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MXenes, the two-dimensional derivative of the MAX phases, have attracted the interest of the
community due to their unique materials properties. The field of MXenes for energy storage ap-
plications has expanded significantly in the past few years and in particular since the beginning of
2021. In the present comprehensive review we focus on the advances over the past two years in the
use of MXenes for anodes and cathodes in batteries. We consider both experimental and theoretical
studies and, as design criteria focus mainly on the surface migration energy barrier, the specific

capacity and the rate capability.
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I. INTRODUCTION

MXenes are a type of ceramic material that
count a decade of life, firstly discovered in 2011 at
Drexel Universityt. With their general formula being
M1 X, T, (n=1,2,3), where T is a surface termination
atom, M is an early transition metal, and X is either C or
N2 MXenes are directly etched from their correspond-
ing MAX phases. The latter are layered carbide or ni-
tride structures, with the formula M, 11 AX,,, (n=1,2,3),
where now A is an element from the A-group of the pe-
riodic table, usually groups 13 or 14. In Fig. [1| we can
see the components of the MAX phases and MXenes in
the periodic table, alongside their structures.

The titanium carbide Ti3Cy with OH or F terminaitons
was the first MXene discovered from the titanium-
aluminum MAX phase Ti;AIC,Y. Owing to the fact that
the Ti;CyT, MXene remains the most conductive one®
it has been examined extensively in literature regarding
its potential to be used in secondary, i.e., rechargeable,
batteries. To that end, control of its electronic and me-
chanical properties is sought, by manipulating the termi-
nation atoms®.

Rechargeable ion batteries are energy storage devices
whose operation is based on the intercalation of ionsi".
In general, an ion battery consists of a cathode (positive
electrode) and an anode (negative electrode) in contact
with an electrolyte which contains ions. The two elec-
trodes are separated by a microporous polymer mem-
brane (separator) which stops the electrons from passing
between them alongside the ionsL.

Commercial battery cells are usually produced in a dis-
charged state, while the anode and cathode electrodes
need to be stable when in contact with the atmospheric
airll. For charging, the electrodes need to be connected
to an external electrical power supply while the battery

is enclosed in a closed circuitt!.

During charging of an ion battery cell, ions leave the
positive electrode and move through the electrolyte to
the negative electrode. We have, therefore, a storage of
energy to the anode. During discharging of the battery,
this energy is released, powering the battery, and the ions
move back to the cathode. This process is called redox
(reduction - oxidation) reaction as the anode gets oxi-
dized and releases electrons to the external circuit while
the cathode gets reduced (in charge) by accepting the
electrons.

In more detail, electrons are forced to be released at
the cathode and move to the anode through the external
circuit during charging. At the same time, the ions move
internally in the same direction via the electrolyte. The
opposite happens during discharging™!. Essentially, an
ion battery converts chemical energy to electrical energy.
The latter is extracted at a certain voltagel?.

One of the most active research fields regarding sec-
ondary batteries is the increase of their rate performance
in order to reduce charging time which is important to
the electric vehicles’ market!®. The materials of the elec-
trodes are crucial for the performance of the battery, as
they determine capacity, cell voltage and cyclability-L.

Regarding the cathodes, high voltage is required be-
cause the stored energy is proportional to the operating
voltage of the cell’. One should be careful, however,
when selecting cathode materials, as the high voltage can
potentially affect the electrolyte’s stability, causing de-
composition and decreasing the life span of the battery
cell.

When it comes to ion batteries, we need electrode ma-
terials that allow for high ion mobility. When the ion has
the ability to move easily inside or on the surface of the
material, the battery can achieve fast charge/discharge
rates, a property that is significant for the enhanced op-
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MXené? (bottom right panel). The blue spheres represent the M atoms, the yellow the A atoms, and the black the X (here C)
atoms. The top panel indicates the location, in the periodic table, of the components of a MAX phase.

eration of the battery since it determines the available
stored energy. For example, expressing the battery’s dis-
charge current as a C-rate (measure of discharge rate rela-
tive to the maximum capacity)'ﬂl7 a battery with a capac-
ity of 2.3 Ah being discharged at a C-rating of 1C means
that it can provide 2.3 A current for one hour. However,
if we increase the discharge rate to 2C, the battery will
last for half that time, i.e., 30 minutes, but it will provide
double the current, i.e., 4.6 A. This is important for ap-
plications that require a powerful energy burst in a short
time, like jump starting a vehicle, robotics and drones.
Therefore, it is important not only to have batteries that
can charge fast, but, in some cases, also discharge fast,
and both of these properties can be controlled by the ion
mobility.

The measure of the mobility of the ion is the energy
barrier for diffusion (or activation energy), i.e., the mini-
mum amount of energy the ion requires in order to break

the bonds with its surrounding atoms and start moving
(migrating) inside or on the surface of the material. For
high mobility, we require low activation energy, since re-
actions that have lower activation energy happen more
quickly. It is imperative, therefore, for the enhanced op-
eration of energy storage devices like batteries, to have
materials where the ions have low activation energies.

Anode materials are still predominantly carbon-based.
In Li-ion batteries in particular, layered graphite struc-
tures facilitate the mobility of the Li ions leading to
very good cyclability’®. In intercalation compounds like
graphite, ions intercalate between the layers of the com-
pound by increasing the distance between the layers.
However, this kind of anodes have almost reached their
theoretical maximum capacity (372 mAhg~ ™). Carbon
alternatives are being sought, safer and having high en-
ergy density, in order to meet the increasing demand
coming from electric vehicles16. Materials like Si/C17,
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FIG. 2: A secondary battery with M3C,T, MXenes for anode
and cathode electrodes.

Sn0,/ 18, metal oxides™, Ti0,29 and Si-based™ mate-
rials have been extensively studied.

During the last two years, the field of MXenes as an-
ode and cathode electrodes has exploded with experi-
mental and theoretical studies. The main criteria used
throughout the literature to determine an MXene’s use
as electrode is the energy barrier for diffusion of an ion
on its surface, the material’s specific capacity and the
rate capability, i.e., the amount of capacity it can retain
after a large number of cycles. In this paper, we present
a comprehensive review regarding the use of MXenes in
anode (Section and cathode (Section electrodes
in literature for the years 2021-2022.

II. MXENES FOR ANODE ELECTRODES

In Figure [2] we can see the inner workings of a sec-
ondary battery, with MXenes as anode and cathode elec-
trodes.

A. 2021

In 2021, Wang et al2U discussed how the interlayer
distance in MXenes changes when the applied potential
changes, thus changing an ion’s resistance to movement

during the battery’s operation. Some ions, when interca-
lated in MXenes, can lead to shortening of the interlayer
distance, making the ion transport more difficult. Wang
et al. proposed that the preintercalation of ions into MX-
ene structures can increase the interlayer distance and
improve the ion transport, especially the preintercalation
of larger ions like K.

In addition, Li et al22, using density functional theory
calculations, examined the double-metal TiVC MXene,
as well as the terminated TiVCT, (T = O, S, F, or OH)
for anode electrodes in lithium-ion batteries. They found
that, on the titanium surface of the pure TiVC, Li has a
diffusion barrier as low as 15 meV, while on the vanadium
surface the diffusion barrier is 14meV. However, when
the TiVC is terminated, the diffusion barrier increases,
with TiVCS, exhibiting the lowest values (0.191eV and
0.186eV on the Ti and the V surfaces respectively).

