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PROGRESS AND POTENTIAL This work provides access to large high-quality flakes of Cr2TiC2Tx MXene,
which has been shown to have a unique combination of physical properties. The describedmultifaceted syn-
thetic approach focusing on the quality and purity of the precursor Cr2TiAlC2MAXphase, the size distribution
ofMAX phase particles, and the efficiency of the etching, intercalation, and delamination procedures, is likely
applicable to the optimization of syntheses of other MXene materials, especially those for which large high-
quality monolayers are currently not available. Because of its attractive mechanical and transport character-
istics that are complementary to other establishedMXenes, Cr2TiC2Tx can find applications on its own aswell
as in combination with other MXene materials. For example, the composites and layered heterostructures
that make up p-type Cr2TiC2Tx and n-type MXenes, such as Ti3C2Tx, may present tunable electronic and op-
toelectronic characteristics.
SUMMARY
Cr2TiC2Tx is an ordered double-transition-metal MXene with peculiar magnetic properties. Previous studies
produced sub-1-mm sheets of Cr2TiC2Tx, which prevented complete characterization of its intrinsic proper-
ties at a single-flake level. We report the synthesis of high-quality Cr2TiC2Tx monolayers with lateral sizes
exceeding 15 mm for single-flake measurements. These measurements establish Cr2TiC2Tx as a unique ma-
terial among the MXenes experimentally tested so far. Field-effect electrical measurements on Cr2TiC2Tx
monolayers revealed an average conductivity of 180 S cm�1 and p-type transport, while establishedMXenes,
such as Ti3C2Tx andNb4C3Tx, demonstrated n-type behavior. In contrast to negative photoresponse reported
for Ti3C2Tx flakes, Cr2TiC2Tx devices show positive photoresponse to visible and infrared light. Nanoinden-
tation measurements of monolayer Cr2TiC2Tx membranes yielded an effective Young’s modulus of 220 ±
22 GPa. Density functional theory calculations provide insights into the p-type character of Cr2TiC2Tx and
predict its potentially tunable p-/n-type behavior depending on the concentrations of Cr vacancies, oxygens
substituting carbon atoms, and surface terminations.
INTRODUCTION

MXenes are a class of two-dimensional (2D)materials with a gen-

eral formula of Mn+1XnTx, where M is a transition metal, X is C or

N, and Tx corresponds to surface functional groups.1,2 The

chemical and structural diversity ofMXenes, aswell as their scal-

ability and processability, are the reasons for their thriving in

many applications.1,2 However, while over 30 MXenes based
All rights are reserved, including those
on different combinations of M and X elements have been syn-

thesized and many others theoretically predicted, most experi-

mental research so far has been focused on Ti3C2Tx,
1 which is

the first reported MXene material.3 Much fewer studies have

been focused on other single-transition metal MXenes, such as

Ti2CTx,
4,5 Nb2CTx,

6–8 Ti3CNTx,
4,7,9 V2CTx,

8,10,11 Nb4C3Tx,
7,12–14

and Ta4C3Tx,
4,15 and, compared to Ti3C2Tx, little is known about

the properties ofmultielementMXenes, such as TiVNbMoC3Tx,
16
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Mo2TiC2Tx,
17 (V0.5,Cr0.5)3C2Tx,

4 and Cr2TiC2Tx.
18 However, there

are already promising indications that these less studied mate-

rials offer many intriguing properties that are not available in their

more established MXene counterparts. For example, Cr2TiC2Tx,

a recently synthesized ordered double-transition-metal MXene,

was shown to have a peculiar magnetic transition around 30 K

in bulk films,18 which distinguishes it from Ti3C2Tx and other

MXenes without known magnetic properties.

One important obstacle preventing the characterization of

intrinsic properties of emerging MXenes is the lack of synthetic

procedures enabling preparation of these materials in a form of

large monolayers that are suitable for single-flake electrical

and mechanical property measurements. Unlike graphene and

transition metal chalcogenides, which can be grown on a wafer

scale by chemical vapor deposition,19,20 the synthesis of

MXenes commonly involves chemical etching of the precursor

MAX phase particles in a solution.1,2 The resulting flakes may

contain a high level of defects and are often less than 1 mm in

size.10,11,21–23 At the same time, large uniform flakes, when avail-

able, open numerous opportunities for research and applications

of MXenes in many areas, such as high-voltage interconnects,

electronic devices, and resonators.13,24,25 Over the last decade,

there has been significant improvement in the quality of Ti3C2Tx
MXene, which evolved from small and highly defective flakes

synthesized using hydrofluoric acid (HF) and a sonication-assis-

ted method26 to relatively large (�10 mm) flakes, with a minimum

level of defects prepared via the minimally intensive layer delam-

ination method26,27 to the very uniform flakes with lateral sizes

>40 mm produced by the soft delamination method.28 Intrinsic

physical properties of high-quality few-micrometer flakes can

be probed by the lithographic fabrication of nanoscale devices

for electrical characterization9,13,14,25,27,29 or suspended mem-

branes for nanoindentation-based mechanical measure-

ments.13,30 In the case of Ti3C2Tx MXene, such measurements

revealed a number of very attractive properties, such as high

electrical conductivities of up to 11,000 S cm�1, high breakdown

current densities of about 1.23 108 A cm�2, and a high effective

Young’s modulus of about 330 GPa.25,30

Cr2TiC2Tx is one of manyMXenes that have not been tested on

a single-flake level yet despite its intriguing physical properties

demonstrated in bulk measurements.18 The original report on

the synthesis of Cr2TiC2Tx demonstrated sub-1-mm flakes18

that were too small for multielectrode device patterning or fabri-

cation of suspended membranes. In this study, we report the

improved synthesis of bulk quantities of large (>10 mm) 2D sheets

of Cr2TiC2Tx. Few-micrometer flakes without microscopically

visible holes, tears, degradation, or contamination were used

for mechanical, electronic, and optoelectronic measurements.

We studied various factors that directly affect the synthesis yield

and the quality of the prepared MXene, including the fabrication

of the MAX phase, optimization of the etching and intercalation

processes, and centrifugation-assisted delamination. Results

show an improvement over the previous report and a successful

synthesis of high-quality Cr2TiC2Tx flakes with lateral sizes

>15 mm and reduced levels of defects.

The results of single-flake measurements on Cr2TiC2Tx
further establish it as a unique material among MXenes exper-

imentally tested so far. We fabricated field-effect transistor
2 MATT 7, 1–16, December 4, 2024
(FET) devices based on individual monolayer Cr2TiC2Tx flakes

and tested their electronic and optoelectronic properties.

Based on the results of field-effect electrical measurements,

Cr2TiC2Tx is shown to be the first MXene with a p-type trans-

port, while other MXene materials tested on a single-flake level,

such as Ti3C2Tx and Nb4C3Tx, demonstrated n-type behavior in

similar measurements.13,25,29 The p-type character of Cr2TiC2Tx
is shown to be consistent with the results of density functional

theory (DFT) calculations. We also tested the photocurrent in

Cr2TiC2Tx devices when they were illuminated with either white

light or different lasers in the visible or infrared range of the

spectrum. Recently, such measurements were performed on

monolayer Ti3C2Tx MXene, and Vorobeva et al. demonstrated

that it exhibits a negative photoresponse, such that the device

current decreases under illumination.27 In contrast to the proto-

typical Ti3C2Tx MXene, Cr2TiC2Tx demonstrates a positive pho-

toresponse, with the current increasing under illumination. We

also fabricated high-quality membranes based on monolayer

and bilayer Cr2TiC2Tx flakes suspended over circular micro-

wells. The nanoindentation measurements performed on these

membranes using atomic force microscopy (AFM) revealed the

effective Young’s modulus of 220 ± 22 GPa. While lower than

determined for Ti3C2Tx and Nb4C3Tx in similar nanoindentation

experiments,13,30 this is still a respectable value within the

broad family of 2D materials, suggesting the potential use of

Cr2TiC2Tx for a variety of mechanical applications. Furthermore,

since many of the characteristics of Cr2TiC2Tx appear to be

complementary to the properties of other more established

MXenes, notably Ti3C2Tx, this work opens opportunities for ma-

terials design by combining different MXene materials in

various composites and layered heterostructures.

