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In anode free batteries (AFBs), the current collector acts as anode simultaneously and has large volume expansion
which is generally considered as a negative effect decreasing the structural stability of a battery. Moreover, despite many
studies on the fast lithium diffusion in the current collector materials of AFB such as copper and aluminum, the involved Li
diffusion mechanism in these materials remains poorly understood. Through first-principles calculation and stress-assisted
diffusion equations, here we study the Li diffusion mechanism in several current collectors and related alloys and clarify
the effect of volume expansion on Li diffusion respectively. It is suggested that due to the lower Li migration barriers in
aluminum and tin, they should be more suitable to be used as AFB anodes, compared to copper, silver, and lead. The Li
diffusion facilitation in copper with a certain number of vacancies is proposed to explain why the use of copper with a
thickness 6 100 nm as the protective coating on the anode improves the lifetime of the batteries. We show that the volume
expansion has a positive effect on Li diffusion via mechanical–electrochemical coupling. Namely, the volume expansion
caused by Li diffusion will further induce stress which in turn affects the diffusion. These findings not only provide in-depth
insight into the operating principle of AFBs, but also open a new route toward design of improved anode through utilizing
the positive effect of mechanical–electrochemical coupling.

Keywords: anode free battery, current collector, Li diffusion mechanism, mechanical–electrochemical cou-
pling, stress-assisted diffusion
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1. Introduction

Due to energy shortage and environmental pollution, the
environmentally friendly secondary batteries have attracted
considerable attention in recent years with the focus on high
energy density, long cycle life, and safety performance of
battery materials.[1,2] The current collectors are also an area
where improvements are sought,[3–5] including alleviating vol-
ume expansion and increasing the contact area with the elec-
trode materials.[6,7]

Recently, Qian et al.[9] proposed the concept of the anode
free battery (AFB), which is thinner and has the higher capac-
ity than the traditional battery. As shown in Fig. 1, the ideal
AFB abandons a Li host anode material but directly uses an
ultra-thin metal as both anode and current collector to assem-
ble a rechargeable battery, in which the Li can insert into or

extract from the anode current collector to form a LiM alloy or
intermetallic compound. Notably, the energy density of AFB
will therefore be significantly higher than that of the traditional
battery, and the absence of a Li host anode material reduces
the battery weight and required space for anode. For example,
Table 1 lists six AFB systems with the higher energy density,
in which three metals (Al,[8,10,11] Cu,[9,12] Sn[13]) rather than
Li act as both the anode and current collector in combination
with various traditional cathode materials, including LiCoO2,
LiFePO4, LiNi0.5Co0.2Mn0.3O2, and LiNi0.85Co0.10Al0.05O2.
These in-principle experiments demonstrate that the current
collector participating in the alloying reaction is beneficial to
the improvement of the cycle performance of the AFB com-
pared with the lithium directly deposited on the surface. The
current collectors used for AFB require high electrical con-
ductivity and long cycle life when forming LiM alloys. An
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involuntary concern is whether some high conductivity mate-
rials, such as Ag, Pb, and Zn that can form LiM alloys, can
also be used as the current collectors for AFBs. However, the
volume expansion of the anode remains a problem. In this
study, the Li diffusion mechanism and positive effect of cur-

rent collector volume expansion in AFBs will be investigated
by multi-scale computation methods.[14–16] In order to facil-
itate the discussion of electrochemical–mechanical coupling,
Li diffusion refers specifically to Li migration, excluding the
formation of carriers.

(a) (b)

Cu

Li

Al

Co O C

metal LiM Al

e-e-

Traditional battery
Cathode: LiCoO2, LiFePO4

Anode: graphite, Si
Collector: Al, Cu

Anode free battery
Cathode: LiCoO2, LiFePO4

Anode & collector: Al, Sn, Cu

Fig. 1. Schematic illustration of the charging process of (a) traditional lithium ion battery using graphite anode and LiCoO2 cathode material,
and (b) anode free battery using metal M (M = Al, Cu, Sn, etc.) as current collector in combination with LiCoO2 cathode material.[8]

Table 1. Literature data on the cathode and anode current collector materials tested in anode free batteries and corresponding electro-
chemical performance.

