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The coupling between lithiation reaction of silicon and the considerable volume change has been
widely recognized as an adverse effect which hinders the practical application of silicon-based lithium-
ion batteries. Here we theoretically demonstrate a novel class of nanoscale electrochemically-driven
silicon actuators, in virtue of the “unfavorable” gigantic volume expansion engendered by lithiation.
Two representative design prototypes are reported, namely, a nano-sized flat-film silicon actuator and
a nanowire silicon actuator. Our thermodynamic analysis establishes the operation condition of the
actuators by identifying the electrochemical driving force and mechanical resistance due to lithiation-
induced stress. We show that the nano-actuator exhibits an extremely low driving voltage about 1
V and an extremely high strain of actuation up to 300%, which goes far beyond the features of most
common actuator materials. Given a mechanical load, the flat-film silicon actuator features a constant
actuation strain and the nanowire actuator can provide tunable actuation strain. The results from the

study offer quantitative guidance to the design of the novel silicon-based nano-actuators.

© 2019 Elsevier Ltd. All rights reserved.

Silicon has been highlighted as a promising alternative to
conventional graphite, owing to its superior specific capacity
which is one order of magnitude higher than that of graphite
anodes. The high theoretical capacity arises from the ability to
host substantially more lithium than graphite. Nevertheless, the
insertion of a large number of lithium atoms leads to consider-
able volume expansion (about 300%) of the silicon, which causes
structural destruction of the electrode and severe capacity fading,
thereby hindering the practical application of silicon anode in
commercial batteries [1,2]. In order to put silicon into use as a
practical anode, tremendous efforts have been devoted to alle-
viating the mechanical failure of silicon anodes induced by the
excessive volume expansion, typically by nano-structuring [2],
nano-compositing [3,4], designing microporous structures [5,6],
or exploiting novel binders to hold silicon particles together [7].
Now that mechanical degradation of Si due to the huge volumet-
ric change has been mitigated to varying degrees of success with
the aforementioned strategies.

Although a significant amount of research has been performed
with the goal of addressing the adverse effect of lithiation-induced
expansion, few efforts have been made to instead harness the
gigantic lithiation-induced strain to provide useful functions. For
its first time, Lang et al. demonstrated a macroscale actuator
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based on a LiFePO4/Si full cell which can drive a large mechanical
load with an output strain about 1% [8]. Macroscopic actuators
based on Li-reactive materials beyond silicon, such as germanium,
were also reported [9]. In addition to the lithiation-enabled actu-
ator, researchers also developed generators based on electrode
materials by taking advantage of the stress-regulated lithiation
kinetics [10,11]. Kim et al. developed a new class of energy-
harvesting device comprised of two partially lithiated silicon
films sandwiching an electrolyte [11]. Through stress-voltage
coupling, the asymmetric stress state engendered by bending
gives rise to a chemical potential difference which drives the
charge carriers to shuttle between the two electrodes, thereby
converting mechanical energy into electrical energy [12].

The functionality of the abovementioned actuator and gen-
erator arises from the lithiation-induced strain and the stress-
mediated lithiation, respectively. Herein, we theoretically demon-
strate a new type of nanoscale actuator based on the unique
two-phase lithiation mechanism of nano-sized silicon [13-16],
by harnessing the intimate coupling between lithiation and me-
chanics. Two prototypes are presented, i.e., a flat-film silicon
actuator (Fig. 1a) and a nanowire silicon actuator (Fig. 1c). Our
analysis predicts that driven by an extremely low input voltage
below 1V, the nanoscale actuators based on lithiation of silicon
exhibit an extremely high actuation strain up to 300% and an
extremely large actuation stress beyond 1 GPa, which is supe-
rior to common electroactive actuator materials. Moreover, the
fully coupled lithiation kinetics and mechanical stress endow the
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Fig. 1. Schematics of the conceptual lithiated-silicon-based actuator. (a) The initial flat-film silicon actuator of thickness H. A uniform pressure P is imposed to the
top surface of the film to represent the mechanical load to be actuated. (b) The working principle of the nanoscale flat-film actuator. Upon lithiation, lithium ions
are inserted into the film through its top surface, the silicon film becomes a double-layer structure consisting of a top lithiated layer (blue) and a bottom pristine
layer (yellow) which are separated by an interface (namely, the reaction front) at z = A. The lithiated phase thickens continuously as the reaction front moves
downwards, thereby lifting the mechanical loads. (c) The initial configuration of the nanowire silicon actuator of radius B. (d) The working principle of the nanowire
actuator. Lithium ions migrate into the nanowire through its lateral surface and the reaction front of r = A moves towards the center of the nanowire, which causes
the shrinkage of the remaining silicon core (yellow) and the expansion of the lithiated shell (blue), thus pushing out the mechanical loads. The current outer radius
of the actuator is given by b. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

