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ABSTRACT: MXenes are a relatively new and large family of
two-dimensional (2D) early transition metal carbides derived typi-
cally by etching the MAX phases in fluoride containing solutions.
While numerous studies have investigated the role of cations on the
interlayer distance, doooz, between MXene multilayers (MLs) very
little is known about the role of anions. Herein, using mainly X-ray
diffraction (XRD), the effect of anions on doooz, of TizC2T, MLs,
where T represents various terminations, was systematically stud-
ied. The MLs were produced by etching Ti3AlC2 powders in hydro-
fluoric (HF) acid alone or in mixtures of HF and mineral acids with
anions larger than F, viz. hydrochloric, hydrobromic, hydroiodic,
sulfuric or phosphoric acids. The nature of the cations present in
the post-etching washing solutions were also varied. The results
show that the presence of the larger anions demonstrably facilitates
water intercalation and de-intercalation. The fact that, for the most
part, doooz in fully dried MLs are not a function of mineral acid,
together with post-etching chemical analysis with energy disper-
sive spectroscopy and X-ray photoelectron spectroscopy (XPS)
showing that the amount of residual anions after etching was quite
small — in some cases vanishingly so — leads to the conclusion that
the larger anions do not enter the interlayer space, but most proba-
bly preferentially adsorb onto the positively charged ML edges,
keeping the interlayer space open which, in turn, eases water inter-
calation and de-intercalation.

Introduction

MXenes are a relatively new family of two-dimensional (2D),
materials synthesized from the MAX phases typically via etching
in fluorine-containing solutions such as hydrofluoric acid, HF,'-?
hydrochloric acid, HCI and lithium fluoride, LiF,? and others.*>
The MAX phases, in turn, are atomically layered, ternary carbides
and nitrides that have a general formula Mn+1AXn, where M is an
early transition metal (Ti, V, Mo, Nb, Cr etc.), A is a select element
from groups 13-16, X is carbon and/or nitrogen, and n =1, 2 or 3.6
Upon etching, the A layers — most often Al — are replaced by sur-
face terminations, such as —OH, —F and —O, to create a multi-lay-
ered (ML) MXene with a formula, Mu+1XnT-, where T represents
the surface terminations. HF-etched MLs are composed of stacks
of Mn+1Xn T sheets held together by hydrogen bonding and Van der
Waals forces.” Since their discovery in 2011 !, MXenes have
shown great promise in applications such as energy storage >80,
water purification'”'°, transparent conductive electrodes>>*23,
polymer nanocomposites 24, electromagnetic shielding 2>, piezo-

resistive sensors 27 and more'.

In many MXene applications, understanding the nature of the
cation/water/interlayer space interactions is important. Cation in-
tercalation has attracted much attention since spontaneous interca-
lation along with impressive electrochemical performance®!'! and
basal swelling was demonstrated!!. Furthermore, cation intercala-
tion is a prerequisite for many delamination techniques needed to
achieve aqueous, colloidal suspensions that are then used to fabri-
cate filtered or other films'7%8.

Spontaneous intercalation of cations and basal swelling in
MXenes prompted their comparison to silicate clays and some tran-
sition metal dichalcogenides ?°, where hydration of the metal cat-
ions in the interlayer space causes expansion of the basal spacing
as evidenced by a shift to lower angle 26 of the (00l) peaks in X-
ray diffraction (XRD) patterns. For the most part, basal swelling in
cation-intercalated clays and MXenes follows a discrete pattern
during hydration that is roughly attributed to 0, 1, or 2 water layers
(WLs) with interlayer distances of ~10 A, ~12.5 A, 15-16 A in
Ti3C. T, respectively, between the 2D sheets, depending on the cat-
ionic hydration enthalpy and humidity of the environment 233,

The bulk of this work in based on the position of the (0002)
MXene peak in XRD patterns. Since the spacing associated with
this peak is half the c-lattice parameter, it will henceforth be re-
ferred to as doooe.

