
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 1

0:
48

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Design of high-p
aINM – Leibniz Institute for New Materia

Germany. E-mail: volker.presser@leibniz-inm
bDepartment of Materials Science and Engine

66123 Saarbrücken, Germany
cDipartimento di Scienza dei Materiali, Uni

Cozzi 55, 20125 Milano, Italy. E-mail: ricca
dRicerca sul Sistema Energetico-RSE S.p.A.,
eInstitute of Nanotechnology, Karlsruhe

Helmholtz-Platz 1, Eggenstein-Leopoldshafe
fNational Reference Center for Electrochem

Interuniversitario Nazionale per la Scienz

50121 Firenze, Italy
gSaarene – Saarland Center for Energy Mat

66123 Saarbrücken, Germany

† Electronic supplementary information
diffraction patterns, supplementary scann
distribution of synthesized Sb parti
characterization, and graphical illustra
obtained hybrid materials. See DOI: 10.10

Cite this: J. Mater. Chem. A, 2022, 10,
10569

Received 20th January 2022
Accepted 23rd March 2022

DOI: 10.1039/d2ta00542e

rsc.li/materials-a

This journal is © The Royal Society o
erformance antimony/MXene
hybrid electrodes for sodium-ion batteries†

Stefanie Arnold, ab Antonio Gentile, cd Yunjie Li, ab Qingsong Wang, ae

Stefano Marchionna, d Riccardo Ruffo *cf and Volker Presser *abg

Due to their versatile properties and excellent electrical conductivity, MXenes have become attractive

materials for alkali metal-ion batteries. However, as the capacity is limited to lower values due to the

intercalation mechanism, these materials can hardly keep up in the ever-fast-growing community of

battery research. Antimony has a promisingly high theoretical sodiation capacity characterized by an

alloying reaction. The main drawback of this type of battery material is related to the high volume

changes during cycling, often leading to electrode cracking and pulverization, resulting in poor

electrochemical performance. A synergistic effect of combing antimony and MXene can be expected to

obtain an optimized electrochemical system to overcome capacity fading of antimony while taking

advantage of MXene charge storage ability. In this work, variation of the synthesis parameters and

material design strategy have been dedicated to achieving the optimized antimony/MXene hybrid

electrodes for high-performance sodium-ion batteries. The optimized performance does not align with

the highest amount of antimony, the smallest nanoparticles, or the largest interlayer distance of MXene

but with the most homogeneous distribution of antimony and MXene while both components remain

electrochemically addressable. As a result, the electrode with 40 mass% MXene, not previously

expanded, etched with 5 mass% HF and 60% antimony synthesized on the surfaces of MXene emerged

as the best electrode. We obtained a high reversible capacity of 450 mA h g�1 at 0.1 A g�1 with

a capacity retention of around 96% after 100 cycles with this hybrid material. Besides the successful

cycling stability, this material also exhibits high rate capability with a capacity of 365 mA h g�1 at 4 A g�1.

In situ XRD measurements and post mortem analysis were used to investigate the reaction mechanism.
1 Introduction

Their large energy density, high power density, and output
voltage make lithium-ion batteries (LIBs) an essential
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technology for electrochemical energy storage systems.1 As
a result of the increasing demand for batteries, scarcity of fossil
resources of lithium, and the resulting rise in price, energy
storage technologies beyond lithium are of high interest.2,3

Sodium is one of the most abundant elements in the earth's
crust. Thus, sodium-ion batteries (NIBs) offer cost-effective and
sustainable energy storage compared to their LIB counterparts.4

In recent years, extensive research efforts have been dedicated
to NIB cathodes and anodes with high energy density, high
power density, stable cycling performance, and good rate
capability.2,5,6 A particular challenge is the development of
anodes that combine high capacity and long lifetime/high
durability. Several studies focus on carbon-based materials as
an alternative for graphite anodes, as they are used successfully
in LIBs.7,8 Hard carbon, the most widespread carbonaceous
material in NIBs, can only achieve a capacity of up to
300 mA h g�1 because of pseudocapacitive Na+-ion surface
adsorption.9–13 Other intercalation materials like Li4Ti5O12,14–16

TiO2,17 and Na2Ti3O7 (ref. 18) are well known for their high
structural stability, which enables high reversibility during
sodiation and de-sodiation. Still, a major drawback is that the
Na+-ion intercalation enabled capacity is limited due to the
J. Mater. Chem. A, 2022, 10, 10569–10585 | 10569
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restricted number of storage sites.19 This makes choosing high-
capacity materials capable of forming sodium-rich intermetallic
compounds through an alloying reaction extremely attractive,
as demonstrated by extensive research on this topic published
in the literature.6,20–23 Sodium can form alloys with group 14 and
15 elements, such as Ge, Sn, Pb, P, and Sb. Intermetallic
compounds such as NaGe,24 Na15Sn4,25 Na15Pb4,26 Na3P,27 and
Na3Sb28 are obtained which can realize a high sodium storage
capacity. A major problem of alloying-based materials is the
large volume change during sodiation and de-sodiation. This
process causes possible aggregation, continuous reformation of
the solid–electrolyte interphase (SEI), depletion of the electro-
lyte, and loss of the conductivity as well as slower kinetics which
oen leads to capacity fading.20,21,29 This constitutes a major
drawback since side reactions are constantly occurring during
cycling, resulting in low Coulombic efficiency (CE). In addition,
the inhomogeneous composition and thickness of the contin-
uously restructured SEI can partly block charge transfer and
cause typical rapid capacity fading.30–34 With a high theoretical
capacity of 660 mA h g�1, a high specic capacity and the ease of
availability of the material, antimony (Sb) represents a very
common and promising anode material candidate for high
energy NIBs.1,35 Still, during the alloying reaction of antimony
with sodium resulting in Na3Sb compounds, this material
suffers from high volume expansion (�300%) and contraction
and slow reaction kinetics resulting in capacity fading and poor
electrochemical performance.20,35–37 Therefore, it is crucial to
buffer the volume change sufficiently to mitigate pulverization
and cracking of the electrode, while increasing the conductivity
and improving the electrochemical performance.21,38

Besides the specic adaptations and variations of the binder
and electrolytes, current work mainly presents two different
approaches to counteract these problems. A promising path is
to develop suitable carbon matrices, which act as a conductive
additive and buffer the volume change occurring during
sodiation and de-sodiation and provide additional diffusion
pathways.21,36,39–44 For example, Pfeifer et al. investigated the
impact of carbon properties on antimony/carbon composite
electrodes for NIBs by simple mechanical mixing only by
considering the physical, chemical, and structural features of
the carbon phase.45 An alternative way is to develop suitable
nanostructures/nanocomposites, which should improve the
kinetics.21 MXenes, a novel class of two-dimensional, inorganic
layered transition metal carbides, nitrides, and carbonitrides,
were discovered in 2011.46 Among them, several MXenes are
promising intercalation-type electrodes, for example, for LIBs
and NIBs because of their distinctive physical and chemical
properties.47,48 Comparing 2D materials, MXenes stand out with
their combined properties such as good electronic conductivity,
hydrophilicity, and exibility.48,49 Furthermore, due to their low
activation barrier for ion movement, they also represent an
optimal candidate for NIBs.50,51 Kajiyama et al. showed that the
intercalation and deintercalation of the sodium-ions between
Ti3C2Tz sheets occur without any substantial structural change
with a reversible capacity of around 100 mA h g�1 over 100
cycles at 0.02 A g�1.52 Gentile et al. showed different preparation
routes of MXenes resulting in different structures,
10570 | J. Mater. Chem. A, 2022, 10, 10569–10585
compositions, properties, and morphologies and investigated
their inuence on the application of NIBs.53 The optimized
Ti3C2Tz shows a capacity of 110 mA h g�1 at a specic current of
0.03 A g�1.

