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ABSTRACT: Two-dimensional transition-metal carbides and nitrides, often known e e e d

as MXenes, have fantastic properties benefiting from their unique structures, enabling
them to be used in many applications. In this work, we show that Ti,C MXene
possesses extraordinary electromechanical actuation performance using first-principles
calculations. Upon charge injection, the maximum uniaxial and biaxial isometric
actuation stresses are 31.1 (along the armchair direction) and 75.6 GPa, respectively,
and the maximum isobaric actuation strain is 27.4%. More importantly, the
electromechanical actuation of Ti,C MXene is in-plane isotropic because of the 3-fold
rotational symmetry, and the in-plane area can be stimulated to increase by 62.2%,
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which is greater than other well-known two-dimensional materials. The maximum

realistic gravimetric work density of Ti,C MXene is also extraordinary (1271.6 J/g). Finally, the mechanism for the extraordinary
electromechanical actuation performance of Ti,C MXene was elucidated by the analyses at atomic and electronic scales.
Additionally, mechanical tests show that the structural integrity of Ti,C MXene can be well maintained under a certain amount of
electromechanical loads. Our findings indicate that Ti,C MXene can be used for high-performance nanoelectromechanical actuators.

B INTRODUCTION

Stimuli-responsive materials (SRMs) can change one or more
of their properties under a defined stimulus. The external
stimuli for material responses include heat,"” electric field,’
magnetic field,”* and electrostatic force.”” Electromechanical
actuation materials, as one of the most important members of
SRMs, have been studied as actuators that can convert
electrical energy into mechanical energy."~'* Since carbon
nanotube (CNT) sheets were found to exhibit a remarkable
actuation upon immersion in an aqueous electrolyte by
Baughman et al,'* developing artificial muscles to mimic the
behaviors of mammalian skeletal muscle has attracted
considerable attention.”'°™*" However, it is a long-term
challenge to develop such actuators that can perform reversible
large strokes, si%niﬁcant actuation stress, and high work
densities,'~'®?® like natural muscles under complex
loads.”"** These issues limit many exciting applications of
material-based actuators, such as micro/nanoelectromechanical
systems, flexible robotics, and artificial joints and or-
gans, 162326

Actuators based on a host of materials have been previously
studied."”"”*"7*" With the discovery of two-dimensional
materials (2DMs) and the increasing demand for nano-
actuators,”” a few 2DM-based actuators have arisen, such as
transition-metal dichalcogenides (TMDs),** ™% graphene-
based materials,”*"*’ and black phosphorene (BP).*® Liu et
al.*** first studied the electromechanical actuation perform-
ance of graphene and its derivatives (graphene oxide) as 2DM-
based actuators in theory and found that graphene oxide with
ordered epoxy groups possesses a maximum recoverable strain
of 14.5%, resulting from a reversible phase transition.*® Wu et
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al.*® revealed that black phosphorene (BP) can exhibit a stroke
as high as 36.6% upon charge injection and a high volumetric
work density (207.7 J/cm?).

Discovered at Drexel University, 2D transition-metal
carbides and nitrides, often known as MXenes, have emerged
for use in many applications, such as energy storage and
conversion,” ~> reinforced composites,sd'_56 water purifica-
tion,”” catalysis,”® and photothermal conversion.””* The
variety of compositions and structures of MXenes has led to
a rapidly expanding family of 2D materials.”’ Ti,C MXene, as
one of the most important members of MXene family, has an
in-plane isotropic stiffness of approximately 130 N/m®"%* and
a strain to failure of about 13%.°® In addition, Ti,C MXene
shows a durable performance during the charge/discharge
procedure for the application of lithium-ion battery.”* The
unique structure suggests the possibility of MXenes for use in
high-performance nanoelectromechanical actuators. Addition-
ally, hole doping (positive charging) of MXenes has been

49,50

explored in experiments as demonstrated in some works on
MXene-based electroactive ionic actuators,®>~®® which further
suggests the possibility of high actuation performance of
MZXene. However, the electromechanical actuation perform-
ance of MXenes has not been examined.
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Figure 1. Computational models for Ti,C MXene. (a) Atomistic structure of Ti,C MXene (top view). The red solid and dashed boxes are the
primitive and rectangular cells of Ti,C MXene, respectively. (b) Illustration of Ti,C MXene upon charge injection (side view). B, 6, and dr,.p; are
the bond length of Ti—C, bond angle of Ti—C—Ti, and atomic distance of Ti,C MXene, respectively.
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Figure 2. Electromechanical actuation strain of Ti,C MXene upon charge injection. (a) Actuation strain and areal actuation expansion as a function
of charge injection. (b) Atomistic structures of Ti,C MXene before and after hole injection of 0.20 e/atom.