One of the defining features of Li-intercalated, clay-like
Ti3C-Ty is that it shows a 2 WL (= 16 A) basal spacing when fully
hydrated. However, there is a wide range of humidity over which
the 1 WL basal spacing is more stable, and there are reports of Li-
intercalated MXene in aqueous solutions that do not show full
swelling to 16 A, but stop at 12.5 A 13435 Furthermore, electro-
chemically intercalating HF-etched TisC2T: electrodes with Li* re-
sulted in a reduction in electrode thickness *. Therefore, a balance
must exist between the, i) electrostatic attraction of the negatively
charged Ti3C.T, sheets and the intercalated cations that causes con-
traction and, ii) cationic hydration shells that cause clay-like swell-
ing. Access to Ti3CoT interlayer must also be kept open by inter-
calated water or cations to allow further intercalation or cation ex-
change?. The factors affecting whether Li'-intercalation causes
swelling or contraction are not well understood.

Critically, reports of clay-like swelling were of TizC2T, etched
in either HCI and LiF, or HF and LiCl solutions. Reports of basal
contraction upon electrochemical Li" intercalation were of Ti3C2T,
etched in HF alone. Kajiyama et. al.*® showed improved electro-
chemical performance in Ti2CT, and TisC2T, etched with HCI-
LiF3, compared to etching in HF alone and attributed this improved
performance to increased Li* access to the interlayer by steric chlo-
ride terminations propping open the MXene layers.

In short, the vast majority of work on Ti3C2T, MLs explored how
cations affect the interlayer spacing. As far as we are aware, and



with the exception of Kajiyama et al.’s paper*, there have been no
studies on the effect of anions in the etching process. The purpose
of'this study is to determine whether anions play a role during etch-
ing of Ti3AlCz and, if so, what their role is. Herein we describe the
first systematic study of how large anions, viz. chlorine, ClI-, bro-
mine, Br, iodine, I, phosphate, (PO4)~ and sulfate, (SO4)* affect
doooz of ML Ti3C2T.. The latter were introduced by mixing HF with
HCIl, hydrobromic, HBr, hydroiodic, HI, sulfuric, H2SOa, or phos-
phoric, H3POu, acids.

Experimental Details

Previously, MXenes etched in the presence of Cl- were simulta-
neously intercalated with Li* via the HCI-LiF method?® or the HF-
LiCl method®. Herein, the experiments were designed in such a
way as to decouple the effects of Li* intercalation from the effects
of anion adsorption. Figure 1 is a schematic illustrating how that
was accomplished. Powders of TisAlC2 were etched with HF alone,
or with mineral acid (MA) mixtures of HF+HCI, HF+HBr, HF+HI,
HF+H3POs4, or HF+H2SO4 and then washed in either deionized,
nominally 18 MQ water or in aqueous Li-salt solutions. By sepa-
rately varying the etching and washing solutions, the effects of dif-
ferent anions on dooo2 were separated from Li* intercalation. The
resulting MLs were then characterized under various hydra-
tion/drying conditions via XRD and energy dispersive spectros-
copy (EDS) in a scanning electron microscope.

Etching Method Washing Method Label
E[HF+HACI) — FH,0]
1M aq LiCl > EJHF+HCI] = WLICI|

Figure 1. Schematic of etching and washing methods to separate the
effects of anions and cations. Other anions can be substituted wherever
Cl appears for MLs processed with those anions.

Synthesis of TisAlCa: TisAlC2 powder was synthesized by heat-
ing a ball-milled mixture of TiC, Al, and Ti (All from Alfa Aesar,
Ward Hill, MA) in 2TiC:1.05A1:1Ti stoichiometry in an alumina,
AlO;3, tube furnace under flowing, ultra-high purity argon, Ar,
(AirGas, Cherry Hill, NJ, USA), at a rate of 5 °C/min to 1350 °C
and holding for 2 h. The lightly sintered, porous TizAlC2 compact
was then milled into a powder using a TiN-coated end mill on a
drill press and then sieved to obtain a powder of particle size < 38
um. The powder of particle size > 38 wm was ball milled for 24 h
and re-sieved through 38 um sieve to obtain more fine-grained
powder that was then added to the original batch.

Low anion concentration TisCaT. synthesis: 4 g of TizAlC2
powders were added to 40 ml of 10 wt.% HF (“HF-"). For CI, Br
and I-etched TisCaTx, the etchant was mixed nominally as a 10
wt.% HF concentration solution with a 5:1 MA:Al molar ratio (Ta-
ble S1). The acid etchant mixture and Ti3AlC2 powder were stirred
at room temperature (~25 °C) for 24 h.