Xia et al ¥ used the chemical vapor deposition method
to synthesize nitrogen-doped graphene with ReSe, sand-
wiched between its layers, using the TizCy MXene as
substrate. They found that the material had improved
structural stability, while, when it was used as anode elec-
trode in potassium-ion batteries, it exhibited a reversible
capacity of 90mAhg—' at 5Ag™! after 300 cycles. Fur-
thermore, Zhong et al 2% synthesized MgH, nanoparticles
and anchored them on a TizC, MXene using a solvother-
mal technique. They found that the MXene can act as
a substrate to improve the kinetics of Li ions while the
constructed anode electrode had a reversible capacity as
high as 1092.9mAhcm ™3 at 2 Ag~" after 1000 cycles.

Saha et al 2% presented a novel experimental method to
modify the surface of the TizCyT, MXene using atomic
surface reduction. They synthesized a material with
surface termination atoms rich in Al without changing
the MXene’s crystal structure and bulk properties. The
resulting surface-modified TizCyT, MXene showed im-
proved cycling stability and a capacity value equal to
58 mAhg~! while the pure MXene had 41 mAhg—'.

Moreover, Papadopoulou et al28 used computational
methods to study the Ti;C,T, MXene (T = O, S, Se, F,
Cl, Br) as anode electrode in Li-ion batteries. They found
that Ti3CyCl, has a very low diffusion barrier for the Li
ion, equal to 0.03eV, a value that is significantly lower
than all the others reported in literature so far using the
TizCyT MXene as the basis material.

Cheng et al 27 examined the Nb,CT, MXene regarding
its use as anode electrode. Through both experimental
and computational methods, they found that when the O
terminations are dominant, the MXene stores charge due
to changes in the oxidation states of both Nb and O. Fi-
nally, when the Nb,CT, was combined with a LiFePO,/C
cathode, the battery cell exhibited higher rate capability
and cycling stability.

Also in 2021, Rajput et al®¥ studied the Ca,C MX-
ene as negative electrode in metal-ion batteries using
first-principle calculations. They found very low en-
ergy barriers for ion migration, i.e., 0.027¢V, 0.059¢eV,
and 0.028eV, for lithium, sodium, and potassium ions



respectively, indicating high ion mobility, thus fast
charge/disharge rates. Furthermore, Maughan et al'#”
synthesized a porous Mo,TiCy MXene and examined its
use in lithium- and sodium-ion batteries. They found
that the material retained 80% of its initial capacity even
after 500 cycles while it also had superior capacity when
compared to the non-porous Mo,TiCy MXene.

Zhao et al®*¥ doped the TisC,T, MXene (T = O or
OH) with Fe and, via means of density functional the-
ory calculations, found that the electron transfer in the
Fe-O bond leads to unsaturated O atoms which in turn
improve the lithium ion’s adsorption. In addition, Ma et
al:* designed a bismuth (Bi)-based anode material with
the TizCyT, MXene as substrate. The electrode exhib-
ited rapid ion transport and could maintain its specific
capacity for 2500 cycles. Using this Bi/MXene for anode,
the authors found that the battery cell could complete a
full charge/discharge cycle in seven minutes.

Wang et al®2 on the other hand, synthesized
an N-doped, C-decorated TiO,/TizC,T, MXene using
polyethyleneimine. The resulted MXene, due to its own
high conductivity and titanium-oxide’s high capacity,
had a very good performance, maintaining its capacity
after 1900 cycles in sodium-ion batteries.

Also regarding sodium-ion batteries, Gou et al'*3 stud-
ied the TizCy MXene with silicon nanoparticles which
were coated with hard carbon and uniformly distributed
on its surface. The authors found that portholes for fast
sodium ion transport were created in the material, thus
achieving fast Na™ conduction. In addition, Liang et
al:*¥ synthesized the TiyCy 5N 5Ty carbonitride MXene
and examined its performance in sodium-ion batteries.
They found that the multilayered TiyCg sNg 5Ty powder
has the highest specific capacity from all MXene elec-
trodes reported so far in sodium-ion batteries.

Wang et al®® proposed a vanadium oxide-based
NHVO/TizC,T, anode for Zn-ion batteries. The con-
structed material had high capacity (514.7mAhg~! at
0.1 Ag™1), retaining it by 84.2% at 5 Ag~! after 6000 cy-
cles.

Dong et al®® investigated the VN, MXene as anode
electrode in lithium, sodium and potassium ion batteries
using density functional theory calculations. The found
very low ion migration barriers, i.e., 201.1meV for Li,
84.1 meV for Na and 34.7 meV for K indicating very good
rate performances. In addition, the largest calculated
open-circuit voltage was 0.81V for Li, a fact that further
supports the promise of VN, as anode electrode.

Also using a vanadium-based MXene, Dinda and
Meena®? studied the V;C, MXene/graphene heterostruc-
ture as electrode in metal ion batteries using a com-
putational design. They found low energy barriers for
diffusion, namely 0.11eV for a Li ion, 0.17eV for a
Na ion and 0.15eV for a Ca ion. This fact indicated
fast charge/discharge rates, thus rendering the MX-
ene/graphene heterostructure a suitable material for an-
ode electrode.

Chen et als®

hydrothermally synthesized an

4

SnO,/MXene composite and examined its use as
anode in sodium-ion batteries. The MXene they used as
substrate was once again the TizC,T, and the dispersion
of SnO, on the MXene’s surface improved the charge
transfer and Na® transfer. Furthermore, Zhu et al®?
also synthesized an SnO4-Ti,C composite anode coated
with graphite nanosheets. The added carbon in the
coating prevented SnO, from turning into powder, while
the SnO, nanoparticles shortened the Li ion’s diffusion
pathways.

Moreover, Dong et al ¥ synthesized the NbyCT, MX-
ene by means of Lewis acidic etching. They found that
the prepared material had maximum Li ion storage ca-
pacity up to 330mAhg~! at 0.05 Ag~!, outperforming
the TizCyT, MXene by 61%. In addition, Wang et al*d
synthesized a sodium/reduced graphene oxide/MXene
(Na@rGO/MZXene) anode electrode for use in sodium-
metal batteries. The MXene used was the TizCy T, and
the symmetric cell showed high cycling stability even af-
ter 1700 h. Furthermore, Chen et al#2 synthesized a W-
doped Nb,05/TizC, T, nanocomposite to use as negative
electrode in Li-ion batteries. They found that the addi-
tion of the MXene was a main factor to the improvement
of the electrochemical performance of NbyOs, with the
material retaining the 96.3% of its capacity after 500 cy-
cles.

Tian et al®* grew Sb nanoarrays on a TizC,T, MX-
ene paper and examined the fabricated material as anode
electrode in Zn-based batteries. They found that Sb al-
loyed with Zn, thus reducing the risk of Zn dendrites
formation, while the battery had a cycling life reaching
1000 h. In addition, Fan et al#* designed an anode elec-
trode consisting of SnyP3; nanoparticles sandwiched be-
tween layers of the Ti3CyT, MXene. While the phos-
phides in general have poor structural stability, the au-
thors found that the addition of the MXene allows the
large volume change of SnyP5; during lithiation without
breakage. In addition, the material had a high specific
capacity of 820mAhg—! at 1 Ag~! after 300 cycles.

Finally, Guo et al®® in order to overcome the
slow kinetics of Li ions in Fe30,, they wrapped
Fe30, nanospheres with TizCy MXene and then em-
bedded them in nitrogen-doped carbon nanofibers
(Fe304QTi3Cy/CNFs). When used as anode in Li-ion
batteries, density functional theory calculations showed
that the adsorption of Li ions was significantly enhanced
with a specific capacity of 806 mAhg~! at 2Ag~! after
500 cycles.

1'43

B. 2022

In 2022, Zha et al9 studied theoretically the use of
Ti- and Zr-based MXenes as anodes in sodium-ion bat-
teries. They found that TizCy0, is the most promising
candidate, with a migration barrier for the Na ion equal
to 0.138 V. In addition, they showed that Zr;Cy0, and
Zr;C,S, can adsorb two layers of Na atoms on both of



their sides, while the former exhibits higher capacity than
the latter because it is lighter and has smaller volume.

