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Ternary MAB phases (layered transition metal borides) have recently
attracted interest due to their exfoliation potential toward MBenes
(analogous to MXenes), which are predicted to have excellent Li-ion
battery performance. We have achieved single-phase synthesis of
two MAB phases with general composition Ni,;1ZnB, (n = 1, 2), the
crystal structures of which contain zinc layers sandwiched between
thin (n = 1) and thick (n = 2) Ni—B slabs. Highly stacked MAB sheets
were confirmed by X-ray diffraction and high-resolution scanning
electron microscopy for both materials. Exposing Ni,.1ZnB,, to diluted
hydrochloric acid led to the creation of crystalline microporous
structures for n = 1 and non-porous detached sheets for n = 2. Both
morphologies transformed the inactive bulk materials into highly
active Li-ion battery anodes with capacities of ~90 mA h g~* (n = 1)
and ~70 mA h g™t (n = 2) at a 100 mA g lithiation—delithiation rate.
The XPS analysis and BET surface area measurements reveal that the
increased surface area and the reversible redox reaction of oxidized
nickel species are responsible for this drastic increase of the lithiation—
delithiation capacity. This proof of concept opens new avenues for the
development of porous MAB, MAB nanosheets, MBenes and their
composites for metal-ion battery applications.

Since the discovery of MAX phases, these layered transition
metal carbides (X = C) and nitrides (X = N) with general
formula M,,,;AX,, (n = 1-3) have gained interest among scien-
tists due to their mixed metallic and ceramic properties.'
These properties include machinability, high corrosion resis-
tance, high ductility, excellent electrical and thermal conduc-
tivity, thermal shock resistance, etc*”. In 2011 Gogotsi et al.®
introduced MXenes (M = early transition metal, X = C or N),
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which are derived from the MAX phases by chemical etching of
the A layer, as promising candidates for lithium-ion battery
anodes.”™ MXenes have been considered for other applications
such as batteries,”** supercapacitors,”** and magnetic shield-
ing™ etc. In 2015, Hillebrecht et al.** introduced a MAX-related
family of layered materials called MAB phases - MAX phases
with X = boron. Even though these MAB phases are chemically
and structurally different from the MAX phases, they have
similar properties such as high conductivity,” stiffness* and
resistant to thermal shock.® MAB phases include compounds
with different compositions and structures such as M,AIB,
(Cmmm),** MoAIB (Cmcm),"” Cr;AlB, (Immm),"* Ru,ZnB, (I4,/
amd),"® Y,SiBg (P4/mbm)," CrsSiBs,'® and NizZnB, (C2/m).2*>
The variety of MAB structures differentiate them from the MAX
phases which are mainly hexagonal (space group P6;/mmc). This
significant structural difference is directed by the boron
substructure which varies from dumbbell, to zigzag B, frag-
ment, to zigzag boron chain, to chain of boron hexagons and
chain of boron double hexagons.** In MAX phases, however, no
bond exists between X (C, N) atoms. In addition, significant
bonding interactions exist between boron and the A atoms in
MAB structures, while no significant interaction exist between X
and A in MAX structures.* These significant A-B interactions
are likely the main reason why A is rather difficult to be etched
out of the MAB structures to produce MBenes,”** while the
absence of A-X interactions in MAX phases supports the easy
exfoliation.* This analysis shows that exfoliating Ni,.;ZnB,
phases will be as difficult as the other MAB phases. Although no
MBene has been realized quantitatively yet, theory has sug-
gested that these materials have great potential in battery and
electrocatalysis applications.”® Even though several binary
transition metal borides such as VB, and TiB, have been
investigated as anodes for non-rechargeable battery systems,>**°
the electrochemical properties of MAB phases for rechargeable
battery electrodes has not been experimentally investigated, to
best of our knowledge.

The structural diversity of MAB phases give them a unique
and untapped advantage: many of them contain M transition

This journal is © The Royal Society of Chemistry 2020
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elements™ that are important for Li-ion battery performance:
Ti, V, Cr, Fe, Mn and Ni.**** In this study, we will focus on
Ni,ZnB and Ni;ZnB,, which are evaluated for the first time for
their Li-ion electrode properties as a proof of concept. We show
that the bulk samples are largely inactive as battery materials,
however, exposing Ni,ZnB and Ni;ZnB, to an acid treatment
leads to two unexpected morphological changes that drastically
increase their Li-ion battery performance.

