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Abstracm
Wez’ to examine the role of graphene host structure/chemistry in plating-stripping in
lithium metal a s employed for lithium metal batteries (LMBs). Structural and chemical defects
are bad i defective graphene promotes unstable solid electrolyte interphase (SEI) growth.
This consumes the FEC additive in the carbonate electrolyte and is correlated with rapid decay in CE
and formagn of filament-like Li dendrites. A unique flow-aided sonication exfoliation method is

employed tosymthesize "defect-free" graphene (df-G), allowing for a direct performance comparison

with conve duced graphene oxide (r-GO). At cycle 1, the r-GO is better electrochemically

wetted by Lj -G, indicating that initially it is more lithiophilic. With cycling, the nucleation
overpotential with r-GO becomes higher than with df-G, indicating less facile plating reactions. The
df-G yieWthe—art electrochemical performance, with the post cycled metal surface being

relatively- d dendrite-free. Conversely, r-GO templates have CE rapidly degrade from the

onset, with extensiVe dendrites after cycling. Severe SEl growth and associated FEC depletion with r-
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GO are further confirmed by electrochemical impedance analysis (EIS) and surface science methods

(XPS). We provide a new design rule for Li metal templates: An ideal host must be non-catalytic

towa rde per se.

keywords: liquid phase exfoliation (LPE); Sodium metal battery (SMB); solid electrolyte interphase
(SEI), solid electrolyte interface (SEl), mossy dendrite.

Introductim

Lithium ion batteries (LIBs) are ubiquitous for electric vehicles (EV) and portable electronics, and
are making inroadi‘nto municipal and stationary energy storage applications.[” Prevailing LIBs utilize
graphite anodes as an intercalation host, yielding a practical capacities in the 330-430 mAh cm™
range, whig is actually lower than the practical volumetric capacity of commercial cathodes
including LiCoO, (550 mAh cm™) and doped spinel LiM,Mn,.,0, (M=Ni, V, Cu).”” Establishing new
anode - ca@terial combinations beyond the “rocking-chair" systems is necessary for further

gains in cell energy, which in turn translate into longer automotive travel range, wider grid

application B) Lithium metal battery systems (LMBs) are being sought as an ultimate

replace IBs, opening possibilities for much higher energy densities for the lithium metal
anode possesses a high theoretical capacity (2,277 mAh/cm~, 3860 mAh/g) and the 0 V vs. Li/Li*
plating plageau." This gives LMBs high energy, especially when coupled with a high capacity cathode

such as S, Se or 5-5e. e 4e 451

O

Itis wi-known that the stability of Li metal during extended charge - discharge cycling is
extremely problematic. This is primarily due to its high reactivity with most liquid electrolytes and
the large v8lume changes associated with deposition - dissolution (volume change is infinite only if

the entire eIectros is dissolved and re-precipitated).” In conventional carbonate electrolytes the

solid electrolyte interphase (SEIl) layer on metallic Li is unstable, exposing fresh metal surfaces to the

electrol tively at every cycle.” This has been classically associated with metal dendrite
growth, whi umes both Liions and liquid electrolyte, leading to the cell "drying out" even

prior to electrical shorting. A qualitative scenario for SEI promoted dendrite growth is along the
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following lines: A chemical and/or structural heterogeneity forms in the SEI, which results in a locally
non-uniform Li flux to this “hot spot”, leading to preferred deposition of non-planar Li.®! The
protrusiw accelerated by strong local electrical field and by now preferential ion flux,
resulting in ation of dendrites.”” Thus localized rather than planar growth becomes self-
amplified, &netal protrusions with cycling become full micron-scale dendrites. The
dendritesmaymgnemmlong enough to pierce the separator and catastrophically short the anode to the

cathode. E ill consume enough electrolyte and Li ions while growing more SEl around it to

1

have the celffgraBally fail by capacity fade.!*

SG

Treme s®ffort has been devoted to address the Li dendrite problem. One strategy to
stabilize the r and suppress Li dendrite growth is to employ electrolyte additives. These

include flu

U

ene carbonate (FEC)™, fluorinated ether™™, vinylene carbonate (VC)-lithium

nitrate (LINDs)", Cs*and Rb* salts™, Li-fluoride (LiF)™, Li-polysulfide™® and Li-nitrate!” etc.