Furthermore, Zhu et al#? developed a low-cost elec-
trolyte to control the reaction kinetics of MXene elec-
trodes. They used LiCl salt to fabricate the electrolyte
and they found that, after placing the TisC,T, MXene
into the LiCl electrolyte, the interlayer distance of the
MXene was increased. This fact led to the prevention of
MZXene deterioration (oxidation) in high voltages.

Alli et al*¥ synthesized a nitrogen-doped Ti,C MX-
ene/TiO, hybrid for use as anode electrode in Li-ion bat-
teries, following the Continuous Hydrothermal Flow Syn-
thesis (CHFS) synthesis method which is aqueous-based.
The electrode had a specific capacity of 369 mAhg~! after
100 cycles, outperforming the Ti,C/C nanocomposites.

Papadopoulou et al# theoretically studied the
Ti3CeSy MXene as anode electrode in Mg-ion batteries.
They found an energy barrier of 0.049eV for the Mg ion,
a fact that indicated fast charge/discharge rates for Mg-
ion batteries with TizC,S, negative electrodes. In the
same year, in a different study, Papadopoulou et al®?
also studied the Li, K, Mg and Zn ion diffusion on the
ZroCS, MXene. They found the following diffusion barri-
ers, respectively: 0.25eV, 0.10eV, 0.15eV, 0.19eV. The
authors proposed that K-ion batteries are a good alter-
native for Li-ion batteries as they also have higher energy
density.

Also in 2022, Shi et al’®! used computational meth-
ods to study the interface between antimony oxychlo-
ride (Sb,O5Cly) and the Ti;Cy MXene. They proposed
that the hybrid SbsO5Cly-TisC, can be used as anode
electrode in potassium-ion batteries since the Sb atoms
optimize the migration pathway of the potassium ion,
reducing its energy barrier for diffusion.

Moreover, Liu et al* studied the V,N MXene for an-
ode electrode in ion batteries using first-principles cal-
culations. They found that the K ion has a diffusion
barrier almost zero (0.004eV), the Na ion 0.014 eV, the
Li ion 0.025eV and the Mg ion 0.058eV. In addition,
they found for the Na, Li and Mg cases an open-circuit
voltage lower than 1eV, a fact that indicates that the
V,N MXene is feasible for ion batteries, with the best
case being the sodium-ion ones.

Guo et al®¥ on the other hand, investigated the a-
MoO3/MXene composite as anode electrode for lithium
storage devices. MoQj itself has poor conductivity, but
adding an MXene substrate greatly improves its perfor-
mance. The authors used the TizC, MXene as substrate
to fabricate a free-standing electrode and noted an im-
provement in lithium ion transport and a high lithium
ion storage capacity at 1008 mAhg~—' at 0.1 Ag~'. Fur-
thermore, Tariq et al ®* experimentally studied the TiO5-
encrusted Ti3C, MXene as anode electrode. TiO4 also
has low electrical conductivity on its own, but the pres-
ence of the MXene once again enhanced the electrode’s
performance. In particular, Tariq et al®* found an in-
crease in SSA up to 379% from the Ti;Cy MXene with-
out the added TiO,, and a lower activation energy for

the lithium ion.

Han et al®® designed a silicon/MXene anode electrode
with interfacial nitrogen engineering using the TizCoTy
MXene. During this process, they found that Si is shelled
by amorphous carbon and that the silicon-nitrogen bond
at the interface between silicon and amorphous carbon fa-
cilitates fast Li ion transport. Moreover, Wu et al.?% used
the SnCl, molten salt to synthesize the TizC,T, MX-
ene from the TizAlCy MAX phase. The resulted MXene
had Sn nanoparticles confined between its layers. These
nanoparticles increased the interlayer distances, thus im-
proving the Li-ion storage.

Ma et al*” grew in-situ Nb-doped TiO, nanosheets on
the double transition metal TiNbCT, MXene. The ma-
terial they synthesized had high conductivity and struc-
ture stability, while the large layer interspace created
improved the kinetics of the Li ion. Furthermore, Wu
et al.”® wrapped porous TiNb,O, spheres with TizCyTy
MXene and examined it as anode in both liquid and solid
state Li-ion batteries. They found that the presence of
the MXene enhanced TiNb,O;’s electronic conductivity
by four orders of magnitude while oxygen vacancies im-
proved the Li ion transport.

Wang et al®? used first-principles calculations to study
the V,CSey MXene for anode electrode in sodium- and
calcium-ion batteries. They found a very low diffusion
barrier for the Na ion equal to 0.098 eV, while for the Ca
ion the diffusion barrier was greater and equal to 0.24eV.
In both cases, the open-circuit voltage did not exceed
the 0.2V, constituting the V5,CSey monolayer a promis-
ing anode electrode. Moreover, Zhang et al’®¥ synthe-
sized the V,CT, MXene with Ag nanoparticles grafted
on it. The V,CT,/Ag anode electrode with 4% Ag con-
centration had a Li specific capacity of 631 mAhg~! at
0.05 Ag~!, falling to 298 mAhg=! at 5Ag~! after 2000
cycles, exhibiting, therefore, high rate capability.

Gong et al'®ll also using first-principles calculations,
studied the Mn,NO, MXene as anode electrode in Li*-
, Na™-, K*-, Mg®™, Ca®™- and Al*™-ion batteries.
They found, for each case, the following energy barri-
ers for diffusion respectively: 0.28eV, 0.72eV, 0.33eV,
0.49€eV, 0.48eV, 1.10eV. These values are much higher
than other MXenes and Mn,NO, was found to have
poor energy storage capacitance for lithium-, potassium-
and calcium-ion batteries but it was more suitable for
magnesium-ion batteries.

Qian et al®? designed an MXene-based Li metal
anode with a solid electrolyte interphase (SEI). They
used the Ti3Cy MXene and found that the constructed
anode retained its capacity by 95.7% after 200 cy-
cles (300mAhg~!). Moreover, Wei et al'd studied the
Ti,CTy MXene (T = F, O, OH) via first-principles cal-
culations for use as anode electrode in Li-,Na-,Mg-, and
Al-ion batteries. They found that best performance had
the MXene with O terminations for Mg-ion batteries. In
particular, Ti,CO5 had an Mg ion capacity of more than
1500 mAhg—".

Zhou et al.®* created a TizCyT,/graphene anode for



use in Zn-ion batteries. They found that the electrode
had an initial capacity of 110 mAhg~! at 2 Ag~?, retain-
ing this value by 90.3% when using LiMn,O, for cath-
ode. Moreover, Yuan et al%® studied the S-terminated
TizC, Ty MXene as anode electrode in Li-ion batter-
ies, both experimentally and computationally. They
found that the material had a reversible capacity of
167.8mAhg~! at 0.5Ag™! after 100 cycles, and falling
only to 166.3mAhg~! at 0.5 Ag~! after 400 cycles.

Zhang et al’%% in order to overcome the fact that
MoS, expands in volume, they aligned it vertically on
TizCyT, MXene nanosheets that had partially oxidised
dual-phased TiO, (M0S,@Ti;C,T,@D-TiO,). The ma-
terial was the used as anode in sodium-ion batteries, and
it was found to have a specific capacity of 359.6 mAhg~!
for up to 5Ag~! at room temperature. Furthermore,
Seo et al.®” fabricated hollow TizC,T,/C nanofibers for
use as anode electrodes in lithium-ion batteries. The
authors found a specific capacity of 306.5mAhg~—' at
0.04 Ag—!, significantly enhanced from the 81.08 mAhg~!
of the MXene paste and the 196.9mAhg~! of the MX-
ene/carbon paste at the same current density.