RESULTS AND DISCUSSION

Synthesis of large high-quality flakes of Cr2TiC2Tx

MXene
Comparison of synthetic methods

The synthesis of large high-quality flakes of MXenes is very

important for device fabrication.14,24,28,29 A typical synthesis of

MXenes involves the use of an HF-based etchant, intercalation

of multilayer (ML) MXene with tetramethylammonium hydroxide

(TMAOH), and a long sonication, which results in mainly sub-

micrometer flakes with a high level of defects.26 The first re-

ported synthesis of Cr2TiC2Tx flakes18 was not an exception

and followed a similar process utilizing HF-based etchant and

sonication. As a result, the flakes produced by this approach suf-

fer from structural degradation, such as visible holes and tears,

that are expected to adversely affect MXene properties, such

as electrical conductivity, charge carrier mobility, and mechani-

cal and structural stability.We reproduced the HF-based synthe-

sis of Cr2TiC2Tx reported earlier18 and studied themicrostructure

of the produced flakes. The synthesis process involves etching

of the Cr2TiAlC2 MAX phase using a mixture of HF and HCl, fol-

lowed by overnight intercalation with TMAOH and sonication for

30 min. The Cr2TiC2Tx flakes produced in this process are often

<1 mmand contain structural defects, as seen in the transmission

electron microscopy (TEM) images in Figure 1A. The high-reso-

lution TEM (HRTEM) characterization of this MXene reveals the



Figure 1. Electron microscopy characterization of Cr2TiC2Tx

(A) TEM image of Cr2TiC2Tx synthesized through the conventional method. The inset shows a higher magnification of a representative MXene flake, revealing

structural defects.

(B) HRTEM image of a representative MXene flake from (A). Point and cluster defects are labeled with red circles.

(C) SAED pattern of the same flake.

(D) TEM image of large Cr2TiC2Tx synthesized through the optimizedmethod. The inset shows a highermagnification of the same flake with no visible degradation

or defects.

(E) HRTEM of the flake shown in (D), with a visible hexagonal arrangement of atoms and no point defects.

(F) SAED pattern of the same flake. More diffraction spots are observed compared to (C), indicating a higher sample crystallinity.
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presence of point and cluster defects, identified with red circles

in Figure 1B. The Cr2TiC2Tx produced by this approach is still a

highly crystallinematerial, as shown by a representative selected

area electron diffraction (SAED) pattern in Figure 1C, but the

microscopic data suggest that there is room for improvement

in terms of the average flake size and the defect density.

With the goal of investigating the intrinsic properties of

Cr2TiC2Tx, we developed a synthetic method for producing

high-quality few-micrometer flakes. Electron microscopy im-

ages comparing Cr2TiC2Tx materials synthesized by different

methods are summarized in Figures 1 and S1. A comparison of

two TEM images in Figures 1A and 1D reveals that the optimized

synthetic method yields much larger flakes with lateral dimen-

sions of a few micrometers and no apparent defects. An

HRTEM image of the same flake in Figure 1E shows no discern-

ible point or cluster defects, and the expected hexagonal

arrangement of atoms is observed. The SAED pattern in Fig-

ure 1F shows more high-order diffraction spots compared to

the pattern in Figure 1C, suggesting the higher structural quality

of Cr2TiC2Tx prepared by the optimizedmethod compared to the

same MXene produced using the previously reported

approach.18 Figure S1 provides additional microscopic charac-

terization of MXene samples prepared using the two methods.

The microscopy data in Figures 1 and S1 collectively demon-

strate the improvements in the flake size and structural quality

of Cr2TiC2Tx produced by the optimized procedure.

To optimize the synthetic conditions and produce high-quality

large flakes, we considered the following: (1) the quality and pu-

rity of the Cr2TiAlC2 MAX phase, which we found to be related to

the size distribution of Cr2TiAlC2MAX phase particles; (2) optimi-

zation of the etching procedure; and (3) intercalation of the

etched particles and their centrifugation-assisted delamination

into MXene flakes.
Quality and purity of the MAX phase

The quality and purity of aMAX phase have a significant effect on

the outcome of MXene synthesis,31 making it essential to exten-

sively characterize the precursor Cr2TiAlC2. First, the amount of

phase impurities and their nature can adversely affect the syn-

thesis yield, quality, and reproducibility. The more Cr- and Ti-

based impurities are present in the MAX phase sample, the

more etchant is consumed to remove the components that do

not produce the desired Cr2TiC2Tx product. Second, it is benefi-

cial to have uniformly sized MAX phase particles to achieve

consistent results in MXene synthesis. It is a common practice

to sieve a MAX powder prior to the MXene synthesis to remove

very large particles that are difficult to etch completely. We

also suggest removing the smallest particles from the MAX

phase powder as well, because they may only produce MXene

flakes that are too small for electrical and mechanical measure-

ments. Therefore, we used a multistep sieving approach that

produces a fraction of MAX phase particles with sizes in the

range of 30–40 mm, which are small enough for efficient etching

and yet sufficiently large to produce MXene monolayers suitable

for physical property characterization at a single-flake level.

The as-prepared Cr2TiAlC2 MAX phase particles have a broad

size distribution, as shown in Figure S2A. Many particles are in

the 100- to 150-mm range (Figure S2B), although such large parti-

cles are typically fused aggregates of smaller MAX phase crystals,

as shown in Figure S2C. The as-prepared Cr2TiAlC2 powder was

ball milled at 500 rpm for 3–5 min to crush the fused aggregates

into individual crystallites. The ball-milled particles still have a

broad size distribution (Figure S3A), but by sieving the powder it

is possible to produce fractions of MAX phase particles that are

much more uniform in size, as demonstrated by Figures S3B–

S3E. The precursor Cr2TiAlC2 MAX phase was sieved, producing

samples with particle sizes of <10 mm, 10–20 mm, 20–30 mm, and
MATT 7, 1–16, December 4, 2024 3



Figure 2. Powder XRD analysis of Cr2TiAlC2 MAX phase

(A) XRD patterns for the sieved samples, with particle size in the ranges of <10 mm, 10–20 mm, 20–30 mm, and 30–40 mm, and the HCl-treated sample with an

average particle size of 30–40 mm.

(B) Relative peak ratio analysis of the major diffraction peaks at 2q = 13.9�, 36.0�, 40.4�, and 41.0�, normalized based on the intensity of the 2q = 41.0� peak

showing an improving trend toward a phase pure sample.

(C) Particle size distribution after ball milling and sieving of as-produced MAX phase.
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30–40 mm. All samples were studied by X-ray diffraction (XRD)

analysis to determine their phase composition, and the resulting

powder XRD patterns are shown in Figure 2A. During the initial

analysis, we identified the Cr2AlC and (Ti,Cr)C impurity phases

that are shown in Figure 2A with gray (2q = 13.9�) and red (2q =

36�) vertical bands, respectively. We believe that we have more

Ti than Cr in the (Ti,Cr)C impurity phase because the cubic unit

cell parameter a = 0.43136(2) nm in our experiment was closer to

the data in the literature for TiC (a = 0.43247 nm)32 than for

Ti0.5Cr0.5C0.8 (a = 0.4217 nm).33We found that the amount of these

impurity phases varies depending on the size of the particles. The

trend isevidentwhenwecompare thepeak intensitiesof impurities

against themajor (104) peakofCr2TiAlC2 (2q=41.0�). The intensity
ratios of this and other major peaks at 2q = 13.9�, 36.0�, and 40.4�

for the MAX phase samples with different particle sizes are shown

in Figure 2B. It is notable that in the sieved small-particle fractions,

the intensity of the (008) peak of Cr2TiAlC2 at 2q = 40.4� is signifi-
4 MATT 7, 1–16, December 4, 2024
cantly higher than for the major (104) peak, but it drastically de-

creases as the particle size increases. The changes in relative in-

tensities of the (104) and (008) peaks in Cr2TiAlC2 suggest highly

textured grains in small particles. Furthermore, among the sieved

samples, the MAX phase with the 30- to 40-mm particle sizes

showed the lowest amount of (Ti,Cr)CandCr2AlC impurityphases.

