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ABSTRACT: Homogeneous Mg plating/stripping behaviors have been widely
recognized as the distinct advantage of rechargeable Mg metal batteries over
other metal batteries. However, the rapid degradation mechanism of the Mg
anode in practical chlorine-free electrolytes remains unclear. Herein, we reveal
that the imbalance between Mg2+ diffusion and reduction rates during Mg plating
is the main cause of uneven Mg deposition in a Mg(HFIP)2 electrolyte, eventually
resulting in cell short-circuits. We addressed this challenge by introducing a bulky
tetrabutylammonium borohydride (TBABH4) additive in the electrolyte. In
detail, the uniform coverage of TBA+ cations on the Mg anode surface regulates
the Mg2+ reduction rate, ensuring homoepitaxy of the deposited Mg along the
thermodynamically stable (002) crystal plane. Consequently, both Mg||Mg
symmetrical cells and Mg||Mo6S8 full cells demonstrated doubled cycling stability
and reduced overpotential. This work shed new light on stabilizing chlorine-free
Mg metal batteries by balancing the ion diffusion-reduction rates.

The adoption of metal anodes is expected to lead to
high-energy rechargeable batteries due to their
intrinsic high theoretical capacities and low redox

potentials.1−4 Despite these intriguing features, the ubiquitous
dendrite growth issue leads to short circuits or thermal
runaway in metal batteries. Uniform metal deposition is vital
for battery long-term cyclability.5 Among numerous metal
anodes, deposited magnesium (Mg) atoms exhibit the lowest
diffusion barrier, facilitating easier atom movement and
yielding a homogeneous three-dimensional deposition mor-
phology, rather than the rough surface associated with one-
dimensional dendritic formation.6 Therefore, rechargeable Mg
metal batteries (RMBs) are widely recognized as one of the
safest next-generation energy storage systems.7−13

Extensive research has revealed that electrodeposited Mg
can maintain a homogeneous morphology over a board
operational range (≤5 mA cm−2 and 6 mAh cm−2) in
chlorine-containing electrolytes.14−16 Nevertheless, the chal-
lenge of Mg−Cl complexes’ co-insertion and the intrinsic low
oxidative stability of these electrolytes constrain their
application.17,18 The development of chlorine-free Mg electro-
lytes is imminent. Our recently reported chlorine-free Mg-
(HFIP)2 electrolyte demonstrates highly efficient Mg strip-
ping/plating and outstanding cathode compatibility.19 Un-
fortunately, chlorine-free Mg electrolytes normally

demonstrate a limited cycle life (less than 500 h).19−23 This
could be attributed to the dendritic growth behavior of the Mg
metal anode in these electrolytes.24 According to the classical
Sand’s time model25 and space-charge theory,26,27 dendrite
growth is mainly dominated by the cation concentration on the
anode surface and the electric field distribution at the
deposition sites. During the electrodeposition process, cations
migrate to the anode surface under an applied electric field and
undergo continuous reduction. Upon depletion of cations at
the interface, the emergence of a charge-concentrated region
facilitates the formation of a strong electric field that induces
dendrite growth.28

Compared to monovalent Li+, divalent Mg2+ normally shows
a slower ionic conductivity in electrolytes.29 In chlorine-
containing electrolytes, the formation of a chlorine-rich
interface not only promotes reversible Mg plating/stripping
but also restricts the Mg electrodeposition rate due to the high
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dissociation energy barrier of the Mg−Cl complexes.30,31

Consequently, the Mg2+ diffusion rate is comparable with the
reduction rate, leading to homogeneous plating morphology
(Scheme 1a).14 On the contrary, in chlorine-free electrolytes,
the easier desolvation process of Mg2+ results in rapid cation
consumption on the anode interface, thereby forming an ion
depletion layer and inducing inhomogeneous nucleation−
growth. The imbalance between Mg2+ diffusion and reduction
eventually leads to uneven Mg deposition (Scheme 1b).
Therefore, balancing the ion diffusion-reduction rates in
chlorine-free electrolytes is essential to achieving uniform Mg
plating. However, to the best of our knowledge, this has not
been investigated.
In this work, we balance the Mg2+ diffusion-reduction rates

