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ABSTRACT:Vanadium carbide MXenes, smedly \VCT,, Eehing
have shown promise for applications ranging from energy storage
and sensing to electronics and optics. In the past decade, however,
research involving ,&T, has been mostly limited to its
multilayered form due to instability of delaminas€d Min its
colloidal state. In this paper, we report on mild synthe%islC MAX phas
conditions which result in high-qual§€V, and an ion exchange i
process coupled withcculation that increases the shelf life of this
MXene in aqueous suspension by about 3 orders of magnitude,
from a few hours to several months. We discuss the etching L
delamination mechanisms and provide a guideline for researchérs
working with this MXene composition. We explain thet ef Interlayer expanded V,CT,

etchant formulation, delamination chemicals, and postprocessing

on the quality, chemical stability, and optoelectronic properties of the syntj@gjz&tlevalso demonstrate that during ion-
exchange andcculation tetrabutylammonium or tetramethylammonium ions are replaced with lithium cations. The produce
precipitates from delaminatef£LV, can not only be stored in suspension for a few months without degradation but can also be
redispersed and processed ilms. Those MXendms show distinct improvements in the optical and electronic properties. Their
electrical conductivities in the dry state can exceed 10003, % aralue not previously achievable $&TY The major
improvements in shelf life and properties, 6Ty demonstrated in this work are expected to allow fundamental studies of
properties of this MXene and greatly expand its range of potential applications. The proposed approach may be applicable to
MXenes that require the use of quaternary amines for delamination.

» Intercalation —» Delamination

_
5 -

INTRODUCTION (lower number of atomic layers in their structure; three atomic

Since their discovery in 2011wo-dimensional (2D) layers for 3C vs ve atomic layers forj0,) with a more
transition metal carbides and nitrides, MXenes, have shogfemically active transition metal (vanadium) that has multiple
promising electrical mechanicdl, optical’ and electro- ~ Oxidation states. MultilayenKV,CT,) or delaminatedims
chemical properties leading to their widespread use ®f VoCT, (d-V,CT,) have been used in various applications
applications such as energy stGratggtromagnetic interfer- such as batterie§,® supercapacitotS, gas sensof§,

ence shieldirt, sensing® electronics®** and biomedi-  electronic$! optics.> and biomedicin€. Similar to other
cine'® * to name a few. MXenes have a general formula &fiXenes, density functional theory calculations (DFT) have
Mn1 X Ty, Where M represents early transition metals (Ti, Vsuggested that bare and F/OH terminatgtl $hould show

Nb, etc.), X is carbon and/or nitrogen= 1 4, and T metallic behavidr:however, because of the presence of large
represents the surface functional groups (OH, F, Cl) organic intercalants (used for delamination) in the interlayer
on these materidis. The possibility of having a single space of \CT, akes, experimental measurements have shown
transition metal or derent multiple transition metals, in an gemjiconductor-like electronic behavior and a negative temper-

ordered or solid solution (random) form, on the M site alongytyre-dependent resistivity change Ty multilayer
with C and/or N in the X site, has resulted in the experimental; ;524 The unusual electronic propertiestdhCT, have

synthesis of more than 30 stoichiometric MXene compositions
with many more computationally predictedHowever, ,
despite the numerous MXene compositions available, resedf@feived: October 9, 2021
has primarily focused onGiT,, mainly because of its high Revised: December 13, 2021
chemical stability and the presence of established synthégi§lished: December 29, 2021
guidelines.

Among other MXenes, the,XT, structure, in particular
V,CT,, is interesting due to its larger active area per mass
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Figure 1.(a) Schematic of MXene synthesis process. (b) XRD pattesAK0MAX and multilayer, 2T, made by HF etching and mixed acid
synthesis methods. (c) Optical imagesifsupernatant (green) after washing. SEM images of thAIEMAX phase, (e) multilayesGT,
from HF etching, and (f) multilayeyGT, from mixed acid etching.

rendered it promising for various optoelectronic applicationsature of YCT, ake$™° as well as its other intrinsic