To further improve the MAX phase quality, we treated this

sample with 9 M HCl for 120 min to dissolve the Cr2AlC residual

impurities. The XRD pattern of the HCl-treated sample shown in

Figure 2A (top) demonstrates the absence of the Cr2AlC peak.

Based on these results, it is recommended to not use the as-pre-

paredCr2TiAlC2 for the synthesis of Cr2TiC2Tx but to first ball mill,

sieve, and acid etch the MAX phase to obtain a relatively uniform

sample that is devoid of significant impurities. Figure 2C shows

the particle size distribution in the MAX powder before sieving

with particles in the range of 30–40 mm, accounting for about

31 wt %.



Figure 3. Electron and optical microscopy of Cr2TiAlC2 MAX phase samples and their corresponding Cr2TiC2Tx

(A) SEM image of the as-prepared Cr2TiAlC2 MAX phase and optical images of the corresponding Cr2TiC2Tx before and after centrifugation.

(B) SEM images of the sieved Cr2TiAlC2 MAX phase samples and the optical images of the corresponding Cr2TiC2Tx after centrifugation.
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Etching procedure

In the MAX phase etching experiments, we tested different mix-

tures of diluted HF and HCl for varying periods of time. Among

the conditions tested, etching 6 g of MAX phase particles for

48 h in a mixture of 18 parts HF, 32 parts HCl, and 45 parts H2O

yielded the best results in Al removal and was thus selected as

optimal. Figure S4 shows scanning electron microscopy (SEM)

and energy-dispersive X-ray spectroscopy (EDX) mappings of

particles etched for 24 h, while Figure S5 displays SEM images

of particles etched for 48 h. Synthesis times shorter than 48 h re-

sulted in incomplete etching, aspresentedby theEDXmapping in

Figure S4, which shows the presence of Al in the underetched

MAX phase particles with incomplete layer splitting. However, a

48-h etching period, as illustrated by Figure S5, was sufficient

for complete Al removal and the formation of well-split accor-

dion-like structures. The following results represent Cr2TiC2Tx
synthesized using these optimized etching conditions.

Figure 3 illustrates the effect of sieving of the precursor MAX

phase on the uniformity and quality of the MXene product. The
etching of the as-prepared Cr2TiAlC2 samples yielded heteroge-

neous Cr2TiC2Tx products in terms of the yield and flake size, so

that large underetched MAX phase particles, small MXene

flakes, and various intermediate structures could be simulta-

neously observed. An example of such a heterogeneous product

produced from the as-prepared Cr2TiAlC2 MAX phase sample is

shown in Figure 3A. Since the as-prepared MAX phase particles

have a large size distribution, it is possible to simultaneously

have overetched MXene flakes produced from small Cr2TiAlC2

particles and underetched large particles.

Etching of the processed and sieved Cr2TiAlC2 MAX phase

samples with narrowed particle size distributions yielded more

uniform Cr2TiC2Tx products and provided additional insight

into the effect of MAX phase conditioning on the outcome of

MXene synthesis. Figure 3B shows sieved MAX phase crystals

(SEM images) and the corresponding Cr2TiC2Tx flakes (optical

images) that were produced using the optimized synthetic con-

ditions. Etching of MAX phase particles with sizes <10 mm was

facile and had a high synthesis yield, but we mostly observed
MATT 7, 1–16, December 4, 2024 5
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small MXene flakes in a sub-micrometer size range, which were

difficult to use for device fabrication. The MXene quality

improved in the case of 20- to 30-mm MAX phase particles,

and it was possible to identify larger Cr2TiC2Tx flakes in the range

of 5–10 mm. The MAX phase sample with particle sizes in the

range of 30–40 mm yielded the most uniform MXene product,

with average flakes over 10 mm in size. The bottom right optical

image in Figure 3B shows representative Cr2TiC2Tx flakes pro-

duced from 30- to 40-mm MAX phase particles. These flakes

are large, highly uniform, and could be prime candidates for de-

vice fabrication.13,14,24,25,29,30

It should be noted that in the previously reported method,18 a

moderate heating of 35�C was applied for the synthesis of

Cr2TiC2Tx. However, even at this relatively low temperature, we

observed the characteristic green color (Cr3+) of the etching so-

lution and the structural defects in HRTEM images of MXene

flakes (see Figure 1B), suggesting possible acid leaching of Cr

from Cr2TiAlC2 along with the expected removal of Al. Because

of the possibility of some undesirable Cr removal from the

MXene product in an HF/HCl solution, we did not heat the reac-

tion mixture during the MAX phase etching and performed it at

room temperature (�20�C).
Exfoliation of Cr2TiC2Tx MXene flakes

For the final step, we investigated the effect of centrifugal force

on the delamination of Cr2TiC2Tx after the intercalation process

(see Figure 4). After etching a MAX phase sample with particles

in the range of 30–40 mm, theMLCr2TiC2Txwas intercalated with

TMAOH for 24 h. For this process, we used 10 mL of a solution

containing 2 mL 25% solution of TMAOH in methanol and

8 mL H2O per 2 g of the initial MAX phase. We also tested lower

(1 mL 25% solution of TMAOH in methanol and 9 mL H2O per 2 g

of the MAX phase) and higher (2.8 mL 25% solution of TMAOH in

methanol and 7.2 mL H2O per 2 g of the MAX phase) concentra-

tions of TMAOH for the intercalation process. The lower concen-

tration had a lower yield of monolayer delamination, while the

higher concentration resulted in noticeably defective flakes, as

shown in Figure S6.

Figure 4A contains a schematic illustration of the intercalation

of MLCr2TiC2Txwith TMAOH, which results in the increase of the

interlayer distance and expansion of the MXene stacks. The in-

sets in Figure 4A showSEMand optical microscopy images illus-

trating the intercalation process. The SEM images show an

increased separation of theMXene layers after the TMAOH inter-

calation. Furthermore, the intercalation changes the aspect ratio

of the ML particles, which transform from platelets to elongated

accordion-like structures. This elongation can be observed in

optical photographs, as shown for a representative accordion-

like structure that is marked by a blue arrow and accompanied

by an illustrative scheme in the inset in Figure 4A.

It was previously demonstrated for Ti3C2Tx that shear forces

can play an important role in the effective delamination of

MXene materials.34 More specifically, the work by Zhang and

coworkers notes that a centrifugation of a solution of ML

Ti3C2Tx results in the precipitation of a stable sediment, which

could then be exfoliated using a vortex shaker.34 The vortex

flow of a supernatant creates a shear stress that peels the

precipitated ML Ti3C2Tx particles into monolayer flakes. We

used a conceptually similar process for the exfoliation of ML
6 MATT 7, 1–16, December 4, 2024
Cr2TiC2Tx MXene, although with some modifications. After the

synthesis and intercalation with TMAOH, the ML Cr2TiC2Tx
was rinsed with water and centrifuged multiple times at

8,000–10,000 rpm to remove the excess TMAOH from the so-

lution. If the centrifugation was performed using a small-volume

(e.g., 50 mL) conical Falcon tube or a similar centrifuge tube,

then the Cr2TiC2Tx MXene would precipitate in a form of a

compact sediment (see Figure 4B), as previously reported for

Ti3C2Tx.
34 Because of the conical shape of the bottom, all

MXene flakes concentrate in a small volume near the tip of a

tube, where they are compacted due to the action of the cen-

trifugal force. Optical photographs of this precipitate dispersed

over a Si/SiO2 substrate predominantly show ML MXene plate-

lets, as demonstrated in Figure 4B (right).

