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Solid-Adsorbed Polymer-Electrolyte Interphases for Stabilizing Metal
Anodes in Aqueous Zn and Non-Aqueous Li Batteries
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Nyalaliska W. Utomo, Yiqi Shao, Rong Yang, and Lynden A. Archer*

Abstract: Polymers are known to adsorb spontaneously
from liquid solutions in contact with high-energy sub-
strates to form configurationally complex, but robust
phases that often exhibit higher durability than might be
expected from the individual physical bonds formed
with the substrate. Rational control of the physical,
chemical, and transport properties of such interphases
has emerged as a fundamental opportunity for scientific
and technological advances in energy storage technology
but requires in-depth understanding of the conformation
states and electrochemical effect of the adsorbed poly-
mers. Here, we analyze the interfacial adsorption of
oligomeric polyethylene glycol (PEG) chains of moder-
ate sizes dissolved in protic and aprotic liquid electro-
lytes and find that there is an optimum polymer
molecular weight of approximately 400 Da at which the
highest columbic efficiency is achieved for both Zn and
Li deposition. These findings point to a simple, versatile
approach for extending the lifetime of batteries. )

Introduction

The solid-electrolyte interphase (SEI) is known to play a
decisive role in the performance of electrochemical cells
operated at voltages outside the reduction limits of electro-
lyte components.!! An unstable SEI leads to a variety of
well-studied problems that all impact the long-term oper-
ation of batteries that use metals as anode. These problems
range from mossy/dendritic deposition, poor reversibility,
and by-product accumulation.”? Artificial SEI (ASEI), such
as Langmuir-Blodgett graphene layers,”” MoS, layers, and
various preformed polymer coatings® have been proposed
and in some cases demonstrated to be highly effective in
stabilizing the interfacial properties and improving long-
term cycling performance of metal anodes. Among these
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approaches, ASEI formed by adsorption of polymer addi-
tives at a high-energy electrode surface stands out as a good
and desirable tool to regulate the interfacial properties of
metal electrodes in terms of ease of application and scale-
up.”! Polymer additives that do not appreciably alter the
ionic conductivity of the electrolyte may also be added in
excess to spontaneously form interphases at a metal
electrode with desirable, self-repair/healing features that
might enhance long-term stability of essential electrolyte
components in the reducing environment at a metal anode.
This feature is also important because it provides a hypo-
thetical mechanism for creating interphases that are chemi-
cally and mechanically stable enough to accommodate the
cyclic changes in volume inherent to most rechargeable
batteries that utilize metals as anodes."”

To explore the relationship between spontaneous poly-
mer adsorption from liquid electrolytes on the reversibility
of metal electrodes, we investigated physical and electro-
chemical properties of electrolytes containing polymers with
varying molecular weights, M,. Figure la illustrates the
adsorption/desorption process for a single polymer chain at
a weakly adsorbing planar substrate. The process is thought
to occur in two steps: Step 1, a molecular-weight dependent
entropic force draws polymer chains in solution end-first,
towards the substrate.’! Step 2, the remaining segments of
the polymer chains are able to overcome the free-energy
barrier of adsorption (AG), enabling the whole polymer
chain to adsorb."® We note that AG is a combination of a
configurational entropy (AS) and distance-dependent en-
thalpy (AH) term,”! which is itself a balance between the
strength with which chain segments are attracted to the solid
electrode substrate and to the liquid electrolyte solvent. For
polymers dissolved in good solvents, desorption is compet-
itive with adsorption, and the interphases formed by
polymer adsorption are expected to be thin, molecular-
weight dependent, and dynamic.***'%

For low M,, polymers, end-groups dominate and AG is
primarily determined by the enthalpic effects. At a high-
energy substrate, polymer adsorption from a good solvent is
weak and therefore the dynamics are set by the chain-end
mobility. This means that the adsorbed layer may be thought
of as fluid-like on most timescales, with polymer chains
shuttling between adsorbed, solid-like, and liquid-like
solution states, on timescales similar to those of isolated
chains in solution. For high M,, polymers, the end-effect is
less important and entropic forces drive adsorption in a
classic loop-train-tail configuration in which the train seg-
ments adsorb to multiple sites on the substrate, dramatically
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Figure 1. a) Schematic illustrating the single-polymer chain adsorption/desorption process and the corresponding SPEI formed at a metal anode.
The gray flat plate represents the metal anode. Green linear chains represent the backbone of the adsorbed polymer and blue balls represent the
end-group of the polymer. Step 1: end-group contacts with the high-energy metal surface; step 2: the whole polymer conforms at the metal surface.
The green layer represents the SPEI layer, in which h represents the average adsorption thickness. The yellow layer represents the metal
electrodeposits. b) PEG concentration versus Viscosity curve in PEG200, PEG300 and PEG400 solutions. The two linear lines indicate the dilute
and semi-dilute regions of polymer electrolytes. c) Concentration versus Viscosity curve in PEG600, PEG1000, PEG2000 and PEG3000 solutions.
The two linear lines indicate the dilute and semi-dilute regions of polymer electrolytes. d) Viscosity versus PEG M,, in a fixed concentration of