Although MXene is an interesting electrode material, its
intrinsic performance is commonly limited to the intercalation
mechanism.54 Accordingly, the resulting de-sodiation capacity
is also limited to lower values than alloying or conversion type
materials.55 An attractive way to overcome this limitation is to
combine MXene with other nanoparticles, either by forming
nanocomposites or hybrids. This has been very successfully
explored for different electrochemical applications, such as
sensors,56 photocatalysis,57 and energy storage.58 The list of
nanomaterials used to enhance different types of MXenes is
long and includes MnO2,59 MoS2,60 NiCo2S4,61 NbS2,62 and
TiO2,63 along with polymers (such as polyvinyl alcohol; ref. 64).
Combining MXene and non-MXene materials extends to
MXenes and alloying materials. Conning and synergizing
materials like antimony with a high specic capacity and
conductive MXene is promising to yield improved electro-
chemical performance and cycling stability. Combining the
most common and best-explored MXene Ti3C2Tz with antimony
nanoparticles is expected to enhance the structural stability
resulting in a long cycling life since there is a minimal volume
change of the 2D nanomaterial during alkali metal transport.
This includes NIBs65 but also extends to other systems, such as
potassium-ion batteries.66,67 In addition, MXene nanosheets
show excellent mechanical stability, compensating for signi-
cant volume changes during charging and discharging in
nanomaterials like alloying materials during cycling.68 This
avoids or reduces agglomeration and the possible subsequent
pulverization, which is also reected in improved electro-
chemical behavior.

This work presents a guideline for designing an advanced
hybrid antimony MXene compound for application in high-
performance NIBs. We introduce two different routes for the
hybrid material synthesis by variation of two different types of
MXenes and compositions. In this way, different morphologies
and compositions were obtained whose impact on the electro-
chemical performance in NIBs was studied. Finally, electrodes
with an optimized synthesis protocol demonstrated stable and
high-capacity electrochemical cycling stability and rate capa-
bility in NIBs.
2 Experimental
2.1 Materials synthesis

2.1.1 Ti3C2Tz synthesis. The synthesis of the Ti3AlC2 MAX
phase was done via spark plasma sintering and has been
described in previous work.53 In a typical synthesis, Ti/Al/TiC
powders were mixed in an atomic ratio of 1/1/1.9 in a Turbula
shaker (3D mixer TURBULA) for 24 h. The powders were rapidly
heated to 1300 �C and pressed at 43 MPa between the pistons of
the SPS for 5 min at an argon partial pressure of 300 mbar. The
MAX phase disc produced was ground and sieved to obtain
particles with a size below 50 mm.
This journal is © The Royal Society of Chemistry 2022
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Two different Ti3C2Tz MXenes were obtained in this work,
referred to as MX_HF5 and MX_HF30. The synthesis of
MX_HF5, treated with a 5 mass% solution of hydrouoric acid
(HF) proceeds as described below. In a polytetrauoroethylene
beaker, 2 g of Ti3AlC2 powder was stirred in 50 mL of 5 mass%
HF in water for 24 h at room temperature. The powder was
added slowly to the reaction solution within 2 min since the
reaction between HF and the MAX phase leads to a strong
evolution of H2 in the solution. Aer 24 h, the solution was
centrifuged for 15 min at 5000 rpm, and the subsequent
precipitate was recovered from the supernatant, washed with
MilliQ water, and centrifuged 5–6 times until the pH value of
the solution was 6. The powder was nally dried under vacuum
at 80 �C overnight.

For the synthesis of MX_HF30, treated with a 30 mass%
hydrouoric acid solution, the procedure is similar to the
previous one, except for the treatment time. In a typical
synthesis, 2 g of Ti3AlC2 powder was dispersed in 50 mL of 30
mass% HF in water under vigorous stirring at room tempera-
ture for 5 h. The hydrogen evolution is greater than the previous
case, so the powder is added within 5 min. The washing and the
drying procedure were the same as those of MX_HF5.

2.1.2 Antimony nanopowder synthesis. Antimony nano-
powder synthesis was carried out using the protocol outlined
in previous work45,69 and the optimized synthesis route
proposed in the literature.93 To obtain high purity antimony,
an excess of sodium borohydride (NaBH4, 1.216 g, $98.0%
purity, Sigma Aldrich) was suspended in 200 mL technical
ethanol (>99.0% purity, Merck). Antimony chloride (SbCl3,
2.244 g,$99.0% purity, Sigma Aldrich) was dissolved in 40 mL
absolute ethanol (>99.9% purity, Sigma Aldrich). The SbCl3
solution was added dropwise into the stirring solution of
NaBH4 in ethanol at room temperature using a syringe pump
with a controlled dropping speed of 20 mL h�1. The resultant
black mixture was stirred for 1 h at room temperature and
aerward sonicated for 10 min (P120H, Elmasonic). Aer
sedimentation of the antimony particles, they were ltered
under vacuum, and washed three times with ethanol and three
times with deionized water. Antimony particles were dried in
an oven at +80 �C for 4 h.

2.1.3 Synthesis of antimony–MXene hybrids. Two different
routes were used to obtain the antimony MXene hybrids. In
route A, the previously synthesized MXenes were rst expanded.
For successful expansion, 100 mg of Ti3C2Tz (etched with 5
mass% HF or 30 mass% HF) was embedded in 40 mL of
degassed Milli-Q water together with 4 mL of tetramethy-
lammonium hydroxide (TMAOH, 1 M in water, Sigma Aldrich)
over 12 h. The supernatant solution was decanted, and the solid
was washed several times with Milli-Q water and centrifuged to
remove the excess of TMAOH (each step of 30 min at 5000 rpm),
which can be controlled by the change of the pH value (from 14
to 6). Aer the last washing step with water, the solvent was
changed to ethanol and washed three times to eliminate the
remaining water for subsequent synthesis of antimony. Then,
30 mL of ethanol was added to the powder, and the black
suspension was treated in an ultrasonic bath (Emmi-40HC,
EMAG) for 1 h. A specic amount of NaBH4 (still the same
This journal is © The Royal Society of Chemistry 2022
excess amount) was nally added with this reaction solution.
The same synthesis process of antimony nanoparticles was
performed equivalent to the process described above.

