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The Bigger Picture

The 2D transition metal carbides

and nitrides called MXenes are

generally synthesized top down

by exposing the parent MAX

phase to fluoride-ion-containing

acids. This acid treatment

selectively etches out only the

A-atomic layers from the MAX

phase and results in 2D MXene

sheets. To date, the most

common solvent used for this acid

treatment is water, rendering the
SUMMARY

The first MXene discovered, Ti3C2Tz, was synthesized by etching of the parent

MAX phase, Ti3AlC2, in a solution of concentrated hydrofluoric acid. Since

then, several other ways of synthesizing MXenes have been reported, such as

electrochemical etching in various electrolytes, high-temperature alkali

treatment, molten salt synthesis, etc. The majority of these etching methods,

however, use water as their main solvent, limiting direct use of MXenes in wa-

ter-sensitive applications. In this work, we show that it is possible to etch, and

delaminate, MXenes in the absence of water, by using organic polar solvents

in the presence of ammonium dihydrogen fluoride. We further show that by us-

ing this etching method, it is possible to obtain Ti3C2Tz flakes rich in fluorine ter-

minations. We also demonstrate that electrodes made from Ti3C2Tz etched in

propylene carbonate resulted in Na-ion battery anodes with double the capacity

to those etched in water.

use of MXenes in water-sensitive

applications difficult. In this work,

we show that it is possible to etch

the MAX phase in a solution of a

polar organic solvent and

ammonium dihydrogen fluoride

and obtain F-terminated MXenes

without the use of water. This

opens avenues for use of MXenes

in numerous water-sensitive

applications such as energy

storage, polymer composites,

supports for quantum dots, etc.
INTRODUCTION

Since the discovery of 2D titanium carbide (Ti3C2Tz) MXene in 2011 by Naguib et al.,1

nearly 30 new MXenes have been discovered so far and more are being routinely

discovered.2 Owing to their chemical diversity, hydrophilicity, 2D morphology,

and metallic conductivity, MXenes have shown promise in various applications like

energy storage,3 catalysts for hydrogen evolution reactions,4 gas sensing,5 water

desalination,6 reinforcement in polymer composites,7 and electromagnetic interfer-

ence (EMI) shielding,8 among many others.

MXenes have a general formula Mn+1XnTz and are so called because they are derived

by etching the A atomic layers from the parent MAX (Mn+1AXn) phase, where M

stands for an early transition metal, A is mostly a group 13 or 14 element, and X

stands for C, N, or B.9,10 The -ene suffix was added to make the connection to other

2D materials, such as graphene, silicene, etc. The Tz in the chemical formula stands

for the various –O, –OH, and –F surface terminations that replace the Al layers upon

etching.1 The first MXene discovered was Ti3C2Tz, obtained by etching Ti3AlC2 pow-

ders in concentrated hydrofluoric (HF) acid.2 In general, multilayered (ML) MXenes

etched with HF cannot be delaminated to form stable, high concentration colloids

in water. To disperse these MLs, they typically have to be intercalated with organic

molecules like dimethyl sulfoxide (DMSO), tetramethylammonium hydroxide

(TMAOH), tetrabutylammonium hydroxide (TBAOH), etc.11

To overcome this multistep delamination process and to avoid the use of hazardous

HF, Ghidiu et al. used an etching solution comprised of lithium fluoride (LiF) and

hydrochloric acid (HCl) that formed HF in situ. In this system, the Li ions are intercalated
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during etching, which, when the pH approaches neutral, results in spontaneous

delamination.12 More recently, Li et al. synthesized MXene by etching Ti3AlC2 using a

high-temperature hydrothermal approach in a high pH sodium hydroxide (NaOH) solu-

tion.13 Yang et al. showed that it was possible to electrochemically etch MAX phases

into MXenes in an ammonium chloride and TMAOH electrolyte.14 These two methods

showed, for the first time, F-free synthesis of MXene. More recently Li et al. showed a

one-step molten salt (ZnCl2) etching of MAX phases to synthesize –Cl terminated

MXenes.15 Delamination of these –Cl terminated MXenes to form a stable colloid of

single to few layers of MXene has not been reported, possibly because of the absence

of intercalated cations and/or the absence of –O/–OH terminations. The latter are typi-

cally associated with colloidal stability after delamination.11,16

In short, most near-ambient temperature synthesis methods, known to date, use water

as the main solvent. Using water as a solvent, however, poses problems when incorpo-

rating MXenes in some applications. For example, certain polymerization reactions are

hamperedby thepresenceofwater,makingsynthesis of in situpolymerizednanocompo-

sites reinforced with MXenes difficult.17,18 The synthesis of specific quantum dots on

