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ABSTRACT Rechargeable non-lithium-ion (Na*, K, Mg?", % 90090 g
(a®*, and AP) batteries have attracted great attention as emerging w \;f;,‘i @ X" ) ? ° ) .))' .
low-cost and high energy-density technologies for large-scale renew- m e 3 QP9 %&:SCh; ) . )' ? e*.
able energy storage applications. However, the development of these o “o "o o mm——te 'JJ'Q"J)'J)' é ‘o
batteries is hindered by the limited choice of high-performance m / 0 ) .e.ee a .
electrode materials. In this work, MXene nanosheets, a class of two- "’.’ ¢ (&) @ x %-
dimensional transition-metal carbides, are predicted to serve as high- .T C.O .AJO :JT "& 9 e TiCO. +TLCO
i,CO, 1L,CA; I’} LLO, +T1L,L0,

performing anodes for non-lithium-ion batteries by combined first-
principles simulations and experimental measurements. Both O-terminated and bare MXenes are shown to be promising anode materials with high
capacities and good rate capabilities, while bare MXenes show better performance. Our experiments clearly demonstrate the feasibility of Na- and K-ion
intercalation into terminated MXenes. Moreover, stable multilayer adsorption is predicted for Mg and Al, which significantly increases their theoretical

capacities. We also show that 0-terminated MXenes can decompose into bare MXenes and metal oxides when in contact with Mg, Ca, or Al. Our results

provide insight into metal ion storage mechanisms on two-dimensional materials and suggest a route to preparing bare MXene nanosheets.

KEYWORDS: MXenes - energy storage - metal ion batteries - multilayer adsorption - conversion reaction - two-dimensional

echargeable Li-ion batteries (LIBs), one
Rof the most important energy storage
systems, have been widely used in
portable electronic devices and are expected
to power electric vehicles." However, the
large-scale electrical energy storage appli-
cation of LIBs is hampered by concerns
of limited lithium natural deposits, high
production cost, and safety issues.>* In this
regard, the development of new battery
systems is urgently needed for the next
generation of renewable energy technolo-
gies. Currently, rechargeable Na-ion,*” K-ion,®”
Mg-ion® "' Ca-ion,'*"® and Akion™" bat-
teries are attracting much attention due to
their use of abundant elements, high theore-
tical capacities, suitable negative redox poten-
tials, operational safety, and environmentally
benign nature.
Similar to LIBs, the electrochemical perfor-
mance of non-lithium-ion batteries (NLIBs) is
highly dependent on the properties of the
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electrolyte and electrode materials. Most
existing studies of NLIBs are focused on
developing cathode materials. A number of
materials with large interstitial spaces, in-
cluding layered transition-metal oxides,'?
olivine,'® and open framework materials,'”
have been reported to show high capacities
and good cyclabilities as cathodes. Com-
pared with the fast improvement in cathode
materials, the development of anode materi-
als is much slower and limited to carbon-
related materials and group IVA and VA
element-based metal alloys that are promis-
ing anode materials for LIBs.'"® 2> Unfortu-
nately, most of these materials do not work
for NLIBs. For instance, graphite, the most
commonly used anode material in LIBs,
shows little or no electroactivity for NLIBs.®
Other carbon materials'®2° show good cy-
clabilities at low rates with a capacity no
higher than 300 mA h g'. On the other
hand, metal alloys can deliver high capacities
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but at the cost of large volume expansion,>' ~2* which
may eventually cause a failure of the electrode. There-
fore, the development of high-performance anode
materials with reversible and fast ion insertion/
extraction and high capacities remains a major chal-
lenge for NLIBs.

