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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Electrolyte flow through porous lithium 
metal electrode can promote stable 
plating. 
� Increasing the normal flow rate reduces 

the dendrite growth rate. 
� Dendrites are suppressed if Peclet num

ber is greater than critical Peclet 
number.  
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A B S T R A C T   

Instabilities during metal electrodeposition create dendrites on the plating surfaces. In high energy density 
lithium metal batteries (LMBs) dendrite growth causes safety issues and accelerated aging. In this paper, 
analytical models predict that dendrite growth can be controlled and potentially eliminated by small advective 
flows normal to the surface of lithium metal electrode. Electrolyte flow towards the Li metal electrode lowers the 
dendrite growth rate, overpotential, and impedance. Flow in the opposite direction, however, enhances the 
dendrite growth. For every current density, there exists a critical velocity above which dendrite growth can be 
totally eliminated. The critical velocity increases almost linearly with increasing current density. For typical 
current densities and inter-electrode separation, the critical velocity is very small, indicating the potential for 
practical application.   

1. Introduction 

Lithium metal is amongst the highest performing electrodes with 
remarkable volumetric and gravimetric energy densities [1]. Metallic 
electrodes suffer from dendrite growth during plating of the lithium 
cations on the metal surface during charging. As a result, the developed 
SEI (Solid Electrolyte Interphase) can crack, producing dead Li that 
contributes to low coulombic efficiency and short cycle life. The 

cracking of SEI at the dendrite tips in-turn promotes further dendrite 
growth [2]. Dendrite growth can also lead to internal shorting with 
potential fires and explosions. 

Modelling plays a key role in understanding dendrite growth during 
electrodeposition. Chazelviel [3] pioneered early work on the effect of 
mass transport limitations on dendrite growth. Ion depletion is shown to 
result from converging electric field lines and higher concentration 
gradients at the dendrite tips. Nishikawa et al. [4], experimentally 
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confirm the importance of mass transfer effects in dendrite growth. 
Considering the role of kinetics, Ely et al. [5] suggest that the dendrite 
growth rate depends on the applied overpotential with a critical over
potential needed to enable dendrite growth. Akolkar [6] predicts the 
ratio of dendrite growth rate to the electrodeposition rate by calculating 
the current at the dendrite tip. Akolkar [7] extends his previous model to 
include Arrhenius temperature dependence in diffusivity. Yan et al. [8] 
study the variation in dendrite morphology with temperature gradients 
perpendicular to the charging direction. However none of these models 
predict the stability of the electrodeposition process. Sundstrom et al. 
[9] analyzed electrodeposition stability in binary stagnant electrolytes. 
Tikekar et al. [10] solved for dendrite growth rate on a perturbed 
electrode, in case of electrolytes with non-participant anions. Dendrite 
growth rate increases with increasing wavenumber of the sinusoidal 
electrode perturbations until it reaches a maximum and then decreases. 
There is a critical wavenumber above which the perturbation growth 
rate is negative indicating that dendrites dissolve instead of growing due 
to the effect of surface tension at the highly curved dendrite tips. In their 
metallurgical study of electrodeposition, Gireaud et al. [11] identify 
internal pressure as one of the important factors governing dendrite 
growth. Modifying the charge-discharge cycle [12–14] by introducing 
pulses of reverse polarity or rest periods during battery charging to help 
dissolve dendrites has also been investigated. 

Materials-based approaches to dendrite suppression include efforts 
to stabilize the SEI. Dead Li formed by an unstable SEI, leads to a 
decrease in coulombic efficiency and capacity [15]. Electrolyte additives 
[16–19] and protective layers [20,21] on the lithium metal electrode 
have been shown to stabilize the SEI. Kim et al. [22] and Cheng et al. 
[23] reduce the effect of high concentration gradients at dendrite tips by 
developing new materials to make the metal ion flux uniform. Fan et al. 
[24] observe uniform lithium deposition in their 3D porous structured 
anode with a large number of polar groups. Li et al. [25] report dendrite 
free lithium metal anodes by homogenizing and normalizing lithium 
nucleation and growth on polymer brushes using lithiophilic functional 
groups. Various innovative techniques have been used to homogenize, 
localize, or achieve a gradient distribution of lithium ion flux at the 
lithium metal electrode [26]. Zhang et al. [27] report high areal and 
volumetric capacity and good cycling performance by reducing dendrite 
growth using 3D mixed ion electron conductor (MIEC) scaffolds. 

