon r-ascorbic acid treatment. Chemical reduction via r-ascorbic acid treatment shows a promising pathway towards the modulation and
enhancement of magnetism in various MXene materials for the development of 2D metallic soft ferromagnets and spintronic devices.

1. Introduction

Recent developments in miniaturized, ultra-low power, and low-cost
memory and spintronic devices have allowed the field of 2D magnetic
materials to advance rapidly [1,2]. Several 2D van der Waals (vdW)
materials [3] such as Crl3 [4] PtSe [5], VSey [6], MnSe, [7], NiPS3 [8],
FePS3 [9], FesGeTey [10] CraGeyTeg [11], CrGeTe‘g‘, and CrSiTes [12],
with intrinsic magnetic properties have been fabricated in laboratories
and investigated, however, further modifications of the magnetic
properties to realize strong magnetization is sorely needed for their
practical applications. It has been reported that defect engineering can
induce [5,13,14] and modulate [15] the magnetism in 2D vdW
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materials. However, creation of the defects in 2D crystals significantly
ruins their other intrinsic properties such as electrical and thermal
conductivities [16,17], optical properties [18], and mechanical strength
[19]. Such an obstacle stimulates exploration of novel materials that
have rooms for a state-of-art modification of the crystal chemistry to
modulate the magnetic properties without degrading other novel func-
tional properties.

MXenes [20,21], a new intriguing family of highly conductive and
super-hydrophilic 2D materials, have been extensively explored for
various applications. Recent theoretical predictions [22-25] and
experimental studies [26-31] on the magnetism of Ti3CyTx have por-
trayed MXenes as promising 2D magnetic materials. One of the key
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Fig. 1. SEM micrograph of (a) multilayered-Ti3C,Ty crystals after HF etching of TizAlC, MAX phase, (b) multilayered-Ti3C,Ty crystal showing the accordion-like
structure, and (c) TizC.Tx powder. (d) Tapping mode AFM image of Ti3CTx nanosheets on SiO2/Si, (e) high magnification TEM image of a Ti3C,Tx nanosheet
suspended over a holey carbon grid, and (f) selected area electron diffraction (SAED) pattern of the nanosheet shown in Fig. le.

differences between MXenes and other 2D vdW materials is that the
former’s surface is terminated with various functional groups, these
include -F, -OH, and -0 [20,21], which are directly bonded to Ti atoms
of the crystal. Further studies show that removal or alteration of the
surface terminations of MXenes modifies the electronic [21,32] and
magnetic [23,29,30] properties. Limbu et al. [21] have demonstrated
that reduction of Ti3CyTy via r-ascorbic acid treatment modulates the
surface structure of the crystal and hence the electronic properties,
which are manifested as an enhanced electrical conductivity and
oxidation resistance of the material. Combining all these recent findings,
modulation of the magnetic properties of TizC,Tx can also be expected,
which would be very desirable for practical applications if the magnetic
behavior of the crystal is improved.

Herein, we report the direct observation of weak ferromagnetism in
TigCyTx prepared by etching Al layers from the TigAlCy MAX phase and
enhancement of the ferromagnetism after its termination engineering
via chemical reduction. The reduction of Ti3CoTx was carried out by
treating the MXene with an environmentally friendly and mild reducing
agent, r-ascorbic acid, which has already been proved to have a good
enough reducing capability for nanomaterials synthesis and tailoring
their properties [33-35]. The study shows that L-ascorbic acid treatment

can be a facile and safe pathway to acquire metallic soft ferromagnets
and 2D spintronic materials for practical applications.