For example, transparent conductive electrodes made frgmoperties, have so far resulted in lower electrical conductivities

spin-coated thinms of (CT, have shown a highagure of (140 S cm') compared to C,T,.>*%%’

merit (FOM) compared to those of othepXMl, MXenes, To overcome the chemical instability ## T (and other

such as FCT,** less stable MXenes, such agCTL), numerous post-
Despite this promise;0T, is anecdotally known to be the processing approaches including the addition of polyanionic

least chemically stable MXene in its delaminated form. Singlglts to hinder edge-driven oxidation, adjustment of the

and few-layer,)ZT, akes readily degrade in water dispersiongolloidal solution pH with bars, and antioxidants have

or when exposed to air. Because of this instability, previonsen uset’® While these approaches lead to improved

studies have mostly focused mkV,CT, rather thand- MXene chemical stability in water dispersions, they negatively

V,CT,.2° In addition, VCT, is commonly delaminated by a ect the electronic and electrochemical properties. Using

large organic molecules such as tetramethylammonius ers in solution, whether acidic or basic, decreases the

hydroxide (TMAOH) or tetrabutylammonium hydroxide electrical conductivity of vacuultered Ims. Moreover, the

(TBAOH). Since complete removal of TRA TMA" ions use of alkaline bars led to faster MXene degradation over

is di cult to achieve, producedOT, Ims usually show a time?° In addition to postprocessing treatments, the quality of

large interlayer spacing. This, along with the highly defectitlee MAX phase precursor and initial etching and delamination
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conditions are also important factors for the synthesis of highene washed bytration with deionized water until a pH of >5
quality and chemically stabk€V, akes, which has already 5.5 is achieved.
been shown for J&,T,>**° Therefore, to practically use  Figure & schematically showsedent steps involved for
V,CT, for research or device applications, afterromy the synthesis of,¥T,. Typically, YAIC is etched in 4&0%
proper stoichiometry and particle size of tfdCvVMAX hydro uoric acid (HF). So far, erts to use acid and alkali salt
phase precursorst, the etching and delamination conditionsmixture etchants have not been successful. HF is a harsh
should be improved to produce higher qualiBTy akes. etchant and results in defective/low quality MXene multilayers
Second, proper protocols should be developed to improve #ad akes™ In order to overcome damage from concentrated
chemical stability without negativelgcting its properties. HF, we developed a milder etchant based on a mixture of HF
The combination of these two improvements will alleviateand hydrochloric acid (HCI) for the synthesis €Ty, the
existing challenges facing the community, enabling mogetails of which are provided in the following text. Etching
widespread use 0fGT,. should be done in high density polyethylene (HDPE) bottles,
In this guideline, we discuss the improved etching angnd per 1 g of YAIC, 20 mL of etching solution (either pure
delamination protocols for the synthesis,6Yand show  HF or HF/HCI as described below) is required. To ensure
that, through an ion exchange approach coupled witfafety and proper mixing, the etching bottle should be selected
occulationg-V,CT, akes can be stored for several monthssg that the etchant does not occupy more than one-third of its
with no signicant degradation occurring even aft®0 days.  volume. For example, 1 g AN can be etched in a 60 mL
We use a mixed acid etchant formulation to syntimelsize HDPE bottle, but if 2 g of XXIC powder is required to be
V,CT,, followed by delamination with TBAOH or TMAOH. etched, the volume of etchant solution will be 40 mL;
A LiCl ion-exchangedcculation process is used as atherefore, a larger HDPE bottle (i.e., 125 mL) should be used.
postprocessing technique to stabilize dtVgCT, akes.  Moreover, it is important to use an ice bath for the addition of
This approach both improves its chemical stability and neaNya|C because the highly reactive particles can experience

doubles the electrical conductivity &3, freestandingms. |ocal heating (as the result of exothermic reactions between
We attribute these enhancements to the replacement of thgax phase powder and the acidic etchant), which can cause
TBA" or TMA" with Li" ions, indicated by a sigrant  jnstant oxidation/dissolution. Therefore, after placing the
reduction in thed-spacing of the MXendms and their  gichant bottle in an ice batFigure Sa slowly, 1 g of
increased conductivity above 1000 S.cm VLAIC is added to the etchant while stirring the solution at low
speed (150 rpm). The addition of powder should usually take
DISCUSSION OF METHODS 5 min per gram of MAX phase. After all the powder is added,