MXenes sheets might also not be possible, again, because of the presence of water.19

Most importantly, it is well established that even trace amounts of water in Li or Na ion

batteriesusingorganicelectrolytescannegatively impact theirperformance,makingvac-

uum annealing of MXene anodes mandatory before cell assembly.20

Herein, we show that it is possible to etch, and delaminate, Ti3AlC2 in a variety of

organic solvents in the presence of ammonium dihydrogen fluoride, NH4HF2 (Figure

1). We further show that the Ti3C2Tz synthesized in propylene carbonate (PC) exhibit

nearly double the capacity compared to the same MXene etched in water when

tested as electrodes in Na-ion batteries (SIB) in a PC-containing electrolyte.
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RESULTS AND DISCUSSION

Figure 2A depicts the X-ray diffraction (XRD) patterns of as-etched MXene just

before washing, while Figure 2C depicts the XRD patterns after delamination fol-

lowed by filtering and grinding. Figures 2B and 2D focus on the low angle region.

Henceforth, to denote the MXene etched using a particular solvent, the prefix of

the solvent abbreviation is added before the acronym, MX. For example, samples

synthesized in PC are labeled PC-MX, those in acetonitrile, ACN-MX, etc. The

sequence of the patterns is the same in all 4 panels with acetonitrile (ACN)-MX

(top, yellow), dioxane (DXN)-MX (second, purple), N,N-dimethylformamide (DMF)-

MX (third, green), DMSO-MX (fourth, blue), N-methyl-2-pyrrolidone (NMP)-MX (fifth,

red), and PC-MX (last, black). Figure 2B shows highly expanded basal spacings,

which can be determined from the position of the 002 peak present near 2� 2q1,21

for all samples, except DMSO-MX, for which the 002 peak was around 4.2� 2q.

The d-spacings calculated are listed in Table 1. To confirm the d-spacings calculated

from XRD, the d-spacings of a representative PC-MX sample (before washing) were

also measured in a transmission electron microscopy (TEM). As shown in Figure S1,

and not too surprisingly, the d-spacing from the micrograph (38.6 Å) is in good

agreement with the spacing obtained for XRD, viz. 39 Å.

The d-spacings, between 21–51 Å, measured herein, are significantly higher than the

d-spacing of 12.3 Å obtained by Halim et al., who etched Ti3AlC2 thin films

in NH4HF2 and water.22 This suggests that during etching in organic solvents, the

interlayer space is most probably occupied by NH4
+ cation complexes associated

with organic solvent molecules and not bare cations.
Chem 6, 616–630, March 12, 2020 617
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Figure 1. Schematic of Etching and Washing Steps

(A) Starting Ti3AlC2 phase, (B) after etching with NH4HF2 in organic solvent, (C) after washing in HCl/

2-propanol mixture, and (D) final state after filtering. Note what is depicted between the layers is

only shown for the sake of the schematic and in no way should be construed to be what is actually

occurring.
As no information was found in the literature about the solvation of ammonium cat-

ions by various organic molecules, it is difficult to explain the small differences

observed in d-spacings, especially in the DMSO-MX case, where the d-spacing

was found to be smaller than in all other cases (Table 1). In their recent work, Verger

et al. showed that when etching Ti3AlC2 phase in LiF and HCl solutions, the

d-spacing increased from 14 Å (z 6.3� 2q) to 16.5 Å (z 5.5� 2q) as the pH increased,

due to washing, from 1 to 5. The authors attributed this increase to the hydration of

intercalated cations as the pH approached 7.23 This does not seem to be the case

here, where sharp high-intensity peaks at low angles (<3� 2q) are seen in the XRD

patterns, indicating several solvent layers or highly solvated ammonium cations be-

tween theMXenes layers are present, even before washing. This result highlights the

significant differences in the etching and/or intercalation processes when etching in

water versus etching in organic solvents.

The small peak around 9� 2q, seen in the ACN-MX, DMF-MX, DXN-MX, and PC-MX

samples, corresponds to leftover Ti3AlC2 powder that was not completely etched

(Figure 2A). Also, peaks of AlF3 and (NH4)3AlF6 are seen in MXene patterns

before washing (Figure 2A). These peaks result from the salts formed when the Al

is etched out.

Figures 2C and 2D show XRD patterns of filtered films after grinding. Only peaks cor-

responding to MXene are seen in all but the DXN-MX sample (Figure 2D). The small

peak around 9� 2q, seen only in the latter, is again due to unetched or partially

etched MAX particles.