2. Experimental

Ti3CyTyx and r-Ti3CyTy were synthesized following the protocols from
our previous paper, with a slight modification [21]. Briefly, 0.5 g of
Ti3AlCy (Carbon-Ukraine, Y-Carbon, Ltd) crystals were etched out for 7
h using 10 ml of 30% HF solution (ACROS Organics, 48-51% solution in
water) to remove Al layers. The mixture was then washed by vacuum
filtration using a stericup with a polyvinylidene difluoride (PVDF)
(MilliporeSigma) with deionized (DI) water until its pH reached ~6 and
dried in a vacuum desiccator. Two conical flasks were cleaned, and in
each of the flasks, 100 mg of the dried powder was added to 50 ml of 25
mM tetrabutylammonium hydroxide (TBAOH) (Alfa Aesar, Electronic
grade, 99.9999% (metals basis)) liquid solution and stirred in a shaker
for 24 h to exfoliate TigCyTx nanosheets. Subsequently, the exfoliated
Ti3Cy Ty nanosheets were centrifuged at 3500 rpm for 5 min to separate
the unetched MXene particles. The colloidal solution of Ti3CyTx nano-
sheets was then washed several times by centrifuging at 3500 rpm for
30 min until the pH of the supernatant solution was decreased to ~7.
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Fig. 2. (a) XRD patterns of TizAlCy, Ti3CoTy, and r-TizCyTy, (b) XPS survey spectra of Ti3AlC,, TizCyTy, and r-TizCaTy, (¢) XPS Ti2p core-level lines of TizCyTy, and r-
Ti3CyTy, and (d) schematic diagram for the crystal structure and surface chemistry of TizCyTx, and r-TizCaTy.

One batch of the TigCyTx was freeze-dried to obtain Ti3CyTx powder and
the other was further processed to obtain r-Ti3CoTx powder. For reduc-
tion, the black-colored clay of the cleaned Ti3CyTx nanosheets was
mixed with 80 ml of water containing 1 g of r-ascorbic acid (Fisher
Scientific, Reagent Grade) and stirred for 8 h in a shaker. Finally,
L-ascorbic acid was removed by several rounds of centrifugation, and the
cleaned slurry was freeze-dried to obtain r-Ti3C,Tx powder. Finally, the
obtained powders of Ti3CoTy and r-TigCoTx nanosheets were stored in a
vacuum desiccator to minimize further contamination and surface
oxidation.

X-ray diffraction (XRD) (Rigaku SmartLab X-ray Diffractometer) was
used for structural analysis. Atomic force microscopy (AFM) (Horiba
Smart SPM) was used in tapping mode to measure the height profile of
the exfoliated MXene nanosheets. Scanning electron microscopy (SEM)
(FEI Verios 460 L operating at 2 kV with 13 pA current) and transmission
electron microscopy (TEM) (FEI Talos F200X, 200 KV accelerating
voltage) were employed for imaging of the nanosheets. X-ray photo-
electron microscopy (XPS) (SPECS FlexMod XPS, Mg Ka excitation
(1254 eV)) was employed for elemental analysis and for the confirma-
tion of chemical reduction of Ti3CyTy. XPS core-level lines were
deconvoluted using Voigt functions with CasaXPS software. To increase
the accuracy of the XPS peak deconvolution, individual Voigt functions
with similar full width at half maximum (FWHM) have been used.
Temperature and magnetic field dependence of dc magnetization mea-
surements of MXene powders were performed in a wide temperature
range of 5-350 K with a Quantum Design Magnetic Property Measure-
ment System (MPMS).

3. Results and discussion
3.1. Synthesis and characterization of TisC2Ty and r-TizCaTy

Fig. la shows an SEM micrograph of the multilayered-TizCyTx

crystals obtained after the HF etching of Ti3AlC, powder. An accordion-
like structure is evident on the high magnification SEM micrograph
shown in Fig. 1b, which indicates a successful etching of Al layers from
the Ti3AlC, crystals [36]. A fabric-like structures observed in the SEM
micrograph (Fig. 1c) further indicates that the TigCyTx nanosheets were
delaminated successfully by TBAOH molecules intercalation [21]. The
majority of the Ti3CyTy nanosheets were measured to have a thickness
ranging from ~1.6 to ~4.5 nm corresponding to 2 to 6 layers. Fig. le
depicts a high magnification TEM image of a Ti3CyTx nanosheet and a
representative selected area electron diffraction (SAED) pattern in
Fig. 1f shows a six-fold reflection spot corresponding to the hexagonal
crystal symmetry of TigCyTy.