Layered two-dimensional (2D) nanomaterials, such
as graphene and the transition-metal dichalcogenides,
are potential Li host materials with enhanced capaci-
ties and mobilities due to their unique open morpho-
logies.?” 33 The MoS,/graphene composite paper has
also been reported to be a promising anode material
for Na-ion batteries.>* Recently, a new class of 2D early-
transition-metal carbides (M, ;C,), so-called MXenes,
was discovered.*>™*” The surfaces of MXene nano-
sheets are mainly covered by OH groups due to etch-
ing in acidic solutions. MXenes are good electrical con-
ductors,*>3%3® may have high-capacity for hydrogen
storage,®® may be thermoelectric,® and show clear
promise as energy storage*' ~*® materials. In particular,
MXenes show high experimentally measured Li capa-
city (up to 410 mA h g~ ') and good rate capabilities.*’
The X-ray adsorption spectra and theoretical simula-
tions suggest that the surface structure of MXene
nanosheets is the key enabler for Li storage, where
OH groups are converted into O termination by high
temperature annealing*® and/or by metal adsorp-
tion***” for improved Li-ion storage. The high mea-
sured Li capacity may also be due to an unconventional
Li multilayer adsorption.** More intriguingly, when
MXenes are used as electrodes for electrochemical
capacitors, unlike graphite, other metal ions, including
Na®, K*, Mg®>", and A", can be intercalated into
MXenes.*? Hence, this opens the possibility to use
MXenes as anode materials for NLIBs. Additionally,
although the nonterminated (bare) MXenes are pre-
dicted to have attractive physical properties,9434
there is no experimental or theoretical study on how
to generate bare MXenes from terminated MXenes.
There is also a need to explore possible methods
for synthesizing bare MXenes. The aim of this study is
to understand metal ion (Na*, K", Mg*", Ca*", and
AP) storage mechanisms on MXene nanosheets by
combining first-principles simulations with select ex-
perimental measurements. We predict both O-termi-
nated and bare MXenes are promising electrode
materials for NLIBs. In particular, bare MXenes exhibit
higher capacities and better rate capabilities than
O-terminated ones. The experiments show that Na™
and K* are cycleable with a terminated Ti;C5 nano-
sheet, which is consistent with theoretical calcula-
tions. Moreover, Mg and Al show exceptionally high
theoretical capacities due to a storage mechanism of
stable multilayer adsorption. We also propose a pos-
sible route to synthesize bare MXenes. Our findings
are encouraging for further experimental and theo-
retical research.
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Adsorption energy (eV/atom)™

Figure 1. (a) Side and top views of ion adsorption on
Ti,C(OH), nanosheet and (b) ion adsorption energies for
OH-terminated MXene nanosheets.

RESULTS AND DISCUSSION

Metal lon Storage on OH-Terminated MXene Nanosheets.
We start by considering metal ion adsorption on
MXene nanosheets with OH termination. Not surpris-
ingly, these metals ions have similar adsorption sites as
Li (Figure 1a).** For a 2 x 2 MXene nanosheet, only two
metal atoms can be adsorbed, showing M, C,(OH),Aq5
(A is the adsorbed metal atom) stoichiometry. The dis-
tances between metal adatoms and the nearest O atoms
are 2.391, 3.094, 2.107, 2.308, and 1.989 A for Na, K, Mg,
Ca, and Al on Ti,C(OH), surfaces, respectively. Together
with 1.941 A for Li, the distances show a good cor-
respondence to the ionic radii of the adsorbed atoms.
The calculated adsorption energies are summarized in
Figure 1b. Most of the adsorption energies are positive,
suggesting these ions are not well adsorbed by OH-
terminated MXenes. In particular, Mg and Al have much
higher adsorption energies than other ions. This may
relate to the strong Coulomb repulsion between them
and the MXene Ti atoms. Ca should also show similar
behavior, but the larger distance between Ca and Ti
atoms reduces the Coulomb interaction, also reducing
the adsorption energy. Nonetheless, the Mg and Al
adsorption energies are lower than their calculated
cohesive energies (1.519 eV/atom for Mg, 3.452 eV/atom
for Al). They may still be physisorbed by OH-terminated
MXenes.

Recent studies have shown that the surface H atoms
can be removed by Li or Pb adsorption.***” We then
check the stability of H atoms after metal ion adsorp-
tion following the proposed reaction:

My 1 1Ch(O2H2Am) — My 1Ch(O2H; _omAm) +mH;
(1)

The calculated reaction energy pathways on Ti,C(OH),
are shown in Figure S1 (Supporting Information).
Clearly, the final states have lower energies than the
initial states, implying the reaction is exothermic and
thermodynamically favorable. The calculated reaction
barriers are 0.428, 0.382, 0.425, 0.239, and 0.385 eV
for Na, K, Mg, Ca, and Al, respectively, which are close
to the 0.503 eV for Li.** Therefore, H removal can also
be expected with adsorption of these metal ions. It
follows that OH-terminated MXene nanosheets are not
desired for metal ion storage, just like Li.
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Figure 2. (a) Side and top views of ion adsorption on Ti,CO, nanosheet, (b) ion adsorption energies, and (c) theoretical
capacities on O-terminated MXene nanosheets. For the Al capacity on Nb,CO,, we use the same coverage as other MXenes.

