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Toward MBenes Battery Electrode Materials: Layered

Molybdenum Borides for Li-lon Batteries

Ahmad Majed, Mohammad Torkamanzadeh, Chukwudi F. Nwaokorie,
Karamullah Eisawi, Chaochao Dun, Audrey Buck, Jeffrey J. Urban,
Matthew M. Montemore, Volker Presser, and Michael Naguib*

Lithium-ion and sodium-ion batteries (LIBs and SIBs) are crucial in our shift
toward sustainable technologies. In this work, the potential of layered boride
materials (MoAIB and Mo,AIB,) as novel, high-performance electrode
materials for LIBs and SIBs, is explored. It is discovered that Mo,AlIB, shows a
higher specific capacity than MoAIB when used as an electrode material for

13.0% from 2020 to 2027.12! Lithium,
among other alkali metals, has been stud-
ied the most due to its relatively small
atomic size, mass, and higher ion mo-
bility, giving batteries with higher energy
storage capacity.l®!

LIBs, with a specific capacity of 593 mAh g~ achieved after 500 cycles at

200 mA g~ . It is also found that surface redox reactions are responsible for Li
storage in Mo,AlIB,, instead of intercalation or conversion. Moreover, the
sodium hydroxide treatment of MoAIB leads to a porous morphology and
higher specific capacities exceeding that of pristine MoAIB. When tested in
SIBs, Mo,AlB, exhibits a specific capacity of 150 mAh g~ at 20 mA g~ .
These findings suggest that layered borides have potential as electrode
materials for both LIBs and SIBs, and highlight the importance of surface

redox reactions in Li storage mechanisms.

1. Introduction

Lithium-ion batteries (LIBs), owing to their relatively high energy
and power density, are commonly used within portable applica-
tions such as mobile phones and laptops. Since Sony started us-
ing LIBs in the 1990s,[!! exponential growth in manufacturing
batteries reached a current market size of $34.2 billion (USD),
which is expected to grow at a compound annual growth rate of

2D nanosheets are potentially suit-
able active materials for hosting ions
generally due to their higher surface
areas, favorable diffusion kinetics, and
higher ion capacities owing to their
unique morphology.*l Transition metal
borides (TMBs), such as MoB,, TiB,,
NbB,, ReB,, and OsB,, are considered
refractory materials because of their
high chemical, mechanical, and thermal
stability.®! This family has unique me-
chanical, electronic, and thermal prop-
erties, broadening the range of appli-
cations to include tribology,®l electro-
chemical energy storage,’! catalysis,®!
and high-temperature structures in the aerospace industry.l°!
Ternary transition metal borides, such as MoAlB, Cr,AlB,,
Mn,AlB,, and Fe,AlB,, are considered layered materials with an
orthorhombic crystal structure that can be described as blocks
of TMB (e.g., MoB and FeB) interleaved by aluminum atoms
(double layers of Al in the case of MoAlB, mono layers for the
rest).[10]
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MBene is a term derived from MXene (M: early transition
metal, X: C and/or N), given their similarities to graphene from
morphological and high electrical conductivity aspects,!*1*2 with
one change where X is boron.['] Combining first-principles den-
sity functional method and crystal structure prediction tech-
niques, Bo et al. reported a group of hexagonal 2D MBenes,
transition metal borides such as Sc,B,, Ti,B,, Y,B,, Zr,B,, and
Mo,B,, that are predicted to have good stability and excellent
electronic conductivity.'*l It was also predicted that MBenes
like V,B,, Cr,B,, Mn,B,, Mo,B,, and Fe,B, have promising
performance as electrode materials in LIBs and/or sodium-ion
batteries.['>1%] Mo, B, and Fe,B, were predicted to have low om-
nidirectional diffusion energy barriers and high specific capacity
for Li atoms.['?]

In the Mo-B binary phase diagram, Mo borides have many
possible compositions, such as Mo,B, MoB, MoB,, Mo,Bs, and
MoB, .1l For MoB, there are two possible phases: tetragonal a-
MoB (I4,/amd, Z = 8) and orthorhombic #-MoB (Cmcm, Z =
4). However, #-MoB was found to be slightly less stable than a-
MoB, which explains why f-MoB can only be synthesized at low
temperatures.!'] Similar to the synthesis of MXenes from MAX
phases using selective etching of the A element layer,'’] in prin-
ciple, 2D f-MoB nanosheets can be realized by the selective etch-
ing of Al from MoAIB at relatively low temperatures to maintain
the structure of the MoB building blocks. Using ab initio calcu-
lations, Guo et al. reported that 2D Mo, B, with van der Waals
bonding between the atomic layers could be achieved through se-
lective etching of the single Al layer from Mo, AlB,, which could
be a potential MBene precursor.['2) However, since Mo,AlB, is
metastable, one has to start with MoAIB (despite having double
Al layers) as it is the only stable phase that can be obtained by a
solid-state synthesis in the Mo-Al-B ternary phase diagram.!*®]

Partial etching of MoAIB was first reported in 2017, where the
powdery sample was stirred in NaOH solutions of different con-
centrations (10% and 30%), etching times (24 and 72 h), and tem-
peratures (room temperature and 70 °C).[""] The best results were
achieved by stirring MoAlB in 10% NaOH at room temperature
for 24 h. The effects of concentration and etching time were not
significant, while raising the etching temperature to 70 °C or re-
placing the etchant with 48% HF caused significant corrosion.!*"’
After the NaOH treatment, it was observed that Al was etched
out of the surface of the particles only, as the formed MoAl,_,B
hinders further etching. To obtain crystalline Mo,AlB,,[?] the
already NaOH-treated MoAIB powders were pressed, vacuum-
sealed into quartz ampules, and then heated to 600 °C for 4.5 h;
the heating cycle was ended by quenching since Mo,AlB, is
metastable.[?) Alameda et al. also reported that using 2 M LiF
and 6 M HCI at room temperature results in similar outcomes
to using 10% NaOH.?!l Through optimization of the synthetic
parameters, Kim et al. reported a phase-pure Mo,AlB, by etch-
ing MoAIB in 3 M LiF and 10 M HCI at 40 °C for 48 h, though
they did not further explore the conversion of Mo,AlB, into 2D
MBene.[??!

