Nano Scale Poly(vinylidene chloride-co-acrylonitrile) Protection
for Reversible and Stable Mg Anode Interface
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This study investigates the efficacy of a polymer coating, PVdC-co-AN, in enhancing the stability and reversibility of the
electrochemical Mg anode interface. Coated electrodes, immersed in a 0.25 M Mg(TFSI),—0.50 M MgCl,/dimethoxyethane
(DME) electrolyte, exhibit notable improvements. Cyclic voltammetry demonstrates consistent behavior with the coated electrode,
while the uncoated electrode changes dramatically. During extended open circuit potential conditions, the coated electrode
maintains much higher coulombic efficiency (93%) compared to the uncoated electrode (62%). Galvanostatic cycling test over 200
cycles further show the benefits of the PVdC-co-AN coating, decreasing the overpotential of Mg plating and improving long-term
stability. The coated electrodes also demonstrate improved rate capability at higher current densities. Surface analysis reveals
differences in the formation of byproducts between the coated and uncoated electrodes, indicating a more stable and uniform
interface in the former. Nuclear magnetic resonance (NMR) spectroscopy suggests that the polymer influences ion mobility through
tuning the solvation environments which results in better kinetics and fewer byproducts. In summary, the study affirms that the
PVdC-co-AN coating significantly improves the stability and performance of Mg electrochemistry, offering a promising
advancement for practical battery applications.
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Magnesium (Mg) battery has gained popularity as a beyond-
lithium system in recent years, due to the high theoretical volumetric
capacity of Mg (3843 mAhcm ™), prospective low cost of raw
materials, abundance, and relatively enhanced safety. However,
there are still significant scientific and technical challenges related
to Mg battery technology, including interfacial instability which can
lead to high self-discharge and poor long-term cycling stability,
particularly at the Mg anode side.

Research is ongoing to address these challenges and develop a
more efficient and reversible Mg metal anode. Some promising
developments include the use of advanced electrolytes including
solid-state electrolytes'™ and interfacial layers™ that can better
accommodate Mg ions. However, despite the demonstration of a
prototype rechargeable Mg battery several decades ago, subsequent
studies were hindered by the instability of the Mg metal interface, as
well as the absence of practical electrolytes.®'® The majority of
solutions to these issues pertain to form a passivating layer at the Mg
interface when in contact with liquid electrolytes, leading to non-
conductive film formation that deviates from the traditional solid
electrolyte interphases (SEI) analogy.'' One of the approaches to
this problem is to emg)loy electrolyte additives such as MgCl,,'>™'*
L,"> GeCly,” Pyris*,'® Al(0,Ca(CF3)4),"7 Mg(BH,),, ' Bi(OTH)s3, "
(CH,CO),0% to prevent passivation film formation and enable
reversible Mg plating/stripping. Another approach involves the
production of artificial Mg>™ conducting interphases such as
PAN,?! PVDF?? or electrochemically activated nano film* on Mg
surfaces that restrict electrolyte contact during deposition, and offer
high electrochemical stability under reductive environment.**

In this study, we examined the impact of poly(vinylidene
chloride-co-acrylonitrile) (PVdC-co-AN) coating on the stability of
Mg metal anode. We use a highly reversible electrolyte system that
has been previously reported, namely 0.25 M Mg(TFSI),—0.50 M
MgCl, in dimethoxyethane (DME)> ensuring the preservation of the
polymer coating on the cells (Supporting Information, Fig. S1). It
should be noted that the use of PVdC-co-AN as a separator in
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lithium polymer batteries has already been established by enhancing
its conductivity due to its amorphous nature.”> Herein, we demon-
strate this PVdC-co-AN as a protective role on the electrode sustains
stable and reversible Mg plating/stripping during prolonged periods
of equilibration, a normal scenario for practical battery applications.

Experimental

Materials.—Mg foil (>99.5%) was purchased from MTI. Mg bis
(trifluoromethane sulfonyl)imide (Mg(TFSI),) was purchased from
Solvionic (France). Anhydrous MgCl, (99.99%) and PVdC-co-AN
(Average Mw ~150,000) were purchased from Sigma-Aldirch.
Platinum (Pt) foil (25 pm) and copper (Cu) foil (20 um) were
purchased from Alfa Aesar. Battery-grade ethylene glycol dimethyl
ether (DME) and tetrahydrofuran (THF) were purchased from
Gotion, Inc.