Herein, we explored the electromechanical actuation
performance of Ti,C MXene using first-principles calculations.
Upon charge injection, it shows extraordinary mechanical
responses including the maximum isobaric actuation strain of
27.4%, the maximum uniaxial (biaxial) isometric actuation
stress of 31.1 (75.6) GPa, and the maximum realistic
gravimetric work density of 1271.6 J/g. More importantly,
the large in-plane isotropic actuation strain results in an
increase of area by 62.2%, which is much greater than already-
known 2D materials. The mechanism for the extraordinary
electromechanical actuation of Ti,C MXene was uncovered by
analyses at atomic and electronic scales. Additional calculations
confirm that Ti,C MXene can well maintain the structural
integrity upon a certain amount of electromechanical loads.

B METHODS

To investigate the electromechanical actuation of Ti,C MXene,
first-principles calculations were performed using the Vienna
Ab initio Simulation Package (VASP).*””® Perdew—Burke—
Ernzerhof ' of the generalized gradient approximation’” was
used for the exchange-correlation functional. DFT-D3 method
of Grimme”® was used to treat the van der Waals (vdW)
correction. To ensure accuracy, an energy cutoff of 520 eV was
adopted in all calculations. The k-point sampling with the
density >40 A (the product of each lattice constant and the
corresponding number of k-points) adopted the Monkhorst—
Pack scheme.”* To eliminate electrostatic interactions, a thick
interlayer spacing of 70 A was used. All structures were relaxed
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to their ground state before and after charge injection using the
quasi-Newton algorithm. For geometry relaxation, the force on
each atom was converged below 0.001 eV/A. To achieve a
constant vacuum spacing while the cell can be optimized in the
basal plane, the VASP code was modified. Considering the 2D
character of the simulated 2D materials, the value of the
actuation stress should be rescaled by z/d (z is the cell length
along the vacuum direction, and d is the effective thickness of
the Ti,C MXene). The effective thickness (d) of Ti,C MXene
can be obtained as the interlayer distance between optimized
bilayer Ti,C MXene, and herein d of 4.828 A®* was used for
calculating the actuation stress.

B RESULTS AND DISCUSSION

The primitive (red solid box) and rectangular cells (red dashed
box) of Ti,C MXene are shown in Figure la. Before charge
injection, the optimized lattice parameters are a = 5.22 A and b
=3.01 A. The bond length of Ti—C (B), bond angle of Ti—C—
Ti (0), and atomic distance (dr;; the distance between top
and bottom layers of Ti atoms) are 2.09 A, 92.18°, and 2.32 A,
respectively. The electromechanical responses of Ti,C MXene
were investigated using the computational setup as illustrated
in Figure 1b, in which the rectangular cell was used in first-
principles calculations.

Actuation Strain. Actuation strain was measured as the
change of in-plane lattice constants after charge injection
divided by their original values before charge injection. Upon
electron injection, Ti,C MXene shows a slight actuation strain
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Figure 3. Electromechanical actuation stress and work density of Ti,C MXene. (a) Actuation stress and gravimetric work density (W) as a
function of injected charge. (b) Comparison of the maximum areal actuation expansion and gravimetric work density (W) of Ti,C MXene with
other 2D materials. (c) Actuation strain and W, of Ti,C MXene as compared with typical actuation materials. The orlglnal data can be found in
Table S1. For a fair comparison, we used the nommal work density to compare with the ones reported in the literature.

