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Lithium metal has drawn significant interest as an anode material for next generation lithium (Li) batteries. However, due to its
propensity to form dendrites in commonly used electrolytes during repeated cycling, it has not yet been commercialized in
secondary batteries. The formation of a Li protrusion is determined by the relative speed of Li+ ions being reduced and how fast
they can be replenished in the vincinity of electrode. However, it is very difficult to quantify such kinetic parameters of Li+ ion in
different electrolytes, not mentioning the identification of the desired electrolyte recipe to mitigate Li dendrite formation. Herein,
we use microelectrodes to study the growth mechanism of electroplated Li by measuring the Li+ diffusion coefficient (DLi) and
exchange current density (io) in different electrolytes. The different Li morphologies formed on microelectrodes are well correlated
to their diffusion rate and electrochemical reduction speed on the electrode, providing a fast electrochemical tool to screen
compatible electrolytes for Li metal batteries.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ac0647]
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Supplementary material for this article is available online

Rechargeable lithium metal batteries are considered as one of
the most promising next-generation battery technologies because
of the low density (0.534 g cm−3) and high gravimetric capacity
(3680 mAh g−1) of lithium metal.1–3 However, lithium is reactive in
almost all liquid electrolytes, producing a passivation layer known as
the solid electrolyte interface (SEI) which covers the surface of the
Li metal electrode.4 In addition, similar with all electroplated metals,
Li prefers to form dendritic microstructures in the liquid cell due to
the presence of convection.5 In some instances, the dendritic Li may
grow strong enough to penetrate through the separator membrane
and cause an internal short-circuit which could potentially lead to
additional performance drawbacks and serious safety hazards. Li
protrusions have increased surface area compared to the Li foil,
which accomodate more side reactions on these newly exposed
surfaces, generating more SEI at the expense of the electrolyte. The
presence of SEI layers interferes with the homogeneous distribution
of the electrical field on the Li metal anode which further induces
uneven growth of Li during the plating process. Additionally, the
SEI layer partially breaks down when Li is stripped and new SEI
forms during the Li deposition process.6 The continuous accumula-
tion of SEI results in the constant consumption of electrolyte and
produces “dead” Li deposits when some Li particles are coated by
thick SEI layers and become disconnected from the Li anode.7 These
fundamental issues are just some of the many challenges that still
impede the large-scale deployment of rechargeable lithium metal
batteries.

To overcome the barriers of using the lithium metal anode, the
intrinsic reasons that stimulate the uneven growth of the Li metal
anode need to be considered. Even without the SEI layer, the
electrochemical deposition of other metals such as Ag, Cu or Zn,
which is intrinsically related to the mass transport of metal ion
species in the electrolyte is rarely smooth8 in the absence of
brighteners or levelers. In the electrolyte solution, the diffusion
rate of Li+ ions arriving at the anode surface from the bulk
electrolyte (similar to the electroplating process) plays a key role
in the formation of Li dendrites.9

The fast transport of the plating ions (Li+) arriving at the slowly
(low current density) plated electrode (Li) leads to the formation of a
smooth and shiny metal layer during electroplating, while the slow
transport of the plating Li ions arriving at the rapidly plated electrode
(high current density) leads to the formation of fibrous Li dendrites.
This explains why the opportunity of forming dendritic Li is largely
increased at high current densities because Li+ ions are being reduced to
Li much faster. If Li+ cannot be replenished timely, a high concentra-
tion gradient will form and induce the growth of Li towards the bulk
electrolyte. The use of highly concentrated electrolytes increases the
abundance of Li ions at the electrode vicinity and thus reduces the Li+

concentration gradient in the same electrolyte solution with regular
1–1.2 M molarity and helps to smoothen out the Li dendrites,5,10,11

assuming the same current density is utilized for the electrochemical
reaction. Both cation transport in the liquid electrolyte and the reaction
rate of the electrochemical reactions need to be considered in under-
standing Li dendrite growth.

In this work, we integrate different electrochemical measurement
approaches to quantify the kinetic properties of Li+ ion diffusion and
reaction in various electrolytes in an attempt to develop an
electrochemical tool to rapidly screen through a variety of electrolyte
recipes. A microelectrode is used in the electrochemical measure-
ments with the explicit purpose to exclude the interference from
convection and for fast signal response which provides new insights
in understanding and comparing various electrolytes.