The Ni-Zn-B system was previously investigated at 800 °C by
Malik et al. showing the existence of different phases such as
Ni;,ZnBg (space group: Cmca), Niy Zn,B,, (space group: Cmca),
NizZnB, (space group: C2/m), Ni,ZnB (space group: C2/m), and
Ni3Zn,B (space group: C2/m).>*>*3** Out of all these phases, only
Ni,ZnB and Ni;ZnB, have layered structures®>** with a general
chemical composition (Ni,.;ZnB,) like the MAX phases
(M;+1AX,,). In these two layered MAB structures, beside the ex-
pected Ni-Zn and Ni-B bonding interactions, Zn and B atoms
also significantly interact leading to wave-like arrangement of
the zinc layer in both structures (Fig. 1, left).

The synthesis of phases in the Ni-Zn-B system is quite
challenging: as the Ni-Zn-B isotherm at 800 °C (ref. 20)
suggests (Fig. S11) Ni,ZnB and NizZnB, are stable at this
temperature. However, due to their small phase areas in the
isotherm, a small shift in the composition will lead to the
formation of impurities based on the scalene triangles repre-
senting a three-phase equilibrium. For example, in their recent
discovery of Ni,ZnB Rogl et al. obtained a multiphase product
(NiyZnB, NizZn,B, Ni,Zn;;).>* The same authors previously
synthesized single-phase Ni;ZnB, by mixing NiB, master alloy
with fine Zn filings in proper compositional ratio. The mixture
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was then submitted to several preparation steps (milled/cold-
pressed/heat-treated/annealed/quenched/re-milled/hot-

pressed) that enabled the synthesis of a polycrystalline sample
with isotropic particles (no preferred orientation observed).”
We have developed a new approach in our synthesis, by first
preparing a high quality Ni,B master alloy through arc-melting
as it melts congruently (Fig. S2t). Ni,B was then powdered and
mixed with the remaining elements according to the targeted
composition, pressed to a pellet and submitted to a melting-
solidification technique including pre-alloying and heat treat-
ments with regrinding steps (see the detailed procedure given in
the ESI and the temperature profiles in Fig. S31). This synthesis
method led to the formation of highly anisotropic particles of
Ni,ZnB and Ni;ZnB,, as proven by the following analysis. Riet-
veld refinements (Fig. 1) of the powder X-ray diffraction (PXRD)
patterns were conducted on both products. Severe intensity
mismatches (Fig. S41) were initially observed mainly for the 00/
reflections, but they were successfully corrected using preferred
orientation refinement along the c-axis, hinting at layered
morphologies of the two samples. Indeed, high-resolution
scanning electron microscopy (HRSEM) images of the bulk
Ni,ZnB and Ni;ZnB, products showed highly stacked thin
sheets (Fig. 2a and b and S5%). The PXRD refinement results
confirmed the expected crystal structures and no impurity
peaks were detected, hinting at almost single-phase syntheses,
but SEM backscattering imaging detected small Ni-rich impu-
rity inclusions in the samples (see Fig. S6T). Energy dispersive X-
ray spectroscopy (EDS) through elemental mapping confirmed
the presence of all elements and their homogeneous distribu-
tion in both samples (Fig. S5 and S67). Inductively coupled
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Fig. 1 Crystal structures and Rietveld refinements of the powder XRD patterns of Ni,ZnB (a) and NisZnB, (b). The red and the black curves
represent the measured and the calculated patterns, respectively, whereas the blue curves show the intensity difference. The positions of the

Bragg peaks are shown in green.
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Fig. 2 SEM images of the as-synthesized (a and b) and the 72 h HCl-etched (c and d) samples of Ni,ZnB (a and c) and NizZnB, (b and d).