Interestingly, a rheologically different product can be ob-

tained if the centrifugation is performed in a larger (e.g.,

500 mL) polypropylene centrifuge bottle with a flat bottom (as

opposed to the traditional conical bottom). In this case, during

the centrifugation, the ML MXene stacks do not concentrate in

a small volume near the tip of a tube but instead disperse over

a larger area of the flat bottom and along the walls of a bottle,

resulting in their shearing and delamination. Such shearing,

although implemented differently compared to the method

used by Zhang et al.,34 similarly helps in the exfoliation of

MXene stacks. For optimal exfoliation, the polypropylene bottle

should be filled with a MXene suspension up to �80% by vol-

ume and centrifuged at 8,000–10,000 rpm. Lower volumes of

MXene suspensions result in less effective delamination (see

the scheme in Figure S7), as a smaller area of the inner surface

of the bottle would be available for the shearing process.

The optical photograph in Figure 4C shows a homogeneous

MXene ink in a large bottle after centrifugation as opposed to

a dense sediment obtained in a smaller conical tube (Figure 4B).

The difference between the two samples can be further illus-

trated by photographing a portion of this ink in a conical centri-

fuge tube (compare Figure 4D with Figure 4B, left). The optical

photograph in Figure 4C (right) shows a much larger fraction of

few-layer and monolayer Cr2TiC2Tx flakes in the ink produced

using a large polypropylene bottle compared to the precipitate

that formed in a conical centrifuge tube (see Figure 4B, right).

The described centrifugation-assisted delamination process is

scalable, as demonstrated by the optical photographs in

Figures 4E and 4F, which show a >0.5-L Cr2TiC2Tx solution

with a concentration of 17–19 mg mL�1, and about 18 g dried

MXene product, respectively. The exfoliated Cr2TiC2Tx material

can be processed into large-scale structures, such as contin-

uous MXene films, as illustrated by Figure 4G.

AFM characterization of Cr2TiC2Tx flakes
We used AFM to examine 25 distinct Cr2TiC2Tx flakes deposited

on Si/SiO2 substrate. Figure 5A depicts a collection of largely

monolayer flakes of Cr2TiC2Tx that are uniform and have lateral

sizes >10 mm. Figure 5A (right) shows a folded single-layer flake

of Cr2TiC2Tx with a lateral size of 15 mm and an overlayed height

profile, with measured single-layer and bilayer thicknesses of 3.1

and 5.2 nm, respectively. Figure 5B illustrates the height profile

of the collection of flakes shown in Figure 5A (left) measured

along the blue dashed line, which contains up to five layers of



Figure 4. Intercalation and exfoliation of ML Cr2TiC2Tx MXene

(A) Scheme of the intercalation of ML Cr2TiC2Tx with TMAOH. SEM and optical images show Cr2TiC2Tx MXene accordions before and after intercalation.

(B) Centrifugation of ML Cr2TiC2Tx MXene in small conical tubes. Left: optical photograph of precipitated Cr2TiC2Tx MXene in a conical tube after centrifugation.

Center: scheme of a conical centrifuge tube with dimensions. Right: optical photograph of the Cr2TiC2Tx precipitate dispersed over a Si/SiO2 substrate.

(C) Centrifugation of MLCr2TiC2TxMXene in large, flat-bottom bottles. Left: optical photograph of a homogeneousMXene ink in a large bottle after centrifugation.

Center: scheme of a flat-bottom centrifuge bottle with dimensions. Right: optical photograph of Cr2TiC2Tx flakes from the MXene ink dispersed over a Si/SiO2

substrate.

(D) MXene ink that was photographed in a conical centrifuge tube for comparison with (B, left).

(E) Optical photograph of a large volume (>0.5 L) of a Cr2TiC2Tx solution produced by centrifugation in flat-bottom polypropylene bottles.

(F) Optical photograph of 18 g of a dried MXene product produced by centrifugation in flat-bottom polypropylene bottles.

(G) Cross-sectional SEM image of a Cr2TiC2Tx film produced from the MXene ink shown in (E).
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flakes. After analyzing 103 data points, we generated the height

distribution for Cr2TiC2Tx flakes on Si/SiO2, and the data are

summarized in Figure 5C. Despite the fact that the theoretical

thickness of a single-layer pristine Cr2TiC2Tx is estimated to be

around 0.98 nm (similar to Ti3C2Tx MXene), the experimental

data show that a single-layer Cr2TiC2Tx has an AFM thickness

of 2.9 nm. Similar to what we have observed in the case of other
MXenes,13,24,29 the difference between the theoretical thickness

and experimental AFM height profiles could be due to the pres-

ence of small molecules, such as residual TMAOH and water,

trapped underneath or between the flakes. According to the

plot in Figure 5C, each additional layer on top of the first mono-

layer increases the AFM thickness of the entire stack by about

2.1 nm.
MATT 7, 1–16, December 4, 2024 7



Figure 5. AFM characterization of Cr2TiC2Tx

(A) AFM images of multiple Cr2TiC2Tx flakes on Si/SiO2, (B) height profile of the flakes shown in (A, left) along the dotted blue line, and (C) thickness analysis data

from 103 measurements of 25 Cr2TiC2Tx flakes. Blue-colored numbers represent the number of MXene monolayers.
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Electronic and optoelectronic properties of Cr2TiC2Tx

flakes
We fabricated FET devices based on Cr2TiC2Tx as the channel

material, conductive p-doped Si as the global back gate,

300-nm thermally grown SiO2 as the gate dielectric, and Cr/Au

electrodes, which were fabricated using the e-beam lithography

technique. One such device is shown schematically in Figure 6A,

where a monolayer Cr2TiC2Tx flake bridges the source and drain

electrodes. Figure 6B shows the topography of a six-terminal de-

vice measured by AFM, revealing the large size and high quality

of the flakes synthesized by the described method and demon-

strating the characteristic height of �2.8 nm for a monolayer

flake. A total of four devices were analyzed by measuring drain

current (ID) at different drain-source voltages (VDS), while

applying gate voltage (VG) to the bottom electrode. Figure 6C

shows linear ID-VDS characteristics of the device shown in Fig-

ure 6B, revealing ohmic contact with Cr/Au electrodes. The

average conductivity (s) across four studied devices was found

to be 180 S cm�1 at VDS = 0.1 V. As shown in Figure 6C, the

ID-VDS dependences demonstrate a fairly weak modulation by

a varying VG, which is common for other MXenes, such as

Ti3C2Tx
25,29 and Nb4C3Tx.

13,14 Most interestingly, Figure 6D
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demonstrates transfer characteristics of the same FET that re-

veals the p-type transport of Cr2TiC2Tx, the first reported

for any MXene so far. In contrast, both Ti3C2Tx and Nb4C3Tx
demonstrated n-type transport in similar field-effect measure-

ments performed on devices based on monolayer MXene

flakes.13,14,25,29 As illustrated in Figure 6D, ID decreases as VG in-

creases, indicating that holes are the major charge carriers in the

material. We suggest that this behavior of Cr2TiC2Tx could be

related to the Cr deficiency of the synthesized material. The

possible effect of Cr vacancies on the electronic properties of

Cr2TiC2Tx is considered in the section ‘‘DFT calculations of

Cr2TiC2Tx.’’ There are two arguments for the formation of Cr va-

cancies in Cr2TiC2Tx. First, unlike the inner Ti layers of Cr2TiC2Tx
that are isolated from the harsh acidic environment during the

MXene synthesis, the outer Cr layers are exposed to etching.

Second, a recent study by Micha1owski and co-workers showed

that the Cr2TiAlC2 MAX phase exhibits partial mixing between

the M elements, where the outer layers are exclusively made of

Cr atoms, while both Cr and Ti occupy the inner layer, with a

Cr content of 10 atom %.35 If for the Cr2TiAlC2 synthesis Cr

and Ti are used at a stoichiometric ratio of 2:1 and some of the

Cr occupies the inner layers, then there is not enough Cr to



Figure 6. Electronic and optoelectronic properties of Cr2TiC2Tx

(A) Scheme of a two-terminal Cr2TiC2Tx FET device under illumination with different lasers.