5 mgml™". d) Adsorption layer thickness versus concentration in PEG200, PEG300 and PEG400 solutions. Inset picture, Langmuir polymer
adsorption model. €) Adsorption layer thickness versus concentration in PEG600, PEG1000, PEEG2000 and PEG3000. Inset picture, multilayer
polymer adsorption model. f) Adsorption layer thickness of different PEGs with a concentration of 5 mgml|™' extracted from in situ QCM results.

slowing down the desorption dynamics.’*>!”! Simple mean-
field theories,'!! as well as some experiments indicate that
the number of polymer segments in the tail grows roughly as
VM, meaning that at very high M,, a polymer layer
composed of physiosorbed molecules can be effectively
considered irreversibly bonded to the substrate. Thus, either
weakly adsorbed polymer layers of low M, or weakly
desorbing layers of high M,, polymers are expected to yield
unstable solid-adsorbed polymer-electrolyte interphases
(SPEI) at a metal anode, which is detrimental to the
interfacial ion transport and metal electrodeposition mor-
phology, etc. Taken all together, one would therefore
hypothesize —on physical grounds alone, that electrodeposi-
tion at interphases formed by polymer adsorption from
liquid electrolytes would exhibit optimal properties at
intermediate polymer molecular weights. In other words, an
optimized intermediate M, polymer adsorption layer may
be capable of creating a stable dynamic SPEI for reversible
metal anodes in terms of facilitating fast interfacial ion
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transport, stabilizing an organic/inorganic SEI during re-
peated cycles of stripping and plating of the metal,
suppression of parasitic reactions of electrolyte components,
etc. (Figure 1a).

Results and Discussion
Interfacial adsorption of polymer chains

To evaluate this hypothesis, we first studied adsorption of
polyethylene glycol (PEG) with different M,, at planar metal
substrates. PEG is chosen here for at least three reasons: (1)
it is soluble in most protic and aprotic electrolyte solvents
used for electrochemical studies; (2) it is readily available in
a range of linear chain lengths, which means that molecular
weight effects can be conveniently investigated without
complications from branching;? (3) PEG’s ability to
selectively adsorb on the surface of Zinc (Zn) and thereby
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induce the formation of organic/inorganic SEI on the metal
surface has already been reported.”'” To minimize trans-
port effects caused by polymeric influences on bulk viscosity,
we focus on dilute and semi-dilute polymer solutions in
which the polymer has at most a small effect on ionic
conductivity (see Figure S1)."! The viscosity of neutral low
M, polymers (M, <3000 Da) in simple liquid solvents is
proportional to the polymer concentration in the dilute and
semi-dilute regions, respectively.'¥! As illustrated in Fig-
ure 1b,c, for aqueous PEG solutions, a plot of solution
viscosity, 7, versus polymer concentration, ¢, shows that for
M, values in the range 200 Da to 3000 Da, # is a linear
function of ¢ in the dilute and semi-dilute regions,
respectively. Figure 1d and Figure S2, report n as a linear
function of M,, for c ranging from 3 % to 30 %.

We employed ellipsometry to measure the average
adsorbate thickness formed when solutions of PEG with
different concentrations and spanning a range of M,, values
are exposed to a silicon wafer (Figure S3). Results reported
in Figure le and Figure 1f show that for low M, PEGs
(PEG200, PEG300, PEG400), the average adsorbate thick-
ness, h, increases approximately linearly with ¢ and is at
most 8-10 nm for polymer concentrations considered in the
study. In contrast, for higher M, PEGs (PEG600, PEG1000,
PEG2000, PEG3000), the measured h values are much
larger and the relationship between 4 and ¢ stronger, and
nearly exponential for the highest M,, values. The different
adsorption thickness trends indicate the different polymer
adsorption modes.

