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MBenes, a novel class of transition metal borides, represent an exciting
advancement in two-dimensional (2D) materials. This study introduces
a novel and mild microwave-assisted hydrothermal method. A multi-
layered (ML) MoAlB@MBene structure is achieved when a mixture of
hydrochloric acid (HCl) and hydrogen peroxide (H,O,) is used in
combination with acid (0.1 M HCl) or base (0.1 M NaOH) pre-
treatment. This method differs from reported etching techniques,
which require long reaction times and highly concentrated acids (or
bases). Also, they demonstrated that instead of selectively etching, the
MAB phases dissolve, incompletely etch, or even oxidize. Achieving a
multilayer structure within 4 hours was previously challenging. The
current process allows for ML MBene formation and controlled oxida-
tion in 4 hours. This leads to a distinct bandgap opening in ML
MoAlB@MBene, with energy levels of 3.54, 3.58, 3.65, and 3.88 eV.
The study also explores the optical absorption characteristics and time-
resolved photoluminescence (TRPL) behavior of ML MoAlB@MBene.
This demonstrates its tunable optical properties and significant
potential for applications in high-performance light-emitting diodes,
photovoltaics, photocatalysts, laser diodes, and more.

1. Introduction

The development of graphene has opened the door to other
two-dimensional (2D) materials such as MXenes, transition
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New concepts

While MXenes have been extensively studied, MBenes remain largely
unexplored. This study uses microwave-assisted hydrothermal techniques
to introduce a new, efficient, and mild method for etching aluminum (Al)
from the MoAIB MAB phase. Fully etching Al from MoAIB is challenging
due to its dual-layer Al structure and the serpentine chain of boron atoms.
The fundamental optical properties of these MBenes have not been
thoroughly explored experimentally. Our innovative approach uses pre-
treatments with acid (HCl) or base (NaOH) before hydrothermal,
achieving better etching than previously reported methods requiring
highly concentrated chemicals and longer durations. We systematically
examine the impact of these pre-treatments, the effectiveness of
microwave-assisted etching, and the resulting optical properties of
MoAlB-based MBenes. Variations in the band gap and optical
absorption are linked to different etching techniques, functionalization
of etched MoAIB, and formation of metal oxides (MoO; or M0,0s) on its
surface. These findings highlight the potential of MBenes for use in
optical devices such as photodiodes and LEDs. Our work calls for further
research into efficient etching and delamination methods to explore
MBene applications in optoelectronics.

metal dichalcogenides (TMDs), phosphorene, g-C3N,, etc.
In this 2D nanomaterials family, MBenes are relatively new
and intriguing members."® Theoretical research shows that
MBenes could be obtained from their respective MAB phases,
called layered ternary transition metal borides, as first reported
in 1942 by Halla and Thury.* They are composed of face-sharing
BM; trigonal prisms interleaved with bilayers of Al atoms."

MAB phases show two typical structural variants such as the
MAIB type (space group Cmcm) and M,AIB, type (space group
Cmmm) and the rarer M3Al,B,, M3;AIB, and M,AIB¢ types.
In addition, the MAIB, M,AIB,, and M;Al,B, forms contain
isolated serpentine chains of boron atoms, while the M;AIB,
and M,4AlB4 contain double and triple chains of boron atoms,
respectively.'”

In 1966, Jeitschko confirmed the crystal structure of MoAIB
to be orthorhombic, with the space group Cmcm.® MoAIB is
orthorhombic, with MoB bilayers that alternate with two Al
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layers, resulting in a layered crystal structure. MoAIB is an
attractive target for creating 2D metal boride through the
exfoliation of MoAIB using chemical etching.” Although hexa-
gonal MAB phases are prone to etching into single-layered
MBenes they are unstable, whereas orthorhombic phases could
be used to obtain other structures. However, preliminary
attempts have shown that it is challenging to completely etch
out Al from an orthorhombic MAB phase (MoAIB).” **

Alameda et al. observed that Al layers are partially etched out
from MoAIB powder by a 10% NaOH solution and yield MoAIB
slabs with 50-300 nm thickness and 10-100 nm spacing
between layers. The X-ray diffraction patterns showed that
the MOoAIB retained its crystal structure after the etching
treatment.” When hydrofluoric (HF) acid was used, it resulted
in the absence of etching and the formation of a fluorine-
containing coating.”

In another attempt, Alameda et al. achieved a partial dein-
tercalation of Al from MoAIB single crystals using 10% NaOH
(aqueous solution) and a solution of 2 M LiF (lithium fluoride)
in 6 M HCI (hydrochloric acid) at room temperature for 2 and
24 h, respectively.'® They observed that NaOH etching creates
about 10 nm wide cavities at the crystal surface, distributed
periodically every 100-200 nm. In the case of LiF/HCI, in
addition to Al deintercalation, extensive corrosion of the boride
layer was observed along with etched “branches”, which pro-
pagated in [010], corroding through MoB layers to form a
network of cavities.”'®'? Significant corrosion was observed
when using the widely reported 40% HF procedure for MXene
synthesis, and there was some evidence of Al layer removal in
MOoAIB.”'® Apart from etching, a layer of fluorine was formed
on the whole surface of the MAB phase.”!**?