(B) AFM image of a six-terminal Cr2TiC2Tx device. The MXene flake shows no signs of structural degradation after the device fabrication.

(C) ID-VDS curves obtained from the device shown in (B) at VG = �40, �20, 0, 20, and 40 V, in the dark and under illumination with white light.

(D) ID-VG dependence for the same device measured at VDS = 0.1 V.

(E) Photoresponse of the same device to white light, measured at VDS = 0.1 V and VG = 0.

(F) Themodulation of photocurrent in Cr2TiC2Tx device with three different lasers: infrared (IR, 965 nm), red (686 nm), and green (517 nm). All lasers were set to the

same power of 2 mW. The measurements were performed at VDS = 0.1 V and VG = 0. The ID axis corresponds to the electrical measurement involving the green

light; the other two dependences are vertically offset for clarity by 8 nA (red laser) and 16 nA (IR laser), respectively.
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completely populate the atomic positions in the outer layers,

intrinsically producing Cr vacancies. SEM-EDX analysis con-

ducted on both accordions and thin film samples of Cr2TiC2Tx re-

vealed atomic ratios close to 2:1 (Figure S8), as in the precursor

mixture, while a higher Cr content would be needed to provide

someCr atoms for the inner layers and produce defect-free outer

layers. Based on these considerations, it may be interesting to

produce a MAX phase from a precursor mixture with a higher

Cr content and investigate whether the resulting MXene would

still have a p-type conductivity.

Microscopic and spectroscopic data suggest that it is unlikely

that oxidation of Cr2TiC2Tx flakes during the device fabrication

could be the source of p-type transport. There are many reports

on mildly oxidized MXene sheets exhibiting oxide nanoparticles

at the flake edges36,37 and dense coverage of flakes with oxide

nanoparticles with further oxidation.38,39 In our case, the as-pre-

pared Cr2TiC2Tx flakes were uniform and had very clean edges,

as shown in Figures 1D and 5A. Furthermore, the microscopic

investigation of the Cr2TiC2Tx flakes after the device fabrication

still shows their uniformity and clean edges, as can be seen in

Figure 6B. Microscopic images of other Cr2TiC2Tx flakes that
were used in this study for electrical characterization did not

show any visible signs of structural degradation either.

To further confirm the structural stability of Cr2TiC2Tx flakes

during the device fabrication, we employed X-ray photoelectron

spectroscopy (XPS). During the device fabrication, we strived to

minimize the exposure time of the MXene flakes to the ambient

conditions, but there was still a total time of exposure to air of

about 1 h between the initial deposition of Cr2TiC2Tx on a Si/

SiO2 substrate and the final loading of a fabricated device to a

vacuum probe station for electrical measurements.40 In the pro-

cess of device fabrication, theMXene flakes on Si/SiO2were also

exposed to polymethyl methacrylate and a variety of solvents

(isopropanol, acetone, methyl isobutyl ketone). To determine

whether the exposure to air or lithography-related chemicals de-

grades Cr2TiC2Tx, we prepared a thin MXene film that was sub-

jected to the same treatment as the flakes used for the device

fabrication. The high-resolution XPS spectra for Ti and Cr ele-

ments in the as-prepared Cr2TiC2Tx and the MXene that was

subjected to a device fabrication procedure are compared in Fig-

ure S9. The XPS spectra for the as-prepared Cr2TiC2Tx were

identical to those reported and analyzed by Hantanasirisakul
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Figure 7. DFT calculations of electronic

properties of Cr2TiC2Tx

(A) Representative structure of Cr2TiC2Txwith –O, –

OH, and –F functional groups and Cr vacancies

(vac).

(B) DOS of Cr2TiC2Tx plotted as a function of en-

ergy when different percentage of C is substituted

by O in the presence (red) and absence (blue filled)

of Cr vacancies. The Fermi level is set to zero in the

x axis.

(C) Computed carrier concentration of functional-

ized Cr2TiC2Tx plotted as a function of concentra-

tion of O substituting C in the presence (red) and

absence (blue) of Cr vacancies. Positive and

negative signs of carrier concentration represent

holes and electrons, respectively.

Please cite this article in press as: Bagheri et al., Synthesis of high-quality large Cr2TiC2Tx MXene monolayers, their mechanical properties, p-type
electrical transport, and positive photoresponse, MATT (2024), https://doi.org/10.1016/j.matt.2024.08.019

Article
ll
et al.18 Even though the Ti forms the inner metal layer in

Cr2TiC2Tx, the Ti–O bonding is still possible (hence the notice-

able peak at 459.7 eV) because of the previously demonstrated

presence of O atoms in the C layers of this MXene material.35

Importantly, the XPS spectra of the as-prepared and processed

samples in Figure S9 look very similar, suggesting that there was

no severe degradation of Cr2TiC2Tx during the device fabrication

process. Similarly, there was no difference between the XRD

patterns of the as-prepared andprocessed samples (FigureS10),

and no oxide peaks were observed after the device fabrication

treatment.

From the field-effect dependence in Figure 6D, the field-effect

mobility can be extracted using the following equation:

mFE =
vID
vVG

L

W$Ci$VDS

(Equation 1)

where W is the channel width, L is the channel length, and Ci is

the capacitance between the channel and the back gate per

unit area. The average mobility of holes (mFE) across four devices

was found to be about 0.22 cm2 V�1 s�1, which is only an order of

magnitude lower than the electron mobility of Ti3C2Tx and

Nb4C3Tx MXenes reported earlier.13,14,25,29 The average charge

carrier concentration for the tested devices was 5.2 3 1021

cm�3; the results for each of the studied devices are provided

in Table S1. This value is lower than for Ti3C2Tx
29,41 and

Nb4C3Tx,
13 which have carrier concentrations on the order of

1022 cm�3,42 but is comparable to that of Ti3CNTx.
9,42

Figure 6D shows the transfer characteristics of the FET de-

vice in the dark and under light, revealing higher conductivity

when illuminated by a white light. The modulation of the current

is reversible, as illustrated in Figure 6E, which shows three

complete cycles of illumination on and off. Furthermore, we

studied the wavelength dependence of the Cr2TiC2Tx photores-

ponse by illuminating the same device with laser radiation of

various wavelengths at the same optical power of 2.0 mW.

The results are shown in Figure 6F, where we observed the
10 MATT 7, 1–16, December 4, 2024
slow positive photoresponse as in the

case of white light. In an earlier report,27

we showed that Ti3C2Tx MXene exhibited

a negative photoresponse due to its
metallic nature40 so that the conductivity decreases due to

scattering and local heating. The positive photoresponse of

the monolayer Cr2TiC2Tx indicates that the material has semi-

conductor properties. More specifically, the conductivity of

semiconductors increases with temperature, and as the MXene

material absorbs light and heats up, it becomes more conduc-

tive, as we observe experimentally (Figures 6D–6F). Because

the photoresponse measurements were performed in vacuum,

the heating of Cr2TiC2Tx under white light or laser illumination

did not cause its degradation, unlike the case where MXenes

are annealed in air in the presence of oxygen and water mole-

cules.37,38 As a result, the photoresponse cycles in Figure 6E

and 6F are very reproducible, suggesting the stability of

Cr2TiC2Tx under the experimental conditions.

DFT calculations of Cr2TiC2Tx

To gain insights into the electronic and transport properties of

Cr2TiC2Tx, we performed DFT calculations. Figure 7A shows a

Cr2TiC2Tx slab with –O, –OH, and –F surface functional groups

in a 1:2:5 ratio, which is similar to that determined in a recent

study that used secondary mass ion spectroscopy measure-

ments.35 That study also established that some of the C atoms

in the Cr2TiC2Tx structure may be substituted with O,35 so we

included the possible presence of O atoms in the structural

model as well. Thus, in the density of states (DOS) calculations,

we investigated the effect of two parameters on the electronic

properties of Cr2TiC2Tx: the presence of Cr vacancies and the

possible substitution of C atoms in the MXene structure with

O. The corresponding DOS plots as a function of energy for

Cr2TiC2Tx with different percentages of O substituting C (OC) in

the structure and also with and without Cr vacancies are pre-

sented in Figure 7B. As shown in the bottom panel in Figure 7B,

for the pristine material without O substitution, the Fermi level

crosses the valence band of a gapped electronic structure, sug-

gesting a p-type semiconducting character. Figure 7B shows

that the Fermi level energy position increases with the concen-

tration of OC; it lies at the middle of the band gap when the OC
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concentration is 6.25% (center panel) and eventually crosses

the conduction band, turning the material into an n-type

semiconductor.

