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Tailored synthesis approach of (Mo,,3Y4,3),AlC
i-MAX and its two-dimensional derivative

Mo, 33CT, MXene: enhancing the yield, quality,
and performance in supercapacitor applications¥
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A vacancy-ordered MXene, Mo, 33CT,, obtained from the selective etching of Al and Sc from the parent
i-MAX phase (Mo,,35¢1/3),AlC has previously shown excellent properties for supercapacitor applications.
Attempts to synthesize the same MXene from another precursor, (Mo,,3Y1/3),AlC, have not been able to
match its forerunner. Herein, we show that the use of an AlY; 3 alloy instead of elemental Aland Y for the
synthesis of (Mo,,3Y1,3),AlC i-MAX, results in a close to 70% increase in sample purity due to the suppres-
sion of the main secondary phase, MozAlLC. Furthermore, through a modified etching procedure, we
obtain a Mo, 33CT, MXene of high structural quality and improve the yield by a factor of 6 compared to
our previous efforts. Free-standing films show high volumetric (1308 F cm™) and gravimetric (436 F g%

Received 1st October 2020,
Accepted 1st December 2020

DOI: 10.1039/d0nr07045a

capacitances and a high stability (98% retention) at the level of, or even beyond, those reported for the
Mo, 33CT, MXene produced from the Sc-based i-MAX. These results are of importance for the realization
of high quality MXenes through use of more abundant elements (Y vs. Sc), while also reducing waste

rsc.li/nanoscale (impurity) material and facilitating the synthesis of a high-performance material for applications.

conductivities,”'® machinability and damage tolerance."’

Some are also lightweight,"? oxidation resistant, self-healing,'

1. Introduction
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Two-dimensional (2D) materials comprise a huge variety of
both compositions and structures, translating into great poten-
tial for various applications."™ Since 2011, the atomically
layered ternary transition metal carbides and/or nitrides
known as MAX phases have gained increased attention from
the scientific community, as they serve as precursor for their
2D derivative, the family of so called MXenes.®® MAX phases
display a hexagonal crystal structure and are described by the
general formula M,;AX,, where M stands for an early tran-
sition metal (e.g. Ti, Mo, V, Nb), A stands for mostly a group 13
or 14 element, and X stands for carbon and/or nitrogen; n =
1-4.° This family exhibits both ceramic and metallic pro-
perties, including  high  electrical and  thermal
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and maintain their strengths at high temperatures.'’ Some are
magnetic.'>**

Their 2D counterparts, MXenes, are 2D transition metal car-
bides and/or nitrides produced by selective etching of the A
element, typically Al, from the MAX phases."> MXenes have the
general formula M,,+,X,,T,, where T stands for surface terminat-
ing groups (-0, ~OH, -F and/or -C1)"*™*° that replaces the A
layer upon etching. To date, MXenes have shown promise for a
wide range of applications, including energy storage,***
hydrogen evolution,*** photocatalysis,>® CO, reduction,*®
CO, capture,”  electromagnetic  shielding,®  water
purification,***° and biomedical applications® among many
others. In addition, they can be used as transparent conduct-
ing electrodes,** gas sensors and biosensors.*?

Several methods have been reported for MXenes synthesis,
most of which selectively etch the Al layers from an Al-contain-
ing, parent MAX phase. A common etchant is hydrofluoric
acid (HF), that results in multilayered, ML, MXenes. The latter
are subsequently intercalated with polar aprotic solvents such
as dimethyl sulfoxide (DMSO)** or organic bases, such as tetra-
butylammonium hydroxide (TBAOH).>® This step delaminates
the ML’s into single or few flakes after shaking or sonication.
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Another widely used method to produce MXene single
sheets, especially Ti;C,T,, without the aid of an intercalant,
involves etching of the A layer by a mixture of lithium fluoride
(LiF) and hydrochloric acid (HCl) solution.>® Other methods
have been reported recently, including mixing HF with other
acids, such as HNO,,*” using fluorine-containing organic sol-
vents,®® or by a reaction between the MAX phase and molten
salts, such as ZnCl,, where the Zn replaces the A layer and is
subsequently removed using HC1.?®

Most recently, it has been reported that the MAX phase
structure and properties strongly influence the quality of the
resulting MXene. In the case of Ti;C,T,, precursors synthetized
using three carbon sources (graphite, carbon lampblack and
TiC) resulted in MAX phases of different purities and MXenes
of different qualities and properties.’ Hence, targeting high
quality MXene starts with tailoring of MAX phase precursor.