by introducing bulky tetrabutylammonium borohydride
(TBABH4) molecules in chlorine-free Mg(HFIP)2 electrolytes.
The preferential adsorption of TBA+ cations on the Mg anode
surface can serve as a buffer layer for Mg2+ reduction. We
investigate the morphology evolution and interface micro-
environment change during the Mg plating process by in situ
optical microscopy, in situ Raman spectra, DFT calculations,
finite element method simulations, etc. Our findings suggest
that this buffer layer can regulate the reduction rate through a
self-adapting electrostatic interaction force and steric hin-
drance. Benefiting from the balanced ion diffusion-reduction
processes, the diffusion-controlled random deposition mode
was inhibited, thereby contributing to the sustained homo-
epitaxial growth of the deposited metal on the (002) oriented
Mg anode substrate. Consequently, the Mg||Mg symmetrical
cells and the Mg metal full cells using the modified electrolyte
exhibit improved cycle life and reduced overpotential.
Chlorine-free Mg(HFIP)2 electrolytes demonstrate a wide

electrochemical window and a direct Mg2+ storage mechanism;
however, they exhibit inherently low ionic conductivity (∼0.3
mS cm−1).19 Since the rate of Mg2+ reduction is not
constrained by the sluggish Mg−Cl bond dissociation in
chlorine-free electrolytes, the rate of Mg2+ consumption at the
anode interface significantly surpasses their diffusion rate. This

diffusion-reduction mismatch leads to the formation of a Mg2+
depletion layer, resulting in the dendrite growth of Mg. In the
modified electrolyte, TBA+ cations preferentially adsorb at the
interface to form a cationic shielding layer that reconstructs the
local electric field. Specifically, during the deposition process,
protuberances on the anode can adsorb more TBA+ cations
due to their higher local current density.32 This suggests that a
self-adapting TBA+ adsorption layer could form on an uneven
Mg foil, where the tips generate stronger electrostatic repulsion
than uniform areas. On the one hand, this self-adapting buffer
layer reduces the Mg2+ reduction rate to match the sluggish
Mg2+ diffusion rate, leading to uniform Mg deposition without
the formation of an Mg2+ depletion layer. On the other hand,
the strong electrostatic repulsion at the tips suppresses Mg
deposition in these areas until they become even (Figure 1a).
In situ optical microscopy provides a more intuitive
comparison, revealing scattered dark Mg grains that become
apparent after 10 min of plating in the Mg(HFIP)2 electrolyte.
As the plating time increased, these initial protuberances
gradually developed into moss-like dendrites. This localized
Mg deposition pattern exacerbates self-enhancing nucleation
growth, consequently accelerating the deterioration of Mg
anodes (Figure 1b). However, the self-adapting electrostatic
shield layer in our TBA+/Mg(HFIP)2 electrolyte regulates the
reduction rate of Mg2+ and limits the sustained growth of initial
Mg deposits, leading to a dendrite-free platting morphology
over 60 min (Figure 1c).
Moreover, we reveal the regulated Mg stripping morphology

in the modified electrolyte using a confocal laser scanning
microscope (CLSM). The Mg anode cycled in the blank
electrolyte exhibits an average surface roughness of 2.35 μm
along with massive stripping pits (Figure 1d). In contrast,
significantly suppressed stripping pit growth with low rough-
ness (∼0.8 μm) was observed on the Mg anode cycled in the
TBA+/Mg(HFIP)2 electrolyte (Figure 1e). The suppression of
uneven plating and stripping behaviors can lead to a quantum
leap in the lifetime of Mg anodes, which we will investigate in
more detail in the following sections.33

Scheme 1. Schematic of the Mg Deposition Model in (a) Chlorine-Containing Electrolytes and (b) Chlorine-Free Electrolytes
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To gain deeper insight into how additive molecules
influence Mg deposition, our research focused further on the
solvation structure and the electrode−electrolyte interface. The
negligible changes in Fourier transform infrared (FTIR) and
Raman spectra of the Mg(HFIP)2 electrolytes with or without
TBA+ cations suggest that trace amounts of additives do not
directly alter the solvation structure of Mg2+ (Figures S1 and
S2).34,35 In addition, the ionic conductivity of electrolytes
remained nearly unchanged (Figure S3). The overlapping and
transition of electron clouds in 3D adsorption configurations
suggest that TBA+ cations show pronounced charge transfer on
three main Mg crystal planes (Figure 2a−c and Figure S4). In
addition, the adsorption energy of TBA+ cations on various Mg
crystal planes is −3.27 eV (002), −3.03 eV (100), and −2.98
eV (101), respectively, which are significantly lower than that
of Mg to Mg2+ (ca. −1 eV; Figure 2d). These calculation
results indicate that TBA+ cations preferentially adsorb on the
Mg metal surface, forming a Mg2+ reduction buffer layer.36

In situ Raman spectra provide compelling evidence of TBA+

adsorption on the Mg metal anode. During the Mg plating and
stripping processes, only HFIP− anions (740 cm−1) and DME
solvent (816, 849, and 879 cm−1) signals were detected on the
Mg surface in the blank Mg(HFIP)2 electrolytes (Figure 2e).