To investigate the possible Zn etching from Ni,ZnB and
Ni3ZnB, bulk samples, several etchants (HCl, NaOH and FeCls/
HCI) were tried (see ESI for detailst). We found that only 1 M
HCI had the most promising results. The Ni,ZnB and Ni;ZnB,
bulk samples were powdered and treated with 1 M HCI acid for
72 hours. The prepared solutions were regularly shaken and
ultrasonicated every 8 hours for about 3 minutes. Ultra-
sonication broke the bulk crystals into small pieces thereby
accelerating the acid etching. After 72 hours, most of the sample

plasma (ICP) spectroscopy measurements provided a Ni:Zn
ratio of 3.16 : 1 and 2.20 : 1 for Ni;ZnB, and Ni,ZnB, respec-
tively. The slight deviation of the ICP results from the ideal
Ni: Zn ratios is likely due to the Ni-rich impurity inclusions
mentioned above. Furthermore, selected area electron diffrac-
tion (SAED) from a transmission electron microscopy (TEM)
image of a Ni;ZnB, thin particle confirmed its crystallinity with
diffraction peaks indexed according to its crystal structure
(space group C2/m, Fig. S71).
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Fig. 3 Electrochemical characterizations of Ni>ZnB and NizZnB, electrodes. (a) Cycle stability of Ni,ZnB and NisZnB, at various current rates;
representative lithiation and delithiation curves of (b) Ni»ZnB and (c) NisZnB, at the rate of 100 mA g™%; cyclic voltammetry of (d) Ni.ZnB and (e)

NisZnB, at 1 mV s~* scan rate from 0.01 to 3.0 V vs. Li/Li*.
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Fig. 4 XPS Ni2p and Zn 2p spectra of Ni,ZnB (a and b) and NisZnB; (c and d) after acid etching (pristine) and after the first lithiation—delithiation

cycle.

had precipitated, leaving an almost colorless solution, an
indication that a complete Zn removal, as observed in the case
of Al etching in MAX phases such as Ti,;AlC,,, has not occurred.
Instead, very small amounts of etched materials were obtained,
and our preliminary analysis suggests that they contain less Zn
than the bulk and the precipitated samples, thereby hinting at
only partial etching (results to be communicated elsewhere), as
observed in recent etching studies on Al-based MAB pha-
ses.”®?”%* The acid-treated Ni,ZnB and Ni;ZnB, precipitates
were investigated by PXRD, SEM, EDS, and ICP. According to
PXRD, the Ni,ZnB and Ni;ZnB, samples remained crystalline
and their crystal structures did not change during the etching
process (Fig. S81). However, their morphologies were affected,
as shown by SEM images in Fig. 2c and d: SEM analysis of the
etched Ni,ZnB crystals shows that the top sheets were attacked
by HCI leading to the emergence of pores and layer openings
(Fig. 2c and S97). The pore sizes ranged from 100 nanometers to
a few micrometers. The SEM analysis of etched Ni;ZnB, crystals
indicated that the top sheets were not attacked by the acid, as

This journal is © The Royal Society of Chemistry 2020

only the layer openings were observed (Fig. 2d). This finding
reveals that NizZnB, has more robust layers than Ni,ZnB, which
may be due to the thickness differences of the Ni-B slabs (Fig. 1,
left). Since our chemical analysis (see ESIT) showed the same
composition between these precipitates and the unetched
samples, we hypothesize that the layer opening observed after
etching is due to the ultrasonication. We are currently carrying
out further ultrasonication experiments in different solutions to
verify this hypothesis.

The BET surface areas of etched Ni,ZnB and Ni;ZnB, are 95.9
m? g ' and 0.7 m* g, respectively. The pristine materials did
not produce meaningful BET values, with the best measure-
ment leading to a negligible value of 0.03 m* g™ ', indicating
orders of magnitude improvement of the surface area after the
acid treatment. After etching, the newly exposed surfaces are
believed to be terminated by hydroxide or oxide groups like in
MZXenes.”" These surface species are capable of reversible
redox reactions, thus interesting electrochemical properties
relevant to battery materials can be expected. We have therefore