In synthesis route B, the synthesized 100 mg Ti3C2Tz (etched
with 5 mass% HF or 30 mass% HF) was soaked in a solution of
SbCl3 dissolved in 30 mL absolute ethanol for 12 h. To this
suspension, a solution with an excess of NaBH4 in 40 mL
technical ethanol was dropped at a speed of 20mL h�1 to reduce
the Sb3+-ions and form the elemental antimony particles.

2.2 Structural and chemical characterization

X-ray diffraction (XRD) measurements of the antimony hybrids
were performed with three different systems. XRD-1: A D8
Advance diffractometer (Bruker AXS, Germany) with a copper X-
ray source (Cu-Ka, l ¼ 1.5406 Å, 40 kV, 40 mA). The samples
were examined in the range of 3.5� to 80� 2q and with 0.033 s per
step. XRD-2: A D8 Discover diffractometer (Bruker AXS, Ger-
many) with a copper X-ray source (Cu-Ka, l¼ 1.5406 Å, 40 kV, 40
mA), a Göbel mirror and a 1 mm point focus as optics. With
a VANTEC-500 (Bruker AXS) two-dimensional X-ray detector
positioned at 17� 2q, 37� 2q, 57� 2q, and 97� 2q with
a measurement time of 1000 s per step, ve frames were
recorded. The third system (XRD-3) is outlined in Section 2.4.2.
Unless noted, all presented XRD patterns are related to
measurements that were carried out by using XRD-1.

The sample morphology was characterized with a eld
emission scanning electron microscope using a Zeiss Gemini
500 instrument (Carl Zeiss) at an acceleration voltage of 1 kV.
The samples were xed on a steel sample holder by using
copper adhesive tape and analyzed without the aid of an addi-
tional, conductive sputter coating.

Transmission electron microscopy and selected area elec-
tron diffraction investigations were carried out using a JEOL
2011 instrument operated at 200 kV. The sample was dispersed
in ethanol through sonication for 5 min and drop-casted onto
a copper grid with a lacy carbon lm.

2.3 Electrode materials and preparation

Pure MXene working electrodes were obtained with a ratio of 90
mass% MXene, and 10 mass% carboxymethyl cellulose (CMC,
degree of substitution ¼ 0.7, molecular weight ¼ 250 000 g
mol�1, Sigma Aldrich) dissolved in water and ethanol (1 : 1
mass ratio) following the subsequently described mixing steps.
The Sb@ Ti3C2Tz/C electrodes were manufactured by mixing an
active material of 80 mass% of the different synthesized anti-
mony MXene hybrids (Sb@A_MX_HF5(6 : 4), Sb@A_
MX_HF5(7 : 3), Sb@B_MX_HF5(6 : 4), Sb@B_MX_HF5(7 : 3),
Sb@A_MX_ HF30(6 : 4), Sb@A_MX_HF30(7 : 3), Sb@B_
MX_HF30(6 : 4), and Sb@B_MX_HF30(7 : 3)) with 10 mass%
conductive carbon additive (C-NERGY SUPER C65 conductive
carbon black, Imerys Graphite & Carbon) and 10mass% CMC as
the binder from a 3 mass% aqueous solution according to the
mixing steps described below.

First, the active material and carbon were mixed and care-
fully dry ground in a mortar. Aerward, the dry powder mixture
was dry-mixed at 1000 rpm for 5 min in a SpeedMixer DAC 150
J. Mater. Chem. A, 2022, 10, 10569–10585 | 10571
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SP from Hauschild. Ethanol (99.0% purity, Merck) was added
dropwise to the mixture until the slurry achieved suitable
viscosity. This paste was again mixed at 1500 rpm for 5 min
followed by 2500 rpm for 5 min. Finally, the CMC binder
solution (3 mass% CMC in Milli-Q-water) was added, and the
viscous electrode paste kept mixing at 800 rpm for 10 min. The
suspension was stirred for 12 hours with a magnetic stirrer to
obtain a homogeneous slurry. The subsequently obtained
slurries were doctor-bladed on aluminum foil (thickness of 15
mm, Ranafoil, Toyo Aluminium), and used as a current
collector, with a wet thickness of 200 mm. The electrode coat-
ings were initially dried under ambient conditions overnight.
Then, an extra vacuum drying step was conducted at +110 �C
for 12 h to remove the remaining solvent. The packing density
of the electrode was adjusted by dry-pressing within a rolling
machine (HR01 hot rolling machine, MTI), and discs of 12 mm
diameter (1.131 cm2) were punched from the electrode sheet
using a press-punch (EL-CELL) and applied as the working
electrode.

For comparison to the hybrid active material, simple
mechanical mixing (MM) of the active antimony material,
MXene, conductive carbon, and the binder solution was con-
ducted in analogy to the procedure reported for the hybrid
Sb@MXene. These samples were prepared to recreate the
composition of the related hybrid materials and are referred to
as Sb + MX_HF5(6 : 4)_MM and Sb + MX_HF5(7 : 3)_MM. The
ensuing electrode thickness of the dried electrodes was typically
25–35 mm with a material loading of 3.8 � 0.5 mg cm�2.
2.4 Cell preparation and electrochemical characterization

2.4.1 Electrochemical half-cells. Custom-built polyether
ether ketone (PEEK) cells with spring-loaded titanium pistons
were used for electrochemical testing in a non-aqueous elec-
trolyte.70 The cells were arranged in a three-electrode congu-
ration for electrochemical measurements. The electrode discs
were punched out of the electrode lms with a diameter of 12
mm. In NIBs, sodium metal is conventionally used as the
counter and the reference electrode.

All used cell parts were dried overnight at +120 �C and
introduced into an argon-lled glovebox (MBraun Labmaster
130, O2 < 0.1 ppm, H2O < 0.1 ppm). Initially, the punched
working electrode with a diameter of 12 mm was placed in the
cell, followed by a 13 mm diameter vacuum dried compressed
glass-ber separator (GF/D, Whatman). The counter electrode
was punched into circular plates with a diameter of 10 mm and
placed on the separator. Before using metallic sodium, the
oxidized surface was polished to obtain a smooth surface to
avoid non-uniformity and impurities. The counter electrodes
were pressed to a uniform thickness of approximately 1 mm. A
copper foil current collector was placed on the backside of each
counter electrode. The sodium reference electrode was placed
on a compressed glass-ber separator (GF/D, Whatman) with
a diameter of 2 mm in a cavity close to the working electrode/
counter electrode stack and brought into contact with a tita-
nium wire. The electrolyte was vacuum backlled with a syringe
into the cells.
10572 | J. Mater. Chem. A, 2022, 10, 10569–10585
The preparation and handling of the electrolyte solvent and
salt were conducted in an argon-lled glovebox. A 1 M sodium
perchlorate (NaClO4, >99% purity, Alfa Aesar) solution in
a solvent mixture of ethylene carbonate (EC, $99% purity,
Sigma Aldrich) and dimethyl carbonate (DMC, $99% purity,
Sigma Aldrich) in a 1 : 1 mass ratio with the addition of 5
mass% uoroethylene carbonate (FEC, 99% purity, Sigma
Aldrich) was used as the electrolyte. FEC is commonly used as
a NIB additive that improves the stability of the SEI, modifying
the composition of the SEI layer and preventing the decompo-
sition of EC and DMC.71–75 The sodium salt for the electrolyte
was dried under vacuum at +80 �C for 48 h before use.