§

However, i s unstable, such electrolyte additives may be consumed during repeated cycling,

indicating tha olution is not fully effective by itself."® Another key emerging strategy is to

a

employ electfica¥¥conductive secondary supports/templates/ protection layers (in addition to the
Cu curr ector) to control Li plating and stripping behavior. Such supports may offer "hosting",

confining t e expansion of the Li metal within a compliant buffering matrix. The supports

M

may als plating", reducing the local current density by effectively increasing the available
surface area for metal nucleation. The supports could also offer "protection"™?, by effectively acting
asanionp separator that minimizes new Li metal - electrolyte interfaces. A well-designed

host may o ese benefits: controlling the volume expansion to be in favorable directions,

or

dispersing g/stripping current, serving as dense template for crystallite nucleation, and

stabilizing olyte interface. The conductive support approach is well suited to be employed

§

in conj i isimthe additives approach, potentially offering synergistic performance.

{

U

Owingtoi dvantages such as excellent electrical and ionic conductivity, potential ease of
processin -effectiveness, carbon-based supports with tailored structures and morphologies

have be tigated. These include Super P?%, graphene'®, graphene oxide?”, N-doped

A

[23]

graphene,”” graphitic foam'"

[25]

, graphitic micro-tube'” etc. Due to its open 2D structure, inherent

stability against corrosion, and excellent electrical and thermal conductivity, graphene and many of
3
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its sp> bonded analogues are among the most popular carbon supports studied. Graphene defects
(including heteroatoms, nanopores, vacancies, topological defects, etc.) are considered “lithiophilic”
sites to WI wet the carbon host, especially when melt-infusion method is employed to
thermally i a Li reservoir. 2% 2% %8 However, these defect sites were previously recognized
to catalyze&eduction, i.e. formation of SEI 7). Therefore, the critical open questions for
the Li metaireemmamnity are the following: In sum, are graphene (or more generally carbon) chemical

and struct ts beneficial or deleterious for Li metal supports? What is the ideal "hosting",

1

"templating®andfar "protection" carbon for Li metal?

SC

Here we co si¥€ly address these important and interrelated questions. We are the first to

demonstrate that'@raphene defects are actually quite deleterious for efficient Li deposition and

U

subsequen , being directly correlated with low Coulombic efficiency (CE) and with irregular

dendritic gfowth of the Li metal front. It is demonstrated that defective graphene, as opposed to

n

"defect-fre ne, promotes copious solid electrolyte interphase (SEI) formation at cycle 1 and

afterward. and dynamically growing SEl may be reasonably concluded to be a key cause of

d

the observed'in ility, a process which becomes self-amplified with cycling as the growing SEI

exhaus ectrolyte additives designed to stabilize it.

M

Result and Discussion

or

Synthesis erties of df-G and r-GO

Ultrasahic cavitation has been employed to yield graphene materials from graphite, the

4

approach heing kn@wn as the liquid-phase-exfoliation (LPE) method 28] The cavitation bubbles in the

t

suspension implode at the liquid-solid interface of the working material. This transient implosion will

focus significant ad@ustic energy onto the solid, the phenomena being termed “micro-jets”. The

micro-jets lead t treme and highly localized conditions, where temperatures of 5000 K and
dreds of bars have been predicted.” The violence of the process will also generate
highly reactiv ies in the solution, including radicals from sonolysis of the solvent vapor.??*2°9

For materials with highly anisotropic bonding, such as graphite or various sulfides, ultrasonic
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sonication will lead to extensive exfoliation along the van der Walls bonded planes. The micro-jets
could also directly break the sp® bonds along (002) of graphite, fracturing/scissoring the material in-

plane a various graphene defects such as di-vacancies, Stone Wales defects and

{

3|

nanopores duction of surface and edge-site O and OH moieties (hydroxyl, carboxyl, epoxy,

etc.) have orted®".