Deng et al’%8 coupled Co - Ni selenide nanosheets with
a TizC, substrate for use as anode electrode in sodium-
ion batteries. The electrode had an initial capacity of
337mAhg™! at 3Ag~! and 338mAhg~! at 1Ag~! af-
ter 600 cycles. In addition, He et al’®? designed a hy-
droxylated TizCy MXene (h-TizCy) with Stepped Sodi-
ophilic Gradient structure (h-MXene-SSG) for anode in
rechargeable Na-O, batteries. The material had a re-
versible capacity of 1000 mAhg~! at 1 Ag~'. Meanwhile,
Carvalho et al™ used the Ti;Al;TiC; g5 MXene as an-
ode electrode to compare the environmental impact of
lithium-ion and sodium-ion batteries. They found that
the lithium-based battery has better environmental per-
formance, because the sodium one had lower energy den-
sity.

Ghaed et al™™ studied the Cay,C MXene as anode in
Li-ion batteries using molecular dynamics and density
functional theory methods. The electrode had a low
open-circuit voltage (0.3V) and its ionic conductivity in-
creased with temperature. Moreover, Liu et al'™ synthe-
sized the C-intercalated Nb,CT, MXene (Nb,CT, /C) for
use as anode in potassium-ion batteries. The electrode
had an initial capacity of 397.9mAhg~! at 0.02 Ag~! and
338.1mAhg~! at 0.1 Ag~!, maintaining it by 80% and
76.2% respectively after 100 cycles.

Qian et al™ constructed a Li-In-TizCyT, anode, us-
ing electrodeposition to fabricate In seeds on the MX-
ene’s surface. The material had specific Li capacity of
103.37mAhg~! at 0.2 Ag™!, falling to 82.74mAhg~! at
0.2Ag~! after 130 cycles. Therefore, the authors con-
cluded that the indium seeds are lithiophilic and that
they enable the construction of a stable anode.

Cui et al”™ studied submicron Ti,CTy (s-TiyCTy),
i.e., MXene particulates less than a micron, which where
synthesized using the molten salt method. When used
as anode electrode in Li-ion batteries, the material had

a specific capacity of 155 mAhg™! at 10Ag~!. More-
over, Zhao et al™ anchored SnO, nanosheets on the
Ti,CT, MXene for use as anode electrode in Li-ion bat-
teries. The SnO,/Ti,CT, electrode had a specific capac-
ity of 1550mAhg—! at 0.1 Ag~! and a rate capability of
904mAhg~! at 0.1 Ag—' after 1000 cycles. In compar-
ison, the MXene had 220 mAhg~—! while the SnO, had
200mAhg~! capacity at the same current density.

Finally, Tian et al™¥ grew Li,Ti;O,5 nanoparticles on
the Ti,CT, MXene for anode electrode in Li-ion batter-
ies. The LiyTi5O,5/TiyCTy electrode had a specific ca-
pacity of 137 mAhg~! at 1.75 Ag™!, retaining it by 87.5%
after 1000 cycles.

In Table [ we summarize the energy barriers for ion
diffusion for all the anode materials mentioned above. It
is evident that materials that include V as a transition
metal show very fast ion kinetics, especially in the cases
of nitride-based MXenes. Furthermore, Mn-based MX-
enes exhibit considerably higher ion diffusion barriers, a
fact that renders them unsuitable for anode electrodes.
In Table[[I] we summarize the specific capacities and per-
formance rates.

III. MXENES FOR CATHODE ELECTRODES
A. 2021

In 2021, Zhang et al ™ synthesized a porous Ti;CyT,
MZXene decorated with LiFePO, and examined it as cath-
ode electrode in Li-ion batteries. They found that the
electrode retains the 94.8% of its capacity for 500 cy-
cles, and that the MXene formed a conductive network,
“bridging” the nanoplates and improving electron trans-
fer.

Li et al™ examined the Nb,CT, MXene as cathode
electrode in aqueous Zn-ion batteries. They found a high
intrinsic voltage plateau at 1.55 V through repeated high-
voltage scanning, which led to a high energy density of
146.7 Whkg~! with 63% contribution from the plateau.
This fact signified the importance of the existence of a
voltage plateau in the discharge curve. In the same year,
Li et al'™ fabricated the Ti,C MXene with O and F
termination atoms and examined its use as the positive
electrode in Li-O, batteries. Using density functional
theory calculations, they found that the O terminations
enable a stable adsorption-nucleation-decomposition pro-
cess for Li;Oy while the F terminations do not bond as
strongly with LiyO,, thus reducing the catalytic capa-
bility of the material. In addition, Li et al’®¥ examined
the NbyCO, MXene as cathode in Li-O batteries. The
synthesized electrode had a very large specific capacity
of 19,785.5mAhg! at 0.2 Ag~! and was stable for 130
cycles 3Ag~1.

Zhao et al®L constructed a TisC,T, cathode for Li-
S batteries. The latter have a large enough theoretical
capacity (1675 mAhg~!) but poor cycling stability since
the lithium polysulfide is highly soluble in organic elec-



TABLE I: Ion migration barriers in literature for the years
2021-2022 (alphabetically by material) for anode electrodes.

] Material [Battery[Diffusion Barrier (eV)][Reference]
CayC Li-ion 0.027 28
CayC Na-ion 0.059 28
CayC K-ion 0.028 28
Mn,;NO, Li-ion 0.280 61
Mn,NO, Na-ion 0.720 61
Mn,NO, K-ion 0.330 61
Mn,NO, Mg-ion 0.490 61
Mn,;NO, Ca-ion 0.480 61
Mn,NO, Al-ion 1.100 61
Ti305Cl, Ti-ion 0.030 %
TisCoFy Li-ion 0.390 26
Ti5C50, Li-ion 0.700 26
Ti3Cy0, Na-ion 0.138 16
Ti5CS, Ti-ion 0.200 %
Ti3CsS, Mg-ion 0.049 49
TiVC (Ti surface) | Li-ion 0.015 22
TiVC (V surface) | Li-ion 0.014 22
TiVCS, (Ti surface)| Li-ion 0.191 22
TiVCS, (V surface) | Li-ion 0.186 22
V;3C,/graphene Li-ion 0.110 37
V;3Cy/graphene Na-ion 0.170 37
V3C,y/graphene | Ca-ion 0.150 37
V,CSeq Na-ion 0.098 59
V,CSes Ca-ion 0.240 59
VN, Li-ion 0.201 36
VN, Na-ion 0.084 36
VN, K-ion 0.035 36
V,oN K-ion 0.004 H2
VN Na-ion 0.014 52
V,oN Li-ion 0.025 H2
VN Mg-ion 0.058 52
Z15CS, Li-ion 0.250 50
Zr,CS, K-ion 0.100 50
7Zr,CS, Mg-ion 0.150 50
Zr,CS, Zn-ion 0.190 50

trolytes. By encapsulating spheres of S in the TizCyTy,
the authors showed that the active mass loss was re-
duced while the material had a volumetric capacity of
2.7 Ahcm ™ after 300 cycles. In addition, Wang et al/®2
synthesized a Co-MoSe,/Ti3C,Ty cathode also for Li-
S batteries. The electrode had a specific capacity of
1454mAhg—! at 0.1 C. Wei et al®®d, on the other hand,
3D printed a framework of N-doped porous TizC,T, (N-
pTisCyTy) for cathode electrode in Li-S batteries. The
electrode exhibited the ability to immobilize the soluble
polysulfide, thus making the electrode stabler, while it
was versatile in that it could also be used as anode.