Recently, two additional attempts have been made. First,
Majed et al. reported using 10% NaOH for 24 and 96 hours,
resulting in a multilayer with porous morphologies and trans-
forming MoAIB into Mo,AlIB,.° In another attempt, Bury et al.
used 9 M HCI and 0.3% H,O0, for 24, 48, and 72 hours to etch
out Al. The colloidal solution gradually changed from dark grey
to green and greenish-blue throughout the etching process,
then back to light grey. After 48 hours, they observed delami-
nated 2D MBene flakes with smooth, non-oxidized surfaces and
edges."® However, after 72 hours, the flakes became irregularly
defective and torn, showing surface oxidation, likely due to
prolonged exposure to harsh chemicals.

Considering the available knowledge, we have developed a
mild microwave-assisted hydrothermal route for the surface-
oriented etching process of orthorhombic MoAIB. The surface
of MoAIB acts as a precursor for etching out the Al layers in
the vicinity of MoAIB grains. The final multilayered (ML)
MoAIB@MBene structure is achieved when a mixture of hydro-
chloric acid (HCl) and hydrogen peroxide (H,O,) is used in
combination with acid (0.1 M HCI) or base (0.1 M NaOH) pre-
treatment. In summary, the newly developed method allows for
precise control over the Al etching and oxidation degree of
MoAIB@MBene, leading to intriguing optical properties.

Recently, researchers have investigated the optical proper-
ties of MBenes in different phases other than MoAIB, such as
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(Mo,,3Y1/3),AlB,. For instance, Guo et al. fabricated Moy;3B, T,
MBene by selectively etching Al and Y using aqueous hydro-
fluoric acid (HF) and studied its nonlinear absorption and
saturation intensities.'* Similarly, Wang et al. examined Moy,
3B,T, MBene, which displays a surface termination-dependent
electronic structure, carrier dynamics, and nonlinear optical
response across a wide wavelength range (500-1550 nm)."?

However, a lack of comprehensive understanding and control
of the optical properties remains unclear. Additionally, optical
properties vary depending on each phase and the synthesis
method used. Considering the previous reports,””'%*'¢
cessful and selective etching out of Al from the MAB phase could
open up new research activities in the MBene field. Therefore,
further exploration of the different synthesis methodologies and
properties of MBenes is needed.

a suc-

2. Methods

2.1. Etching the MAB phase (MoAIB)

Here, we report three different approaches for etching MoAIB
using the microwave-assisted hydrothermal method. The
details of the methods, including the MAB phase MoAIB
synthesis, are discussed in the ESIL.¥

A two-step process for Al etching has been employed: (i) pre-
treatment, and (ii) mild microwave-assisted hydrothermal treat-
ment. To investigate the impact of pre-treatment on etching,
an additional experiment was conducted without any pre-
treatment, directly proceeding to the hydrothermal method.
For the pre-treatment, 250 mg of MoAIB was stirred in 0.1 M
HCI/NaOH for two hours, then washed with double distilled
water until the pH reached 6. Then, in the second stage, the
washed residue was transferred into 20 mL of 0.6 M HCI
(in water) solution with constant stirring, followed by sonication
for 2 min. After that, 250 pL of H,O, (30% (v/v) in H,0) solution
was added dropwise, and the Teflon container was closed.

After fitting the reactor, the reaction started with a reaction
time of 2 h at 150 °C, with 480 W microwave power. In the end,
the precipitate was washed using centrifugation (3000 rpm for
4 min) until the reaction mixture’s pH reached 6. Here, the
precursor MoAIB phase is denoted as it is (MoAIB), synthesis
without pre-treatment as MAB@MBene, pre-treated with 0.1 M
NaOH as Base-MAB@MBene, and pre-treated with 0.1 M HCl as
Acid-MAB@MBene, which is shown in Fig. 1. Therefore, this
work considers the following samples: MoAlB, MAB@MBene,
Base-MAB@MBene, and Acid-MAB@MBene to differentiate
structures prepared using different etching approaches.

2.2. Characterization

The morphology of MoAIB, MAB@MBene, Base-MAB@MBene,
and Acid-MAB@MBene were studied using scanning electron
microscopy (SEM Hitachi SU3500 Hitachi, Tokyo, Japan) and
transmission electron microscopy (TEM, Philips CM 20,
Amsterdam, Holland). The samples for SEM imaging were
prepared on aluminum/silicon substrates. Energy-dispersive
X-ray spectroscopy (EDS) was used to study the elemental

This journal is © The Royal Society of Chemistry 2025
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Pre-treatment (2 h)

(i) HC1 & H,0,
(ii) 2 h & 150 °C
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Fig. 1 The schematic diagram presents three protocols employed for surface-oriented aluminum etching (Al) from orthorhombic MoAIB. While one
protocol considered direct MAB etching (MAB@MBene), the other two considered additional acid (Acid-MAB@MBene) or base (Base-MAB@MBene) pre-

treatments.

composition of the samples. X-ray fluorescence (XRF) spectro-
scopy was used to check the Al (aluminum) and Mo (molybde-
num) element percentages in the sample using a Pl-100 XRF
laboratory spectrometer (POLON IZOT, Warsaw, Poland). X-ray
diffraction (XRD) patterns were measured to evaluate the purity
and crystal structure of the samples using a Bruker D8 Advance
(Billerica, MA, USA).

The zeta potential was characterized by using a Zetasizer
NANO ZS ZEN3500 analyzer (Malvern Instruments, Malvern, UK)
equipped with a back-scattered light detector and operating
at 173°. The results are presented based on an average of
10 repeated measurements. The surface functionalization and
chemical composition were studied using attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy
(Nicolet iS5, Thermo Electron, Waltham, MA, USA).

