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Abstract

As the energy storage market d increased capacity of rechargeable batteries, Li metal
anodes have regained majofg#ientigh due to their high theoretical specific capacity. However, Li
anodes tend to have dNWth and constant electrolyte consumption upon cycling, which

lead to safety cong @ Coulombic efficiency, and short cycle life of the battery. In this

work, both co tive algeon-conductive 3D porous hosts were coupled with a viscous (melt)
polymer 10 he cross-section of the hosts showed good contact between porous hosts
and th mer electrolyte before and after extensive cycling, indicating that the viscous

elecigplyte Muccessfully refilled the space upon Li stripping. Upon deep Li deposition/stripping

55 ino 45 mAh cm™), the non-conductive host with the viscous electrolyte successfully cycled,
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while conductive host allowed rapid short circuiting. Post-mortem cross-sectional imag&

showed that the Li deposition was confined to the top layers of the host. COMSOL s ns

[
indicated that current density was higher and more restricted to the top of the co*
short

—

with the polymer electrolyte than the liquid electrolyte. This resulted in quic cuiting
of the polymer electrolyte cell during deep cycling. Thus, the non-condygtive 3 stis

preferred for coupling with the melt polymer electrolyte.

This paper 97, was presented during the 240th Meeting of the E@cety, October 10 - 14,

2021.

1. Introduction

In efforts to resolve environmental issues cause ossiuels such as global warming and

air pollution, there is widespread global eff devel newable energy sources, electric

vehicles (EVs), and electric public transportati Chargeable batteries play a key role in

such devices and are required to deliver er encrgy density to enable aerial vehicles and

longer range heavy duty truckspgorder to ov€rcome the intrinsic energy density limit with

%

investigated.*'* Li metal h aiged attention as an anode for next generation batteries due to

commercial LIBs, next generatio I Li-ion” battery technologies have been

its high gravimetric c% (3862 mAh g!') compared with graphite anodes (372 mAh g
l)'15

However, Lygen owth and constant electrolyte consumption upon repeated cycling
cause safety iNges, 1gv Co¥llombic efficiency and life cycle performance issues.'®!” Such
drawbacks havepeen obstacles for the commercialization of Li metal as anodes for decades.®
Thefe haveybeen studies to address those problems by improving electrolytes or the Li-

electr: nterface, such as electrolyte additives,'”* artificial solid electrolyte interphase (SEI)

https://mc04.manuscriptcentral.com/jes-ecs
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and coatings,?*2® single Li" ion conductors,>’° and solid-state electrolytes.>!? This sth&

attempts to stabilize Li" deposition by protecting the interface and homogenizing Li"

onto the electrode surface. In the meantime, 3D porous host materials for Li metghanod¥

been studied as another strategy, including conductive 3D hosts such as surfgae modifid Li

1’33

metal,* Cu substrates,>*>¢ ZnO-coated polyimide nanofibers,*’ Si-coateffPoroys c¥rbon,

reduced graphene oxides,>**’ as well as non-conductive 3D hosts s s rylonitrile
(PAN) nanofibers*! and functionalized glass fibers.** This strategy atte to stabilize Li
deposition by accommodating the Li deposition within the s re, ywereas pore sizes of

similar or smaller size than the typical Li dendrite diamgtfr a r uniform rather than

dendritic deposition.
At the same time, more thermally and nicall le electrolytes are sought to increase

safety. While the reports on 3D hosts suggest tgt p s electrode hosts effectively

electrolytes are thermally and md

reduce the safety issues. Ho, T, itable electrolyte for pairing with a 3D porous host must
fill the host pore volu e eport 3D porous electrode hosts coupled with a viscous
(melt) polymer elec inimize issues from Li metal anodes. ZnO filler were added to

increase lithiophylic e mats, to facilitate Li growth within the mats more effectively. The

melt polymer \§ctrollite is Zxpected to maintain good contact with porous hosts and
accomm‘date L’deposit during Li deposition/stripping cycling. Both conductive (Cu
nan esN" and non-conductive (electrospun PAN nanofiber)*! 3D porous hosts were tested

with cous polymer electrolyte and compared with the liquid electrolyte. Both types of 3D
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porous hosts successfully cycled without short circuiting during one cycle of extensive N

deposition/stripping cycling (5 mAh cm?) with the liquid electrolyte. However, whil
with the non-conductive host with the melt polymer electrolyte was cycled W?[h sho
circuiting during one deep cycle, the cell with the conductive host was quic shlite
COMSOL simulation results indicated that the current density was most}fy Concentfated on the
top layers of the conductive host, while the current density was unifj € non-
conductive host with both melt polymer and liquid electrolytes. ggecifigally, the current density
was more severely concentrated on the first layer with the vi olner electrolyte, which
resulted in the major Li deposition on the top of the congfcti t and eventually short

circuited quickly.