Furthermore, Zhang et al®* used the TizCyT, MX-
ene with PDDA [Poly(diallyl dimethyl ammonium chlo-
ride)] as S-host in Li-S batteries. The PDDA/Ti;C,T,
cathode, due to the use of the MXene, showed en-
hanced use of sulfur and, at the same time, prevented the
polysulfides’ shuttling. The initial specific capacity was
1016.8 mAhg~! at 0.2C, with a very slow decay rate of

0.075% per cycle at 1 C. Here, 1 C=1672mAg~'. More-
over, Yao et al’® used the nitrogen-based Ti,NS, MX-
ene as cathode in Li-S batteries. Using computational
methods, they found that the electrode can inhibit the
transfer of the highly soluble lithium polysulfides LiyS,
more than the Ti,NO, MXene, while density of states
calculations showed that the material remains metallic,
thus conductive.

Another study in Li-S batteries by Li et al'®% utilized a
graphene/Ti;C,T, @S cathode constructed using the wet-
spun method. The material had initial specific capacity
of 1483.1mAhg~! at 0.1 C, with 0.043% attenuation per
cycle at 1 C for over 1000 cycles. Moreover, Xue et all 57
embedded S nanoparticles in the TizCyT, MXene, us-
ing isopropyl alcohol (IPA) and CS, to dissolve S. The
S/TizCyT-CS,/IPA electrode was then used as cathode
in a Li-S battery. It was found that the material had an
initial specific capacity of 1474.5mAhg~! at 0.1 Ag~!,
while it maintained 522.7mAhg~! at 1 Ag~! for up to
1000 cycles.

Finally, Wang et al’®® also designed an S-imbued
TizCyTy for cathode in Li-S batteries, examining dif-
ferent sulfur concentrations. They found that the op-
timum S/TizCyTy electrode is the one with 67.0 wt%
S content (4:1 mass ratio of sulfur to MXene), exhibit-
ing 1277mAhg~! initial capacity at 0.5 C and retaining
1059 mAhg~! of it after 100 cycles.

Also in 2021, Tan et al’®” designed a MoS,/TizCyT,
MXene cathode electrode to enhance the performance of
Al-ion batteries. They found that, while the pure MoS,
cathode had a charge capacity up to 88.4mAhg™! for 60
cycles, the MoS,/Ti;C, T, composite had a charge capac-
ity of 166 mAhg~! for the same amount of cycles. The
presence of the MXene, therefore, vastly improved the
electrochemical performance of the electrode. Finally,
Tan et al’®? also noted that the TizC,T, prevented the
pulverization of MoS,, thus resulting in a more stable
structure.

Shi et al?’) designed a VO,/TizCyT hybrid film for
use as cathode electrode in Zn-ion batteries. They
found that the presence of the MXene enhances the Zn
ion’s kinetics and the specific capacity (228.5mAhg~" at
0.2Ag™1) is retained by 72.1% after 2500 cycles. Also
regarding Zn-ion batteries, Liu et al’! developed a com-
posite of TisCyTy with H,V30g nanowires grown on
it. The HyV30g/TisCy T, cathode had 365.3mAhg~! at
0.2 Ag~1! specific capacity and a cycling stability lasting
for 5600 cycles for 5 Ag=! current density. The authors
indicate that these high values of capacity and stability
could lead to a battery system that can sustain large-
scale applications.

Using the V,C MXene, Liu et al?? proposed it as a
suitable cathode material in Zn-ion batteries. The au-
thors found that, although the pristine material initially
had a low specific capacity (55 mAhg~!), when charged
at 1.8V it changes to 423.5mAhg~!. However, for 2V
and above the specific capacity decreases again and this
is contributed to the collapse of the MXene nanosheets.



TABLE II: Specific capacities and rate capabilities in literature for the years 2021-2022 (alphabetically by material) for anode

electrodes.
Anode Battery Type|Current |Initial Capac- Rate Capability Durability (Cycles) |Reference
Rate ity (mAhg™!)
(Ag™)
a-MoO3/Ti;C, Li-ion 0.1 1008 - - 53
Bi/Ti5CoTy Na-ion |- - - 2500 31
C@N/TiO,/TizCoT, Na-ion |- - - 1900 32
Co - Ni/Se@Ti3C, Na-ion |3 337 338mAhg ' at 1Ag~ T 600 68
Fe;0,@Ti;C,/CNFs Li-ion - - 806 mAhg " at 2Ag™ T 500 45
h-Ti;C,-SSG Na-O, 1 1000 - - 69
hollow-Ti3C,T,/C Li-ion 0.04 306.5 - - 67
Li,Tis0,5/Ti,CT, Li-ion 1.75 137 87.5% 1000 76
Li-In-Ti;C, T, Li-ion 0.2 103.37 82.74mAhg T at 0.2Ag™ T 130 3
MoS,@Ti3C, T, @QD-TiO, Na-ion 5 359.6 - - 66
Nb,CT, Li-ion 0.05 330 - - a0
Nb,CT,/C K-ion 0.02 397.9 80% 100 2
Nb,CT,/C K-ion 0.1 338.1 76.2% 100 72
N/G/ReSe,@Ti3C, K-ion - - 90mAhg ' at 5Ag ! 300 23
N/Ti,C/TiO, Li-ion |- - 369 mAhg T 100 48
NHVO/TisCoT, Zn-ion 0.1 514.7 84.2% at 5Ag T 6000 35
p-Mo,TiC, Li-,Na-ion |- - 80% 500 29
s-Ti,CT, Li-ion 10 155 - - 4
SEI-Ti;C, Li-ion - - 95.7% 200 62
Sn,P5/Ti3C, T,y Li-ion - - 820mAhg T at 1Ag~ ! 300 44
Sn0,/Ti,CT, Li-ion 0.1 1550 904mAhg ' at 0.1 Ag~ " 1000 5
Ti,CO, Mg-ion |- 1500 - - 63
Ti5CaSy Li-ion - - 166.3mAhg ' at 0.5Ag ! 400 65
TisC, T, /graphene Zn-ion 2 110 90.3% - 64
V,CT,/Ag Li-ion 0.05 631 298 mAhg~T at 5Ag " 2000 60
W /Nb,O5/TizCoTy Li-ion - - 96.3% 500 12

Moreover, Li et al’®3 synthesized a hybrid Zn-ion bat-
tery with V,CT, as cathode and TizCyT, as anode.
The battery was stretchable, which made it suitable for
wearable electronics, and it had a specific capacity of
118.5mAhg™! at 0.05 Ag~! under 0% strain. This value
remained high (103.6 mAhg~=!) even after 50% strain.

Wang et al.?* 3D printed a V,05/TisCy T, nanosheet
for use in Li-ion batteries. They found that the printed
composite ink cathode had initial capacity equal to
321mAhg=! at 1C (1C=294mAg™!), retaining 91.8%
of it after 680 cycles at 10.5 C.

Li et al® synthesized the TizCyT, with halo-
gen terminations, i.e., Cl, Br, I, CIBr, CII, Brl,
CIBrl, for use in Zn-ion batteries. At 0.5Ag~! cur-
rent density, the initial specific capacities were found
equal to 46.5mAhg~! for TizCyCly, 97.6mAhg=! for
TisCyBry, 135mAhg=t for TigCyly, 117.2mAhg=! for
TizCy(Brl), and 106.7mAhg ! for TizCy(CIBrl). In addi-
tion, TizCyBry and TisC,l, showed good cycling stability
for 700 and 1000 rounds respectively.

