2D Materials

PAPER You may also like
Correlating electronic properties with M-site D dorivaine el aroverion foma.

thin-film perspective

composition in solid solution Tinbz_yCTX MXenes Per Eklund, Johanna Rosen and Per O A

Persson

- Physical properties of 2D MXenes: from a

. . TR theoretical perspective
To cite this article: Yizhou Yang et al 2023 2D Mater. 10 014011 Aurélie Champagne and Jean-Christophe

Charlier

- Exploring MXene-based materials for next-
generation rechargeable batteries

View the article online for updates and enhancements. Ytualnji Wau, Yingjuan Sun, Jiefeng Zheng
etal

This content was downloaded from IP address 144.118.77.113 on 13/01/2023 at 21:15


https://doi.org/10.1088/2053-1583/ac9e68
/article/10.1088/1361-6463/aa57bc
/article/10.1088/1361-6463/aa57bc
/article/10.1088/1361-6463/aa57bc
/article/10.1088/1361-6463/aa57bc
/article/10.1088/1361-6463/aa57bc
/article/10.1088/1361-6463/aa57bc
/article/10.1088/2515-7639/ab97ee
/article/10.1088/2515-7639/ab97ee
/article/10.1088/2515-7655/abf14d
/article/10.1088/2515-7655/abf14d

10P Publishing

@ CrossMark

RECEIVED
14 August 2022

REVISED
24 October 2022

ACCEPTED FOR PUBLICATION
28 October 2022

PUBLISHED
11 November 2022

2D Mater. 10 (2023) 014011

2D Materials

PAPER

https://doi.org/10.1088/2053-1583/ac9e68

Correlating electronic properties with M-site composition in solid

solution TiyNb,.,CT, MXenes

Yizhou Yang', Meikang Han"’
Yury Gogotsi’© and Steven ] May"*

, Christopher E Shuck"’

, Raj K Sah’, Jay R Paudel’, Alexander X Gray’,

! Department of Materials Science and Engineering, Drexel University, Philadelphia, PA 19014, United States of America
2 A.J. Drexel Nanomaterials Institute, Drexel University, Philadelphia, PA 19104, United States of America
3 Department of Physics, Temple University, Philadelphia, PA 19122, United States of America

* Author to whom any correspondence should be addressed.

E-mail: sim95@drexel.edu

Keywords: MXene, electronic transport, conductivity, solid solution

Supplementary material for this article is available online

Abstract

High electrical conductivity is desired in MXene films for applications such as electromagnetic
interference shielding, antennas, and electrodes for electrochemical energy storage and conversion
applications. Due to the acid etching-based synthesis method, it is challenging to deconvolute the
relative importance that factors such as chemical composition and flake size contribute to
resistivity. To understand the intrinsic and extrinsic contributions to the macroscopic electronic
transport properties, a systematic study controlling compositional and structural parameters was
conducted with eight solid solutions in the Ti,Nb,_,CT system. In particular, we investigated the
different roles played by metal (M)-site composition, flake size, and d-spacing on macroscopic
transport. Hard x-ray photoemission spectroscopy and spectroscopic ellipsometry revealed
changes to electronic structure induced by the M-site alloying. Consistent with the spectroscopic
results, the low- and room-temperature conductivities and effective carrier mobility are correlated
with the Ti content, while the impact of flake size and d-spacing is most prominent in
low-temperature transport. The results provide guidance for designing and engineering MXenes

with a wide range of conductivities.