2. Experimental

2.1.Materials

Lithium bis(trifluoromethyygsulfonyl)im#de (LiTFSI, TCI) was dried at 120 °C for 12 h

under vacuum. Poly(ethylene gl hyl ether (PEGDME, M, = 1000 g mol™') was dried

under vacuum for 72 h. Liq eqtro
dioxolane (DOL, Sign& d with molecular sieves (Sigma, 3 A) for 48 h.
Abovementioned tr ts were conducted in an argon-filled glovebox.

bromide (TBAB, Sigma), dimethylformamide (DMF, Sigma),

yte solvents, 1,2-dimethoxyethane (DME, Sigma) and 1,3-

TA, Sigma), zinc nitrate (Zn(NO3)>, Sigma), sodium hydroxide
(NaOH, gigma)Ycopper nitrate (Cu(NO3)2, Sigma), ethylenediamine (Sigma), hydrazine (35

wt.% 111 wager, Sigma) were used as received.

https://mc04.manuscriptcentral.com/jes-ecs
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2.2.Preparation of a non-conductive porous host matrix (PAN-ZnO) \
Poly(acrylonitrile) (PAN, 0.821 g), ZnO nanoparticles (1.524 g), and TBAB
were added to DMF (10 mL) and stirred for overnight. The solution was ther’:l 0sp
kV, 20 gauge syringe, 23 °C, 60% RH humidity, 15 cm distance, Al foil collgaor) to a
PAN-ZnO nanofiber mat with white color (Figure S1a).** g
Hydrothermal growth of ZnO was then performed on the pr S ined nanofiber
mat by a previously reported method.** Electrospun PAN-ZnO nanofibgr g#ts were held
together with a Cu sheet. The two layers were cut together i@ieces, during which the
pressure of the scissors laminated the two layers togethegft t es. The segments of the
nanofiber mat and Cu sheet were stirred in an aque lutigof 0.1 M Zn(NOs3)2 and 0.1 M
1 n%heated to 90°C for 5 h. The resulting

nanofiber mat (Figure S1b) on copper was wa¥ge

HMTA at room temperature for 24 h. The s
DI water and then dried at room
r was then heated to 280 °C for 1 h in air to

temperature overnight. The nanofiber m

thermally stabilize the PAN to JRgin a ZnO-cdated PAN-ZnO nanofiber mat (Figure 1a). The

thermally stabilized PAN-ZnO des were used as a non-conductive porous host for the

electrochemical measureme,

2.3.Preparation o, Ne porous host matrix (Cu-ZnQO)

repared by a previously reported method.>** In brief, Cu(NO3)2,

ine were added, in the order mentioned, into 15 M NaOH solution in
a round fottom Nask under nitrogen atmosphere. The solution was stirred for 5 min after each
addfioh ofyreagents for uniform mixing. The total solution was stirred at 80°C and 200 rpm for 1

h. Th anowires were suspended on the solution interface and the solution on the bottom

https://mc04.manuscriptcentral.com/jes-ecs
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was decanted. The Cu nanowires were then washed with DI water, centrifuged at 6000 or 5

min, and then the supernatant was decanted. This process was repeated three times.

[ )
Cu nanowires were washed in ethanol three times. The Cu nanowires were store& e of

ethanol and 3 wt.% hydrazine solution (5/1, v/v). The concentration of the Cgahanowir was

~22.5mgmL".

To prepare Cu-ZnO mat electrodes, ZnO nanoparticles (0.1 ereradded to the Cu
nanowire solution (14.6 mL) and sonicated for 5 min. The solutgwas cast on stainless
steel disks at room temperature overnight. The cast Cu-ZnO e annealed at 450 °C for 4

h under the Hao/Ar (5%/95%) flow. The annealed Cu-Zngllmat rodes were used as a
conductive porous host for electrochemical tests (Fj c).

2.4.Scanning electron microscopy (SEM)

Morphologies of synthesized porou

accelerating voltage of 5 kV anll ent of 13 PA at a working distance of 4 mm. Post-mortem
samples were sealed in a Pelco S w ub vacuum desiccator in an argon-filled glovebox and

then transferred to the inst t t§ minimize air exposure. Post-mortem, cross-sectional SEM

sts were investigated with a FEI Magellan 400 at an

images of Cu-ZnO or% ectrodes were also obtained after deep cycling. Electrodes
after deposition an position/stripping were compared to see reversible

deposition/stripg or the cross-section images, post-mortem samples were fractured in

liquid nitrOfe

2R. lonicyconductivity

v

https://mc04.manuscriptcentral.com/jes-ecs
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Ionic conductivity was measured by using a broadband dielectric spectrometer wiN

Technologies). Samples were placed between two stainless steel (SS) electrodes gai NgTiber

spacers with a thickness of 53 um. Dielectric spectroscopy was measured ovga frequgficy range

of 107 - 10! Hz with an amplitude of 0.5 V over a temperature range fro@ 0°Cin5°C
ore

intervals. Temperature was stabilized at each point for 10 min withi

measurement. The ionic conductivity of LiITFSI in PEGDME ( at 50 °C, where the

deposition/stripping cycling with the viscous polymer electr: rformed, was around

6.54 x 10* S cm™. 1 M LiTFSI in DOL/DME showed igffic ¢ tivity 0of 2.53 x 10 S cm™ at

25 °C (Figure S2).

2.6.Coin cell battery test

In order to perform electrochemica 032 coin cells were assembled using cell

components as described as fo . A porousost matrix (Cu-ZnO or PAN-ZnO mats) was

used as a working electrode for t

Li foil was used as a counte, and a glass fiber separator was used as a separator. A
liquid electrolyte and %} mer electrolyte were prepared as 1.0 M LiTFSI in
DOL/DME and LiT, P ME (EO:Li=20:1), respectively. Li|Cu-ZnO or Li|PAN-ZnO

bled with the two different electrolytes.

asymmetric cell

Coin c8&s widl the polymer electrolyte were aged at 120 °C for 20 h prior to a

conditiolgng stefll The coin cells then cycled between 0 — 1 V for 3 — 5 cycles at a current density

of (‘05 m?cm'2 at 50 °C as a conditioning step (Figure S3 and Figure S4). The cells after the

o conditiOMng step underwent either a rate capability test or deep cycling test. Coin cells with the
56
57
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liquid electrolyte were aged at room temperature for 20 h prior to a conditioning step, V&N

underwent the same procedures at room temperature.