nanowire actuator with tunable actuation strain, which has not
been achieved by the macroscale actuators based on Li-Si alloy.

To illustrate essential ideas, we sketch the schematics of the
two types of nanoscale actuators in Fig. 1, namely, a flat silicon
film (Fig. 1a and c) and a silicon nanowire (Fig. 1b and d) sub-
jected to lithiation reaction. A uniform pressure P is applied to
the top surface of the film and the lateral surface of the nanowire,
respectively, to model the dead loads that to be displaced by
the nano-actuators. We take the flat-silicon film (Fig. 1a) as an
example to elucidate the working principle of the silicon-based
actuators. It is important to recognize that the actuator design
presented in the current study is based on the lithiation of pris-
tine silicon, a process intrinsically different than the lithiation
of post-lithiated alloys (namely, silicon or germanium that al-
ready undergoes various degrees of lithiation and delithiation).
Consequently, the actuation mechanism of the nanoscale actua-
tor proposed here is governed by the reaction kinetics between
lithium and fresh silicon, instead of the diffusion kinetics of
lithium in the lithiated phase. Under the operation condition,
lithium ions enter the flat silicon film through its top surface, thus
the film becomes a bilayer structure composed of a top lithiated
layer (Lis 75Si, blue in Fig. 1) and a bottom pristine silicon layer
(yellow) which are separated by a phase interface, as illustrated
in Fig. 1b. Lithium atoms continuously diffuse to the interface
and react with fresh silicon, transforming the silicon phase to the
lithiated silicon phase and generating significant volume expan-
sion. As a consequence, the phase interface moves downwards
and the lithiated layer thickens drastically, thereby driving large
actuation of the mechanical loads. The actuation goes on until the
lithiation reaction halts. (To be consistent with the nomenclature
adopted in the reference [17], we will refer to the phase interface
as the reaction front hereafter since the lithiation reaction occurs
on the interface.)

We next quantitatively identify the operation condition of the
silicon-based nano-actuators. As analyzed above, the “engine” of
the actuator is the lithiation reaction taking place at the reaction
front which converts lithium ions (namely, the “fuel” for the
engine), electrons, and silicon atoms into the Liz75Si phase and
simultaneously generates actuation strain. The lithiation reaction
can be described by the chemical reaction equation that

Li++e*+LSi=LLi Si (1)
3750 375 7

The change in free energy associated with the reaction (i.e., the
free energy of the products minus that of the reactants) can be
identified as AG = AGeem + AGelec + AGmech. AGehem denotes
the change in free energy associated with the chemical reaction
when both applied voltage and stress vanish. AGee = —e® is the
energy change due to the work done by the voltage, where @ is
the voltage applied to the actuator (i.e., the bias voltage between
the silicon and the lithium source) and e the elementary charge. It
should be pointed out that experimental studies have evidenced
that the value of applied voltage @ remains a constant under both
potentiostatic condition and galvanostatic condition since the
lithiation of nano-sized silicon is a reaction limited process [18].
AGnech represents the contribution of lithiation-induced stress to
the free energy change.

According to the definition of AG, a negative AG triggers the
reaction, which starts the “engine” of the actuator and drives it to
lift loads, while a non-negative AG arrests the reaction and shut
down the “engine” of the actuator. That is to say, the actuator
functions when AGpe, < e¢p — AGepem, but the actuator loses
power if AGpech > e¢ — AGepem. The value of e® is dictated by
the applied voltage @ and always takes a positive value. It has
been reported that AGgen, is intrinsically negative, for instance,
AGehem = —0.18 eV for Li, 1Si [19]. It follows that the term of e¢p—
AGeem Temains a constant once an external voltage is applied.
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Consequently, whether the actuator works or stalls hinges upon
the value of AGech. We evaluate AGyeq as follows: strain energy
density stored on the reaction front (i.e., —op>7>" 213755) minus
that of the unlithiated silicon phase (i.e., —031’95'), so that

7[ 51951 _
3.75

where 0 I and o, denote the mean stress (o, =
in the unllthlated silicon phase and the mean stress in the fully
lithiated phase on the reaction front, respectively. £25 and §21i3.755
represent the volume per unit of Si and Lis75Si, respectively.
According to Eq. (2), to determine the value of AGyec, lithiation-
induced stress profile in the Li-Si alloy actuator needs to be
obtained.