Anode current collector Cathode Measured capacity/(mA·h/g) Cycle number Ref.
Al LiCoO2, LiFePO4, LiNi0.5Mn0.3Co0.2O2 92–160 200 [8,10,11]
Cu LiFePO4, LiNi0.5Mn0.3Co0.2O2 150 100 [9,12]
Sn LiNi0.85Co0.10Al0.05O2 66–71 300 [13]

In general, the current collectors are not considered as
lithium storage materials because of the difficulty of lithiation-
delithiation. Nevertheless, based on the first-principles calcu-
lation, the lithium migration barriers in several current col-
lectors and their alloys have been reported, for example,
0.67 eV for Cu[17] and 0.11 eV for LiAl.[18] The time-of-
flight secondary-ion mass spectrometry (TOF-SIMS) technol-
ogy has proven that lithium can indeed diffuse in Cu.[19] These
results indicate that Li can insert into the Al and Cu current
collectors successfully. Therefore, it is interesting to further
systematically study the feasibility of Li insertion into metal
current collectors and understand the underlying mass transfer
processes. Furthermore, in order to have a more comprehen-
sive understanding of the Li diffusion mechanism beyond the
atomic scale, we study the effect of volume expansion on Li
diffusion via stress-assisted diffusion equations from the per-
spective of mechanical–electrochemical coupling. The rele-
vant theoretical background was laid out in 1961 by Prussin
who developed the theory of the diffusion-induced stress (DIS)
and the corresponding formulas.[20] Based on the von Mises’
theory of plasticity, Bower found the DIS was an important
driving force for Li diffusion in lithium-ion batteries.[21] When
lithium inserts into or extracts from the active materials, the

electrochemical reaction causes stress, and the DIS further as-
sists the Li diffusion. The process that the stress and diffusion
are strongly associated with each other is called mechanical–
electrochemical coupling.

In the previous studies, the coupling effect on a lay-
ered electrode,[22–24] nanowire electrode,[25] and buckling
electrode[26] has been discussed. Song et al. summarized the
factors that affected the coupling for the common active ma-
terials, and studied the concentration changes caused by DIS
in various electrodes.[27] By accounting for the large strains
and effects of pressure gradients on diffusion, Ryu et al. mod-
eled DIS in Si nanowires and demonstrated the coupling effect
between stress and Li diffusion.[28] These studies on the cou-
pling effect are mainly based on the traditional battery mate-
rials and can be described in terms of the coupling parameter
β , elastic modulus, dimensions, and other factors of electrode
materials.[23,29] Alternatively, far less is known about the ef-
fect of volume expansion on Li diffusion in AFB. In this paper,
by using first-principles calculation and solving the coupling
equations, insights into the coupling effect in AFBs will be
provided, and the positive effect of large volume expansion on
the stress-assisted diffusion will be discussed. Especially, dur-
ing the Li diffusion in AFB current collectors, the theoretical
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volume expansion rate is up to 142%–268%, which in turn as-
sists Li diffusion significantly but is neglected in the previous
AFB studies.

2. Computational details
2.1. First-principles calculation of lithium diffusion in an-

ode free batteries
2.1.1. Structural model

To investigate the insertion mechanisms and diffusion be-
havior of Li in the metals (Al, Cu, Ag, Pb, etc.) and the cor-
responding alloys LiM (M = Al, Cu, Ag, Pb, etc.), we build
the supercells with appropriate size which depends on the con-
ventional unit cell of these metals and the alloys, i.e., 2×2×2
supercell for Al, Cu, Ag, Pb, etc., and 2× 2× 2 supercell for
LiM. The studied current collector materials are listed in Ta-
ble 2. All the initial crystal structures are obtained from the
Materials Project (MP) database.[30] In this work, we only
consider the vacancy diffusion because previous studies sug-
gested that vacancy diffusion is the most common mechanism
in metals and alloys.[18,31,32] For the pure metal M systems,
one of the metal atoms is replaced by one Li atom and then
another metal atom, adjacent to the Li atom, is removed for
Li diffusion. For the alloy LiM systems, only one Li atom is
removed to create a vacancy required for Li diffusion.

2.1.2. Computational methods

All first-principles calculations are performed with the
Vienna ab initio simulation package (VASP)[33] with the
projector augmented wave (PAW) method.[34] The Perdew–
Burke–Ernzerhof (PBE) generalized gradient approximation
(GGA)[35] is adopted for the exchange–correlation functional.
The valence electron configurations for the elemental consti-
tutions are as follows: Ag, 3d105s1; Al, 3s23p1; Cu, 3d104s1;
Li, 2s1; Pb, 6s26p2; Sn, 5s25p2; Zn, 3d104s2. The k-point grid
is selected depending on the supercell size, e.g., 2×1×2 for
Zn and LiAl, 2× 2× 1 for Ag and LiAg, 2× 2× 2 for Al,
Cu, Pb, LiSn, and LiZn, 2× 2× 3 for Sn, 3× 2× 2 for LiCu,
and 3× 3× 2 for LiPb. The cutoff energy for the plane-wave
basis Ecut is set to 320 eV. The total energy is converged to
within 1× 10−5 eV/atom[36] and the force on each atom is
converged to within 0.01 eV/Å.[37] The relaxation of the cell
volume and atom positions has been carried out for every com-
position. The data of volume expansion rate is obtained by
structure relaxation. The minimum energy paths (MEPs) of Li
diffusion are obtained by means of the CI-NEB method[38] us-
ing three images and two endpoint structures and the threshold
for the total force is set to 0.01 eV/Å.