It is important to note that, because the organic solvents used in this work have low

solubilities for the Al-salts formed during etching, they could not be washed away

without the use of acidic propanol. Somewhat surprisingly, after washing, the

d-spacings reduce significantly and range between 13.5–21 Å depending on the sol-

vent used (column 3, Table 1). The most probable cause for this reduction is the ex-

change of ammonium cations with protons present in the acidic propanol. This is

consistent with earlier work on cation exchange in MXenes etched in water24 but

is observed here, to occur for the first time, in multiple polar solvents other than wa-

ter. Interestingly, the d-spacing of the DMSO-MX sample remains constant at z

21 Å, before and after washing, implying no cationic exchange in this case.

When solvent exchange was carried out in kaolinite clays, it was found that upon

interaction with DMF, NMP, or ACN, there is 4–5 Å increase in the d-spacing

compared to dry kaolinite.25,26 This might explain the z 4.5 Å increase in the

washed ACN-MX, NMP-MX, and DMF-MX compared to HF-only etched Ti3C2Tz
MLs (d z 9.8Å).1,27 The latter can be considered a ‘‘dry’’ Ti3C2Tz since we now

know that in that case no water is intercalated between the layers. It follows that

the z 4.5 Å increase most probably reflects the intercalation of the organic solvent

between the MXene layers. Along the same lines, the 14 Å d-spacing in the washed

PC-MXmatches the work of Collini et al. on electrophoretic deposition of Ti3C2Tz in a

PC electrolyte,28 again confirming the presence of PC between the layers.
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Figure 2. XRD Patterns of Ti3C2Tz, Synthesized in Organic Solvents

(A) Before washing, right after etching; (B) same as (A) but focused on 1.2�–10� 2q region to clearly

depict the 002 peaks; (C) after washing, drying, and grinding of filtered films; (D) Same as (C) but

focused on low angles. Patterns are shifted vertically for clarity. The molecular structure of the

organic solvents used are shown right above the corresponding XRD pattern. Sequence of XRD

patterns is the same in all 4 panels and corresponds to ACN- (top, yellow), DXN- (second, purple),

DMF- (third, green), DMSO- (fourth, blue), NMP- (fifth, red), and PC-MX (sixth, black).
Figure S3 presents the XRD patterns of the samples that were first etched in HF and

water and then solvent exchanged for a week. Figure S3 shows, that except for

DMSO, no other solvent intercalated between the MXene sheets. It follows that

our etching method can be used to intercalate MLs with multiple layers of organic

solvents and not just DMSO.

Figure 3A shows typical SEM micrographs of a PC-MX sample after washing but

before delamination. The accordion-like morphology is typical of etched Ti3AlC2

powders and further confirms the successful synthesis of Ti3C2Tz.
1,12 Similar

morphologies were also observed in MXenes synthesized in the other solvents
620 Chem 6, 616–630, March 12, 2020



Table 1. Interlayer d-Spacings (= c/2, Where c Is the Lattice Parameter) of Samples Calculated

from the Position of 002 Peak Before and After Washing

Sample d-spacing, Å, (2q)

Before Washing After Washing

ACN-MX 45.0 (2.0) 13.5 (6.5)

DXN-MX 41.9 (2.1) 15.7 (5.6)

DMF-MX 50.7 (1.7) 13.5 (6.5)

DMSO-MX 21.1 (4.2) 21.2 (4.1)

NMP-MX 48.7 (1.8) 13.5 (6.5)

PC-MX 39.0 (2.2) 14.0 (6.3)

The 2nd column lists the d-spacings in Å, before washing right after etching; last column lists the values

after drying and grinding the filtered films obtained after washing. Values in bracket show 2q angle at

which the 002 peak is located.
(Figures S2A–S2E). Figure 3B is a typical TEM micrograph of Ti3C2Tz flakes obtained

after sonicating the multilayers. The selected area diffraction (SAED) pattern (Fig-

ure 3C) further confirms the presence of Ti3C2Tz monolayers. There is, thus, little

doubt that it is possible to delaminate Ti3C2Tz MLs using the procedure outlined

herein. We note, in passing, that there is little evidence for TiO2 nanoparticles on

the surface of the flakes, that are sometimes seen when the etching is carried out

in water. A picture of the PC-MX colloidal suspension is shown in Figure 3D.