Mass transport can also reduce dendrite growth. Yang et al. [28] 
observe that magnetic stirring of the electrolyte can suppress dendrites. 
Wang et al. [29] report that the Lorentz force (jxB, where B is the 
magnetic field) can eliminate dendrite growth in some situations. From 
the definition of vector cross product, this force is directed primarily 
normal to the primary ion flux in a battery cell and as such requires large 
magnetic fields and/or high interfacial curvature. Tan et al. [30] 
compute the effects of electro-convection and vortex formation near 
dendrite tips on dendrite growth and morphology, observing that 
vortices replenish the electrolyte near the dendrite tips and can alter the 
dendrite morphology from straight to mossy. Models predict that con
vection parallel to dendrite surface can also reduce dendrite growth. 
Crowther et al. [31] did not observe dendrite initiation in their parallel 
flow experiments. Wlasenko et al. [32] conduct microfluidic experi
ments with flow normal to the electrode surface and observe limited 
dendrite growth. Li et al. [33] amplify ionic transport via electrokinetic 
pumping through a sponge like structure that eliminates dendrite 
growth. 

Following the lead of Tan et al. [30], Li et al. [33] and Wlasenko et al. 
[32], this paper investigates the effect of advective transport normal to 
the deposition surface on dendrite growth. Using a first order stability 
analysis technique, similar to the one used by Tikekar et al. [10], this 
paper also calculates the dendrite growth rate as a function of normal 
flow rate and current density. 

2. Governing equations 

Fig. 1 shows a schematic diagram of the Li metal cell with electrolyte 
flow. A charging current density ~JðX;TÞ transports Liþ ions from the 
positive electrode at Z ¼ 0 to the Li metal electrode at Z ¼ L where they 
plate and change the thickness of the anode over time T. The electrodes 
are assumed to be porous with an imposed electrolyte flow of velocity v 
along the Z axis. The Li metal electrode could either be perforated or 
porous (e.g. metal foam) to allow normal flow. We assume that the pore 
structure is sufficiently fine scaled to allow uniform flow. 

Within the electrolyte (neglecting the double layer region) 

r ⋅ ~J ¼ 0: (1) 

The cation and anion transport equations [10] are given by, 

~J
F
¼ � DcrfCc � μcFfCcr~ΦþfCcv (2)  

and 

0¼ � DarfCaþ μaFfCar~ΦþfCav (3)  

where F is Faraday’s constant, D is diffusivity, μ is electric mobility, 
~CðX; Z;TÞ is concentration, v ¼ vbk, and ~ΦðX; Z;TÞ is overpotential. The 
subscripts c and a indicate cation and anion respectively. Electro
neutrality requires 

fCc¼fCa: (4) 

The growth rate of the Li metal electrode per unit surface area due to 
electrodeposition is given by 

∂fHc

∂T ¼
�vm
F

~J ⋅ ~n
�
jeHc
; (5)  

where fHc is the distance between lithium metal electrode and the pos
itive electrode, vm is the molar volume of Li, and ð Þj ~Hc 

means evaluated 

at the growing surface fHc. Introducing the non dimensional variables, 

~j ¼ ~JL
FDcC0

; Pe ¼ vL
Dc
; ~φ ¼ ~ΦF

RT, ecc ¼
eCc
C0
; eca ¼

eCa
C0
; z ¼ Z

L; x ¼
X
L; M ¼

�
Dc
Da þ 1

�

Pe, 

ehc ¼ fHc=L, k ¼ KL, and t ¼ vmDcC0T
L2 in Eqs. (1)–(5) produces 

r ⋅~j ¼ 0; (6)  

~j¼ � recc � eccr~φþ eccPebk; (7)  

0 ¼ � r~ca þ ~car~φþ ~caðM � PeÞbk; (8)  

ecc¼ eca; (9)  

∂ehc
∂t ¼

~j⋅~njehc ; (10)  

where C0 is the average concentration and bk is the unit vector in z di
rection. 

The electrochemical energy of the cation at the Li metal boundary is 

ΨcðX;fHc;TÞ¼Ψ0
c þRT0lnðfCcðX;fHc;TÞÞ þ F ~ΦðX;fHc;TÞ (11)  

where Ψ0
c is the standard electrochemical energy for the electrolyte, R is 

the universal gas constant, T0 is the operating cell temperature, and the 
electrochemical energy in the Li metal electrode is 

ΨmðX;TÞ¼Ψ0
mþ γvmKðX;TÞ þ F ~ΦmðX;TÞ; (12)  

where γ is the surface tension at the electrode-electrolyte interface, Ψ0
m is 

the standard electrochemical energy for the electrode, K is the curva
ture, and ΦmðX;TÞ is the overpotential at the Li metal electrode surface. 
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At equilibrium, Ψc ¼ Ψm, so 

~Φm¼
Ψ0

c � Ψ0
m

F
þ
RT0

F
lnðfCcðX;fHc;TÞÞ �

γvmKðX; TÞ
F

þ ~ΦðX; ~Hc;TÞ (13) 

The applied charging current density leads to an overpotential of E0 

at the counter-electrode. 