1
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Schematic 1. top: Illustration of the flow exfoliation process, giving preferential alignment of flowing
graphite patticles relative to the shock wave. Inset : Schematic illustration of the exfoliation process
for "defechphene (df-G). bottom: lllustration on the use of df-G to promote a stable metal
growth fro

O

If the milicro-jets can be preferentially directed normal to the graphite edges rather than normal

g

to the basal plane,the weak out of plane bonding in (002) may be used to form sheets of highly

t

pristine defect-free graphene. Due to a spontaneous random orientation of graphite flakes in a liquid

medium, an anisotopic ultrasonic treatment is not possible in a static condition. However, it is

U

known that disk-like particles are prone to align along the flow with respect to the strain velocity

distribugi to elongation or/and shear strain®?. A self-designed slit-flow was adopted here to

achieve such ent accordingly. Governed by rheological laws, the suspended graphite platelets

can be induced to align along the flow with respect to the slit geometry when flowing through the
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slits (enlarged insets in Figure S1). When flowing through the convergent slit, due to local shear
distribution the suspended graphite platelets can be induced to align along the flow with respect to
the slit W 32%1 Simultaneous to the pump-driven cyclic flowing of suspension, sonication
shockwave osed to the aligned particles with propagation direction parallel to the oriented
graphite pI&ﬂow-aided sonication (FAS) process will align the graphite precursor flakes
parallelio thessemigation wave to focus the energy on the flake edges. This efficiently exfoliates the
graphite flwe minimizing structural damage to the basal planes or introducing oxidation.

Additional Wr fabrication of "defect-free" graphene (df-G), including a reactor schematic (Fig.
i

S1) and gr d suspension properties (Fig. S2), are provided in the Electronic Supplementary
Informatiom

Conve';ummer’s method based on the well-known oxidation-reduction route was
employed ssyntEesize reduced graphene oxide (r-GO). As shown in the text below, the

morpholo B3],

iveness and oxygen content of the fabricated r-GO agreed well with literature

To quantitmamine the role of graphene structure on Li metal plating, df-G and r-GO supports
c

were fabri drop-casting the graphene dispersions onto commercial Cu foils, without any
binder uctive filler. The mass loading of the supports was identical in each case, being about
0.4 mg/cm’ half of Scheme 1 illustrates the FAS exfoliation process and the general

mecha ucing df-G. The bottom half of the schematic is an illustration of the df-G and r-

GO support fabrication process.

the morphology and structure of "defect-free" graphene df-G and reduced

D. The df-G is shown on the top panels while the r-GO is shown on the bottom

hows atomic force microscopy (AFM) analysis of df-G. Height maps associated
monolaxeriraghe'e as probed by AFM is known to be in the range from 0.8 - 1.5 nm, depending on

the substr i d measurement parameters, etc.”® ¥ The five df-G sheets that were analyzed
were all approximgtely 1.5 nm, indicating that they are either monolayer or bi-layer graphene

structures. A potesfree monolayer of graphene should have a true surface area of 2630 m?/g, a bi-
layer w n the 1300 m”/g range. Such surface areas are on-par or higher than most carbons
employed for Li al supports. Figures 1(b) and (c) show transmission electron microscopy (TEM)
analysis of df-G. Figure 1(b) shows a bright field micrograph a df-G flakes which is folded in sections.

6
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From the overall morphology it may be observed that df-G still possesses the overall lateral
morphology of the parent graphite flakes having a combination of angular and rounded edges. The
SAD patWar intensity profile map shown on Fig. 1(c) is consistent with (110) and (100)
reflections hene oriented in the [001] zone axis, indicating highly crystalline nature of the
graphene I@ed by FAS. A high resolution TEM (HRTEM) micrograph of df-G is shown in
Figure Ifd)mwiblmiET pattern and FFT-filtered image shown as insets. The classical hexagonal FFT

pattern anwciated honeycomb atomic arrangement of graphene are present, indicating the

high orderlj he structure with minimal defects in the basal plane.

60 120 180 240 300 360
Azimuth (Degrees)

5 1/nm

0
0 60 120 180 240 300 360
Azimuth (Degrees)

(100)

(110)_

Figure 1: I\ng and structure of df-G (top) and conventional reduced graphene oxide r-GO
(bottom). (a) AEN
analysis of @ Newing a bright field image, and representative electron diffraction (ED) pattern

image and its height profile of df-G flakes deposited on mica; (b) and (c) TEM

8ity profile along a row of reflections (green line), analysis of the intensity
distributio diffraction along the Azimuth angle were shown at the top; (d) HRTEM lattice
image of df&G. Inset: FFT pattern and FFT-filtered lattice image highlighting the highly ordered
graphene lattice, with minimal defects. (e) AFM image and its height profile of r-GO flakes deposited
on micatht field TEM and SAD analysis of r-GO. The streaked rings in the ED pattern was

indexed asj (110), and (100) of r-GO shows low polarization degree along the Azimuth

with a linea

angle in contrast t@)df-G; (h) HRTEM lattice image of disordered r-GO. The FFT pattern and FFT-

filtered lattice im demonstrate a highly defective structure with poor graphene plane alignment.