[
Rate capability tests were conducted at different current density (0.1, 0.2$,
0

mA cm) with a charge capacity of 1 mAh cm for the deposition step and w tage of 1
V for the stripping step. Slow rate capability tests were conducted at curfent deNsith of 0.01,
0.025, 0.05, 0.1, 0.125, 0.15, 0.175, 0.2 mA cm™ with a charge capz€] mAh cm™ for the
deposition step and a cutoff voltage of 1 V on the stripping step,

Deep cycling tests were conducted at a current densi 1 cm with a charge

capacity of 5 mAh cm™ (equivalent to ca. 25 pm thickngsk of tal) and a cutoff voltage of 1

V on the stripping step. @

2.7.Electrochemical impedance spectroscopy ¥l

EIS was performed with a broadban®ielectric spectrometer with an Alpha A analyzer

(Novocontrol Technologies, MOMgRaur, Germany). EIS was measured after conditioning, deep

deposition, and deep deposition/4 with a frequency range of 107 — 10"! Hz with an

amplitude of 0.1 V.

2.8.COMSOL si

&
Finite el t siggations were performed using COMSOL Multiphysics (Stockholm,

Sweden) tQgi 1 1on transport and current density distributions in cells with varying

electroly@sitions (liquid and polymer electrolytes). A 2-dimensional domain was

dev<ioped ’ represent the cross-sectional geometry and dimensions of the cells (Li
etal/Electrolyte/Cu nanowires and substrate). Here, the reaction kinetics associated with Li ion

https://mc04.manuscriptcentral.com/jes-ecs
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generation on the Li metal and depletion on the Cu nanowires and substrate surfaces we

described by a Butler-Volmer expression for the charge transfer current density i;, (|
) [
given by: \

} ) a.Fn —acFn
Hoc = Lo (eXp( RT )_ eXp( RT )) M

where i, is the exchange current density, «, is the anodic charge transfe@ent, a. is the

cathodic transfer coefficient, and 7 is the overpotential.

Cu nanowires were modeled as circular rods (d = Ipm) em in the electrolyte
structure to elucidate the role of electrode tortuosity on Ligmgtra . Simulation results for
PAN-ZnO nanowires are detailed in the Supporting Infi ion {SI). The total current on Cu
nanowires and the Cu electrode were set to Of1 m lectrolyte materials, we considered

properties such as the Li ion diffusion coeffic ctrolyte conductivity, transport number, and

activity coefficient of the liquid and ectrolytes. Further details of the simulations

are given in the Supporting Information (SI).

3. Results and Discussion b

3.1.SEM of PAN-ZnQ a u-Zrg® (initial)
Figure 1 shows &es of PAN-ZnO and Cu-ZnO mats. In both mats, ZnO were used

PAN-ZnO mat (Figure 1a) shows fibers with a diameter of ~500

as a lithiophilic ag

e fiber surface. The Cu-ZnO mat (Figure 1¢) shows nanowires

nm with need@n
with a di er 00 nm with uniformly distributed ZnO nanoparticles between Cu

' ;on like white dots.

nano
@r to check the lithiophilicity of the obtained mat electrodes, the electrodes were put

55 t with liquid lithium metal at 280 °C. The color of the matrix became dark gray. The
56
57
58
59
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morphology of both mats (Figure 1b and 1d) indicated that the fibers were uniformly c

with Li, implying that the matrices were lithiophilic and the ZnO sites were well con

Figure 1. SEM imafg RAN-ZnO and Cu-ZnO mats: PAN-ZnO (a) before and (b) after

molten Li infugg

3.R. Rate Xapability tests

Y.,

https://mc04.manuscriptcentral.com/jes-ecs
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Li[PAN-ZnO (Figure 2) and Li|Cu-ZnO cells (Figure 3) with the liquid and pol)uN

electrolytes were cycled 5 times at each current density from 0.1 to 5 mA ¢cm™. For AN-
ZnO and Li|Cu-ZnO cells with the liquid and polymer electrolytes, the Coulo?nb effl was
similar to the last cycle of the conditioning cycle (~ 80%, Figure S3a and Fjgure S4ayand
increased for the first few cycles. This increase of Coulombic efﬁciency@ served in the
first few cycles (~ 10 cycles) with Li|PAN-ZnO cells at slower rate u . This might be

due to the irreversible reduction reaction of ZnO and Li-Zn alloyeactiqunlat occurs on newly

activated ZnO nanoparticles upon electrical contact.***” Ass thg™he Coulombic efficiency

loss stems from the loss of Li metal, the loss of Li duringfhe #ioning cycle and the first 5

cycles after the conditioning cycle were ~0.84 mg ¢ ~1 59 m thickness) and ~0.34 mg cm™

(~6.3 um thickness) regardless of the cell a ctrol es. Even though most of the
Figure S4a), especially on the first cyc ong plateau at ~0.6 V was observed, it
appears that Li deposition proc and contacts fresh ZnO surface that did not participate in the
irreversible reaction in the previ

After the first few ¢ ’ the Coulombic efficiency of the liquid electrolyte for both