1. Introduction

The two-dimensional material family of MXenes
has attracted significant interest in the past dec-
ade owing to their scalable synthesis and excellent
performance in a variety of applications, includ-
ing supercapacitors [1-5], catalysts [6-11], antennas
[12, 13], and electromagnetic interference shielding
[14-17]. MXenes have the general chemical compos-
ition of M, 1;X, Ty where M is an early transition
metal (such as Ti, Nb, and V), X is C and/or N,
and T, are the surface terminations (such as =0,
—-F, and —OH) that are attached to the external M
layers, and n = 1-4 [18, 19]. Recently, attention has
focused on the use of multiple M elements to con-
trol MXenes properties. Depending on the specific
chemistry and structure, MXenes with two metals
occupying the M-sites can have ordered or disordered
structures [20—22]. The disordered, or solid-solution,

© 2022 IOP Publishing Ltd

MXenes have both metals randomly occupying the
M-site lattice, allowing for continuous variation of
the composition and, thus, potentially functional
properties, such as conductivity [23]. Initial stud-
ies of solid solution MXenes have shown a com-
positional dependence of electrochemical, electrical,
optical, and catalytic properties [23-26]. In partic-
ular, the ability to directly tune electrical conduct-
ivity through M-site alloying would be impactful
because many MXene applications rely on high con-
ductivity. However, from these initial studies, it is
not yet clear how each aspect of MXene chemistry
(M-site, surface termination, and intercalants) affects
the macroscopic electronic transport. Beyond the
chemical composition and MXene structure, other
factors such as defect density, flake size, and interlayer
spacing (d-spacing), which may depend on MXene
composition, have also been shown to modify elec-
trical conductivity [21]. The impact of these factors
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relative to compositional alloying remains largely
unexplored.

Previous studies have demonstrated that resistiv-
ity depends on the MXene chemistry. For instance,
Anasori et al compared Ti;C,T,, Mo,TiC,T,, and
Mo,Ti,C3T, and found that the Mo-contained
MZXenes have higher resistivities than Ti;C,T, at
both room temperature and low temperature [27].
Mo, 33CT, was shown to have a room temperature
resistivity of 3.4 x 1073 Q cm, which is 4 orders
of lower than Mo,CT, [28-30]. In addition to the
M-site, X-site variation also leads to a change in
resistivity [31]. For Ti;CNT,, the lowest room-
temperature resistivity reported is 2.00 x 1072 cm,
which was achieved by HF etching followed
by tetramethylammonium hydroxide (TMAOH)
delamination [32]. In contrast, the resistivities for
Ti;C,T, films range from 8.0 x 107> © cm to
5.0 x 107> Q cm [33—41]. Moreover, spectroscopic
evidence reveals that M-site chemistry affects the
electronic structure. Ultraviolet-visible-near infrared
(UV—vis—NIR) spectroscopy shows different plasmon
resonance peaks in Ti;C,Ty, Mo,CTy, Mo, TiC, Ty,
Ti,CTy, and NDb,CT, from 450 nm to 951 nm
[42]. Normalized optical spectra exhibit systematic
changes in extinction coefficient of M, CT, where the
M-site elements are Ti, Nb, and/or V [23]. Electron
energy loss spectroscopy [43] and x-ray absorption
spectroscopy [23] also were used to demonstrate that
the secondary M-site variation in solid solutions con-
tribute to changes in intrinsic band structure. Dens-
ity functional theory studies also show systematic
changes to electronic structure by M-site alteration
and number of layers in MXenes [44-48].

