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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: 
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where a0 and b0 are lattice constants of pristine Ti2C 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 Ti2C MXene shows the same actuation strain along the 

armchair and zigzag directions. The areal actuation expansion (Sε) of the charged Ti2C MXene 

is characterized by the following formula: 
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Eq. (2) can be rewritten as: 

 = 1 ( 1) 1x yS       (3) 

The calculated Sε was shown in Figure 2a. Besides, according to the data in Figure S1a, the 

areal actuation expansions of graphene, silicene and black phosphorene (BP) were also 

determined for the comparison with that of Ti2C monolayer (Figure S1b). 

  



Section 2: Calculation of gravimetric work densities 

The gravimetric work densities (Wg) for 2D materials are usually defined as1: 
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where εmax is the maximum actuation strain upon charge injection, S is the in-plane stiffness 

and ρ 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: 

vol g, armchair g, zigzag+W W W  (5) 

Additionally, previous work demonstrated that the in-plane stiffness of charged phosphorene 

would remarkably reduce upon hole injection2. As shown in Figure S3a, the in-plane stiffnesses 

of hole charged Ti2C monolayer also show a reduction with the increase of hole injection. To 

address this issue, a realistic gravimetric work density (Wg-r) is defined as2 
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The total realistic gravimetric work densities are written as 

g-r g-r, armchair g-r, zigzag+W W W  (7) 

The calculated realistic work densities (Wg-r) are shown in Figure S3b. 

  



 

Figure S1. (a) Actuation strain and (b) areal actuation expansion of Ti2C 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 Ref2. 

  



 

Figure S2. Uniaxial actuation stress of Ti2C MXene upon charge injection. 

  



 

Figure S3. (a) In-plane stiffnesses of the charged Ti2C MXene along the armchair and zigzag 

directions. (b) Realistic gravimetric work densities (Wg-r) of Ti2C MXene.  



 

Figure S4. (a) Contributions of internal bond (B) and bond angle () on the interlayer thickness 

(dTi-Ti) for Ti2C MXene. The partial zoom of the excess charge density distributions of Ti2C 

MXene upon (b) 0.08 and (c) 0.09 e/atom injection with an iso-surface value of 0.0005 e/Bohr3. 

  



 

Figure S5. Projected density of state (PDOS) of the charged Ti2C MXene upon hole injection 

of 0.05, 0.08, 0.09, 0.15 and 0.20 e/atom as compared with pristine Ti2C MXene. 

  



 

Figure S6. Bond orders (BOs) for different bond pairs (Ti-C, C-C and Ti-Ti) of the pristine 

Ti2C MXene calculated by using DDEC6 atomic population analysis3. 

  



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

of typical actuation materials. 

Type Materials name max Wg 

Traditional 

materials 

Natural muscle4 40 0.0386 

Magnetostrictor5 0.2 0.0216 

PZN-PT single crystal6 1.7 0.131 

Polyurethane elastomer7 4 0.013 

P(VDF-TrFE)8 4 0.16 

Polyaniline yarn9 0.28 0.0056 

Metal 
Pd rod10 3.3 1.27 

Au-Pt alloy rod11 1.3 0.4 

2D 

materials 

CNT aerogel sheets12 1.5 0.03 

CNT buckypaper1 1 24 

Coiled graphene/CNT yarn13 19.4 2.6 

Coiled CNT/rGO yarn14 8.1 0.236 

CNT@nylon6 SRAM15 4.7 0.99 

Two-ply coiled CNT yarn16 16.5 2.2 

GO-C4O-asym-unzip17 9.6 1022.8 

GO-C4O-sym-clamp18 6.3 329.3 

1H-WTe2
19 2.9 18.6 

Silicene2 2.5 23.1 

Graphene2, 18 0.13 (0.15) e/atom 3.5 (4.7) 280.2 (429.4) 

Phosphorene2 36.6 1076.2 

Ti2C MXene 27.4 4360.2 

  



Movie S1 

Structure changes of Ti2C MXene upon hole injection from 0.00 to 0.20 e/atom from the top 

and side views. 
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