To estimate the solid content of the colloidal suspensions, after delamination, the

powders were dried under vacuum for 12 h. The highest concentration colloids

are obtained in PC-MX, DMF-MX, DMSO-MX, and NMP-MX samples with values be-

tween 0.7–1 mg/mL. These numbers are similar to the ones reported by Collini et al.

and Maleski et al.28,29 For DXN-MX and ACN-MX, the concentrations obtained were

significantly lower, with values ranging from 0.1–0.3 mg/mL. Since all the solvents

used here have higher molecular weights than water, any residual solvents in the

films might have a larger impact on the concentration measurements than those

etched in water. Therefore, more work is needed to ensure that the drying of the

MXene films, intercalated with high boiling point (BP) solvents like PC (BP 240�C),
DMSO (BP 189�C), etc., is complete. Said otherwise, the concentrations reported

above may be overestimated.

The zeta potential of the PC-MX sample was measured and was found to be �40 G

5 mV. This value is close to that of Ti3C2Tz flakes synthesized in HF and water mix-

tures16 and is most probably responsible for the high colloidal stabilities observed.

The interaction of MXene surface terminations with different solvents has been stud-

ied in detail by Maleski et al., where the authors show the correlation between

various Hanson and Hillebrand parameters of different solvents and the colloidal sta-

bility of MXene. There is no reason to believe that similar interactions are not occur-

ring here.

The X-ray photoelectron spectroscopy (XPS) photoemission spectra of the Ti 2p re-

gion of PC-MX filtered films are depicted in Figure 4. The curves were fit using the

procedure outlined by Halim et al.30 but with binding energy (BE) that are shifted

(see below). The red, blue, and green peaks are ascribed to the +1, +2, and +3

oxidation states of Ti, when bonded to –O/–OH groups, respectively. The yellow

peaks correspond to the –F terminations and are at a higher BE compared to the

–O/–OH terminations because of bonding with highly electronegative F atoms. By

quantifying the number of surface terminations present, it is clear that the freshly
Chem 6, 616–630, March 12, 2020 621



Figure 3. PC-Ti3C2Tz Sample

(A) Typical SEM micrograph; (B) TEM micrographs of delaminated sheets; (C) SAED pattern

obtained from flakes shown in (B); (D) photograph of PC-MX colloidal suspension.
synthesized MXene is mostly (z 70%) F-terminated and the remaining 30% are –O/–

OH terminations. As far as we are aware, this is the highest fraction of F-terminations

ever reported. The 30% –O/–OH terminations, most probably, result from the brief

exposure to air and/or the dissociation of propanol during washing, which was car-

ried out outside the glovebox.

It is fairly well established in theMXene literature that F-terminations are less favored

than their O counterparts, and upon long term exposure to ambient atmosphere, the

F-terminations are replaced by –O/–OH terminations.30 To confirm this conclusion,

we rescanned the sample used to obtain the results shown in Figure 4A, after expo-

sure to the ambient atmosphere for 12 h. As seen in Figure 4B, the atomic fraction of

F-terminations drops to just 0.07. Furthermore, to back this important conclusion,

we compared the global atomic percentages calculated by measuring the total

area under the photoemission spectra—normalized by the Ti concentration—of

the different elements, before and after exposure to air. From the results listed in

Table S1, it is obvious that the overall F-content decreases by a factor of almost 2

upon exposure to the atmosphere. The loss of F-signal is consistent with our assign-

ing the peak around 459 eV to F. Had it been due to TiO2, its intensity would have, if

anything, increased upon exposure to air rather rather than decreasing as observed.

The details of the fittings and the peak positions are given in Table 2.

Also, listed in Table 2 are the results of Halim et al.30 for comparison purposes. A

perusal of the two sets of results makes it clear that the BEs of the Ti and F peaks

determined herein are different from previous ones.30 For example, the lowest BE

Ti 2p peak associated with Ti–C has been previously reported at 455.0 eV30; here,

it appears at 454.4 eV. The Ti-F peak has been previously reported at 460.0 eV;

here, it appears at 459.0 eV. Similarly, the F 1s signal is found at 686.5 eV, (Figures

S5A and S5B; Table S2) while in previous work, it was at 685.0 eV. These shifts are not

small. It was tempting to assign the differences to an incorrect zero-point calibration,

but the BE of the C 1s peak is at 282 eV (Figures S5C and S5D; Table S2) viz. where it

has always been reported to be. It follows that for reasons that are not clear, and

beyond the scope of this work, the presence of large fractions of F-terminations in-

fluences the BE of at least the Ti and F atoms, but not the C. What is indisputable

here, however, is that in this work, a Ti-F peak appears at 459.0 eV (Figure 4) and

that exposure to the ambient reduces the F-content (compare Figures S5A and

S5B; Table S1).