It was also demonstrated that additional factors
related to morphology or disorder (which we refer to
as extrinsic factors) including average flake size and d-
spacing affect the resistivity. Because resistivity meas-
urements performed on MXene films probe ensemble
behavior as current passes through many discon-
tinuous flakes, both inter- and/or intra-flake scatter-
ing mechanisms contribute to electrical conductiv-
ity. One would then expect that these mechanisms
are, at least partially, dependent on the average flake
size. Multiple reports have shown that larger flake
sizes lead to better conductivity [49-51]. For instance,
Maleski et al reported the room temperature conduct-
ivity of TisC, T, films decreased by a factor of two
when the flake size was decreased from 4.4 um to
0.13 um [52]. However, the limiting electron inter-
flake hopping mechanism is still unresolved because
electron hops can be vertical, occurring over the inter-
layer spacing (=dpo;), or lateral, as electrons tunnel
between edges of adjacent flakes, occurring with a fre-
quency that should scale inversely to the flake size.
However, in some well-optimized MXenes, it appears
that transport is not limited by inter-flake scatter-
ing. In Ti3C, Ty, the room temperature conductiv-
ity of high-quality freestanding films (comprised of
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many stacked flakes) [33] is equivalent to single flake
samples [53, 54], indicating that transport in these
MZXenes is dominated by intraflake scattering and
their intrinsic electronic structure. Besides the flake
size, the d-spacing also affects the electronic prop-
erties. Resistivity can depend on interlayer spacing,
which is primarily determined by intercalants such
as water, Lit, tetramethylammonium (TMA™), tet-
rabutylammonium (TBA™), and dimethyl sulfox-
ide. The removal of these intercalants by high-
temperature vacuum annealing provides a means to
understand the relationship between d-spacing and
conductivity [55-57]. For example, Zhao et al found
that the room temperature conductivity of Ti;C, T,
increased 2.4 times following the decrease of the inter-
layer spacing from 13.4 A to 10.3 A [35].

Herein, we present systematic electronic trans-
port and spectroscopic measurements on a set of
eight MXenes (Ti,Nb,_,CT,) to compare the relat-
ive impact of M-site composition (y), d-spacing, and
flake size on macroscopic electronic behavior. We
find that the M-site composition plays a more signi-
ficant role in the room temperature transport com-
pared to flake size and d-spacing, the impact of which
is more pronounced at low temperatures. Spectro-
scopic measurements reveal clear shifts in spectral
weights, consistent with alloying-induced changes to
electronic structure and macroscopic transport. Our
approach enables us to identify the relative import-
ance of both intrinsic and extrinsic factors on dif-
ferent aspects of transport, both shedding light on
origins of macroscopic transport features and illus-
trating how M-site composition can be used to engin-
eer conductivity in MXenes.

2. Results and discussion

2.1. Sample structure and composition

All Ti,Nb,_,CT, films were synthesized following
previous reports [23]; see SI for details. Prior to
investigating the transport behavior, the sample qual-
ity was examined via x-ray diffraction and x-ray pho-
toelectron spectroscopy (XPS). Figure 1(a) shows rep-
resentative 002 peaks for each composition. All 002
peaks are located near 260 = 7° which agrees with
other reports of M,CT, MXenes [23, 58]. No peaks
associated with MAX phases are observed following
the conversion from MAX to MXene. The 002 peaks
for the other set of samples presented in this study are
shown in figure S1.

Figures 1(b) and (c) show the Ti 2p and Nb 3d
photoemission spectra. The Ti spectra are deconvo-
luted into Ti-C, Ti(II), Ti(III), and Ti-O peaks [59].
None of the samples exhibit a significant oxidation
peak at 459 eV. The Nb spectra are deconvoluted
into Nb-T, and Nb-C peaks. The Nb spectra show
no indication of the Nb-O peak at 206.8 eV. The
deconvoluted Ti 2p and Nb 3d spectra for 8 different
Ti,Nb,.,CT, samples are shown in figures 52 and S3.
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Figure 1. (a) X-ray diffraction patterns showing the 002 peak for Ti,Nb,_,CT, samples. Core level XPS spectra for (b) Ti 2p and
(c) Nb 3d, the solid lines represent the measured spectra and dashed lines represent the fitted spectra.
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Figure 2. Representative temperature-dependent resistivity
data for different compositions made within the same
synthesis batch.

The bonding assignments attributed within the XPS
data are based on previous studies of (Ti,Nb),CT,,
Nb,CTy, and NbyCsT, [23, 60, 61]. The Ti and Nb
bonds with carbon and surface termination are sim-
ilar across the four different compositions, indicat-
ing that no sample is significantly more oxidized than
the other samples. The stoichiometry of the samples
is determined from the photoemission spectra. The
surface termination (Cl, E and O) concentrations are
quantified based on XPS; no trend of the surface ter-
mination concentration is observed as a function of y,
as shown in table S1. As all the samples are synthesized
through the LiF + HCl etching method, the d-spacing
is not expected to change from batch to batch, but is
not purposely controlled.