XPS was measured using a PHI 5000 Versa Probe (ULVAC-
PHI) spectrometer equipped with monochromatic Ko radiation
(hv = 1486.6 eV). The X-ray source operates at a spot size of
100 pm, at 25 W and 15 kV. A hemispherical analyzer further
acquired the spectra at a pass energy of 117.4 eV with an energy
step size of 0.1 eV. The X-ray beam was aligned 45° to the
sample surface in the measurement. Furthermore, the XPS
fitting analysis was carried out using a Shirley background, in
which all spectra were calibrated by C 1s adventitious carbon
peaks (C-C) at 285 eV.

2.3. Optical measurements

The absorption spectra of the samples were studied using
a double-beam scanning UV-vis spectroscope (Evolution 220,
Thermo Scientific) equipped with an integrating sphere.
The colloidal solution of the samples was prepared in water
(4 mg mL™%), and the absorbance was measured at a scanning
speed of 200 nm min " for a 400-1000 nm wavelength range
with an integration time of 0.3 s and a wavelength resolution of
1 nm. Water was used as a reference in the spectra acquisition.
For powder samples, solid sample holders were used with
quartz glass, and the data were taken using a diffuse reflectance
(DRS) mode in the 400-1000 nm wavelength range with a
scanning speed of 200 nm min~".

The optical constants (n and k) of the samples were acquired
using spectroscopic ellipsometry (SE SENresearch 4.0, Sentech,

This journal is © The Royal Society of Chemistry 2025

Germany) with an angle of measurement of 45°. To conduct the
measurements, liquid dispersions of MBenes were first soni-
cated in solution for 2 hours and then drop cast onto a Si wafer.
The multilayer nature of MBene crystallites, alongside chal-
lenges in achieving a uniform and continuous thin film of this
material, presented obstacles in obtaining superior-quality data
in reflection-based measurements.

Consequently, fitting the measurement results convincingly
with oscillator-type models, such as the Tauc-Lorentz fit expected
for bandgap materials, proved challenging. Instead, the data was
fitted using a polynomial formula, as illustrated in Fig. S1 (ESIt). It
should be noted that the presence of a significant air fraction
within the multilayer material might also contribute to the
observed experimental results being smaller than those predicted
by previous theoretical studies on the MoAIB phase."”” We used a
thermoelectric-cooled AvaSpec-HERO spectrometer to collect the
photoluminescence spectra. The samples were excited by a pico-
second pulsed diode laser with a repetition rate of 30 kHz (Master
Oscillator Fiber Amplifier, PicoQuant), operating at an excitation
wavelength of 266 nm and a pulse width of 50 ps. The collection
was done using a visible-near-infrared microscope objective (5x,
NA = 0.15).

For time-resolved photoluminescence measurement, we ana-
lyzed the timing response using time-correlated single-photon
counting electronics (Hydra-Harp400, PicoQuant, Germany). The
TRPL decay curves were fitted with three exponential functions,
and we determined the average lifetime from the decay time
components and amplitudes of the fits.

3. Results and discussion

3.1. Etching methodologies

Due to hazardous environmental effects, researchers are mov-
ing toward soft synthesis approaches, in which hydrothermal/
solvothermal and microwave-assisted methods play a signifi-
cant role in controllable processes.'® Combining hydrothermal
and microwave heating reduces the reaction time while main-
taining material quality. Microwave heating minimizes the
reaction time from long hours in a traditional wet-chemical
synthesis to several minutes.

Mater. Horiz., 2025,12, 3473-3484 | 3475
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In the hydrothermal method, high temperature and pres-
sure help dissolve impurities that do not dissolve under typical
conditions. It also helps to grow and prepare specific crystal
structured and morphological material."® In addition, micro-
wave heating helps to reduce the heat loss to almost zero.
A Teflon container allows microwaves to pass through it,
ensuring fast and even heating thanks to its low dielectric loss.
Other synthesis methods can’t replicate these unique benefits
of microwave heating.'®"®

Therefore, we assumed that by combining these two techni-
ques we could enable multilayered (ML) structures of MBene
from orthorhombic MoAIB MAB phases in a controllable man-
ner. A schematic diagram of the microwave-assisted hydrother-
mal methods for etching Al from MoAIB is shown in Fig. 1.

Here, the starting MoAlB powder was divided into three
parts. The first part underwent direct etching into MAB@
MBene, while the other two underwent additional acid (Acid-
MAB@MBene) or base (Base-MAB@MBene) pre-treatments.
Pre-treatments with 0.1 M NaOH and 0.1 M HCI could initiate
the etching before using a hydrothermal method to etch out the
aluminum (Al) layer from the corresponding MAB phase.