Experimental

Nickel (Ni) microwire with a purity of 99.98%, a diameter of
125 μm, and coated with 5 μm of Polyimide (PI) were purchased from
GoodFellow and used as is. These are herein referred to as the Ni
microelectrode. The copper (Cu) microelectrodes were made in-lab
using uncoated 25 μm Cu microwire with a purity of 99.95% also
sourced from Goodfellow. The design process of the Cu microelec-
trode is shown in Fig. S1 (available online at stacks.iop.org/JES/168/
060513/mmedia) in the supplemental section. Lithium perchlorate
(LiClO4), lithium hexafluorophosphate (LiPF6), lithium bis(fluorosul-
fonyl)imide (LiFSI) and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) salts, as well as ethylene carbonate (EC), dimethyl carbonate
(DMC), propylene carbonate (PC), fluoroethylene carbonate (FEC),
Triethyl phosphate (TEP), and bis(2,2,2-trifluoroethyl) ether (BTFE)zE-mail: jiexiao@uark.edu
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solvents were purchased from BASF corporation and used as received.
Electrolytes were prepared by mixing each salt with either EC-DMC
(v/v, 1:1) or PC or TEP-BTFE (v/v, 1:1). For the preparation of
electrolytes with additives, FEC (5% vol.) was added to the EC-DMC
or PC as an additive solvent. Electrolytes were prepared in an inert Ar
gas environment inside a glovebox.

Two different electrochemical cell setups that allowed for the
control of the distance between the working electrode and the counter
electrode were used. The design of these elecrocehmical cells is shown
in the supplemental information (Fig. S2). Electrochemical measure-
ments were performed using an electrochemical station manufactured
by CH Instruments, Inc. (Model: CHI 660e). Using this instrument,
the following test profiles were created and utilized: Linear Sweep
Voltammetry (LSV) between 1 V and −1.5 V vs Li+/Li at a scan rate
of 130 mV s−1; Cyclic Voltammetry (CV) from 1 V to −0.4 V vs
Li+/Li, at a scan rate of 100 mV s−1; Chronoamperometry (CA) was
performed at −0.015 V vs Li+/Li. The surface morphology of the
working electrodes was observed by scanning electron microscopy
(SEM).

Results and Discussion

Ni and Cu microelectrodes (see experimental part for more
details) have been used to determine kinetic parameters such as the
exchange current density (io) and the diffusion coefficient (DLi) of
Li+ in different electrolyte systems. The former reflects how fast
Li/Li+ redox reacts, while the latter provides information of the
diffusion rate of Li+ ions in different electrolytes and therefore how
fast to replenish the plated Li+ ions near the electrode.

Diffusion of Li+ in bulk electrolytes.—The Ni microelectrode
has been used to quantify the kinetic parameters of Li deposition. By
limiting the deposition surface area to the micro scale, the effects of
convection in the electrolyte, usually observed in macroelectrodes
(coin and pouch cells), is negated.12,13 Due to its size, the diffusion
controlled process can be induced in the local vicinity of the
microelectrode’s deposition surface even at time lengths shorter
than Sand’s Time.14 This fast signal response makes it ideal for
testing the kinetic behavior of the electrolyte.

Linear sweep voltammetry was applied on the Ni microelectrode
in a 1 M LiClO4-PC, at a scan rate of 130 mV s−1 between 1 V and
−1.5 V, as shown in Fig. 1a. The morphologies of deposited lithium

on the microelectrode tip at different potentials are displayed in
Figs. 1b–1f. Looking at Fig. 1a, region I represents the onset of the
nucleation and charge transfer stage. During this stage the current
density increases with potential growth, and the morphology of the
lithium metal is relatively smooth on the microelectrode (Fig. 1b)
due to minimized interference from convection, exhibiting no sharp
Li dendrite growth. The tail end of Region I (point c) is signified
by a slow growth of the current density, indicating a reduction in
the concentration of Li+ ions at the microelectrode surface, i.e.,
concentration gradient is being strenghthened in this region. At this
point some protrutions begin to evolve (Fig. 1c). Once the potential
reaches region II in Fig. 1a, the diffusion-controlled region, the
concentration gradient of Li+ across the diffusion region has risen
considerably to a limit that the concentration of Li+ ions reaches its
minimum, therefore the current is determined by an equilibrium
between the arrival of Li+ and their reduction to Li at the
microelectrode surface, explaining why the current density remains
constant during this region. At this point Li dendrites are aggres-
sively induced to form propagations towards the bulk electrolyte
(Fig. 1d) where more Li+ are available. The current density only
remains constant for a while before it continues to increase again.
This is due to the fact that Li metal, once deposited into sufficiently
large format (Fig. 1e), can be considered as a new current collector
on which Li metal can be continuously plated and establish new
concentration gradients on those Li tips. Formation of SEI layers on
the increasing Li surfaces also consumes electrons which count into
the measured current. Deposited Li therefore exhibits a very porous
structure extending towards different directions (Fig. 1f) after
passing the diffusion-controlled region.