Fig. 2a shows the XRD patterns of TigAlCy, Ti3CoTy, and r-TizCoTx.
Several peaks of Ti3AlC; including the most intense one at 39.0° are not
observed for Ti3CyTy, and r-Ti3CyTy, due to the disappearance of the
non-basal crystal planes upon removal of Al layers by HF etching. We
observed significant peak broadening and loss of intensity of the peaks
(001) such as (002) and (004), and a huge shift of (002) peak at 9.5° for
TizAlC, occurs to about 6.5° for TisCyTyx and r-Ti3CyTy, due to the
removal of Al layers and introduction of functional terminations,
consistent with the reports [21,37,38]. No significant differences in the
XRD patterns were observed for Ti3CyTy, and r-TigCyTy since no change
in the crystal structure was expected during the chemical reduction.

XPS has been used as a reliable tool to analyze the chemical
composition of the MXenes. For example, the XPS survey spectrum
(Fig. 2b) of TigCyTy does not show Al2p peak that appears at 73 eV>® in
the spectrum of Ti3AlC; MAX phase, which indicates a successful
removal of Al layers from the MAX phase by HF etching. Moreover, the
spectrum of Ti3CyTy shows a peak corresponding to Fluorine at 685.0 eV
with 8.6 atomic%, due to the addition of F surface termination during
HF etching [21,37]. After reduction with r-ascorbic acid, the F peak
intensity is reduced to 4.0% in the survey spectrum for r-Ti3CyTy, indi-
cating that a significant amount of F terminations are removed.
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Fig. 3. Temperature dependent magnetization of Ti3C,Ty and r-TizCyTy in the

presence of dc magnetic field of 0.1 T and FC (field-cooled) modes. The cor-

responding graphs with magnetization expressed in emu/g are shown in Fig. S4,
Supporting Information.

XPS Ti2p core-level analysis for TizsC2Tx and r-Ti3CeTy provides more
detailed information on the reduction by r-ascorbic acid treatment as
shown in Fig. 2¢c. XPS Cls, Ols, and F1s core-level lines of TizCyTx and r-
Ti3CaTx and their deconvolutions are presented in Fig. S1, S2, and S3
(Supporting Information), respectively. The atomic% and peak positions
of the possible chemical components present in Ti3CyTy and r-TizCyTx
are presented in Table S1 and S2, respectively. As it is evident that the
Ti2p peak for both Ti3CyTx and r-TigCyTx has spin-orbit components,
Ti2p3/2 and Ti2pl/2 separated by ~5.5 eV. Each doublet component
Ti2p3/2 (Ti2p1/2) can be deconvoluted into four different chemical
components peaking at 455.3 (460.8), 456.6 (462.0), 458.2 (463.5), and
459.2 (464.8) eV, and have been assigned to Ti — C, Ti2", Ti®*, and Ti**
chemical states, respectively [21,26,39]. The observed peak positions of
the individual Ti — C, Ti%*, Ti®*, and Ti*" chemical states of Ti are
consistent with those of other compounds, such as TiC [40], Pt/Meso-
TiO2-SiO, [41], amorphous sodium titanate [42], and NayTizO7 [43],
respectively. The comparison of the two Ti2p core-level lines reveals
that the amount of Ti** chemical state decreases and Ti" increases in
r-TigCoTx as compared to that of Ti3CoTx. This suggests that a large
amount of Ti** chemical state in TizCyTy is mainly contributed by the Ti
atoms surrounded by oxygen ions (0%7) in the lattice, which could take
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place due to the removal of some carbon atoms and replacement by 0%~
during the etching process [21,26]. The removal of some carbons from
the crystal could also cause the significant broadening of the XRD peak
as discussed above. During the reduction by r-ascorbic acid treatment,
the 0%~ are removed [21 ,26]. A schematic diagram for the crystal
structure and surface chemistry of TizgCyTy, and r-Ti3CyTy is presented in
Fig. 2d.