Galvanostatic cycling with potential limitation, cyclic vol-
tammetry, and rate performance measurements were carried
out using a VMP3 multi-channel potentiostat/galvanostat (Bio-
Logic) equipped with the EC-Lab soware. All electrochemical
measurements were carried out in a climate chamber (Binder)
at a constant temperature of +25� 1 �C. Cyclic voltammetry was
carried out with a scan rate of 0.1 mV s�1 in a potential window
of 0.1–2.0 V vs. Na+/Na. The galvanostatic charge/discharge
cycles were performed in the voltage range of 0.1–2.0 V vs.
Na+/Na. For all long cycling tests in this work, a specic current
of 0.1 A g�1 was used. The cycling of the cells was stopped aer
100 cycles in the de-sodiated state to conduct post mortem XRD
and SEM analysis. Rate performance measurements were con-
ducted at different currents to get more information about the
half-cell rate capability and stability at higher currents. The
applied specic currents were 0.1 A g�1, 0.2 A g�1, 0.5 A g�1,
1.0 A g�1, 2.0 A g�1, 4.0 A g�1, 8.0 A g�1, and (again) 0.1 A g�1. All
obtained values for the capacity in Sb/MXene vs. sodium cells
are related to the respective active mass (i.e., the total mass of
the antimony–Ti3C2Tz hybrid).

2.4.2 In situ XRD measurements. A customized coin cell of
the type CR2032 with a Kapton window of Ø 4 mm on each side
was used for carrying out in situ XRD measurements on a STOE
Stadi P diffractometer equipped with a Ga-jet X-ray source (Ga-
Kb radiation, l ¼ 1.20793 Å; XRD-3). To ensure the sufficient
XRD diffraction signal, the electrodes used here had an areal
loading of 4.6 mg cm�2 active material, which is higher than
that used for the electrochemical testing. In addition, the
electrode slurry was cast on top of a carbon paper to avoid the
sharp reections of the aluminum current collector to overlay
relevant reections of the Sb alloying reaction. Apart from that,
assembling the cells was compliant with the procedure already
presented in detail above. The XRD patterns were collected in
the transmission mode in the 2q range from 6� to 70� with
a counting time of around 105 min. Galvanostatic cycling with
a specic current of 0.1 A g�1 was performed with a potentio-
stat/galvanostat (SP 150, BioLogic) at the cut-off voltages of
0.1 V and 2.0 V vs. Na+/Na.

3 Results and discussion
3.1 Material characterization

The main process of synthesizing the antimony hybrid material
is illustrated in Fig. 1. Thereby antimony hybrids were prepared
by two different routes. In route A, the synthesized MXenes
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic illustration of the different synthesis routes of the antimony/MXene hybrids. Route A represents a previous expansion of the
MXene layers before synthesizing the antimony/MXene hybrids while route B depicts intercalation of SbCl3 in the MXene before subsequent
antimony/MXene hybrid synthesis.
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(etched with 5 mass% or 30 mass% hydrouoric acid (HF)) were
rst expanded with the use of tetramethylammonium hydroxide
(TMAOH) as the intercalant. In route B, the not-expanded
MXene (etched with 5 mass% or 30 mass% HF) was soaked in
the reaction solution of SbCl3 in ethanol to possibly anchor the
Sb3+ cations already on the surface and between the layers. In
both cases, a co-precipitation method of synthesizing the anti-
mony nanoparticle at the MXene is followed to obtain the
antimony MXene hybrids. In this way, two hybrids with
different compositions (Sb : Ti3C2Tz 70% : 30% and 60% : 40%
by mass) were prepared for each type of MXene and each route,
respectively.

All hybrids, the synthesized MXenes, and the expanded
MXenes were characterized by X-ray diffraction (Fig. 2). The pure
MXene phases (MX_HF5 and MX_HF30) each show well-dened
diffraction peaks for the (002), (004), and (006) reections which
are indicative of the stacking sequence along the c-axis and the
(110) distinct reection, which characterizes the Ti–C order. The
XRD pattern in Fig. 2A aer expansion (A_MX_HF5) shows
a strong (002) peak at 6.00� 2q, compared to the initial value of
(002)-Ti3C2Tz at 8.67� 2q. The same observation can be made by
looking at Fig. 2B where the (002) peak in pristine MXene (etched
with 30 mass% HF) is found at 8.95� 2q and undergoes a back-
shi to 5.89� 2q aer performing expansion/exfoliation
(A_MX_HF30). This backshi of the (002) reection is charac-
terized by a signicant increase in d-spacing along the c-axis,
which corresponds to an increased value of 45% for the MXene
etched with 5 mass% HF (MX_HF5) to the expanded MXene
(A_MX_HF5) and a value of 51% for the MXene etched with 30
mass% HF (MX_HF30) to the expanded MXene (A_MX_HF30).

The XRD patterns of all hybrids where the MXene was etched
with 5mass%HF as reported in Fig. 2A and ESI, Fig. S1† show the
This journal is © The Royal Society of Chemistry 2022
characteristic peaks of elemental antimony with the space group
R�3m (PDF: 00-035-0732). This indicates that the antimony parti-
cles were successfully synthesized. In the two hybrids where no
prior expansion/exfoliation took place (Sb@B_MX_HF5(7 : 3) and
Sb@B_MX_HF5(6 : 4)), the antimony reections show a signi-
cantly higher intensity than the hybrids where MXenes were
previously expanded using TMAOH (Sb@A_MX_HF5(7 : 3) and
Sb@A_MX_HF5(6 : 4)). Thismay align with the facile distribution
of antimony nanoparticles between the MXene layers when the
interlayers were expanded by partial exfoliation beforehand. The
shielding of Sb nanoparticles by the MXene layers and the lower
dimensional level of the crystallographic coherence domains also
decreases the corresponding signal detectable via X-ray diffrac-
tion. Comparing the MXene reections, the reections of the two
compounds obtained by route B (Sb@B_MX_HF5(7 : 3) and
Sb@B_MX_HF5(6 : 4)) show signicantly less intensity than their
counterparts obtained by the previous expansion of the MXene
layers (Sb@A_MX_HF5(7 : 3) and Sb@A_MX_HF5(6 : 4)).

The low-intensity (002) reections are shied towards
smaller scattering angles compared to the reections of the
bulk Ti3C2Tz. The samples Sb@B_MX_HF5(7 : 3) and
Sb@B_MX_HF5(6 : 4) demonstrate that even without prior
expansion of the MXene layers with TMAOH, there is a clear
shi of bulk (002)-Ti3C2Tz from 8.67� 2q to 6.83� 2q and 6.72� 2q,
respectively. This is caused by the expansion of the MXene
interlayer distance due to the Sb3+ intercalation. This can also
be explained by the different reaction routes. Due to the
previous expansion (route A), some antimony particles will
enter between the layers of the MXene, and a large part of the
surface of the MXene remains free, which can be well detected
in the XRD pattern. In contrast, reaction route B yields anti-
mony particles on the surface of the MXene. The latter forms
J. Mater. Chem. A, 2022, 10, 10569–10585 | 10573
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Fig. 2 X-ray diffractograms using Cu-Ka radiation for different compositions of the as-synthesized antimony MXene hybrid materials (A) with
MXene etched with 5 mass% HF (B) with MXene etched with 30 mass% HF.
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a layer around the MXene particles, which makes the Sb
reections more pronounced in the pattern.