As similarly demonstrated by,15 DLi, a measure of the ease of Li+

diffusion through the electrolyte, was determined by applying the
chronoamperometry (CA) technique using the Cu microelectrode.
DLi was then calculated using Eq. 1, where α represents the radius of
the microelectrode tip, and S is the slope as shown in Fig. S3. For a
detailed explanation on how this technique was applied, please refer
to the supporting information.

π α= [ ]D
S16

1Li

2

2

The same method was used to measure DLi of Li
+ ions in different

electrolytes which are listed in Fig. 2. The SEM images of Li

Figure 1. (a) LSV curve obtained by a 125 μm microelectrode. (b)–(f) SEM images of lithium-ion deposition at different potential on a 125 μm microelectrode
in 1 M LiClO4-PC, potential step from 1 V to −1.5 V vs Li+/Li at 23 °C and a scan rate of 130 mV s−1.
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deposits in Fig. 2 were selected from diffusion controlled regions
during which Li dendrites are growing aggressively by using the
same microelectrode measurement technique. The morphologies of
the lithium deposits in Fig. 2 are closely related to the Li+ diffusion
coefficient in the various electrolytes. For the purpose of ensuring
that the measurements of DLi were performed correctly, the
measured diffusion coefficient of the 1 M LiClO4-PC electrolyte
was compared to values found in literature. There was strong
agreement between the measured value of 2.049 × 10−6 cm2 s−1

and those found in multiple literature sources which ranged between
2.6–2.9 × 10−6 cm2 s−1.16–18 A similar phenomena has been
discovered in other electrolytes as well. These results can be found
in Fig. S5 in the supplement information. In general, a higher DLi

usually leads to a smoother deposition of Li on the electrode even
during the diffusion controlled region because the fast diffusion of
Li+ can adequately replenish the consumed Li+ at the electrode
surface in a timely manner, thus smoothening the concentration
gradient in the vicinity of the electrode. This phenomenon can be
witnessed in Fig. 2. For the electrolyte in which DLi is around 2 ×
10−6 cm2 s−1 (Figs. 2a and 2d), the majority of plated Li forms a
largely granular and unsmooth surface suggesting a quick depletion
of Li+, and thus a strong concentration gradient established in the
vicinity of the electrode surface. As DLi increases to around 4 ×
10−6 cm2 s−1 the morphology tends towards a less granular structure
(Figs. 2b and 2e), suggesting a lower concentration gradient due to
the faster arrival of Li+ at the electrode surface.

Keeping with the trend, the 1.2 M LiFSI-TEP-BTFE electrolyte
(Figs. 2c and 2f), with the highest DLi at 8.796 × 10−6 cm2 s−1 results
in the smoothest deposition. The electrochemically plated Li in this
system is very smooth even at the diffusion-controlled area where

concentration gradient is the strongest. The LSV curves of the
electrolytes in Fig. 2 can be found in Fig. S6 in the supplemental
information. Of the studied electrolytes, the 1 M LiClO4-PC electro-
lyte system reached the diffusion-controlled at the lowest over-
potential, and resulted in a highly dendritic morphology. This is
consistent with the expected outcome that a low overpotential results
in a lower nucleation density and limited deposition sites, leading to
unsmooth growth.

Electrolyte viscosity also impacts DLi. Table I compares the
viscosity and DLi of four electrolytes of similar concentration but
different salts in a PC solvent, as well a single electrolyte comprised
of PC and fluoroethylene carbonate (FEC) as a solvent additive.
These exhibited a viscosity in the range of 2.6 to 3.22 mPa s. The
lower viscosity resulted in a higher DLi. The exception here however
is the 1 M LiPF6 + 5% FEC electrolyte. The addition of FEC led to
an increase in DLi despite a relatively higher viscosity. This can be
attributed to FEC’s effect on the solvation of Li+. This is consistent
with work conducted by Ren et al.19 which shows that the use of an
FEC additive leads to a smoother Li deposition. This confirms the
indirect proportionality between DLi and visocity.