As outlined above, the etching and exfoliating MAB phases
into 2D MBenes have been shown to be synthetically elusive,!?!?3]
hence the scarce experimental reports on their applications.[**]
While general aspects of Mo,AlB, synthesis and the resulting
partially-etched species were investigated in past works, their ac-
tual use for Li-ion batteries has remained unexplored. In this

Small Methods 2023, 7, 2300193

2300193 (2 of 11)

www.small-methods.com

study, we report synthesizing single-phase Mo,AlB, and its elec-
trochemical performance as electrode materials for Li-ion and
Na-ion batteries for the first time. At a specific current of 20 mA
g!, a specific capacity of 380 mAh g~! (corresponding to 2.7
Li per 1 Mo,AlB,) was achieved. The lithiation and delithia-
tion mechanisms were studied through X-ray photoelectron spec-
troscopy (XPS) to confirm the intrinsic electrochemical proper-
ties of the structure in our study.

2. Results and Discussion

The MoAIB structure can be viewed as Mo, B,-2Al-Mo, B,, where
each Mo,B, atomic layer is interleaved with double zigzag
Al layers while Mo,AlB, has only one Al layer, as shown in
the schematic view in Figure 1a. The solid-state synthesis of
MoAIB was confirmed by comparing the X-ray diffractogram in
Figure 1D to the reflections predicted for MoAlB (PDF#01-072-
1277). The as-synthesized MoAlB pellet was pulverized into pow-
ders, poured into HF acid, stirred at 45 °C for 48 h, washed with
de-ionized water, and dried using vacuum-assisted filtration to
obtain Mo,AlB,. Energy dispersive X-ray spectroscopy (EDS) of
the treated sample showed Mo:Al to be 2:1 (atomic ratio) after
etching, indicating 50% Al reduction. To confirm the topochem-
ical transformation of MoAlB into Mo, AlB,, XRD patterns of the
two samples were collected. As shown in Figure 1b, a signifi-
cant change in the structure is noticed. The inset of Figure 1b
shows the (020) reflection shift due to etching from 12.6° (26) to
13.8° (26), indicating a reduction in d-spacing from ~7.0 to 6.4 A
and removal of an Al layer, which was also reported in the pre-
vious literature.'-2225] Alameda et al.[?] utilized annular dark-
field in the scanning transmission electron microscope to in-
vestigate the structural transformation from MoAIB to Mo, AlB,.
Their findings indicated that the double Al layers are reduced to
a singular layer upon etching, and that the layered structure is
made of [Al- (Mo, B,)], blocks. The researchers also observed that
the nanolaminate sheets have varying thicknesses ranging from
1to 3 unit cells of Mo, AlB,, with the majority of the sheets having
a thickness of 1 unit cell (~1.3 nm). Figure 1c shows a scanning
electron micrograph of Mo, AlB,, revealing accordion-like flakes
with a layered morphology similar to MXenes.['”]

From previous literature, particle size selection was reported
to affect etching quality.[2*2] Therefore, we separated the precur-
sor MoAIB sample sizes into two ranges, namely, small (<10 um)
and large (10 to 45 pum) particles. Results after applying HF treat-
ment to both samples can be found in Figure S1 and Table S1,
Supporting Information. The larger particle size range showed
a larger shift in the (020) peak in Figure Sla, Supporting Infor-
mation, less Al% content in the EDS results, higher mass loss of
30% for (10 to 45 pm) and 15% for (<10 pm), and an accordion-
like morphology, Figure S1c, Supporting Information. Therefore,
larger particles (10 to 45 pm) are expected to have a better etch-
ing response from the HF treatment etching compared to smaller
(<10 pum) particles. This could be due to the easier passivation of
smaller particles,?”] or due to the higher reactivity of smaller par-
ticles with larger surface area raising the possibility that they are
etched then dissolved completely in HF, which can be observed
during the washing step when a dark purple colored solution ap-
pears, indicating the existence of Mo** in the solution. The lower
mass loss of particles <10 pm suggests a combined mechanism
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Figure 1. From MoAIB to Mo,AIB,: a) Schematic for the structural evolution of Mo, AlIB, from MoAIB. b) X-ray diffractograms of MoAIB before and after
HF treatment. Si was added as an internal reference for the peak position. c) Scanning electron micrograph of MoAIB before and after etching.

where small particles become passivated or fully etched. From
these results, we can recommend using size selection to target
larger particles before etching to narrow the particle size distri-
bution and increase the etching efficiency. For further tests in
this study, we focused on the (10 to 45 pm) sample. After etching,
we milled the Mo,AIB, powder (scanning electron micrographs
are shown in Figure S2, Supporting Information) to explore the
milling effect on the electrochemical performance.