Li et al®8 constructed a composite with TizCsy matri-
ces embedded with M(II)(OH), (M= Fe, Co, Ni) par-
ticles. The Co(II)(OH),@Ti3Cy electrode maintained a
specific capacity of 81.1 mAhg~"! at 0.1 Ag~*! after 600 cy-
cles and had almost 100% coulombic efficiency when used
in hybrid Mg-Li batteries. In addition, Zhao et al ®Z syn-

thesized a Co3S,@Ti3C,T, cathode for Mg-S batteries.
Through both experimental and computational methods,
the authors found that the use of the MXene enhances
the Mg ion’s kinetics, while the electrode had an ini-
tial specific capacity of 1220mAhg~! at 2 C and retained
528 mAhg~! of it after 100 cycles.

Zhao et al®¥ single-atom-doped the Ti;Cy, MXene with
Se and examined it as cathode in Li-O, batteries. They
found that the material had very high discharge capacity
of 17,260mAhg=! at 0.1 Ag~! and lasting for up to 170
cycles. In addition, Wang et al® used a TizCy MnO,
film for cathode in a Li-CO4 battery. The electrode had
good cycling stability for 220 cycles and had an initial
capacity up to 5722mAhg~! at 0.1 Ag~.

Lu et al™ studying Na-Se batteries with compu-
tational methods, used a Se@S-P-Ti;C, cathode, i.e.,
a sulfur-terminated porous TizC, MXene. They found
that the electrode had a Se capacity of 765 mAhg~! at
0.1 Ag~!, 1.2 times higher than the bare porous Ti;Cs.
In addition, it had a very good cycling stability for over
2300 cycles at 0.02 Ag~1.

Reddy et al*% fabricated a TiO4-TisCy layered struc-
ture using a hydrothermal process to use in Na-S bat-
teries. The proposed material had 650mAhg=—! at 1C
initial S capacity, retaining 255.196 mAhg~! after 1500
cycles.




Finally, Han et al1%? designed a CoS,@Ti3C,Ty cath-
ode via in situ hydrothermal growth for use in solid state
Zn-air batteries. The authors stated that the electrode
showed excellent stability for 60 cycles lasting for 20
hours.

B. 2022

In 2022, Gao et all% gtudied the conjugated

quinone/TisCyT, hybrid for cathode electrode in Na-
ion batteries. Conjugated quinones, which are a group
of organic compounds consisting of a benzene core on
which two hydrogen atoms are replaced by two oxygen
atoms?? in general have limited capacity. The addition
of the MXene, however, was found both experimentally
and through computational methods to build conductive
pathways in the material, while the capacity of the elec-
trode was 242mAhg~! at 0.1 Ag™!.

Moreover, Wu et al1%? proposed the use of the Ti5Cy
MXene as a structure for the BDTO anthraquinone
derivative in order to synthesize a cathode mate-
rial for Al-ion batteries. The constructed electrode,
Ti;C,@BDTO, had an initial capacity of 229.8 mAhg~!
at 0.5 Ag~!, maintaining 134.9mAhg~! of it after 500 cy-
cles, while the BDTO on its own had an initial capacity of
118 mAhg~! at the same current density. The use of the
MXene, therefore, improved the electrode’s performance.

Geng et alt% gynthesized a TizCyTy/carbon
nanocage/S cathode for use in Lithium-Sulfur bat-
teries. The materials, which had 80% concentration of
sulfur, exhibited a specific capacity of 1275.5mAhg~!
at 0.1Ag™!, retaining it by 64.6% (823.8mAhg—1!)
after 100 cycles. This fact indicated that the MXene
can adsorb polysulfides so that the battery can have a
long-term cyclic stability.

Huang et all%" fabricated a polyimede (PI) cath-
ode with PI acting as coating and TizCyT, MXene as
the matrix and examined it in Li-ion batteries. The
PIQTizC,T, cathode electrode showed that, when the
concentration of the MXene was 5%, it had a capacity of
115mAhg =" at 0.05 Ag~! which decreased as the current
density increased. However, when the MXene concentra-
tion was larger (10%), the cathode’s capacity exhibited
an anomalous behaviour, with it being lower than the
5% case at 0.05Ag™! - 0.5Ag™! but larger at 1Ag™! -
2 Ag=!. The authors attributed this fact to the reduced
amount of carbonyl sites at low current rates in the 10%
MZXene case because of the dense pores in the structure.

Zhai et all% fabricated a FeOF/TizC,T, composite
for use as cathode in Li-ion batteries. The electrode ex-
hibited an initial specific capacity of 365.5mAhg~! at
0.1 Ag~! and 202.6 mAhg~—! at 2Ag~! after 400 cycles.
In addition, Li et al1% synthesized positively charged,
pillared Ti3C, as cathode electrode in hybrid Mg-Li bat-
teries. They found that, in All-Phenyl Complex/LiCL
(APCL) electrolytes, the electrodes had reversible ca-
pacity of 115.9mAhg~" at 0.1 Ag~!, while in APC elec-

trolytes it had only 60mAhg~"' at 0.1 Ag—!. The rate
capability in APCL was 96.3mAhg=! at 1Ag™! after
1000 cycles. Furthermore, the presence of the MXene
enhanced the Mg ion’s kinetics.

Wang et al Y designed a single-atom-loaded Ti5C50,
(SAQTi3C,0,) for cathode in aluminum-sulfur batteries.
They found that when the single atom is Y, Nb, Mo, or
Tec, the reaction energy barrier was as low as 0.23 eV, thus
having four cathode electrodes with high performance.
In addition, Du et al** designed a g-C35N,/TizCy T, for
Al-ion batteries, where “g” stands for “graphitic”. Us-
ing density functional theory calculations, the author’s
showed that the electrode had initial specific capacity of
174mAhg~"! at 4 Ag™—!, retaining 75 mAhg~! after 1000
cycles.

Zhu et al™M2 synthesized a cathode electrode based on
the C-coated TizCy MXene with VS, nanosheets gener-
ated on it. The VS,@Ti;Cy/C electrode had an initial
Mg specific capacity of 498 mAhg™! at 0.5 Ag~!, falling
to 147mAhg™! at 0.5 Ag—! after 900 cycles, a value still
high when the VS, on reduced graphene oxide delivers
only an initial 123.8 mAhg~! at 0.5 Ag~! and fades fast
after only 200 cycles. In addition, Feng et all¥ de-
signed a Zn-ion battery with a VS,/Ti3CyT, cathode
and a Zn/TizCyT, anode. They found that the cath-
ode electrode had an initial capacity of 213.4mAhg~! at
0.2 Ag™!, maintaining 93.4% of it after 2400 cycles. In
addition, Feng et al. checked the flexibility of the bat-
tery by bending it to various degrees. They showed that,
when the battery is bent to 90°, i.e., bent to the maxi-
mum, it retained 99.5% of its initial performance, a fact
that can be attributed to the presence of the MXene.

Lv et al¥ synthesized the V,C MXene and calci-
nated it with Se. The V,C@Se electrode was tested in
aluminum-ion batteries and it was found to have an ini-
tial specific capacity of 402.5mAhg™! at 1 Ag~!, retain-
ing 119.8 mAhg ! of it after 1000 cycles. Moreover, Xu et
al 9 fabricated the V,C MXene with oxygen terminated
atoms for use in Li-O, batteries. The V,CO, cathode
had a superior capacity of 8577.3mAhg™! at 0.1 Ag~!,
maintaining cycling stability for 302 cycles.

Du et al M8 designed a 3D VN/TizC, T, composite for
use in Zn-ion batteries, by encapsulating microspheres
of VN into the MXene. The cathode had an initial ca-
pacity of 521 mAhg~! at 0.5Ag™! when the pure VN
had only 324mAhg~! after 100 cycles. In addition,
the VN/Ti3C,T, electrode maintained 371.2mAhg~! at
0.5Ag™! after 140 cycles, whereas in the high current
density of 5 Ag~! the cycling stability lasted for 2000 cy-
cles.