The MAX phases can be alloyed on the M,***! A***> and/or
X% sites, typically forming disordered solid solutions.
Recently, however, chemically ordering in quaternary MAX
phases has been shown for M-site alloying."® Two types of
ordering have been demonstrated: out-of-plane (0o-MAX) and
in-plane (i-MAX). The 0-MAX phases have n = 2 or 3, such as
Mo, TiAlC, and Mo,Ti,AlC,, where Mo occupies the M-element
layers closest to Al, and Ti the layers sandwiched between the
carbon layers.** In contrast, i-MAX phases, with n = 1, are
chemically ordered in the basal plane, such as
(Mo0,,3S¢4/3),A1C, where the ratio between the two M elements
is 2:1." Unlike the conventional MAX phases with P6;/mmc
symmetry, the i-MAX phases crystallize with in the (C2/c), (C2/
m) or (Cmcm) symmetry, with the A-element forming a
Kagomé-like lattice.”>*® When etching the i-MAX phases to
obtain their MXenes, the minority M-element is typically
removed along with the A element, resulting in ordered
vacancies.”” For example, etching (Mo,/;Scy3),AlC results in
the removal of both Sc and Al, producing a vacancy-ordered
Mo, 35CT, MXene."® To date, there has been 32 experimentally
reported i-MAX phases, and two vacancy-ordered MXenes:
Mo, 3;CT, and W, ;,CT,.>**® Another variation on this scheme
is the idea of “targeted etching”, in which an i-MAX phase can
be etched to either remove the minority M element, in
addition to the A-layers, or not remove the former. An example
of this approach is (Mo,3Y;/3),A1C.*°

The introduction of vacancies, ordered or otherwise, can
enhance the specific charge stored on supercapacitor electro-
des and hydrogen evolution applications.”**$>°' A goo0d
example is Mo, 33CT,, produced by etching of Al and Sc from
(Moy/3Scq/3),AlC. After etching, volumetric capacitances of
~1150 F cm™® before annealing’® and 1635 F cm™ after
annealing in Ar’> were obtained. The latter is the highest
MXene volumetric capacitance reported to date. Fueled by
these remarkable properties, several studies have been dedi-
cated to fundamental investigations of Mo, 33CT, >***
as its performance in various applications.>>*"3>

The main drawback of the Sc-containing MAX phase is the
cost and availability of Sc.”® To address this problem, we pre-
viously synthesized the corresponding MXene starting with the

as well
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Y-containing i-MAX phase, (Mo0,/3Yy/3),AIC.*° And while the
synthesis was successful, the yields and quality of the resulting
MXene were low.

The purpose of this paper is to report on a new method to
synthesize (Mo0,/3Y;/3),AlC that results in higher MXene yield
and quality. Instead of starting with elemental Y we started
with an AlY,; alloy, greatly increasing the yield. To demon-
strate the quality of the resulting MXene, we fabricated super-
capacitor electrodes and showed them to be as good as their
counterparts made with the much rarer element, Sc.

2. Results and discussion

2.1. Synthesis and characterization of (Mo,,3Y;/3),AIC

Synthesis of (M0,/3Y;/3),AlC was carried out by mixing Mo, Al,
an Al-Y 12/88 wt% alloy (corresponding to AlY,3), and C
powders in a 1:0.15:0.53 : 0.09 mass ratio, which translates to
a chemistry of (Mo0,/3Y1/3),AIC. A schematic of the i-MAX along
the [1120] zone axis is shown in Fig. 1, (left). The powder
mixture was heated in an alumina tube furnace at 1500 °C for
10 h. More details can be found in the Experimental section
below. It should be noted that the AlY, ; used in this work is
preferred from a sustainability perspective, originating from
the by-product (particles of size <45 pm) obtained during the
milling of AlY, ; ingots. The sample produced by this method
will from this point forward be called (Mo,/3Y4/3),AIC[ALY].