For low M, PEGs PEG200, PEG300, PEG400), the
linear relationship between % and ¢ can be rationalized in
terms of a layer-by-layer Langmuir-type polymer adsorption
model (Figure le inset)."” In the Langmuir model, the
different slopes apparent in Figure le reflect differences in
adsorption/desorption frequency, in the present case indica-
tive of a transition between the solid-like and liquid-like
states of the adsorbed polymer. Consequently, the higher
the frequency, the lower the slope. For higher M,, PEGs
(PEG600, PEG1000, PEG2000, PEG3000), the nearly ex-
ponential increase in /4 with ¢ (Figure 1f) is a reflection of
collective behavior—the increasing presence of adsorbate
on the substrate facilitates additional adsorption, which can
be described using a multilayer polymer adsorption model
(Figure 1f inset).™ Within this framework, the stronger
exponential growth of # with ¢ apparent in Figure 1f, can be
explained straightforwardly in terms of increasing overlap of
the PEG chains in solution. Based on these qualitative
observations, we hypothesize that the balance of adsorption
strength and interfacial impedance of SPEI produced by
intermediate M,, polymers such as PEG400 would be ideal.

We used in situ Quartz Crystal Microbalance (QCM), to
quantify 4 as a function of PEG M, at a fixed solution
concentration of 5 mgmL~' polymer. The QCM experiment
(Figure S4) is important because it allows polymer adsorp-
tion to be interrogated in a dynamic environment. The raw
QCM data can be fitted with simple Voigt-type models for
adsorbed polymers to estimate the layer thicknesses and
viscosity.” The results summarized in Figure 1g indicate that
adsorbate thickness values deduced from QCM are gener-
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ally quite a bit larger than those measured using ellipsom-
etry. The results show that PEG400 achieves the largest
adsorbate thickness, compared with other polymers studied.
We hypothesize that the lower adsorption thicknesses for
low Mw PEGs result from high-frequency adsorption/
desorption processes, which while rendering the interphases
dynamic reduces their durability. In contrast, for higher Mw
PEGs strong chain overlap produces cooperative (multi-
chain) effects that increase the thickness and enhances the
robustness of the formed interphase. At the same time, the
thicker interphases would screen polymer-substrate interac-
tions, limiting adsorbate thickness to a thermodynamics-
determined value may also be altered in a dynamic flowing
solution."" PEG400 appears to enjoy the best of both
features and was singled-out for more detailed interrogation
as a spontaneous interphase former and as a convenient
system for creating stable SPEI inside electrochemical cells.
We first choose the aqueous Zn system as a demonstration
example and then extend to a more complicated system,
lithium (Li) anode, to prove the generality of the stable
SPEL

Interfacial stability of SPEI on the Zn anode

To understand the effect of SPEI composed of PEG400 on
interfacial properties of metal substrates (e.g., ion transport,
kinetics of side reactions, etc.), we prepared electrolytes
containing low concentrations (typically 3 mgmL™") PEG.
The interfacial stability of the SPEI was analyzed using a
three-electrode cell that allow the metal deposition and
dissolution processes to be decoupled. Figure 2a shows the
structure of our three electrodes: two Zn foils are the
working electrode and counter electrode, respectively, and
inert silver (Ag) is the reference electrode. Figure 2b and
Figure S5a report the Time-Voltage curves during cyclic
stripping and plating of Zn. In this process the average
voltage (vs Ag) during the deposition and strip cycle were
extracted. Importantly, after each deposit or strip cycle, the
apparatus allows in situ measurement of electrochemical
impedance spectra (EIS) to explore the interfacial resistance
change.

As shown in Figure 2c and Figure S5b, compared to the
control (no PEG additive) ZnSO, (ZS) electrolytes and
electrolytes containing PEG of other molecular weights, the
lowest deposit and strip voltages (~0.11V and =~0.1V,
respectively) are observed for the ZnSO,+PEG400 (ZS-
PEG400). Moreover, the interfacial resistance before cycling
of the ZS-PEG400 electrolyte is observed to be 115+5 ohm,
which is much smaller than the value for recorded using the
control electrolyte (236415 ohm) (Figure 2d), which is
consistent with the lower overpotential values measured in
the ZS-PEG400 electrolyte.