~E0¼ ~ΦðX; 0; TÞ: (14) 

Non-dimensionalization of Eqs. (13) and (14) leads us to 

~φm¼ψ0
c � ψ0

mþ lnðeccðx; ehc; tÞÞ � βkðx; tÞ þ ~φðx; ~hc; tÞ; (15)  

~e0¼
~E0F
RT0

; (16)  

~φðx; 0; tÞ ¼~e0; (17)  

where k ¼ KL, ~φm ¼ F ~Φm=ðRT0Þ, ψ0
c ¼ Ψ0

c =ðRT0Þ, β ¼ γvm= ðRT0LÞ, and 
ψ0

m ¼ Ψ0
m=ðRT0Þ. Thus, the nondimensional model has only five nondi

mensional parameters: Pe; j;M;k;β. 

3. Base case solutions 

For the base case, uniform plating is assumed, so ~jðx; tÞ ¼ jbk, eccðx;z;
tÞ ¼ ccðzÞ, ecaðx;z; tÞ ¼ caðzÞ, ~φðx;z; tÞ ¼ φðzÞ, ~e0ðx;z; tÞ ¼ e0, and ehcðx; tÞ
¼ hcðtÞ. Substitution into Eqs. (7)–(10) along with K ¼ 0 for the planar 
electrode in base case and using the boundary conditions cað0Þ ¼ ca0 , 
φð1Þ ¼ 0, and the initial condition hc ¼ 1, and Eq. (17) gives the base 
case solutions 

cc¼
j
M
þ

�

ca0 �
j
M

�

expðzM = 2Þ; (18)  

φ¼ e0 þ ln

2

6
4

�

ca0 �
j
M

�

exp
�
ð2Pe� MÞz

2

�

þ j
M expðð� M þ PeÞzÞ

ca0

3

7
5; (19)  

ca0 ¼
j
M
þ

�

1 � j
M

�

½M=2�

expðM=2Þ � 1
; (20)  

hc¼ 1 � jt: (21) 

Critical Peclet number is defined as the Peclet number at which 
advective flux equals the total ionic flux at the negative electrode, or 

j¼ ccð1ÞPecr: (22) 

Fig. 2a, b, and 2c show the concentration, overpotential, and electric 
field profiles for a given current density and various electrolyte veloc
ities using the parameters listed in Table 1. The baseline solution 
without flow (Pe ¼ 0) shows the concentration decreasing, from the 
positive electrode to the lithium metal electrode. The overpotential 

decreases from φð0Þ ¼ 1 to the boundary condition, φð1Þ ¼ 0. The 
electric field increases with a maximum at the negative electrode. These 
results agree with previous research [10]. Increasing the velocity re
duces the concentration, overpotential gradients, and the electric field 
from the baseline case of Pe ¼ 0. At Pe ¼ Pecr, the ion concentration is 
almost uniform at cc ¼ 1, φ ¼ 0, and dφ=dz ¼ 0. Increase of Pe above 
Pecr reverses the concentration and overpotential gradients. Fig. 3b 
shows that higher flow rates lower the overpotential at the 

Fig. 1. Schematic diagram of the lithium metal cell model.  

Fig. 2. Base case solutions of non-dimensionalized (a) Concentration, (b) 
Overpotential and (c) Electric field at j ¼ 1:8: Pe ¼ 1:5Pecr (solid), Pe ¼ Pecr 

(dashed), Pe ¼ 0:5Pecr (dotted), Pe ¼ 0 (dashed-dotted), and Pe ¼ �
0:05Pecr (bold). 

Table 1 
Parameters used in the model.  

Property Value 

C0  1 M 
T0  300 K 
L 1 mm  
Da  4E � 10 m2s� 1[10]  
Dc  10� 11 m2s� 1[7]  
F 96500 Cmol� 1  

R 8.314Jmol� 1K� 1  

γ 1.716 Nm� 1[10]  
μc  Dc=ðRT0Þmols� 1N� 1  

μa  Da=ðRT0Þmols� 1N� 1  

vm  1:33E � 5 molm� 3[10]   
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counter-electrode surface. This phenomenon stems from the fact that 
some of the energy required to move the Liþ ions from the 
counter-electrode to the Li metal electrode is supplied by the fluid flow, 
thus reducing the required electrical power. 