To demonstrate that etching in organic solvents can enhanceMXene performance in

some applications, we tested the PC-MX films as anodes in a Na-ion battery. This
622 Chem 6, 616–630, March 12, 2020



Figure 4. XPS of Ti 2p Region for PC-MX Samples

(A) Immediately after etching and washing and, (B) after 12 h of exposure to the ambient

atmosphere.
specific MXene sample was chosen because PC between theMXene layers may form

a continuous interface between the MXene layers and the PC/EC electrolyte used in

the Na-ion battery, possibly allowing easier diffusion of Na+ into the electrodes. To

investigate Na-ion insertion-extraction behavior in PC-MX films, cyclic voltammetry

(CV) and galvanostatic charge-discharge tests were performed (Figure S4). The CV

curves in Figure 5A of the PC-MX electrode in the Na-ion electrolyte are similar to

other MXene electrodes reported in the literature.3,31,32 In the first cathodic scan,

one irreversible reductive peak occurs at higher potentials (�0.5 V), which is known

to reflect the decomposition of the electrolyte and the formation of a solid electro-

lyte interphase (SEI) on the anode surface. Additionally, Na-ion insertion-extraction

behavior is observed with a sharp cathodic peak in the lower potential region (0�0.2

V), and a broad anodic peak (0–1 V) can be clearly observed. These peaks are

ascribed to Na-intercalation into the conducting carbon added into the electrodes,

but the capacity contribution from this conducting carbon is negligible as shown in

our earlier reports.3 A pair of small and broad redox peaks can be detected in a wide

potential range of 1.2–2.5 V, which can be ascribed to the surface redox reactions on

the MXene surface. From the above discussion, we can infer that the working mech-

anism of PC-MX anode takes place in two stages. The reaction occurring in the

higher potential (1.2–2.5 V) range is attributed to the pseudocapacitive and/or sur-

face redox charge transfer processes on the MXene surfaces, while the reaction

occurring in the narrow, low potential range (0–0.2 V) is ascribed to Na-ion inser-

tion-extraction in the conductive carbon additive. The slight pseudocapacitive

and/or surface redox behavior observed in PC-MX is attributed to Na insertion in

host stacked MXene and simultaneous charge transfer via a change in Ti oxidation

states to maintain charge neutrality.33 Since, in delaminated PC-MX, stacking of

the layers is weak and random due to which the pseudocapacitive and/or surface

redox peaks are smaller in area, compared to reports where multilayered MXene

was used.34,35 Additionally, Lin et al. found that pseudocapacitive contribution

from the –F and –OH surface groups is negligible when MXene supercapacitors

were tested in aprotic solvent electrolytes and the minor peaks around 1.0–1.5V

were attributed to cation insertion between the weakly stacked MXene layers.36

Because PC is also an aprotic solvent, we can assume similar charge storage mech-

anism, which can also help explain the minor peaks at high voltages (1.2–2.5 V) in our

CV curves. After the first few cycles, the CV curves almost overlap, suggesting the

capacity decay mainly occurs in the initial cycles, and subsequently the electrode

shows good Na ion insertion-extraction stability with minimal pseudocapacitive/sur-

face redox behavior.
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Table 2. Summary of XPS Ti 2p3/2 Peaks Shown in Figure 4 for PC-MX Samples Right after

Washing and after 12 h Exposure to Ambient Atmosphere

Sample BE (eV) FWHM (eV) Fraction Assigned to

PC-MX (Fresh) 454.4 (460.5)
455.9 (461.4)
457.2 (462.7)
459.0 (464.6)

1.2 (1.3)
1.7 (1.9)
1.3 (2.5)
2.5 (3.2)

0.13
0.11
0.07
0.69

C-Ti+1-Tz
C-Ti+2-Tz
C-Ti+3-Tz
C-Ti-Fz

PC-MX (after Exposure to
Air for 12 h)

454.4 (460.5)
455.9 (461.4)
457.2 (462.7)
459.0 (464.6)

1.2 (1.6)
1.7 (2.3)
1.4 (2.7)
1.5 (3.1)

0.51
0.30
0.11
0.07

C-Ti+1-Tz
C-Ti+2-Tz
C-Ti+3-Tz
C-Ti-Fz

Water/HF-Etched
Ti3C2Tz (Values
from Halim Et Al.30)

455.0 (461.2)
455.8 (461.3)
457.2 (462.9)
458.6 (464.2)
459.3 (465.3)
460.2 (466.2)

0.8 (1.5)
1.5 (2.2)
2.1 (2.1)
0.9 (1.0)
0.9 (1.4)
1.6 (2.7)