For the antimony hybrid material synthesized based on
MXene etched with 30 mass% HF (Fig. 2B), the observations
agree with those for 5 mass% HF MXene. Only the reection
pattern of the hybrid with 40% expanded MXene, and 60%
antimony (Sb@A_MX_30(6 : 4)) is conspicuous in which it
shows pronounced reections for the antimony particles
compared to the compounds synthesized in the same way. A
different morphology can explain this phenomenon compared
to synthesis route B, where larger antimony particles are
produced. The larger antimony particles which cannot be
intercalated into the interlayers are therefore present in the
hybrid. Generally, no TiO2 reections were detected, suggesting
that the MXene layers are not oxidized or only limited MXene
akes are oxidized during the synthesis process but beyond the
detection limit of XRD characterization.

The electron micrographs shown in Fig. 3 complement the
ndings gained from the X-ray diffractograms. While the bulk
Ti3C2Tz (5 mass% HF) presents the morphology of relative
compact layers, the resulting antimony hybrid with 60% anti-
mony shows that the Ti3C2Tz particles are covered with partially
agglomerated nanoparticles of antimony with a primary size of
about 150–250 nm. A particle size distribution graph of the
obtained antimony particles in different synthesis routes
derived from SEM micrographs are provided in ESI, Fig. S2.†
The remarkable difference in the two particle sizes and espe-
cially the agglomerated Sb nanoparticles of synthesis route B
may be due to possible electrostatic adsorption of the Sb3+-ions
on the MXene layers.65 Partially, the antimony particles are also
located between the layers of the MXene. Aer the expansion of
the bulk Ti3C2Tz using TMAOH, the MXene layers look
expanded and much thinner, and the particles look much
smaller (Fig. 3C). Following synthesis route A, antimony parti-
cles were also synthesized on the surface of the MXene layers. In
this route, signicantly smaller primary particle sizes of 20–
50 nm are formed, creating agglomerates. In addition, due to
the smaller particle size, antimony particles and the formed
agglomerates can diffuse into the expanded MXene layers.
10574 | J. Mater. Chem. A, 2022, 10, 10569–10585
Synthesis conditions can also explain these observations since
in synthesis route A NaBH4 was rst added to the MXene
suspension; therefore, the sodium-ions can be electrostatically
adsorbed on the surface of the MXene.76,77 Due to this, the
remaining free areas on the surface are limited for Sb3+

adsorption, whereby these are diffused more efficiently between
the layers. The differences in the particle size of the antimony
particles can also be explained by the predominant concentra-
tion of antimony ions on the surface, which is signicantly
larger in route B, allowing seed crystals to form and fuse more
easily into large particles and remain so aer reduction. Under
both conditions, we observe a well-developed homogeneity.
Comparing the latter hybrids with Ti3C2Tz etched with 30
mass% HF, similar conclusions are drawn except that this bulk
MXene has a much more open structure from the beginning,
which does not affect the antimony synthesis. Additional
scanning electron micrographs of the different compositions
are provided in ESI, Fig. S3–S6.†

Fig. 4 displays the results obtained by transmission electron
microscopy, which verify the SEM ndings. The synthesis route
with the previous expansion of the MXene layers enables
signicantly smaller antimony particles in-between the
expanded MXene. In contrast, in the synthesis route without
prior expansion of the MXene layers, signicantly larger parti-
cles are obtained, which adhere mainly agglomerates to the
surface of the MXene particles. Specically, antimony is mostly
located between theMXene layers (Sb@A_MX_HF5(6 : 4)) which
explains less pronounced reections of elemental antimony in
the X-ray diffractograms. The reection planes of selected-area
electron diffractograms (Fig. 4E and F) conrm the results ob-
tained from XRD, with the clear evidence of elemental antimony
with the space group R�3m in Sb@A_MX_HF5(6 : 4) (Fig. 4E) and
Sb@B_MX_HF5(6 : 4) (Fig. 4F).
3.2 Electrochemical characterization

To characterize the electrochemical performance of the
Sb@Ti3C2Tz hybrids as anodes for sodium-ion batteries, cyclic
voltammetry proles in the initial ten cycles were investigated at
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Scanning electron micrograph of (A) as-synthesized Ti3C2Tz etched with 5 mass% HF, (B) Ti3C2Tz (5 mass% HF) hybrid with 60 mass%
antimony, (C) TMAOH expanded Ti3C2Tz_HF5, (D) Ti3C2Tz_HF5 hybrid with 60 mass% antimony, (E) as-synthesized Ti3C2Tz etched with 30
mass% HF, (F) Ti3C2Tz (30 mass% HF) hybrid with 60mass% antimony, (G) TMAOH expanded Ti3C2Tz_HF30 and (H) Ti3C2Tz_HF30 hybrid with 60
mass% antimony.
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a scan rate of 0.1 mV s�1 between 0.1 V and 2.0 V vs. Na+/Na and
can be found in detail in ESI, Fig. S7.†

The third cycles of each of the eight antimony Ti3C2Tz hybrid
materials are shown comparatively in Fig. 5. Aer SEI forma-
tion, the typical peaks for the alloying reaction of antimony with
This journal is © The Royal Society of Chemistry 2022
sodium occur mainly for all hybrids. Thus, the reduction peaks
at around 0.7 V and 0.55 V (and 0.45 V) vs. Na+/Na characterize
the multistep transformation of antimony into hexagonal
Na3Sb. The complete reaction proceeds from elemental anti-
mony to the formation of an amorphous NaxSb compound from
J. Mater. Chem. A, 2022, 10, 10569–10585 | 10575
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Fig. 4 Transmission electron micrographs of (A and C) TMAOH expanded Ti3C2Tz (5 mass% HF) hybrid with 60 mass% antimony and (B and D)
bulk Ti3C2Tz (5 mass% HF) hybrid with 60 mass% antimony. Selected-area electron diffraction of (E) TMAOH expanded Ti3C2Tz (5 mass% HF)
hybrid with 60 mass% antimony, and (F) bulk Ti3C2Tz (5 mass% HF) hybrid with 60 mass% antimony.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 1