3.2. Materials characterization

The MoAIB powder was soaked and stirred in 0.1 M NaOH and
HCI for 2 hours to initiate the etching by opening up the edges.
After pre-treatment, we observed some amount of Al etched and
floating on the surface of the reaction mixture for both the
NaOH and HCI pre-treatments, as presented in the ESI¥

View Article Online
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(inset Fig. S2a and b, respectively). The X-ray fluorescence
(XRF) results (Fig. S2a and b, ESIt) confirmed the presence of
Al in the supernatant. The peak intensity of Al in Acid-MAB®@
MBene supernatant is higher than in the Base MAB@MBene.
This could further lead to better etching of MoAlB@MBene
than MAB@MBene. Therefore, we could conclude that both
0.1 M NaOH and HCI could initiate the Al etching through basic
Al reactivity with aqueous acid (HCI) and base (NaOH) accord-
ing to reactions (1) and (2):*°

2Al + 6HCI — 2AICI; + 3H, 1)

2Al + 2NaOH + 2H,0 — 2NaAl(OH), + 3H,  (2)

The microwave-assisted hydrothermal method based on an
etching solution of 0.6 M HCl and H,0, (from 30% water
solution) was employed after the pre-treatments. Note that
MOoAIB was also etched without any pre-treatment for compar-
ison purposes. After etching, we collected all three supernatants
for MAB@MBene, Acid-MAB@MBene, and Base-MAB@MBene.
We observed different colors, such as navy-blue supernatant for
MAB®@MBene (without any pre-treatment), as shown in the inset
in Fig. 2a. A pale-yellow supernatant was obtained for Base-
MAB@MBene (pre-treated with 0.1 M NaOH, inset in Fig. 2b)
and Acid-MAB@MBene (pre-treated with 0.1 M HCI, inset in
Fig. 2¢).

The color of the supernatant changing from navy blue to
pale yellow suggests the presence of Mo-oxidized species such
as MoO,OH (blue) and MoOj; (pale yellow).>* The presence of

a) —— MAB@MBene Base-MAB@MBene —— Acid-MAB@MBene
— MoAB b) — MoAB c) — MoAB

= Mo, Lal,B N Al Kol.,p ~ Mo, Lal,B
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Fig. 2 Analysis of the synthesis efficiency. XRF plots show Mo La peak for (a) MAB@MBene, (b) Base-MAB@MBene, (c) Acid-MAB@MBene as well as Al Ko
peak for (d) MAB@MBene, (e) Base-MAB@MBene, and (f) Acid-MAB@MBene. The peak intensities were compared with the starting MoAIB. Insets (a—c)
show digital photographs of the supernatant after the hydrothermal reaction.
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hydrogen peroxide in combination with high temperature and
pressure could partially oxidize the surface of molybdenum
(Mo). These color changes preliminarily confirmed the effect of
the pre-treatment on MAB etching. Therefore, we analyzed the
obtained powders with XRF to reveal the amounts of Mo and Al
in the samples, in contrast to the supernatant composition.

The XRF results of MAB@MBene, Acid-MAB@MBene, and
Base-MAB@MBene are presented in Fig. 2. In the case of
MAB®@MBene, the Al peak decreased compared to the starting
MOoAIB, but so did the amount of Mo (Fig. 2a). The reason could
be the leaching of Mo from the surface and the formation of
MoO,0H, resulting in a blue supernatant after the reaction.*"

On the other hand, after pre-treatment, some edges might
have opened and led to the etching of more Al, which is visible
by the change in the Al content rather than the amount of Mo
in Base-MAB@MBene (Fig. 2b) and Acid-MAB@MBene (Fig. 2c).
The amount of Al was reduced the most in the Acid-
MAB@MBene (Fig. 2f) as compared to the MAB@MBene
(Fig. 2d) and Base-MAB@MBene (Fig. 2e). Also, the pretreated
Acid-MAB@MBene supernatant has a higher intensity of Al
Therefore, from the XRF analysis, it can be concluded that the
Acid-MAB@MBene’s Al etching was better than the MAB@M-
Bene and Base-MAB@MBene, although some amount of Al still
remained.

We used scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) to analyze the outcome of our
synthesis protocols. Microscopic images of the MoAIB starting
phase are shown in Fig. 3a (SEM) and Fig. 3e (TEM). SEM and
TEM images of the starting MoAIB phase showed its unetched
and closely packed appearance. The MAB@MBene (Fig. 3b and
f) exhibited a visible multilayered structure. This hybrid was not
pre-treated before microwave-assisted hydrothermal etching.
Hence, MoAIB should be directly introduced to the etching
solution to achieve superficial etching. On the other hand,
Base-MAB@MBene (Fig. 3c and g) and Acid-MAB@MBene
(Fig. 3d and h) were deeply etched and formed an accordion-
like structure, similar to MXene after etching from the MAX
phase.*>??

SEM images confirm better etching than that achieved in
previously reported works.”**'* Almeda et al. showed that 10%
NaOH treatment of MoAIB for 24 hours results in cavities of
about 10 nm width and <100 nm depth, distributed periodi-
cally, and occurring once every 100-200 nm."° In the case of our
Acid-MAB@MBene (Fig. 3d and h), the cavities range from
nanometer to micrometer scale and can penetrate even to the
core of the MoAIB grain. The insets added to Fig. 3a-d are the
images of all diluted dispersions, which change from gray
(MoAIB) to black (Acid-MAB@MBene). We assume this observa-
tion is another sign of suitable etching, as reported for
MXene.**

When the Base-MAB@MBene was pre-treated with 0.1 M
NaOH, the etching was improved and was not only limited to
the surface. Furthermore, the Acid-MAB@MBene pre-treated
with 0.1 M HCI showed much better results. In the case of the
Acid-MAB@MBene, the etching reached the MAB core and
created deep cavities (inset in Fig. 3h) along with the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 SEM images of (a) MoAIB, (b) MAB@MBene, (c) Base-MAB@MBene,
and (d) Acid-MAB@MBene. Insets show corresponding digital photographs
of their diluted dispersions in water. TEM images of (e) MoAIB, (f) MAB@M-
Bene, (g) Base-MAB@MBene, and (h) Acid-MAB@MBene added with insets
showing their high-magnification images.