Fig. 3a, b, and 3c show the concentration, overpotential, and electric 
field at a given flow rate ðPe¼ 0:5Þ and various charging current den
sities. Higher current leads to higher concentration and overpotential 
gradients at the Li metal electrode surface. Thus, diffusion and migration 
fluxes are higher at higher current densities and potentially can lead to 
higher dendrite growth rates [3,10]. 

Fig. 4 shows the critical Peclet number versus j. For small j, the 
concentration is approximately uniform, so ccð1Þ ¼ 1 and j ¼ Pecr. The 
critical Peclet number is on the order of 1, so the dimensional critical 
velocity is on the order of Dc=L. For j ¼ 1:8 and parameters in Table 1, 
the critical velocity is roughly 1.75 nm s� 1 which means that the fluid 
particles would take approximately a week to cross the inter-electrode 
gap by advective flux. Thus, the required flow rate is very low and 
may be practically achieved using a variety of low power methods. As 
shown in Fig. 4, the critical Peclet number is independent of tempera
ture. It depends only on current density. The critical velocity, however, 
reduces with reducing temperature because the diffusivity reduces with 
reducing temperature [7]. 

4. Stability analysis 

To analyze the stability of electroplating on the Li metal surface, we 
introduce the first order sinusoidal perturbation, 

ehc¼ hc þ hc’expðσtÞexpðikxÞ; (23)  

where k, hc’ and σ are the nondimensional wavenumber, nondimen
sional amplitude, and non dimensional exponential growth rate. The 
wavenumber equals 2π/λ where λ is the wavelength. Dendrites are 
assumed to grow exponentially fast for σ greater than 0 and decay for σ 
less than 0. To eliminate dendrites, the electrode must be stable (σ < 0) 
for dendrites of all sizes ðkÞ. The perturbation growth rate (σ) is a 
function of wavenumber (k) as dendrites with different curvatures may 
grow with different rates due to the effect of surface tension, varying 
concentration of electric field line, and varying concentration gradient 
on the curved dendrite tip. The positive electrode surface at z ¼ 0 has 
not been perturbed because no dendrites grow from the positive elec
trode during charging. 

The concentration, overpotential, and current density are assumed to 
have the same spatial and temporal dependencies: 

ecc¼ cc þ cc’expðσtÞexpðikxÞ; (24)  

~φ¼φþ φ’expðσtÞexpðikxÞ; (25)  

~j¼ jbk þ j’expðσtÞexpðikxÞ; (26)  

where cc’, φ’, and j’ are the non-dimensional amplitudes of the pertur
bations in cation concentration, overpotential, and current density 
respectively. We assume that the porous electrodes are sufficiently thick 
and that the electrolyte storage tank is sufficiently far enough. Using 
Darcy’s law in the porous electrode, creeping flow in the gap between 
two electrodes, continuity of pressure and velocity perturbations across 
the porous electrode-electrolyte interface, and zero pressure and ve
locity perturbations at the outlet of porous electrode and in the elec
trolyte storage tank drives velocity perturbations throughout the 
domain to zero. Hence, in this paper velocity perturbations have been 
assumed to be zero for simplicity. However, this may not always be the 
case and hence the authors intend to do a detailed analysis which in
volves velocity perturbations in the future. 

Substitution of Eqs. (24)–(26) into Eqs. 7- 9 yields 

φ’¼
cc’
cc

(27) 

Eq. (26) and Eq. (10) imply 

σhc’¼ 2
dcc’
dz
ð1Þ � Mcc’ (28) 

Eqs. (11) and (12) give 

cc’ð1Þ
ccð1Þ

þ
1

ccð1Þ
dcc
dz
ð1Þhc’þφ’ð1Þþ

dφ
dz
ð1Þhc’¼ � βhc’k2 (29) 

Solving the above equations leads to the following solution for the 
perturbation growth rate σ 

σ¼ ccð1Þ
2

�
� 1
ccð1Þ

dcc
dz
ð1Þ �

dφ
dz
ð1Þ � βk2

��

2
m1expðm1Þ � m2expðm2Þ

expðm1Þ � expðm2Þ
� M

�

;

(30)  

where m1 ¼
Mþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ16k2
p

4 and m2 ¼
M�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ16k2
p

4 . 
Critical wavenumber, 

kcr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
β

�
� 1
ccð1Þ

dcc
dz
ð1Þ �

dφ
dz
ð1Þ
�s

; (31)  

is the wavenumber above which σ < 0. 