Precursor and Etching Conditions. Research on It IS suggested to monitor the reaction fdt fnin to make
Ti,C,T, has shown that properties and morphology of theUré no severe reaction is occurring (no bubbling should be
prepared MXene depend on the stoichiometry, quality, arRPServed). Then the bottle is loosely capped and subsequently
particle size of the MAX phase precdrdenr example, itwas transferred to an oil bath to start the etching in a controlled
recently shown that increasing th&ll, MAX phase quality ~t@mperature condition as described below. The stirring speed
by controlling its stoichiometry leads to less defeq@s@ i ~ ¢an be xed at 400 rpm for all etching conditions. The proper

akes with enhanced chemical staBfligimilarly, the  Safety precautions must be carried out when working with HF,
successful synthesis of high quali§Tydepends on the as recently outlined. o _
stoichiometry and quality of thgA\C MAX phase precursor. ~ We investigated theegt of the etching time obAIC in

For the synthesis ofAIC, vanadium (99.5%325 mesh),  HF and HF/HCI solutions and determined the minimal time
aluminum (99.5%, 325 mesh), and graphite (999825 required for the most complete conversion AfCVinto
mesh) powders are used. First, V, Al, and C precursors afgCTx Without inherent oxidation. The tableHRigure S1
mixed in a 2:1.1:0.9 atomic ratio (e.g., 50 g total per batchputlines the derent etching cogurations tested. The
The precursors are ball-milled with 10 mm yttria stabilizeBremise of a mixed acid etch was based on previous work
zirconia balls (2:1 ball:powder mass ratio) in plastic jars at 89th TiC,T,.”” For the conventional HF etching protocol, 20
rpm for 18 h to ensure a homogeneous mixture of the powdef8L of 48 wt % HF is used per 1 g of MAX phase, and the
The powder mixture is transferred into alumina crucibles arf@action proceeds for 96 h at “Z5'® For the mixed acid
placed into a high-temperature tube furnace (Carbolite Gerd)iethod, 1 g of JAIC is added to a mixture of 12 mL of 48 wt
The furnace should be purged with ultrahigh purity Ar ga% HF and 8 mL of 12 M HCI, and the reaction proceeds for 72
(200 SCCM) prior to heating for at least 1 h. Argon shouldh at 50°C. After etching is completed, the etchant mixture is
also be continuallyown through the furnace throughout the diluted and transferred to 175 mL centrifuge tubes and
sintering procedure. The furnace is heated to’C5&i0a rate  centrifuged at 3500 rpm (2550 rcf) for 5 min. At this point, the
of 3°C min?, held for 2 h, and then cooled to room MFV,CT,, along with any remaining MAX phase, will be
temperature at a rate oPG min 1. Afterward, the sintered sedimented at the bottom of the tube, and a green supernatant,
compact can be milled using a TiN-coated bit or crushed witvhich is caused by vanadium ions in solution, is obtained
a mortar and pestle and then sieved to the desired particle sifégure b). It is important to note that the green supernatant
(usually <38 m (400 mesh)). The sieving process ensures abserved at this stage is not MXene but is instead dissolved V
uniform particle size distribution and similar etching kinetickom small intermetallics, residual metal, and nanosized MAX
between the MAX particles. The obtaing8llG/ particles  phase present in the precursor. Therefore, it should be
usually contain unreacted elemental powders or intermetallecanted as waste. The multilayer powder was washed with DI
impurities. They can be removed by acid washing the MAXater and centrifuged repeatedly until the pH of the
powders in 9 M HCl for 12 h. A total of 2 mL of 9 M HCI was supernatant was >5.5. The washing typically requires >1.5 L
used for every gram ofAIC. Afterward, the XIC particles  of deionized water per 1 g of etched MAX phasemFhe
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Figure 2.(a) Delaminated}-V,CT, solution (diluted). SEM images of TBLYV, akes from (b) HF etching and (c) HF/HCI etching on
anodized aluminum oxide (AAO). (d) DLS measurements and (&jdteasurements for TBACV, (HF and HF/HCI etch) and TMA-
V,CT,.