0.28
0.30
0.32
0.02
0.03
0.05

C-Ti+1-Tz
C-Ti+2-Tz
C-Ti+3-Tz
TiO2

TiO2-xF
C-Ti-Fz

Numbers in brackets in column 2 are peak locations for Ti 2p1/2 and full width at half maximum (FWHM)

values for Ti 2p1/2 peaks are in brackets in column 3. Also listed in the last rows are BE for HF etched

Ti3C2Tz as reported by Halim et al.30 for easy comparison.
Figure 5B depicts the cycling performance of PC-MX, as a function of current density

starting at 20 mA$g�1. The capacity was initially found to be around 200 mAh$g�1,

and with cycling, it stabilized to around 160mAh$g�1, which is one of the highest ca-

pacity values achieved for non-templated pure Ti3C2Tz (Table S3), proving that

indeed etching and washing in organic solvents can nearly double the capacity of

Na MXene anodes.34 The fact that nearly 40% of the original capacity is retained

even when the current is increased 50 times (going from 160 mAh$g�1 @ 20 mA$g�1

to 60 mAh$g�1 @ 1,000 mA$g�1), demonstrates that these materials can be used in

high-power and high-energy Na batteries. The Coulombic efficiency obtained was

close to 99% for currents of 50 mA$g�1 and above but slightly drops to 98% at

20 mA$g�1, possibly due to parasitic reactions occurring at lower currents. It should

be noted that the Coulombic efficiency obtained here was also higher compared to

what is generally reported (z95%) for Ti3C2Tz MXene electrodes,3,34 implying that

the presence of PC between the layers can reduce parasitic reactions, leading to bet-

ter Na ions utilization from the cathode.

Finally, to show the effectiveness of our method in preventing water contamination

while usingMXenes in water sensitive applications, XPS spectra of sodiummetal foils

exposed to MXenes synthesized using different protocols was analyzed (Figure 6).

Briefly, MXene, etched in a solution of HF and water was dried and later dispersed

in PC (PC + MX-HF). This dispersion was drop cast on a clean Na foil inside a glove

box and excess solvent was allowed to dry out in the glovebox antechamber under

vacuum. Similarly, MXene etched and dispersed in PC (PC-MX) was also drop cast on

a clean Na foil and dried as above (complete synthesis protocol of both PC-MX and

PC+HF-MX and their naming scheme is given in the Experimental Procedures). Both

samples, along with a clean Na foil with no coating, were transferred to the XPS

without exposing them to air. The Na 1s peak observed around 1,071.2eV in the

PC-MX samples (Figure 6, blue) corresponds to metallic sodium Na0 and does not

shift when compared to clean Na metal (Figure 6, black). On the other hand, in

the PC + HF-MX samples, the peak is observed at 1,072.3 eV, which corresponds

to Na2O and NaF. This implies that even trace amounts of water in the samples

can heavily degrade the surfaces of Nametal. Auger Ti LMMpeaks are also observed

in the MXene-coated sodium foils as marked in Figure 6. These peaks were used to

confirm that the XPS spectra were collected from areas of foil coated with MXene.

The severe oxidation of Na surface, even due to trace amounts of water, might
624 Chem 6, 616–630, March 12, 2020



Figure 5. Electrochemical Performance of PC-MX Anodes in Na-Ion Cells

(A) Cyclic voltammograms of cells cycled between 0.01 and 3 V versus Na/Na+ at 0.2 mV s�1. CV

curves of the first 10 cycles are shown.

(B) Cycling performance at a current density of 100 mA g�1 and rate performance at current

densities of 20, 50, 100, 200, 500, and 1,000 mA g�1. The Coulombic efficiency at the first cycles of

every current are not plotted for better representation.
also be one of the reasons why the capacity of the PC-MX electrodes is higher than

electrodes of MXene synthesized in water.
Conclusions

In conclusion, we show that it is possible to etch Ti3AlC2, in a number of NH4HF2-

containing polar organic solvents. This method was developed based on the

hypothesis that NH4HF2 dissociates into NH4F and HF when dissolved in the polar

solvents used herein.37 The dissolved HF then, most probably, plays the same role

it does in water mixtures. This comment notwithstanding, more work is needed to

understand the details of the etching mechanism. Several other MAX phases have

been converted to their respective MXenes using HF/water as etchant. Based on

the results in this work, it is fair to assume that those other MAX phases can most

likely also be etched using the method described herein, expanding the scope of

MXene applications even further.2

This method allows for the whole synthesis to be carried out in a glove box, if

needed, which was not possible previously as water was mainly used as a solvent.