Figures 1(e) - (i) highlights the structure of r-GO. Figure 1(e) shows the AFM image and height

maps. It may be observed that the r-GO graphene flakes exhibit a "ruffled" morphology that typical
7

This article is protected by copyright. All rights reserved.



for reduced graphene oxide materials found in literature.*® *® The flakes are microns in width. The
AFM maps highlight the ruffled morphology of the sheets, showing exaggerated heights of 11 and
12.5 anhe r-GO carbons are lower thickness although the true dimensions can't be
obtained b ue to the wrinkling and aggregation. The BET analysis for r-GO, shown in Fig. S3
shows the @)ossess Type Ill BET isotherms typical for reduced graphene oxide -type

materials. ﬁurface area was 507 m?/g, a cumulative pore volume of 1.61 cc/g, and a wide

distributio r|Iy mesopores were observed. This will become important for interpretation of
the electro findings, since nanopores in r-GO should be highly catalytic toward electrolyte
decomposi would become plugged with SEI below ~ 1 V vs. Li/Li*. &7

Per thmults shown in Figure 1(f) the r-GO is ruffled and relatively spherical in its lateral

dimension shows steaked (100) and (110) ring patters. The significant disorder in r-GO is

far dlffererﬁje structure of df-G, as no distinct graphene crystal lattice is observable in the
HRTEM im n in Figure 1(h). The observed high disorder of r-GO agrees with r-GO structures
reported i e B8 Hummer's synthesized reduced graphene oxide is depicted as an

38539 | iterature reported r-GO is almost always a mixture of sp? and sp’

topologica

bondm%

amorphoumlth nanocrystalline domains that contain residual oxygen groups, vacancies and
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Figure 2: Morphol;y, near-surface chemistry and structure of df-G (top) and r-GO (bottom). a) and
b) SEM micrograph_of df-G deposited on the Cu foil current collector. c) Overview XPS overview

spectra fo ighlighting it uniquely low O content. Corresponding high resolution XPS peaks are
shown . d) Raman spectra highlighting the D to G band intensity ratio of 0.07 in df-G, being
much lower thaithie corresponding 0.89 in r-GO. e) — h) highlight the same analysis for r-GO,
showing it to be much rougher, much higher in surface O content and much more defective.
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Figure 2 shows the morphology of df-G and r-GO deposited on the Cu current collector and

employﬁating—stripping analysis shown later on. Figure 2(a) and 2(b) shows df-G, while
Figs. 2(e) a@vn r-GO at identical magnifications. Since these two carbons possess different
thickness a , the electrodes are qualitatively different when viewed top-down. Another
key diffaﬂeen df-G and r-GO is in their heteroatom content. X-ray Photoelectron

Spectrosc

XPS analys‘of df-?is shown in Fig. 2(c) and Fig. S4(a), suggesting that the graphene is free of
an a trace amount of oxygen (1.3 at%). Conversely, per Fig. 2(g), the r-GO

was employed to investigate the near-surface chemistry of these two materials.

impurities o

possesses @mpch RAigher oxygen content (8.1 at%) and a discernable amount of S and N (1 at%

S

total). The oxygen atoms in r-GO are mainly ascribed to residual oxygenated carbon groups (C-

0/C=0), whereas df-G exhibits much lower functional group signals per the high resolution C 1s and

U

O 1s spectra (Fig. S4 (b ,c)). The 1% N and S in r-GO is suspected to be introduced by sulfuric acid and

nitrate froml the synthesis process. Raman spectra shown in Figs. 2(d) and (h) further illustrates the

[

structural difference between df-G and r-GO, in which a ratio between the D-band and the G-band

can be emplo qguantify the defectiveness of the carbon materials. This clearly reveals the

a

highly ordered nature of df-G, showing an I/l ratio of 0.07. However, r-GO is much less ordered,

showing a tio of 0.89. We note the complete lack of a 2D peak in r-GO, due to high levels of
graphe er, agreeing with previous reports'®*® ¥ 3,

One can compare the structural and chemical features of df-G and r-GO versus representative

[

graphene ts exfoliated via a number of established methods in existing literature. This

compariso n in Table S1 282300 30c, 31, 33b,34,38b, 38¢, 401 The . GO in the current study is similar

in structur

O

reported r-GO. In fact, it possesses slightly lower defectiveness and heteroatom

content co o prior studies. To contrast, the df-G exhibits unique structural integrity with

N

extrem oatom content for a "wet" synthesized graphene material. Therefore r-GO and

df-G congti igdedl model system for understanding templated Li plating.