V,CT, can be immediately delaminated (using the wethydroxide (TBAOH; denoted TBAGT,) or tetramethy-
powder), dried for storage, or used and processed directly.lammonium hydroxide (TMAOH; denoted TMACV,). For
The mtV,CT, powder exhibits a dark brown color the best results (higher yield), delamination should be done
compared to the gray MAX phase, which can be seen immediately following etching and using the wet multilayer
Figure S2b,crespectively. There is no apparent opticalpowder; however, it is also possible to delaminate vacuum-
di erence between the loas¢V,CT, powders etched by Iter dried MXene powders. In the latter case, we suggest
HF or mixed acid etching, but when the multilayer powders astoring the driechtV,CT, powder under an inert atmosphere
pressed into pellets, the mixed acid etch is brighter and mdiee., inside the Aed glovebox) and take it out when the
golden in color Kigure S2d)e X-ray diraction (XRD) delamination will be done.
patterns were collected at each stage of synthesis for botfThe delamination protocols for TMAOH are as follows:
etching methods and are shownFigure t. For the g of freshly etcheatV,CT, powder (in the wet state) was
preparation of XRD samplesCV, was prepared simulta- added to 20 mL of a 5 wt % TMAOH solution in water, and
neously using both etching methods, followed by identictthe solution was stirred at 400 rpm at room temperature (25
drying procedures. The multilayer powders were dried on°€) for 6 h. Alternatively, when driedV,CT, is used for
vacuum lter, followed by 24 h in a vacuum desiccator at RTdelamination, 200 mg of powder can be added to 10 mL of a
The powders were subsequently crushed ime @owder 25 wt % TMAOH solution in water, and the solution should
and dried for an additional 48 h in the vacuum desiccator. Be stirred at 400 rpm at 36 for 6 h. Dierent delamination
total of 200 mg of each multilayer powder was pressed intmnditions are used because fresh (wet) multilayer MXene has
pellets at 50 MPa to orient the MXene powders along thepreintercalated water between the layers, giving better ion
basal planes. The shift of the (002) peak, fronT 18 ¥4AIC mobility and intercalatidf,enabling the process to occur
to 8.98 (mixed acid etch) and 92@HF etch) form}V,CT,, more e ciently. When MXene multilayer powders are dried,
is attributed to the successful removal of Al frgdC\and the interlayer spacing and ion mobility between the layers
subsequent expansion ofdfg,-spacing from 6.6 Ato 10 A decreases as the result of water deintercalation, leading to
and 9.6 A, respectively. The intensity of the MXene (002) peatuggish delamination kinetics and lower yield. Therefore, to
relative to the MAX phase peaks is greater in the mixed a@dhieve a higher yield50%), we suggest using the freshly
etch, which is indicative of a more complete etching of the &tched wet powders to prepare dispersiarg,fT,. Similar
layers with higher yield ofGT, MXene from the mixed acid to TMAOH, the delamination protocols for TBAOH atey
etch. These XRD characteristics can be directly comparetifreshly etcheohV,CT, powder added to 20 mL of a 5 wt
between the samples due to the identical precursor, processig’ BAOH solution in water, and the solution was stirred at
conditions, and sample preparation. The SEM imé&ggsrin 400 rpm at 28C for 6 h. Alternatively, 200 mg of dnialkl
1d f compare the layered structure of tld&MAX phase  V,CT, was added to 10 mL of a 40 wt % TBAOH solution in
with the obtainecthtV,CT,. BothmtV,CT, MXenes show an  water, and the solution was stirred at 400 rpm°&t &5 6 h.
open and typicdhccordion-likestructure Figure &,f). After stirring in the delaminating agent, the intercalated
Delamination and lon-Exchange Process.The mk multilayer powder is transferred to a centrifuge lleldewith
V,CT, powders are delaminated using tetrabutylammonium! water. The solution is centrifuged at 3500 rpm (2550 rcf)
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Figure 3.Optical image of vacuuttered Ims made from (a) TBAX T, (HF etched) and (b) TMA-)CT, (HF/HCI etched). (c) SEM image
of cross-section from the TMAGT, vacuum Itered Im. (d) XRD patterns of TBANT, (HF and HF/HCI) and TMA-\CT, (HF/HCI
etch).