2.2. Mechanical–electrochemical coupling equations

The mechanical–electrochemical coupling process begins
with an electrochemical reaction, when Li inserts into (or ex-

tracts from) an active material replaced by the current collec-
tor in AFB.[20] Figure 2 schematically illustrates the case of a
plate electrode model. When Li inserts into active material A,
a new component LixAy is produced as follows:

xLi+ yA = LixAy, (1)

where x and y represent the amounts of lithium and active
material, respectively. Following Fick’s law,[22] the diffusion
equation of Li in the electrochemical process is written as fol-
lows:

∂c
∂ t

+∇ · J = 0, (2)

where c is the molar concentration of Li and J is the Li flux in
the active material.

electrochemical

reaction

xLi+yA=LixAy

Al Li

Li

volume
expansion

volume
expansion

Li diffusion

diffusion

induced stress

metal LiM

current collector

A LixAy

z

hc hL

Fig. 2. Schematic diagram of diffusion-induced stress generation in a
plate current collector.

The flux is a key physical quantity for the Li diffusion
behavior,[39] and its relationship with the electrochemical po-
tential µ is given by

J =−Mc ·∇µ, (3)

where M is the mobility of the mobile moiety in the solute
limit. During a stress-assisted diffusion process, the electro-
chemical potential in the ideal solute can be described as

µ = µ0 +RT lnc−Ωσh, (4)

where µ0 is an invariant reference potential, R =

8.314472 J·K−1·mol−1 is the universal gas constant, T is the
temperature, and Ω is the partial molar volume of the solution,
and σh is the hydrostatic stress. The third term is responsible
for the elastic energy induced by Li insertion. Equations (3)
and (4) indicate that σh is an important parameter for Li dif-
fusion. The D = M · RT relation is introduced in Eq. (3).
According to Eqs. (2)–(4), the governing equation of diffusion
takes the following form:

∂c
∂ t
−D

∂ 2c
∂ z2 +

DΩ

RT
∂c
∂ z

∂σh

∂ z
+

DΩ

RT
c

∂ 2σh

∂ z2 = 0. (5)
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Equation (5) describes the mechanical–electrochemical cou-
pling, reflecting the relationship between stress and diffusion.
The third and fourth terms of Eq. (5) indicate that σh is related
to the Li concentration. To solve the diffusion equation, the
expression of σh must be obtained first.

As shown in Fig. 2, for the AFB regarded as a plate
model, the Li concentration is a function of z, i.e., c = c(z). It
is assumed that the diffusion coefficient D of Li is constant.[22]

The diffusion of lithium produces diffusion strain via volume
expansion of the active material.[40] In a large electrode plate,
the strain components in two planes, i.e., εxx = εyy are a func-
tion of z. The strain equation in the plate model is written as
follows:

εxx = εyy = ε0 +κz, (6)

where ε0 is the in-plane stain at z = 0 and κ is the electrode
curvature.[41] In real battery systems, there are mechanical
constraints on the electrode, thus the electrode cannot bend
freely. In other words, κ = 0.[41] In this case, the constitutive
equation for the biaxial stress reads

σxx = σyy = E ′
(

ε0−
1
3

Ωc
)
, (7)

where E ′ = E/(1−υ) is the biaxial modulus. Since there is
no stress component in the z direction, the hydrostatic stress
σh of the plate model can be obtained as

σh =
1
3
(σxx +σyy) =

2
3

E ′ε0−
2
9

E ′Ωc. (8)

In Eq. (8), the concentration-dependent term 2
9 E ′c represents

the stress caused by inhomogeneous Li concentration. By con-
sidering the mechanical boundary of zero resultant force and
zero curvature, the strain ε0 can be written as follows:[41]

ε0 =
2
3

[
1

2+(hc/h1)(E ′c/E ′1)

]
Ω

h1

∫ h1

0
c(z)dz, (9)

where E ′1 = E1/(1−υ) and E ′c = Ec/(1−υ) are the biaxial
moduli of the active material and the current collector, h1 and
hc are the thicknesses of the active material and the current
collector. Assuming both the active material and the current
collector are the same material in AFB, we have E ′1 = E ′c. Ac-
cording to Eqs. (8) and (9), the hydrostatic stress σh can be
obtained, as long as the concentration distribution is known.