Plating rate of Li: exchange current densities of Li+/Li redox
reactions.—Assuming the electroplating rate of Li occurs at a
similar speed in all electrolytes, a higher DLi is always favored by
the electrolyte for plating smooth Li electrochemically. However,
redox reaction rates between Li+ and Li also vary in different
electrolytes because the derived SEI layers on Li surfaces affect the
reaction rate across the interface. If Li+ is being reduced too quickly,
a fast diffusion of Li+ may still not be able to “refill” the consumed
Li+ near electrode surface leading to the evolution of strong

Figure 2. SEM images of lithium deposition on a microelectrode in (a) 1 M LiPF6-PC, (b) 1 M LiFSI-PC, and (c) 1.2 M LiFSI-TEP-BTFE by LSV, potential
step from 1 V to −0.4 V vs Li+/Li at 23 °C and a scan rate of 130 mV s−1. (d)–(f) are respective amplified SEM images in the diffusion-controlled state.
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concentration gradients. Therefore, Tafel plot analysis (Fig. S4), was
used to quantify the exchange current of Li+/Li redox in various
electrolytes. The detailed measurement steps and calculations can be
found in the supplementary information. Table I is a summary of the
five PC-based electrolytes studied. A detailed summary of all
examined electrolytes is available in Table SI in the supplementary
information.

The exchange current density is the bi-directional (net-zero)
current flow to maintain the equilibrium of both species during the
reaction. It is a representation of the rates of oxidation and reduction
between species at the equilibrium electrode. This was determined
by applying cyclic voltammetry measurements using the Ni micro-
electrode. A higher exchange current density represents a faster
reaction at the microelectrode surface meaning not much over-
potential is needed to drive the electrochemical reaction to happen.
A ranked comparison of all the electrolytes studied is listed in Table
SI. For 1.2 M LiFSI-TEP/BTFE, the exchange current density (io) is
lowest at 2.718 mA cm−2, while DLi is highest among all the
electrolytes. The lower io of Li+/Li redox in TEP/BTFE-based
electrolyte needs a higher overpotential to drive the reaction, as
reflected by Fig. S6d. A higher deposition overpotential is known to
promote the nucleation rate of metals during electroplating20 which
will lead to less coarse sufaces of plated metals. Coupled with the
relatively faster Li+ diffusion from the bulk TEP/BTFE electrolyte,
the end result is the smooth deposition of Li on the microelectrode,
consistent with the observations in Figs. 2c and 2f and previously
reported results.3,21 By comparison, the measured io was relatively
similar across electrolytes of the same solvent of PC (Table I). This
indicates that while the anion of the lithium salt has an effect on the
rate of the reaction occurring at solvation boundary, its influence is
not as significant as that of the solvent (Table SI). From this
observed phenomenon it can be understood as that the inner
Helmholtz layer on the electrode surface is still dominated by the
polarized solvent molecules. Accordingly, the derived SEI layers
which alter io are determined more by the solvent.22 Only when the
electrolyte concentration increases, do the anions start to participate
more in the formation of SEI layers.23,24

When designing an electrolyte to pair with Li metal, ideally an
electrolyte with a high DLi and a low io should be sought because
this ensures that there is always an adequate supply of Li+ at the
electrode surface to prevent/suppress dendrite formation. However,
in reality a very low io will need high polarization to drive the
plating process which will induce more electrolyte decomposition at
low potentials. The presence of SEI did complicate the application of
a single electrochemical tool. But a general rule of thumb is that, if
the electrolyte does not generate highly resistant SEI layers covering
the Li, a higher DLi and a moderate io is always beneficial.

Conclusions

The kinetic parameters, diffusion coefficient (DLi) and exchange
current density (io), of different electrolytes were measured using
microelectrodes to understand the different morphologies of electro-
plated Li in these systems. The interlinked relationships between DLi

and io are found to crucially dictate the relative speed of Li+ ions
transport in electrolyte and how fast they are reduced to Li metal,

well explaining the observed Li morphologies. The microelectrode
tools can be used as facile methods to fast-screen electrolytes for use
in Li metal batteries and many other similar metal batteries,
providing a fast screening approach for developing liquid electro-
lytes for future battery technologies.
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