We first analyze the stress field developed in the flat sili-
con film as illustrated in Fig. 1a, with its top surface subjected
to the lithium insertion and a pressure P exerted by the load.
The pristine film, with thickness H, is taken as the reference
configuration. During lithiation, the film becomes a double-layer
structure which is comprised of a top Li-rich layer and an under-
lying Li-free layer, with the position of the interface being z = A
and the current thickness of the film being h. The Li-Si alloy
film functions as an actuator by lifting the load via continuous
thickening (Apparently, h > H) due to lithiation. To focus on the
main ideas, we neglect the elastic deformation of the lithiated
silicon and model it as a rigid-plastic material. Consequently, the
thickening of the lithiated silicon is entirely a result of lithiation-
induced volume expansion. In the present work, we are modeling
a flat-film actuator lifting loads with the lateral expansion of the
film mechanically constrained. That is, the in-plane expansion
(along x and y directions) of the film is strongly restricted during
lithiation and thus the large volumetric expansion associated
with the lithiation is accommodated by elongating the lithiated
silicon in the z direction. Consider a material element on the
lithiation front, the total stretches are given by A, = S and
dx = Ay = 1, where B = 25/ (0 < n < 3.75) represents
the volume expansion ratio due to lithiation which increases from
1 (pristine silicon, n = 0) to 4 (fully lithiated silicon, n = 3.75)
at the reaction front. Then the plastic stretches at the reaction
front are obtained as follows: A} = Azﬂ‘% = ﬂ% and A} =

1 . . .
Ay = B73. Given the correlation between the stretch ratio and
the true strain, the increment of true strains can be expressed

as 8¢ = %% and 8§ = 8¢) = —%% with the equivalent
238

plastic strain being deby = 5 - Let oy be the yielding stress of
lithiated silicon, then the J, flow rule gives the deviatoric stress
components that s, = %;‘{, sel = —ay and sy =5, = ——ay The
silicon film is subjected to a uniform pressure P on its top surface,
such that the resulting stress in the direction normal to the film
is given by o, = —P. The mean stress o;, on the reaction front is
givenby o, —s, = —P — %Uy. Consequently, the stress profile on
the lithiation front (z = A) can be written as

AGmech L'3 7S QLI3 755'] (2)

Liz 75Si rrx+rry+rrz

oy =0y = —oy — P, (3)
o, =—P, (4)

The unlithiated pristine silicon film lies underneath the fully
lithiated part of the actuator and thus is characterized by 0 <
z < A. Taking pristine silicon as a linear elastic material, we
obtain the stress field in the unlithiated silicon phase by solving
a plane-strain problem (i.e., &x = &, = 0),

v

Ox = Oy = — P, (5)

1—v
o, = —P, (6)

where v is the Poisson’s ratio of the pristine silicon phase.

Egs. (3)-(6) indicate that the mean stress at the reaction front
and in the remaining pristine silicon phase can be expressed as
o375 — _p 2oy and 0 = —3(13”)1’, respectively. Inserting
these expressions into Eq. (2), one has

G QSf[ P 1+v
mech = 375\ P T 31 )

where B¢ is the volume change ratio from the pristine silicon
phase to the fully lithiated silicon phase, which is defined by
Bmax = QLS;SSI = 4, embodying the effect of lithiation on
deformation.