Zhao et all synthesized an M-TizCyT,@MoS,@QC
electrode, i.e., a monolayer (M) TizC,T, MXene with
MoS, nanosheets embedded on its surface and a carbon
layer coated on top of all. The electrode, when used
as a cathode in Li-ion batteries, had an initial capac-
ity of 724.9mAhg~! at 2Ag~!, and, after 1000 cycles,
764mAhg—! at 0.5 Ag—!.

Shi et al. ¥ synthesized a MoO3/TizCy Ty cathode for



use in Zn-ion batteries. The presence of the MXene re-
duces the hydrophilicity of the molybdenum trioxide and
helped to stop the dissolution of the cathode. The elec-
trode had an initial specific capacity of 369.8 mAhg~! at
0.2 Ag™!, retaining it by 46.7% after 1600 cycles.

Dong et al ¥ designed an MXene-Carbon Nanotube-
Cellulose-LiFePO, cathode for Li-ion batteries (MCC-
LFP) with the TizCyT, MXene as the key material.
The electrode showed specific capacity attenuation at
high current densities, but it achieved 152mAhg=! at
0.5C (1C=170mAg~1) when the mixture had the com-
position of 20 mg Ti;C,Ty, 10 mg carbon nanotubes and
10 — 20 mg cellulose.

Also in 2022, Zhao et al2Y proposed an S@MCS-
Si02/TizCyT, cathode, where MCS stands for Meso-
porous Carbon Nanospheres, for Li-S batteries. The
MXene managed to confine the highly soluble poly-
sulfides, enhancing the electrode’s stability. In addi-
tion, the cathode exhibited an initial specific capacity
of 1303.6 mAhg~"! at 0.1 C, with a decay rate of 0.046%
per cycle in the first 1000 cycles.

Liang et al*2! synthesized a HyV30g/TisCoT, com-
posite for cathode electrode in Zn-ion batteries. The ma-
terial had an initial specific capacity of 420 mAhg~! at
10 Ag—!, while the authors report an outstanding perfor-
mance with a 323 mAhg™! capacity at 10 Ag~! for over
9000 cycles. In addition, density functional theory cal-
culations showed that the energy barrier for diffusion of
a Zn ion in the HyV30g/TizCo T, composite was 1.3eV.
This value, although high, it is still lower than the 3.4eV
in HyV30g, indicating that the addition of the MXene
improved the Zn ion’s kinetics.

Yang et al*2? studied theoretically the Ti;Cy MXene
with F, O, OH terminations for the cathode electrode in
Li-O, batteries. They found that the oxygen termina-
tion atoms significantly enhance the material’s catalytic
behaviour.

Li et al'?¥ grew VO(CH,0), (vanadyl ethylene gly-
colate) on the TisCyT, MXene using an oil-bath heat-
ing process. The VO(CH,0),Q@Ti3C,T, electrode, when
used in Zn-ion batteries, exhibited an initial capacity of
360.3 mAhg~! capacity at 0.5 Ag~! retaining it by 90.7%
for 200 cycles. In addition, in the higher current density
of 10 Ag~!, the cathode had 85.2% capacity retention af-
ter 3000 cycles (137.6mAhg™1!).

Huo et al™2¥ used a few layers of the TizCyT, MX-
ene and loaded Te on its surface, using an evaporation
in high temperatures method, in order to examine its
performance as a cathode in an Al ion battery. The
TizCyT@Te electrode had an initial specific capacity of
987 mAhg! at 0.2 Ag~! with Te as the active material.
Furthermore, after 150 cycles at 0.6 Ag~! current density,
the specific capacity fell to 449 mAhg=!.

Pai et al1?? confined Sg in the Ti;CyT, MXene by
increasing the MXene’s interlayer spacing with the use
of di (hydrogenated tallow) benzyl methyl ammonium
chloride (DHT). The- Ti3C,T,/Sg composite was then
tested as cathode in alkali metal-sulfur batteries. Te elec-
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trode exhibited an initial capacity of 1100 mAhg~! at
0.1C for Li-S batteries, retaining 550 mAhg="! at 0.5C
after 1000 cycles. In addition, when using a Na anode,
i.e., for a Na-S battery, the electrode had initial capacity
1400 mAhg—! at 0.05C, retaining 600 mAhg~! at 0.5C
after 400 cycles. Finally, in a K-S battery, the cathode
exhibited an initial capacity of 1700mAhg~! at 0.05C,
delivering 400 mAhg~! at 0.1C after 400 cycles. Here,
1C was equal to 1675mAg~—'. Therefore, the Li-S sys-
tem seems to have the best cycling stability, however, the
Ti3CyT, /S electrode could present as a universal solu-
tion for alkali metal-sulfur batteries, as Pai et al. suggest.

In Table [[T]] we summarize the specific capacities and
performance rates for the cathode electrodes. It is ev-
ident that Ti-based MXenes are predominantly used,
while the Nb,CO, exhibits the highest initial capacity,
ie., 19,785.5mAhg ™! at 0.2 Ag~1.

IV. CONCLUDING REMARKS & FUTURE
WORK

In Figure [3| we can see an analysis of the anode mate-
rials and the battery types discussed in Section [T}

The Ti3CyTy is the most commonly used MXene for
anode electrode, with 67% of anode materials being Ti-
based. This stands to reason, considering that Ti3CyT
is the most conductive MXene out of all experimentally
discovered®®. In addition, whether the mobile ion has
a low energy barrier for diffusion is the most examined
criterion for considering an MXene as a suitable mate-
rial for negative electrode in secondary batteries. It is
expected, therefore, to use materials that have already
exhibited high ionic and electronic conductivity.

One of the most important problems when it comes
to experimentally synthesizing MXenes is the fact that
there are not enough precursory MAX phases'?8 to etch
them from. This problem was addressed when, in 2016,
Zhou et al 27 managed to synthesize the zirconium car-
bide MXene from a layered ternary transition metal car-
bide (Zr3Al;Cs), i.e., without the use of a MAX phase®”.
Still, however, the use of Zr-based materials for anodes
amounts only to 4% of the cases described in this study,
and those cases are mostly theoretical. It would be ad-
vantageous, therefore, to have a more widespread practi-
cal application of the Zr-based materials for anode elec-
trodes.

Regarding the battery types used in the search of
promising anode materials, Li-ion batteries are the most
predominantly used (46%, see Fig. , despite the fact
that there are major disadvantages when it comes to
them. First of all, there is a limitation in recent years
in Li natural reserves™®8. In addition, Li-ion batter-
ies have not been applicable to large-scale applications
yet®129 byt only to portable devices like laptops and cell
phones!3?. Finally, the lithium-dendrite formationt3! is
a safety issue that has yet to be bypassed, making the
batteries flammable and shortening their lifetime. Per-
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TABLE III: Specific capacities and rate capabilities in literature for the years 2021-2022 (alphabetically by material) for cathode