J. Mater. Chem. A, 2020, 8, 1646-1651 | 1649
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examined the etched MAB phases in Li-ion half-cells using Li
foil as the counter electrode. The MAB electrode was composed
of 80 wt% of Ni,ZnB (or NizZnB,), 10 wt% of polyvinylidene
difluoride (PVDF) as binder, and 10 wt% of acetylene black as
the conductive additive. Fig. 3a shows the cycle stability and
coulombic efficiency (CE) under various lithiation-delithiation
rates of 20 mA g ', 100 mA g ' and 300 mA g '. At 20 mA g,
the first lithiation capacity of Ni,ZnB electrode was approxi-
mately 180 mA h g " and a reversible capacity of ~110 mAh g™ *
was achieved. At higher rates, the reversible capacities were
~90mAhg 'at100 mAg 'and ~70 mAhg ' at300 mAg .
The first cycle coulombic efficiency (CE) was 49.2% at
20 mA g~ ', and the CE in the following cycles improved fast to
an average value of 99.3%. In all the specific capacity
measurements, Ni,ZnB demonstrated a 20 mA h g ' (at
100 mA g ) higher specific capacity than NizZnB, (Fig. 3a,
middle), which is likely due to the higher surface area of etched
Ni,ZnB. Both materials demonstrate excellent cycle stability
with a slight incremental trend of capacity, which most prob-
ably results from accessibility of Li ions to active sites that has
improved upon cycling.*® The powder XRD analysis of the MAB
phases after the first lithiation and delithiation (Fig. S81) shows
that the crystal structures of Ni,ZnB and Ni;ZnB, are retained.
However, the intensity of the peaks significantly decreased,
indicating that the crystallinity is reduced in these materials
upon electrochemical reaction with Li. The representative lith-
iation-delithiation potential curves and cyclic voltammograms
(CV) are shown in Fig. 3(b-e), and both methods indicate
significant irreversibility in the first cycle (leading to low initial
CE), a behavior also reported for similar materials such as
MXenes and their composites.>'® To understand the origin of
the irreversible capacity, the oxidation states of the surface
elements were analyzed by X-ray photoelectron spectroscopy
(XPS) after the acid etching, the first lithiation, and the first
delithiation. As shown in Fig. 4a, the Ni species on the surface of
Ni,ZnB after etching include metallic Ni (Ni 2p;/, at 852.6 eV),
Ni** (Ni 2ps/, at 854.0 €V), and Ni** (Ni 2ps, at 855.6 V). After
the first lithiation the Ni*" species was completely reduced to
lower oxidation state. The Ni*" species was also significantly
reduced (using the peak of metallic Ni as the standard). After
the delithiation, Ni** species re-emerged, however, the lower
peak intensity relative to the etched sample indicates that the
redox reaction of nickel is not completely reversible in the first
cycle. The Zn species (Fig. 4b) on the surface of etched Ni,ZnB
show two states including metallic Zn (Zn 2ps/, at 1021.9 eV)
and an oxidized state (Zn 2p;, at 1026.3 eV). After the first
lithiation, the oxidized Zn is completely reduced to the metallic
state, and this reduction process is irreversible indicated by the
XPS Zn 2p spectrum after the delithiation. As displayed in
Fig. 4c and d, the Ni and Zn surface species on Ni;ZnB, show the
same behavior as observed in Ni,ZnB. The surface boron
species in both compounds are inert as indicated by their XPS B
1s spectra (Fig. S10t). Therefore, we suggest that the electro-
chemical redox reactions of Ni species on the surface contribute
to the electrochemical performance of these two MAB phases.
The irreversible reduction of Ni and Zn species in the first cycle

1650 | J Mater. Chem. A, 2020, 8, 1646-1651
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is a major cause for the low initial CE in addition to the possible
side reactions of solid electrolyte interphase formation.

Conclusions

In this study, the syntheses of the MAB phases Ni,,.,ZnB, (n =1,
2) were systematically investigated. The synthesized MAB pha-
ses were exposed to dilute HCI in order to study the effect of
etching on their crystal structure. It was seen that the proposed
MAB phases get partially attacked by the acid and form pores
and sheet openings. The battery performances of the unetched
and etched MAB phases were investigated. While the bulk
Ni,ZnB and Ni3ZnB, were not active, the etched phases showed
a capacity of ~90 mA h g~ " and ~75 mA h g~ ', respectively. XPS
and BET analyses suggest that increased surface area and
electrochemical redox reactions of surface Ni species are
responsible for the drastic change in battery performances.
Future works should focus on increasing the surface area of
these and other MAB phases containing elements that can
undergo redox reactions toward applications in various metal-
ion batteries.
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