of 0.3% (0.4%) in the armchair (zigzag) direction, similar to
those of graphene and BP.">** However, upon hole injection,
the maximum actuation strain of Ti,C MXene can be as high
as 27.4% (Figure 2a and Movie S1). The in-plane actuation
strain of Ti,C MXene is isotropic, resulting from the 3-fold
rotational symmetry of Ti,C MXene. Figure 2b shows the
atomistic structures of Ti,C MZXene before and after hole
injection of 0.20 e/atom. Compared with other 2D materials
(Figure Sla), the maximum actuation strain of Ti,C MXene is
4.3 times larger than that of some graphene oxide compounds
(6.3%)** but smaller than that of BP (36.6%)."® Meanwhile,
the areal actuation expansion (the change of in-plane area after
charge injection divided by the original value before charge
injection) as a function of injected charge was calculated and
compared with other 2D materials (Figures 2a and Slb; see
Section 1 of the Supporting Information for details). The
calculated maximum areal actuation expansion of Ti,C MXene
is 62.2%, which is much larger than other 2D materials.
Notably, although BP shows a high actuation strain along the
armchair direction (36.6%),* the actuation strain along the
zigzag direction is quite small (2.6%) due to its extremely large
mechanical anisotropy, which results in a smaller areal
actuation expansion of BP (40.1%) than Ti,C MXene
(62.2%). The areal actuation expansion of 2D materials plays
an important role in applications of microelectromechanical
systems (MEMS) actuators or switches,””"” such as a
membrane valve actuator that can control the flow of fluids
in microfluidic channels and a mechanical switch that can
control the light into a device.”®

Actuation Stress and Work Density. Furthermore,
actuation stress and work density as a function of charge
injection were investigated. Upon charge injection, the
isometric actuation stress of Ti,C MXene was measured by
fixing the in-plane lattice constants of Ti,C MXene at their
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original values before charge injection. As shown in Figure 3a,
the actuation stress as a function of injected charge along the
armchair and zigzag directions is almost isotropic. Upon hole
injection of 0.20 e/atom, the actuation stress in the armchair
and zigzag directions is as high as 75.4 and 75.8 GPa (75.6
GPa on average). While injecting electrons, a low isometric
actuation stress below 1.3 GPa is observed. In addition, we also
measured the uniaxial actuation stress upon hole injection by
fixing one of the in-plane lattice constants while relaxing the
other one. Figure S2 shows that Ti,C MXene still possesses
isotropic responses under a small amount of charge injection.
As the hole injection increases, the 3-fold rotational symmetry
breaks, which accounts for the emerging anisotropic actuation
stresses of Ti,C MXene in the armchair and zigzag directions
(Figure S2). Upon hole injection of 0.13 e/atom, the actuation
stress of Ti,C MXene is 22.1 (25.4) GPa along the armchair
(mgzag) direction, which is about 3 (6) times larger than that
of BP.** Finally, our calculations demonstrated that the
maximum actuation stresses of Ti,C MXene along the
armchair and zigzag directions can reach 31.1 and 25.7 GPa,
respectively.

Afterward, gravimetric work density (W,) of Ti,C MXene
upon hole injection was investigated as shown in Figure 3a."
Before that, the in-plane stiffness of Ti,C MXene upon charge
injection was first determined (Figure S3a). The in-plane
stiffnesses of pristine Ti,C MXene are 132.1 and 132.6 N/m
along the armchair and zigzag directions, respectively, which
agree with the values reported in the literature.®"*>
Considering the large in-plane isotropic actuation strain, W,
is calculated as the contribution from both armchair and zigzag
directions (see Section 2 of the Supporting Information for
details). As hole injection increases from 0.08 to 0.09 e/atom,
W, shows an abrupt increase from 97.8 to 780.3 J/g, mainly
resulting from a large increase of actuation strain from 4.2 to
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Figure 4. Actuation mechanism of Ti,C MXene at atomic scale. (a) Actuation strain and changes of B and 6 as a function of charge injection for
Ti,C MXene. (b) Atomistic structures of Ti,C MXene upon hole injection of 0.08 and 0.09 e/atom, respectively. (c) Sensitivity analysis of B and ¢
on the actuation strain of Ti,C MXene. Based on eq 2, the sensitivity analysis was implemented by substituting B (0) and 6, (B,) from the charged
and pristine Ti,C MXene into eq 2, respectively. The calculated actuation strain in this way is contributed by the change of B (8), labeled as &5 (&y).
The contributions from the changes of B and 6 are defined as ¢5/(¢5 + €5) and €, /(€5 + &), respectively.
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Figure S. Actuation mechanism of Ti,C MXene at electronic scale. (a) Excess charge density distribution of Ti,C MXene upon hole injection of
0.01, 0.05, 0.08, 0.09, 0.15, and 0.20 e/atom with the iso-surface values of 0.00017, 0.00095, 0.0015, 0.0015, 0.002, and 0.002 e/Bohr?, respectively.
Colors of yellow and blue represent excess electrons and holes, respectively. (b) Illustration of the interatomic interactions including the repulsive
force (F,, blue arrows) and attractive force (F,, red arrows) from the Coulombic interactions generated by the excess electron—electron (hole—
hole) and electron—hole pairs, respectively. For the top view, the blue dashed arrows are labeled for Ti atoms at the top layer, and the blue solid