Figure 4.(a) UV vis spectra of HF etched TBACY, and oxidized XZT, solution. (b) UV vis spectra of pristine HF/HCI TBAST,
collected at 1 h intervals to show oxidation. TMN-\{HF/HCI etched) Ims (c) from pristine solution, (d) from 1 month old solution (stored
in an argon lled vial), and (e) from pristine solution aged in air for 1 month after drying.

for 10 min, and the rst supernatant is discarded. The turns to a blue-green color or becomes transparent). This
sediment is dispersed in DI water and shaken by hand forppocess will typically usé&.2 L of water for 1 g of MXene.

min before centrifuging at 2500 rpm (1300 rcf) for 10 min In Figure 2, the dilute TBAZT, solution (20 mL vial) is
(higher centrifuge speeds result in lower concentratibn of 9réen-blue, whiléigure b,c shows SEM images of the TBA-

; ; : CT, akes obtained from both HF and mixed acid etching
V,CT, supernatant). It is crucial that the shaking process b\rézethods drop-cast on an anodized aluminum oxide (AAO)

pe_r;ormiad fo:j_at Ieastd2 _m|r} 0 ﬁn‘;:re that thihsedment Membrane. Notably, depending on the type of the intercalant
unitormly redispersed in irest water. e _seconqlsed, akes with dierent physical properties are obtained;
supernatant is once again discarded. After this stagf@ya* molecules are smaller than TBAolecules, with
redispersion, hand shaking, and the 2500 rpm (1300 rchydrated ionic radii of 3.67 and 4.94 A, respectively, so the
centrifugation is repeated with the supernatant being collectedrresponding ake size tends to be larger in the case of

until the d-V,CT, concentration is low (when supernatant TMA*>° This trend can be seen from the dynamic light
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Figure 5.(a) Schematic of the ion-exchange procedure-\(Jf} T, solution occulated using LiCl. (c) XRD patterns of TBBTY, TMA-
V,CT,, and Li-¥CT, made from both samples. These samples were all viieradnims from the mixed acid synthesis (the TMA and TBA-
V,CT, patterns are taken frafigure 8). (d) Conductivity measurements from vacutamed \CT, Ims with dierent interlayer ions (TBA
TMA®, Li*). Inset image of vacuurtered Li-JCT, (TBA) shown.

scattering (DLS) measurements showrrigure @, and to the smaller intercalant size. The TB&TY Ims from the
additionally, DLS reveals that the mixed acid etch results HF etch and mixed acid etch show ladggy-spacings of
larger ake sizes compared to HF etching. To study optical2.4 A (2 of 7.F) and 14.8 A (2 of 5.95), respectively. This
properties of the MXene colloids, Wi spectra were variation could be the result ake size derence, remaining
collected from TBA-ZT, (HF and mixed acid) and TMA stacks of few-layaskes in the HF sample, or an extra layer of
d-V,CT, (mixed acid) colloids and are showrkFigure 2. water trapped in between the layers in the mixed acid sample.
The spectra for the HF etched sample shows a plateau in theds reported previousif’® V,CT, is unstable once

low UV region (<250 nm), as seen in literature previouslydelaminated. The rapid degradationd-®CT, in water
However, based on our current understanding, this pealkspersions was studied using W¥ spectroscopy. The
indicates the degradatiorde?,CT,. The lack of such a peak complete oxidation of TBAGT, (HF etched stored at 0.5

or plateau in the mixed acid etched samples is an indicator tiag/mL) is shown inFigure 4, with a color change from

the mixed acid etch results akes with higher quality with green-blue to yellow in the solution. The appearance of a
minimal content of oxidized/degradales immediately after second low-UV peak below 250 nm and a broad decrease in
synthesis. Binder free, freestandiriple MXenelms witha  the intensity in the 500000 nm wavelength region further
golden-brown color (shownkigure &,b) were obtained by suggests the presence of vanadium oxide species in the
vacuum ltering (<20 mL)d-V,CT, dispersed in water on a oxidized solutioff. Figure % shows the transformation of the
Celgard 3501 (0.22m pore size, 40 mm diameter) spectra for dilute (0.1 mg/mL) TBAGT, synthesized from
membrane. The SEM imageFigure 8 shows the cross the mixed acid etch (the same style graph is shown for the HF
section of a TMA-XCT, vacuum ltered Im with a typical  etch inFigure S The degradation begins immediately, with
layered stack of individual MXema&es. The corresponding clear increases in the low UV region and reduction i2 e