The result is a highly fluorinatedMXene, that has been theorized to have significantly

different optical, electronic, and catalytic properties, compared to O-rich termina-

tions obtained when water is the etching medium.38,39 Electrodes made with

PC-Ti3C2Tz showed nearly twice the capacity compared to water etched MXene,

when tested as anodes in a Na-ion battery.

Lastly, the use of low-boiling-point solvents, like acetonitrile, for etching, can make it

easy to recover and purify the solvent for reuse, which can prove to be an important

factor when considering industrial-scale MXene synthesis.
EXPERIMENTAL PROCEDURES

MAX Powders

The Ti3AlC2 powders weremade bymixing titanium carbide, TiC, (Alfa Aesar, 99.5%,

2 mm), aluminum (Alfa Aesar, 99.5%, -325 mesh), and Ti (Alfa Aesar, 99.5%, -325

mesh) powders in a molar ratio of 2:1.05:1, respectively. The mixed powders were

ball milled (US Stoneware) for 24 h at 70 rpm and then transferred to an alumina,

Al2O3, boat, which was placed inside an alumina tube furnace and heated under
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Figure 6. XPS Spectra of Na 1s Region of NaMetal Foil (Black), NaMetal Foil Coated with PC-MX

(Blue), and Na Metal Foil Coated with PC + HF-MX
flowing argon (Ar) (flow rate 15 SSCM) to 1,450�C and held at that tempertaure for

2 h. The heating and cooling rates were set at 5�C/min. The resulting loosely sintered

blocks were ground, using a milling bit on a drill press. The milled powders

were passed through a 400 mesh (particle size < 38 mm) sieve for further experi-

ments. The as-sieved Ti3AlC2 powders were transferred to an Ar filled glovebox,

for further use.

Etching

Figure 1 is a schematic of the etching, washing, and film formation procedures used

in this work when the solvent was PC. It is important to note that this schematic is just

that, i.e., it is not intended to show what is actually occurring between, or occupying,

the layers. Similar etching procedures were repeated with the other organic solvents

listed below. To etch the MAX phase, 1 g of Ti3AlC2 was added to 10 mL of the PC

(99.7%, anhydrous, Sigma Aldrich USA) to which 1 g of dehydrated NH4HF2 (95%,

remainder NH4F, Alfa Aesar, USA) was added. This mixture was stirred, at

500 rpm, inside an Ar-filled glove box for 196 h at 35�C. The first set of XRD patterns

(Figures 2A and 2B) were taken after this step.

Washing

The following washing step was necessary to remove the reaction by-products. The

slurry obtained above was transferred to an empty 50 mL centrifuge tube and taken

out of the glove box for further washing. The remaining volume of the centrifuge

tube was then filled with 6 M HCl solution in 2-propanol (>99%, Fisher Scientific,

USA), shaken using a vortex mixer for 60 s and centrifuged at 3,500 rpm for 120 s.

The resulting clear supernatant was discarded, a fresh acidic propanol solution

was added, and the same steps as above were repeated for a total of 5 times. After

this step PC was added to the MXene sediment and the tube shaken, using a vortex

mixture for 60 s to homogenize the mixture, and again centrifuged at 3,500 rpm for

120 s, after which the clear supernatant was discarded. This process was also

repeated a total of 5 times.
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Delamination

To delaminate the Ti3C2Tz MLs, into single, to few layers, 30 mL of PC was added to

the Ti3C2Tz slurry and the mixture was sonicated under flowing Ar for 1 h while

immersed in an ice bath. The so-formed suspension was centrifuged at 3,500 rpm

for 900 s to separate the delaminated Ti3C2Tz from the insoluble salts formed during

etching and MLs that were not delaminated. The latter process is similar to the one

reported by Collini et al. who also used PC as a solvent for delaminating Ti3C2Tz.
28

During the last centrifugation step, the delaminated MXenes are suspended in the

solvent and form a colloid, while the insoluble components like salts produced as

etching by-products and heavier particles, like unetched MAX or MXene stacks

that did not exfoliate on sonication, are sedimented out.
Film Formation

The supernatant Ti3C2Tz colloid was filtered through a Celgard membrane using a

mechanical vacuum pump. The filtered film, FF, was vacuum dried overnight

powdered using a mortar and pestle and stored in vials under Ar for further anal-

ysis. We note that all these procedures were carried out in the ambient atmo-

sphere. The second set of XRD diffraction patterns (Figures 2C and 2D) were taken

after this step.