arrows are labeled for Ti atoms at the bottom layer. (c) Change of Bader charge, defined as Bader charge for Ti and C atoms after hole injection
subtracting their original values before hole injection, as a function of hole injection.

11.6%. Upon hole injection of 0.13 e/atom, W, is determined
to be 1725.2 J/g, which is higher than already-known 2D
materials, such as silicene (23.1 J/g), BP (10762 J/g),*
graphene (429.4 J/g, 0.15 e/atom), GO-C,-sym-clamp (329.3
J/g), and GO-C,-asym-unzip (1022.8 J/g).**** With further
hole injection, the maximum gravimetric work density (W,,) is
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4360.2 J/g. Figure 3b compares the maximum areal actuation
expansion and W, of Ti,C MXene with other 2D materials.
Figure 3c shows the map of actuation strain and W, of
actuation materials, including traditional materials (e.g.,
piezoelectric ceramic and polymer), CNT-based yarns, metal
rods, and 2D materials, which indicates that Ti,C MXene has

https://dx.doi.org/10.1021/acs.jpcc.0c09482
J. Phys. Chem. C 2021, 125, 1060—1068
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the combined properties of remarkable actuation strain, areal
actuation expansion, and work density. Notably, since charge
injection would change the in-plane stiffness,*® we also
calculated the work density based on the real in-plane
stiffnesses of the charged Ti,C MXene (Figure S3a), named
as realistic work density (Figure S3b). The maximum realistic
gravimetric work density (W,.) of Ti,C MXene is as high as
1271.6 J/g (see Section 2 of the Supporting Information for
details). Unless other noted, the realistic gravimetric work
densities are reported in this work.

Mechanism for High Electromechanical Actuation
Performance. To reveal the underlying mechanism for the
high electromechanical actuation performance of Ti,C MXene,
we first took insight into the intrinsic structural changes by
tracking the interatomic parameters of B and 6 (Figure la).
With the increase of hole injection, both B and 6 increase
(Figure 4a). The changes in B and 6 of Ti,C MXene upon hole
injection are much larger than those upon electron injection,
which agrees with the actuation responses upon electron and
hole injection. Notably, with the increase of hole injection
from 0.08 to 0.09 e/atom (Figure 4b), the bond length slightly
increases from 2.12 to 2.15 A, while the bond angle
significantly increases from 95.20 to 102.90° resulting in a
large increase of actuation strain from 4.2 to 11.6%.
Furthermore, Ti,C MXene with a space group of Ds;* (P-
3m1)”” has 3-fold rotational symmetry (periodic rotational
angle of 120°). On the basis of this rotational symmetry, the
lattice constants of Ti,C MXene can be derived as a function of
interatomic parameters,

0 0

a=2/3Bsin—, b=2Bsin—

2 2 (1)

Then, the actuation strain (&) of Ti,C MXene in arbitrary
direction is derived as

= Bsin(6/2) B
B, sin(6,/2) (2)

where B, (B) and 6, () are the bond length and bond angle
before (after) charge injection. The atomic distance (drp;r;)
can also be derived as

4
dp_r = 2B,[1 — gsinz(ﬂ/l) )

Based on egs 1 and 2 and first-principles calculations, the
sensitivity analyses of B and @ were performed to determine
their contributions on & and dr; 1, respectively. As shown in
Figure 4c, the actuation strain is first dominated by the change
of bond length (B) under a small amount of hole injection
(0.01—0.04 e/atom). With the increase of hole injection, &
begins to dominate the contribution (>50%) and then
increases until a maximum contribution of 75.1% (hole
injection of 0.09 e/atom). As the hole injection further
increases from 0.10 to 0.20 e/atom, the contribution from B
and 0 increases and decreases to 50.3 and 49.7%, respectively.
Similarly, the contribution of B and 6 on dr; 1; was determined
as shown in Figure S4a.