Metal lon Storage on O-Terminated MXene Nanosheets.
Figure 2b shows the ion adsorption energies that are
calculated assuming M,,, ;C,,0,A, stoichiometry with
a full adsorption layer (Figure 2a). All the adatoms,
except for Al, have negative adsorption energies,
indicating they can form a full adsorption layer
on O-terminated MXenes. The positive adsorption
energy of Al suggests that it is either physisorbed
or partially chemisorbed. We then examine how the
adsorption energy varies with increasing Al concen-
tration. We find that, up to 2/3 Al coverage, Ti,CO,,
V,CO,, and TisC,0; nanosheets have a negative adsorp-
tion energy of —0.202, —0.681, and —0.266 eV/atom,
respectively, which corresponds to a stoichiometry of
M,,1C,02A4/3. For Nb,CO, nanosheet, Al always has a
positive adsorption energy. This may be induced by the
strong interaction between metal adatom and Nb
atoms—the metal ion adsorption energies on Nb,CO,
nanosheet are higher than for other MXenes. Therefore,
Al should be physisorbed on Nb,CO,. We explain this
difference as follows: These adatoms act as n-type
dopants on O-terminated MXene nanosheets. From
Bader charge analysis, we find that Na, K, Mg, Ca, and
Al transfer 045, 048, 0.76, 0.79, and 1.09 e/atom,
respectively, to O atoms on Ti,CO, surfaces (Figure S2,
Supporting Information). Since each Alatom can donate
more electrons than other adatoms, fewer Al adatoms
are required to fulfill the O bands. The increased
repulsion on adding further Al atoms thus causes
the instability for a full Al adsorption layer.

In Figure 2c, we show the capacities of MXene
nanosheets corresponding to their coverage. The theo-
retical capacities of multivalent metal ions are obviously
higher than the monovalent ions, simply because they
are carrying additional charges. Ti,CO, shows the high-
est capacity at 288, 264, 570, 487, and 552 mAhg™" for
Na, K, Mg, Ca, and Al, respectively (the gravimetric
capacity includes the weight of the adsorbed metal ions
as shown in Methods). The difference between metal
ions with the same valence state is in part due to their
different atomic weights. The heavier ions will have
lower gravimetric capacity. Although the calculated
capacities of monovalent ions are close to those of
carbon related materials,'®'9*® the capacities of multi-
valent atoms stand out. For instance, the calculated Mg
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capacities are close to the theoretical capacities of its
alloy anodes (Table S11, Supporting Information).*>
The capacity of Ca is even comparable with the pre-
dicted high capacity of defective graphene (Table S11,
Supporting Information).** We have to mention that a
proper electrolyte is essential to obtain optimal perfor-
mance for these metal ion batteries, especially for the
multivalent ions.>°

Previous work has shown that Li may form more
than one layer on Ti;C,0, surfaces to enhance the Li
capacity.** To check this possibility of metal multilayer
adsorption on O—terminated MXene nanosheets, we
calculate the second layer (M, 1C,0,A,A,, Figure 3a)
adsorption energies for the various adatoms (Figure 3b).
Al is not included since it cannot even form a full first
layer. Interestingly, these metal ions behave quite dif-
ferently. We divide them into three groups: (1) Kwith the
most positive adsorption energy (>0.6 eV/atom); (2) Li,
Na, and Ca with moderate positive adsorption energies
(0—0.4 eV/atom); and (3) Mg with a negative adsorption
energy. It is very unlikely that K can be adsorbed on
already potasiated MXenes. Similar to Li, Na and Ca may
form partial layers. Surprisingly, the second Mg layer is
thermodynamically stable on top of magnesiated
MXenes. Further investigation shows another Mg layer
can be added before the adsorbed Mg shows bulk
behavior (Figure S3, Supporting Information). Not sur-
prisingly, the Mg capacity increases with the number of
adsorbed Mg layers (Figure 3c). However, the increase
becomes smaller with each additional layer because of
the increased weight. Compared with other metal ions,
Mg has a more complicated storage mechanism on
O-terminated MXenes due to the presence of the stable
extra Mg adsorption layers. Besides the normal insertion/
extraction of the first Mg layer, other layers have the
plating/stripping mechanism similar to Mg metal
anodes.®? It is well-known that a nonconductive layer
will form on the Mg metal surface in conventional
nonaqueous electrolytes, which are widely used in
LIBs.>2 However, this may be avoided by plating Mg
on MXene surfaces, since the latter has shown good
electrical conductivity with nonaqueous electrolytes
for LIBs.*' Moreover, distinct from Li, Mg will not form
dendrites that can result in cell damage.® Thus, the
unique stable multilayer adsorption ensures the high
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Figure 3. (a) Side and top views of ion adsorption on a metaliated Ti,CO, nanosheet; (b) second metal layer adsorption
energies for M,,, ,C,0,A,; (c) Mg capacity variation as a function of adsorbed number of Mg layers.