Like other researchers in the literature,43–45wealso considered

the effect of individual (–O, –F, and –OH) functional groups and

their equal mixtures, –O/–F and –F/–OH, on the electronic prop-

erties of Cr2TiC2Tx (see Figure S11). The pristineMXene featuring

either –O surface functional groups or amix of –O and –F exhibits

p-type conductivity and the Fermi level crosses bands with an

estimated carrier concentration of about 43 1021 cm�3. Despite

thepresenceof agap indicative of a semiconducting nature, such

carrier concentration potentially indicates metallic behavior in

electricalmeasurements. Notably, Zhang et al.46 obtained similar

computational plots and interpreted them as suggesting metallic

character of Cr2TiC2Tx. However, when the surface functional

groups are altered to –OH, –F, or amix of –OHand –F, the pristine

MXene demonstrates semiconducting properties. Furthermore,

in the presence of Cr vacancies at 1.67 atom % (corresponding

to 2 vacancies in a 120-atom supercell), Cr2TiC2Tx becomes p-

type, with the Fermi level intersecting a substantial portion of

the valence band for all investigated surface terminations.

Collectively, these observations show that the Cr vacancy

(VCr) behaves as an acceptor defect, while the OC behaves

as a donor defect. The Cr vacancy donates holes and pro-

motes the p-type character, while OC donates electrons and

promotes the n-type character. Figure 7C shows the evolution

of carrier concentration as a function of the OC concentration

with and without VCr. As expected, when VCr is added, the

hole (electron) concentration increases (decreases). Formation

energy calculation shows that the OC defects are exothermic

and form spontaneously (DH = �4.2 eV/OC with respect to

the oxygen molecule), which is consistent with the experi-

mental observation.35 The Cr vacancies, while they may form

in a harsh acidic environment during the Cr2TiC2Tx synthesis,

are endothermic (DH= 1:3 eV/VCr with respect to Cr metal)

and require additional energy to form at the standard temper-

ature and pressure. As we discuss above, there is also a pos-

sibility that the Cr vacancies form during the MAX phase syn-

thesis, as some of the Cr atoms may occupy the inner layers

instead of the outer layers.35 Overall, the computational results

predict that depending on the concentrations of both VCr and

OC (Figure 7C) and the surface terminations (Figure S11),

Cr2TiC2Tx could be tuned from p- to n-type. In our experi-

ments, the material was p-type, as evidenced by the modula-

tion of the ID by the VG with a negative slope (Figure 6D). How-

ever, following these computational results, it would be

potentially interesting to systematically investigate the effect

of these parameters (VCr, OC, and surface terminations) on

the electronic properties of Cr2TiC2Tx to experimentally

demonstrate the tunability of its p-/n-type characteristics.

Elastic properties of Cr2TiC2Tx

We tested the elastic properties of Cr2TiC2Tx using nanoindenta-

tion technique, which involves indenting a suspended material

with a sharp AFM probe and measuring the indentation depth

and the applied force.13,30 The samples for the nanoindentation

experiment were prepared by transferring freshly synthesized

Cr2TiC2Tx flakes on a prefabricated Si/SiO2 substrate with 1.2-
mm wide and 300-nm deep microwells. The process followed

the protocol established in our earlier works.13,30 The transfer

was performed by depositing concentrated MXene solution on

a polydimethylsiloxane (PDMS) stamp, followed by drying to

form a thin film of MXene flakes. The PDMS stamp was flipped

so that the flakes faced downward and then was placed on the

Si/SiO2 substrate, followed by a gentle press. Due to the rela-

tively large diameter of the microwells, it was important to peel

off the PDMS stamp from the Si/SiO2 substrate very slowly to

avoid fracturing the membranes. Several monolayer and bilayer

Cr2TiC2Tx flakes covering the microwells were located using an

optical microscope. The AFM image of a representative MXene

membrane and the height profile across the center of the micro-

well are shown in Figure 8A. The flake adheres to the walls of the

microwell and stretches at a depth of about 20–30 nm, which is

well above the bottom of the well.

The scheme of the nanoindentation experiment is shown in

Figure 8B, where a sharp AFM tip positioned above the center

of a microwell slowly pushes down over the MXene flake. During

the experiment, both applied force (F) and deflection (d) are

measured. The experiment is repeated several times for different

F0s until the membrane fractures. The resulting F-d curves for the

monolayer Cr2TiC2Tx flake recorded for different Fs are shown in

Figure 8C. Each new F-d curve perfectly follows the previous

one, indicating that the membrane remains elastic and does

not slide from the edges. Several experiments were performed

for monolayer and bilayer flakes, and the comparison of F-d

curves for monolayer and bilayer Cr2TiC2Tx flakes is shown in

Figure 8D. Similar to previous reports,13,30,47,48 we fitted the

experimental F-d data using the formula:

F = s2D
0 pd+E2Dq

3d3

r2
(Equation 2)

where s2D0 represents pre-stress in the membrane, E2D is the 2D

elastic modulus, and r = 600 nm is the radius of the well.47,48 The

dimensionless constant q is related to Poisson’s ratio v as q =

(1.049 � 0.15v � 0.16v2)�1. Due to the structural similarity be-

tween Cr2TiC2Tx and Ti3C2Tx, we utilized the Poisson’s ratio

value for Ti3C2Tx of 0.227,49 resulting in q = 0.9933. The first

term in Equation 2 corresponds to the linear bending and pre-

strained deflection of the membrane and is valid for small loads.

The second term corresponds to the nonlinear membrane

behavior during large loads and is characterized by a cubic

F � d3 relationship with a coefficient of E2D. Other nonlinear ef-

fects in Equation 2 can be ignored if the AFM tip radius is

much smaller than the radius of a well (i.e., rtip/r � 1).47,48 In

our case, the diameter of the well measured by AFM is a = 2r =

1,200 nm, and according to the manufacturer’s specifications,

the AFM tip radius is 7 nm, which results in rtip/r = 0.006� 1. Fig-

ure 8D shows the experimental and fitting curves for monolayer

and bilayer MXene flakes, with the goodness of fit R2 > 0.995,

which is an indicator that the utilized model is appropriate.

In our work, we measured 12 experimental F-d curves from 3

monolayer Cr2TiC2Tx flakes and 24 experimental curves from 3

bilayer flakes. The results for all experiments are summarized

in the histogram plot in Figure 8E. For monolayer Cr2TiC2Tx,

the E2D elasticity ranged from 187 to 260 N m-1, with an average
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Figure 8. Characterization of mechanical properties of Cr2TiC2Tx flakes

(A) Top: AFM image of a Cr2TiC2Tx flake covering a 1,200-nm-wide microwell in a Si/SiO2 substrate. Bottom: AFM height profile measured along the dashed line.

(B) Schematic image of the nanoindentation experiment using AFM to stretch suspended Cr2TiC2Tx membrane.

(C) Force-deflection curves produced for a monolayer Cr2TiC2Tx membrane at different loads. Fracture force is indicated by the blue cross.

(D) Force-deflection curves for monolayer (1L) and bilayer (2L) Cr2TiC2Txmembranes and the least squares fits (solid lines) to the experimental data by Equation 2.