The evolution of AGp., as the lithiation proceeds is plotted in
Fig. 2a, where the horizontal axis is the normalized position of the
reaction front A/h. To examine the effect of the loads that to be
lifted by the actuator on the value of AGpecp, the applied pressure
P is taken to be 0 GPa (no load), 5 GPa, and 8 GPa, respectively.
In this work, we take 2% = 2 x 1072° m? [20], Bmax = 4 [20],
oy = 1.5 GPa [20] and v = 0.24 [20]. For a given load, namely, a
constant applied pressure P, the value of AGy,q; is independent
of the position of the reaction front A/h and remains a constant as
the reaction advances. In addition, we find that AG,, is always
positive and increases with increasing P. For example, AGuech
takes a value of 0.13 eV (the black line), 0.71 eV (the red line),
and 1.06 eV (the blue line) for P = 0 GPa, 5 GPa, and 8 GPa,
respectively. Recall that the condition under which the Li-Si alloy
actuator functions is given by AGuecn < e¢ — AGepem. The left-
hand side of the equation (namely, AGpeq) can be regarded as
a parameter that measures the mechanical resistance due to the
load, and the term on the right (i.e., ep — AGcpem) denotes the
electrochemical driving force for the actuator, so that the nano-
actuator functions only when the driving force overcomes the
mechanical resistance. In Fig. 2a, we sketch the driving force term
e — AGerem With the applied voltage being ¢ = 0.6 eV as the
dashed line. The results show that the magnitude of e — AGcpem
exceeds AGpeqn for P = 0 GPa and 5 GPa, but becomes smaller
than AGpesn When P is increased to 8 GPa. That is, the actuator
powered by an external voltage of ¢ = 0.6 eV is capable of
driving loads of P = 0 GPa and 5 GPa, but fails in actuating com-
paratively large load of P = 8 GPa, because the heavy load can
readily generate large enough mechanical resistance (AGpec) to
counter-balance the driving force (e¢p — AGepem ), thereby stalling
the actuator. It is worthwhile to note that, in this numerical
example, driven by a voltage as low as 0.6 V, the flat-film actuator
can move an extremely large load of 5 GPa, demonstrating the
strong power of the nano-sized silicon actuator. The working
principle of the nano-actuator can also be understood in terms of
the overpotential, As shown in Fig. 2a, the load of P = 8 GPa ex-
erts a stress-induced overpotential of 1.06 V to the nano-actuator,
counterbalancing the electrochemical driving force equivalent to
0.78 V and stalling the actuator. In contrast, the load of P = 5 GPa
imposes an overpotential of 0.71 V which is inadequate to offset
the electrochemical driving force, such that the silicon film can
lift the load of P = 5 GPa.

One important indicator of the function of actuators is the
strain of actuation. For the flat-film silicon actuator, the strain of
actuation g, is related to the final thickness of the film h after the
actuation stalls and the initial film thickness H, by ¢, = g -1
As evident in Fig. 3a, for small loads P, the mechanical resistance
curve (black and red lines) is lower than the driving force curve
(the dashed line) for all range of A/h, indicating that the actuation
continues until the entire silicon film is lithiated. Note that h can
be written in terms of H and A by h = A + Bna(H — A). Upon
complete lithiation of the film, A = 0 and h = B.H so that
the actuation strain is given by g, = Bmax — 1 = 300%. Therefore,
the strain of actuation achievable by the flat-film silicon actuator
is 300% for small loads. Fig. 2a also demonstrates that when the

2
)P + gGY,Bmax] (7)
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Fig. 2. (a) The mechanical resistance due to lithiation-induced stress as a function of the reaction front position A/h. The effect of different mechanical loads is
investigated by varying P. (b) The output actuation strain with different mechanical loads P and applied voltages @. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

applied pressure exceeds a critical value, the magnitude of the
resistance AGpe (for example, the blue line corresponding to
P = 8 GPa) becomes larger than the driving force e¢p — AGgpen.
As a consequence, the silicon film actuator does not undergo
any lithiation and does not function at all because of the lack of
sufficient electrochemical driving force. That is to say, the output
actuation strain is 0% for large loads exceeding a critical level.
Fig. 2b shows the strain of actuation attained by the nanoscale
flat-film actuator as a function of the applied pressure P. A salient
feature of the plot is a jump in the strain of actuation from
300% for small loads to 0% for comparatively large loads. The
jump is corresponding to the critical value of P beyond which the
mechanical resistance becomes sufficiently large to counteract
the driving force. By setting AGuech = e — AGepem, the critical
pressure marking the sharp transition in actuation strain is ob-
tained as 5.61 GPa, 6.48 GPa, and 7.35 GPa for P = 0.5V, 0.6 V,
and 0.7 V, respectively. One notes that obtained critical pressure
can also be interpreted as the maximum loading capacity of the
actuator. It has been evident in Fig. 2b that the higher the input
voltage, the larger the maximum load. It should be pointed out
that the nanoscale flat-film actuator possesses extremely high
actuation strain of 300% and extremely low driving voltage below
1V.