After etching, distilled, nominally 18 MQ H>O was added to all
samples until their volume was 90 ml, centrifuged for 2 min. at
3500 rpm and then decanted. Each sample was then split into two:

One batch was washed in water alone, the other washed with an
aqueous Li-salt solution. For washes 2 through 4, the Li-salt
washed samples were washed with 1 M solutions of their respective
Li-salt, viz. LiCl, LiBr or Lil. For washes 5, 6, and 7, all samples
were washed with water alone. All samples were agitated by a vor-
tex agitator to disperse the sediment before centrifuging.

High anion concentration TisCzT. synthesis: Half a gram of
Ti3AlC2 powders were added to a mixture of 4.6 mL 48 wt.% HF
and 17.9 mL distilled H20 for a nominal 50:1 HF:Al ratio as a con-
trol. For the HCI, HBr, HI, H3POs, or H2SO4 containing etchants, a
mixture of HF + the corresponding mineral acid was mixed in a
ratio of 50:1 HF:Al and 50:1 MA:Al and the remaining volume was
topped with distilled H20 up to 22.5 mL (Table S6). The concen-
tration of MA in solution is nominally 5.7 M.

After etching, distilled, nominally 18 MQ H2O was added to all
samples until their volume was 45 ml. All samples were then
washed 5 times with water only. All samples were agitated by a
vortex agitator to disperse the sediment before centrifuging.

Drying Protocols: To shed more light on the effect of anions on
doooz, the MLs produced herein were subjected to varying drying
protocols. One set of samples was heated in a vacuum oven to 60
°C for 48 h, followed by a 100 °C for 30 h and lastly at 150 °C for
14 h. Another set of samples was placed in a desiccator containing
P20s and CaSO4 under vacuum at room temperature for 48 h fol-
lowed by heating to 150 °C for 12 h also under vacuum. In all cases
the vacuum level was ~ 0.2 atm.

X-Ray Diffraction (XRD): A Cu Kq radiation source diffractom-
eter (\ = 1.54 A) (Rigaku SmartLab, Rigaku, Tokyo, Japan) was
used to obtain all XRD patterns with a step size of 0.02"and a dwell
time of 2 s per step.

Maintaining full hydration of the “fresh” TizCa2T. powders, while
performing XRD required the following procedure: The wet
Ti3C2T, sediment from the bottom of the centrifuge tube, covered
in ~10 mL distilled H20, was scooped out and made flush with the
powder sample holder of the XRD. A few milliliters of distilled
H20 were then gently dropped onto the wet powder until a visible
meniscus formed. Excess distilled H2O was then scraped off with a
spatula so that the sample was again flush with the sample holder
but maintained a visible water layer. The sample was then placed
into the diffractometer for measurement. After measurement, the
sample was visually inspected to confirm that a layer of water was
still present, ensuring the sample had not dried out. See figure S7
for pictures of XRD sample preparation.

SEM and EDS: Dried MLs were pressed at a load corresponding
to a stress of ~100 MPa to form free standing = 1 mm thick discs
which were then mounted on aluminum SEM stubs with double-
sided carbon tape. SEM and EDS were performed on a Zeiss Supra
S0VP (Carl Zeiss AG, Germany). Electron beam accelerating volt-
age of 20 kV was chosen to detect Br Ky emission lines due to the
overlap of the Br Lo and Al K, energies’”.

X-Ray Photoelectron Spectroscopy(XPS): XPS was per-
formed using VersaProbe 5000 instrument (Physical Electronics,
Chanhassen, Minnesota, USA). All the samples were sputtered us-
ing Ar-ion gun(1kV) for 2 mins. Pass energy of 23.5eV was used
for all scans, with energy step of 0.025eV and step time of 500ms.
The number of repeats per scan was set to 25.
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Figure 2. Low angle XRD patterns of fresh, never dried, Ti;C,T, MLs, a)
HF-etched, water washed; b) same as a, but washed in LiCl (red) or LiBr
(blue) solution after etching; ¢) HF+HCI (red) and HF+HBr (blue) etched
and water washed; d) same as c¢) but washed in LiCl (red) or LiBr (blue)
solution after etching.