The in situ interfacial resistances after ten strip-plate
cycles confirmed the stability of the hypothesized PEG400
SPEI formed in the ZS-PEG400 electrolyte. Figure 2d, e
and Figure S6 reports the interfacial resistance during the
corresponding process in the control ZS electrolyte. The
varied interfacial resistances (Figure 2c, d) in different
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Figure 2. a) Three-electrode cell design used in the study. b) Time-voltage cycling profile for Zn in a ZS electrolyte with/without 3 mgmL™"' PEG400.
c) Deposition voltage in ZS electrolyte as a function of PEG M,,. d) Interfacial resistance changes at different stages of ten cycles in ZS electrolytes
with/without 3 mgmL™' PEG400. e) In situ EIS in 2 M ZS electrolytes after each deposit step in (b). ) In situ EIS in ZS-PEG400 electrolyte after

each deposit step in (b).

deposit or strip cycles are believed to result from: (1) by-
product accumulation, which is evidenced by the peaks of
Zn,(OH)SO,xH,0 in the X-ray diffraction (XRD) after
cycling (Figure S7); and (2) non-uniform Zn electrodeposi-
tion morphology, as shown in Figure S8. In contrast, the
interfacial resistances observed in the ZS-PEG400 system
are quite stable at values of approximately 20+10 ohm at
each deposit cycle and around 150420 ohm at each strip
cycle (Figure 2d, f, Figure S6). The stable interfacial impe-
dance implies that the PEG400 SPEI is both effective in
suppressing the side reactions, such as formation of Zn,-
(OH)(SO,xH,O (Figure S7), and in regulating the Zn
electrodeposition morphology (Figure S8). We note further
that among the low M, PEGs studied (PEG200, PEG300,
PEG400), PEG400 exhibited the most stable interfacial
resistance (Figure 2d, Figure S9). As M, increases (PEG600,
PEG1000, PEG2000, PEG3000), the interfacial resistances
at each deposit and strip cycle changed markedly and
unpredictably (see Figure S10 and S11), which is consistent
with our previous suggestion that PEG400 forms the most
stable SPEIL

Additional insights about the interfacial physical-
chemistry can be obtained using a time-domain representa-
tion of the EIS data. Termed the Distribution of relaxation
time (DRT) transformation of EIS results!'” (Figure S12),
the method relies of a mathematical transformation to
convert the frequency domain-based Nyquist plots into the
time domain-based DRT spectra. This presentation is
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advantageous because it allows one to distinguish (at this
point only qualitatively) different dynamic modes associated
with physical and electrochemical processes occurring at
interphases during cycling of the Zn anode in different
electrolytes. As illustrated in Figure S12a and Figure S12b,
dynamic processes with timescales, 7, spanning a range from
hundreds of nanoseconds to tens of seconds contribute to
the EIS spectra in the control ZS electrolyte. The peak t
values in the range of 10”"s to 10™®s are common to DRT
spectra for all systems studied and are thought to reflect
transport in the aqueous electrolyte component.'”! Before
the Zn anode is cycled, the peak 7 values in the range of
107 s to 10s carry the richest information and are thought to
reflect changes in the interfacial charge transfer process.
The peak located at 1s, for example, is apparent in the
control ZS electrolyte, but is entirely absent in the ZS-
PEG400 electrolyte. This change is thought to reflect
fundamental differences in how electrolytes with/without
PEG spontaneous corrode Zn in the ZS electrolyte. The
disappearance is attributed to the retardation of chemical
corrosion by the PEG400 SPEIL. During Zn cycling in the
control ZS electrolyte, new 7 peaks emerge in the spectra,
which are thought to reflect the side products formed by
degradation of electrolyte components at the interface
(Figure S7). A remarkable feature of the ZS-PEG400
electrolyte, is that the 7 peaks found in Figure S12c¢ and
Figure S12d are coincident and stable at each deposit and
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strip step, providing additional qualitative proof of the
interfacial stability of the PEG400 SPEI.