Mg capacity on O-terminated MXene nanosheets if the
overall kinetics allow and a stable electrolyte is utilized.

Electrochemical measurements are performed to
test the feasibility of using MXene nanosheets as
anodes for NLIBs. Figure 4 shows cyclic voltammetries
(CVs) and the change of the capacities vs cycle number
calculated from galvanostatic charge—discharge ex-
periments, for multilayer TisC,T, (T = O, F, and/or OH)
anodes in Na-ion- and K-ion-containing electrolytes.
The capacity—voltage curves (Figure 4a,c) show irre-
versible peaks below 1.2 V vs Na*/Na and below 1.5 V
vs K*/K during charging in both electrolytes, originat-
ing from the formation of a solid electrolyte interphase
(SEN).** Na-ion intercalation (Figure 4b) shows a first
cycle discharge capacity at 370 mA h g~ ', which is
significantly higher than the predicted Na capacity
with one Na adsorption layer (217 or 268 mA h g,
including or excluding the weight of adsorbed metal
ions). This is most likely due to the formation of SEI
layer and the adsorption of extra Na ions as similarly
observed for Li-ion intercalation.** On the other hand,
the initial discharge capacity of K-ion intercalation is
260 mA h g~ (Figure 4d) that is close to the predicted
one (192 or 268 mAhg™', including or excluding the
weight of adsorbed metal ions). Noteworthy, the initial
charge capacities of Na- and K-ion intercalation are 164
and 146 mAhg ™', respectively. The large irreversible
capacity loss (56% for Na™ and 43% for K*) in the first
cycle can be mainly attributed toirreversible processes,
such as reactions between Nat or K™ with water or
unwashed etching products from the synthesis and
the formation of SEI. The reversible Na and K capacities
decrease to 80 and 45 mAhg’1, respectively, after 120
cycles. We have to mention that the experimentally
measured initial discharge capacities of Li-, Na- and
K-ion batteries are 430,*' 370, and 260 mAhg~', re-
spectively, corresponding to 3.25 Li, 2.79 Na, 1.96 K per
TisCT,. This follows the order of the ionic radii
(0.76,1.06,and 1.38 Afor Li*,Na*, and K™, respectively).
Surprisingly, regardless of the size of the ions, Li-, Na-,
and K-ion batteries have similar capacities for the next
cycles up to 10 cycles around 100 mA h g™, approxi-
mately 0.75 ion hosted reversibly per Ti;C,T,. The Liand
Na capacities remain similar up to 120 cycles, while the K
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Figure 4. Electrochemical testing of terminated Ti3Cj: cyclic
voltammetry at 0.2 mV s~ ' and specific capacities vs cycle
numberat 0.1 Ag’ ™ in Na-ion battery (a, b) and K-ion battery
(¢, d) in 1 M NaClO,4 and 1 M KPFg electrolyte, respectively.

capacity is reduced. This is most likely because electrode
deformation of electrode material increases and the
kinetics decrease as the ion size increases, as observed
in other electrode materials studied for Li-, Na-, and
K-ion batteries.>*** The current experiments clearly
show the feasibility of large ion storage in MXene nano-
sheets, which is consistent with theoretical predictions.
Moreover, these experiments are performed with unop-
timized materials. Further experimental efforts are ex-
pected to improve the performance of MXene in NLIBs by
using delaminated MXenes as anodes and by selecting or
developing better electrolytes, especially for multivalent
ions.

Mechanism of Multilayer Adsorption. To obtain insights
on the physical origin of the predicted multilayer
adsorption behavior, we analyze the electronic struc-
tures of Ti,CO, with two metal layers. Figure 5 shows
the electron localization functions (ELF) of (110) section
and the projected density of states (PDOS). Apart from
the adsorption energies, the electronic structures for
adsorbed Li, Na, and Mg are quite similar. Kand Ca also
display similarity. For Li, Na, and Mg, the electrons are
spread out in the metal layers forming a negative
electron cloud®® (NEC, Figure 5a—c), in other words,
metallic bonds, similar to their bulk counterparts. NEC
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Figure 5. (a—e) Electron localization functions of (110) section for Li, Na, Mg, K, and Ca, respectively, and (f—j) corresponding
projected density of states of Ti,CO, with two metal layers adsorbed.