2.2. Macroscopic electronic transport
The  temperature-dependent  resistivity =~ of
Ti,Nb,_,C, T films is presented in figure 2. Similar
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to the initial report of this material family [23], as
the Ti concentration is increased (as y is increased),
the resistivity decreases at both 300 and 10 K; the
magnitude of the conductivity for these samples is
increased compared to our initial report [23] owing
to improvements in material quality. Other batches
of TiNb,_,C,T, samples, all synthesized under
identical conditions, show the same resistivity trends
(figure S4(a)), though the exact resistivity magnitudes
vary from batch to batch. This trend can also be exten-
ded to the end compounds Ti,CT, and Nb,CT,,
which were reported to have resistivity values of
4.4 x 107*Q cm and 0.04 Q cm at room temperat-
ure, respectively [58]. Because Ti,CTY is readily oxid-
ized in air and Nb,CT, requires different synthesis
approaches than Ti,Nb,_,CT, samples, we focus our
attention on the double-M alloys, which can all be
synthesized using the same method, yielding material
of similar quality. It is also noteworthy that the low-
temperature resistivities differ more substantially as
a function of y than the room temperature resistiv-
ity; figure S4(b) shows the resistivity normalized to
the room-temperature. Having established that the
resistivity does systematically depend on the Ti:Nb
ratio, we next identify if these conductivity changes
are driven by intrinsic changes to the electronic struc-
ture or arise from changes to extrinsic material factors
that are altered unintentionally through changes to
the M-site composition.

2.3. Spectroscopic probes of intrinsic contributions
Electronic structure and density of states (DOS) near
the Fermi level are the most important intrinsic
factors that directly contribute to electronic trans-
port properties. To probe the DOS experimentally,
valence-band spectra of all four samples were meas-
ured using bulk-sensitive hard x-ray photoemission
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Figure 3. (a) HAXPES valence band spectra and (b) optical absorption spectra for the Ti,Nb,_,CT, system.

spectroscopy (HAXPES) with an excitation energy
of 5.41 keV and a resolution of 0.4 eV. Figure 3(a)
shows the near-Fermi-edge region of the spectra, nor-
malized to the peak intensity at approximately 1 eV
binding energy. The spectrum for the sample with
the lowest Ti content (TipsNb;5CT,) exhibits the
sharpest cut-off of the valence-band maximum with
a near-zero DOS at the Fermi level. For the rest of
the samples, a significant increase in the DOS spec-
tral weight is observed near the Fermi level with
increasing Ti content. The trend, which is shown in
the inset of figure 3(a), is systematic with the excep-
tion of Ti; ¢Nb; (CT,, which is more resistive than
Ti; 46Nbo54CT, but exhibits a slightly higher DOS
spectral weight near the Fermi level.

The second main conclusion that can be drawn
from the HAXPES is that for the solid solutions, the
Fermi level lays within an energy band and thus the
material is not a semiconductor. From the resistiv-
ity data in figure 2, it is noticeable that all four com-
positions have a negative dp/dT value. This beha-
vior is commonly seen in many other MXenes and
is attributed to extrinsic factors such as disorder and
inter-flake hopping (29, 57, 58, 62—64]. However, the
valence band spectra make clear that the negative
dp/dT does not originate from thermal excitation of
carriers across a band gap. This is also consistent with
the modest, non-exponential increase in resistivity
with decreasing temperature.