3.2. Magnetic properties of TisC2Ty and r- TizCaTy

Fig. 3 shows the temperature-dependent magnetization of Ti3CyTx
and r-Ti3Cy Ty samples with the applications of dc magnetic field of ~0.1
T (T), under both ZFC (zero-field cooled).

For both TizCyTx and r-Ti3CyTy samples, the magnetization gradually
decreases with the increase of temperature in both FC and ZFC modes.
The M vs. T curves for TisCyTy and r-Ti3CyTy in Fig. 3a and b, respec-
tively, show that magnetization on these materials is small with a
maximum value, 7.0 x 1075 up/Ti for TizCyTy, and 9.0 x 1075 y/Ti for
r-TigCyTx at 5 K and at 0.1 T. Considering such a small magnetization in
our samples, it is apparent that the M-T curves for Ti3CoTy and r-TigCoTx
(Fig. 3a and b) look slightly different. The curves are smooth and both
ZFC-FC branches almost coincide for Ti3C,Ty, whereas the curves of r-
Ti3CyTx show some anomaly and the ZFC-FC branches slightly bifurcate
below 140 K. Such an anomaly and a slight bifurcation of the M vs. T
curve observed for r-TizCyTx could be attributed to the changes in the
surface terminations of r-TigCyTy with respect to Ti3CyTy and changes in
the magnetic behavior of the sample below 140 K. Furthermore, a larger
value of magnetization observed for r-TigC,Ty as compared to that of
Ti3CyTx for the same applied field of 0.1 T indicates that the effective
number of Bohr magnetons increases in the reduced sample.

Fig. 4a and b shows the magnetic hysteresis (M — H) loops for
Ti3CyTx and r-TizCyoTyx measured at different temperatures ranging from
5 to 350 K. The M — H loops with magnetization expressed in emu/g are
shown in Fig. S5, Supporting Information. Both TizCyTx and r-TigCaTx
show a weak magnetic response, and the magnetization (M) keeps
increasing almost linearly with the applied magnetic field as measured
up to 2 T (not shown here), which is indicative of the large paramagnetic
response on top of the ferromagnetic signal in Ti3CyTyx and r-TizCaTx
under high magnetic fields. Observation of such hysteresis loops in a
wide range of temperatures is consistent with the previous reports [29,
30] on 500 °C Hg-annealed Ti3CyTx and differently functionalized
Ti3CyTx samples. Furthermore, the observed loops for both TizCyTyx and
r-TigCyTx are not saturated up to the highest magnetic field we have
measured, due to the paramagnetic background.

We also note that M — H measurement with an empty capsule
(without a magnetic sample) usually produces a small ferromagnetic-
like loop, which might originate from the remnant magnetization of
the coils in Quantum design MPMS. Such a magnetic contribution could
obscure the magnetic behavior of weak magnetic materials like MXenes,
and hence it should always be subtracted. Thus, to study the source of
the magnetic loop and extract the ferromagnetic-like contribution of
MXenes, we subtracted the linear background contributed by the para-
magnetic component and the ferromagnetic-like loop obtained in M — H
measurement with the empty capsule. After subtraction of the linear
background and magnetic loop obtained with empty capsule, purely
ferromagnetic hysteresis loops were obtained for both Ti3CyTx and r-
Ti3CyTy as shown in Fig. 4c and d, respectively, and the loops for TizCyTx
above 50 K and those of r-Ti3CyTx above 150 K vanish. More impor-
tantly, the hysteresis loops are saturated at a certain value of the applied
magnetic field. Hence, it is evident that there is always a ferromagnetic
ordering of spins for Ti3CeTy and r-TizCyTx at and below 50 K and 150 K,
respectively, which vanishes at higher temperatures because of the
thermal agitation that tends to misalign magnetic moments in neigh-
boring regions and the long-range order is destroyed [44]. The disap-
pearance of the ferromagnetic loops above 50 and 150 K for TigCyTy and
r-TigCyTy, respectively, suggest that paramagnetic to ferromagnetic
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Fig. 4. Magnified curves for the field-dependent magnetization of (a) TizC,Tyx and (b) r-Ti3C,Ty at various temperatures. Magnetic hysteresis loops of (c) TizC,Tx and
(d) r-TizC,Tx obtained after subtraction of linear paramagnetic background and ferromagnetic-like background loop observed with the empty capsule.