Fig. 2a shows the Rietveld refinement of a typical X-ray diffr-
action (XRD) pattern of (Mo,/3Y;,3),AlC[AlY]. Fig. 2b shows the
corresponding pattern as reported in ref. 45 in which we
started with elemental powders, henceforth referred to as
(Moy/3Y4/3),AIC[Y]. According to the Rietveld refinement (see
details in ESI Tables S1 and S27), the amount of the
i-MAX phase increased from 45 to 75 wt% for (Mo,/3Y;/3),AIC
[AlY] compared to (Mo,/3Y4/3),AIC[Y]. Concomitantly, the
wt% of Mo3AlLC is reduced from 31.4% to 4.5%. It follows
that starting with AlY, ; increased the purity of the requisite
phase.

The particle morphology of the (Mo,/3Y;/3),AIC[AlY] sample
is shown in the SEM micrograph in Fig. 2c. The particle size,
obtained from an average of more than 20 particles identified
using SEM and EDX, is 15.5 + 5.0 pm, which is in the same
range as that obtained using the conventional synthesis
method. Like in our previous work, the symmetry of crystal
structure of the main phase was confirmed by both STEM
(Fig. 2d and S17) and Rietveld refinement analysis of the XRD
pattern (Fig. 2a) to be monoclinic (C2/c). Further structural
confirmation was performed by obtaining the HRSTEM
images of the sample viewed in three in-plane crystallographic
directions. The HRSTEM image (Fig. 2d) shows the -MAX
phase from the [1120] orientation, also shown in the schematic
in Fig. 1. The in-plane ordering of Mo and Y is evident, with
the minority element, Y, being closer to the Al-layers. The
latter is rearranged into a Kagomé-like order, which causes the
alternating strong/weak contrast of every second Al column.*’
HRSTEM images for two other orientations can be found in

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Crystal structure of (Mos,,Y13),AlC (left) along [1120]. Etching and removal of Y and Al atoms results in multilayered Mo, 33CT,, that is sub-
sequently delaminated into single flakes (middle). Top view of a single flake is shown on right. Mo and C atoms are depicted by violet and black

spheres, respectively.

ESL.{ The lattice parameters a, b, ¢ were calculated from the
Rietveld refinement analysis of the XRD pattern (Fig. 2a) to be
9.54 A, 5.52 A and 14.07 A, respectively. The p angle was calcu-
lated to be 103.56°, which is in agreement with our previous
work (see ESIT).

2.2. Synthesis and characterization of Mo, 33CT.[AlY]

A schematic of the synthesis process is shown in Fig. 1, and
the synthesis details are described in the Experimental section
below. Immersing the parent MAX phase in HF at room temp-
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Fig. 2

(a) XRD patterns indexed to (Mo,,3Y1,3),AlCIALY] powder, showing measured pattern (black crosses), Rietveld generated pattern (red line) and

difference between the two (blue line). The orange, pink, wine, olive, grey, light below and green ticks below the pattern represent the peak positions
of Mo,C, (Moy,3Y1/3)2AIC, Y03, YAIzC3, Y2AL AlLYs and MozAlLC, respectively. (b) Same as (a) but for (Mo,,3Y1,3),AIC[Y] and the pink, wine, olive, grey,
light blue, green, light green ticks below the pattern represent the peak positions of (Mo,/3Y1,3),AlC, Y,03, YAlzCs, YAl AlYs, MosAlLC and Y,
respectively. (c) SEM micrograph of typical (Mo,,5Y1,3),AlCIALY] particles and, (d) STEM micrograph of (Mo,,5Y1,3),AlCIALY] along [1120] zone axis.