Results

When Ti3AlC2 powders are etched in a 10 wt. % HF solution and
then washed with water, the (0002) peak shifts from a correspond-
ing d-spacing of 9.3 A to 13.6 A and broadens (Fig. 2a). When,
instead of washing in water, the HF-only etched MLs are washed
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Figure 3. XPS of a) 5:1 Cl:Al ratio, E[HF +HCI] — W[H,O] , b) E[HF] —
WILICl], ¢) 5:1 Br:Al ratio, E[HF +HBr] — W[H,0], d) E[HF] — W[LiBr].
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Figure 4. Low angle XRD patterns of MLs etched with, a) varying
HEF:Al ratios. Red triangle denotes Ti;AlC, impurity (0002) peak. b)
Swelling behavior of MLs etched in various mineral acids, MAs, in a
50:1 molar ratio of MA:Al and a 50:1 ratio of HF:Al

9 10 11

in 1 M LiCl three times, the d-spacing decreases from 13.6 A to
12.4 A, and the full width at half maximum, FWHM, decreases
from 0.493° 20 to 0.340° 20, indicating increased homogeneity
along the c-axis (Fig. 2b). If instead of etching in HF alone, the
Ti3AlC2 powders are etched in a 10 wt.% HF solution in the pres-
ence of HCI — added in a 5:1 HCI:Al ratio — and then washed in
water alone, doooz of the fresh, wet powder is the same as the HF-
only etched viz. = 13.6 A (Fig. 2c). However, a notable decrease,
from 0.493 to 0.206(4)° 20, in the FWHM of the (0002) peak is
observed. If the HF + HCI etched MLs are instead washed in a 1M
LiCl solution, doooz expands to 16 A (Fig. 2d) and spontaneous de-
lamination of the material initiates. To test whether the swelling



effect is specific to Cl or could be achieved with other large anions,
the same experiment was repeated with HBr and LiBr yielding sim-
ilar results (Fig. 2, blue traces).

A Cl or Br signal is detected in XPS spectra of samples that were
etched in the presence of Cl or Br, respectively (Figs. 3a, ¢). In
contrast, this signal is absent when HF-only etched samples were
washed in LiCl or LiBr, respectively (Figs. 3b & 3d). Trace
amounts of Cl are also detected by SEM-EDS (0.02~; per Ti3C2) in
the MLs etched in the presence of Cl. The Br signal is too low to
be reliably detected by EDS in MLs etched in 5:1 Br:Al (Table S2).
XPS if the Br 3d and Cl 3d at high and low concentrations can be
found in figure S8.

The effect of the HF: Al etchant ratio on swelling was studied by
etching TisAlC2 powders in varying concentrations of HF-only
from 100:1 to 11:1. XRD patterns on fresh wet, never dried MLs
(Fig. 4a) show that doooz for the 100:1 HF:Al ratio mixture (Fig.
4a, top curve) is ~ 9.7 A. Reducing the HF:Al ratio by half to 50:1
HF:Al still results in the major (0002) peak centered at doooz ~ 9.7
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Figure 5. Low angle XRD patterns of MLs produced by etching in
5:1 MA:Al and 11:1 HF:Al solutions after drying, a) at 60 °C for 48
h followed by, b) 100 °C for 30 h followed by, ¢) 150 °C for 14 h.
All drying was conducted under a ~ 0.2 atm mechanical vacuum.

A (Fig. 4a, second from top). However, in this case a minor peak
appears at a 26 corresponding to doooz~ 13 A. When the ratio is
further reduced to 25:1, the major (0002) peak is now centered at a
20 angle corresponding to doooz~ 13 A, with a broad hump extend-
ing to doooz~ 9.7 A (Fig. 4a, third from top). Lastly, reducing the
HF:Al ratio again to 11:1 results in a sharp, single peak centered at
a d-spacing of ~ 13 A.
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Figure 6. Low-angle XRD of 50:1 anion to Al concentration etched
Ti;C,T, and dried at 25 °C in a desiccator under a ~0.2 atm mechanical
vacuum. Thin lines are MLs dried under P,Os and CaSO, at room tem-
perature desiccant and a ~0.2 atm mechanical vacuum. Bold lines are
MLs dried an additional 12 h at 150 °C under ~0.2 atm mechanical
vacuum.

Figure 4b is a plot of the XRD patterns of fresh MLs produced
by etching the MAX powders in a 50:1 ratio of HF:Al and MA:Al
etchant, where MA is HCI, HBr, HI, HF, H3PO4, or H2SO4. In all
cases, the MLs, swell readily to doooz ~ 13 — 13.5 A. Figure S6
shows that at high H2SO4: Al ratios, a peak corresponding to doooz ~
19 A appears.