The electrochemical behavior of Mo, AlB, as an electrode ma-
terial for LIBs is shown in Figure 2 and Figures S3-S7, Support-
ing Information, and for Na-ion batteries (SIBs) the electrochem-
ical behavior is shown in Figure S8, Supporting Information.
The cyclic voltammograms of MoAlB and Mo, AlB, at 0.2 mV s
scan rate in Figure 2a show a significant difference. Specifically,
there are two redox pairs at (0.39 and 0.45 V) versus Li/Li* and
(1.25 and 1.52 V) versus Li/Li* appearing after HF etching, in-
dicating that more electroactive species existed. The redox peaks
of the electrodes before etching were at potentials below 0.1 V
versus Li/Li*, which are related to the activated carbon suggest-
ing that MoAlB is not electrochemically active.[?] The redox peak
positions in the cyclic voltammograms after milling remained
unchanged. Figure S3, Supporting Information, shows the first
four cycles in milled Mo, AlB,. The first discharge had relatively
more peaks due to irreversible reactions and likely the forma-
tion of solid electrolyte interphase (SEI). Potentiostatic electro-
chemical impedance spectroscopy (PEIS) of MoAlB, Mo,AlB,,
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and milled Mo,AlB, are shown in Figure S4a, Supporting In-
formation, along with their fits. The circuit used in fitting the
PEIS data is shown in Figure S4c, Supporting Information. Etch-
ing appeared to reduce the charge transfer resistance R, from
3.9 to 3.2 mQ cm? without significantly affecting the system re-
sistance R, from 0.64 (MoAlIB) to 0.7 mQ cm? (Mo,AlB,). Etching
also reduced the slope of the straight line at the lower frequency
region, indicating a more diffusion-limited regime is accessed,
which agrees with the results from the b-value. Milling Mo,AlIB,
showed more deviation toward the diffusion regime with a slight
increase in the resistances R, = 1.1 mQ c¢m? and R, = 3.9 mQ
cm?.

A range of scan rates (namely, 0.1, 0.2, 0.5, 1.0, and 2.0 mV
s71), was tested for the electrodes before etching, after etching,
and after milling of the etched material (Figure S3a—c, Support-
ing Information). Higher current values are usually observed for
faster scan rates due to the decrease in the size of the diffusion
layer.??! In Mo, AlB,, the minimum peak-to-peak separation was
0.13 V for 0.1 mV s~! while the maximum value was 0.55 V
for 2 mV s7!, which may indicate a decrease in reversibility for
faster scan rates.[?”) The general relationship between peak cur-
rentand scan rate is given by i, = av® where a and b are adjustable
parameters.[*] The b-value can range from (b = 0.5) if the elec-
trochemical reaction is limited by semi-infinite diffusion to (b
= 1) if the current is interface-controlled (typical for capacitive
and pseudocapacitive systems).31-}] Recording the upper peak
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Figure 2. Electrochemical analysis. a) Cyclic voltammetry of MoAIB, Mo,AIB, before and after milling at 0.2 mV s~ scan rate. b) b-value log(ip)~log(v)
plot of voltammograms of MoAIB, Mo,AlIB,, and milled Mo,AlIB, tested at scan rates 0.1-2.0 mV s~'. c) Voltage profile of milled versus non-milled
Mo,AlIB, for the first five cycles at specific current 20 mA g~'. d) Rate handling capability of MoAIB, Mo,AIB,, and Mo,AIB, milled at specific currents
of 20-1000 mA g~'. e) Cycling stability of non-milled and milled Mo,AIB, at specific currents of 200 and 500 mA g~!
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current values from each profile, we plotted log (i) versuslog (v),
as shown in Figure 2b. After linear fitting, the b value for MoAlB,
Mo, AlB,, and milled Mo,AlB, was 0.82, 0.70, and 0.78, respec-
tively.

The voltage profile before and after milling is shown in
Figure 2c, where the coin cell was cycled at 20 mA g~! and the first
five cycles of each Mo,AlB, (blue profile) and Mo, AlB, milled
(red profile). Both samples plateaued at 1.2 (discharge) and
~1.5V (charge) versus Li/Li*, which agrees with results obtained
from cyclic voltammograms in Figure 2a. A specific capacity of
380 mAh g=! (3.5 Li per Mo,AlB,) was obtained in the first cy-
cle of milled Mo,AlB,, which is 19% higher than the unmilled
ones storing 320 mAh g=! (2.8 Li per Mo,AlB,). By the fifth cy-
cle, milled Mo, AlB, had a 55% higher capacity of about 310 mAh
g~! (2.7 Li) compared to the unmilled sample with a capacity of
200 mAh g=! (1.7 Li). Although the specific capacity of Mo,AlB,
has not been reported before, the Mo, B, structure has been the-
oretically predicted to have a specific capacity of 444 mAh g1,
corresponding to 4 Li per Mo,B,. The difference between our
reported values and the theoretical values of Mo, B, could be at-
tributed to the incomplete removal of Al as singular Al layers exist
in the Mo, AlB, structure.[?]

The rate handling was carried out at specific currents of
20-1000 mA g~! for MoAlB, Mo,AlB,, and Mo,AlB, milled in
Figure 2d. In the first cycle, milled Mo, AlB, had a specific capac-
ity about four times higher than MoAIB. The specific capacity for
MOoAIB was generally low (40-50 mAh g~!) in all tested specific
currents. On the other hand, the capacity increased 230% and
300% for Mo,AlB,, and milled Mo,AlB,, respectively. At 20 mA
g1, milling the sample before testing increased the capacity 50%.
The milling effect appeared to fade for higher specific currents
until it vanished at a rate of 1000 mA g=!.