This journal is © The Royal Society of Chemistry 2021
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erature (RT), resulted in the selective etching of Al and the vast
majority of Y atoms. The resulting ML Mo, 33CT, henceforth
referred to as Mo, 33CT,[AlY], was delaminated into a suspen-
sion of single d-Mo, ;3CT,[AlY] flakes that were in turn con-
verted into free-standing films by vacuum filtration. The
etching and delamination of 2 g of (Moy;3Y13),AIC[AlLY]
resulted in a 50 ml suspension of d-Mo, ;3CT,[AlY] flakes of
concentration 3 mg ml™", which is 6 times higher than the
concentration obtained in our previous work. Henceforth, our
previous MXene will be labelled Mo, 5;CT,[Y].*°

When typical XRD patterns of (Mo,,3Y;,3),AIC[AlY] and a
free-standing film of d-Mo, 33CT,(AlY) are compared (Fig. 3a),
the disappearance of the (0002) peak of the i-MAX (lower,
black) and the appearance of two (0002) peaks at lower 2-Theta
for the free-standing film (upper, red), is obvious. These pat-
terns are very typical of the MAX to MXene conversion, which
results in an increase in the interlayer spacing d, d = ¢/2, from
7.05 A to 8.95 (first peak), and 17.8 A. The d increase from the
first to the second peak, ~8.9 A, is most probably due to the

—— (M0,5Y 13),AICIAIY]
—— 0-Mo, 5,CT,[AIY]

»
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intercalation of TBA' and/or water molecules between the
MLS.35’57

The chemical formula of our free-standing film, obtained
from XPS analysis (Fig. S3, Tables S3 and S$4%), is
Mo01.33Y0.05C01.1(OH) 4Fo.4-0.5H,0,4s. This formula is compar-
able to that of our previous work, viz. Mo0;,Y00:C
(OH)g.4F,40.3H,0,4,.*° In both cases, the molar sum of the ter-
minations, z, is slightly less than 2 (Fig. 3b). For details of the
XPS analysis, see ESL.{

Fig. 3c is a picture of our free-standing film, clearly
showing a flexibility that is superior to that of Mo, 33CT,[Y].
We ascribe the difference to the improved quality of the
MXene synthesized here. A cross-sectional SEM micrograph
showing the typical morphology of free-standing MXene films,
~7.5 pm thick, is shown in Fig. 3d.

Overview STEM images acquired from d-Mo, 33CT,[AlY]
flakes (Fig. 3e and S21) show the undulating appearance of a
vacancy-ordered MXene, even more evident from the higher-
magnification STEM image in Fig. 3f. These images demon-

1.33CT1[AIY]

i3l Mo
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(a) XRD patterns of (Mo,,3Y1/3),AlC[ALY] (bottom, black) and d-Mo; 33CT,[AlY] free-standing films, c lattice parameters are shown for (0002)

peaks belonging to MAX and MXene XRD patterns. (b) Moles of surface terminations T for Mo, 33CT[AlY] and Mo, 33CT.,[Y] free-standing films, per
Mo, 33C formula unit, obtained from XPS analysis. Horizontal dashed line refers to theoretical value of z in T, per formula, which is 2. (c) Picture of
flexible free-standing film. (d) Cross sectional SEM micrograph of free-standing film. (e) Overview and (f) higher magnification STEM micrographs of

Mo, 33CT,[ALY] single flakes with an overlaid crystal structure of single flake.
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strate that our MXene has the same structure as the typical
Mo, 35CT, derived from (Mo,/;S¢cy3),AlC -MAX,*® labelled
herein Mo, 33CT,[Sc]. It is important to note here that the size
of the “pristine” regions - as measured by the average distance
between larger pores - is larger here than in our previous
work. Based on Fig. 3e, the average distance between the large
pores is &5 nm. In our previous work that distance was closer
to 2 nm. It follows that the etching procedure used herein is
less aggressive.