accordion-like structure of the final hybrid. It was more effective
than previous reports in which etched regions were ~100 nm
wide and separated from each other by <100 nm slabs.”**"*

The claim of multilayered etching of the MoAIB phase is
further supported by the HRTEM-EDS (high-resolution trans-
mission electron microscopy-energy-dispersive X-ray spectro-
scopy) analysis shown in the ESIt (Fig. S3) and an elemental
mapping (Fig. S4, ESIT) along with elemental composition with
weight and atomic percentage in Tables S1-S4 in the ESLf
These results show a degree of etching change from MAB@M-
Bene to Acid-MAB@MBene from its MoAIB phases. In TEM-EDS
spectra, we also observed less Al content in Acid-MAB@MBene
(Fig. S3c, ESIt) compared to MAB@MBene (Fig. S3a, ESIT) and
Base-MAB@MBene (Fig. S3b, ESIT).

The same trend was observed in the EDS elemental analysis. In
Fig. S4d (ESIY), Al K mapping shows the accordion-like structure
(highlighted red circle), which is also visible in the SEM image
(Fig. 3d). No similar structure is visible in the EDS mapping for
the other hybrids, such as MoAIB (Fig. S4a, ESI), MAB@MBene
(Fig. S4b, ESIt), and Base-MAB@MBene (Fig. S4c, ESIt). Also, the
elemental composition table of all four samples (MoAIB (Table S1,
ESIt), MAB@MBene (Table S2, ESIT), Base-MAB@MBene (Table
S3, ESIt) and Acid-MAB@MBene (Table S4, ESIt)) shows a gradual

Mater. Horiz., 2025,12, 3473-3484 | 3477
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reduction in Al content in terms of weight as well as the atomic
percentage from MOoAIB to Acid-MAB@MBene. The results
obtained support our assumption on efficient etching of Al from
MOoAIB with protocols involving HCI pre-treatment before employ-
ing a microwave-assisted hydrothermal method.

We further recorded the X-ray diffraction (XRD, Fig. 4a)
patterns to better understand the structure of the obtained
hybrids. The XRD pattern of the MAB phase MoAIB matches
well with previous reports (and PDF card no. 01-072-1277),”°
while changes are visible after the pre-treatments and etching.
If complete etching of Al were achieved, (0k0) reflections would
broaden and shift to lower angles, while other reflections (such
as (110), (022), and (204)) would weaken significantly or dis-
appear completely.” Here, most minor-intensity peaks (such as
(110), (021), (022) and (204)) of MoAIB decreased in MAB@M-
Bene and completely disappeared in Acid-MAB@MBene. This
indicates that the Al content decreased compared to the MoAIB
observed in the EDS and elemental analysis.

Simultaneously, the intensity of the (0k0) peaks (such as
(020), (040), (060)) increased ~3 times in Acid-MAB@MBene.
Increasing intensity indicates a higher degree of order, arrange-
ment, and crystalline phase. This implies that Acid-
MAB@MBene converts into a single phase from bulk
(unetched) but is still in the MoAIB phase, as observed in
Fig. 3h. Therefore, pre-treatment with 0.1 M NaOH and HCI
and the microwave-assisted hydrothermal method appear to be
effective for obtaining mono-phase MAB etched on the surface.

The surface charge should be further considered if the
surface is being analyzed. The zeta potential is a sensitive
parameter that tracks any changes in the chemical composition
of the surface. Fig. 4b shows the zeta potential measured for all
three hybrids and compared to the starting MoAIB. It changes
from —10 mV for unetched MoAIB to —19 mV for MAB@MBene,
—15 mV for Base-MAB@MBene, and —11 mV for Acid-
MAB@MBene.

This observation agrees with etched and delaminated
MXenes, which achieved a zeta potential of over —20 mV for
well-etched samples.>® This negative zeta potential indicates
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that the surface is negatively charged, enabling it to attract
positively charged surfaces. This property can be utilized in
photocatalysis, sensors, and surface coatings. Similar activities
have been observed in various MXenes or MBenes.'*?¢28

The X-ray photoelectron spectroscopy (XPS) analysis was
performed in the next step to reveal the chemical composition
of the etched MBenes’ surface. The quantitative XPS data for
MAB@MBene (Fig. 5a), Base-MAB@MBene (Fig. 5b), and Acid-
MAB@MBene (Fig. 5¢) are provided in ESI,{ Tables S5, S6 and
S7, respectively. The analysis considers the deconvolution of
the molybdenum (Mo 3d), aluminum (Al 2p), and boron (B 1s)
signals, viz., the key elements of the samples.

The high-resolution XPS Mo 3d signal for MAB@MBene
(Fig. 5a) is fitted into two oxide components with different
oxidation states, i.e., Mo(v) and Mo(vi). The peak position of
both Mo(v & vi) oxides is in good agreement with previous
studies conducted by Spevak et al>’ and Baltrusaiti et al*°
However, we did not observe the presence of molybdenum
boride at the surface. The boride XPS peak should be located
at 227.8 + 0.5 eV.*! Thus, the value of boride is far from the
current Mo 3d peak in this study, ie., 231.3 eV (3.5 eV
difference). It is important to highlight the calibration error
of C 1s, which usually occurs in the range of +0.5 eV.** There-
fore, we can neglect the factor of calibration error.