Stabilizing Zn anodes using SPEIs

As shown in Figure 3a, the coulombic efficiency (CE), which
is computed here from the ratio of the amount of metal that
can be stripped and the amount that is plated in the previous
cycle, is highly correlated to the PEG M,,. Compared to
unstable SPEI of lower or higher M,, PEGs, the SPEI of the
intermediate/optimum M,, PEG400 achieved the highest
average CE of 98.9% (Figure 3a, Figure S13). To further
stabilize the PEG400 interphase, Br~ was introduced into
the electrolyte system, as previous results”'>!! showed that
Br~ could be specifically adsorbed to the electrode surface
to form Br~ layers. Considering that PEG can bond with Br~
via Zn**-Br~ complexes,”! we believe low concentrations of
Br~ may further help stabilize the SPEI (Figure S14a). By
fine-tuning the interfacial polymer adsorption through Br~,
the PEG400 SPEI was more stable, indicating by the high
CE of 99.96 % in the optimized electrolyte 2M ZnSO,+
3mgmL~' PEG400+0.1 M KBr (ZS-PEG400-KBr) (Fig-
ure 3a). However, a lower or higher concentration led to the
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decrease of the CE (Figure S14b), proving that the influence
of Br™ on the SPEI is sensitive and the change of interfacial
adsorption is within a small range. High CE in the optimized
electrolyte enabled long cycling performance of Zn half-cells
(Figure 3b, c¢) and symmetric cells (Figure 3d). For the Zn||
carbon clothes (CC) half-cells, the cells were rapidly short
circuit within a few cycles using the blank 2 M ZS electrolyte
(Figure 3b). In contrast, the half-cells can run stably over
2000 cycles (Figure 3b) at high CE (~99.96 %) using the
ZS-PEG400-KBr electrolyte, which was further proved by
the stable areal capacity-voltage curves in different cycles
(Figure 3c). For the Zn symmetric cells, the Zn anode can
stably run over 1600 hours at a high current density of
18 mAcm™? and a high areal capacity of 18 mAhcm™
(Figure 3d).

To further prove the application value of the optimized
electrolyte system,"” we used Zn ||MnO, coin cells and Zn ||
NaV,041.5H,0 (NVO)?' pouch cells (Figure S15) as dem-
onstration models. Notably, we used high loading cathode at
the 3-dimensional (3D) CC for both MnO, cathode (
~14 mgem?) and NVO cathode (~16 mgcm ™) to achieve
high areal capacity full cells (>3 mAhcm?), which are of
great importance for the practical application of Zn
batteries. Furthermore, to prove the electrochemical stabil-
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Figure 3. a) The average CE for Zn stripping/plating in electrolytes containing PEG with different Mw at a fixed concentration of 3 mgmL™". The
black dashed line points out the stable polymer interphase formed by PEG400. The red star represents the CE of the optimized electrolytes 2 M
ZnSO,+3 mgmL ™' PEG400+0.1 M KBr (ZS-PEG400-KBr). b) Cycling performance of ZS-PEG400-KBr in Zn | | CC half-cells. Current
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ity of the ZS-PEG400-KBr, a wide electrochemical window
during the discharge and charge processes (0.1 V-2 V versus
Zn/Zn**) was used. For Zn | MnO, coin cells, the battery
structure was depicted in Figure 4a: the N/P ratio of 2 was
achieved by depositing 9 mAhcm ™ Zn on CC; the E/C ratio
is 5gA'h™'; the charge and discharge C rates are both
0.25 C. Moreover, 0.2 M MnSO, was added into the ZS-
PEG400-KBr electrolyte to suppress the dissolution of
cathode materials.”! As Figure 4b shows, the capacity
retention of Zn|MnO, was 20% after 200 cycles in the
blank ZS electrolyte due to the unstable SEI causing the
irreversible loss of Zn deposits. However, the capacity
retention was 70 % after 200 cycles in the ZS-PEG400-KBr
electrolyte which should be attributed to the stable PEG400
SPEI. Moreover, the areal capacity of the full cell was still
greater than 3 mAhcm™2 after 200 cycles in the optimized
electrolyte. The areal capacity-voltage curves indicated the
stability of the optimized electrolyte in different cycles
(Figure 4c). For Zn || NVO pouch cells, the cell structure was
depicted in Figure 4d: the N/P ratio is 3 by using thin Zn foil
(20 um, 11 mAhcm™2); the E/C ratio is 5gA"'h™'; and the
charge and discharge C rates are both 1 C. The cycling
performance of the pouch cells was shown in Figure 4e:
compared with the ZS electrolytes which failed within
40 cycles, the pouch cells using the ZS-PEG400-KBr electro-
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lytes had a capacity of more than 150 mAhg™" (>23 mAh)
after 500 cycles, implying the good stability over the electro-
lyte systems. Figure 4f showed the stability of the pouch cell
using ZS-PEG400-KBr electrolytes in different cycles at
wide charge and discharge electrochemical windows (0.1 V-
2V versus Zn/Zn*"). Taken together, the stable PEG400
SPEI shows great potential for practical applications in Zn
systems due to the high areal capacity and good stability of
Zn || MnO, coin cells and Zn || NVO pouch cells.