Combining Eqs. (5) and (8), the stress-assisted diffusion
equation can be rewritten as

∂c
∂ t

= (D+βc)
∂ 2c
∂ z2 +β

(
∂c
∂ z

)2

, (10)

where β is the coupling parameter and expresses as

β = 2E ′1DΩ
2
/9RT. (11)

Equation (10) reveals that β is a key influencing factor of Li
diffusion. In the second and third terms of Eq. (10), the con-
centration gradient of Li is positively correlated to the value
of β . Meanwhile, in Eq. (11), the β value is related to the
quadratic of the partial molar volume, with the partial molar
volume Ω expressed as

Ω =
εV F

Cρ×3.6×108 . (12)

The partial molar volume is related to εV = Vmax/V which
is the volume strain at maximum concentration.[42] F =

96485.3 C/mol is Faraday’s constant. C is the rechargeable
specific capacity. The Ω is obtained by volume strain εV di-
vided by the maximum molar and is proportional to the volu-
metric strain. Therefore, the volumetric strain is also an essen-
tial factor.

The initial Li concentration in the AFB anode is assumed
to be zero, i.e.,

c = 0, for t = 0. (13)

For galvanostatic charging, the boundary conditions for the ac-
tive plate are

J =−D
∂c
∂ z

+
DΩ

RT
c

∂σh

∂ z
=− in

F
for z = h1, (14)

J =−D
∂c
∂ z

+
DΩ

RT
c

∂σh

∂ z
= 0 for z = 0, (15)

where in is the current density. Equations (11), (13), (14),
and (15) describe the stress-assisted diffusion and reveal the
Li concentration variation in the AFB.

3. Results and discussion
3.1. Lithium diffusion mechanism in current collectors of

anode free batteries

When lithium inserts into the current collector, an elec-
trochemical reaction occurs. As shown in Fig. 3, the poten-
tial of the LiM alloys in AFB is usually lower than the bot-
tom of the electrochemical window, and a thin, amorphous
solid/electrolyte-interface layer will be formed.[14,44] For ex-
ample, the potentials of LiAl alloy[45] and LiSn alloy[46,47] re-
action in the AFBs are 0.31 V and 0.42 V vs. Li/Li+, respec-
tively. As a comparison, we list the electrochemical potentials
of the common current collector materials in Table 2.[43] Since
the electrolyte reduction at the anode does not occur, metals
with a high potential, such as copper, tin, etc., can be used as
a lithium protective layer.
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Fig. 3. Schematic illustration of the potential (V vs. Li/Li+) of some common electrode materials in comparison with current collector metals
(Al and Cu) and alloys (LiSn, LiPb, and LiAl). The general range on the electrochemical window of the common liquid organic electrolytes is
also shown at the top.[43]

Table 2. Summary of the Li migration barriers, redox potential, volume expansion rate, and theoretical capacity of lithium in the current
collectors M and corresponding LiM alloys.

Materials
Li migration Li migration Redox potential[43] Volume expansion Theoretical Experiment?

barriers for M/eV barriers for LiM/eV /V vs. Li/Li+ rate/% capacity/(mA·h/g) (Yes/No)
Ag 0.98 0.49 3.83 167 248.4 No
Al 0.63 0.18 1.36 190 992.5 Yes[8,10,11]

Cu 0.65 1.14 3.43 142 140.4 Yes[9,12]

Pb 0.10 1.73 2.91 501 129.3 No
Sn 0.25 0.65 2.89 262 993.3 Yes[13]

Zn 0.45 0.25 2.28 190 409.7 No

Ag
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Cu

Pb

Sn

Zn
e.g., Cu

(a)
(b)

e.g., LiAl

LiAg

LiAl
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LiZn
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Fig. 4. Comparison of Li migration barriers in (a) metals and (b) alloys.

Before analyzing the coupling effect, we calculate the Li
migration barriers for the metals and the corresponding alloys
and compare the volume expansion rate on lithium insertion
into several metals. This is an important step for in-depth anal-
ysis of the Li diffusion in AFBs. As shown in Fig. 4, the Li mi-
gration barriers for M metals are less than 1.00 eV. The barrier
of Li diffusion in Ag is as high as 0.98 eV, making Li diffusion
more difficult, while Cu and other metals have the lower mi-
gration barriers. The Li migration barrier of 0.65 eV for Cu is
in agreement with the value of 0.68 eV obtained by Rupp et al.
as measured by TOF-SIMS.[19] This proves that lithium can
diffuse in copper, which was previously considered to be diffi-
cult. It breaks the conventional knowledge in previous experi-
ments that Li cannot diffuse in Cu due to no formation of LiCu
alloy phase at room temperature. However, the actual situation