Spectroscopic ellipsometry is another technique
that probes the intrinsic electronic structure of mater-
ials. The absorption spectra are shown in figure 3(b),
which are calculated from the extinction coeffi-
cient (k), providing information regarding intrinsic
electronic features such as plasmonic resonances
and inter-band transitions. Each composition has
an absorption peak between 350 nm and 550 nm.
With increasing Ti content, the peak position moves
towards higher wavelength. While assigning a specific
physical origin to the spectral features is beyond the
scope of this work, it is clear that a systematic change
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in the optical spectra results from the substitution
of the transition metal. Therefore, the optical spectra
provide direct evidence that M-site alloying is alter-
ing the intrinsic electronic structure. The trend in
the absorption results is consistent with the previ-
ous extinction coefficients measured by UV-vis from
MXene solutions [23]. While the spectroscopic res-
ults indicate compositionally-induced changes in the
electronic structure, these results do not establish
causation of the resistivity trends as other independ-
ent parameters could also be modified with M-site
substitution.

2.4. Extrinsic and intrinsic contributions to
transport
To understand the relative impact of the flake size
on the conductivity, a set of Ti;oNb;(CT, films
with systematically varied flake sizes was prepared
and characterized. The flake size was controlled by
sonication time during synthesis. The flake size was
measured via dynamic light scattering, see SI for
details. More details on the dependence of the flake
size on sonication time can be found in table S2.
The temperature-dependent resistivity for the iso-
compositional sample set is provided in figure S5.

We collected compositional, structural, and trans-
port data from 17 samples, which are divided into two
sets. The first set of samples includes eight individual
Ti,Nb,.,CT; films with varying y (y-set), while the
second set of samples includes nine iso-compositional
films with different flake sizes. All 17 samples were
used for d-spacing analysis. By performing linear
regression analysis on the two data sets, the quantit-
ative relationship between the macroscopic transport
properties and the compositional and structural con-
tributions can be described by correlation (R) and the
p-value (p). The summary of sample data and the fit-
ted statistical constants is shown in figure 4.

To understand the macroscopic transport prop-
erties of Ti,Nb,_,CT,, the effective carrier mobil-
ity (u), the room temperature resistivity (psgox),
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10 K resistivities, and the ratio of the 10 K and 300 K resistivity. A linear regression is used to analyze the statistical relationship. R

is the correlation and p is the confidence level.

the low temperature resistivity (piox), and the ratio
of low-to-room temperature resistivity (p1ox/p300K)
were measured. The carrier mobility, here meas-
ured at 10 K, provides a measure of carrier scat-
tering via defects, surfaces, and flake-to-flake hop-
ping processes. Mobility is obtained directly from
the Hall coefficient and the longitudinal resistance,
and thus has the advantage of being thickness inde-
pendent. Given that these MXenes are intrinsic-
ally metallic, they should exhibit pjox/ps00x values
that are less than 1. Values larger than 1, there-
fore, indicate an increased role of extrinsic trans-
port mechanisms such as inter-flake scattering or
disorder-induced hopping that result in negative
dp/dT behavior [29, 57, 58, 62—64].

To directly compare various aspects of the elec-
tronic behavior, the change (A) in i, psook, P10k, and
Apiox/ paoox were calculated. A values are defined by
subtracting the minimal value from the maximum
value. All the A values except piox/psoox are larger
with change of y content (y ranges from 0.5 to 1.47)
than the changes that were induced by flake size (flake
size ranges from 0.5 ym to 1.2 pm), indicating that
the change in composition has a greater impact on
transport than the change in flake size. The measured
A values are listed in table 1.

The Pearson correlation coefficient (R) was cal-
culated for the various data sets to understand the
degree of correlation between the transport prop-
erties and y, flake size, and d-spacing. In this case,

Table 1. The change in p (cm? V=1 s71), psoox (€2 cm), prok
(€2 cm), and A piok/p3oox for y set samples, iso-compositional set
samples, and all samples.