(E) Histogram of the elastic stiffness values for 1L and 2L Cr2TiC2Tx membranes. The solid line represents a Gaussian fit to the data.
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of 216 ± 22 N m-1, and for bilayer flakes, E2D elasticity ranged

from 384 to 473 N m-1, with an average of 422 ± 29 N m-1. The

2D elastic modulus of bilayer MXene flakes is exactly twice

that of monolayer flakes, suggesting strong interaction between

layers that is likely associated with the hydrogen bonding be-

tween the surface terminal groups of Cr2TiC2Tx. Similar effects

were observed for overlapping graphene oxide (GO) mem-

branes50 and Ti3C2Tx and Nb4C3Tx MXene membranes.13,30

The effective Young’s modulus EYoung can be calculated

by dividing E2D by the membrane thickness. For the effective

thickness of a monolayer Cr2TiC2Tx we used 0.98 nm, the previ-

ously determined effective thickness of monolayer Ti3C2Tx,
30

considering the structural similarities of these two MXenes and

identical atomic radii of Ti and Cr. The effective modulus for

the Cr2TiC2Tx membrane is 220 ± 22 GPa, which is lower than

the previously measured Young’s moduli for Ti3C2Tx (330

GPa)30 and Nb4C3Tx (386 GPa)13 MXenes. However, the effec-

tive Young’s modulus of Cr2TiC2Tx is still comparable to those
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of many other 2D materials, such as GO50 and transition metal

dichalcogenides (TMDs),48,51,52 which were tested in similar

nanoindentation experiments. Considering that GO is widely

used for a variety of mechanical applications, such as fibers, pro-

tective coatings, and reinforced composite materials, Cr2TiC2Tx
should be suitable for similar uses as well. Furthermore, the

lower Young’s modulus of Cr2TiC2Tx compared to the previously

tested MXenes could also be related to the Cr vacancies, sug-

gesting that the mechanical properties may be improved with

the further optimization of the synthetic procedure.

Conclusions
In summary, we reported optimized conditions for the synthesis of

Cr2TiC2Tx, which produces large high-quality flakes in bulk quan-

tities. The use of a sieved large-particle fraction of the Cr2TiAlC2

MAXphase and the reduction of impurities usinganacid treatment

were shown to have positive effects on the quality ofMXene prod-

ucts. Also, the delamination yield and the flake sizewere shown to
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depend on the centrifugal forces exerted on etched particles, re-

sulting in the shearing effect.With the optimized synthetic proced-

ure, it was possible to produce high-quality monolayer flakes of

Cr2TiC2Tx, with lateral sizes exceeding 15 mm.

The physical measurements performed on large monolayer

flakes of Cr2TiC2Tx demonstrate that it has unique properties

compared to other established MXene materials. Field-effect

electrical measurements performed on devices patterned on

monolayer Cr2TiC2Tx flakes revealed an average conductivity of

180 S cm�1 and p-type transport properties, while MXene mate-

rials, such as Ti3C2Tx and Nb4C3Tx, demonstrated n-type

behavior in similar measurements. When illuminated with visible

or infrared light, Cr2TiC2Tx devices show positive photoresponse

in contrast to the negative photoresponse that was recently re-

ported for Ti3C2Tx monolayers. We suggest that the p-type

behavior is related to the Cr vacancies, while the positive photo-

response is consistent with the semiconducting character of

Cr2TiC2Tx. The fact that many of the electronic and optoelec-

tronic characteristics of Cr2TiC2Tx appear to be complementary

to the more established MXenes, notably Ti3C2Tx, suggests

possible property engineering in various composites and layered

heterostructures of different MXene materials. For example,

different MXenes may form p-n junctions or electronic structures

with tunable photoresponses. Cr2TiC2Tx has a respectable effec-

tive Young’s modulus of 220 ± 22 GPa, which is comparable to

GO and TMDs and therefore suggests the utility of this MXene

for a variety of mechanical applications. This work demonstrates

the importance of optimization of synthetic procedures for other

emerging MXene materials, some of which may also reveal

unique properties if measured on a single-flake level.

Finally, the computational results of this study suggest several

promising directions for the further exploration of this MXene ma-

terial. DFT results provide insights into the p-type character of

Cr2TiC2Tx and further predict that this is potentially a tunable p-/

n-type system depending on the concentrations of Cr vacancies,

OC substitution in Cr2TiC2 layers, and surface terminations. It

may be interesting to systematically investigate the effect of these

parameters (VCr, OC, and surface terminations) on the electronic

properties of Cr2TiC2Tx to experimentally demonstrate the

tunability of its p-/n-type characteristics. In particular, it may be

interesting to produce a Cr2TiAlC2 MAX phase from a precursor

mixture with a higher Cr content compared to the stoichiometric

Cr:Ti ratio of 2:1 and investigate whether the resulting MXene

would still have a p-type conductivity.

EXPERIMENTAL PROCEDURES

Reagents and materials

Ti (99%, 325 mesh), Al (99%, 325 mesh), graphite (C, 99%, 325 mesh), and Cr

(99.9%, 325 mesh) were purchased from Alfa Aesar. Concentrated HCl (37%)

and HF (48%–51%) were purchased from VWR. Potassium carbonate was

purchased from Sigma-Aldrich and used to neutralize acids. TMAOH solutions

(25 wt. % in water and 25 wt. % in methanol) were purchased from Sigma-

Aldrich. All chemicals were used as received.

Synthesis

Cr2TiAlC2 MAX phase synthesis

Cr2TiAlC2 MAX phase was synthesized according to the previous report, with

minor modifications.18 In a typical reaction, a stoichiometric mixture of

the elemental components was ground using a mortar and pestle, trans-
ferred into an alumina crucible, heated to 1,450�C at a 3�C/min ramping

rate under the 450-sccm flow of Ar, and then annealed in the same atmo-

sphere for 8 h. The prepared Cr2TiAlC2 was crushed, ball milled (500 rpm,

3–5 min), sieved, and washed in 9 M HCl (10 mL of acid for every 1 g of ma-

terial) for 1–2 h to reduce the amount of Cr-based impurities.

Sonication-assisted Cr2TiC2Tx MXene synthesis

Cr2TiC2Tx was synthesized using a mixture of HCl and HF as the etchant.18 A

total of 2 g of MAX phase was slowly dispersed in a mixture of 6 mL HF, 9 mL

HCl, and 15 mL H2O and stirred at 35�C for 42 h (400 rpm, 2-in stir bar). Next,

the ML Cr2TiC2Tx was washed until pH 6 was reached and then used for the

intercalation and delamination steps. A solution of 1mL TMAOH (25% inwater)

and 9 mL of deionized (DI) water was used for the intercalation. The mixture of

Cr2TiC2Tx and the TMAOH solution was stirred at room temperature for 10 h.

Next, the solution was centrifuged at 10,000 rpm multiple times, and finally

probe sonicated for 30 min (4 s alternate on-off cycle). The mixture was centri-

fuged at 3,500 rpm for 1 h, resulting in the supernatant with monolayer and

few-layer flakes. The sample collected in this process was comparable to

the original report regarding quality and flake size.18

Large-flake Cr2TiC2Tx MXene synthesis

MAX phase sieving. Initially, the MAX phase crystals were prepared accord-

ing to the method described in the section ‘‘Cr2TiAlC2 MAX phase synthesis.’’

MAX phase powder was first sieved with a series of Advantech testing sieves,

with mesh sizes from 150 to 25 mm, and then the powder fraction with particle

sizes <25 mmwas sieved using Endecotts microplate sieves withmesh sizes of

20 and 10 mm. The Cr2TiAlC2 MAX phase fraction with particles in the range of

30–40 mm was used as the precursor for the next step (see Figure S3).

Etching conditions. MAX phase (6 g) was slowly added to the etching solu-

tion containing 18 mL HF, 32 mL HCl, and 45 mL H2O and stirred using a

2-in stir bar at 600 rpm for 48 h at room temperature. The stirring rpm is impor-

tant, and the choice of stir bar (size and weight) will affect the synthesis yield.

Next, the etched sample was washed to pH 7 before intercalation (see Fig-

ure S5). We also performed the synthesis for 24 h as part of the preliminary ex-

periments (see Figure S4).