can screen the repulsion between the positive metal
ions (adatom—adatom and Ti—adatom), therefore, to
stabilize the second-layer adsorption. Moreover, hybri-
dization between adatoms and Ti orbitals in the vicinity
of the Fermi level is almost nonexistent (Figure 5f—h),
indicating weak repulsive interactions between Ti and
Li, Na, and Mg, which may further decrease the adsorp-
tion energy. Since Mg has two valence electrons
compared with one for Li and Na, the screening effect
of NEC may be stronger in Mg than in Li and Na. Thus,
the second Mg layer has a negative adsorption energy
compared with the positive adsorption energies of
Li and Na (Figure 2b). In the case of K and Ca, the
electrons are more localized (Figure 5d,e). This may be
due to electron transfer from spherical s orbitals to
more localized nonspherical p or d orbitals. Similarly,
the screening effects of NEC in K should be weaker than
that of Ca. From the PDOS (Figure 5i,j), we observe that
even the first K and Ca layer has some contributions to
the DOS near the Fermi level, indicating a repulsive
interaction between them and Ti atoms. However,
the K—O and Ca—O0 bonds help the adsorption of the
first layer. Since Ca can transfer more charge to O than
K, the Ca—O bond is stronger than the K—O bond.
Thus, K has the highest adsorption energy among all
the metals ions (except for Al) for the first layer
(Figure 2b). Furthermore, both K and Ca show strong
hybridization with Ti for the second layer. This remark-
able repulsion largely increases the adsorption energy
for the second K and Ca layer. Hence, even after the
screening effect is considered, K has the most positive
adsorption energy for the second layer, and Ca has an
adsorption energy lower than K but higher than other
alkali metals (Figure 3b).

To validate our effective screening arguments,
we compare the vertical distances between two metal
layers adsorbed on Ti,CO, with the same distances
in their bulk metals (Figure S4, Supporting Information).
It is clear that Mg has the smallest difference at ~5%,
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indicating a minimal repulsion between the positive
ions due to the strong screening effect. Ca has a larger
distance difference at 24%, followed by Li and Na
around 55%. Although the NEC is more localized in
Ca than Li and Na, it still can screen most of the
repulsive interactions. K has the largest distance dif-
ference at 65% corresponding to the weak screening
effect. Therefore, the distance differences match well
with our proposed screening effect, which is critical for
the multilayer adsorption.

From the above analysis, we have formulated
some criteria for the formation of stable multilayer
adsorption on MXene nanosheets: (i) low adsorption
energy of the first layer (minimal repulsion between
the MXene transition metal atoms and the adatoms);
(i) small contribution to the DOS near the Fermi
level from the extra layers (to minimize the repulsion
induced by the extra layers); (iii) strong screening
effects from the NEC. Although Al may also show
strong screening effects, it cannot form the first full
layer. Thus, Mg might be the only light metal ion to
show multilayer adsorption on O-terminated MXenes.

lon Diffusion on 0-Terminated MXenes. A high-performance
anode material should not only have high capacity, but
also have good rate capability. We then shift our attention
to the motion of metal ions on O-terminated MXenes. For
Mg, we only consider the first layer, which will govern
performance. Diffusion on an already adsorbed first metal
layer should be easier. Figure S5 (Supporting Information)
shows the diffusion pathways and energies of single
metal adatoms moving between two equivalent adsorp-
tion sites using the NEB method. The diffusion barriers
of monovalent metal adatoms are distinguishable from
multivalent metal adatoms. The former have a low energy
barrier (<0.3 eV, comparable with Li); the latter have a high
energy barrier (>0.5 eV) because of their stronger inter-
action with O atoms. The only exception is Al on Nb,CO,,
where it is physisorbed. Since the diffusion barrier may
increase at high coverage, the mobilities of multivalent
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adatoms should further decrease. This suggests that, on
O-terminated MXene nanosheets, Na and K should have
moderate capacities with good rate capabilities as shown
in the experiments. Mg, Ca, and Al may possess high
capacities, but their rate performances will not be as good
as the monovalent metal ions.

Decomposition of O-Terminated MXenes. Studies have
shown that some transition-metal oxides (TMO), such
as FeO, NiO, and Co0,® and dichalcogenides (TMDC),
such as MoS, and WS,,%° can deliver high Li capacities
for LIBs by conversion reactions forming Li,O or Li,S
and transition metals. The conversion reaction can
transfer more electrons than the conventional inter-
calation reaction to enhance the Li storage. Although
this Li-ion involved conversion reaction has not been
observed in MXene-based LIBs,** we cannot rule out
the possibility for other metal ions, especially for multi-
valent ones, where the propensity to form metal oxides
was delineated. To investigate the potential conver-
sion reactions, we propose the following decomposi-
tion reactions

Mn+‘ICnOZB4 - Mn+1cn + 2B2O (2)

Mn+1cn02E2 - M,,+1Cn+2EO (3)

2
Mn+1cn02A|4/3 — M;1GC, +§A|203 (4)

where B represents alkali metals and E stands for alkali-
earth metals. The calculated energy differences be-
tween right and left side of the equations are shown in
Figure 6a.