Electrolyte preparation.—Mg(TFSI), and MgCl, were dried for
more than 24 h in the antechamber of an Ar-filled glove box (O, and
H,0 < 0.1 ppm) before use. DME was dried with fully dried
molecular sieves (4 A, Sigma-Aldrich) for more than 1 week to
guarantee the removal of moisture. Then, Mg(TFSI), and MgCl, were
dissolved into DME to make 0.5 M MgCl,—0.25 M Mg(TFSI),/DME
electrolyte under a mild magnetic stirring for one day.

PVdC-co-AN film preparation.—The PVdC-co-AN was pre-
cisely dissolved in tetrahydrofuran (THF) at room temperature,
targeting a specific concentration. We strategically chose a concen-
tration of 0.1 wt% based on comprehensive coulombic efficiency
(CE) data acquired across a range of concentrations from 0.05 wt%
to 1wt% (Supporting Information, Fig. S2). This data-driven
approach aided in identifying the optimal concentration for our
intended application.

Subsequently, polymer coating of PVdC-co-AN was meticu-
lously prepared on electrodes utilizing the solution casting tech-
nique, with a precise 40 pul volume of the polymer solution. Our
calculations, along with SEM E-beam measurements, indicated that
employing 40 ul of a 0.1 wt% solution yielded an estimated polymer
layer thickness of approximately 170 nm (Supporting Information,
Fig. S3).
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The carefully calibrated evaporation process ensured the gradual
removal of the solvent, ultimately yielding a homogeneous and
uniform solution for the subsequent coating procedure.

Electrochemical characterizations.—Mg foil was polished with
sand papers and a blade several times inside the glove box and cut
into a disk (D=0.5 in). Pt and Cu foil were used as working
electrodes for half cells, and Mg foil was used for symmetric cells.
For cyclic voltammetry, we used a three-electrode system with a
Swagelok-type cell with Mg foil as counter/reference electrodes and
Pt foil as a working electrode. Electrochemical conditioning was
compromised in cyclic voltammetry to highlight that the use of a
polymer-coated electrode prevents these side reactions. Three- or
two-electrode cells were assembled with Cu foils as working
electrodes and tested at different current densities for the galvano-
static measurements. The Coulombic efficiency was calculated from
the ratio of capacity for the Mg stripping to the charge from the Mg
plating with an upper cut-off voltage of 1.0 V to minimize the side
reactions.

Physical characterization.—The scanning electron microscopy
(SEM) imaging was performed on an FEI Hydra UX FIB-SEM
(Thermo Fisher Scientific, Inc.) with an accelerating voltage of 5kV,
and the SEM-energy-dispersive X-ray spectroscopy (SEM-EDS)
was conducted at 15 kV inside SEM with an X-Max 80 mm?2 silicon
drift detector (Oxford Instruments, PLC). Before the SEM and EDS
measurements, the samples were washed with anhydrous DME
several times to remove electrolyte salt or other residue.

For Oxygen (’0) and fluorine (°F) nuclear magnetic resonance
(NMR) spectroscopy, we mixed the polymer gel (10 wt % PVdC-co-
AN in THF) and electrolyte (0.5 M MgCl,—0.25 M Mg(TFSI),/DME)
for better resolution.

Results and Discussion

To demonstrate the effect of the PVdC-co-AN coated electrode,
we first conducted cyclic voltammetry (CV) measurements using a 3-
electrode Swagelok cell with a Pt working electrode, an Mg counter
electrode, and an Mg reference electrode. The CV (Fig. 1) in the range
of = 06 to 080V at 25mVs ' in 05M MgCL—025M
Mg(TFSI),/DME electrolyte cell with and without PVdC-co-AN
coating on the working electrode illustrates the onset potentials and
peak currents for the initial and selected subsequent cycles of Mg
plating/stripping process. The reversible Mg plating/stripping pro-
cesses are revealed in both systems regardless of the PVdC-co-AN
coating; however, we observed deviations in Mg plating/stripping
repeatability between cycles. The current densities in the CVs without
PVdC-co-AN coating keep increasing from the initial to the 50th
cycle, indicating instability of an Mg/electrolyte interface and
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continuous interface reconstruction (or electrolyte conditioning).*®
In contrast, the CV with PVdC-co-AN coating remained stable
throughout 50 cycles, indicating a stable interface. This indicates
that the protective polymer coating enables stable cycling in the
Mg(TFSI),/MgCl, electrolyte without electrochemical pre-condi-
tioning of the electrolyte as required in situations reported in literature.