Altogether, the results above show that we can synthesize a
vacancy-ordered Mo, 33CT, MXene from (Mo,/3Y4/3),AlC, where
we not only improve the sample purity of the precursor
material by a modified synthesis process, but also increase the
MXene yield 3 and 6 times, compared to when we started with
(Mo0,/3S¢43),AIC and (Mo,/3Yq/3),AlC, respectively. This is
crucial from an application perspective, allowing a retained
high quality of the material while reducing the cost, both
through use of more abundant elements and through reduced
waste material (impurity phases).
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2.3. Electrochemical performance in supercapacitors

The electrochemical behavior of the d-Mo, 3;CT,[AlY] free-
standing electrodes was measured in a 1 M H,SO, electrolytic
solution. Cyclic voltammetry and galvanostatic charge-dis-
charge experiments were conducted using a potential window
of —0.3-0.3 V (vs. Ag/AgCl). Fig. 4a shows the CVs of the first
few cycles recorded at a scan rate of 10 mV s~'. The potential
(U) was swept from the open circuit potential, OCP, of about
0.15 V down to —0.3 V, and was then reversed to an upper cut-
off potential of about 0.3 V. The shape of the cyclic voltammo-
gram shows typical pseudocapacitive behavior.’®*° In addition,
the shapes of the 15 and 10™ cycles were quite similar, reflect-
ing the high reversibility of the system and the absence of
parasitic side reactions. CVs at different scan rates 2, 5, 10, 20,
50, 100, 200, 500 and 1000 mV s~ ' are shown in Fig. S6a and
b.t As can be seen, the shape of the CV was not distorted even
at high rates, reflecting the good rate performance of the
electrodes.

o
o
<
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<
o
>
2
D
_0,4 1 ) N 1 1 1
0 100 200 300 400 500
Capacitance (F g™')
d400 SO
1MH
350 F Mo, ;,CT,[Sc] 29V
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Fig. 4 Electrochemical performance of d-Mo; 33CT,[AlY] 7.5 um thick electrodes, with a 2.1 mg cm~2 mass loading, in 1 M H,SO, solution: (a) cyclic
voltammograms at scan rates of 10 mV s™2, (b) potential (U) capacitance profiles at applied current densities of 0.5 (black), 1 (red) 3 (blue), 5 (orange)
and 10 (purple) A g2, (c) capacitance (red line), capacitance retention (black line) and coulombic efficiency (blue line) as a function of cycle number
during long-term cycling at a current density of 10 A g~2, (d) comparison of variations of gravimetric capacitance with logarithm of scan rates for

d-Mo, 33CT,[AlY] electrodes (red diamonds), d-Mo; 33CT,[Sc] (black square), and d-Mo; 33CT,[Y] previously reported data (blue circles

This journal is © The Royal Society of Chemistry 2021
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The results of constant current measurements (Fig. 4b)
were consistent with our CV results. The free-standing electro-
des delivered discharge capacitances of ~436, 345, 202, 155,
and 116 F g~ ' at current densities of 0.5, 1, 3, 5, and 10 A g™,
respectively. With a measured film density of ~3.0 g cm™, the
respective volumetric capacitances are ~1308, 1035, 606, 465,
and 348 F cm>. The latter results reflect the good rate capa-
bility of the electrodes. For example, when the current density
was raised by factor of 20, the capacitance retention was about
27%. Moreover, the coulombic efficiency varied between 98%
to 100% at low (0.5 A g~) and high (20 A g™') current den-
sities, respectively. One possible reason for the slightly lower
coulombic efficiency at low applied current densities, can be a
parasitic hydrogen evolution reaction which requires longer
time to occur due to relatively slow reaction kinetics.>"

After 10 000 cycles, at a current density of 10 A g™, 98% of
the initial capacity was retained (Fig. 4c). The latter result
exceeds our previously reported retentions for the
d-Mo, 33CT,[Sc] and d-Mo, 33CT,[Y] films, which displayed a
capacitance retentions of ~84% (after 10 000 cycles) and 97%
(after 5000 cycles), respectively.*®*°