19

For the TBA+ modified electrolyte, we observed the emergence
of two additional peaks (1364 and 1398 cm−1) corresponding
to TBA+ adsorption (Figure 2f).37,38 Notably, these two
adsorption peaks gradually diminished and then recovered
during the charge/discharge switching. This happens because
reversing the electric field direction desorbs certain TBA+

cations, and the peak intensities of adsorbed TBA+ cations
rebounded when the Mg plating/stripping process stabilized.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
3D visualizations of cycled Mg anodes in two electrolytes were
in agreement with the aforementioned results. Strong signals
for the decomposed TBA+ cations (C2H2

+, C3H7
+, CH−, C−,

and NC4H9
−) were observed in the normalized depth profiles

Figure 1. (a) Schematic illustration of the effect of TBA+ cations on the Mg deposition process. (b) In situ microscopy images of the Mg
plating process in Mg(HFIP)2 electrolytes and (c) TBA+/Mg(HFIP)2 electrolytes. CLSM images and the corresponding surface roughness
curve of Mg anodes after being stripped in (d) Mg(HFIP)2 electrolytes and (e) TBA+/Mg(HFIP)2 electrolytes.
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Figure 2. Electron density difference at interfaces for (a) Mg (002), (b) Mg (100), and (c) Mg (101) crystal planes in conjunction with TBA+

cations. The bottom three layers of the Mg atoms are fixed during calculation. The green area indicates electron consumption, while the
yellow area indicates electron accumulation. (d) The binding energy of Mg2+ and TBA+ cations on various Mg crystal planes. (e) In situ 2D
Raman spectra and corresponding galvanostatic charge/discharge (GCD) profiles of Mg(HFIP)2 electrolytes and (f) TBA+/Mg(HFIP)2
electrolytes during the plating/stripping process. (g) TOF-SIMS 3D rendering models and depth profiles in the positive and negative modes
of the Mg metal anodes cycled in (g) Mg(HFIP)2 electrolytes and (h) TBA+/Mg(HFIP)2 electrolytes.

Figure 3. (a) The illustration of the hexagonal close-packed (hcp) structure of Mg. (b) The lattice mismatch of Mg(002), Mg(100), and
Mg(101) to Mg(002) crystal planes, respectively. (c) XRD patterns of Mg foil and Mg anode cycled in Mg(HFIP)2 and TBA+/Mg(HFIP)2
electrolytes, respectively. (d) The simulation of electric field distribution in TBA+/Mg(HFIP)2 and (e) Mg(HFIP)2 electrolytes. Schematics
of electrode structures, SEM images of Mg electrode and photographic images of Mg anode, GF separators, and Clegard 2400 membranes
after plating in (f) TBA+/Mg(HFIP)2 and (g) Mg(HFIP)2 electrolytes.
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of the Mg anode cycled in TBA+/Mg(HFIP)2 electrolyte
(Figure 2h). In contrast, when the Mg anode cycled in pure
Mg(HFIP)2 electrolyte, only signals originating from solvent
and anions decomposition are present (Figure 2g). Both
theoretical calculations and experimental results confirm the
formation of a TBA+ cation adsorption layer on the Mg anode
surface in the TBA+/Mg(HFIP)2 electrolytes. This layer
balances the Mg2+ diffusion-reduction rates and leads to
uniform Mg plating. However, an additional investigation into
its underlying effects is necessary.
Previous studies on electrolyte additives have mainly focused

on regulating solvation structures and constructing solid
electrolyte interfaces (SEIs).39,40 However, neither the
solvation structure nor SEI formation was changed in our
TBA+ modified electrolyte (Figures S5 and S6). These
observations warrant a closer analysis of the additive’s effects
in other aspects.
Hexagonal Mg metal, characterized by a space group of P63/