flake size
(iso- d-spacing
compositional  (including
y (y set) set) all samples)
Ap 0.23 0.12 0.29
Ap3ook 0.0069 0.0020 0.0069
Aprox 0.086 0.034 0.086
Apror/ p3ook 9.6 9.4 10.7

we use R to identify the correlations between the
independent variables (y, flake size, and the d-
spacing) and the electronic parameters. Convention-
ally, for R values above 0.65, the correlations can
be defined as ‘moderate’ and ‘strong’ according to
the Pearson correlation interpretation [65]. By com-
paring R, the level of contribution can be quanti-
fied for each electronic property. The R values for
the y dependence are 0.86 for i, 0.9 for log(psok),
and 0.82 for log(piok). These high values indicate
the M-site composition is linearly correlated with
these electronic characteristics at both room temper-
ature and low temperature. However, the R for the y
dependence of piox/paoox is only 0.45, suggesting y
contributes less to the shape of dp/dT. In contrast,
the R values for flake size dependence is 0.42 for
i, 0.41 for log(pseox) and 0.59 for log(piox). There-
fore, for this system, the flake size is not as linearly
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Table 2. The absolute R value for each independent and
dependent variable. Darker green filling corresponds to higher
correlations. p values are indicated with bold and underlines.

(p < 0.05, bold; 0.05 < p < 0.1, underline; p > 0.1, no underline).

TiContent  Flake Size  d-spacing
») (pm) (&)
0.42 0.38
(cm?V~!xs7!
P300K 0.41 0.38
(Ohm x cm)
P10K 0.59 0.61
(Ohm x cm)
P10K/ P300K 0.45 0.37 0.58

correlated with the electronic transport properties as
the M-site composition. It is noteworthy that the R
value obtained from the flake size data set is largest
for the low temperature resistivity, suggesting that
the flake size contribution becomes more significant
at low temperature. In the d-spacing analysis, the R
value is the largest for the pjok/psoox ratio, suggest-
ing that the interlayer distance plays an increasingly
important role on the shape of dp/dT.

To examine the R value confidence, p values,
which test the statistical significance, were calculated.
Values of p < 0.05 suggest the null hypothesis is rejec-
ted, while p > 0.1 suggests no evidence against the null
hypothesis. In other words, lower p values indicate
greater statistical significance. The obtained p values
are shown in figure 4, as well as indicated in table 2.
This analysis helps to deconvolute the different con-
tributions to the overall macroscopic resistivity of this
MZXene system. It is noteworthy that in this study, we
have only examined linear correlations. For p values
that are higher than 0.1, there could be non-linear
correlations between the material parameter and the
electronic properties. More sophisticated models with
larger data sets could shed light on this in the future
studies.

We find that the overall electronic behavior in
these Ti,Nb,_,CT, solid solution samples is domin-
ated by the composition itself, especially at room tem-
perature. However, the trends observed as a function
of flake size and d-spacing make clear that it is also
important to optimize the sample quality in order to
achieve better metallic properties. For instance, the
low temperature carrier mobility tends to increase
with increasing flake size, independent of M-site
composition. The results also show that the M-site
composition tends to shift the whole temperature-
dependent resistivity curve vertically, while the flake
size and d-spacing tend to alter the shape of the
resistivity curve by increasing the low temperature
slope more directly than the room temperature slope.
This approach can be extended to other MXene sys-
tems with two or more elements in the M-site to

Y Yang et al

isolate the impact of composition from microstruc-
tural features. To design new MXenes for applica-
tions with specific resistivity, having a second metal
to form solid solution MXenes can be a promising
path.

3. Conclusion

Our systematic study of the electronic transport prop-
erties of eight Ti,Nb,_,CT, solid solution MXenes
via HAXPES and statistical analysis of macroscopic
transport data based on three material variables
shows that macroscopic electronic transport is highly
correlated with the Ti content. The relative signi-
ficance of the flake size and d-spacing increases at
low temperature, leading to changes in dp/dT driven
largely by increased low temperature resistivity. The
HAXPES and optical measurements clearly reveal
that Ti:NDb alloying induces systematic changes to
the electronic structure of Ti,Nb,_,CT,, consistent
with the increased conductivity as y is increased. This
work provides guidance for future MXene explor-
ation, yielding insight into how M-site composi-
tional tuning alters different aspects of electronic
behavior.
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