To further investigate the stability and reversibility of Mg
plating/stripping at the interface, a Coulombic efficiency (CE)
measurement was conducted with a holding period at the open
circuit between cycles. The experiment for Mg plating/stripping was
carried out using a three-electrode Swagelok cell (PtIMg vs
Mg/Mg>"), following a cycling protocol widely utilized in
literature.”*” Mg plating and stripping were conducted under
specific conditions, including a current density and specific capacity
of 1.0 mA cm™2 and 1.0 mAh cm ™2, respectively. A cut-off potential
of 0.8 V vs Mg/Mg>" was applied, except during pre-cycling.

The notable feature of the PVdC-co-AN coated electrode was
evident during the 6-h holding period, where it demonstrated
exceptional performance. In the absence of an open circuit potential
(OCP) hold during full cycling, average CE of the non-coated Pt
electrodes remained 94%, however when 6 h holding period at OCP
was introduced, it experienced a considerable reduction in CE to
62% (Supporting information, Fig. S4). Unlike the non-coated Pt
electrode, the PVdC-co-AN coated Pt electrode maintained a
consistently high CE of 93% throughout the entire 6-h holding
period as demonstrated in Fig. 2a. This notable difference highlights
the superior stability and effectiveness of the PVdC-co-AN coating
in preserving the CE even under prolonged open circuit conditions.
We believe this absence of coating on the reference electrode may
contribute to the observed negative potential during Mg stripping.
The differential coating between the working and reference elec-
trodes introduces an asymmetry that can impact the electrochemical
behavior of the system.

To explore the long-term cycling stability of Mg electrode
utilizing PVdC-co-AN coated electrodes, we conducted galvano-
static cycling in symmetric MgliMg cells. During the charge and
discharge cycles of the cell, a constant current density of 1 mA cm™*
was applied for 1 h each. These test parameters ensure equal charge
transfer between the two electrodes and enable better comparison of
the cycling stability of the metallic Mg anode with and without
PVdC-co-AN coating.

The initial galvanostatic cycling profiles (Fig. 2b) for the
uncoated Mg electrode exhibit a relatively stable plating/stripping
overpotential. Over time, the plating/stripping overpotential for the
uncoated electrode increases rapidly, reaching 450 mV at 40 h and
ultimately leading to failure around 130 h. Prior research has noted a
similar trend of increasing voltage hysteresis during long-term
cycling for Mg electrolytes.'*?*7% These studies suggest that the
partial decomposition of the electrolyte on the Mg metal anode
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Figure 1. CV comparison between (a) non-coated Pt electrode and (b) PVdC-co-AN coated electrode in a three-electrode Swagelok system (scan rate:

25mV s ).
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results in an unstable passivation layer during prolonged cycling.*®
In contrast, after coating the Mg electrode with a PVdC-co-AN
layer, the plating potential remained consistently lower even after
long-term cycling (400 h and 200 cycles) of the cell, as shown in
Fig. 2b. This consistent and reduced overpotential suggests that
incorporating a PVdC-co-AN coating onto the Mg electrode is
beneficial for the formation of a stable interphase on the Mg metal
electrode that facilitates charge transfer. The coating underwent
testing with a chloride-free electrolyte, confirming its efficacy in
environments devoid of chloride ions (Supporting Information, Fig.
S5).