Clearly, reactions 3 and 4 are thermodynamically
favorable. The O-terminated MXenes are more like
to decompose into bare MXenes and metal oxides in
the presence of Mg, Ca, or Al, as illustrated in Figure S6
(Supporting Information). Then reactions 3 and 4 can
be rewritten as

My 1Ch0s + 2B 44~ — M, 1C, +2E0  (5)

4 2
My 1Cn0, +§AI3+ +4e” — My41GC, +§AI203 6)

The reason why only multivalent metals can strip O
atoms away is straightforward. When metal adatoms
donate charges to O atoms, in order to keep electro-
neutrality, fewer electrons are transferred from transi-
tion metals to the O atoms in MXenes. As mentioned
above, multivalent metal adatoms can transfer more
charge to O atoms than monovalent metal adatoms
(Figure S2, Supporting Information); thus, the TM—O
bonds with Mg, Ca, and Al adsorption should be
weaker than with Li, Na, and K adsorption. Hence,
the TM—O bonds are easier to break with multivalent
adatoms.

Since our simulations are performed at 0 K, it is
necessary to check the viability of these reactions at
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Figure 6. Energy differences of (a) reactions 2—4 and
(b) reaction 3 at 0 and 300 K for Mg.

300 K. We calculate the Gibbs free energy differences
for reaction 3 as an example (Figure 6b). The energy
differences only increase by 0.05 eV/formula at 300 K,
suggesting temperature has a minor effect. Thus, the
MXene reduction is still thermodynamically favorable at
ambient conditions. Another important factor is the ki-
netics. Unfortunately, we are unable to estimate the energy
barriers for these reactions because we have insufficient
knowledge of the initial and final states. Whether these
reactions are reversible is also unclear, although MgO
(10603 eV/formula), CaO (11.618 eV/formula), and Al,Os
(32.079 eV/formula) have similar cohesive energies per
electron as Li,O (12231 eV/formula). Nevertheless, we
identify a possible route to synthesize bare MXenes even
with the presence of metal oxides.

Metal lon Storage on Bare MXene Nanosheets. Unlike the
transition metals, bare MXene nanosheets are capable
of storing Li ions.***® We then move to investigate
the metal ion storage on bare MXenes. Figure 7b shows
the adsorption energies of metal adatoms forming a full
layer on M,,.1C, (Figure 7a). We immediately observe
the different adsorption behavior between bare and
O-terminated MXenes. K cannot form a full layer on
any of the bare MXenes; the maximal stable coverage
is only 2/3. Meanwhile, Ca can only form a full layer
on Nb,C. For other MXenes, the coverage is 1/2.In con-
trast, Al, which cannot form a stable full layer on
O-terminated MXenes, is able to form a full layer on
bare MXenes. This difference should originate from the
different electronic properties. In Figure S7 (Supporting
Information) we show the ELFs and PDOS of Ti,CA,. The
ELFs are very much like the ELFs of multimetal layers
adsorbed on O-terminated MXenes. However, without
surface O atoms, the metal adatoms are no longer elec-
tron donors. The adsorbed metal layer is stabilized by the
screening effect of NEC rather than A—O bonds.Kand Ca
adatoms still strongly hybridize with Ti (Figure S7ce,
Supporting Information), and there are no more O atoms
to help them be adsorbed. Therefore, they have higher
adsorption energies than those on O—terminated
MXenes. An interesting feature of Ca is the stable
adsorption layer on Nb,C. The PDOS shows that the
magnitude of hybridization between Nb and Ca,
especially at the Fermi level, is smaller than other
transition metals (Figure S8, Supporting Information).
Hence, the repulsion between Nb and Ca is weaker
and may be screened by NEC. Al, on the other hand,
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(c) Theoretical Mg and Al capacities with two metal layers.

shows small repulsion with Ti (Figure S7I, Supporting
Information) and a well-distributed NEC (Figure S7f,
Supporting Information). Therefore, it can easily be
adsorbed. The corresponding metal capacities are
shown in Figure 7c. Because of their reduced weight,
the capacities are higher than O-terminated MXenes.
For Al, it reaches as high as 992 mA h g~ on Ti,C,
which is one of the highest capacities predicted
for the Al-ion battery. Mg also shows a high capacity
of 687 mAhg™' on Ti,C, which is higher than the
theoretical capacity of Sn (Table S11, Supporting
Information).