To probe the quality of our MXene flakes, we fabricated
d-Mo, 33CT,[Sc] free-standing films (6 pm thick, density 3.5 g
em™®) with the same loading as a d-Mo, ;3CT,[AlY] film,
2.1 mg ecm™?, see the Experimental section below for the syn-
thesis details. Fig. 4d compares the electrochemical perform-
ance of d-Mo, 33CT,[AlY] (red diamonds) and d-Mo, 33CT,[Sc]
(black square) electrodes, as well as the data reported pre-
viously for d-Mo, 53CT,[Y] (blue circles).*® As can be seen from
Fig. 4d, the d-Mo, 33CT,[AlY] electrodes (morphology shown in
the SEM image in Fig. S4f) reported in this study possessed
the best electrochemical performance in terms of specific
gravimetric capacitance as well as rate capabilities. These
observations can be explained by the d-Mo, 33CT,[AlY] film
being less dense than that of d-Mo, 33CT,[Sc], resulting in an
increased interfacial surface accessed by the electrolyte ions
(H") and hence an increased measured capacitance. The CVs
at different scan rates for d-Mo, 33CT,[Sc] are shown in Fig. S6¢
and d,f while the comparison of the CVs at scanning rates 2,
10 and 1000 mV s ' between d-Mo,;;CT,[AlY] and
d-Mo, 33CT,[Sc] films are displayed in Fig. S7a, b and c,f
respectively. ~ The  volumetric  capacitance for the
d-Mo, 33CT,[AlY] and d-Mo, 33CT,[Sc] films (see Fig. S47) dis-
played a trend comparable to that for the gravimetric capaci-
tance, with the exception of the low rate performance; there
the volumetric capacitance of d-Mo, 33CT,[Sc] was higher than
d-Mo, 33CT,[AlY], owing to the different densities of the films.

The electrochemical performance of the d-Moy 3;CT,[AlY]
electrodes was further improved by using a 3 M H,SO, electro-
lytic solution (see Fig. S8f). The d-Mo, 33CT,[AlY] electrodes
delivered discharge capacitance of about 245, 200, 153, 127,
and 47 F g~ at current densities of 3, 5, 10, 20, and 100 A g,
respectively. With a measured density of ~3.0 g cm™>, the
respective volumetric capacitances were ~735, 600, 460, 381,
and 141 F ecm ™. After 40 000 cycles, at a current density of 20
A g7, 98% of the initial capacity was retained (Fig. S5). This
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improvement can be attributed to the increased ionic conduc-
tivity; however, the coulombic efficiency at low rate was
decreased, possibly due to the increased probability for hydro-
gen evolution. Consequently, 3 M H,SO, can be used as the
electrolyte in high rate applications and 1 M H,SO, can be
used as the electrolyte in low rate applications.

3. Conclusions

By starting with AlY, 3, instead of elemental Y and Al powders,
we synthesized the -MAX phase (Mo0,/3Y1/3),AlC. The sample
was ~75 wt% phase pure through the suppression of the for-
mation of the major secondary phase, MosAl,C. Synthesis of
vacancy-ordered Mo, 33CT, i-MXene was realized through an
optimized etching procedure that included etching in HF and
delamination using TBAOH. The obtained MXene yield was 6
times higher compared to our previous reports wherein we
started with elemental Y and Al powders. Furthermore, high
resolution microscopy demonstrated sheets of high structural
quality, including comparatively few and smaller pores from
the etching procedure. Free-standing films showed an electro-
chemical performance at the level of, or beyond, previously
results for Mo, 33CT, derived from either (Mo,/3Y4/3),AlC or
(Moy/3Scy/3),AIC. In  particular, the herein synthesized
Mo, 33CT, MXene electrodes tested in 1 M H,SO, delivered
high capacitances of about 436 F ¢~* (1308 F cm™®) and 116 F
27! (348 F cm™?) at low (0.5 A g~ ') and high (10 A g™") current
densities, respectively. The rate capability of the MXene elec-
trodes was further improved upon changing of the electrolyte
to 3 M H,SO,. The long-term cycling showed a stable behavior
with a capacity retention of 98% after 10 000 cycles.