Li|PAN-ZnO cells (Fi&‘ i|/Cu-ZnO cells (Figure 3c¢) reached ~99% and did not

decrease within the

(€]

rrent density. While there was no significant difference in the
Coulombic efficjgn en Li|PAN-ZnO and Li|Cu-ZnO cells, they showed different voltage
-Zn0 cell with the liquid electrolyte showed quick voltage drop to
~0 V dugng the Jleposition step, where a nucleation peak and following Li deposition plateau

wa e igure 2a). The Li stripping plateau was observed as the stripping step begins and

the v sharply increased to 1 V at the end of the stripping step. On the other hand, the Li|Cu-

https://mc04.manuscriptcentral.com/jes-ecs



oNOYTULT D WN =

Journal of The Electrochemical Society

ZnO cell with the liquid electrolyte showed a gentle slope of the voltage over most of tl\

6‘ tle

increase of the voltage was observed after a short Li stripping plateau. The gentl@slopcSgifCates

deposition step and reached the Li deposition plateau at the end (Figure 3a). Likewis

that the Li was reduced to form Li-Zn alloy from ZnO before reaching to thefi deposiflon
overpotential during the deposition step.*®*” The lack of the gentle slopgloT theyvoflage with

Li|PAN-ZnO cell is due to the isolation of the ZnO on the PAN nangMeersy e Cu-ZnO,
where most ZnO was electrically connected to the conductive C a%. Therefore, it can be
inferred that the ZnO in a Li|PAN-ZnO cell will be activated@he contact with Li
deposit or dendrites that are electrically connected to thg fubs Also, the gap of the applied
current and the limiting current might be related to tio OWActive ZnO in the conductive host.
As the applied current density incre 1 mZnO cell with the liquid electrolyte

(Figure 3a), the voltage reached the Li deposith\gn oWgPotential earlier (0.7 mAh cm? at 0.1 mA

cm™ to 0.2 mAh cm™ at 5.0 mA cm™), 1 at the ratio of ZnO that participated in Li-Zn

alloy reaction decreased. The -ZnO cell wth the polymer electrolyte reached the Li
deposition overpotential around 2 at 0.1 mA cm? (Figure 3b). The Coulombic
efficiency of Li|Cu-ZnO wi er electrolyte (Figure 3d) was much lower (~70%) than

the liquid electrolyte (ﬁ plying new irreversible Li-Zn alloy reaction or quick dead

Li formation might rorlt the low active surface area (or high interfacial resistance). The

Coulombic efficign: Cu-ZnO with the polymer electrolyte did not reach higher than 80%
and was not stable within the same current density. On the other
hand, thCoulofbic efficiency of the Li[PAN-ZnO cell with the polymer electrolyte showed

~90¢fo At 0. mA cm and decreased with increased current density, though the Coulombic

effici as stable within the same current density.

https://mc04.manuscriptcentral.com/jes-ecs
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The voltage vs capacity profiles of Li|PAN-ZnO cell with the polymer electrolyt
lower current density (Figure S5b) showed gradual increase of the overpotential aft
nucleation peak due to the limited diffusion.*® The deposition overpotential excefded t
nucleation peak above the current density of 0.1 mA cm, implying that the g&blied cuffrent
density was reaching the limiting current density. On the other hand, wi IPANFnO with the
liquid electrolyte at lower current density (Figure S5a), there was agli crease of the

deposition overpotential with increased current density, while thgucleatigh peak increased,

implying that the applied current density was reasonably lo n tQ¥limiting current with no
diffusion limitation. The nucleation peak of Li|PAN-ZnQfwit iquid and polymer
electrolytes were similar (Figure S5a and Figure impMhg that the nucleation behavior
rrw)lytes.

c 0 5.0 mA cm™ might be near or above the

was relatively similar between the liquid an

Since the applied current density of 0.1
limiting current density, both Li|PAN- u-ZnO cells with the polymer electrolyte

showed different voltage vs caj profiles ffom the liquid electrolyte. Unlike the liquid

electrolyte, significant overpote ) was observed on the deposition step at the current

density from 2.0 mA cm? a A'cm? for Li|PAN-ZnO (Figure 2b) and Li|Cu-ZnO

(Figure 3b) cells, imp& er the Li" transport or Li" stripping from Li electrode and the

deposition on the P () OF Cu-ZnO electrodes could not support the applied current density.

55
56
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3.3.Deep cycling and F,

liquid and (b) polymer electrolytes. Charge

vs cycle number with (c) the liquid and (d)

42 Li|PAN-ZnO apd i O cells with the liquid and polymer electrolytes after

'Tpping) are shown in Figure 4 and Figure 5, respectively.

44 conditioning step ed 5 mAh cm™ at a current density of 0.1 mA cm™. The voltage vs

easurements on each step (before deposition, after deposition, and

51 Therggyas nificant difference in the Coulombic efficiency (81.8% and 78.5%) and the
53 ove @ (4.3 mV and 4.9 mV) for Li[PAN-ZnO and Li|Cu-ZnO cells with the liquid

¢ (Figure 4a and Figure 5a). The overpotential of Li[PAN-ZnO and Li|Cu-ZnO cells

60 https://mc04.manuscriptcentral.com/jes-ecs
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with the polymer electrolyte were not significantly different (49 mV and 61 mV) (Figu and
Figure 5b). However, Li[PAN-ZnO cycled successfully with the Coulombic efficien “ 5%,
® .

while Li|Cu-ZnO cell with the polymer electrolyte was short circuited in either tiga first Sggping

(Figure Sb) or deposition step (Figure S6).
The Coulombic efficiency of Li|PAN-ZnO cells with the polymegfeltctrolye was about

6% lower than the liquid electrolyte, which might be due to the appl@.cu ensity being
g n

closer to the limiting current of the polymer electrolyte and resu e dead Li during

cycling. The Coulombic efficiency did not reach 100% for Is, Pich results from

electrolyte consumption and dead Li formation.
The obtained EIS data (Figure 4¢-d, and Fi Sc- ere fit to an equivalent circuit

model (Figure S7). The film resistance (Rs

d the e transfer resistance (R¢t) were
summed into an interfacial resistance (Rint = R . Rint of Li[PAN-ZnO and Li|Cu-ZnO
Se-f, respectively.