The Al 2p spectrum shows a single peak that can be assigned
to Al,O;, which may come from MoAIB etching.*"*® Fig. 5a
shows the XPS spectra of B 1s, located at 192.8 eV. This peak
can be assigned to a common B,0; component, but the value
slightly deviates from the current result, i.e., 188.1 (4.7 eV).*"*
We cannot see any boride-related spectra from B 1s and Mo 3d.
Thus, we can strongly conclude that no boride is present on the
surface of MAB@MBene.

For Base-MAB@MBene (Fig. 5b), we can see the contribution
of MoCl; in the Mo 3d spectra.”® The XPS spectra of Al 2p shows
a contribution from three deconvoluted peaks, i.e. Al,0;, AIOH
or AIO(OH), and AICl;.*"*® Interestingly, the contribution of
AlO(OH) is dominant compared to the oxide. This trend is
slightly different from the one we found in the MAB@MBene.
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(a) XRD diffraction patterns and (b) zeta potential of MoAlB, MAB@MBene, Base-MAB@MBene and Acid-MAB@MBene.
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Fig. 5 X-ray photoelectron spectroscopy (XPS) peak deconvolution of Mo 3d, Al 2p, and B 1s of (a) MAB@MBene, (b) Base-MAB@MBene and (c) Acid-

MAB@MBene.

Its B 1s spectrum was shifted a little to a higher energy
compared to the MAB@MBene. Thus, there may be a contribu-
tion from multispecies, i.e., B,O3; (H3BO3). Again, no trace of the
boride component from the XPS spectra of B 1s can be
observed.

For the Acid-MAB@MBene (Fig. 5¢) sample, the XPS spec-
trum of Mo 3d is different from MAB@MBene and Base-
MAB@MBene. Here, the difference between the Mo compo-
nents of all three batches comes from the different synthesis
protocols. The presence of MoO; aligns well with the yellow-
colored supernatant (inset in Fig. 2¢). The Al 2p XPS spectra of
this sample come from the contribution of Al,O; and AICl;.
Furthermore, we cannot detect the boride peak but rather the
oxide (B,0;) peak.

Note that XPS analysis is a surface measurement technique,
reaching up to 500 nm into the sample.>**’

Therefore, we mainly obtained surface results after etching
the MoAIB, which is reasonable. We conclude that the MAB
grains are covered with a layer composed of different species,

This journal is © The Royal Society of Chemistry 2025

such as Al,O3, AlCl;, M0oO3, MoCls, and B,Oj3, due to the oxidation
of the surface. Few reports confirm the formation of such species
while etching and processing MAB phases.***> We also did not
find an AICl; peak in MAB@MBene, which is present in Base-
MAB@MBene and Acid-MAB@MBene. The presence of AlCl;
could result in a yellow supernatant after hydrothermal treatment,
as AlCl; also shows a pale yellow color.>°

We also performed Fourier-transform infrared (FTIR)
spectroscopy measurements (Fig. S5, ESIt) to learn more about
our hybrids’ surface functionalization and the eventual
presence of covalent bonding. Boron-based covalent bonds
were observed after etching compared to their lack of MoAIB.
The band near ~1100 cm™ " corresponds well to B-OH func-
tional groups, which are observed in the 1000-1300 cm ™" peak
range.>®3”

The peak around 1300-1350 cm ™' is characteristic of B-O
stretching vibrations, which occurs due to the presence of the
oxy-functional groups of boron.?”~*° This observation solves the
issue of why the XPS results show the presence of B,O; on the
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surface. The peak at ~1600 cm™ " can be assigned to B-H
as a B-H-B bridge. The hydroxyl group B-OH was observed
near 3000 cm™!, which could be attributed to absorbed
moisture,>®?7:3%:40

Therefore, the etched MoAIB should have hydroxyl, hydride,
and oxy-functional groups on the surface, supporting our XPS
findings. The newly developed microwave-assisted method with
pre-treatment is a mild route for etching MAB into the multi-
layered MAB@MBene phase in less time than conventional wet
chemical etching.

3.3. Optical properties

After understanding the chemical composition of our samples,
we moved on to optical studies. The presence of superficial
oxides could enable the interesting optical activity of our multi-
layered MBene structures. We first recorded the optical absor-
bance of these materials in water dispersions (Fig. 6a) and in
the form of dried powder (Fig. 6b). The liquid dispersion of
MAB@MBene showed a small curve (highlighted by a green
rectangle). While Acid-MAB@MBene and Base-MAB@MBene
exhibited no absorption peak in the 400-1000 nm range, which
indicates a metallic behavior for its aqueous dispersion. Hel-
mar et al. also observed a similar trend for a Mo,;B,_,T,
aqueous dispersion.*! Powder samples showed a small, broad
peak around 500-800 nm due to the metal oxide shell on the
MAB surface, as confirmed from the XPS analysis.*”