The cycling performance and rate capability of the symmetric
Mg||Mg cell were evaluated by gradually increasing the current
density from 0.5 up to 5.0 mA cm 2, while maintaining a constant
areal capacity of 1 mAh cm™> and the number of cycles: 10 cycles.
Figure 3a shows that the PVdC-co-AN coated electrode exhibited an
overpotential of approximately 250 mV without any significant
increase in overpotential during the current density increase up to
3.0 mA cm ™2, indicating its fast kinetics. On the other hand, the non-
coated electrode showed an increase in overpotential throughout the
experiment, leading to short-circuiting of the cell at a current density
of 5.0mAcm 2 Based on these results, we ran galvanostatic
cycling to further evaluate the stability at a higher current density.
Figure 3b shows galvanostatic cycling profiles at a current density of

Time (h)

Figure 2. (a) Impact of the holding period on the reversibility of Mg plating/stripping i m a typical reversible Mg electrolyte. (b) Voltage responses of symmetric
Mg cells under repeated polarization from 1 h charge/discharge cycling at 1 mA cm™

5.0mA cm? at selected cycles, 1st and 80th. The uncoated Mg
electrode system exhibits a similar CE compared to the PVdC-co-
AN coated Mg electrode system in the first cycle, 93%, and 97%
respectively. However, CE of the uncoated Mg electrode system
subsequently decreases to 78% by the 80th cycle ending with a short
circuit at the 83rd cycle, while the PVdC-co-AN coated electrode
maintains a high CE of 97%.

To further study the interface, we attained SEM images and
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
analysis to identify the elements on the electrode. Samples were
prepared after stripping collected from the cell in Fig. 1. The surface
component information is shown in Fig. 4 and Table 1.

From the SEM image and EDS analysis (Table I), we observed
that the non-coated electrode (Fig. 4a) enriched, uneven dispersion
of O, Mg, Cl, and F compared to the PVdC-co-AN coated electrode
(Fig. 4b), indicating the byproduct material on the non-coated
electrode. This examination aligns with the electrochemistry results
shown in Fig. 2b. Overall, a PVdC-co-AN coated electrode is
preferable for batteries designed for long-term stability. SEM/
elemental mapping results indicate uniform surface and less side
reaction between Mg and electrolyte.

To understand the role of PVdC-co-AN coating, we investigated
the interaction between polymer (PVdC-co-AN) and electrolyte
(0.5M MgCl,—0.25M Mg(TFSI),/DME) through oxygen 70
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Figure 4. SEM Morphology Comparison: (a) Uneven (without PVdC-co-AN Coating) vs (b) Even (with PVdC-co-AN Coating) Dispersion of O, Mg, Cl, and F

after 50 Cycles, with and Scale bar: 5 ym.

Table 1. EDS element quantification.

Pt (wt%) C (wt%) O (wt%) F (wt%) Mg (wt%) CI (wt%) N (wt%) S (wt%)
Without coating 79.5 6.8 59 2.3 22 1.8 0.8 0.6
With coating 92.5 5.6 1.2 0.2 0.2 0.2 0.2 0.0

and fluorine (°F) nuclear magnetic resonance (NMR) spectroscopy
(Fig. 5). The NMR spectra reveal intriguing observations in the
context of polymer gel (PVdC-co-AN in THF) and electrolyte

mixtures. Notably, the 'O NMR spectra exhibited a significant
alteration when the PVdC-co-AN gel was introduced into the
electrolyte mixture. The distinctive peak corresponding to the
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Figure 5. (a) 7O-NMR spectrum and (b) °F-NMR spectrum of electrolyte and electrolyte and PVdC-co-AN gel mixture respectively.

TFSI (bis(trifluoromethane)sulfonimide) anion disagpeared in the
presence of the PVdC-co-AN gel. Moreover, the "F NMR peak
exhibited a significant widening phenomenon when the PVdC-co-
AN gel was introduced to the electrolyte mixture. The broadening of
the F NMR peak was approximately three times greater than that
observed in the pure electrolyte, indicating restricted ion mobility of
TFSI anions within the presence of the PVAC-co-AN gel. This
modified solvation environment with the PVdC-co-AN gel restrains
the unwanted reaction from TFSI anions, which is consistent with
the electrochemical results.