For both Li|PAN-ZnO anf§
higher with the polymer ele

electrolyte had a good& oth PAN-ZnO and Cu-ZnO substrates (Figure 6 and
P

-ZnO (~10 Q) was slightly higher than Li|Cu-ZnO (~5 Q) with

nan the liquid electrolyte, even though the polymer

the liquid electrg It of Li|PAN-ZnO (~70 Q) was lower than Li|Cu-ZnO (~140 Q) with
as previously reported that the SEI with low resistance extended the
reversibl§ cycling of Li metal.* Thus, the higher Rin of Li|Cu-ZnO might contribute to the quick

shoyff Clrcuyf of the cell.
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Overall, Rix did not change or slightly decreased after deposition except in the ¢ f
Cu-ZnO with the polymer electrolyte, which was short circuited during cycling. For
with the liquid electrolyte and PAN-ZnO with the polymer electrolyte, Rint de.cr da
stripping. Rint of PAN-ZnO with the liquid electrolyte increased. However, sfgke Reim #d Re: for
both Cu-ZnO and PAN-ZnO hosts with the polymer electrolyte can not asi convoluted, it
is difficult to ascertain if the change in Riy was from Rfiim or Re:.

For all types of cells cycled without short circuiting, the % low-frequency
resistance slope decreased after deposition and then increas r stfiPping. One possible
explanation is that the low-frequency resistance is propgrfion. e Li" diffusion length within
the SEI layer.’>! Thus, it is possible that the diffusj th O@ame shorter during deposition

and became longer during stripping due to

hCreas uosity.*® However, it should be noted
that the interpretation of the low-frequency res ope in a Nyquist plot is often

controversial since the system is more ¢ 1 than a simple equivalent circuit.>

https://mc04.manuscriptcentral.com/jes-ecs



oNOYTULT D WN =

Journal of The Electrochemical Society

b

3

Capacity (mAh em™)

a b
1o 0.10 1.0 0.10
08 0.05 J 0.81 oo
2 =
80.6'5“ 0.00{= 306':;:0”‘“0\
E‘:‘ 0.4 ? 005 T ]S);?pOSlt ED 041 ~0.05
§ 0107 I 3 ; 1 : :g -0.10% i
0.2 Capacity (mAh em :} ‘/ 0.2 1
0.0 0.01C
S T S SR 5
Capacity (mAh cm 2)
C 50 " . d 50
+ Deposit-Strip ( Fit)
404 = Deposit ( Fit)
« Conditioned ( Fit) 10
— —30 1 —_
< a
= N _20 | . by v - N
v v
~10 1
0 ™ T T T T T
0 10 20 30 4 50
€ 7Z.(Q) 200
a a8 1501
=10 2
2 Q
§ § 100 1
= 2
v 54 =
e o 501

Figure 4. Voltage

and (b) polym Cctrd

electrolyte

and () p

O
Y.,

Stripping

Conditioned Deposition

Stripping

ity curves of deep cycling of Li|PAN-ZnO cells with (a) the liquid

es, EIS of Li|PAN-ZnO cells with (c) the liquid and (d) polymer

ves were added as lines. Interfacial resistance (Rfim + Ret) of (€) the liquid

erdlectrolytes. Standard errors of the interfacial resistance are shown as error bars.

https://mc04.manuscriptcentral.com/jes-ecs

Page 18 of 30



Page 19 of 30 Journal of The Electrochemical Society

0.05 1

0.001 \/,

—0.051

()
=
o

=
o

0.10
0.05
0.00
— Deposit

— Strip

) i ) i a
Capacity (mAh em °)

Voltage (V)

g
=y

oNOYTULT D WN =

—0.05

—0.10
0

©
Voltage (V)
o
'
Voltage (V)

-
-
o
o

-

w
e
=)

14 A T . Y T
15 Capacity (mAh cm 2)

18 + Deposit-Strip ( Fit)
19 = Deposit ( Fit)
20 » Conditioned ( Fit)

: ‘ - ; ‘ 0 50 100 150 200 250

30 Z(Q) Z(©@

32

33 1504
34 10

35 100
36 z ] .

37 50_
38

39 0] 0

40 Condition Stripping Conditioned  Deposition Striﬁping

Resistance (£2)
Resistance (£2)

43 Figure 5. Voltage ity curves of deep cycling of Li|Cu-ZnO cells with (a) the liquid and

45 (b) polymer ele S of Li|Cu-ZnO cells with (c) the liquid and (d) polymer electrolytes.

47 Fitted curves Wgre agled adlines. Interfacial resistance (Rfim + Ret) of (e) the liquid and (f)

50 polymer <1ectroi’tes. Standard errors of the interfacial resistance are shown as error bars.