The results presented here open the door for using
(Moy/3Y13),AIC, instead of (Moy,/3Scy/3),AIC, to produce vacancy-
ordered Mo, 33CT, MXene with matching or even improved yield,
quality, and performance. The importance of these findings can
be expressed in terms of reduced waste material, lowered cost, use
of more abundant elements, and higher applicability.

4. Experimental section

4.1. Synthesis of (Mo3/,Y4/3),AIC[AlY]

This phase was synthetized by a solid state reaction between
Mo (-3 to 7 pm, Alfa Aesar, Kandel, Germany, 99.999 wt%
purity), YAl 88/12 wt% (—350 mesh, Plansee Composite
Materials, Lechbruck, Germany, 99.4 wt% purity), Al
(=325 mesh, Alfa Aesar, Kandel, Germany, 99.5 wt% purity),
and graphite (—200 mesh, Alfa Aesar, Karlsruhe, Germany,
99.9995 wt% purity) in the molar ratio of 1.33:1:2.45:1,
respectively,  corresponding to a  stoichiometry of
(Mo3/,Y1/3),AlC. These powders were manually mixed in an
agate mortar, then cold pressed into 0.5 cm diameter and
1 cm thick disks using a manual hydraulic press to a load
corresponding to a pressure of 70 kPa. Afterwards, the cold
pressed samples were placed in an alumina crucible and
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inserted in a horizontal tube furnace. The furnace was heated,
under a 5 scem Ar flow, at 5 °C min™" to 1500 °C and were
held at that temperature for 10 h. After furnace cooling, the
samples were crushed, again, using a mortar and pestle and
sieved through a 450-mesh sieve. The (Mo3/,Yy/3),AIC[Y] and
(Mo,/3S¢),AlC i-MAX powders were synthetized using the
methods described previously in ref. 49 and 45, respectively.

4.2. Synthesis of Mo, ;3CT,[AlY]

Two grams of (Mo,/3Y4/3),AIC[AlY] powders (—450 mesh) were
immersed in a Teflon bottle containing 40 ml of 25 vol% HF
(Sigma Aldrich, St Louis, USA). The mixture was stirred using a
Teflon coated magnetic stirrer bar for 120 h at RT. The result-
ing mixture was washed with N, deaerated deionized water
(DI) for several cycles till the pH was ~6 (typically, 8 cycles
were needed). In each washing cycle, 40 ml of DI water were
added to the ML powder in a centrifuge tube, and was hand-
shaken for 1 min, then centrifuged at 5000 rpm for 1 min, and
after that the supernatant was decanted.

For delamination, 1 g of the ML powder was added to 5 ml
of an aqueous solution of 54-56 wt% TBAOH (Sigma Aldrich,
Sweden). The mixture was hand-shaken for 5 min, and then
washed 3 times by 40 ml deaerated DI water each time.
Subsequently, 50 ml of deaerated DI water was added to the
intercalated powder and hand-shaken for 5 min, followed by
centrifugation at 2500 rpm for 30 min. The resultant super-
natant, containing delaminated single or few layer
Moy 33CT,[AlY] flakes at a concentration of 3 mg ml™", was
vacuum-filtered onto a nanoporous polypropylene membrane
(3501 Coated PP, 0.064 pm pore size, Celgard, LLC, USA)
forming a flexible free-standing film. The d-Mo, 33CT,[Sc] free-
standing film was synthetized using the method described pre-
viously in ref. 45.

4.3. Materials characterization

The microstructures and morphologies of (Mo,,3Y1,3),AIC[AlY]
powder and a d-Mo, 33CT,[AlY] free-standing film were charac-
terized using a SEM (LEO 1550 Gemini) operated with an accel-
eration voltage between 5 and 15 keV.