electrodes.
Cathode Battery Type|Current |Initial Rate Capability Durability (Cycles) |Reference
Rate Capacity
(mAhg™")
Co-MoSe,/Ti3CoT, Li-S 0.1C 1454 - - 82
Co(IT)(0OH),@Ti3C, Mg-Li |- - 81.1mAhg T at 0.1 Ag™ " 600 96
Co03S,Q@Ti;C, T, Mg-S 2C 1220 528 mAhg T at 2C 100 97
CoS,@Ti3Co Ty Zn-air - - - 60 102
FeOF /TizC,Ty Li-ion 0.1Ag™' 13655 202.6 mAhg " at 2Ag~ ' 400 108
g-C3N,/TisCyTy Al-ion 4Ag T 174 75mAhg ' at 4Ag ! 1000 111
graphene/TizC,T,QS Li-S 0.1C 1483.1 at 1C 1000 [86]
H,V30g/TisCyTy Zn-ion 10Ag~T [420 323mAhg T at 10 Ag " 9000 [21]
H,V;04/TisCoTy Zn-ion |0.2Ag~ ' [305.3 at 5Ag T 5600 01
LiFePO,@Ti;C,T, Li-ion - - 94.8% 500 77
M-Ti;C,T,@MoS,@QC Li-ion 2Ag7 ! 724.9 764mAhg~ T at 0.5 Ag " 1000 117
MCC-LFP Li-ion 0.5C 152 - - 119
MoO3/TisCoTy Zn-ion |0.2Ag * [309.8 46.7% 1600 T18
MoS,/TisCoTy Al-ion |- - 166 mAhg ! 60 89
Nb,CO, Li-O 0.2Ag™" [19785.5 at 3Ag T 130 g0
PDDA/Ti;C, T, Li-S 0.2C 1016.8 - - 84
PI@Ti;C,T, Li-ion 0.05Ag™ T [115 - - [107]
quinone/TizCy Ty Na-ion 0.1Ag™ T [242 - - 103
S@MCS-Si02/Ti3C, Ty Li-S 0.1C 1303.6 - 1000 120
S/TisC,T,-CS,/TPA Li-S 0.1Ag™ T [1474.5 522.7mAhg ' at 1Ag ! 1000 &7
S/TizCyTy Li-S 0.5C 1277 1059 mAhg ' at 0.5C 100 88
Se/Ti5C, Li-O, 0.1Ag 1 [17260 - 170 98
Se@S-P-Ti;C, Na-Se 0.1Ag™T [765 at 0.02Ag ! 2300 [100]
TizCy-MnO, Li-CO, [0.1Ag ' [5722 - 220 [©9]
Ti;C,@BDTO Al-ion 0.5Ag T [229.8 134.9mAhg T at 0.5Ag T 500 105
Ti;C, Mg-Li 0.1Ag™ T [115.9 96.3% at 1 Ag T 1000 109
Ti3Cy(Brl) Zn-ion |0.5Ag ' [117.2 - - 9%
TisC,(CIBrl) Zn-ion |0.5Ag ' [106.7 - - 95
Ti;CyBrs Zn-ion |0.5Ag~ ! [97.9 - 700 95
Ti;C,Cl, Zn-ion |0.5Ag T [46.5 - - 95
Ti;Csl, Zn-ion 0.5Ag™ T [135 - 1000 95
Ti;C,T@Te Al-ion 0.2Ag™T 987 449mAhg~! at 0.6 Ag T 150 124
Ti;CyT,/Ss K-S 0.05C 1700 400mAhg ' at 1C 400 125
Ti;C,T,/Ss Li-S 0.1C 1100 550mAhg T at 0.5C 1000 125
Ti3CyTy/Ss Na-S 0.05C 1400 600mAhg ! at 0.5C 400 125
Ti5CoTy Li-S - - - 300 [B1]
Ti3C,T,/carbon nanocage/S Li-S 0.1Ag™ T [1275.5 64.6% 100 106
Ti0,-Ti3C, Na-S 1C 650 255.196 mAhg T at 1C 1500 101
V,C Zn-ion - 423.5 - - [92]
V,C@Se Al-ion 1Ag T 402.5 119.8mAhg T at 1Ag * 1000 [114]
V,C-O Li-O, 0.1Ag™ T [8577.3 - 302 [115]
V,CT, Zn-ion  |0.05Ag ! [118.5 - - 93
V,05/Ti;C, Ty Li-ion 1C 321 91.8% at 10.5C 680 a1
VN/TizCyTy Zn-ion 0.5Ag™" [521 371.2mAhg " at 0.5 Ag™ " 140 116
VN/TizC,Ty Zn-ion 0.5Ag™ T [521 at 5Ag T 2000 116
VO(CH,0),@Ti3C,Ty Zn-ion |0.5Ag ! [360.3 90.7% 200 123
VO(CH,0),@Ti3C, T,y Zn-ion |0.5Ag ' [360.3 85.2% at 10 Ag™ T 3000 123
VO,/TizC,Ty Zn-ion 0.2Ag™ 1 2285 72.1% 2500 [90]
VS, /TisCyTy Zn-ion 0.2Ag™T (2134 93.4% 2400 113
VS,@Ti;C,/C Mg-ion  [0.5Ag T [498 147mAhg T at 0.5Ag ! 900 112
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Most commonly used anode materials and battery

haps for these reasons, there is a concentrated effort to
turn the attention to other types of ion batteries during
the last two years.

After lithium-ion batteries, the Na-ion ones have seen
a rising in cases (25%, see Fig. [3), while another 46%
from the total number of cases have used an ion bat-
tery different than the Li one (25% Na-ion, 9% K-ion,
7% Mg-ion, 5% Zn-ion, see Fig. [3)). Considering that
multivalent atom-batteries like Mg have the extra advan-
tage of providing higher energy density?2 and volumetric
capacityl3l, however, it could be useful to have this type
of batteries more thoroughly examined.

Regarding the cathode materials, the trend of Ti-based
MXenes remains strong, with a staggering 84% of all
cases discussed in this review using the Ti;C,T, MXene
as positive electrode (see Fig. |4)).

However, while the main criterion for enhancing bat-
tery performance was the mobility of the ion when it
came to the anodes, for the cathodes the community is
more concerned with the specific capacity of the ma-
terials used, as well as their durability (the amount of
charging/discharging cycles they can undergo before the
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Cathode Materials
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FIG. 4: Most commonly used cathode materials and battery
types.

capacity falls to a certain percentage of the nominal ca-
pacity). Perhaps it is for this reason that we observe a
turn away from Li-ion batteries (12%, see Fig. [4)), and
focus on Zn-ion ones (24%, see Fig. E[) The Zn ion is di-
valent (Zn?"), therefore there are two electrons involved
in the intercalation of each ion in the cathode material,
and that doubles the capacity per unit volume when com-
pared to ions like Lit, Nat and K*. Furthermore, the
Al-ion batteries (AI*") have also seen a rise, with 10% of
the studies regarding cathode materials using them (see
Fig. ).

A close second (22% of all cathode cases, see Fig. [)
is the lithium-sulfur batteries (Li anode and S cathode).
Li-S batteries have higher energy density than the Li-ion
ones™®3.  In addition, S is in abundance in the earth’s
crustt33 therefore Li-S batteries have lower cost for pro-
duction. Despite these advantages however, Li-S batter-
ies are far from being commercially viable because of the
existence of the polysulfides and the shuttle effect™%, i.e.,
the diffusion of lithium polysulfides and their dissolution
in the electrolyte, which leads to loss of S and rapid ca-
pacity decay™®¥. Furthermore, S exhibits low conductiv-
ity and slow kinetics38, which can be improved with the
use of MXenes.

Finally, Li-air (Li-O/LiO,) have also substantially
been used (12%, see Fig. @), due to their increased



specific energy, and the use of safe, non-flammable
electrolytests?,

Numerous reports are published yearly regarding the
use of MXenes as anode and cathode electrodes in sec-
ondary batteries. Here, we report on the last two years’
(2021-2022) studies, but despite the very promising re-
sults, there is still another issue that needs to be over-
come: MXenes without termination atoms, i.e., bare
MXenes have yet to be synthesized. Considering that
the termination atoms affect the electronic properties of
the MXenes®138139 it would be prudent to explore more
methods to manipulate the termination atoms.

Finally, the durability of MXenes is a problem that
needs addressing, since MXenes degrade fast in water

13

and air, thus limitng their usel4?,
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