Conclusions

In conclusion, the application of a PVdC-co-AN polymer coating
on Mg electrodes offers a highly promising solution to overcome the
significant challenge of poor cyclability. By introducing the PVdC-
co-AN coating, the stability of the interface between the electrolyte
and the Mg anode is substantially improved, resulting in higher
Coulombic efficiency. The reduction in the formation of the
passivating film on the Mg anode surface significantly enhances
the electrochemical performance of the battery, facilitating smoother
and more efficient Mg plating and stripping processes during charge
and discharge cycles. Moreover, the amalgamation of electroche-
mical evidence, SEM and NMR data corroborate and strengthen the
notion that PVdC-co-AN effectively suppresses the formation of a
passivation layer. This complementary approach reinforces the
credibility of the results and underscores the substantial influence

of the PVdC-co-AN coating in creating a stable interphase layer with
the Mg anode, thereby bolstering overall battery performance.

Acknowledgments

M. S. and J. R. contributed equally to this work. This work was
supported as part of the Joint Center for Energy Storage Research
(JCESR), an Energy Innovation Hub funded by the U.S. Department
of Energy (DOE), Office of Science, Basic Energy Sciences. SEM
was performed using Life Science Laboratory 2 (LSL2), a DOE
Office of Science user facility sponsored by the Biological and
Environmental Research program located at the Pacific Northwest
National Laboratory (PNNL). PNNL is operated by Battelle for the
US DOE under contract DE-AC05-76RLO1830. There are no
conflicts to declare.

ORCID

Peng Zuo @ https://orcid.org/0000-0003-1524-3200
Chongmin Wang (© https://orcid.org/0000-0003-3327-0958
Yuyan Shao (@ https://orcid.org/0000-0001-5735-2670

References

1. B. Liang, V. Keshishian, S. Liu, E. Yi, D. Jia, Y. Zhou, J. Kieffer, B. Ye, and R.
M. Laine, Electrochim. Acta, 272, 144 (2018).

. S. Higashi, K. Miwa, M. Aoki, and K. Takechi, Chem. Commun., 50, 1320 (2014).

. Y. Zhan, W. Zhang, B. Lei, H. Liu, and W. Li, Front. Chem., 8, 125 (2020), https:/
frontiersin.org/articles/10.3389/fchem.2020.00125.

4. M. Adamu and G. M. Kale, J. Phys. Chem. C, 120, 17909 (2016).

W N


https://orcid.org/0000-0003-1524-3200
https://orcid.org/0000-0003-3327-0958
https://orcid.org/0000-0001-5735-2670
https://doi.org/10.1016/j.electacta.2018.04.015
https://doi.org/10.1039/C3CC47097K
https://frontiersin.org/articles/10.3389/fchem.2020.00125
https://frontiersin.org/articles/10.3389/fchem.2020.00125
https://doi.org/10.1021/acs.jpcc.6b05036

R. Le Ruyet, R. Berthelot, E. Salager, P. Florian, B. Fleutot, and R. Janot, J. Phys.
Chem. C, 123, 10756 (2019).

. P. Saha, M. K. Datta, O. I. Velikokhatnyi, A. Manivannan, D. Alman, and P.

N. Kumta, Prog. Mater Sci., 66, 1 (2014).

. J. Zhang, X. Guan, R. Lv, D. Wang, P. Liu, and J. Luo, Energy Storage Mater., 26,

408 (2020).

. Y. Zhang, H. Geng, W. Wei, J. Ma, L. Chen, and C. C. Li, Energy Storage Mater.,

20, 118 (2019).

. X.-C. Hu, Z.-Z. Shen, J. Wan, Y.-X. Song, B. Liu, H.-J. Yan, R. Wen, and L.-

J. Wan, Nano Energy, 78, 105338 (2020).

. R. Deivanayagam, B. J. Ingram, and R. Shahbazian-Yassar, Energy Storage Mater.,

21, 136 (2019).

. H. D. Yoo, I. Shterenberg, Y. Gofer, G. Gershinsky, N. Pour, and D. Aurbach,

Energy Environ. Sci., 6, 2265 (2013).

. B. Pan, J. Huang, N. Sa, S. M. Brombosz, J. T. Vaughey, L. Zhang, A. K. Burrell,

Z. Zhang, and C. Liao, J. Electrochem. Soc., 163, A1672 (2016).

. L. Yang et al., ACS Appl. Mater. Interfaces, 13, 30712 (2021).
. C. Pechberty et al., J. Mater. Chem. A, 10, 12104 (2022).
. X.Li, T. Gao, F. Han, Z. Ma, X. Fan, S. Hou, N. Eidson, W. Li, and C. Wang, Adv.