Further imaging of (Mo,/3Y4/3),AIC[AlY] i-MAX particles and
single flakes of d-Moy 33CT,[AlY] MXene was performed using
a STEM combined with high angle annular dark field imaging
in a double-corrected Linkoping FEI Titan® 60-300, operated
at 300 kV. A Cu grid, supporting amorphous carbon films, was
used to prepare the i-MAX TEM sample by drop casting a DI
water suspension containing i-MAX particles on the Cu grid.
In the case of the d-Mo, 3;CT,[AlY] MXene, TEM sample, the
MXene colloidal suspension was drop cast onto a Cu grid. To
reduce noise, combined Wiener and ABSF filtering of the
HRSTEM images was applied using the HRTEM filter plugin
for Digital Micrograph.®°

X-Ray diffraction patterns for the i-MAX phase samples and
free-standing d-Mo, 33CT,[AlY| films were obtained using a
PANalytical X'Pert powder diffractometer with a Cu source (Ax,
~ 1.54 A). A graded Bragg-Brentano HD, with a 1/4° divergent
and 1/2° anti-scatter slits was used in the incident beam side,
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and a 5 mm anti-scatter slit with a Soller slit (with an opening
of 0.04 radian) was used in the diffracted beam side. A con-
tinuous scan with step size of 0.008° with a 40 s time per step
was performed on the samples.

The XRD patterns of the (Mo,;3Yy3),AIC[AlY] and
(Moy/3Y4/3),AIC[Y] powders were analyzed by the Rietveld
refinement method, using the FULLPROF code.’™® Refined
parameters were the scale factors, from which the relative
phase fractions were evaluated, X and Y profile parameters for
peak width, lattice parameters (LPs) and atomic positions for
all phases. The background was refined via a 6-coefficient poly-
nomial function.

XPS measurements of the d-Mo, 33CT,[AlY] free-standing
film were carried out using a surface analysis system (Kratos
AXIS Ultra®"P, Manchester, U.K.) with monochromatic Al-Ka
X-ray (1486.6 eV) radiation. The sample was mounted on a
double-sided tape and grounded to the sample stage with
copper contacts. The X-ray beam irradiated the sample surface
at an angle of 45°, with respect to the surface and provided an
X-ray spot of 300 x 800 pm. Charge neutralization was per-
formed using a co-axial, low energy (~0.1 eV) electron flood
source to avoid shifts in the recorded binding energy (BE). XPS
spectra were recorded for F 1s, O 1s, C 1s, Al 2p, Mo 3d and Y
3d. The analyzer pass energy used for all the regions was 20 eV
with a step size of 0.1 eV. The BE scale of all XPS spectra was
referenced to the Fermi-edge (Eg), which was set to a BE of
zero eV. The peak fitting was carried out using CasaXPS
Version 2.3.16 RP 1.6 in the same manner as in ref. 57 and 63.
The global elemental percentage was quantified as in ref. 57
and 63.

4.4. Electrochemical characterization

Cyclic voltammetry and constant-current (galvanostatic charge-dis-
charge) techniques were used to explore the electrochemical per-
formance of the d-Mo,3;CT, free-standing electrodes using a
potential window of —0.3-0.3 V vs. Ag/AgCl. The electrochemical
experiments were carried out using three-electrode stainless-steel
Swagelok cells. The as-prepared Mo, 33CT, free-standing film with
a mass loading 2.1 mg ecm ™ was punched into circular electrodes
4 mm in diameter. The electrode mass was about 250-280 pg.
These electrodes were used as the working electrodes. A circular
electrode of activated carbon (YP-50, Kuraray, Japan) and Ag/AgCl
(saturated KCI) were used as the counter and reference electrodes,
respectively. A gold foil was used as the current collector and a
piece of Celgard 3501 soaked in 1 M H,SO, solution (500 ul) was
used as a separator.

Additional experiments were performed using a 3 M H,SO,
solution. For volumetric capacitance calculations, the density
of the MXene film was deduced from the film thickness and
its mass was found to be 2.8-3.0 g cm ™.

The charge/discharge capacitance (F g~') was determined
by integrating the anodic/cathodic charge portions in the
cyclic voltammograms using the relation:

. . . 1 1 )
Gravimetric capacitance(Fg™ ") = T m s idv
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where V: is the potential window (V), m: is the mass of active
material (g), v: is the scan rate (V s7'), and #: is the charging/
discharging current (A).

Volumetric capacitance(Fem ) =
gravimetric capacitance(F g~ !)packing density(g cm ™)
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