Fig. 3. Base case solutions of non-dimensionalized (a) Concentration, (b) 
Overpotential, and (c) Electric field at Pe ¼ 0:5, M ¼ 0:51 for j ¼ 0:5 (dashed) 
and j ¼ 1 (solid). 

Fig. 4. Critical Peclet number versus non-dimensional current density (solid) 
and a linear approximation (dashed). 
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Fig. 5 shows the non-dimensional dendrite growth rate at a given 
current density and various flow rates versus non-dimensional 
wavenumber. 

For a given charging current and a flow rate, σ increases with k and 
then decreases. This is because with increasing curvature, the concen
tration of electric field lines and the concentration gradient at the 
dendrite tip increase, leading to higher dendrite growth. However, as 
can be seen from Eq. (12), higher k also increases the required surface 
energy per mole of electrodeposited Li and thus acts as a deterrent to the 
increase of σ with k. In agreement with Tikekar et al. [10], the zero flow 
case has an unstable Li metal electrode (σ > 0) for k < 597. Flow to
wards the Li metal electrode during charging reduces the dendrite 
growth rate. In fact, above the critical flow rate, σ ¡0 for all wave
numbers. In other words, supercritical flow can entirely stabilize the Li 
metal electrode. Subcritical flow rates may not completely stabilize the 
electrode but the peak height and range of unstable wavenumbers (k <
kcr) are both reduced, thus reducing the level of electrode instability. If 
the critical wavenumber is sufficiently small, then the size of the un
stable growth will be large and not dendritic, potentially exceeding the 
physical size of the electrode and eliminating dendrite growth as a 
practical concern. Flow in the wrong direction, however, can enhance 
the dendrite growth rate. 

This model does not explicitly account for breakage and reformation 
of SEI. SEI breakage occurs due to multiple reasons, including the large 
volume change associated with plating and stripping Li from under the 
SEI and excessive tensile stress at the dendrite tips. Large volume 
changes can lead to inhomogeneities in the SEI layer that may initiate 
dendrites. At the dendrite tips, SEI may fail under excessive tensile stress 
[2]. The stress itself depends on curvature. For sinusoidal perturbations 
with infinitesimally small amplitude studied in this work, the dendrite 
tip curvature is proportional to the amplitude and the square of the 
wavenumber. For low wavenumbers, the curvature is infinitesimally 
small and the tensile stress on the SEI at the dendrite tips is infinitesi
mally small, so, the SEI will not break. In regions where the electrode is 
stable, the small initial perturbations decay with time. 

Table 2 explains the stabilizing effect of normal flow. Diffusion, 
migration and advection flux add together to produce the total Liþ ion 
flux at different flow velocities. Increasing the flow rate increases the 
contribution of advection relative to migration and diffusion. Thus, 
increasing flow rate in the direction of total flux helps reduce dendrite 
growth rate and critical wavenumber. This result is in agreement with 
the explanation for dendrite growth rate given by Aryanfar et al. [14]. At 
the critical velocity (Pe ¼ Pecr), total flux equals the advective flux at the 
lithium metal electrode, so diffusion and migration fluxes sum to zero. 
As shown by dashed line for critical velocity in Fig. 5, this totally 
eliminates dendrite growth. However, in Table 2, the small value of σ ¼
1:15 at Pe ¼ Pecr is because of numerical error. In fact, if advective flux is 
more than total flux the dendrites dissolve instead of growing. 

Fig. 6 shows the non-dimensional perturbation growth rate versus k 
for a given flow rate at various current densities. Higher current leads to 
higher growth rate at the same wavenumber. This result is as per the 
expectations because at zero current, the dendrite growth rate should be 
zero. 

5. Conclusion 

This paper shows that electrolyte flow towards the Li metal electrode 
lowers the dendrite growth rate, reduces the required overpotential, and 
reduces the impedance. Flow in the opposite direction, however, en
hances the dendrite growth. For every current density, there exists a 
critical velocity above which dendrite growth can be totally eliminated. 
As shown in Fig. 4, the critical velocity increases almost linearly with 
increasing current density. For typical current densities and inter- 
electrode separation, the critical velocity is very small, indicating the 
potential for practical application. Supercritical flow is very small and 
could be achieved by several possible mechanisms, including 

microfluidic pumping systems [34] along with porous or micropatterned 
electrodes [35–37]. It may also be achieved by programmed squeezing 
deformations of a battery pack composed of pouch cells. 
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