0:
48

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
which NaSb is nally reacting further with sodium to crystalline
Na3Sb.35,78 The oxidation peak in the subsequent de-sodiation
scan at a potential of around 0.8 V vs. Na+/Na characterizes
the de-sodiation reaction of the NaxSb alloy back to amorphous
10576 | J. Mater. Chem. A, 2022, 10, 10569–10585
elemental antimony. Looking more closely at the performance
of the hybrids with the MXene etched with 5 mass% HF, it is
noticeable that in the hybrids synthesized in route A, the
intensities of the oxidation and the reduction peaks are
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Electrochemical characterization of the antimony MXene hybrids showing the 3rd cycles of the cyclic voltammograms at a scan rate of
0.1 mV s�1 in a potential range from 0.1 V to 2.0 V vs. Na+/Na: (A) hybrids based on MX_HF5% (Sb@A_MX_HF5(6 : 4) and Sb@A_MX_HF5(7 : 3),
and Sb@B_MX_HF5(6 : 4) and Sb@B_MX_HF5(7 : 3)). (B) Hybrids based on MX_HF30% (Sb@A_MX_HF30(6 : 4) and Sb@A_MX_HF30(7 : 3), and
Sb@B_MX_HF30(6 : 4) and Sb@B_MX_HF30(7 : 3)).
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signicantly lower. In addition, the reduction and oxidation
peaks are shied to lower and higher potentials, respectively.
This indicates that comparatively more antimony is electro-
chemically active and addressable in the hybrids in which the
Sb3+-ions have been previously intercalated (route B). This is
consistent with the observations from the material character-
ization. The shi of the peaks probably indicates that the charge
transfer process is more difficult for the samples with previously
expanded MXene layers and intercalated antimony
nanoparticles.79

Hybrids with MXene etched with 30 mass% HF still show the
three reduction peaks and one oxidation peak. HF30 hybrids with
60% antimony show similar intensities of the peaks, whereas
both HF30 hybrids with 70% antimony show signicantly less of
this signal. In contrast to Sb@B_MX_HF30(6 : 4), the oxidation
peak of Sb@A_MX_HF30(6 : 4) is shied towards a higher
potential and has no shoulder. The oxidation peak of
Sb@B_MX_HF30(7 : 3) has a very broad shoulder at a lower
intensity of themain peak, and the peak at Sb@A_MX_HF30(7 : 3)
is much broader and shied towards smaller potential. The rst
reduction peak at 0.7 V vs. Na+/Na is overlapping in three of the
hybrid materials, whereas in the hybrid with expanded MXene
and 70% antimony, the peak is very weak or not pronounced at
all. In general, the redox peaks obtained for the hybrid with
MXene etched with 30 mass% HF are broadened, indicating
poorer kinetics due to the poorly conductive path of the large
particles. There are also broadened peaks for the samples with
non-expanded MXene, attributed to larger particle sizes. The
same can be said for the subsequent reduction peaks at 0.55 V
and 0.45 V vs. Na+/Na. The cyclic voltammograms of pure Ti3C2-
Tz_HF5 and Ti3C2Tz_HF30 anodes show a more pseudo-
rectangular shape without obvious sodiation and de-sodiation
peaks (ESI, Fig. S7 and S8†).80

The obtained reduction and oxidation peaks from cyclic
voltammetry agree with the galvanostatic discharge and charge
proles tested at different specic currents in a voltage range
between 0.1 and 2.0 V vs. Na+/Na as shown in Fig. 6A and B.
This journal is © The Royal Society of Chemistry 2022
Sb@A_MX_HF5(6 : 4) and Sb@B_MX_HF5(6 : 4) show different
plateaus corresponding to the redox reactions associated with
sodium alloying/de-alloying. This multistage process is visible
for all electrodes and results in the formation of three
pronounced plateaus which are consistent for antimony with
observations in previous studies.35,78 The initial sodiation curve
of the Sb@B_MX_HF5(6 : 4) material (Fig. 6B) exhibits a long
plateau at 0.5 V vs. Na+/Na, which can, besides the alloying
products, be assigned to the formation of SEI lms on the
electrode.78 In contrast, the electrode with Sb@A_MX_HF5(6 : 4)
(Fig. 6A) shows signicantly more plateaus in the rst cycle.
This may indicate a different SEI formation process or the
possibility of side reactions that may take place due to trace
impurities from the expansion process using TMAOH. During
the following cycles at higher specic currents, both
compounds continuously show the plateaus reecting the
alloying reaction from crystalline antimony to amorphous
NaxSb, then to cubic and hexagonal Na3Sb mixtures and nally
resulting in hexagonal Na3Sb.35

The most signicant difference between the two hybrids
obtained with different synthesis routes is the potential dri of
the galvanostatic curves. While the proles of
Sb@A_MX_HF5(6 : 4) have similar shapes during cycling, the
charge plateaus of Sb@B_MX_HF5(6 : 4) shi clearly in the
lower capacity direction while the discharge curve plateaus
remain almost constant. This may indicate increasing over-
voltage in the cell, but the capacity values seem to be unaffected.
An explanation for the occurrence of this phenomenon can be,
for example, the sluggish kinetics, inhomogeneities in the
electrode, and undesirable side reactions for a change in the
reaction mechanism, as shown by previous work on alloying
electrodes.1,20,69,81,82 Supplementary and detailed illustrations of
the galvanostatic discharge and charge proles of other hybrid
materials synthesized in this work are presented in ESI, Fig. S9.†

The rate handling capability of the different antimony
MXene hybrids was tested by galvanostatic charge/discharge
with potential limitation, applying specic currents between
J. Mater. Chem. A, 2022, 10, 10569–10585 | 10577
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Fig. 6 Electrochemical performance of the antimonyMXene hybrid electrodes. (A and B) Galvanostatic charge and discharge profiles at different
applied specific currents of 0.1–8 A g�1 between 0.1 V and 2.0 V vs. Na+/Na for (A) Sb@A_MX_HF5(6 : 4), and (B) Sb@B_MX_HF5(6 : 4). (C and D)
Rate performance using galvanostatic charge/discharge cycling with the corresponding Coulombic efficiency values at different values for the
specific current for (C) hybrids based on MX_HF5% (Sb@A_MX_HF5(6 : 4) and Sb@A_MX_HF5(7 : 3), and Sb@B_MX_HF5(6 : 4) and
Sb@B_MX_HF5(7 : 3)), and (D) hybrids based on MX_HF30% (Sb@A_MX_HF30(6 : 4) and Sb@A_MX_HF30(7 : 3), and Sb@B_MX_HF30(6 : 4) and
Sb@B_MX_HF30(7 : 3)). (E and F) Galvanostatic charge/discharge cycling stability at 0.1 A g�1 for (E) hybrids based on MX_HF5%
(Sb@A_MX_HF5(6 : 4) and Sb@A_MX_HF5(7 : 3), and Sb@B_MX_HF5(6 : 4) and Sb@B_MX_HF5(7 : 3)), and (F) hybrids based on MX_HF5%
(Sb@A_MX_HF30(6 : 4) and Sb@A_MX_HF30(7 : 3), and Sb@B_MX_HF30(6 : 4), and Sb@B_MX_HF30(7 : 3)).
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0.1 and 8 A g�1 at an operational potential of 0.1–2.0 V vs. Na+/
Na. The obtained rate handling behavior with the correspond-
ing Coulombic efficiency is given in Fig. 6C for compounds with
the MXene etched with 5 mass% HF and in Fig. 6D for
compounds with the MXene etched with 30 mass% HF. All four
tested hybrid materials with MX_HF5 show the expected
behavior of proportional decreasing de-sodiation capacity while
10578 | J. Mater. Chem. A, 2022, 10, 10569–10585
applying higher specic current and satisfying capacity reten-
tion between 93% and 100% aer returning to the initial
current. The hybrids with expanded MXene achieve stable and
high electrochemical performance values even at 8 A g�1,
whereas the Sb@B_MX_HF5(7 : 3), and slightly later also
Sb@B_MX_HF5(6 : 4), hybrid shows signicant decreases in
capacity at higher specic currents. This behavior can probably
This journal is © The Royal Society of Chemistry 2022
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be explained due to a non-homogeneous distribution in the
electrode. Thus, no optimal buffering of the large volume
expansion during sodiation and de-sodiation can be created,
leading to massive pulverization resulting in severe cracks in
the electrode. This effect negatively affects the electrochemical
performance.21,38 Among the hybrids etched with the MXene
with higher HF concentration (Sb@A_MX_HF30(6 : 4) and
Sb@A_MX_HF30(7 : 3)), Sb@B_MX_HF30(6 : 4) shows similar
stable values for the de-sodiation capacity, the corresponding
CE, and the capacity retention between 92% and 99%. At the
same time, the overall behavior of Sb@B_MX_HF30(7 : 3) is very
unstable. The capacity continuously decreases, which is also
reected in a capacity retention of 69% aer returning to
0.1 A g�1. While MX_30% hybrids generally show less benecial
behavior than the MX_5% hybrids, Sb@A_MX_HF30(6 : 4) can
provide stable performance up to a rate of 4 A g�1. Detailed
charge and discharge proles, cycling stability studies, and rate
performance of the pure MXene electrodes are given in ESI,
Fig. S10.†