Moving on to the absorption in the deep UV region, we
observed a clear absorption edge of MoAIB, MAB@MBene,
Base-MAB@MBene, and Acid-MAB@MBene (Fig. 6¢ and d),
which we attributed to the band-to-band transition of the metal
oxide on the surface of the etched MoAIB (most likely Mo-based
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oxides). Moreover, the estimated bandgap of the samples
based on the absorption spectra are 3.54, 3.58, 3.65, and
3.88 eV, for MoAlB, MAB@MBene, Acid-MAB@MBene, and
Base-MAB@MBene (Fig. S6a-d, ESIt), respectively. A possible
reason for the band gap variation is an effect of the different
etching approaches, functionalization of etched MoAIB, and
formation of metal oxide (MoO,, MoOs;, or Mo0,0s) on its
surface.*’ In MXene, such factors also play an important role
in tuning the optical properties, which are well-proven theore-
tically and experimentally.****

The ¥ and 4 at the incident angle of 45° of the representa-
tive sample (MAB@MBene) are shown in Fig. S1 (ESIt). The
optical model fits the experimental data well. After the fitting
process, the optical constants of the sample, i.e., refractive
index (n) and extinction coefficients (k), were obtained. The
results for An and Ak are presented by calculating the differ-
ences to MoAIB (the MAB phase). This approach provides a
comparative insight into the variation across MAB@MBene
with different synthesis treatments.

Acid-MAB@MBene showed the smallest difference of An
compared to MAB@MBene and Base-MAB@MBene (Fig. 6e).
Fig. S7a (ESIt) shows the n value of the samples at a wavelength
of 300-800 nm (1.55-4.13 eV). In this context, Base-MAB®@
MBene showed the highest n value (~1.37) over the measured
spectral range, implying the highest capability to refract elec-
tromagnetic waves. Furthermore, the other MBene samples,
i.e., Acid-MAB@MBene and MAB@MBene, showed n values of
~1.17 and ~1.36, respectively.

Here, all three etched samples showed higher n values than
the MoAIB, whose n value was ~1.08, implying the hydrothermal
treatment could modify the optical properties.*> However, the
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value obtained in this experiment differs from the n value of
MOoAIB obtained theoretically (3-7 at an energy range of 0-5 eV),"”*®
This may indicate that our materials are not MoAIB phase alone but
have a MoAIB@MBene multilayered structure.

The Ak value of all the samples shows a similar trend for the
energy below 3.14 eV (Fig. 6f). However, the MAB@MBene,
Base-MAB@MBene, and Acid-MAB@MBene displayed different
intensity levels and blue shifting in the UV region. This shifting
can be connected to a shift in the bandgap value of the sample,
which is shown in Fig. S6 (ESIf).*”*® Notably, Base-
MAB®@MBene showed the most significant shift in the absorp-
tion edge toward higher energy. To be specific, the k spectra of
all the samples only show a single maximum of ~300 nm,
which is attributed to the oxide phase on the surface of the
etched MoAIB.

Next, we explore the charge carrier dynamics of the MBene
samples via steady-state and time-resolved photoluminescence
(TRPL) analysis. MAB@MBene, Base-MAB@MBene, and Acid-
MAB@MBene showed a bandgap value in the UV region, which
was observed in the absorbance spectra (Fig. 6¢ and d). Conse-
quently, we performed photoluminescence measurements with
high excitation energy (266 nm). All three samples exhibited
identical peaks in the visible region centered at 682 and 516 nm
(Fig. S8a, ESI}).

The most plausible origin of these peaks is the recombina-
tion of electrons to defects in the interfacial oxide of the
MBene. Furthermore, we monitored the emission above
600 nm by TRPL to study the charge carrier dynamics.
MAB@MBene, Base-MAB@MBene, and Acid-MAB@MBene
(Fig. S8b-d, ESIt) showed tri-exponential decay with an average
carrier lifetime of 2.0, 2.1, and 1.9 ps, respectively, which is also

Microwave-assisted Hydrothermal (2 h)
0.6 M HCI & H,0,, 150 °C
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tabulated in Table S8 (ESIt) with another parameter. This large
decay time may indicate the trapping and de-trapping process
of electrons due to the presence of defects.*>*® Since defects
can alter the density of traps, they often act as non-radiative
recombination centers.’®*' To sum up, the UV absorption
characteristic and tunable refractive index of MBene promise
that it can be applied as UV photodetectors, lasers, and UV
shielding for space applications.

Although analyzing the optical properties of ML MoAIB@M-
Bene faces challenges due to multilayer formation, surface
oxide, and defects, these aspects can be beneficial depending
on the application. Trace amounts of aluminum may also affect
optical properties, but this can be resolved by further delami-
nation to form single layers, similar to MXene.

4. Plausible reaction mechanism of
etching

To elucidate the reaction mechanism of Al etching from the
MOoAIB MAB phase, we present a schematic representation of
the etching process at each stage and the possible material
conditions (Fig. 7). SEM and TEM micrographs have been used
to illustrate the etching process and its effects on the material.
The previous section has already discussed pretreatment pos-
sible reactions, with reactions (1) and (2) supported by the XRF
results (Fig. S2, ESIt).