XRD patterns of the low MA concentration (5:1) samples was
then taken after drying out in 3 steps at increasing temperatures
(Fig. 5). Figure 5a shows the resulting XRD patterns after drying
under the relatively mild conditions of 60 °C for 48 h in vacuum (=
0.2 atm) After this treatment, the HF-only etched MLs show a
broad hump (Fig. 5a, black line) extending from 7° to 9°26, or doooz
between ~ 12.5 A and 9.7 A. In sharp contrast, the d-spacing of the
MLs etched in a HF+HCI or HF+HI mixture collapse to doooz~ 9.7
A (Fig. 5a, red and brown lines). The sample etched in a HF+HBr
mixture showed two peaks (Fig. 5a, blue line).

The same powders were then placed back in the vacuum oven at
100 °C for more 30 h. After this drying treatment, dooo2 was = 9.7
A, for all HF + MA etched MLs (Fig. 5b). It was only by placing
the same powders, one last time, into the vacuum oven, at 150 °C
for 14 h that the (0002) peak of the HF-only etched MLs were fi-
nally centered at ~9° 26, or doooz~ 9.7 A with a FWHM that was
comparable to the others (Fig. 5c¢).



Table 1 — SEM/EDS of 50:1 MA: Al ratio MLs

Element HF +HCl  HF + HBr HF+HI  HF + H;PO, HF + H,S0,
Ti 3 3 3 3 3
Al 0.025(9) 0.01(1) 0.053 0.020(4)  0.020(2)
C 2177 1.94(3) 2.37 1.95(2) 2.02(7)
1.10(9) 1.01(8) 0.892 2.00(7) 1.15(3)
F 1.59(6) 1.53(2) 2.23 1.19(4) 1.56(3)
Cl 0.124(4) 0 0 0 0
Br 0 0.044(7) 0 0 0
I 0 0 0.021 0 0
0 0 0 0.041(1) 0
S 0 0 0 0 0.0104(5)

In another set of experiments, the MLs produced by etching in a
50:1 ratio of HF:Al and MA:Al etchant (Fig. 6) were dried in a
desiccator filled with phosphorous pentoxide, P2Os and calcium
sulphate, CaSOa, desiccants and a ~ 0.2 atm vacuum at room tem-
perature for 48 h (Fig. 6, thin traces). The same samples were then
further dried at 200 °C under ~ 0.2 atm vacuum for 12 h (Fig. 6 bold
trace). Drying of these MLs results in doooz ~ 9.7-10.2 A (Fig. 6,
thin lines) for all MAs except phosphoric acid. Drying the same
powders an additional 12 h at 200 °C under < 0.2 atm mechanical
vacuum only shifts the peaks to slightly lower dooo2 values. It is
worth noting here that with the exception of the MLs etched in the
presence of H2SOs4, all other (0002) peaks are downshifted relative
to the fully dried HF only etched sample. Compare the thin vertical
black lines that are guides to the eyes in Figs. 5 and 6.

At the higher MA concentration (50:1 MA:Al) all anions could
be detected by EDS (Table 1).

Discussion

This work’s most important finding is that anions — despite not
intercalating into the interlayer space (see below) — still play an im-
portant role in facilitating the swelling and drying of Ti3C2T, MLs.
A schematic of what is postulated to occur in shown in Fig. 7. In
the remainder of this discussion we make our case.

Figure 2 demonstrates that in the absence of Li*, dooo2~ 13.6 A
(Fig. 2a and c). This state of spacing is henceforth taken as our ref-
erence state because there are no cations between the layers. When
the HF-only etched MAX phase is washed with LiCl, doooz shrinks
to ~ 12.4 A (Fig. 2b). If the samples are etched in the presence of
HCl or HBr, and then washed in a Li* containing solution, viz. LiCl,
doooz expands to~ 16 A (Fig. 2d). This is an important result be-
cause it clearly demonstrates that the presence of large anions dur-
ing etching greatly influences doooz. The contraction to 12.4 A
seemingly contradicts reports where the d-spacing of Li*-interca-
lated Ti3C2T; etched in HCI-LiF or HF-LiCl solutions expand to
doooz2~ 16 A when fully hydrated®?°. However, the shrinkage is con-
sistent with reports where electrochemical Li*-intercalation into
HF-only etched TisC2T- caused a decrease of electrode thickness
ascribed to the electrostatic attraction between the negatively-
charged TisC2 T layers and the positively charged Li* cations®. It
is thus reasonable to conclude that the presence of Cl" - most prob-
ably adsorbed onto the edges (see below) - during etching is having
a steric effect’® that keeps the interlayer space propped open, facil-
itating not only Li" intercalation, but also its water of hydration
causing expansion (Fig. 7, right panel).