Exploring the cycling stability of Mo,AlB, in Figure 2e, we
tested Mo,AlIB, before and after milling at specific currents of
200 and 500 mA g~!. The first discharge specific capacity of the
non-milled sample was 302 and 83 mAh g~! for specific currents
200 and 500 mA g~!, respectively. At 200 mA g=!, a minimum
specific capacity was reached after 100 cycles; however, the capac-
ity increased gradually with cycling reaching a specific capacity
of 156 mAh g™ after 500 cycles. Milling Mo, AlB, had a benefi-
cial effect on the specific capacity. For 200 and 500 mA g cells,
the first discharge specific capacities of milled Mo,AlB, were
496 and 441 mAh g1, respectively, which are 1.6- and 5.0-times
higher than their respective non-milled. Coulombic efficiency for
the first cycle was 68%, and after 20 cycles, it was maintained at
>99%. After 500 cycles, the difference in capacity between milled
and non-milled Mo, AlB, was significant and noticeable. The spe-
cific capacities of the milled ones were 594 and 283 mAh g~!
at 200 and 500 mA g1, respectively, which are 281% and 342%
higher than the non-milled ones. The increase in specific capac-
ity due to milling can be attributed to the decrease in average
particle size, thereby increasing the accessible surface area and
enabling more electrochemically active sites to store Li. The spe-
cific capacity values of milled Mo,AlB, are close to that of MX-
enes and commercial graphite in LIBs (372 mAh g™!). However,
further studies to completely etch out the aluminum layer, will
potentially increase the capacity.’] The cycling-induced capac-
ity enhancement was reported in previous literature.[>*3% Sev-
eral reasons have been proposed to explain the anomalous ca-
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pacity increase with cycling, including improved electrolyte wet-
tability and creation of more accessible paths for shorter Li* ion
migration,?*%] the formation/decomposition of an electrolyte-
derived surface layer, the possibility of additional charge storage
at sharp interfaces between electronic and ionic sinks, redox re-
actions of Li-containing species, unconventional activity of struc-
tural defects, and metallic-cluster like Li storage.[*®] Experimental
evidence suggest that the reversible formation/decomposition of
lithium oxide plays a major in the enhanced capacity upon long
cycling.3%) However, further studies are needed to fully under-
stand the reason behind this capacity increase in Mo,AlB, sys-
tem. To shed light on the Li storage mechanism within Mo, AlB,,
we used ex situ XRD before and after lithiation. The electrode
was galvanostatically lithiated by discharging from open circuit
potential to 1 mV versus Li/Li* at a specific current of 10 mA g7,
then maintained at 1 mV until disassembly; the voltage profile of
the half cycle is shown in Figure 3a. The X-ray diffractogram af-
ter lithiation, in Figure 3b, shows no significant change in the
(010) peak compared to the one before lithiation, suggesting that
the storage mechanism is not likely to be intercalation. Further-
more, the absence of new reflections eliminates the possibility
of a conversion reaction. The particles within the lithiated sam-
ple appeared to maintain their morphology without swelling, as
shown in the scanning electron micrograph (inset, Figure 3a).

To investigate whether the higher performance of Mo,AlB,
compared to MoAIB was related intrinsically to Mo,AlB,, not
just due to oxides that might evolve during etching, we oxi-
dized our material using rapid thermal annealing (RTA) by heat-
ing at 900 °C for 30 s in air. Figure S9a, Supporting Informa-
tion, shows post-RTA XRD where MoO, (PDF#00-032-0671) and
MoO, (PDF#00-067-0476) were observed, in addition to the sig-
nificant unoxidized Mo, AlB,. If the performance were related to
the oxides, it would be intuitive to assume that having more ox-
ides would enhance the electrochemical performance and am-
plify the redox peaks. However, post-RTA cyclic voltammetry (CV)
(Figure S9b, Supporting Information) revealed a cyclic voltam-
mogram profile that can be distinguished from Mo,AlB, where
three redox pairs were observed at (0.20 and 0.42 V), (1.25 and
1.42 V), and (1.54 and 1.72 V) versus Li/Li* which are related to
both MoO, and MoO,.[“**11 The specific capacity decreased after
oxidation; this suggests that plausible surface oxides are not re-
sponsible for the capacity we measured for Mo,AlB,.

We utilized XPS to explore the material's bonding and sur-
face chemistry and probe changes, if any, in the oxidation state
of Mo due to electrochemical cycling. The results are shown in
Figure 3c and Table S2, Supporting Information. Four samples
were used for the XPS study, namely, i) MoAIB before etching,
ii) Mo, AlB, electrode before lithiation (MoAIB after HF etching),
iii) Mo,AlB, electrode after lithiation, and iv) Mo,AlB, electrode
after delithiation. In the Mo 3d spectra, a low binding energy
peak at 228.0 eV that was observed in i) MoAlB can be assigned
the 3d;,, of Mo-Al-B.[”} Other Mo 3d;, peaks were observed
at 229.5, 232.0, and 233.4 eV can be attributed to Mo(IV), Mo(V),
and Mo(VI), respectively.[**] HF etching appeared to shift the Mo—
Al-B 3ds, peak to a higher binding energy of 228.4 eV, which
could be attributed to the higher oxidation state of molybdenum
after etching, similar to what was observed for MXenes.[*44]
The Mo-Al-B 3d;,, peak was observed at 227.8 eV for iii) fully
lithiated (half cycle), and 228.2 eV for iv) fully lithiated and
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Figure 3. Mo,AIB, lithiation. a) Voltage profile of Mo,AIB, wafer during discharge at 10 mA g1 with inset scanning electron micrograph of Mo,AIB,
after lithiation. b) X-ray diffractograms before and after lithiation. c) XPS analysis of molybdenum spectrum for i) MoAIB, Mo,AlIB, electrode ii) before
cycling, iii) half cycle, and iv) full cycle. d) DFT-calculated lithiation energies for varying Li configurations for Mo,AlIB, and Mo, B, shown in (e) where
the atomic structure of Mo,AIB, is shown with the different configurations where Mo = Green, Al = Black, B = Pink, and Li = Purple. More details about
the atomic structure and Li configurations of Mo,AIB, and Mo, B, are shown in Figure S11, Supporting Information.