XRD patterns of-V,CT, Ims are shown iRigure 8. The nm \LCT, peak, making the HF etched sample completely
dooz-spacing of Ims prepared from TMAQT, solutions unusable after 3 h and the mixed acid etch after 4 h. It is worth
(11.6 A (2 of 7.8)) is smaller than that of TBAQT, due noting that a 1 h enhancement at such a dilute colloid may

504 https://doi.org/10.1021/acs.chemmater.1c03508
Chem. Mater2022, 34, 499509


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c03508/suppl_file/cm1c03508_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03508?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03508?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03508?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03508?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c03508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm Methods/Protocols

provide greater stability enhancements at higher conceniCl. This maximizes the LiCl:water ratio, minimizing
trations’® This severe degradation is further shovigimme hydrolysis? Centrifugation may yield the same result, but
4c e using Ims of TMA-CT, (mixed acid etch), vacuum there may be a dirence in the structure and stacking of the

Itered from fresh colloid, a one-month-old colloid (stored ircentrifuged ocs, which may act redispersibility. This
argon lled vial in refrigerator), and Bn prepared from a  process allowsV,CT, to be kept in a wetocculated state
fresh colloid that was then left in the open air for one month(in a fridge) for storage until use. Tloeculated )CT, can
In all cases thdms appear darker (compared to the brownishbe redispersed by washing with DI water and removal of excess
gold color for freshims), but the oxidation in air was more Li ions (similar to washing after conventional intercalation/
detrimental as seen by the color amcibility. This delamination). In short, the wet precipitates are transferred to
degradation can also be seen from the decrease in electragitrifuge tubes and centrifuged at 3500 rpm (2550 rcf) for 10
conductivity of thelms after oxidation. Thém in Figure 4 min in order to ensure sedimentation of tbeculated
exhibited a conductivity of 648 S cinwhile the Ims in MXene. The supernatant is decanted, and the washing process
Figure 4,e had conductivities of 80 and 58 Slcm is continued by redispersing the precipitates in DI water,
respectively. followed by hand shaking for 2 min between cycles. This is

In order to overcome the rapid degradation and instability typically repeated 3 times, using750 mL of DI water for 1
V,CT,, an ion-exchange process was used to replace thef \LCT,. Afterward, the )ZT, akes start to redisperse in
residual TBAor TMA" with smaller alkali cations. It is worth water (supernatant becomes green/blue), and the supernatant
noting that, in our experience, delamination with large orgarmian be collected. The obtained solutions are labeled as Li-
TBA" or TMA" molecules is one of the culprits for defectV,CT,. The occulated MCT, solutions are shown ffigure
formation in YCT, akes, an ect that may be more 5b. For comparison, LL®T, was prepared from TBAST,
signi cant than harsh etching conditions. Therefore, develogHF and mixed acid etch) as well as TMB4Y, (mixed acid
ment of etching and delamination procedures that eliminagich), and XRD analysis was performed on the valtered
the need for organic molecules and instead enable use of Lims. There is a clear and distinct shift in the positionIpf (00
(or other alkali ions) will be bemgal.Figure @ schematically basal planes of®T, toward higher Bragg angles (smeller
illustrates the ion exchange ancculation processes used to spacing) after ion-exchange, which indicates substitution of the
remove residual organic intercalants, substitute them with iiajority of large TBATMA * ions with smaller Lin the
cations, and redispets¥,CT, solutions that now contain Li interlayer space. Moreover, there is a negligibkerdie in
residuals. the digoy-spacing (0.2 A) of the LL®T, Ims obtained from