Intercalation process. For intercalation, we used a solution prepared by add-

ing 2 mL 25% TMAOH in methanol to 8 mL H2O. For the initial 2 g of MAX

phase, 24-h intercalation was proved necessary for a high-yield delamination

at room temperature. The delamination was performed while stirring at

750 rpm using a 1-in stir bar. We also tested a higher concentration of TMAOH

in an intercalant solution (2.8 mL 25% TMAOH in methanol mixed with 7.2 mL

H2O), which resulted in the degradation of Cr2TiC2Tx flakes (see Figure S6). For

a lower concentration of TMAOH (1 mL 25% solution of TMAOH in methanol

and 9 mL H2O), we observed a lower yield of delamination.

Centrifugation. After intercalation, the solution was continuously centri-

fuged at 10,000 rpm (washed with DI water to pH 7). It is important to use

a 500-mL centrifuge tube with no conical curvature and a high wall surface

area. We used 500-mL Nalgene PPCO centrifuge bottles with sealing

closure. These bottles allow for a shearing effect during centrifugation,

which helps the delamination process (see Figure 4C). With conventional

50-mL Falcon tubes we observed stacking of the intercalated particles

(see Figure 4B).

Finally, the Cr2TiC2Tx from the last step was delaminated in 50-mL DI water

through mild shaking for 20–30 min and centrifuging at 1,500 rpm for 5 min to

obtain flakes with a 5- to 15-mm lateral size. Overall, 6 g of the MAX phase pro-

duced 50 mL of a large-flake MXene suspension with a concentration of about

20 mg mL�1, which translates into a yield of �20%.

Characterization

Cr2TiC2Tx flakes were imaged using an FEI field-emission scanning electron

microscope at the accelerating voltage of 5 kV. A concentrated MXene sus-

pension was drop cast on a Si/SiO2 substrate and dried in air. Next, the sub-

strate was cut in half to reveal the cross-section of the film and loaded into the

SEM instrument for imaging. An FEI Tecnai Osiris transmission electron micro-

scope equipped with a high-angle annular dark-field imaging detector and an

X-FEG high-brightness Schottky field-emission gun was used to image the

Cr2TiC2Tx flakes. The accelerating voltage was 200 kV. For TEM characteriza-

tion, a sample of Cr2TiC2Tx was diluted in ethanol, and then the suspension

was drop cast on a lacey carbon-coatedCu TEMgrid (Ted Pella). XRD patterns
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of prepared samples were collected using a PANalytical Empyrean diffractom-

eter in the Bragg-Brentano configuration, with Ni-filtered Cu Ka radiation oper-

ated at 45 kV and 40 mA. AFM of Cr2TiC2Tx flakes was performed using a

Bruker Dimension Icon atomic force microscope in a tapping mode. The

XPS analysis of the samples was carried out using a Thermo Scientific

K-Alpha X-ray photoelectron spectrometer with monochromatic Al Ka

(1,486.6 eV) radiation.

Electrical characterization of individual MXene flakes

A droplet of an aqueous solution of Cr2TiC2Tx flakeswas drop cast on a Si/SiO2

substrate, a heavily p-doped Si substrate covered with a 300-nm-thick layer of

SiO2, and dried in air. A Zeiss Supra 40 field-emission scanning electronmicro-

scope and a Raith pattern generator were used for electron beam lithography

to pattern electrodes on the Cr2TiC2Tx flakes. An AJA electron beam evapo-

rator at a base pressure of �8 3 10�9 Torr was used to evaporate 3 nm Cr

and then 20 nm Au, both at a rate of 0.03 nm/s.

The Cr2TiC2Tx devices were measured in a Lake Shore TTPX cryogenic

probe station at a base pressure of about 23 10�6 Torr. Prior to the electrical

measurements, the devices were kept in the evacuated chamber of a probe

station for at least 2 days to minimize the effect of surface adsorbates.27,53

The electrical measurements were performed using an Agilent 4155C semi-

conductor parameter analyzer that was operated using a National Instruments

LabView code.

For the white light illumination of the Cr2TiC2Tx devices, we used a 150-W

Philips 14501 DDL 20-V halogen light bulb; the emission spectrum of this

bulb was reported elsewhere.27,54 A Thorlabs S120C standard photodiode po-

wer sensor was used to measure the maximum light intensity at 600 nm of

6 mW cm�2.

For the wavelength-dependent photoconductivity measurements, we used

a Thorlabs multichannel laser source with 517-nm (green), 686-nm (red), and

965-nm (infrared) outputs. For each laser, the power was standardized at

2 mW. A laser spot with a diameter of about 5 mm was aligned on a

Cr2TiC2Tx device using an optical fiber and collimator.

Nanoindentation experiments

Surface topography imaging and force-deflection curve measurements of

Cr2TiC2Tx membranes were performed on an Asylum Research MFP-3D sys-

tem. Single crystal diamond tips (D80, SCDprobes) with a tip radius of 5–10 nm

and a spring constant�3.5 N m�1, according to the manufacturer’s specifica-

tions, were used for the experiments. The spring constant of each AFM canti-

lever was calibrated via the thermal noise method before the indentation ex-

periments. During the experiments, the z-piezo displacement speed was

controlled at a rate of 100 nm s�1. Different rates ranging from 50 to

1,000 nm s�1 were also tested and showed no clear difference for the force-

deflection curves.

Analysis of force-indentation curves

During the indentation experiments, the cantilever bending and z-piezo

displacement were recorded as the tip moved downward. The cantilever

bending was calibrated by first measuring a force-displacement curve on a

hard Si/SiO2 surface. The loading force was obtained from the cantilever

bending multiplied by the cantilever spring constant, and the deflection of

the membrane was obtained by subtracting the cantilever bending from

the z-piezo displacement. In the experimental force-deflection data, there

is a negative force section due to the tip jump-to-surface effect, where the

tip snaps down to the membrane attracted by van der Waals forces when

it is very close to the surface. We extrapolated the zero-force line in the

force-deflection dependence prior to snapping until it crossed the curve.

We considered this point as the origin, where the force and displacement

are both zero, which is necessary to obtain the correct force-deflection

relationship.

DFT calculations

Computational details

DOS for Cr2TiC2Tx was studied using spin polarized DFT as applied in the

Vienna Ab Initio Simulation Package (VASP).55,56 The electron-ion potential

was approximated using the projected augmented plane wave (PAW)
14 MATT 7, 1–16, December 4, 2024
method.57 The exchange and correlation potential was calculated using the

generalized density approximation (GGA). In these calculations, we used a ki-

netic energy cutoff of 540 eV for the plane wave expansion of the PAWs and a

63632 grid of k points for the Brillouin zone integration.58 The exchange and

correlation, beyond GGA, were considered by introducing an onsite Coulomb

repulsion with aHubbard U = 4 eV for Cr 3d orbitals and 3 eV for Ti 3d orbitals in

rotationally invariant formalism,59 as implemented in VASP, so as to incorpo-

rate a strong electron correlation in 3d electrons. The van der Waals interac-

tion (DFT-D3) was included in the calculations to describe the interlayer

separation.60

Determination of lattice parameters of functionalized MXenes

Surface functional groups (–O, –F, –OH, and mixed –F/–O and –F/–OH termi-

nations) were placed on energetically favorable hollow sites, right above the

Ti atoms.46 In the functional group –OH, the H atom was placed directly on

top of theO atom situated in a hollow site. In the case of themixed –F/–O termi-

nation, both F and O were placed in alternate hollow sites. Similarly, we

placed –F and –OH in alternate hollow sites in themixed –F/–OH case. In-plane

lattice constants, a; were then determined by finding the minima of energy us-

ing the energy vs. a curve. Table S2 shows the calculated lattice parameters.

For MXenes terminated with –OH, –F, and their mixture, the calculated lattice

constants were slightly larger than for nonfunctionalized Cr2TiC2. In contrast,

the lattice parameters were slightly smaller for MXenes with –O and –F/–O ter-

minations. While we used these calculated lattice constants, it is possible to

use the parameters of nonfunctionalized Cr2TiC2, which does not change

the results qualitatively as the difference is small.
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