transition in TizCyTy and r-TizCoTy occurs at or around 50 and 150 K,
respectively. This conclusion can also be correlated to the M-T curves in
Fig. 3a and b, where ZFC and FC branches overlap for Ti3CyTyx and
slightly bifurcate below 140 K for r-TizC2Tx. Although small ferromag-
netic loops are observed for TigCyTx at and below 50 K, no bifurcation of
the ZFC and FC branches is observed, which may be accounted for the
predominant Curie-like paramagnetic behavior of the sample [45].

Fig. 4c and d shows a significantly enhanced ferromagnetic loops for
r-TigCyTx as compared to that of TizCyTy. Please see Fig. S6, Supporting
Information for M — H loops with magnetization measured in emu/g.
We extracted the values of saturation magnetization (M), remnant
magnetization (M;), and coercive field (H.) of both the samples and are
presented in Fig. 5. It is evident that M and M; values for r-Ti3CyTy are
about 2-3 times larger than that of Ti3CyTy, indicating a significant
enhancement of the ferromagnetic ordering of the spins upon r-ascorbic
acid treatment. On the other hand, the value of H. for r-Ti3CyTy is
slightly larger than that for TisCoTx at 5 K, while the value is about the
same for higher temperatures.

Overall, Mg and M; values are enhanced significantly in r-TizCyTx
maintaining the value of H, for higher temperatures. Such a conducting
material with ferromagnetic behavior with a small H is useful for
designing spin-valve devices [46]. It is worth noting that the value of M,
2.0x 1075 pp/Ti (~ 0.002 emu/g) is greater than those of 500 °C
Hy-annealed Ti3CyTx and differently functionalized TizCyTx samples,
which suggests that the chemical reduction via r-ascorbic acid treatment
can be a facile and effective route for enhancing the magnetism in
TizCoTx.

It has been reported that parent material MAX Ti3AlCy is Pauli
paramagnetic [47,48] whose magnetic susceptibility is temperature in-
dependent. Theoretical investigations [49-52] reveal that
non-terminated Ti3Cy MXene is ferromagnetic and fully functionalized
TigCaTx is nonmagnetic. However, Ti3CoTy prepared by using various
etching methods, chemicals, and doping have been reported to exhibit
different magnetic nature. For example, Igbal et al. [27] found a weak
ferromagnetic ordering in an undoped Ti3CyTx and observed an

exchange bias effect due to the co-existence of FM-AFM phases in
lanthanum-doped Ti3CyTx. Zhang et al. [29] observed evolution of
ferromagnetism in Ti3gCoTx upon Hs annealing at 500 °C, due to the
introduction of Ti and C vacancy pairs in some specific configurations.
On the other hand, Scheibe et al. [30] reported an
antiferromagnetic-paramagnetic (AFM-PM) states in the Ti3CyTx pre-
pared by using both HF and chlorosulfonic acid, and Allen-Perry et al.
[31] also suggested a paramagnetic-antiferromagnetic (PM-AFM) phase
transition in (LiF 4+ HCl)-etched TizCyTy, and the transition temperature
was dependent on Al etching time.