The cycling stability performance of the Sb@MXene anodes
was investigated at a specic current of 0.1 A g�1 (Fig. 6E and F).
Comparing the stability of the synthesized compounds, where
the MXene was mechanically mixed with antimony nano-
particles for electrode preparation (ESI, Fig. S11†), all hybrids
show a signicantly more stable capacity over 100 cycles. The
stability curves in ESI, Fig. S11† show that the cells have satis-
factory capacities with initial values of around 480 mA h g�1 for
Sb + MX_HF5(6 : 4)_MM and 420 mA h g�1 for Sb +
MX_HF5(7 : 3)_MM, respectively. Still, between the 50th and
80th cycle, a collapse of the cell performance occurs, depending
on the amount of antimony. In this case, optimal buffering of
the volume expansion of the antimony particles and mainte-
nance of the conductive path seems not to have been ensured,
which is why early pulverization of the electrode takes
place.21,36,38,39,42–44
Fig. 7 (A) In situ X-ray diffractograms using a setup with Ga-Kb radiation
at 0.1 A g�1 between 0.1 V and 2.0 V vs. Na+/Na also showing the corre

10580 | J. Mater. Chem. A, 2022, 10, 10569–10585
In contrast, the Sb@MXene hybrid shows a signicantly
improved electrochemical stability performance.
Sb@B_MX_HF5(6 : 4) provides a high capacity of 450 mA h g�1

and also a high capacity retention of around 96% aer 100
cycles. This hybrid combines an optimal distribution of anti-
mony and MXene particles with an optimized content of MXene
and antimony; thereby, facile electron transport is enabled. The
layers of MXene buffer the volume changes of antimony, and
the antimony particles provide excellent electrochemical
addressability. The optimal amount of antimony for this hybrid
type is 60% to achieve the maximum capacity with the highest
possible stability. Our electrochemical data for the hybrid with
MX_HF30 support this nding. Here, the two hybrid materials
Sb@B_MX_HF30(6 : 4) and Sb@A_MX_HF30(6 : 4) show the
most stable behavior at a higher capacity, although a slight
degradation can already be observed over the 100 cycles.

The two samples Sb@B_MX_HF30(6 : 4) and
Sb@A_MX_HF30(6 : 4) are suffering from a rapid loss of
capacity aer around 90 cycles. This effect may be caused by the
nature of the electrode materials and the distribution of the
relatively large MXenes and antimony particles in the electrode,
whereby the volume change cannot be satisfactorily buffered.
This nally leads to electrode pulverization. However, the
Sb@B_MX_HF30(7 : 3) material already loses about one-third of
its capacity aer about 30 cycles. Sb@A_MX_HF30(7 : 3) shows
a decent degradation and a signicantly lower de-sodiation
capacity right from the start. All Coulombic efficiency values
for these compounds are comparable and achieve around 97%,
a value that is inuenced by the inherent mechanical instability
of Na/Sb alloying, which is lower than the charge efficiencies of
intercalation electrodes, where structural variations are
minimal, but is still comparable to that of the best alloying/
conversion electrodes. This stabilization of the Coulombic
efficiency indicates a stabilization of the electrodes towards side
reactions. However, the processes are still not fully reversible
(XRD-3; l ¼ 1.20793 Å) for Sb@B_MX_HF5(6 : 4). The cell was operated
sponding voltage profile (B).

This journal is © The Royal Society of Chemistry 2022
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since, for rechargeable batteries, a Coulombic efficiency of
about 100% is required for both the anode and the cathode in
the cells. Nevertheless, these values can be challenging to
obtain due to various types of losses such as SEI formation or
aging processes.

Compared to other MXene composites and MXene hybrid
systems (Table 1 and Fig. 9), the optimized materials in our
work offer highly promising performance values (e.g.,
434 mA h g�1 aer 100 cycles for Sb@B_MX_HF5(6 : 4)). This
applies not just to Sb/MXene studies but also includes other
studies on hybrids and nanocomposites involving MXene. For
example, Ti3C2Tz decorated with Sb nanoparticles reported by
Chen et al.65 provides nearly 2.5-times lower capacity
(185 mA h g�1) with lower cycling stability (50 cycles). The
composite material studied by Meng et al.83 was based on black
Fig. 8 Scanning electron micrographs of the (A) pristine Sb@A_MX_HF5
Sb@B_MX_HF5(6 : 4) electrode, and (D) cycled Sb@B_MX_HF5(6 : 4
Sb@B_MX_HF5(6 : 4) electrodes, (F) pristine and cycled Sb@A_MX_HF5(

This journal is © The Royal Society of Chemistry 2022
phosphorus; while providing an excellent initial capacity of
1300 mA h g�1, this value quickly dropped to �180 mA h g�1

aer 5 cycles.
ESI, Fig. S13† compares all the systems listed in this work

and the associated electrochemical performance. This compi-
lation demonstrates the different performances when synthesis
parameters are changed. All other materials have a signicantly
lower initial capacity than the best-performance material
Sb@B_MX_HF5(6 : 4). An optimized Sb/MXene hybrid system is
a promising approach to exploit the advantages of both groups
of materials and to compensate for the disadvantages of both
systems used individually, which ultimately leads to stable high
cycling stability. However, a direct comparison with literature
data is complicated by different experimental settings, such as
(6 : 4) electrode, (B) cycled Sb@A_MX_HF5(6 : 4) electrode, (C) pristine
) electrode. X-ray diffraction pattern of (E) pristine and cycled
6 : 4) electrodes.