The ion exchange process removes adsorbed ions from HdA or TBA-,CT, solutions Figure B), which indicates
MXene surface (TBATMA") and replaces them with more that the ion exchange process can be dariengly on both
desirable ions. This also results in tuning the MXene propertiekthese intercalants. The removal of residudlargiaT MA
by changing their interlayer spacing and chemistry. An iaturing the ion-exchange process was further investigated by
exchange process in multilayg€,Ti, MXene was previously using thermogravimetric analysis (TGA) as showigime
demonstratetf.In conjunction with the ion exchange process,S6a e. Both TBA and TMA delaminategCT, samples
occulation occurs due to the electrostatic adsorption afhowed a notable weight loss 400 °C (Figure S6b)c
cations on the negatively charged MXene surface. Previausich is attributed to the decomposition and removal of
reports of the zeta potential (surface charge) of HF etched residual intercalants (TB&r TMA").“° However, similar to
V,CT, showed an average zeta potential3@f4, which is  mkV,CT,, the TGA analysis of Li ion-exchange@Ty
close to the limit of colloidal stability30 mV)? Using the samples did not show a weight loss peak in this temperature
mixed acid etch, average zeta potentiald108 and 52.0 range, suggesting removal of residual TBA and TMA
mV were achieved for TBAnd TMA' delaminated )ZT,, intercalants in these samples and higleecy of the ion-
respectively, which is showirigure S5With the addition of ~ exchange process.
excess cationsgkes begin to crumple and restack in order to In addition, compared to the previous report on ion-
compensate for the charge of the positive ion on the negativelychanged Li,@€T, vacuum Itered Ims, our optimized
charged akes, and theocculated akes precipitate out of process results in a morecient removal of residual TB#
solution. Flocculation of J0,T, and CT, has been  TMA*.*° This can be seen from the obtaidepacing values,
demonstrated using acids and bases, such as HCI ambere our Li-CT, Ims (prepared from TBA delaminated
NaOH, as well as some alkali S&lIS. solutions) show dgg,) of 10.0 A, whereas a value of 12.2 A

In order to perform ion-exchange aocculation on TBA-  was reported in the previous wdrkigure 8 shows the
or TMA-V,CT, colloids, a saturated LiCl water dispersionconductivities of the 8T, Ims obtained from vacuum
(19.8 m) is used to exchange TWIBA* for Li*. In a typical Itration of dierent UCT, solutions with derent inter-
process, a 1:5 volume ratio of 19.8 m LiCl solution to MXenealants. The LiZT, freestandingIms exhibit electrical
solution (concentration 0f0.5 1.0 mg/mL) was used. It is conductivity >1000 S cfwithout annealing, roughly twice
important to perform this process immediately afterdresh those of previous repattsThe observed derences in the
V,CT, solutions are prepared to avoid degradation. After thelectrical conductivities of TBA or TM/V, and their
sample has beeacculated, it should be left to naturally settlecorresponding Li-XZT, Ims are likely due to dirences in
before any further handling. After toes have completely V,CT, ake size and quality. LarggLV, ake sizes in TMA
settled, if the sample is going to be kept for long-term storagetercalated Ims generally result in higher electrical
(more than 2 weeks), the supernatant, which contain§ TMA conductivity compared to TBA intercalatbds (a similar
TBA', H,0, and excess*Lishould be removed and replaced relationship has been reported fg€7l,).** The decrease in
with 19.8 m LiCl solution. This can be accomplished using the interlayer spacing of all LEV, Ims further facilitates
pipet to remove the clear supernatant over dbeulated inter ake electron transport, and therefore, tHese show
MXene, followed by replacing the same volume with 19.8 the highest electrical conductivity. JGN, obtained from
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Figure 6.UV vis spectra of (a) HF etchedOT, and HF/HCI etched MCT, kept occulated over dérent periods of time. (b) Concentrated
and (c) dilute Li-VCT, solution redispersed after 147 days. (d) Vacliearad Li-YCT, Im made from 147 day old solution.

Figure 7.Digital photographs of (a) a large volume of TM&Fysolution, (b) a occulated Li-XCT, solution, (c) a Li-yCT, aerogel, (d) Li-
V,CT,/PVA hydrogels of increasing MXene concentration (logo credited to Drexel University, College of Engineering), a)@il(e) a Li-V
solution spray coated on glass with increasing thickness.