Herein, we present a qualitative explanation for our observation of
weak ferromagnetism below 50 K in Ti3CyTy, and its enhancement upon
L-ascorbic acid treatment, based on our XPS data, changes in the crystal
chemistry taking place during solution processing of MXene and its
reduction, and previously published results. We follow a model
explained in the report [26] for TizCyTx crystal chemistry and subse-
quent changes upon reduction process. According to the report [26],
some carbons are removed from Ti3CyTy crystals during Al etching and
those vacant sites are occupied by 0%~ jons. Hence, in our work, the
observation of Ti*" valence state in XPS Ti2p core-level line (see Fig. 2c)
can be accounted for the regions in the crystal where two of the Ti — C
chemical bonds are broken during Al layer etching by HF and the two
carbon sites are taken by two 0% ions as O*—— Ti*t — 0%~ [26]. The
regions in the crystal where one Ti — C bond is broken and the carbon
site is taken by an 0%~ ion, Ti ion carries an oxidation state of +2 as Ti2*
— 02~ as observed in Fig. 2c. Some regions where surface Ti atoms are
bonded to hydroxide or fluorine (surface termination), lose one of the
carbons and the vacant site is taken by an O~ ion, the resulting Ti ion
carries an oxidation state of +3 as 0>— Ti®* — OH™ or F—— Ti®" —
0% (see Fig. 2c). While we consider substitution of carbons site by 0%
ions, there may also be some carbon vacant sites remaining unoccupied,
which leave the surrounding Ti atoms unsaturated. Such unsaturated Ti
atoms with unpaired electrons in their d orbitals have single occupancy
of localized states near the Fermi level, which may be correlated to the
presence of small initial magnetic moments in Ti3CyTx [29]. This
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reasoning can be meaningful if we critically look back at the previous
reports [28,30], where surface-terminated Ti3C,Tx was observed to have
shown paramagnetic and even small ferromagnetic moments but were
left unexplained. However, with our model, the origin of the initial
magnetic moment in surface terminated Ti3CoTy can be realized. The
assignment of unsaturated Ti atoms surrounding the carbon vacancies to
the origin of magnetic moment in Ti3CyTy is also in line with the pre-
vious computational reports [49-51], where a pristine Ti3Cy with un-
saturated surface Ti atoms exhibited intrinsic ferromagnetism, with a
magnetic moment of ~ 0.74 yz per Ti atom, and the moment dis-
appeared when the surface Ti atoms were saturated with functional
terminations such as O, OH, and F. The presence of weak ferromagne-
tism below 50 K in our Ti3CyTx sample might be due to partial ordering
of the spin moments associated with the unpaired electron in unsatu-
rated Ti atoms.

When the TizC,Ty nanosheets are reduced with r-ascorbic acid, two
main changes occur: (1) although 100% is usually unlikely for a bulk of
nanosheets, the 0%~ ions occupying the carbon vacancy sites in the
Ti3CyTy crystal are removed [26] from TizC,Ty nanosheets and a higher
oxidation state of Ti is reduced to a lower oxidation state, which is
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manifested as a decrease in Ti** peak and significant increase in the Ti>*
peak in the XPS Ti2p core-level line of r-TizCyTy, and (2) about 50% of
the F-terminations are removed. Such a removal of 02~ ions and F-ter-
minations cause the increase in the population of unsaturated Ti atoms
in the r-TizCyTx crystal. The unbonded situation of the Ti atoms could
also facilitate the formation of Ti-Ti metallic bonds in r-TigCyTx crystals.
In other words, due to the missing hybridized Ti3d-C2p and Ti3d-F2p
states, either unbonded Ti atoms are left with a localized electron [29] or
redistribution of Ti3d-Ti3d metallic bond states near the Fermi energy
occurs, thereby increasing the DOS at the Fermi level [21]. As reported
previously [21], the increased electron DOS at the Fermi level due to the
formation of Ti3d-Ti3d metallic bond states enhances the electrical
conductivity in the r-Ti3CyoTy. On the other hand, the number of
unbonded/unsaturated Ti atoms surrounding a carbon vacancy and
possessing an unpaired electron/s in Ti3d orbital is increased in
r-TigCyTx as compared to TizCyTx, which could explain the increased
magnetic moment in r-TigCyTy. To emphasize our argument, we would
like to restate the outcome of previous computational works on pristine
Ti3CyTy [49-51], which revealed that the ferromagnetic ordering of the
spin moments occurs on the unsaturated Ti atoms within each external
Ti sheet whereas interlayer interaction occurring between the opposite
Ti sheets is antiferromagnetic, and the combination results in a net
ferromagnetic moment on the crystal. From this statement, it can be
inferred that the increased number of unsaturated Ti surrounding car-
bon vacancies is responsible for the enhancement of ferromagnetic
moment in r-TigCyTy. Future experiments correlating the concentration
of unsaturated Ti in r-TigCyTx to the size of the ferromagnetic moment
are necessary for the definite conclusion of this scenario.