To further explore the origin of the extraordinary actuation
performance of Ti,C upon hole injection, we calculated the
excess charge density from first-principles calculations (Figure
Sa). Even upon hole injection of only 0.01 e/atom, both
excessive holes and electrons emerge, indicating the redis-
tribution of domestic valence electrons.*”** Most of the excess
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holes concentrate atop Ti atoms, while the excess electrons
with a relatively low concentration are attached on Ti atoms
(Figure 5a). As hole injection increases but below 0.09 e/atom,
the excess charge distribution is similar with only a difference
in the magnitude (Figure Sa), and very low excess holes attach
atop C atoms aligned along the z direction (Figure S4b).
Under the Coulomb interaction (Figure Sb), B and 0 increase
due to the repulsive interaction (F,) resulting from the excess
hole—hole and electron—electron pairs. Meanwhile, a weak
attractive interaction (F,) is expected to exist between Ti and
C atoms resulting from the excess holes and electrons.
Notably, as hole injection increases from 0.08 to 0.09 e/
atom, the shapes of the excess holes around C atoms change
from parallel to z direction to perpendicular to z direction
(Figure S4c). The redistribution of excess holes around C
atoms is expected to increase the repulsive interaction (F,)
between the neighboring C atoms, which helps to understand
the significant increase of the distance between the
neighboring C atoms from 3.14 to 3.36 A. Additionally, we
also provided the spd-projected density of states (PDOS) of
Ti,C MXene upon hole injection of 0, 0.05, 0.08, 0.09, 0.15,
and 0.20 e/atom as shown in Figure SS. As the hole injection
increases, the 3d-state of Ti atoms near the Fermi level (E;= 0
eV) has a stronger local spike than that before hole injection.
Notably, the hybridization between Ti 3d and C 2p is located
in the range of —5 and —2 eV. The 2p states of C atoms
change from high and low local spikes to be three low spikes as
the hole injection increases from 0.08 to 0.09 e/atom, which is
consistent with the changes of the excess charge density
distributions of surrounding C atoms. Meanwhile, we found
that the hybridization between Ti 3d and C 2p reaches a good
overlap state at a hole injection of 0.09 e/atom, suggesting an
improvement in the chemical bonding.

The excess charge analysis was further supported by Bader
charge analysis®” (Figure 5c). Because the electronegativity of
C atoms is larger than that of Ti atoms, the electrons are
transferred from Ti atoms to C atoms. Our calculations
demonstrated that Ti and C atoms of Ti,C MXene before
charge injection lose and gain electrons of 1.066 and 2.132 per
atom, respectively. Furthermore, the changes of the lost/gained
electrons as a function of hole injection were calculated
(Figure Sc). Upon hole injection of <0.03 e/atom, Bader
charge analysis shows that the lost electrons of Ti atoms
increase with the increase of hole injection, which contributes
to the most depletion of electrons for Ti,C MXene, while C
atoms slightly lose electrons of only 0.003—0.006 electron per
atom, agreeing with that the excess holes are mainly observed
around Ti atoms and very little excess holes are atop C atoms
(Figure Sa). As hole injection further increases (0.04—0.09 e/
atom), Figure Sc shows that Ti atoms not only contribute to
the depletion of electrons for Ti,C MXene but also transfer
more electrons to C atoms. Upon hole injection of >0.09 e/
atom, C atoms stop to gain more electrons from Ti atoms and
start to lose electrons. Notably, despite the increase of gained
electrons of C atoms in this range of hole injection (0.04—0.09
e/atom), excess holes were still observed around C atoms
because of the redistribution of valence electrons. As the
gained electrons of C atoms increase, the electronegativity of C
atoms would decrease. Hence, it is reasonable to expect that as
the hole injection (the depletion of electron) increases, there
will be a transition from gaining electrons to losing electrons
for C atoms. Herein, the observed transition of hole injection is
0.09 e/atom (Figure Sc). In addition to the interaction
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Figure 6. Structural integrity of charged Ti,C MXene. (a) Bond order (BO) of Ti—C bonds and the sum of bond orders (SBOs) for Ti and C
atoms, which were calculated using DDEC6 atomic population analysis.*" (b) Mechanical tests show the structural integrity of Ti,C MXene under

a certain amount of electromechanical loads.