55
56
57
58
59

60 https://mc04.manuscriptcentral.com/jes-ecs



oNOYTULT D WN =

Journal of The Electrochemical Society Page 20 of 30

The cross-section images of both PAN-ZnO (Figure 6) and Cu-ZnO (Figure 7)%

)
deposition, and after stripping). The cross section of both PAN-ZnO (Figure 6a Zn0O
(Figure 7a-c) before deep cycling showed that the melt polymer electrolytesgakere
homogeneously distributed and had good contact with both porous PAde u-ZnO

electrodes over the entire depth (both top and bottom of the electro

maintained during cycling (after deposition and after stripping), gRow1 gap between the
polymer electrolyte and the porous electrodes (Figure 6d-i icurf¥/d-f). The viscosity of

the polymer electrolyte was suitable for refilling the porgfo the PAN-ZnO and Cu-ZnO
electrodes during Li deposition/stripping cycling.
The cross-section of PAN-ZnO afte ositm%lre 6d-f) showed that the PAN-ZnO

6h) and the bottom texture changg

texture was still different fr

deposit residue, which& ow Coulombic efficiency.
The cross-s f CU-ZnO after deposition/stripping cycling (Figure 7) showed the

top of the matrix. The bottom of the matrix appears to have a

e {eXture of intact part (top), indicating that the bottom has Li

before deposition, indicating that more minor Li deposition may
have occlgrred ddeper within the matrix. A previous report on a Cu-ZnO nanowire host coupled

withfliquidyelectrolyte also showed Li deposition at the top of the matrix.** Thus, it can be

https://mc04.manuscriptcentral.com/jes-ecs
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concluded that the non-conductive PAN-ZnO electrodes was more suitable for viscous %

electrolytes than conductive Cu-ZnO electrodes.

oNOYTULT D WN =

J

Figure 6. Cross-sCCNQgR3 M images of PAN-ZnO mat with the polymer electrolyte. (a-c)
47 before deep d{ghsitiof-strigbing cycling, (d-f) after deep deposition, (g-1) after deep deposition-

49 strippingfcyclinX (a, d, g) large scale, (b, e, h) small scale of top, (c, f, 1) small scale of bottom.

Wh@
55
56
57
58
59
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small scale images indicate cross-section of PAN-ZnO fibers.
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Bottom o

~,

7 ;S'm
Figure 7. Cross-sectional SEM images of CygZnOfga e polymer electrolyte. (a-c) before
deep deposition-stripping cycling, (d-f) after osttion-stripping cycling. (a, d) large scale,

(b, e) small scale of top, (c, ) small

3.4.Deep cycling life of Li/PAN, ith the polymer electrolyte
Figure 8 compares deep ¢ a with different cell types. Li|PAN-ZnO with liquid
electrolyte (Figure S8) sho stajlle cycling over 15 cycles with >97% Coulombic efficiency

(Figure S9). Li[PAN-ZnOQgith)the polymer electrolyte was short circuited after the first

successful cycle (i ). In comparison, Li|Cu (planar copper current collector) with the
polymer elect@o nited within the first deposition step (Figure 8a). With PAN-ZnO
mats on si the cell (Li+PAN-ZnO|Cu+PAN-ZnO), successful cycling was observed

for 4 gyc e the cell was short circuited (Figure 8c). Thus, it can be concluded that the

PANGZ O ghats improved the stability of Li deposition/stripping cycling on both Cu and Li

v
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37
38 3.5.COMSOL simulation 6 }i dyposition
39
2(1) COMSOL simu% of conductive hosts and non-conductive hosts at equilibrium,
42
43 where the concentr dient and the current density did not change over time, are shown in
44
45 Figure 9 and Ejgare ere, the conductive hosts and non-conductive hosts were shown as
46
j; arrays of circl@-sect on of wires or fibers). Current density maps of conductive hosts with
49
50 each the @‘igure 9a) and the polymer electrolyte (Figure 9b) showed concentrated
51
52 curients onhe first 2-3 layers of the substrate (rows of the arrays), mostly concentrated on the
53
>4 first layer. The Li* concentration gradient and flux maps of conductive hosts also showed that
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there was no further Li" concentration gradient and Li* flux within the conductive host %
the first two layers (Figure 9¢-d). Non-conductive hosts (Figure S11a-d) showed ce

n
between the liquid and polymer electrolytes, showing uniform current distributiogaand ux
over the host volume. This explains the top deposition of Li on the conducti% e
experiments. The current density on the first layer was about 30% higheyf (0713 cm2) than
the overall current density (0.1 mA cm™) for the liquid electrolyte, g ymer electrolyte
was 100% higher (0.2 mA cm™). The electrolyte current density c%gure S12) also show
that the current density decreased more significantly from t nd [¥er in the polymer
electrolyte (maximum current of 0.15 mA cm™ to 0.02 c an the liquid electrolyte
(maximum current of 0.14 mA cm™ to 0.05 mA cm, hilc W€ current density became
negligible beyond the 4™ layer in both elect s.%ﬁquid electrolyte in the conductive

host, the electrolyte current density was 0.04 a

A cm on the 2" and 3™ layers of wires,

and, the polymer electrolyte showed 0.01 mA

the 3™ layer, ~10% of the applied current

density. Thus, Li" deposition mig more focused on the top layer with the polymer

electrolyte, which can resul ogking the top of the conductive host more quickly (with less

capacity) and the rest & osit will eventually cause dendritic growth to short circuit the
t

cell. In this case, th ivearea” (or “active area”) for Li to be deposited was mostly limited
to the first 2-3 layersy mplies that the conductive host cannot lower the local current
density.