mmc, whose Mg(101) and Mg(100) crystal plane orientations
are vertically aligned to the current collector, leading to
inhomogeneous deposits and additional side reactions with the
electrolyte.41 In contrast, Mg(002) planes typically stack
parallel to the electrode surface, promoting higher planar
packing density and resistance to Mg corrosion (Figure 3a).
Therefore, preferential growth of the Mg(002) plane is crucial
for long-life Mg anodes.42 It is worth noting that the
commonly used Mg foil delivers a textured crystal structure
with a predominantly exposed (002) crystal plane (Figure 3c).
Under ideal deposition conditions, the epitaxial growth of

deposited Mg metal along the (002) crystal plane is
thermodynamically the most favorable due to zero lattice
mismatch.43 In contrast, depositing Mg(100) and Mg(101)
planes on Mg(002) is thermodynamically unfavorable due to
the large mismatches (6.26% and 42.26%, respectively; Figure
3b).44,45 However, we observed that Mg(101) deposition is
predominant on commercial Mg foil in the Mg(HFIP)2
electrolyte. The peak intensity ratio of deposited Mg closely
matches the predicted ratio for randomly oriented Mg grains
(I002:I101 = 0.27, reference code 03−065−3365).46,47 This is
due to the imbalance between Mg2+ ion diffusion and
reduction during plating, under which conditions the Mg
nucleation−growth is mainly controlled by ionic diffusion
kinetics.28 In contrast, the I002:I101 ratio of deposited Mg
increased from 0.27 to 1.18 in our TBA+ modified electrolyte.
The preferential deposition of the Mg(002) plane demon-
strates a substrate-controlled plating process, indicating an
optimized Mg2+ diffusion-reduction balance (Figure S7).
Despite the presence of some undesired (100) and (101)
plane deposition, the predominant Mg(002) plane plating
could potentially benefit the long-term durability of the Mg
anode.
Finite element method (FEM) simulations were conducted

to further validate the role of the cation buffer layer in
regulating the charge transfer and Mg nucleation behaviors. In
contrast to concentrated electric field distribution and sharp
protuberances observed in the blank electrolyte (Figure 3e),
the introduced TBA+ cations reconstruct the microenviron-
ment on the deposited Mg surface, yielding a homogeneous

Figure 4. (a) Cyclic voltammograms of the Mg plating/stripping process in Mg(HFIP)2 electrolyte with different concertation additives at 25
mV s−1. (b) Galvanostatic cycling of Mg||Mg symmetrical cells using Mg(HFIP)2 and TBA+/Mg(HFIP)2 electrolytes with a current density of
0.1 mA cm−2 and a capacity of 0.1 mAh cm−2. (c) Charge−discharge curves of Mg||Mo6S8 cells at 0.5 C (1 C = 128 mA g−1) and (d)
corresponding cycle performance in Mg(HFIP)2 and TBA+/Mg(HFIP)2 electrolytes. (e) Charge−discharge curves of Mg||P14AQ cells at 0.5
C (1 C = 260 mA g−1) and (f) corresponding cycle performance in Mg(HFIP)2 and TBA+/Mg(HFIP)2 electrolytes.
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deposition morphology (Figure 3d, Figure S8). To better
demonstrate the morphology and crystal orientation opti-
mization of Mg plating in our TBA+/Mg(HFIP)2 electrolytes,
we performed post-mortem analysis of cycled Mg anodes in
different electrolytes. We used an extra Celgard 2400
membrane between the Mg foil and the glass fiber (GF)
separator to mitigate surface damage during cell disassembly.
Scanning electron microscopy (SEM) images demonstrate the
sheet-stacked Mg deposition morphology in our modified
electrolytes, corresponding to typical horizontal (002) Mg
plating (Figure 3f). In comparison, the Mg foil cycled in the
blank Mg(HFIP)2 electrolyte shows a loose morphology with
vertical Mg grains (Figure 3g). Moreover, photographs of the
Mg foils and separators after cycling demonstrate the severely
uneven plating/stripping behavior in blank electrolytes at the
macro level (Figure 3g). After cycling at a relatively low areal
capacity of 2 mAh cm−2, we observed the perforation of
stripped Mg, indicating localized Mg plating/stripping
behavior. Correspondingly, locally plated Mg aggregated and
punctured the Celgard membrane, leaving substantial amounts
of “dead” Mg residue in the glass fiber separator. On the
contrary, the Mg foil cycled in the TBA+/Mg(HFIP)2
electrolyte demonstrates uniform plating/stripping behavior.
All areas of the Mg foil react evenly, and no Mg was observed
growing inside the GF separator.
Mg||SS asymmetrical cells and Mg||Mg symmetrical cells