{

Intrinsic SEI ion Tendency of df-G and r-GO

Au

The fo f a solid electrolyte interphase (SEI) is the irreversible reduction and chemical

decomposition of the electrolyte in contact with the anode. Electrochemically, SEI formation is
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manifested as irreversible capacity loss and impedance rise at voltages below approximately 1 V
Li/Li". This means that when a lithium metal battery is charged, SEI formation occurs even before
plating Wrmation process involves reduction of the solvent molecules to Li,O or Li,COs,
Li alkyl car and Li alkoxides, all of which irreversibly consume active Li. The reported early
(e.g. cycle lombic efficiency (CE) values for a wide range of carbon materials is often lower
than 50%.[4-1] It is also recognized that structural and chemical defects in a carbon will catalyze SEI
formation on its surface.””! For instance, when more disordered graphitic carbons were tested as
lithium ionleB) anodes, the CE loss and impedance rise at cycle 1 was worse!*?. Also, SE|
was recenwo be thicker at the heteroatoms sites in a nitrogen-doped carbon.*®! What is still
yet to be understand, however, is how structural and chemical defects affect the metal

¥y §F 12
plating/stripping behavior when analogous carbons are employed as a Li metal plating host.

-

We firsEf—G and r-GO between 3 - 0.01 V vs. Li/Li*. This corresponds to a typical lithium

ion battery, de testing protocol, with the lower voltage cutoff being above the equilibrium Li
plating pot e adopted these tests to compare intrinsic SEl formation on df-G and r-GO,
without theji e of plated Li metal - electrolyte interaction that would drive additional

extensi . Galvanostatic results for carbon Li/Li* half-cells are shown in Figs. 3(a) and
3(b). They indic hat df-G and r-GO possess distinctly different "high voltage" SEI formation
proper itst cycle irreversible capacity loss of r-GO reached 1863 mA/g, whilst that of df-G
was only at 148 mAh/g. This initial capacity loss is primarily due to SEI formation on the carbon
surfaces. I\&Eeover, as can be seen from Fig. 3(c), the ongoing cycling behavior df-G and r-GO is very
istinct voltage profiles. The df-G has a reversible capacity of 525 mAh/g, which is

almost hal @ -GO. The difference in the shapes of the voltage profiles is synonymous with Li
being reversi red in structural and heteroatom defects in r-GO, while intercalation being
favored in g-G[“a’ *I per Figs. 3(d) and 3(e), the CE in df-G is quickly stabilized with cycling, going
from 78Wto near 100% at cycle 2 and afterward. Conversely the cycling CE for r-GO is 35%
atcycle 1, ﬁever going above 95% in the first 10 cycles. This indicates that the SEI layer on

the much more defective r-GO remains unstable, an observation which will be key for explaining the

oV Li/LFm&formance.
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Figure 3: (a) and (b) Cycle 1 charge - discharge behavior of df-G and r-GO, respectively. Electrodes
were testefin the high voltage range 2.5 - 0.01 V vs. Li/Li*, at 100 mA/g. The lower voltage cutoff is
significantl he equilibrium Li plating potential of 0 V. (e) Steady —state cycling behavior of
df-G, with r;@@ ninsert. (d) and (e) Cycling Coulombic efficiency (CE) and reversible capacity for
Pectively. Electrochemical impedance analysis (EIS) Nyquist plots of df-G and r-GO

hting the major difference in Rg,.

—
=)
M'
[0)0)

rence in SEl formation propensity was further verified by electrochemical
impedance spectroscopy (EIS), the Nyquist plot being shown in Fig. 3(f) (equivalent circuit models
shown in tlm A frequency range 0.1 Hz ~1 MHz with an AC amplitude of 5 mV was employed.
For Liion s@e EIS tests were conducted at terminal lithiation voltage at cycle 1. The df-G

exhibits im behavior that is well fit by a single arc model. However, a double arc impedance

model is n fit the Nyquist plots for r-GO. This key difference is attributable to the much
higher rface film impedance (Rgg) of r-GO, which is large enough to be distinguishable
from tthfer resistance (Rcr).