The strain of actuation of the nanoscale flat-film actuator is
either 300% or 0%, which is not tunable. Nevertheless, in appli-
cations from as small as nano-positioning to as large as coronary
stenting, tunable actuation strain is favorable. In this regard, we
next perform analysis of a nanowire silicon actuator as sketched
in Fig. 1b, with lithium ions entering the nanowire through its lat-
eral surface. To simulate load surrounding the nanowire actuator
that to be expanded or stented, a uniform pressure P is applied to
the lateral surface of the actuator (Fig. 1b). As mentioned above,
the lithiation of silicon proceeds by the movement of a sharp
reaction front separating the pristine silicon phase and the fully
lithiated phase (Fig. 1b), which partitions the silicon nanowire
into three regions in terms of the stress state: (a) the unlithi-
ated core under hydrostatic pressure, (b) the atomically-thick
reaction front subjected to circumferential compression, and (c)
the fully lithiated shell undergoing tensile hoop stress [14,21].
Since the lithiation-induced elongation of the lithiated shell along
the axial direction is constrained by the stiff silicon core, the
nanowire is assumed to deform under plane-strain condition. The
accuracy of the assumption has been verified by finite element
simulations [20]. We derived the stress field in a lithiated silicon
nanowire in our previous work [20]. To focus on the main ideas,

here we only summarize the key results below. The radial, hoop,
and axial stresses on the reaction front (r = A) are given by

oy =

>

|

|
2
+

2 log <A> P
~Z oy ) =
/3 b

2 A
O'Z=—O’y+ﬁ0’ylog E —P
where A is the radius of the lithiation front and b the current
radius of the nanowire. Therefore the mean stress on the reaction
front is given by 037" = —Zoy + %O’y log (4) — P. The stress

field in the elastic silicon core can be solved as a plane-strain
problem with &, = 0, it gives

2 A
Oy = ﬁgy lOg E —P

2 A
Oy = EUY lOg B —P

4 A
0, = —vay log <7) — 2Pv
V3 b

where v denotes the Poisson’s ratio of the pristine silicon. The

: P : Si . 4(0+v) A\ _
mean stress in the unLl}thlsqted core is op = %oy log (4)
13,7591

@P. Substituting oy, and ansj into Eq. (2) yields the expres-
sion of the mechanical resistance AGec; of the nanowire silicon
4(1+v) — 6Bmax

actuator,
log <A>
p i
33 b

3,Bmax_2(1+v)P] (10)
3
Fig. 3 a plots the evolution of AG;ec;. The magnitude of AGeq, is
shown as a function of the radius of reaction front A/b. Unlike the
constant AGpeq, in a flat-film actuator, it is found that the mag-
nitude of AGp, for the nanowire actuator gradually increases
as A/b decreases, indicating that the mechanical resistance to
drive load rises as the reaction front moves towards the center of
the nanowire. The increasing resistance over time may become
large enough to offset the driving force e¢p — AGgpem, resulting in
the halt of the lithiation reaction and thus stalling the actuator.
Take a nanowire actuator which is connected to ¢ = 0.6 eV and
carries a load of P = 5 GPa (blue line in Fig. 3a) as an example.
The driving force e¢p — AGerem, = 0.78 eV, as highlighted by the

Qsi

AGmech = ﬁ

2
+ gUY,Bmax +
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Fig. 3. (a) The mechanical resistance at different reaction front radii A/b. Note that the value of A/b decreases as the lithiation advances since the reaction front
moves towards the center of the nanowire. (b) The output actuation strain with different applied voltages ¢ and mechanical loads P. Given a load P, the output
strain can be programmed by tuning the applied voltage & . (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

horizontal dashed line in Fig. 3a. It is evident that the resistance
AGmecn is below the driving force e¢p — AGipem; When A/b >
0.52, but surpass the driving force when A/b < 0.52. It implies
that the nanowire actuator functions at the beginning but stalls
eventually, ending up an unreacted silicon core electrochemically
inaccessible characterized by A/b = 0.52, where A denotes
the final radius of the reaction front after the lithiation/actuation
halts and b the final outer radius of the nanowire. Furthermore,
we set forth to investigate the effect of load on the performance
of the actuator by varying P to 1 GPa and 0 GPa, respectively.
The comparison between the cases reveals that a reduced load
engenders a reduction in mechanical resistance AGgem, giving
rise to a smaller remaining silicon core after lithiation halts.