is that Li can diffuse as long as there exist a certain number of
vacancies in Cu. Therefore, the insight we gain from our cal-
culations can be used to explain the experimental phenomenon
that the use of Cu with a thickness 6 100 nm as the protective
coating on the anode significantly improves the lifetime of the
battery due to the fast Li diffusion,[48–50] which has compli-
cated implications for Cu coating to enhance the interfacial
protection and kinetics of the electrode. This is also supported
by the experiments of copper-based AFBs.[9,12] As a compar-
ison, the Li migration barriers for Cu and Pb are lower than
those for the LiCu alloy and LiPb alloy, respectively, which
means that it is more difficult for Li to pass through the LiCu
alloy and LiPb alloy layers. However, the Li migration barri-
ers for the LiAg, LiAl, LiSn, and LiZn alloys are lower than
those for the parents Ag, Al, Sn, and Zn, respectively. Espe-
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cially for the LiAl alloy and LiZn alloy, the migration barriers
are 0.18 eV and 0.25 eV, respectively, which are lower than
the barriers for Al and Zn. This suggests that the formation of
the LiAl alloy and LiZn alloy will not hinder the Li diffusion.
Overall, when the migration barriers of these current collectors
are close, the current collector with relative higher theoretical
capacity and smaller volume expansion as shown in Table 3
should be selected for AFB. The results suggest that Al, Sn,
and Zn are the better AFB current collectors than Cu or Ag.

This is consistent with the experimental result that Al and Sn

show the better energy density and cycling performance.[8,11]

At the same time, the volume expansion rates of several

materials after lithiation are shown in Table 3. The results

show that the volume expansion rates of most metals on lithi-

ation are usually between 150% and 300% with the exception

of lead with the value of 501%, which makes it unsuitable as

the anode material.

Table 3. Summary of Young’s modulus (E ′), specific capacity (C), volume specific mass density (ρ), volume strain at maximum concentration
(εv), partial molar volume (Ω ), and coupling parameter (β ) in mechanical–electrochemical coupling on some electrode materials and current
collectors. The values of Young’s modulus are obtained from database in Materials Project.[30,52]

Materials E ′/GPa[30,52] C/(mA·h/g) ρ/g·cm−3 εv/% Ω /m3·mol−1 β /nm3

Graphite 10 372 1.83 9 3.54×10−6 0.36[27]

LiVO2 43 314 4.3 10 1.99×10−6 0.49[27]

LiCoO2 375 140 5 −2 −7.66×10−7 0.64[27]

LiFePO4 120 170 3.5 7 3.15×10−6 3.45[27]

Li4Ti5O12 240 175 3.5 1 4.38×10−7 0.13[27]

LiMn2O4 142 136 4.1 7 3.36×10−6 4.65[27]

Ag 123 248 9.92 167 1.82×10−5 118
Al 109 993 2.7 190 1.90×10−5 115
Cu 230 140 8.89 142 3.05×10−5 620
Pb 55 129 10.7 501 9.71×10−5 1511
Sn 82 993 5.37 262 1.32×10−5 41
Zn 139 410 6.98 190 1.78×10−5 128

3.2. Mechanical–electrochemical coupling facilitates
lithium diffusion in anode free batteries

The alloying reaction between metallic materials and
lithium leads to a large volume expansion (Table 2). The
developing stress and strain in turn affect Li diffusion via
mechanical–electrochemical coupling. By solving the diffu-
sion Eq. (10), the Li concentration distribution along the z di-
rection is shown in Fig. 5(a) (at t = 900 s) and its evolution
is shown in Fig. 5(b) (at z = 0.8). The impact of the cou-
pling parameter β is evaluated. The results show that when
β = 0, which means no coupling, it shows a significant con-
centration gradient. With the increase of β , the concentra-
tion becomes uniform, which is caused by the stress-assisted
diffusion. However, when β > 100 nm3, the coupling effect
is not further strengthened (Fig. 5(a)). Similarly, as shown
in Fig. 5(b), when z = 0.8, the coupling effect makes the Li
concentration change with time, approaching a linear regime
for t > 500 s. As can be also seen, the pronounced effect on
stress-assisted diffusion is achieved when β = 0–100 nm3 and
saturates at higher values.

Equations (11) and (12) indicate that β depends on the
Young’s modulus, density, and volume expansion rate of the
materials. In Table 3, the related factors affecting the cou-
pling of the studied materials are presented in which the vol-
ume expansion data is calculated in Subsection 2.2. It can
be seen from Table 3 that there are obvious differences in the

coupling parameter for different materials. Song[27] has stud-
ied the coupling of conventional battery materials, which are
listed as a comparison with the metals in Table 3. It can also
be seen from Table 3 that the metal current collectors which
can be used for AFB have large volume expansion which in
turn results in high value of β (> 40 nm3). The β of Cu is
620 nm3, revealing that fast Li diffusion in current collector
such as Cu is affected by large volume expansion. The posi-
tive effect of high stress-assisted Li diffusion in the AFB an-
odes also explains their good cycling performance.[8] The β