were assembled to assess the electrochemical performance of
the TBA+/Mg(HFIP)2 electrolyte. As illustrated in Figure 4a,
the increase in the TBA+ concentration in the Mg(HFIP)2
electrolyte can enhance the Mg plating/stripping kinetics.
However, the Mg plating/stripping kinetics was significantly
inhibited when the TBA+ concentration reached 60 mM,
presumably due to the excessively suppressed Mg reduction
rate caused by the thick TBA+ adsorption layer formed on the
Mg surface. In addition, excessive additives can also decrease
the oxidation stability of the electrolyte (Figure S9).
Consequently, 40 mM TBA+ was chosen as the optimal
concentration for rapid Mg plating/stripping. As a result, the
Mg symmetrical cells containing 40 mM TBABH4 additive
demonstrate the lowest voltage hysteresis (70 mV) and the
longest cycling lifespan (1000 h) compared to those using a
blank Mg(HFIP)2 electrolyte, 20 mM TBABH4, and 60 mM
TBABH4 (Figure 4b and Figure S10). Even under a relatively
high current density of 2 mA cm−2, a decent polarization (350
mV) is maintained (Figure S11). In addition, improved
Coulombic efficiency and reduced impedance were observed
in the Mg cells cycled in a 40 mM TBA+ modified electrolyte
(Figures S12 and S13). The facilitated charge transfer kinetics
observed in electrochemical impedance spectroscopy may also
originate from the additive’s BH4

− anions, which remove H2O
from the electrolyte and minimize the surface passivation.39

To evaluate the practical applicability of the TBA+/
Mg(HFIP)2 electrolyte, we assembled Mg metal full cells
using a classical Mo6S8 cathode (Figure S14), organic P14AQ
cathode (Figure S15), and spinel MgMn2O4 cathode (Figures
S16 and S17). The Mg||Mo6S8 full cells with 40 mM TBA+

additives show reduced charge/discharge polarization (Figure
4c) and a doubled cycling lifetime compared to those using a
blank electrolyte, enabling a 92% capacity retention over 1000
cycles (Figure 4d). It is worth noting that the Mg||Mo6S8 full
cells deliver decreased open-circuit voltages with the TBA+

additives, further confirming the adsorption of TBA+ cations
on the Mg anode (Figure S18). Similar improvements were

also observed in high-voltage organic Mg||P14AQ full cells. As
illustrated in Figure 4e,f, an average discharge voltage of ∼1.35
V and a capacity retention of 70% (relative to peak capacity)
after 400 cycles were demonstrated by using our TBA+/
Mg(HFIP)2 electrolyte. These results highlight the good
compatibility of the TBA+ additive with both Mg anodes and
various cathodes, making it a viable additive for practical
RMBs.
In summary, we developed a strategy to balance the Mg2+

diffusion and reduction rates in the chlorine-free Mg(HFIP)2
electrolyte by introducing a TBA+ additive with a high Mg
affinity. The preferential adsorption of TBA+ cations on the Mg
anode surface forms a dynamic electrostatic shield layer. This
layer slows the Mg2+ reduction rate through electrostatic
repulsion and steric hindrance, aligning it with the relatively
slow Mg2+ diffusion rate. The balanced Mg2+ diffusion-
reduction processes guarantee the preferential growth of the
most thermodynamically stable Mg(002) crystal planes,
enabling uniform Mg plating/stripping morphologies in
chlorine-free Mg(HFIP)2 electrolytes. Consequently, both
the Mg symmetrical cells and full cells with an optimized
concentration of TBA+ additives demonstrate a doubled
cycling lifespan and reduced polarizations. Moreover, our
electrolyte demonstrates excellent compatibility with both the
inorganic and organic cathodes, achieving 92% capacity
retention over 1000 cycles and 70% capacity retention over
400 cycles in the Mg||Mo6S8 and Mg||P14AQ full cells,
respectively. Our research highlights the critical role of
balancing diffusion-reduction rates in achieving stable Mg
plating/stripping and proposes an effective interface regulation
strategy for practical Mg electrolyte design.
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