The enhancement of the overall magnetic moment in r-TigCoTx as
compared to Ti3CeTy is well-correlated to our XPS results. Literature
reports [50,53-56] show that Ti®* and Ti>" valence states of Ti are
responsible for a magnetic moment and ferromagnetic polarization in
their compounds/materials, and Ti** valence state contributes to no
moment. Our XPS results revealed that the ratio of the Ti2* valence state
to Ti—C state in TizCaTx (~ 1.3) remains virtually the same after ascorbic
acid treatment (~ 1.4). We note that Ti—C in the XPS core-level line of
Ti2p represents the Ti valence state in which Ti atom is surrounded only
by C atoms, which should remain intact after ascorbic acid treatment
because no additional C or Ti atoms are expected to chemically combine
with Ti or C atoms in the crystal. As evident in Fig. 2c, the amount of
Ti%* valence state is identical to that of Ti-C in both TizCoTyx and
r-TigCyTy, indicating that further reduction of Ti®* to Ti%" valence state
does not happen. This may be because Ti>" is a powerful reducing agent
which could not be produced by a mild reducing agent such as ascorbic
acid. So what changes is only the relative amount of Ti*" and Ti®*
valence states. As evident in Fig. 2¢, the amount of Ti*" decreases and
the amount of Ti®" increases during the reduction by ascorbic acid,
which may contribute to the enhancement of the magnetism in
l‘-TigCQTX.

A final note is, although measured moments in Ti3CyTx and r-TigCoTx
(in emu/g) (see Figs. S4, S5, and S6, Supporting Information) are com-
parable to the values reported previously [27,29-31], our measured
ferromagnetic moments expressed as (0.8 — 2.1) x 1075y,/Ti atom for
TisCoTx and (1.5 — 4.0) x 10 5uy/Ti atom for r-TizCyTyx look much
smaller than the calculated value ~ 0.74 y/Ti atom [49,51] for pristine
Ti3Cy system. The calculated value of moments presented in previous
computational studies represents the value expected in each unsaturated
Ti in a pristine and free-standing graphene-like Ti3Cy system, i.e.,
without any functional groups. The values obtained from the bulk
magnetization measurements in the present work represent the net
moment present in non-freestanding MXene in the partial presence of
functional groups, i.e., neighboring two or more MXene nanocrystals
might be interacting. We should also note that the net magnetization in a
material system depends upon the orientation of magnetic moments
present in the magnetic atoms or ions. For example, in a system with
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large canted magnetic moments, it is not uncommon to see small net
ferromagnetic magnetization [57-59]. However, it is difficult to
mention exact magnetic structure of TizCoTyx and r-Ti3CoTy and orien-
tation of the moments at this point based on our observations. An
analysis with magnetic neutron or magnetic x-ray scattering is desirable
to correlate the net bulk moment to the individual moments from un-
saturated Ti atoms in MXene systems and can be suggested for future
studies.

4. Conclusion

Predominantly few-layered Ti3C,Tx nanosheets were prepared by HF
etching of Al layers from Ti3AlCy; MAX phase, and the nanosheets were
reduced chemically by using 1-ascorbic acid as a reducing agent. Mag-
netic properties of the dried powders of both Ti3CyTy and r-TigCoTx were
studied in detail using MPMS. The results showed that as-prepared
Ti3CoTx possesses weak ferromagnetic ordering of spins at low temper-
atures below 50 K. However, r-Ti3CyTx showed significantly enhanced
ferromagnetism that survives up to 150 K, which could be attributed to
the localized unpaired electron on Ti3d orbital of the r-TigCyTx crystal
and increase in the number of unsaturated Ti atoms upon L-ascorbic acid
treatment. Our findings provide useful insights for modulating the
magnetic behavior in MXenes by a chemical reduction for the devel-
opment of novel 2D magnetic materials for spintronic applications such
as spin-valve devices.
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