values of Al, Sn, and Zn are 115 nm3, 41 nm3, and 128 nm3,
respectively, indicating pronounced coupling effects. Over-
all, considering the capacity, migration barriers, and coupling
effect, the Al, Sn, and Zn are more suitable than other met-
als for AFB. Among them, Sn has a larger volume expansion
than Al and Zn, but lower β due to the low Young’s modu-
lus and the high density. In addition, Al has higher capacity
and larger β with lower volume expansion than Sn, so Al of-
fers the best application prospect in AFBs, followed by Zn and
Sn as mentioned in Section 1.[8,11,13,51] Therefore, the optimal
materials for AFBs should be assessed from three aspects: the
energy density, volume expansion, and coupling effect. As an
example, Pb and Ag have lower capacities and higher migra-
tion barriers than those of other metals, and even β > 100 nm3

cannot compensate these drawbacks, so they are not preferred
for AFB.
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Fig. 5. (a) Distribution of Li concentration along the z direction with
various values of the coupling parameter β after the 900 s diffusion. (b)
Distribution of Li concentration against diffusion time t at a distance
of 0.8 from the surface toward the current collector with various val-
ues of the coupling parameter β . For the convenience of comparison,
both the Li concentration and diffusion distance along the z direction
are normalized.

4. Concluding remarks and perspectives
The AFB is a new concept proposed in recent years,

which uses metal as both current collector and anode. How-
ever, there are only a few in-depth studies on the effect of
the volume expansion during charge on the electrochemical
performance. In this paper, using first-principles calculation
and solving the stress-assisted diffusion equations, we have
demonstrated that the volume expansion facilitates Li diffu-
sion in AFBs via mechanical–electrochemical coupling. We
also compare the migration barriers in metals and the corre-
sponding alloys and show that for Al, Sn, and Zn, the barriers
in the corresponding alloys LiM (M = Al, Sn, etc.) are lower
than those for Ag, Cu, and Pb, which has implications on their
suitability for AFBs.

Through the analysis of the coupling equations, we ob-
tain the volume expansion rates and the corresponding cou-
pling parameters of these metals. Combining the migration
barriers, coupling, and volume expansion rates, we find that
Al is the most suitable for AFB, followed by Sn and Zn. By
showing the importance of volume expansion via mechanical–
electrochemical coupling in anode materials, this work estab-
lishes a new way to assess materials for AFBs. In general,

the analysis of stress assisted diffusion can be applied to any
other anode materials, including conventional batteries. In ad-
dition, multi-scale calculation models can be used to deeply
study the manifestation of stress in the entire diffusion pro-
cess even in sodium and zinc batteries. Compared with the
traditional batteries, the AFB occupies the smaller space and
exhibit the higher energy density. As a feasible research direc-
tion in the future, the migration mechanism of ions and the ef-
fect of mechanical–electrochemical coupling on diffusion can
be studied in the corresponding sodium, magnesium, and zinc
based AFBs. Our results will undoubtedly provide some sup-
port for researchers working on current collectors as well as
energy storage technologies.

Acknowledgements
We appreciate the High Performance Computing Center

of Shanghai University, and Shanghai Engineering Research
Center of Intelligent Computing System (No. 19DZ2252600)
for providing the computing resources and technical support.
The OriginPro software was used for the data plotting in
Figs. 4 and 5 and insets in Fig. 4 were done in VESTA soft-
ware.

References
[1] Zhang W J 2011 J. Power Sources 196 13
[2] Goodenough J B and Park K S 2013 J. Am. Chem. Soc. 135 1167
[3] Yang C P, Yin Y X, Zhang S F, Li N W and Guo Y G 2015 Nat. Com-

mun. 6 8058
[4] Yue Y and Liang H 2018 Small Methods 2 1800056
[5] Wang M, Tang M, Chen S, Ci H, Wang K, Shi L, Lin L, Ren H, Shan

J, Gao P, Liu Z and Peng H 2017 Adv. Mater. 29 1703882
[6] Lu L L, Ge J, Yang J N, Chen S M, Yao H B, Zhou F and Yu S H 2016

Nano Lett. 16 4431
[7] Busson C, Blin M A, Guichard P, Soudan P, Crosnier O, Guyomard D

and Lestriez B 2018 J. Power Sources 406 7
[8] Ji B, Zhang F, Sheng M, Tong X and Tang Y 2017 Adv. Mater. 29

1604219
[9] Qian J, Adams B, Zheng J, Xu W, Henderson W, Wang J, Bowden M,

Xu S, Hu J and Zhang J G 2016 Adv. Funct. Mater. 26 7094
[10] Zhang F, Ji B, Tong X, Sheng M, Zhang X, Lee C S and Tang Y 2016

Adv. Mater. Interfaces 3 1600605
[11] Zhang X, Tang Y, Zhang F and Lee C S 2016 Adv. Energy Mater. 6

1502588
[12] Genovese M, Louli A, Weber R, Hames S and Dahn J 2018 J. Elec-

trochem. Soc. 165 A3321
[13] Zhang S S, Fan X and Wang C 2017 Electrochim. Acta 258 1201
[14] Goodenough J B and Kim Y 2010 Chem. Mater. 22 587
[15] Shi S, Gao J, Liu Y, Zhao Y, Wu Q, Ju W, Ouyang C and Xiao R 2016