Similar etching and washing procedures as described above were repeated for other

solvents including—all obtained from Sigma Aldrich, USA—DXN (99%, anhydrous),

ACN (99.8%, anhydrous), DMF (99.8%, anhydrous), DMSO (>99.9%, anhydrous),

and NMP (99.5%, anhydrous).
Solvent Exchange

In an attempt to shed some light on the resulting interlayer spacings observed

after etching in the polar solvents, we decided to etch Ti3AlC2 in HF first and carry

out a solvent exchange. To this effect, first 1 g of Ti3AlC2 MAX was added to 10 mL

of 10% solution of HF in water. This mixture was stirred overnight for 12 h, after

which the slurry was decanted into a 50 mL centrifuge tube, and DI water was

added to fill the remaining volume. The centrifuge tube was then sealed and

shaken for 60 s before centrifuging it at 3,500 rpm for 60 s. The clear acidic super-

natant was discarded and DI water was added again, and the washing procedure

was repeated until the pH of the supernatant reached z 7. After the last washing

step, the supernatant was discarded, and the sedimented MXene was collected

and air dried.

Lastly, 200 mg of the air-dried powder was added to 40 mL of one of the organic

solvents listed above. The bottle was then sealed with parafilm and the mixture

stirred for 1 week at room temperature, RT. After stirring, the mixture was again

transferred to a centrifuge tube and centrifuged at 3,500 rpm for 60 s, the clear

organic solvent supernatant was discarded and the MXene sediment was immedi-

ately used for XRD analysis. This HF etched MXene is henceforth labeled as HF-

MX. After the solvent exchange the labels are, ACN + HF-MX, DMF + HF-MX etc.

It is important to point out here that care should be taken when working with HF

and NH4HF2. All the work should be carried out under fume hoods or inside a glove

box. Use of HF-resistant personal protection equipment is also necessary. For

handling HF and NH4HF2 solutions, glassware should be avoided, and high-density

polypropylene containers should be used instead.
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Characterization

X-ray diffraction (XRD) patterns were acquired on a diffractometer (Rigaku Miniflex,

Tokyo, Japan) using Cu Ka radiation (40 kV and 40 mA) with a step size of 0.02� and
dwell time of 1.5 s, in the 1.5�–65� 2q range.

A SEM (Zeiss Supra 50VP, Germany) with an inlens detector and 30 mm aperture was

used to examine the morphology and obtain micrographs of the samples.

To collect XPS spectra, Al-Ka X-rays with a spot size of 200 mm and pass energy of

23.5 eV were used to irradiate the sample surface. A step size of 0.5 eV was used

to gather the high-resolution spectra. CasaXPS Version 23.19PR1.0 software was

used for spectra analysis. The XPS spectra were calibrated by setting the valence

edge to zero, which was calculated by fitting the valence edge with a step down

function and setting the intersection to 0 eV. Because MXenes are electrically

conductive, all MXene peaks were fit using an asymmetric Lorentzian line shape.

The background was determined using the Shirley algorithm, which is a built-in func-

tion in the CasaXPS software.

To analyze individual MXene flakes, a TEM (JEOL 2100 LaB6, Tokyo, Japan) was used

in bright-field mode. The accelerating voltage was set to 200 kV. To prepare TEM

samples, a colloid drop was cast onto a lacy carbon coated copper grid

(Cu-400LC, Pacific Grid-Tech) and dried under vacuum.

Zeta Potential measurements were carried out using a NanoBrook Omni (Broo-

khaven Instruments Corporation, Long Island, NY) system. Colloids were placed in-

side a quartz cuvette, which was loaded inside the machine. Each sample was al-

lowed to stabilize for 30 s before measurement. Three measurements were taken

for each sample, and data were then averaged. The zeta potential values were ob-

tained using the Smoluchowski equation, taking into consideration the viscosity

and dielectric constant of the organic solvent used.

To prepare our electrodes, the PC-MX powder was mixed with Super P Conductive

carbon (Alfa Aesar, USA) and polyvinylidene fluoride (PVDF) (MTI chemicals, USA)

binder in a weight ratio of 70:20:10 in nominal NMP (TCI, USA). This slurry was

then cast on an Al foil using a doctor blade and dried in a vacuum oven overnight

at 40�C to evaporate the NMP. Circular disc electrodes (Ø 11 mm) were punched

out and CR-2032 coin cells were assembled in the Ar filled glove box. Sodium,

Na, metal served as both counter and reference electrodes. Ethylene carbonate

(EC):PC (1:1 v/v), with 5% fluoroethylene carbonate (FEC) with 1M NaClO4 salt dis-

solved in it was used as the electrolyte. In all cases, the electrodes were cycled be-

tween 0.01 and 3 V versus Na/Na+. For all the electrochemical results shown herein,

the capacity was normalized by the weight of the MXene only.
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