delithiated (full cycle). The lower binding energy of Mo-Al-B 3ds ,
in the half cycle (after fully lithiated) suggests that Mo, AlB, is re-
duced by Li. This is direct evidence that Mo,AlB, is contributing
to Li storage. The Mo-Al-B 3d;,, peak for the full-cycle sample
partially recovered as it was shifted to a relatively higher bind-
ing energy (viz., higher oxidation state) compared to the half-
cycle one, where 33% of the shift in binding energy was irre-
versible. This agrees with our electrochemical results of Mo, AlB,
in Figure 2d, showing irreversibility in the first cycle from 300 to
200 mAh g~ This irreversibility could be due to Li reaction with
surface terminations or etching products. A summary of the XPS
findings for Mo 3d can be found in Table S2, Supporting In-
formation, in addition to C 1s, B 1s, Al 2p, O 1s, F 1s, and Li
1s high-resolution spectra shown in Figure S10, Supporting In-
formation. From these results, we can conclude that the electro-
chemical performance observed in this study is intrinsic and re-
lated to the reversible redox reaction of Li with Mo, AlB, surface
according to the following reaction: Mo,AlB, + yLit + ye~ «—
Li,Mo,AlB,. Associating the higher Li storage with the milled
sample suggests that Li was stored only at the surface of the parti-
cles. With milling, the particle size decreased, and relatively more
surfaces were available to interact with lithium. To observe the
effect of etching and milling treatments on the specific surface
area (SSA) of MoAIB via nitrogen gas sorption analysis, as pro-
vided in Figure S12 and Table S3, Supporting Information. Al-
though the SSA values are low for all samples (1-13 m? g!),
HF-etching raised the SSA values from 1 to 7 m? g~!. Further-
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more, milling Mo, AlB, resulted in an increase of the SSA from
7to13m? g

To gain more insights into why Li does not intercalate in
Mo,AlIB, and is rather stored through surface redox, we car-
ried out ab initio calculations. In the selection and use of MAB
phases as electrode materials, the lithiation energy AE; is a
vital criterion for estimating the performance and the charge
storage mechanism.[*¢! Therefore, we used DFT to calculate the
lithiation energy into the bulk of Mo,AlB,. The structures in
Figure 3e show the lowest energy configurations of both the pris-
tine Mo, AlB, and lithiated Mo,AlB,. Our calculated lattice pa-
rameters were a = 3.06 A, b = 11.5 A, and ¢ = 3.18 A, which
match well with previous experimental work.[?’] We tested five
different intercalation configurations to find the most stable, as
shown in Figure 3d. Our results indicate that Li is the most stable
in the Al layer. In all these sites, the Li intercalation energy is pos-
itive (>3.8 eV), indicating that the Li atom is quite unstable. As a
comparison, we also performed calculations for Li intercalation
into Mo, B,, which has been studied previously. For Mo, B,, we
calculate an intercalation energy of —0.77 eV, in agreement with
previous work.l'**’] Therefore, intercalation into bulk Mo,AlB,
is more than 4 eV less favorable than Mo, B,. This suggests that
intercalation into the bulk is unlikely to occur, in agreement with
the XRD findings on the lithiated material.

Since Li storage is mostly due to the redox process at the
surface of the layered borides and increasing the surface area
by milling of Mo,AlB, results in higher specific capacity, it is
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Figure 4. MoAIB + NaOH Scanning electron micrographs of MoAIB treated with NaOH for a) 1 and b) 4 days. Effect of NaOH treatment on the
electrochemical behavior of MoAIB showing c) cyclic voltammograms of samples etched for 1 (brown color) and 4 days (orange color) at a 0.2 mV s™!
scan rate. d) Rate capability at specific currents of 20-1000 mA g~'. e) Cycling stability at 200, 500, and 1000 mA g~'.

reasonable to hypothesize that increasing the Li-accessible sur-
face in MoAIB will have a similar effect to the etching and
milling process in Mo, AlB,. Previous studies reported the effect
of NaOH on MoAIB.""2! NaOH treatment was observed to etch
the surface of MoAIB particles by removing the aluminum and
forming Mo, AlB, on the surface with a MoAIB core.[?% Hence,
we utilized NaOH to form Mo,AlB, surfaces and increase the
SSA of MoAIB, as provided in Figure S12 and Table S3, Sup-
porting Information. After treating MoAIB with NaOH for 1 and
4 days, the EDS analysis in Table S4, Supporting Information,
showed a decrease in the Al content as the Mo:Al ratio changed
from ~1.0:1.0 to 1.0:0.8 after 1 day, and 1.0:0.7 after 4 days. A sig-
nificant increase was noticed upon etching of the parent MoAIB
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that has only 1 m? g=! SSA to 4 m? g~! for the 1 day-etched and
to 11 m? g~! for the 4 days-etched samples.

The X-ray diffractograms, shown in Figure S13, Supporting In-
formation, revealed no peak shift. However, a significant asym-
metric broadening to higher 26 was observed, particularly in
the early (020) peak, which could be attributed to double peaks
(MoAIB and Mo, AlB,) or anisotropic strain. The emergence of
shoulders and peak broadenings, which are observed in most
of the peaks, are more pronounced upon longer NaOH treat-
ment compared to that of parent MoAlB, in agreement with pre-
vious reports.l?”) After NaOH treatment, scanning electron mi-
crographs (Figure 4) show layered porous morphology. Since the
formation of Mo,AlB, on the surface of MoAIB is a self-limiting
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process, little visible difference can be observed from scanning
electron micrographs of 1 day or 4 days treated samples. How-
ever, the distinction manifests itself in EDS (reduction of Al con-
tent) and XRD analyses outlined above. The particles were ob-
served to be corrugated due to NaOH treatment. The layers were
spaced out, and the surface roughness increased. We believe that
both effects have a positive contribution to electrochemical activ-
ity.