TMA-V,CT, solution shows a slightly higher conductivity agyolden-brown color and goakibility (igure @) in contrast

the result of its largeake size. Additional factors that may to the TMA-VCT, (Figure d), which was prepared only after

in uence the conductivity include the cations and wateBO days of storage. It is worth noting that the 102 day old

present in the interlayer of theCV,, but these factors are sample had higher degradation than the 147 day old sample,

complex and not currently well understood. The ion exchangéhich we assume is due to variation in the original samples.

and occulation process can be performed with other ions, 8he same UVvis experiment was performed ofi Li

Na" and Mg* have been demonstrated previdistpwever, exchanged TMA and TBAOST, (mixed acid etched)

it is unlcear if the stability increase will be ascigiidue to  solutions, and the sample stability was checked at various

the lower molarity of other saturated salts compared to 19.8 times. Both mixed acid etched samples show no change in the

LiCl. We speculate that monovalent, high molarity salts suchld¥ vis spectra, indicating no degradation over time. This is in

30 m potassium acetate could be used similarly. agreement with our visual observations where the diluted
The stability of the redispersed LGV, solutions was redispersed Li€T, solution showed no distinctive color

studied via UVWvis as shown iRigure @. TBA-VCT, (HF change after 119 days and preserved its greenish blue color.

etched) was kept in thecculated state and redispersed after Solution Processing of Li-CT,. The improved quality

33 and 147 days. Even after 147 days, the increase in the kwd long-term stability of Ly, enables processing of these

UV region peak was minor and within the limits of what hasolutions in a variety of drent ways, similar to;CpT,. As a

been considered pristih,CT, solutions in previous wofks. proof of concept and for practicality and useability of the

This 147 day old Li-ZT, solution showed no visible signs of produced YCT, solutions, we demonstrate a few common

degradation, as seen figure ®,c. The solution was processing techniques to fabrica})€TyY materials with

subsequently vacuurtered into a Im that showed bright di erent forms and structur&sgure @a,b shows a 750 mL
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bottle of TMA-MCT, solution and theocculated Li-)CT,, chemically stable,&T, MXene solutions andims with
respectively. After redispersing, the,CiFyY solution was  improved properties.

freeze-dried into an aerodeb(re €), which can be used for

EMI shielding, adsorption, and electrochemical applications. ASSOCIATED CONTENT

The prepared LiZT, solutions can be used to prepare * sypporting Information

hydrogels as well. Hydrogels of varying transparency Wefge Supporting Information is available free of charge at

prepared using mixtures of LGV, and PVA solutions in  pitps://pubs.acs.org/doi/10.1021/acs.chemmater.1c03508
di erent ratios. The hydrogelsiqure d) showed distinct

optical properties and mechanieaibility. They can be used

in biomedical applications like physiological sensors and
bioelectronic interfaces, as well as electrochemical applications
related to exible, solid-state energy storage. Moreover, The
V,CT, solutions can also be processed using spray coating.
Transparent thinlm V,CT, coatings were prepared by spray
coating the Li-XCT, solution with varying thicknesses onto AUTHOR INFORMATION
glass slides={gure ). This is a relatively low-cost, simple corresponding Author

method to generate transparent, conductive electrodes foryyry Gogotsi A.J. Drexel Nanomaterials Institute and
electrochemical and optoelectronic applications. These exam- pepartment of Materials Science and Engineering, Drexel
ples demonstrate that the improved stability and properties of University, Philadelphia, Pennsylvania 19104, United States;

V,CT, MXene obtained through protocols and methods orcid.org/0000-0001-9423-40Bail:gogotsi@
explained in this paper can open new pathways for practical §rexel.edu

use of YCT, in a wide range of new applications.
Characterization Technigues and Procedure A Zeiss Authors

Schematic of the etching parametric study, optical
images of etching setup and MAX/MXene samples,
characterization of,®T, using XRD, UVvis, SEM,

zeta potential, and TGA, nomenclature guidelines, and
chemical suppliers listF

Supra 50VP SEM was used for imaging of,&I€ Yowder, Kyle Matthews A.J. Drexel Nanomaterials Institute and

multilayered and delaminategCV,, and vacuum ltered Department of Materials Science and Engineering, Drexel
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