Energy Mater., 8, 1802041 (2018).

. J. Wang, W. Zhao, H. Dou, B. Wan, Y. Zhang, W. Li, X. Zhao, and X. Yang, ACS

Appl. Mater. Interfaces, 12, 19601 (2020).
K. Tang et al., Small, 16, 2005424 (2020).

28.

29.
30.

. Z. Li, T. Diemant, Z. Meng, Y. Xiu, A. Reupert, L. Wang, M. Fichtner, and

Z. Zhao-Karger, ACS Appl. Mater. Interfaces, 13, 33123 (2021).

. Z. Meng, Z. Li, L. Wang, T. Diemant, D. Bosubabu, Y. Tang, R. Berthelot,

Z. Zhao-Karger, and M. Fichtner, ACS Appl. Mater. Interfaces, 13, 37044
(2021).

. H. Kurihara, M. Inamoto, and H. Ogasa, Chem. Lett., 50, 1213 (2021).
. S.-B. Son, T. Gao, S. P. Harvey, K. X. Steirer, A. Stokes, A. Norman, C. Wang,

A. Cresce, K. Xu, and C. Ban, Nat. Chem., 10, 532 (2018).

. J. Hicker, T. Rommel, P. Lange, Z. Zhao-Karger, T. Morawietz, 1. Biswas,

N. Wagner, M. Nojabaee, and K. A. Friedrich, ACS Appl. Mater. Interfaces, 15,
33013 (2023).

. H. Wang et al., J. Electrochem. Soc., 168, 120519 (2021).
. B. Park and J. L. Schaefer, J. Electrochem. Soc., 167, 070545 (2020).
. C. Subbu, S. Rajendran, K. Kesavan, and C. Mathew, Int. Polym. Process., 30, 476

(2015).

. A. Du et al., Energy Environ. Sci., 10, 2616 (2017).
. B. D. Adams, J. Zheng, X. Ren, W. Xu, and J.-G. Zhang, Adv. Energy Mater., 8,

1702097 (2018).

V. B. Parambath, Z. Zhao-Karger, T. Diemant, M. Jickle, Z. Li, T. Scherer,
A. Gross, R. J. Behm, and M. Fichtner, J. Mater. Chem. A, 8, 22998 (2020).

Z. Zhao-Karger et al., ACS Energy Lett., 3, 2005 (2018).

K. Tang, A. Du, S. Dong, Z. Cui, X. Liu, C. Lu, J. Zhao, X. Zhou, and G. Cui, Adv.
Mater., 32, 1904987 (2020).


https://doi.org/10.1021/acs.jpcc.9b00616
https://doi.org/10.1021/acs.jpcc.9b00616
https://doi.org/10.1016/j.pmatsci.2014.04.001
https://doi.org/10.1016/j.ensm.2019.11.012
https://doi.org/10.1016/j.ensm.2018.11.033
https://doi.org/10.1016/j.nanoen.2020.105338
https://doi.org/10.1016/j.ensm.2019.05.028
https://doi.org/10.1039/c3ee40871j
https://doi.org/10.1149/2.0821608jes
https://doi.org/10.1021/acsami.1c07567
https://doi.org/10.1039/D2TA02083A
https://doi.org/10.1002/aenm.201701728
https://doi.org/10.1002/aenm.201701728
https://doi.org/10.1021/acsami.0c03603
https://doi.org/10.1021/acsami.0c03603
https://doi.org/10.1002/smll.202005424
https://doi.org/10.1021/acsami.1c08476
https://doi.org/10.1021/acsami.1c07648
https://doi.org/10.1246/cl.210072
https://doi.org/10.1038/s41557-018-0019-6
https://doi.org/10.1021/acsami.3c07223
https://doi.org/10.1149/1945-7111/ac3d2c
https://doi.org/10.1149/1945-7111/ab7c71
https://doi.org/10.3139/217.3075
https://doi.org/10.1039/C7EE02304A
https://doi.org/10.1002/aenm.201702097
https://doi.org/10.1039/D0TA05762B
https://doi.org/10.1021/acsenergylett.8b01061
https://doi.org/10.1002/adma.201904987
https://doi.org/10.1002/adma.201904987