Chin. Phys. B 25 018212
[16] Ouyang C Y, Wang D Y, Shi S Q, Wang Z X, Li H, Huang X J and

Chen L Q 2006 Chin. Phys. Lett. 23 61
[17] Xiong Z, Shi S, Ouyang C, Lei M, Hu L, Ji Y, Wang Z and Chen L

2005 Phys. Lett. A 337 247
[18] Cucinotta C S, Miceli G, Raiteri P, Krack M, Kuehne T D, Bernasconi

M and Parrinello M 2009 Phys. Rev. Lett. 103 125901
[19] Rupp R, Caerts B, Vantomme A, Fransaer J and Vlad A 2019 J. Phys.

Chem. Lett. 10 5206
[20] Prussin S 1961 J. Appl. Phys. 32 1876
[21] Bower A F, Guduru P R and Sethuraman V A 2011 J. Mech. Phys.

Solids 59 804
[22] Zhang J, Lu B, Song Y and Ji X 2012 J. Power Sources 209 220
[23] He Y L, Hu H J, Song Y C, Guo Z S, Liu C and Zhang J Q 2014 J.

Power Sources 248 517

068202-7

https://doi.org/10.1016/j.jpowsour.2010.07.020
https://doi.org/10.1021/ja3091438
https://doi.org/10.1038/ncomms9058
https://doi.org/10.1038/ncomms9058
https://doi.org/10.1002/smtd.201800056
https://doi.org/10.1002/adma.201703882
https://doi.org/10.1021/acs.nanolett.6b01581
https://doi.org/10.1021/acs.nanolett.6b01581
https://doi.org/10.1016/j.jpowsour.2018.10.018
https://doi.org/10.1002/adma.201604219
https://doi.org/10.1002/adma.201604219
https://doi.org/10.1002/adfm.201602353
https://doi.org/10.1002/admi.201600605
https://doi.org/10.1002/admi.201600605
https://doi.org/10.1002/aenm.201502588
https://doi.org/10.1002/aenm.201502588
https://doi.org/10.1149/2.0641814jes
https://doi.org/10.1149/2.0641814jes
https://doi.org/10.1016/j.electacta.2017.11.175
https://doi.org/10.1021/cm901452z
https://doi.org/10.1088/1674-1056/25/1/018212
https://doi.org/10.1088/1674-1056/25/1/018212
https://doi.org/10.1088/0256-307X/23/1/019
https://doi.org/10.1016/j.physleta.2005.01.041
https://doi.org/10.1103/PhysRevLett.103.125901
https://doi.org/10.1021/acs.jpclett.9b02014
https://doi.org/10.1021/acs.jpclett.9b02014
https://doi.org/10.1063/1.1728256
https://doi.org/10.1016/j.jmps.2011.01.003
https://doi.org/10.1016/j.jmps.2011.01.003
https://doi.org/10.1016/j.jpowsour.2012.02.104
https://doi.org/10.1016/j.jpowsour.2013.09.118
https://doi.org/10.1016/j.jpowsour.2013.09.118


Chin. Phys. B Vol. 29, No. 6 (2020) 068202

[24] Song X, Lu Y J, Shi M L, Zhao X and Wang F H 2018 Acta Phys. Sin.
67 140201 (in Chinese)

[25] Deshpande R, Cheng Y T and Verbrugge M W 2010 J. Power Sources
195 5081

[26] Bhandakkar T K and Johnson H T 2012 J. Mech. Phys. Solids 60 1103
[27] Song Y, Shao X, Guo Z and Zhang J 2013 J. Phys. D: Appl. Phys. 46

105307
[28] Ryu I, Choi J W, Cui Y and Nix W D 2011 J. Mech. Phys. Solids 59

1717
[29] Yong L, Kai Z, Zheng B, Zhang X and Qi W 2015 J. Appl. Phys. 117

245103
[30] Jain A, Ong S P, Hautier G, Chen W, Richards W D, Dacek S, Cholia

S, Gunter D, Skinner D and Ceder G 2013 APL Mater. 1 011002
[31] Murch G E 2012 Diffusion in crystalline solids (New York: Academic

Press) p. 189
[32] Mantina M, Wang Y, Arroyave R, Chen L Q, Liu Z K and Wolverton C

2008 Phys. Rev. Lett. 100 215901
[33] Baettig P and Spaldin N A 2005 Appl. Phys. Lett. 86 012505
[34] Blöchl P E 1994 Phys. Rev. B 50 17953
[35] Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
[36] Parlinski K, Li Z and Kawazoe Y 1997 Phys. Rev. Lett. 78 4063
[37] Duan Y and Sorescu D C 2009 Phys. Rev. B 79 014301
[38] Henkelman G, Uberuaga B P and Jónsson H 2000 J. Chem. Phys. 113

9901

[39] Mehrer H 1984 Diffusion in solids: fundamentals, methods, materials,
diffusion-controlled processes (Berlin: Springer Science & Business
Media) p. 297

[40] Eshghinejad A and Li J 2015 Mech. Mater. 91 343
[41] Guo Z, Liu C, Lu B and Feng J 2019 Carbon 150 32
[42] Guo Z, Zhang T, Hu H, Song Y and Zhang J 2014 J. Appl. Mech. 81

031013
[43] Haynes W 2012 CRC handbook of chemistry and physics (93rd edn.)