Adsorbed polymer induced organic/finorganic SEI formation

To in-depth understand the interphase of the interfacial
polymer adsorption layer on the Zn anode, Transmission
electron microscopy (TEM) and X-ray photoelectron spec-
troscopy (XPS) were performed to investigate the interfacial
properties. As shown in Figure 5a and b, compared with the
bare interphase of Zn deposits in the blank ZS electrolytes,
the fresh Zn deposits are covered by a cloudy interphase
layer (/100 nm) in the ZS-PEG400 electrolytes. Moreover,
with the addition of Br~, the cloudy interphase layer
changed into a dense and smooth layer, and the thickness of
the interphase layer decreases from 100 nm to 50 nm (Fig-
ure 5c). The TEM results show that the fresh Zn deposits

o
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Figure 4. a) Scheme illustrating the structure of low N/P ratio Zn-MnO, coin cells. CC represents carbon clothes. b) Cycling performance of Zn-
MnO, coin cells at low C rate (x0.25 C) using the blank electrolyte and optimized electrolyte. The N/P is 2, and the E/C ratio is 5 gA~'h™". The
gravimetric capacity of the MnO, is 290 mAhg™". c) Areal Capacity-Voltage curve of the Zn-MnO, coin cells using ZS-PEG400-KBr electrolyte in
different cycles. d) Schematic picture of the Zn-NVO pouch cells using thin Zn foil (~20 um) and low N/P ratio. e) Cycling performance of Zn-
NVO pouch cells at 1 C. The N/P is 3, and the E/C ratio is 5 gA™'h™". The capacity of the Zn-NVO pouch cells is 35 mAh. f) Capacity-Voltage curve
of the Zn-NVO pouch cells using ZS-PEG400-KBr electrolyte in different cycles.
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Figure 5. High-resolution TEM images of Zn deposits in a) ZS electrolytes, b) ZS-PEG400 electrolytes, c) ZS-PEG400-KBr electrolytes. Atomic
concentration of C, O and Zn collected from XPS etching experiments using d) ZS electrolytes, e) ZS-PEG400 electrolytes, f) ZS-PEG400-KBr
electrolytes. High-resolution XPS scan of OTs and S2p in g), j) ZS electrolytes, h), k) ZS-PEG400 electrolytes, i), I) ZS-PEG400-KBr electrolytes.

are capable of being protected by the interphase layer,
which should result from the adsorption of PEG400 and is a
key factor for the highly reversible and stable Zn anode.
XPS analysis was used to provide additional information
about the chemical species formed on the Zn electrode
surface. For the control ZS electrolytes, results from depth-
resolved/sputtering XPS experiments (Figure 5d, Fig-
ure S16) show that the atomic concentration ratio between
oxygen (O) and carbon (C) (O/C) is close to 1:1 at the Zn
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electode, which is attributed to the high ratio of the ZnO
layer (78.35%) found in the high-resolution XPS (Fig-
ure 5g). The observed high ratio ZnO layer is thought to
result from the chemical and electrochemical side reactions
discussed above and is considered as a source for undesir-
able interphase properties, such as high overpotential,
dendrite growth, etc. In contrast, XPS analysis of Zn in ZS-
PEG400 and ZS-PEG400-KBr electrolytes, show that the
the atomic concentration of O in the PEG-induced inter-
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phase increased (Figure 5e,f) is high and the atomic ratio of
O/C is close to 3:1(Figure S16). This finding is revealed
using the high-resolution XPS to originate from formation
of a ZnCO; layer (Figure 5h, i)—the ratio of ZnCO; signals
is 67.75 % and 82.23 % in the ZS-PEG400 and ZS-PEG400-
KBr electrolytes, respectively (Figure 5h, i). The higher
concentration of ZnCOj; in the ZS-PEG400-KBr electrolytes
is thought to the main source of the denser and more
uniform protective SEI layer observed in complementary
TEM analysis (Figure 5).