The results displayed in Fig. 4a show that as the HF:Al ratio is
decreased, doooz of the fresh, wet powders increases from 9.7 A to

~ 13.1. A few studies have compared TizC2T. etched at different
HF concentrations and shown a d-spacing increase at lower HF
concentrations and attributed this increase to intercalated wa-
ter’383%, Decreasing the F:Al ratio in the etchant has been shown to
increase the ratio of O:F terminations on Ti3C2T, MLs* and Wang
et al. concluded that the interlayer hydrogen bonding in TizC2T.
MLs was stronger when etched in 10 wt.% HF vs. 50 wt.% HF’. If
the strength of interlayer hydrogen bonding increases with increas-
ing O:F termination ratio, the hydrophilicity of the TisC2T. sheets
concomitantly increases?, likely providing a greater driving force
for water intercalation. The fact that adding anions to the etchant
(Fig. 4b) leads to increased water intercalation suggests that, alt-
hough the driving force for intercalation is likely weaker than in the
case of intercalated Li* (Figs. 2b & d), these anions similarly facil-
itate water intercalation.

If anions indeed facilitate water ingress between the MXene
sheets, then they should also facilitate its egress. A perusal of the
XRD patterns shown in Fig. 5 clearly demonstrates that the dooo2 of
~9.7 A, i.e. complete water de-intercalation, is reached first by the
HF-HCI and HF-HI etched MLs, followed by the HF-HBr MLs.
Crucially, it is only by annealing at 150 °C for 14 h that the HF-
only etched MLs (lowest trace in Fig. Sc) are finally as dry as the
others.

The fact that the HF-only etched MLs required a significantly
more intense drying protocol to fully de-intercalate water compared
to the HF+ MA samples is fully consistent with the schematic
shown in the right panel in Fig. 7. Anions adsorbed at the edges
likely prop open the edges and allow water molecules easier access
both into and out of the interlayer. The fact that the 2 & values of all
the peaks after intense drying are identical (Fig. 5¢) is noteworthy
since it strongly suggests that the anions do not intercalate between
the layers.

The next question is what happens upon drying when the MA:Al
ratio during HF etching is 50:1. Figure 6 shows that all MLs, with
the exception of those etched in the presence of H3POs, return to
dooo2 ~ 9.7 A after drying at 150 °C for 14h in vacuum. The
HF+H3POa4 etched ML (0002) peak remains broad and centered at
doooz~ 12 A.

Swelling due to cation
intercalation and anion
adsorption

Contraction due to
cation intercalation

Initial spacing after
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Figure 7: Schematic of the effect of anions on dc,. Central panel shows
our ML reference state — with dg,~ 13.6 A — obtained by HF-only etch-
ing. It is important to emphasize that these MLs were never dried. Left
panel shows that if Li™ is inserted into the reference state after etching,
de2 shrinks. If, however, the Li* is intercalated into TisC,T, etched in
an HF + MA mixture, a dg, of = 16 A is obtained.




Typically, when Ti3C2Tx MLs are fully dried they cannot be re-
hydrated or intercalated with cations.?’ However, when HF +
H3POs etched MLs were immersed in water for 48 h after drying, a
gradual increase in peak intensity corresponding to doooz~ 12 A oc-
curs, suggesting that water is re-intercalating the MLs (Fig. S1).
This result suggests that some P-based species may have interca-
lated between the MLs. This leads to the last outstanding question
in this work: Where are the anions located?