Figure 4 shows the CVs of MoAIB treated in NaOH for 1 day
and 4 days. Both voltammograms show redox peaks at (1.2 and
1.5 V); comparable to redox peaks for HF-etched Mo,AlB, in
Figure 2. PEIS of 1 day versus 4 days NaOH-treated MoAlB are
shown in Figure S4b, Supporting Information, where the circuit
used for fitting is shown in Figure S4c, Supporting Information.
We observed that for 1 and 4 days, R, was 0.11 and 0.06 mQ cm?,
respectively. For the charge transfer resistance, R, was 4.5 and
4.1 mQ cm? for 1 day and 4 days, respectively. The longer treat-
ment appeared to reduce the system and charge transfer resis-
tance. Recording the upper peak current values from each profile,
we plotted log (i) versuslog (v), as shown in Figure S4d, Support-
ing Information. After linear fitting, the b-values for MoAIB be-
fore and after NaOH treated for 1 day and 4 days were 0.82, 0.82,
and 0.85, respectively. The rate handling capability in Figure 4d
shows a significant increase in specific capacity after treating for
4 days, compared to 1 day. A specific capacity of 460 mAh g~! was
achieved in the first discharge cycle of the 4 days sample, which is
more than double the capacity of the 1 day sample. At 20 mA g1,
HF-treated samples appeared to have a higher specific capacity.
However, at a higher specific current of 1000 mA g=!, the 4 days
NaOH:-treated sample exceeded both the milled and non-milled
HF-treated samples. NaOH-treated samples showed a slight loss
in the specific capacity by doubling the specific current from 500
to 1000 mA g~!. In addition, the specific capacity appeared to in-
crease with the ten cycles under constant specific current, espe-
cially when comparing the samples when cycled at 20 mA g~ at
the beginning and the end of the test.

The cycling stability of NaOH-treated samples, shown in
Figure 4e, confirms the significantly enhanced specific capac-
ity. The electrodes were cycled at specific currents of 200, 500,
and 1000 mA g~'. After 500 cycles, the specific capacity of the 4
days NaOH treated sample was 420, 332, and 209 mAh g~ for
cells tested under specific currents of 200, 500, and 1000 mA g,
respectively. The 1 day NaOH treated sample showed 280, 225,
and 174 mAh g for the same respective specific currents. At
500 mA g1, both NaOH-treated samples have higher specific ca-
pacity than the non-milled HF-treated samples; however, not as
high as the milled HF-treated samples.

Due to the abundance and low cost of sodium, SIBs are ex-
plored as a more sustainable alternative to LIBs. Hence, we in-
corporated our material into SIBs to test their performance, as
shown in Figure S8, Supporting Information. The cyclic voltam-
mogram (Figure S8a, Supporting Information) from cycling at
0.1 mV s7! for 20 cycles shows that the redox peaks shifted sig-
nificantly to lower values <1 V versus Na/Na*. However, the ca-
pacity gradually decreased with more cycling. Rate capability was
also tested at the same specific currents as before (Figure S8b,
Supporting Information). The maximum capacity was 150 mAh
g~ at 20 mA g7!, gradually decreasing with higher specific cur-
rents. The electrode showed good capacity retention when tested
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at 20 mA g~! again after cycling at higher rates. Figure S8c, Sup-
porting Information, shows the voltage profile of the first five cy-
cles of Figure S8Db, Supporting Information, where the capacity
started low then gradually increased with more cycling. The mea-
sured specific capacity corresponds to 1 Na per Mo, AlB, formula
unit. Although the capacity values reported for the SIB are not
as high as that for the LIB, the results confirm the feasibility of
storing both Li and Na in layered molybdenum borides.

Based on the experimental work we presented, it was found
that the as-furnaced MoAlB has low SSA (Figure S12 and
Table S3, Supporting Information) and low specific capacity
(Figure 2). Etching MoAIB either by HF or NaOH increased the
SSA (Figure S12 and Table S3, Supporting Information) and elec-
trochemical performance, Figures 2 and 4). Although increasing
the electroactive surface area may facilitate side reactions like SEI
formation, studies show it can improve battery performance.[*8
Among the etched samples, NaOH-treated MoAIB (4 days) and
HF-etched-milled MoAIB exhibited high SSAs, b-values, capac-
itive contribution percentages, and, consequently, high energy
storage capacities.

Structurally, HF-etching fully transformed MoAIB to Mo, AlB,,
as shown in Figure 1. NaOH treatment was less aggressive than
HF acid. It was enough to etch only the surface of MoAIB parti-
cles and form Mo, AlB, surfaces; however, the core is still MoAIB
(Figure S13, Supporting Information) which agrees with previ-
ous results.?! From a surface area point of view, HF-etching re-
sulted in a higher SSA than MoAIB, and milling further increased
the SSA significantly by reducing the particle size. 1 day NaOH
treatment increased surface area of MoAlB, and extending the
NaOH treatment to 4 days significantly increased the surface area
even more (Figure S12 and Table S3, Supporting Information).

To confirm that the electrochemical redox reactions are
surface-controlled, we analyzed the voltammograms at differ-
ent scan rates. HF-etched MoAIB had the lowest b-value of 0.7
(Figure 2 and Figure S4, Supporting Information), indicating a
stronger limitation by diffusion of the species entering and leav-
ing the electrode surface. Milling Mo,AlB, increased the b-value
due to exposing more surfaces via particle size reduction. 4 days
NaOH-treated MoAIB had the highest b-value of 0.85 (Figure 2
and Figure S4, Supporting Information). The capacitive contri-
bution at scan rates 0.2 and 2.0 mV s™! are shown in Figures S5-
S7, Supporting Information. The surface-controlled contribution
appeared to increase due to milling the HF-etched MoAIB and ex-
tending NaOH treatment from 1 to 4 days.