(Boca Raton: CRC Press) p. 1790
[44] Xu L Y and Cheng Y F 2013 Corros. Sci. 73 150
[45] Hamon Y, Brousse T, Jousse F, Topart P, Buvat P and Schleich D M

2001 J. Power Sources 97–98 185
[46] Idota Y, Kubota T, Matsufuji A, Maekawa Y and Miyasaka T 1997

Science 276 1395
[47] Winter M and Besenhard J O 1999 Electrochim. Acta 45 31
[48] Vlad A, Reddy A L M, Ajayan A, Singh N, Gohy J F, Melinte S and

Ajayan P M 2012 Proc. Natl Acad. Sci. USA 109 15168
[49] Li Q, Pan H, Li W, Wang Y, Wang J, Zheng J, Yu X, Li H and Chen L

2018 ACS Energy Lett. 3 2259
[50] Liu Y, Sun M, Yuan Y, Wu Q, Wang H, He Y, Lin Z, Zhou F, Ling M,

Qian C, Liang C and Lu J 2020 Adv. Funct. Mater. 30 1910249
[51] Sheng M H, Zhang F, Ji B F, Tong X F and Tang Y B 2017 Adv. Energy

Mater. 7 1601963
[52] Gaillac R, Pullumbi P and Coudert F X 2016 J. Phys. Condens. Matter

28 275201

068202-8

https://doi.org/10.7498/aps.67.20180148
https://doi.org/10.7498/aps.67.20180148
https://doi.org/10.1016/j.jpowsour.2010.02.021
https://doi.org/10.1016/j.jpowsour.2010.02.021
https://doi.org/10.1016/j.jmps.2012.02.012
https://doi.org/10.1088/0022-3727/46/10/105307
https://doi.org/10.1088/0022-3727/46/10/105307
https://doi.org/10.1016/j.jmps.2011.06.003
https://doi.org/10.1016/j.jmps.2011.06.003
https://doi.org/10.1063/1.4923021
https://doi.org/10.1063/1.4923021
https://doi.org/10.1063/1.4812323
https://doi.org/10.1016/C2012-0-01612-2
https://doi.org/10.1016/C2012-0-01612-2
https://doi.org/10.1103/PhysRevLett.100.215901
https://doi.org/10.1063/1.1843290
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.78.4063
https://doi.org/10.1103/PhysRevB.79.014301
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
http://doi.org/10.1007/978-3-540-71488-0
http://doi.org/10.1007/978-3-540-71488-0
http://doi.org/10.1007/978-3-540-71488-0
https://doi.org/10.1016/j.mechmat.2015.09.015
https://doi.org/10.1016/j.carbon.2019.04.114
https://doi.org/10.1115/1.4025271
https://doi.org/10.1115/1.4025271
https://www.routledge.com/CRC-Handbook-of-Chemistry-and-Physics/Haynes/p/book/9781439880494
https://www.routledge.com/CRC-Handbook-of-Chemistry-and-Physics/Haynes/p/book/9781439880494
https://doi.org/10.1016/j.corsci.2013.04.004
https://doi.org/10.1016/S0378-7753(01)00616-4
https://doi.org/10.1126/science.276.5317.1395
https://doi.org/10.1126/science.276.5317.1395
https://doi.org/10.1016/S0013-4686(99)00191-7
https://doi.org/10.1073/pnas.1208638109
https://doi.org/10.1021/acsenergylett.8b01244
https://doi.org/10.1002/adfm.201910249
https://doi.org/10.1002/aenm.201601963
https://doi.org/10.1002/aenm.201601963
https://doi.org/10.1088/0953-8984/28/27/275201
https://doi.org/10.1088/0953-8984/28/27/275201

	1. Introduction
	2. Computational details
	2.1. First-principles calculation of lithium diffusion in anode free batteries
	2.1.1. Structural model
	2.1.2. Computational methods

	2.2. Mechanical–electrochemical coupling equations

	3. Results and discussion
	3.1. Lithium diffusion mechanism in current collectors of anode free batteries
	3.2. Mechanical–electrochemical coupling facilitates lithium diffusion in anode free batteries

	4. Concluding remarks and perspectives
	References