Moreover, compared with the SO signal in the ZS
electrolyte, ZnS peaks are observed for both the ZS-
PEG400 and ZS-PEG400-KBr electrolytes studied (Fig-
ure 5k, 1). On the other hand, due to the interfacial
adsorption of PEG400 and Br~, the concentration of C-O
and C=0 increases compared to ZS electrolytes as shown in
Figure S17: the former one increases from 20.07% (ZS
electrolyte) to 25.26 % (ZS-PEG400) and 24.61% (ZS-
PEG400-KBr), and the later one increases from 10.91 % (ZS
electrolyte) to 11.51% (ZS-PEG400) and 14.36 % (ZS-
PEG400-KBr), respectively. Additionally, no Br was found
in the sputtering and the high sensitivity scan (Figure S18),
which means that Br~ only helps and stabilizes the
adsorption of PEG400 but does not participate in the
formation of SEI layer. Until here, it was concluded that the
bare Zn deposits in the ZS electrolytes were covered by a
layer consisting of ZnO and SO,*", which is consistent with
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the side products shown in the XRD. However, in the ZS-
PEG400 and ZS-PEG400-KBr electrolytes, the fresh Zn
deposits are capable of being protected by the organic/
inorganic SEI layer consisting of ZnCO;, ZnS, and PEG,
etc., resulting in high reversibility and stability of Zn anode.

SPEI stability in Li anode

To evaluate the effectiveness of PEG SPEI in a very
different and more complicated system, we investigated the
effect of PEG additives in a 1,3-dioxolane (DOL) + 1M
LiTFSI + 0.5M LiNO; (DOL) electrolyte. The choice of
this DOL electrolytes is admittedly a compromise made to
preemptively address the known, limited electrochemical
stability (<4V vs Li/Li*) of low-molecular-weight PEG
molecules of interest in this study at a Li anode. Figure 6a
reports the effect of different PEG M,, on the CE for Li
deposit/strip process in the DOL electrolyte at a fixed
(2 mgmL™") PEG concentration. The effect of PEG MW on
CE is—surprisingly—consistent with our earlier observa-
tions of Zn in aqueous electrolytes; again, the PEG400
additive is found to yield the highest CE value of approx-
imately 99 %. The higher CE produced by the PEG400
additive is also seen to extend cycling lifetime for Li|| Cu
half-cells (Figure 6b). The benefits of the PEG400 SPEI are

6
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2 98.9% z c 5 %
g PEG300 j ¥©- 2 10 g 4
G g JPEG200 1 o . =
Q98 : k) fail _og| DOL+2mgm’ PEGH0 £ 3
H = <
= ! PEG600 w i Zos  som Z3 DOL-PEG400 soil
597 Stable polymer PEG1000 S 804 ¢ Sos oo a8 * boL
g interphase g . > 0.2 — 300th 82 ] Lil ILFP, 05 C
= PEG2000 3 | —— s00th © 3 : -9 F70
3% 3 00, £ \ N/P=3
00 02 04 06 08 10 ) :
.~ Areal capacity (mAh cm?) 1 E/C ratio = 5 g (Ah) !
95 60 . . . . . . . 0 . . . . 60
M 0 100 200 300 400 500 600 700 0 50 100 150 200 250
w Cycle number Cycle number

o
D

o

1500

——DOL Before_ cycling Before cycling
—~ DOL-PEG400 —— Deposit 1 DOL «— Deposit 1 DOL-PEG400
o-1.51 12004 De 2 400 De 2
i Strip 2 ~—De 3 v De3
] -2.0-smp1 H . —+—De4 300 | « Dea
5 € 9001 De5 De 5
5] I\l r] Ol r] rl (I (I < De 6 200 + De6
> 251 €} ——De7 . De7
o | AN I 148 | E 600_—-—De8 100 De 8
D 30 l | N ——De9 ]+ De9
% X U U U U U U U ——De 10 0 )
S | De 11
354 V 300
4.0 0 -— : 0
0 20000 40000 60000 80000 0 300 600 900 1200 1500 0 00 400
Time (S) Z,, (Ohm) Z,, (Ohm)

Figure 6. a) The average CE in DOL+ 2 mgmL™' PEG electrolytes. b) Cycling performance of optimized electrolytes DOL+1 M LiTFSI+0.5 M
LiNO;+2 mgmL™' PEG400 (DOL-PEG400) in Li| |Cu half-cells. 1 mAcm™ 1 mAhcm™. Inset picture, Areal Capacity-Voltage curves in different
cycles. c) Cycling performance of high areal capacity Li| | LFP full cells in DOL electrolytes with/without 2 mgmL™' PEG400. The N/P ratio is 3, and
the E/C ratio is 5 gA™' h™". d) Time-Voltage cycling profile in three-electrode cells using DOL electrolyte with/without 2 mgmL™" PEG400.

1mAcm 2 1 mAhem™2
step in (d).