3. Conclusions

In conclusion, we succesfully synthesized the Mo, AlB, structure,
which is one step closer to the Mo, B, MBene than MoAIB. We
used solid-state synthesis to produce the Mo,AlB, precursor (i.e.,
MoAIB), which was then partially etched to remove 50% of Al
using HF acid at 45 °C for 2 days. The etching process caused
significant changes in XRD, morphology, and EDS. When we
tested the materials as electrodes for Li-ion battery, we found that
the specific capacity of the first discharge was quadrupled when
milled Mo, AlB, was used instead of MoAlB. After 500 cycles, spe-
cific capacities 594 and 302 mAh g' were obtained for milled
Mo,AlB, and non-milled Mo,AlB,, respectively, when tested at
200 mA g!. Ex situ XRD and XPS studies for electrochemically
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lithiated and delithiated samples were performed to understand
the underlying charge storage mechanism. XRD showed no shift
in (010) peaks even for Li discharge capacity of >200 mAh g™,
suggesting that the charge storage is not by ion intercalation. This
aligns with DFT calculations, showing unfavorable Li intercala-
tion in Mo, AlB,. XPS was used to understand the bonding nature
after etching, lithiation, and delithiation. The binding energy of
the Mo-Al-B peak in the Mo 3d spectra was found to be shifted to
higher values due to etching, lower due to lithiation, and higher
again due to delithiation. NaOH treatment of MoAlB resulted
in a corrugated porous morphology with layers of high surface
roughness. NaOH-treated MoAIB has a significantly higher spe-
cific capacity compared to Mo,AlB,. Specific capacities of 420,
332, and 200 mAh g~ were achieved for 4 days NaOH-treated
samples tested under specific currents of 200, 500, and 1000 mA
g1, respectively. When Mo, AlB, was tested in Na-ion batteries, a
specific capacity of 150 mAh g~! was obtained at 20 mA g~' sug-
gesting potential applications in electrochemical energy storage
beyond Li-ion batteries. The present work highlights the viability
of transition metal borides as electrode materials for ion batter-
ies. It suggests further studies to realize borides and explore other
layered transition metal boride systems for energy storage.

4. Experimental and Methods Section

Synthesis of MoAIB Powder: The MoAIB powder was synthesized by
mixing and heating molybdenum boride (MoB, <45 um, 99%, Alfa Aesar)
and aluminum (Al, <45 um, 99.5%, Alfa Aesar) with atomic ratio Mo:B:Al
of 1:1.2. For mixing, zirconia balls were added with the powders into a
high-density polyethylene (HDPE) bottle that was then loaded to a Turbula
T2F mixer and rotated at 56 rpm for 3 h. Afterward, the mixture was cold-
pressed into a 1 in. diameter pellet and put into an alumina crucible in
the center of an alumina tube furnace. The pellet was heated from room
temperature to 750 °C, held for 2 h, then heated to 1550 °C for 2 h, and
finally cooled naturally to room temperature. A heating rate of 10 °C min~!
was used throughout the heating steps, and the whole thermal cycle was
performed under constant argon (Ar) gas flow.

Synthesis of Mo,AIB,:  Mo,AlIB, phase was synthesized by partial se-
lective etching of Al from the MoAIB phase. The MoAIB pellet was ground
into powders (<45 um) and then added to a bottle containing hydrofluoric
acid (HF, 48-51 mass%, Acros Organics, CAS: 7664-39-3) at a MoAIB:HF
ratio of (1 g:10 mL). The latter was done by carefully following the strict
safety protocols for handling HF.[*°] During the initial step of adding pow-
ders to the solution, the bottle was submerged in an ice bath. The mixture
was then heated to 45 °C inside a bath of mineral oil and held at this tem-
perature for 48 h with continuous stirring using a polytetrafluoroethylene-
coated magnetic bar at ~#500 rpm. Afterward, the powders were washed
using de-ionized (DI) water through centrifuging at 3500 rpm for 5 min,
decanting the supernatant, and refilling with DI water. The washing steps
were repeated until a near-neutral pH level (>6) was achieved, and fi-
nally, the powders were dried using vacuume-assisted filtration. To re-
duce the particle size, zirconia balls were added to the Mo,AIB, powders
into a 15 mL HDPE bottle filled with absolute ethanol (200 Proof, meets
USP/EP/ACS, Fisher Chemical). The bottle was sealed and inserted into
a high-energy ball milling (8000 m Mixer/Mill High-Energy Ball Mill, SPEX
SamplePrep) for six cycles (5 min each). After 5 min of milling, the HDPE
bottle was cooled in an ice bath. Afterward, the milled powders were col-
lected and dried through vacuum-assisted filtration.

MOoAIB Particle Size Selection before Etching:  To narrow the particle size
distribution of MoAIB before etching, we followed a procedure similar to
that reported by Zhang et al.,[28] where the ground MoAIB powder with par-
ticle size <45 um was put into a bath sonication with DI water for 20 min
to deagglomerate particles and then the mixture was stirred to maintain
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uniform distribution. Once stirring was stopped, powders in DI water were
allowed to settle for 154 s to sediment particles in the range of 10-45 um,
and the particles <10 um were filtered from the supernatant.

NaOH Treatment of MoAIB:  The NaOH treatment of MoAIB powders
was performed following a procedure reported elsewhere.[?!] Typically,
250 mg of MoAIB was treated with 250 mL of 10 mass% NaOH solution
(Sigma-Aldrich) at RT for 1 day (24 h) or 4 days (96 h) under stirring. Af-
terward, the mixture was vacuum-filtered through polyvinylidene fluoride
(PVDF) membranes (0.22 um, Merck Durapore), followed by filtration of
an excessive amount of DI water to wash away residual NaOH. The wet
PVDF membrane with the powder cake on its top was then placed in a
vacuum oven at room temperature overnight. The dried powder was then
gently removed from the membrane and stored to be used as electrode
material.