J. Mater. Chem. A, 2022, 10, 10569–10585 | 10581

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta00542e


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 1

0:
48

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electrolytes, cell setups, or normalization and real
compositions.
3.3 In situ and post mortem characterization

To better characterize the sodiation and the de-sodiation
mechanism of the Sb@MXene hybrid electrodes with sodium,
the structural change of the anode material was investigated by
in situ XRD measurements for ve charge–discharge cycles.
Fig. 7 shows in situ X-ray diffractograms of the best-performance
Sb@B_MX_HF5(6 : 4). The reections at 17.9� 2q 21.8� 2q, 30.5�

2q, 31.8� 2q, 35.6� 2q, 36.7� 2q, 39.0� 2q, 44.8� 2q, 47.0� 2q, 49.3�

2q, and 51.4� 2q in the initial state of the Sb@MXene electrode
correspond to the (003), (012), (104), (110), (015), (006), (202),
(024), (107), (116), and (112) reections, respectively, for crys-
talline trigonal antimony phase with hexagonal axes and the
space group R�3m. The two reections at 20.1� 2q and 45.7� 2q
are assigned to the carbon paper used as a current collector. The
last two reections do not change in intensity and position
during the complete charge and discharge process. In the rst
charging cycle, until a potential of about 0.4 V is reached, no
signicant difference in the XRD pattern is observed. Further
reduction of the potential leads to the observation of two
additional reections at 14.43� 2q and 16.24� 2q indicating the
formation of intermediate NaxSb.35,42,71,84,85 At the same time, the
less and less intense reections, especially for the reection at
21.80� 2q, which are due to the original crystalline antimony
present, and the reduction of the amorphous pattern also
indicates an alloying reaction with sodium. When the cell is
Fig. 9 Graphical illustration and overview of the initial specific capacities
different A@MXene composites or hybrid materials of the state-of-the-ar
ref. 65 and 86–92.

10582 | J. Mater. Chem. A, 2022, 10, 10569–10585
charged further to a lower potential limit, two broader reec-
tions are obtained at about 25� 2q and 29� 2q due to the
formation of cubic-hexagonal Na3Sb and the ultimate stabili-
zation in hexagonal Na3Sb.35

Our observations conrm the already elucidated mechanism
of the alloying reaction of antimony with sodium in a multistep
process resulting in a crystalline product. During cell discharge,
the alloy reections gradually weaken, and the intensity of the
elemental antimony reections gradually increases. At the same
time, the intensity of the initially obtained antimony reection
is not restored. This indicates that the reactions cause some
antimony to return back to amorphous antimony. In addition,
from the rst discharge cycle onwards, an additional, increas-
ingly more prominent reection becomes visible, which, apart
from the formation of an SEI, can probably also refer to the
formation of antimony oxide which forms a thin layer on the
surface of the antimony electrode while cycling. An explanation
for the very high and stable performance of
Sb@B_MX_HF5(6 : 4) can be derived by comparing the main
differences between the hybrids even aer cycling. Leaving
aside the inuence of the different MXenes and focusing only
on the two similar Sb@A_MX_HF5(6 : 4) and
Sb@B_MX_HF5(6 : 4) hybrids, one can see in the pristine elec-
trode (Fig. 8A and C) signicantly larger particles and partly
already cracks in Sb@B_MX_HF5(6 : 4). No such cracks are seen
for the electrode made from Sb@A_MX_HF5(6 : 4).

Post-mortem analysis shows that the promising electro-
chemical performance of the Sb@B_MX_HF5(6 : 4) electrode
and values after 50 cycles of cycling at a specific current of 0.1 A g�1 for
t systems in comparison to the values obtained in this work. Data from

This journal is © The Royal Society of Chemistry 2022
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aligns with signicantly fewer volume changes and fewer cracks
of the electrodes. The best distribution of antimony particles,
MXene layers, and conductive additive results in the best buff-
ering of volume expansion, which is concluded in a good cycle
and rate behavior. Optimized conductive paths allow homoge-
neous charge transfer on the surface of the antimony particles.
Also seen in the electronmicrographs is that the post mortem of
the Sb@B_MX_HF5(6 : 4) electrode shows a homogeneous and
at electrode surface. It is suggested that this probably char-
acterizes the SEI, whichmay have stabilized the electrochemical
behavior compared to the other electrodes. Disordered parts
and impurities could catalyze the chemical reactions, resulting
in an improved SEI, better-buffering effects, and better inter-
action between the antimony material and MXene particles.45

The XRD patterns recorded ex situ (Fig. 8E and F) also
conrm the statement of the reaction mechanism to Na3Sb and
a larger fraction of amorphous antimony while cycling. Due to
this, the antimony reections become less intense, and new
reections appear. Also, the diffraction pattern of the
Sb@A_MX_HF5(6 : 4) electrode displays a different intensity of
the (002) reection before and aer cycling. This effect may be
caused by the strong reection of the aluminum current
collector, which is more visible aer cycling due to the cracks in
the electrode. Despite the difficulty in detecting antimony in-
between the layers of the MXene, it was possible to conrm
that the antimony particles always react as in the proposed
reaction mechanism.

4 Conclusions

MXenes' unique properties, including their high electrical
conductivity and accessible interlayer space, make them highly
attractive for numerous electrochemical applications, including
alkali metal-ion batteries. So far, based only on ion intercala-
tion, the specic capacity remains limited and mandates the
exploration of combinations of MXene with other materials,
such as alloying electrode materials. Antimony is a very prom-
ising anode candidate, which reacts in an alloying reaction with
sodium to form Na3Sb delivering a high theoretical capacity of
660 mA h g�1. Yet, the major drawback of alloying materials is
their large change in the volume during charging and dis-
charging, which oen leads to electrode cracking, pulverization,
and poor electrochemical performance. An appropriate matrix
can mitigate such a drawback, and we demonstrate the benets
(and limitations) of MXene/Sb electrodes.

In our work, the inuence of different types of MXenes,
different synthesis routes, morphology, and different electrode
compositions on electrochemical stability and longevity for use
as an anode material in sodium-ion batteries was systematically
investigated. The initial expansion of the MXene layers and the
subsequent intercalation of the antimony nanoparticles in
between the layers are disadvantageous properties of the hybrid
electrodes as some parts of antimony seem not to be electro-
chemically accessible. The best performance is not triggered by
the highest amount of antimony particles, the smallest nano-
particles, or the largest interlayer distance of the MXene but by
the most homogeneous distribution of antimony and MXene
This journal is © The Royal Society of Chemistry 2022
while both components remain electrochemically addressable.
With the best hybrid material, we obtained electrodes with
a specic capacity of 450 mA h g�1 at 0.1 A g�1 and 365 mA h g�1

at 4 A g�1, with a capacity retention of around 96% aer 100
cycles. In addition, the mechanism was investigated by in situ
XRD and post mortem analysis, and an alloying reaction of
antimony without side reactions was conrmed.
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69 S. Arnold, L. Wang, Ö. Budak, M. Aslan, P. Srimuk and
V. Presser, J. Mater. Chem. A, 2021, 9, 585–596.

70 D. Weingarth, M. Zeiger, N. Jäckel, M. Aslan, G. Feng and
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