between excess charge, mechanical tests show that the in-plane
stiffness of Ti,C MXene significantly decreases with the
increase of hole injection (Figure S3a), indicating that the
increasing depletion of electrons (hole injection) significantly
weakens Ti,C MXene. Overall, the excess charge interaction
and the softening of Ti,C MXene upon hole injection jointly
account for the high actuation performance of Ti,C MXene.

Structural Integrity of Ti,C MXene. The structural
integrity of Ti,C MXene under electromechanical loads plays a
crucial role for practical applications. As mentioned above, our
calculations demonstrated that the hole injection would reduce
the in-plane stiffness (Figure S3a). The mechanical properties
intrinsically result from the chemical bond features. Bond
order (BO) is a measurement of the electron number involved
in bonds between two atoms, which can be used as an
indicator for measuring the chemical bond stability. Before
hole injection, the BOs of different bonds (Ti—C, C—C, and
Ti—Ti) were first determined (Figure S6), indicating that the
dominant bonds are from the nearest Ti—C pairs because of
the larger BOs than that of other bonds (C—C, Ti—Ti). The
sum of BOs (SBOs) for C and Ti atoms is about 4.68 and 3.64,
respectively (Figure 6a). Meanwhile, we examined the
mechanical properties of Ti,C upon hole injection. We first
did uniaxial tensile tests for Ti,C MXene (Figure 6b). The
tensile strength of pristine Ti,C MXene is 11.2 and 10.4 N/m
along the armchair and zigzag directions, corresponding to the
fracture strain of 14 and 15%, respectively. Then, uniaxial
tensile tests of hole-injected Ti,C MXene were conducted.
Upon hole injection of 0.05, 0.09, 0.10, and 0.20 e/atom, the
tensile strength along the armchair (zigzag) direction was
calculated to be 7.8 (7.4), 6.0 (13.5), 5.4 (12.8), and 0.6 (4.0)
N/m, corresponding to the fracture strain of 10% (10%), 23%
(38%) 13% (36%), and 3.5% (18%), respectively. Notably,
upon hole injection of 0.09 and 0.10 e/atom, Ti,C MXene
shows enhanced mechanical performance with a larger fracture
strain than that of pristine Ti,C MZXene along the zigzag
direction, which can be explained that BOs of Ti—C bonds
reach their maximum values upon hole injection of 0.09 e/
atom (Figure 6a). This abnormal phenomenon suggests that
charge injection can be used as a strategy to enhance the
strength and ductility of materials. Overall, our mechanical
tests demonstrated that the structural integrity of Ti,C MXene
can be well maintained under a certain amount of electro-
mechanical loads.

B CONCLUSIONS

In summary, this work demonstrated the extraordinary
electromechanical actuation performance of Ti,C MZXene.
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Ti,C MXene shows a maximum actuation strain of 27.4% upon
hole injection. Moreover, the large in-plane actuation strain is
isotropic because of the 3-fold rotational symmetry, which
results in the maximum areal actuation expansion of Ti,C
MXene (62.2%), larger than already-known 2D materials.
Meanwhile, the maximum wuniaxial and biaxial isometric
actuation stresses and the maximum work density of Ti,C
MXene are also extraordinary. The underlying mechanism was
explained through the analyses at atomic and electronic scales.
Mechanical tests support that Ti,C MXene can hold the
structural integrity under a certain amount of electro-
mechanical loads. Hence, Ti,C MZXene is attractive for
applications of high-performance nanoactuators.
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Section 1: Calculations of actuation performance
(1) Actuation strain

The actuation strain of Ti2C MXene upon charge injection along the armchair (x direction) or

zigzag (y direction) direction is defined as:

_a-a, , = b;b0
8 o

(1

where ao and by are lattice constants of pristine TioC MXene, a and b are the lattice constants
of Ti2C MXene upon charge injection, respectively. Figure 2a shows the actuation strain of Ti2C

MXene upon charge injection as compared with other 2D materials (Figure S1a).
(2) Areal actuation expansion

As shown in Figure 2a, the charged Ti.C MXene shows the same actuation strain along the

armchair and zigzag directions. The areal actuation expansion (S;) of the charged Ti.C MXene

is characterized by the following formula:

g =30 =ah, )
aObO

Eq. (2) can be rewritten as:

Sg:(gX +1)(8y +1)-1 3)

The calculated S: was shown in Figure 2a. Besides, according to the data in Figure Sla, the
areal actuation expansions of graphene, silicene and black phosphorene (BP) were also

determined for the comparison with that of TioC monolayer (Figure S1b).