Based on the facts that for the MLs etched in low concentrations
of MA, i) the doooz values for the fully dried samples are identical
to those etched in HF alone (Fig. 5c), ii) the anion concentrations
measured in EDS were at most 0.02 per (Table S2) and the XPS
signal for the anions was also quite weak, and iii) the swelling be-
havior observed in XRD (Fig. 2); it is reasonable to assume that the
large anions are located at the ML edges. The MLs are shown sche-
matically in the right panel of Fig. 7. When TizC2T, MLs are
washed with Li" containing solutions, what occurs is quite telling.
When the large anions are absent from the edges, the electrostatic
attraction between the TizC2T. sheets themselves is probably too
high for the Li* to enter the ML space with its full hydration shell
(Fig. 2b). Any remaining Li" entering the interlayer space would
then be unable to cause swelling to 2WL. The final spacing is thus
closer to 1WL than 2WL. If large anions are adsorbed at the edges
they might prevent the Ti3C2T. sheets from collapsing when Li*
first enters the interlayer, allowing Li* to intercalate with its full
hydration shell and cause basal swelling to 2WL. By adsorbing at
the edges, the anions would have the greatest control over access to
the interlayer at the relatively low concentrations we report in this
work. Transmission electron microscopy (TEM) of single sheets to
detect chemical inhomogeneity from the middle of the sheets to the
edges is needed to verify this hypothesis.

In HF+HBr etched TizC2T, MLs, Br is difficult to detect at low
concentration (5:1 MA:Al) in EDS due to overlap between the Al
Ko and Br Lo X-ray emission energies (Table S2). However, XPS
shows that the same trend for Cl holds for Br in that Br is detected
in HF + HBr etched Ti3C2T,, whereas no Br is detected in HF-only
etched, LiBr washed Ti3C2T: (Fig. 2e & 2f).

The situation for the samples etched in a large excess of MA
(50:1) is slightly more ambiguous. After full drying at 200 °C, all
but the H3PO4 etched samples, the d-spacings are slightly higher
than the reference state (Fig. 6). The origin of this difference is not
known at this time. Table 1 shows that the highest anion signal was
for the HF+HCI etched MLs, but even in this case, there are only ~
0.12 CI atoms per TisCz (Table 1). The values for all others are at
least a factor of 3 lower. Said otherwise, if anions are present be-
tween the MLs, their concentration is quite low, even when the
MA:Al ratio in the etching solution is 50:1.2%4!

We note in passing that previous EDS work on HF+LiCl or
HCI+LiF etched TizC2T, reported the presence of CI3%. In those
cases, at least a fraction of'the Cl signal was ascribed to salt impu-
rities. In our HF+HCI etched, water washed TizC.T,, no salt is
added at any time during the synthesis, which is possibly why we
detect a very small signal.

At high concentration (50:1), of all the halogens, F adsorbs most
readily onto Ti3C2T, followed by Cl, then Br, then I, a trend corre-
lating with the respective electronegativity of each halogen. There-
fore, as has been seen in some clays*, the anionic species compete
for adsorption sites on Ti3C2T, based on their electronegativity. The
case of the polyatomic anions (PO4* and SO4*) is more complex
and cannot be directly compared to the halogens. In Ti3C2T, MLs,
and distinct from anionic adsorption onto clay edges, the anion ad-
sorption must occur during etching to have the steric effect dis-
cussed here (Fig. S2).

It should be noted that 50:1 etched MLs are quite sensitive to
impurity cations in solution — mere washing in tap water caused

swelling to dooo2~ 16 A compared to dooo2~ 13 A when no cations
were present in the 18 MQ distilled water used herein (Figure S5).

While the overall trend of anion-facilitated intercalation is con-
sistent throughout repeat experiments, XRD of E[HF]-W/[LiCl]
MLs and E[HF+MA] —~W[H20] MLs immersed in water sometimes
show a signal with convoluted peaks corresponding to both 1WL
and 2WL (Figs. S3 and S4). Further work is needed to determine
the equilibrium doooz of Li* intercalated MLs and what other varia-
bles besides anion adsorption might be important for determining
equilibrium.

Conclusions

The impact of anions on the intercalation and deintercalation be-
havior of Ti3C2T is demonstrated here for the first time. Etching
TizAlC: in a mixture of HF and another mineral acid with anions
larger than —F or —O viz. HCI, HBr, HI, H2SO4 or H3POg, facilitates
the intercalation and deintercalation of water. The effect is only
seen, however, when the larger anions are present during etching.
Increased anion adsorption occurred when the concentration of re-
spective mineral acid was increased in the etchant and the amount
detected by EDS also correlated with electronegativity of the anion.
We suggest that these larger anions preferentially adsorb onto edge
site of MXene MLs because of the marked effect on hydration
properties despite their low concentrations.
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