C)Q
Y.,
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Figure 9. Current den Y (a, Li" concentration (c, d) of the conductive electrode hosts via
COMSOL simulati itearrows in (¢, d) indicate Li" flux.

orductive and non-conductive 3D porous hosts were investigated with the viscous

pol ctrolyte. It was found that the non-conductive 3D porous host was more favorable for

https://mc04.manuscriptcentral.com/jes-ecs
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uniform Li deposition when the melt polymer electrolyte was employed. A first cycle o

extensive Li deposition/stripping was successful with the non-conductive host main od

t
contact and refilling of the polymer electrolyte, however, the conductive host cagaed s ircuit

during this one cycle. The non-conductive host accommodated the Li depos from e
bottom, while the conductive host showed the most Li deposition on top, thg offier hand, both
conductive and non-conductive hosts allowed successful cycling wigshe electrolyte
during the extensive Li deposition/stripping cycling. The COM sinqulafion results indicated
that the active area of the conductive host decreased and lima thgYop few layers of the wires
with the polymer electrolyte, which might cause blockindof layer more quickly. Thus,
the viscous polymer electrolyte was more susceptib bloche top of the host with increased

1 S

applied current density and tortuosity of co ive ts.
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Figure S1. SEM images of PAN-ZnO mat before thermal stabilization: (a) as electrospun, (b)

after hydrothermal growth.
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Figure S3. Voltage vs time curves of the conditioning step of Li|PAN-ZnO cells with (a) the
liquid and (b) polymer electrolytes.

0 50 100 150 200 0 50 100 150 200

javl
D—A

E.»J

=
8]
<

ro
n
!
)
n

o

(=]
(o]
o

Voltage (V)
Voltage (V)

1.0 1.0
0.5 0.5
0.0+

Time (h) Time (h)
Figure S4. Voltage vs time curves of the conditioning step of Li|Cu-ZnO cells with (a) the liquid
and (b) polymer electrolytes.



0.

Voltage (V)
=

-0

—0

(@]

10 |

05

R e ——
'

051

10

0.0 0.1 0.2 0.3 0.4 0.5
Capacity (mAh cm )

s e
wn (=2}

=
=

Capacity (mAh cmgz)
s o
2 (5]

<

s
=

.
.'.I'.".':::=iSl.ll..lll..ll.l..lllll.

- e

o**

.

.
"
.
- *  Deposit

s Strip

= Coulombic efficiency

(=]

5 10 15 20 25 30 35 40
Cycle number

60

40

20

0

Coulombic efficiency (%)

o

Voltage (V)

0.10 ”
0.05 1
0.001
-0.051 | k
-0.10

=
wn

S
I

Capacity (mAh cm 2)
° 2

<

S
=]

0.0

01 02 03 04 05
Capacity (mAh cm 2)

e Deposit
e« Strip
= Coulombic efficiency

=

5 10 15 20 25 30 35 40

Cycle number

—— 0.200mA cm

0.175 mA cm °
0.150 mA em
0.125 mA em
0.100 mA cm
0.050 mA em

—— 0.025mAcm
—— 0.010mA cm ©

Coulombic efficiency (%)

Figure S5. Rate capability of LilPAN-ZnO cells at different current rates (0.01 — 0.2 mA cm™).

Voltage vs capacity curves at each rate with (a) the liquid and (b) polymer electrolytes. Charge

and discharge capacity and Coulombic efficiency vs cycle number with (c) the liquid and (d)

polymer electrolytes.



0.10

0.05 -
- ﬂ
—0.05 1

—0.10

Voltage (V)

1 2 3 4 5
Capacity (mAh cm )

O A

Figure S6. Voltage vs capacity curve of Li|Cu-ZnO with the polymer electrolyte in a deep
cycling step. The cell was short circuited at the end of deposition.

Qfilm Qai

([ [l
B \\ \\

Rfiim R B
—\MWA— AN~

Figure S7. The equivalent circuit used to fit the EIS data.




Voltage (V)

Figure S9. Deep cycling capacity and coulombic efficiency over cycles with Li[PAN-ZnO cell

0.10

0.051
0.00+ FJ et e
| L R W B
—0.05
—0.10+— ; ‘ - ; ; ; :
0 200 400 600 800 1000 1200 1400
Time (h)

Figure S8. Deep cycling of Li[PAN-ZnO with the liquid electrolyte

(=]

Capacity (mAh cm )

wn

~

(3]

Deposit
Strip
Coulombic efficiency

5 10 15
Cycle number

with the liquid electrolyte.

100

80

F60

40

F20

Coulombic efficiency (%)




COMSOL Simulations (Cu Nanowires): Finite element simulations were performed using
COMSOL Multiphysics v5.4 using the Electrochemistry Module. A 2-dimensional geometry was
developed to represent the electrolyte domain over a 100 pm x 160 um area (in grey), as shown
in Figure S10. No volume changes were associated with the electrodes and the electrolyte
domain area was kept constant.

In these simulations, all domain equations are derived from the Nernst-Planck Equation,
given by:

aCi
dat

+V-(Ji+cu) = Rior
where c; denotes the concentration of species i (mol m™), u is the velocity vector (m s), and J;
is the molar flux relative to the convective transport. Here, the total flux of all species N; (mol m
2 51 considers the flux of all charged species by diffusion, migration, and convection:
N;=(; +cu) = =D;Vc; — ziuy ;Fc;V, + ciu

where c; is the concentration of species i (mol m™), z; is the valence, D; is the diffusion
coefficient (m? s™), u,, ; is the mobility, F is Faraday’s constant (C mol™), ¢, is the electrolyte
potential.