The strain of actuation of a nanowire actuator can be defined

as &g = % — 1, where B is the initial radius of the nanowire

actuator. Note that the final outer radius b of the nanowire is
related to Bby b = \/ﬂmax <32 —;\2) + A2, so that b/B can be

written as

ﬁmax
s — 1 (2) 41

b
- = (11)

where Bnwx = 4 and the value of A/b is determined by the
intersection of the mechanical-resistance curve and the driving-
force curve in Fig. 3a. Given an applied voltage &, Eq. (11) gives
the strain of actuation g,. As shown in Fig. 3b, the actuation
strain approaches 100% for small loads, namely, the theoretical
limit corresponding to the complete lithiation of the entire silicon
nanowire. An important feature of the nanowire actuator is the
tunable actuation strain. In stark contrast to the nanoscale flat-
film silicon actuator featuring a fixed output strain of 300%, the
actuation strain of a nanowire silicon actuator decreases mono-
tonically as the applied load P increases, endowing the nanowire
actuator with tunable strains of actuation, which is particularly
advantageous in applications such as nano-positioning. For in-
stance, in Fig. 3b, a load of P = 5 GPa can be displaced with ¢, =
48% and 77% by setting the voltage to 0.6 V and 0.7 V, respec-
tively. The results also indicate that nanowire actuator connected
to a higher voltage can drive the mechanical load with a larger
actuation strain. In summary, the nanowire silicon actuator not
only possesses high actuation strain (up to 100%) and low driving
voltage (below 1 V), but also features tunable actuation strain
which is not attainable for the nanoscale flat-film actuator.

We report that nano-sized silicon under lithiation can be
exploited as an electrochemically-driven actuator, by taking ad-
vantage of the significant lithiation-induced volume expansion.
The theoretically-achievable strain of actuation is 300% for the
thin-film actuator and 100% for the nanowire actuator, which are
comparable to dielectric elastomers (such as VHB). More impor-
tantly, the driving voltage of the nano-sized silicon actuator is re-
markably low, which is about 1V, two orders of magnitude lower
than piezoelectric ceramics/polymers and three orders of magni-
tude smaller than the dielectric elastomers. Fig. 4 demonstrates
the comparison between lithiated silicon and other electroactive
actuating materials in the space of driving voltage and actuation
strain. The theoretical analysis performed in this work predicts
that nanoscale silicon under lithiation exhibits the highest actu-
ation strain and the lowest driving voltage. Additionally, owing
to the high yielding stress of lithiated silicon, which is about 1.5
GPa, the silicon actuator has an output actuation stress beyond 1
GPa, outperforming existing actuating materials. The theoretically
proposed nanoscale silicon actuators perform better than the
macroscale actuator based on a LiFePO4/Si battery [8]. The dif-
ference can be attributed to the fracture-averting property of the
nano-sized silicon and the strong mechanical constraints within
a LiFePO4/Si full cell. However, we would like to point out that
the working principle of the nano-actuators based on lithiation
of silicon requires the contact between silicon and the lithium
source, such that the setup of the practical silicon-based nano-
actuators might be complex compared to other nano-positioning
devices. We thus call for further experimental studies to verify
and rationalize the predictions from the present theoretical study.

We conclude by a few remarks. In addition to the actuation
strain and stress, actuation speed is also one of the key perfor-
mance indicators for actuators. Herein, we estimate the actuation
speed of silicon-based nano-actuators: The first lithiation of nano-
sized silicon with a characteristic size of hundreds of nanometers
usually takes about 100 s to complete [26]. As aforementioned,
the flat-film actuator possesses an actuation strain of 300% and
the nanowire actuator exhibits an output strain up to 100%. Ac-
cordingly, the average actuation speed, defined as the maximum
actuation strain divided by the full lithiation time, is approxi-
mately 3% s~ and less than 1% s~ for the flat-film actuator and
nanowire actuator, respectively.