Angew. Chem. Int. Ed. 2023, 62, €202300823 (8 of 10)

e) In situ EIS in DOL electrolyte after each deposit step in (d)

. f) In situ EIS in DOL-PEG400 electrolyte after each deposit

© 2023 Wiley-VCH GmbH

ASUSOIT SUOWIWO)) AANEAI)) d[qeat[dde ayy £q pauIoA0 are SO[OIIE V() 9SN JO SN 10§ A1eIqI] SuI[uQ A3[IA UO (SUOHIPUOI-PUB-SULI} W0 AS[1M" ATeiqiaur[uo//:sdny) suonipuo)) pue sua [ g1 398 ‘[€207/£0/81] uo A1eiqry aurjuQ A3[Ip “ANSIOATUN [[oUI0)) Aq £2800€Z0T 1UB/Z00 "0 [ /10p/W0d Aa[1m’ Areiquaur[uo;/:sdny woxy papeojumod ‘81 ‘€707 ‘SLLEITS]



GDCh
~~—~

also apparent in the capacity-voltage curve measured at
different cycles provided as an inset to Figure 6b.

As a final evaluation, we created Li|| LFP full cells using
the DOL-based electrolyte containing PEG400 additive.
The results reported in Figure 6¢c show that PEG400 produce
quite large improvements in performance at reasonable
capacities of 4 mAhcm > As an even more aggressive test of
the PEG400 additive, we created Li| LFP full cells with the
N/P ratio of 3 and E/C ratio is 5gA'h™' by depositing
12mAhcm 2 Li on Cu. The cells were evaluated at a fixed
charge and discharge rate of 0.5 C. For the control DOL
electrolyte, the capacity retention is about 12% after
100 cycles. As shown in the capacity-voltage curves (Fig-
ure S19), voltage polarization during the cell cycling in-
creased greatly, which is thought to result from the unstable
SEI formed at the anode side.'" Nevertheless, the DOL +
2mgmL~" PEG400 (DOL-PEG400) electrolyte shows a
good stability over 250 cycles, in which capacity retention
was 87.5%. The charge and discharge voltages were also
stable in different cycles (Figure S19) due to the stable
PEG400 SPEI. To prove the stability of PEG400 SPEI,
interfacial properties of the Li anode were analyzed using
three-electrode experiments. As Figure 6d shows, the depos-
it/strip overpotential extracted from the three-electrode
experiments decreased from 0.75 V of blank DOL electro-
Iytes to 0.25 V of DOL-PEG400 electrolytes. On the other
hand, compared to unpredictable interfacial resistance
changes in blank DOL electrolyte, with the stable PEG400
SPEI (Figure 6e, f, Figure S20 and S21), the interfacial
resistances after each strip and deposit cycle were constant
and stable (321+10 ohm, 320413 ohm, respectively), imply-
ing that the PEG400 was capable of stabilizing the interfacial
properties by constructing a stable SPEI as what we found
in the Zn systems. DRT transformation of EIS data provide
even more dramatic evidence (see Figure S22) than for the
Zn case and in support of the effectiveness of a PEG 400
SPEI in stabilizing a Li anode. Specifically, compared with
multiple 7 peaks in the control DOL electrolytes —attributed
to different electrochemical side reactions after depositing
and stripping Li, only one dominant 7 peak at around 5 ps
was found in the DOL-PEG400 electrolytes, which we
attribute to ion transport in the PEG400 SPEI. While much
more work is needed to make this assignment concrete, the
“quietness” of the DRT spectrum produced by the PEG400
SPEI is an important discovery deserving of more in-depth
studies.

Conclusion

In summary, we report that spontaneous adsorption of low-
molecular weight PEG molecules on Li and Zn metal
anodes provides a facile route towards creating robust
interphases that enhance electrode reversibility. We studied
the adsorption states of PEGs with different M,, via thick-
ness adsorption measurements, which enables us to deduct
the most stable polymer adsorption interphase —PEG400.
Additionally, through in situ EIS, and other electrochemical
experiments, we demonstrated that the PEG400 SPEI can
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stabilize the interfacial properties (e.g. interfacial ion trans-
port, suppression of side reactions, etc.) by forming an
organic/inorganic SEI layers, which further leads to highly
reversible Zn and Li anodes. Finally, we evaluate the
interphases in high-performance full cells with low N/P and
E/C ratios, and high areal capacity. Studies performed both
in aqueous Zn systems and non-aqueous Li systems reveal
that the in situ formed polymeric SPEI are beneficial for
extending cycle life.
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