With one metal layer, bare MXenes already show
promise as high-capacity anode materials for NLIBs,
especially for Mg- and Al-ion batteries. It is worth
noting that, using our proposed criteria, Mg and
Al may form stable multilayers on bare MXenes. We
then examine this possibility together with Li and Na.
Figure 8b summarizes the second metal layer adsorp-
tion energies on M, C,A,. As expected, Mg and Al
can form stable second adsorption layer on all bare
MXenes, while Li and Na cannot. From the electronic
structures (Figure S9, Supporting Information), we find
that Li and Na are quite similar to Mg and Al. One
possible explanation for the different behavior is the
strength of the screening effect induced by NEC.
Similar to O-terminated MXenes, Li and Na have weak-
er screening effect than Mg and Al, and are more likely
to form a partial layer on top of the first adsorption
layer instead of a stable full layer. Again, Mg and Al can
form up to three metal layers on bare MXene nano-
sheets. The Mg and Al capacities with two metal layers
are shown in Figure 8c. Both of them exhibit high

XIE ET AL.

theoretical capacities (1488 and 1050 mAhg~' for Al
and Mg, respectively). Moreover, Al, like Mg, should
not form dendrites with plating.>” The multilayer ad-
sorption can greatly increase capacity with a smaller
safety concern than for alkali metals.

Since most of the interactions between metal ada-
toms and surface transition metal atoms are screened
by NEC, the diffusion of metal atoms on bare MXenes is
expected to be faster than on O-terminated MXenes.****
Figure S10 (Supporting Information) shows diffusion
energy pathways of single metal adatoms on bare
MXenes. It also has a similar diffusion pathway as
O-terminated MXenes. As we predicted, the diffusion
energy barriers are much lower than the O-terminated
MXenes. Most of the metal adatoms have an energy
barrier lower than 0.1 eV. Al has a slightly higher energy
barrier, but not larger than 0.15 eV. Such low diffusion
barrier should result in excellent high rate performance
of bare MXenes.

Our simulations suggest MXenes have a more
complicated metal ion storage mechanism than other
anode materials, especially for multivalent ions. Starting
with the OH-terminated MXenes, we will first obtain
the O termination. Then the O-terminated MXenes may
react to form bare MXenes and metal oxides upon
metalization through the proposed conversion reac-
tions. If these reactions are reversible, the metal ions
will be stored in the form of metal oxides first. Next,
metal ions could intercalate into bare MXenes to form
the first metal layer (for most of the metal ions this will
be the only adsorption layer). Finally, for Mg and Al, they
can store more ions by forming multimetal layers to
further increase the capacity. Therefore, all the known
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storage mechanisms, including reversible conversion
reactions, insertion/extraction, and plating/stripping,
may be found in MXenes. The high capacities and
low diffusion barriers make MXene nanosheets unique
materials for metal ion storage, particularly, for Mg and
Al. Our identification of possible electrode materials
highlights the urgent need to discover suitable electro-
lytes. The latter now appears to be the key missing
component to enable NLIBs application of MXenes.
More efforts are needed to design appropriate electro-
lytes. For bare MXenes, this is even more critical since
bare MXenes have greater reactivity than terminated
MXenes due to their surface dangling bonds.

CONCLUSIONS

We have systematically investigated the Na, K, Mg,
Ca, and Al storage on MXene nanosheets using first-
principles simulations. Our results show that both
O-terminated and bare MXene nanosheets are promis-
ing electrode materials for NLIBs. Bare MXenes have

METHODS

Density Functional Theory Simulation. First-principles calculations
are carried out using density functional theory (DFT)*® and the all-
electron projected augmented wave (PAW) method>® as imple-
mented in the Vienna ab initio simulation package (VASP).% For
the exchange-correlation energy, we use the Perdue—Burke—
Ernzerhof (PBE) version of the generalized gradient approxima-
tion (GGA).®" The van der Waals (vdW) density functional (vdW-
DF) of optB86b are considered for all simulations.%* A plane-wave
cutoff energy of 580 eV is sufficient to ensure convergence of the
total energies to 1 meV per primitive cell. The underlying struc-
tural optimizations are performed using the conjugate gradient
method, and the convergence criterion was set to 107> eV/cell
in energy and 0.005 eV/in force. The Brillouin zone (BZ) was
integrated using a 12 x 12 x 1 Monkhorst—Pack®® (MP) k-point
grid during the relaxation and a denser 24 x 24 x 2 MP mesh for
the density of states (DOS) calculations. The vacuum separation
between two nanosheets was set to 15 A to avoid any interaction
due to the use of periodic boundary conditions. Metal adsorp-
tions are studied ona 2 x 2 x 1 and/or 3 x 3 x 1 MXene nano-
sheet with a BZ sampling of 8 x 8 x 1 and/or6 x 6 x 1 k-mesh,
respectively. The adsorption energies of the first layer is calcu-
lated with