The analysis in this work focuses on the first lithiation of
silicon-based nano-actuators which is reaction-controlled. In con-
trast, the subsequent lithiation of post-lithiated silicon is
diffusion-controlled [26]. Herein, we briefly discuss how the
actuation performance of silicon nano-actuators in the second
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Fig. 4. Comparison between lithiated silicon and other actuator materials in
terms of the driving voltage and the strain of actuation.
Source: Data are extracted from Refs. [8,22-25].

and subsequent cycles is affected by the diffusion-induced stress
and the resulting overpotential. Bucci et al. showed that the
diffusion-induced stress in silicon electrodes can generate an
overpotential and thus modify the maximum capacity of the
device [27]. The coupling of the overpotential and stress has been
evaluated to be 62 mV/GPa for amorphous silicon in thin-film
configurations [28]. The hydrostatic stress in the silicon actuators
could reach several GPa (e.g., the hydrostatic stress near the
reaction front in the thin-film actuator subject to P = 8 GPa is
about 7.3 GPa), thus the overpotential due to diffusion-induced
stress in silicon-based actuators (after the first cycle) is estimated
to be hundreds of mV, on the same order of the overpotential in
silicon nano-actuators in the first cycle (e.g., ~700 mV for flat-
film actuators under P = 5 GPa, as shown in Fig. 2a). To this end,
the nano-actuator in the subsequent cycles functions for small
loads since the stress-induced overpotential cannot counteract
the electrochemical driving force, while the actuation halts for
heavy loads because of excessive overpotential. The maximum
actuation stress can be estimated as the stress which generates
an overpotential of hundreds of mV and thus is on the order of
several GPa. Moreover, as revealed by Bucci et al. the diffusion-
induced overpotential affects the maximum volume change of the
Si electrode [27], thereby rendering actuation strains between
0% and 300%, depending on the magnitude of the load and the
configuration of the actuator.

Notably, cyclability is also pivotal to the success of actuators.
It is reported that nano-sized silicon electrodes below a critical
size (e.g. about 150 nm in diameter for crystalline silicon sphere
and 300 nm in diameter for crystalline silicon nanowire) exhibit
crack-averting property during the first cycle [29,30]. Amorphous
silicon particles with a diameter of about 400 nm remain struc-
turally intact for more than one single cycle [26]. Crystalline
silicon nanowires with a diameter of 89 nm undergo ten charg-
ing/discharging cycles without apparent capacity fading induced
by structural degradation [2]. To this end, it is concluded that
silicon-based nano-actuators can function for several cycles. But
the long-term cyclability of silicon-based nano-actuators might
be limited because of the poor chemomechanical stability of
silicon during repeated cycling.

It is well known that the pristine silicon, germanium, and tin
all undergo two-phase lithiation, which features a sharp inter-
face between the lithiated phase and the pristine phase [31-33].

In this study, we choose silicon as the actuator material only
because values of all parameters (e.g., AGchem) Needed for the
calculation are available in the literature, largely due to the fact
that silicon has been widely investigated as the most promising
anodes for Li-ion batteries. Since the first lithiation of silicon
is similar to that of germanium and tin, the results of silicon-
based actuators in terms of the actuation strain, stress, speed
and cyclability also qualitatively apply to actuators based on
germanium and tin.

In  conclusion, we theoretically design nanoscale
electrochemically-driven mechanical actuators based on the lithi-
ation reaction of nano-sized silicon. The nano-actuators can drive
a large mechanical load on the order of 1 GPa with a considerable
actuation strain up to 300%, by taking advantage of the gigantic
volume induced by the lithiation reaction. The driving voltage,
which is below 1V, is extremely low, compared to common
actuator materials such as dielectric elastomer and piezoelectric
ceramics which usually operate under voltage beyond 100 V.
Moreover, given a mechanical load, the strain of actuation of
the proposed nanowire silicon actuator is tunable, allowing for
precise positioning of the load. The nanoscale silicon actuator
holds promise in applications such as nano-positioners or nano-
valve. Our findings provide rational guidance to the design of the
more advanced actuating materials.
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