Material Characterization: The crystal structure of the samples was
investigated using a Cu K, Rigaku D/Max-2200 X-ray diffractometer. X-
ray diffraction patterns were collected at a 26 step size of 0.02° and scan
rate of 1° min~'. Scanning electron microscopy (SEM) images were cap-
tured using either an INCA-Hitachi S-4800 at an acceleration voltage of
3 kV, or a ZEISS-Gemini SEM500 system with acceleration voltages be-
tween 1-3 kV. The chemical composition within each sample was obtained
through EDS via the INCA-Hitachi S-3400 at an accelerating voltage of
30 kV. The XPS measurements were performed using the K-Alpha XPS
System from Thermo Scientific. The photon source was a monochroma-
tized Al X-Ray source (1.486 keV). The spectra were acquired using a spot
size of 300 pm and constant pass energy (150 eV for a survey and 20 eV
for high-resolution spectra). A combined low-energy electron/ion flood
source was used for charge neutralization. A dual monoatomic and gas
cluster Ar ion source was adopted for depth profiling and sample clean-
ing. A vacuum transfer vessel was used to protect the sample from ox-
idation. To clean the sample surface from contamination, Ar sputtering
was applied onto MoAIB powder, Mo,AlB,, lithiated Mo,AIB,, and delithi-
ated Mo,AlIB, for 30, 360, 600, and 360 s, respectively. More sputtering
time was required for the lithiated Mo,AlIB, to remove the SEI layer. The
X-ray photoelectron spectra were calibrated using adventitious carbon at
284.8 eV.5% Linear and Shirley backgrounds were used for C 1s and Mo
3d, respectively. Most peaks were fitted using a Gaussian Lorentzian curve
GL(30), except for Mo—Al-B which was fit using A(0.38,0.6,10)GL(10), as-
suming peak asymmetry. The Mo 3d high-resolution spectrum was fitted
using doublets 3ds, and 3d;;, with an area ratio 3:2 and separated by
3.13 eV.

Electrochemical Testing:  LIBs with Mo,AlIB, as an active material were
assembled to study their electrochemical performance. The slurry was pre-
pared using the active material, carbon black (CB, Alfa Aesar, >99.9%), and
PVDF (molecular weight 2534 000, Sigma-Aldrich) in a mass ratio of 8:1:1,
respectively. 1-Methyl-2-pyrrolidone (99.5%, Acros Organics, extra dry over
molecular sieve) was added to the mixture and ground together using mor-
tar and pestle until a homogeneous slurry was formed. The slurry was drop
cast using a pipette on copper foil discs (10 um thick, 12 mm diameter)
and allowed to dry overnight in an oven at 60 °C. In the standard two-
electrode CR2032 coin cells used in this study, the active material acted
as a working electrode, and lithium/sodium metal acted as a counter and
reference electrode. For LIBs, 1 m lithium hexafluorophosphate (LiPFg)
dissolved in ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
EC:EMC (3:7 by volume) was used on the glass fiber separator, while for
SIBs, 1 M sodium hexafluorophosphate (NaPFg) dissolved in ethylene car-
bonate (EC) and diethyl carbonate (DEC) EC:DEC (1:1 by volume) was
used. Coin cells assembly was carried out in an Ar-filled glovebox (O, and
H,0 <0.1 ppm)

CV and PEIS tests in this study were performed at room temperature
using an electrochemical workstation (VMP3, BioLogic), and EC-Lab soft-
ware was utilized for data collection and analysis. CV was measured at
scan rates of 0.1, 0.2, 0.5, 1.0, and 2.0 mV s~ between 1 mV and 3 V ver-
sus Li/Li* (for SIB, the voltages are measured versus Na/Na‘). 200 kHz
to 10 mHz was the frequency range for PEIS test. Galvanostatic cycling
for rate handling capability and stability tests were performed by battery
cycler (CT2001A, LANDHE, Wuhan, China). The rate handling capability
was quantified using specific currents of 20, 50, 100, 200, 500, 1000, and

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH

85U8017 SUOWILIOD aAIIe81D 8|aedljdde sy Aq peusenob a1 sajoile O 8sn Jo Sajni 1o AriqiT aUIUO A3|1/ UO (SUOIIIPUOD-PUe-SLUBIAW0D" A8 | IM° ARelg 1 pU1|UO//SANY) SUONIPUCD pue Swie | 8Y)88S *[£202/60/T0] Uo AridiTauljuo A8|IM ‘€6T00EZ0Z PILS/Z00T OT/I0p/W0 A3 | m Ate.q 1jpuluo//:Sdny Wolj pepeojumod ‘g ‘€202 ‘80969962



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

back to 20 mA g~". Cycling stability was studied at specific currents of 100,
200, 500, and 1000 mA g~'.

Gas Sorption Analysis:  Nitrogen gas sorption analysis was performed
using an Autosorb iQ system (Quantachrome; now Anton-Paar) at liquid
nitrogen temperature (—196 °C). Before each measurement, the samples
in test tubes were outgassed by heating mantles that heated the samples
at a ramping rate of 20 °C min~" to reach the target temperature of 300 °C
and held for 3 h. The SSA was calculated by the ASiQwin-software using
the Brunauer-Emmett-Teller equation(® and quenched-solid DFT.[32]

Theoretical Calculations: Density functional theory (DFT) calculations
were carried out using the Vienna ab initio simulation package.l>34l
The generalized gradient approximation of Perdew, Burke, and Ernzer-
hof, was utilized for the exchange—correlation functional.[3%] The projector-
augmented wave method was used to treat the electron—ion interaction,
and the cut-off energy of the plane-wave basis set was 550 eV. A3 X 3 X 1
cell of Mo,AlIB, was employed to model the intercalation of Li using a 4 x
4 x 1 k-point grid.[56>7]

We performed a full geometry optimization for the Li-incorporated
Mo,AIB,, placing the Li in multiple sites to find the most favorable config-
uration. The energy for Li intercalation was calculated as

AE|; = Eyo,aiB,+Li, — Emo,ais, — MEL (M

Here, Eyo, als,+1i IS the total energy of the lithiated Mo,AIB, with n Li
2 2 n

atoms, Ey,, a8, represents the total energy of the pristine Mo,AlB,, and
E,; denotes the total energy per atom of bulk Li metal. A negative value
of the intercalation energy indicates that the Li atom prefers to intercalate
into the Mo,AIB, rather than Li cluster formation.['?l In this work, our
calculated lattice parameters were a = 3.06 A, b = 11.5 A, and ¢ = 3.18 A,
which match well with previous experimental work.[20]
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