Ead = (EMXeneJrA,, _EMXene - nEA)/n

where Eyxene+a, is the total energy of a metaliated nanosheet,
Emxene denotes the total energy of pristine MXene nanosheet,
Ep is the total energy of bulk metal, and n presents the number of
adsorbed metal adatoms. For additional layers, the adsorption
energies are calculated using the expression

Eag = (EMXene + A, + An — EMXene A, — MEa)/m

where the total energy of metaliated nanosheet is used as energy
reference instead of pristine nanosheet. In this scheme, the lower
the adsorption energy, the stronger the binding between absor-
bent and absorber. The metal capacities are estimated from

naZaF
Cpo= — A
MMXene + nMA

where n, is the number of adsorbed metal adatoms, Z, is

the valence state of metal adatoms, F is the Faraday con-
stant (26801 mAh/mol), Myxene is the mole weight of MXene

XIE ET AL.

higher capacities and greater ion mobilities than the
O-terminated MXenes. The theoretical predictions
are supported by experimental results for Na- and
K-ion intercalation of terminated MXenes. Moreover,
O-terminated MXenes are expected to decompose into
bare MXenes and metal oxides in contact with multi-
valent metals. We also find that MXene nanosheets can
store Mg and Al multilayer showing a combined con-
version reaction, insertion/extraction, and plating/
stripping metal ion storage mechanism, if the kinetics
allow. Several rules have been summarized for the
formation of stable multilayer. This study also provides
the first theoretical pathway to bare MXenes from O
terminated ones and sheds light on the counterintuitive
metal ion storage mechanism on MXenes. Itis important
to note that a proper electrolyte is crucial for enabling
the application of MXene nanosheets as anodes for
multivalent ion batteries. Future experiments are de-
sired to test MXenes as anode materials for rechargeable
multivalent-ion batteries and to validate our predictions.

nanosheet, and Mj is the mole weight of metal adatoms. Note,
the weight of the adsorbed metal adatom is not considered
for most of the calculated capacities presented in literatures.
The cohesive energies are calculated by

Ecoh = En,p,, —NExn —mEg

where E5 g_is the total energy of the compound and Ex and Eg are
the energies of isolated atoms.

Transition-State Searching. To determine the energy barriers
and minimum energy paths of surface reactions and metal
diffusion, we use the climbing image nudged elastic band
method (CI-NEB)®* implemented in VASP. A 2 x 2 x 1 MXene
nanosheet with a BZ sampling of 8 x 8 x 1 is used for the
transition state searching. The NEB path is first constructed by
linear interpolation of the atomic coordinates and then relaxed
until the forces on all atoms were <0.05 eV/A. Six to eightimages
are simulated between initial and final states.

Gibbs Free Energy Calculation. We have employed the so-called
quasiharmonic approximation to calculate the thermal proper-
ties at constant pressure. Gibbs free energies at finite tempera-
tures are obtained as the minimum values of the thermodynamic
functions from the Vinet equation of state.> Phonon calculations
were performed by the supercell approach. Real-space force
constants of supercells were calculated in the density-functional
perturbation theory®® (DFPT) implemented in the VASP code, and
phonon frequencies were calculated from the force constants
using the PHONOPY®” code. A 3 x 3 x 1 supercelland 6 x 6 x 1
MP k-grid is used to generate the force constants.

Electrochemical Characterization. Electrochemical measurements
were done in a two-electrode Swagelok cells by cyclic voltam-
metry at 0.2 mV s~ and galvanostatic charge—discharge cycling
at 0.1 Ag'™ using a VMP3 potentiostat (Biologic, S.A.). The work-
ing electrodes were a mixture of 80 wt % of TisC, and 20 wt %
carbon black. The cells were assembled in an argon-filled glove-
box using Na or K metals as counter electrode and separated
by a glass fiber separator (Whatman GF/A) saturated with either
1 M NaClO,4 or 1 M KPFg solutions in EC:PC (1:1 in weight).
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