In the second step of the microwave-assisted hydrothermal
method, a combination of 0.6 M HCI and H,0, (30%) has been
chosen to facilitate possible reactions (3)-(10). Based on the
introductory reaction chemistry, the following plausible
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Fig. 7 Schematic illustration of different stages of aluminum (Al) etching from the MoAIB MAB phase for multilayer (ML) MoAlB@MBene via pretreatment

and microwave-assisted hydrothermal method.
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reactions are presented for the microwave-assisted hydrother-

mal method.?%%%%3
HCI + H,0, s H,0,-HCI (3)
H,0,-HCl - H,0-OH — H,0 + HOCI (4)
HOCI + H,0, — H,0 + O, + HCl (5)
HOCI + HCI & Cl, + H,O0 (6)
Al + HCIO — Al(OH); + Cl, (7)

H,0, is one of the most powerful oxidizing agents. When
dissolved in water, hydrogen peroxide acts as a weak acid.
Maass and Hiebert demonstrated the reaction rate and perfor-
mance between H,0, and HCL’*°® This reaction forms a
complex, H,O0,-HCI (reaction (3)), which further breaks down
into hypochlorous acid and water (reaction (4)). Subsequently,
hypochlorous acid reacts with hydrogen peroxide, releasing
chlorine (reactions (5) and (6)).>*** Additionally, hypochlorous
acid can react with Al from MoAIB, forming Al(OH); and
resulting in etching (reaction (7)).2%>*>3

It is unlikely that such a reaction can occur with Mo (molyb-
denum) because Mo is known to easily form a thin layer of oxide
on its surface, which protects it from further reaction and
corrosion.>***>” Therefore, the process remains very slow as long
as the MoO, passivation layer remains nearly intact. While some
reactions do occur with Mo, the formation of oxide and chloride
(reaction (8)-(10))>>***” has been observed and confirmed
through XPS results. The color of the supernatant after the
microwave-assisted hydrothermal reaction is due to Mo-based
species. In the case of MAB@MBene supernatant, the blue color
indicates a mild reduction of the aqueous or acidic solution of
molybdates (MoO;) with the (+w/v) oxidation state (reaction
(9)).>°*> Conversely, the yellow color supernatant for Base-
MAB@MBene and Acid-MAB@MBene could result from either
the formation of hydrated oxides (M0Oj;-2H,0) or molybdenum

oxychloride (MoO,Cl,), both of which are yellow in color.”>%>”
Mo + 3HCI + 3Cl~ - MoCls*~ + 3/2H, (8)
Mo + 4 H,0, — MoO, + 4H,0 (9)

2Mo + 30, — 2Mo0O; (10)

In the case of molybdenum (Mo), predicting the reaction
pathway is more challenging due to the formation of various
complexes in the solution. A key characteristic of Mo’s chem-
istry is the formation of polyacids. The polyacids of Mo are not
fully understood because the degree of hydration and protona-
tion of the various species in the solution is unknown.>?>¢>’

The different order of Al etching ultimately depends on the
pretreatment. We have already observed more Al content in the
0.1 M HCl step than in 0.1 M NaOH (Fig. S2, ESIt). Therefore, in the
case of Acid-MAB@MBene, this initiation of etching and opening
up more surfaces for better Al etching led to a better multilayer
structure till its core. This plausible reaction mechanism is pre-
dicted and supported through XRF, XPS, EDS results, and SEM and
TEM micrographs. A detailed analysis of reaction kinetics and
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mechanism has been reported for etching MAX to MXene.”>>®
However, an in-depth understanding and presentation of the reac-
tion mechanism from MoAIB to MBene using various techniques
are still needed. This would provide a new platform for researchers.

5. Conclusions

Herein, our study explored the impact of acid (HCI) and base
(NaOH) treatments combined with a mild microwave-assisted
hydrothermal approach on Al etching from the MoAIB MAB
phase. We successfully developed an easy, efficient, straightfor-
ward etching technique that surpasses previous methods.
Unlike traditional selective etching requiring prolonged durations
and highly concentrated chemicals, our method minimizes
incomplete etching, complete oxidation, and corrosion of MAB
phases. We achieved effective Al etching from MoAIB using the
microwave-assisted hydrothermal method in just 4 hours by
incorporating HCI or NaOH pre-treatments.

Our findings reveal that the resulting multilayered MoAIB@
MBene structures exhibit unique and tailored optical properties.
SEM and TEM images demonstrate Al etching from the edges,
forming a MXene-like accordion structure. XRF, XRD, and SEM-
EDS analyses confirm the initiation of Al etching through pre-
treatment, reducing Al content and forming a multilayer (ML)
MBene structure. The optical band gap of MoAIB@MBene ranges
from 3.54 to 3.88 eV, indicating its potential for various light-
based applications. The etched MoAIB@MBene structures also
display higher refractive index (n) values and varying intensity
levels with blue shifting in the UV region for the excitation
coefficient (k).

Our results validate the effectiveness of the microwave-
assisted hydrothermal method, highlighting its potential to
etch Al from the MAB phase efficiently. This method offers
advantages such as reduced use of harsh chemicals, shorter
synthesis duration, and improved material homogeneity. Alu-
minum can be etched within a day, producing high-quality and
uniform structures. However, further studies are needed to
understand the effects of multi- and single-layer MBenes on
optical properties and stability after acid/base etching and
delamination for potential optoelectronic applications.

In conclusion, our work demonstrates the ability to tune the
optical properties of ML MoAlB@MBene through different
etching techniques. The limited availability of MBene-like
borides will allow us to explore the role of boron in their
properties. Our analysis suggests that boron-containing multi-
layered MBenes with surface oxides could outperform other 2D
materials, including graphene and MXene. Consequently,
further research on MBenes should focus on developing effi-
cient etching and delamination methods and exploring their
applications in optoelectronic devices.
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