The simulations consider one species of interest, Li* ion, where the electrode reactions
were governed by the following process:

Lit+e” o Li(s)

Here, the Li metal anode is designated as the top boundary of the electrolyte domain
where Li ion generation by dissolution occurs, while the Cu electrodes is designated as the
bottom boundary where Li depletion by Li metal deposition occurs. Therefore, the exact

dimensions of the Li metal anode and Cu electrodes are not considered since the electrochemical

reactions only take place at the electrode/electrolyte interfaces and the conductivities for both



electrodes are very high. Here, the reaction kinetics associated with Li" ion generation on the Li
metal and depletion on the Cu nanowires and Cu electrode surfaces were described by a Butler-

Volmer expression for the charge transfer current density i;,. (A m™), given by:

. . aaFn _acFTI
Hoe = Lo (eXp< RT > - eXp( RT ))

where a, is the anodic charge transfer coefficient, a,. is the cathodic transfer coefficient, and 7 is

the overpotential. The exchange current density i, (A m™) is related to the heterogeneous rate
constant k, (m s™) expressed as:
i, =k,Fc
The stoichiometric notations used in the physics interfaces follow a general

electrochemical reaction expression:

2 voxsox +ne < z vredSred

ox red

where the stoichiometric coefficients, v;, are positive (v,, ) for products and negative (v,..q4) for
reactants in a reduction reaction.

To study the effects of nanowire electrode tortuosity and conductivity on Li ion transport
and current density distribution in the cell, a 100 pm % 100 pm domain of circular nanowires (d
= lum, porosity 85%) was incorporated into the electrolyte structure. This domain is located 50
um below the top Li anode boundary to simulate a bulk electrolyte layer above the nanowires.
Simulations were undertaken for both Cu nanowires and PAN-ZnO nanowires. For simulations
with Cu nanowires, identical electrode boundary conditions were designated for Cu nanowires
and the bottom Cu electrode where the total current was set to 0.1 mA. The domain equation for

the electrode boundaries is given by:

V-ig = Qs



where, the current density vector iy is given by:

Is = =05V
and Q, is the current source (A m™), g, is the electrode’s conductivity, and ¢y is the electric
potential.

To study the effects of electrolyte materials (PEGDME, DOL/DME) in the simulations,
properties such as the diffusion coefficient of Li", electrolyte conductivity, transport number, and
activity coefficient were considered. These are summarized for PEGDME and DOL/DME in
Table S1. Electrolyte salt concentrations were designated as 1 x 10> mol m™ for both

electrolytes.

Table S1. Designated Material Properties for Electrolytes (PEGDME, DOL/DME).

PEGDME DOL/DME

Diffusion coefficient (m? s') 2.0 x 101 5.0x 10710

Electrolyte conductivity (S m™) 6.50 x 102 2.92 % 10!
Transport number 0.30 0.50

Here, the domain equation for the current balance in the electrolyte is expressed as:
V-i;=0

And the expression for the current density vector in the electrolyte, i; (A m™), is given by:

il:FZZiNi

where the net current density can be described as the sum of all species fluxes. From the Nernst-
Planck equation, we can derive the following expression for the total flux N; by substituting the

Nernst-Einstein relation for the electrical mobility of an ion:



ZiF
Ni = _Di (VCi + ﬁ + Civ¢l> + ciu

Thus we obtain:

F2
il = —FZ DiZiVCi —ﬁv¢l Z ZiZDiCl' + uz Zi Ci

which can be further simplified by eliminating the diffusion current and convection terms to:

ip =—0 Ve,

which is defined by the following expression for the electrolyte conductivity (o;):

o, =F? Z Zi% U i€

For all simulations, time-dependent solutions were obtained over a total range of 2000 s
to ensure that steady state solutions were reached (where concentrations and current did not
change over 10s of seconds). Specifically, solutions were obtained over 4 distinct time ranges:
the first range of solutions were obtained from t =0 s to 1 s at 0.1 s intervals to determine Li" ion
transport at early stages of charging. The next set of solutions was obtained from t =2 s to 10 s at
1 s intervals, followed by another set of solutions obtained from t =20 s to 100 s at 10 s
intervals. Finally, the last set of solutions was obtained from t =200 s to 2000 s at 100 s intervals
to study longer term Li transport phenomena. The figures in the text were taken at t = 2000
seconds and 200 seconds of the simulations for PEGDME and DOL/DME, respectively. For
simulations with PEGDME, steady state is reached at t = 900 seconds, while simulations with

DOL/DME reach steady state at t = 50 seconds.

COMSOL Simulations (PAN-ZnO):
COMSOL simulation results for model systems using PAN-ZnO nanowires are shown in

Figure S11. Here, the simulations undertaken were identical to the ones described above, with



the exception that the circular nanowires were designated as insulating boundaries instead. Thus,
no Li depletion by deposition was simulated on PAN-ZnO nanowire surfaces. Electrolyte effects
on Li transport and current density distribution were also investigated by varying the electrolyte
(PEGMDE, DOL/DME) for these simulations. The figures in the Figure S11 were taken at t =
2000 seconds and 200 seconds of the simulations for PEGDME and DOL/DME, respectively.
For simulations with PEGDME, steady state is reached at t = 600 seconds, while simulations

with DOL/DME reach steady state at t = 50 seconds.



Figure S10. Simulation cell geometry (100 pm % 160 pm) in COMSOL.
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Figure S11. Current density (a, b) and Li" concentration (¢, d) of the non-conductive electrode

hosts via COMSOL simulations. White arrows in (¢, d) indicate Li" flux.
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Figure S12. Electrolyte current density profiles on the lines on the first five layers of the
conductive substrate in (a) the liquid and (b) polymer electrolytes. X-axis indicates the distance
from the left side.