Section 2: Calculation of gravimetric work densities

The gravimetric work densities (W;) for 2D materials are usually defined as':
W, = —"% 4)

where emax 18 the maximum actuation strain upon charge injection, S is the in-plane stiffness
and p is the areal density of 2D materials. Considering the significant actuation strain both along
the zigzag and armchair directions of Ti2C MXene, the total gravimetric work density should

be contributed from both armchair and zigzag directions:

W, =W +W,

g, armchair g, zigzag (5)
Additionally, previous work demonstrated that the in-plane stiffness of charged phosphorene
would remarkably reduce upon hole injection’. As shown in Figure S3a, the in-plane stiffnesses
of hole charged Ti>C monolayer also show a reduction with the increase of hole injection. To

address this issue, a realistic gravimetric work density (We.) is defined as®
1
W =25 [ods (6)

The total realistic gravimetric work densities are written as

W, =W,

g-r, armchair

+Wg-r, zigzag (7)

The calculated realistic work densities (W) are shown in Figure S3b.
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Figure S1. (a) Actuation strain and (b) areal actuation expansion of TioC MXene upon charge
injection, as compared with graphene, silicene and black phosphorene (BP) monolayer. The

data of graphene, silicene and BP was adopted from the Ref?.
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Figure S2. Uniaxial actuation stress of TioC MXene upon charge injection.
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Figure S3. (a) In-plane stiffnesses of the charged TioC MXene along the armchair and zigzag

directions. (b) Realistic gravimetric work densities (Wgr) of TioC MXene.
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Figure S4. (a) Contributions of internal bond (B) and bond angle () on the interlayer thickness

(dti-ti) for TioC MXene. The partial zoom of the excess charge density distributions of Ti>C

MXene upon (b) 0.08 and (c) 0.09 e/atom injection with an iso-surface value of 0.0005 e/Bohr>.
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Figure S5. Projected density of state (PDOS) of the charged TioC MXene upon hole injection

of 0.05, 0.08, 0.09, 0.15 and 0.20 e/atom as compared with pristine Ti.C MXene.
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Figure S6. Bond orders (BOs) for different bond pairs (Ti-C, C-C and Ti-Ti) of the pristine

Ti»C MXene calculated by using DDEC6 atomic population analysis®.



Table S1 Summary of maximum actuation strain &max (%) and gravimetric work density Wy (J/g)

of typical actuation materials.

Type Materials name Emax We
Natural muscle* 40 0.0386
Magnetostrictor’ 0.2 0.0216

Traditional PZN-PT single crystal® 1.7 0.131

materials  Polyurethane elastomer’ 4 0.013
P(VDF-TrFE)? 4 0.16
Polyaniline yarn’ 0.28 0.0056
Pd rod'® 3.3 1.27

Metal
Au-Pt alloy rod!! 1.3 0.4
CNT aerogel sheets'? 1.5 0.03
CNT buckypaper! 1 24
Coiled graphene/CNT yarn!? 19.4 2.6
Coiled CNT/+GO yarn'* 8.1 0.236
CNT@nylon6 SRAM!? 4.7 0.99
Two-ply coiled CNT yarn'® 16.5 2.2

2P GO-C40-asym-unzip'’ 9.6 1022.8

materials
GO-C40-sym-clamp'® 6.3 329.3
1H-WTe," 2.9 18.6
Silicene? 2.5 23.1
Graphene® ' 0.13 (0.15) e/atom 3.5 (4.7) 280.2 (429.4)
Phosphorene? 36.6 1076.2
Ti,C MXene 27.4 4360.2




Movie S1

Structure changes of Ti.C MXene upon hole injection from 0.00 to 0.20 e/atom from the top

and side views.
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