Table 2. Fitted EIS Salues for AES-G and IPS-G electrodes after the initial galvanostatic discharge vs.

Li/Li*.
4 Rs Rt Ry (Rscr)

11
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-G 6.190Q 43.7 Q (Rt Rsgr)

W 8.90Q 94 QO 80 Q

o

Compdariso, and r-GO as Li Metal Host

Now that the intrinsic SEI formation tendency of df-G versus r-GO is discussed, we can examine
I

their effica@y for stable reversible Li plating and stripping near 0 V vs. Li/Li*. As indicated earlier, the

mass loadinggof supports employed for plating reactions is 0.4 mg/cm?, an order of magnitude

lower thanfhat isftypically employed for Li ion storage anodes. Prior to the Li metal

pIating/strmting (0V, theoretical), the cells were "conditioned" by cycling several times at

100 mA/g voltage range of 0.01V - 3V vs. Li/Li", leaving the electrodes at 0.01 V vs. Li/Li".
This proce ed the carbon structure, largely eliminating any ambiguity from its contribution
to early cychiagsiandVersible capacity. ““**! Current density of 0.5, 1, 2 and 4 mA/cm? and 30 minutes
deposition e employed for the plating studies, corresponding to a total capacity of 0.25, 0.5,
land2m sasince no "extra" reservoir of Li was used on the working electrode and the CE was
less that 1 anodic voltage increased to the upper set limit of 1 V vs. Li/Li" at every
delitiation.
[
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Figure 4: emical plating-stripping behavior and EIS Nyquist plots df-G (a, d), r-GO (b, e) and
bare C mples were tested at 2 mA/cm”for 30 minutes per cycle.
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Figure 4 compares the plating/stripping voltage profiles for the df-G, r-GO, and the bare Cu foil

which was used as a baseline. Current densities of 2 mA/cm? and 30 min deposition time were

adoptering to capacity of 1 mAh/cm?at each plating/stripping cycle. The foil covered
by df-G de es far superior plating/stripping cycle stability among the three systems. The
voltage prm remain relatively stable throughout the test regime. Conversely, with r-GO
severe yoltagesflmetuations are present after 3000 min of cycling. Voltage fluctuation instability,
indicative Mable Li metal front, occur with the baseline bare Cu as well. Occasional voltage
drops wer s d in r-GO and with Cu, which may be ascribed to intermittent "soft-shorts"
leading touctronic - ionic conduction. Once more SEIl has grown, the fine dendrites would
lose their onductivity path due to the associated volume changes, and the system would

go back to i®Aic conduction through the electrolyte. We did not investigate soft shorting with r-

GOandCuin Eet5 the core point being that the df-G electrode does not display this phenomenon.

, (e) and (f), with the associated fits being shown in Table 3. The charge transfer

resista in the fit accounts for the charge transfer resistances between the carbon host and Li
and the resi f SEI film - electrolyte interface. In fact, since the SEl is a complex composite of
organic ic phases, there are multiple internal interfaces within the SEl itself that

contribute to that semicircle. The r-GO has by far higher R¢r and R both at cycle 1 and cycle 100,

confirming jor difference in the SEl levels right from the start of testing. Importantly after 100

cycles, RSE.®further increases (~ 26%), while the value for df-G remains stable. The

impedance

Due to the er surface area available for Li plating of the planar bare Cu current collector, a
directc ith df-G and r-GO is not appropriate.

=
<
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of bare Cu had a single arc which did not allow for deconvolution into Ry vs. Rgg,.
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Table 3. Fitted EIS values for df-G, r-GO and baseline Cu electrodes after 1% and 100™
plating/stripin cycles.

Sa Rs Rer Rsei
H I

df-G 1* 4.7Q 8.0Q 9.50
df—(‘looth ’ 12.8Q 10.1Q 10.0Q

r-GO 1% 3.280 73.80 57.2Q
r-G 4.47 Q 50.8Q 85.30
Bare-Cu 1°* 7.8Q 27.8Q (Rt Rsgl)

1

Bare- unable to analyze, shorted?

]

Recen g studies report a connection between “lithiophilicity” of the template and the

M

chemistry of the carbon supports ** %! |n electrochemical terms, the lithiophilicity is manifested as
a lower plating overpotential. In our case, we too observed a difference in the initial overpotential

for the no

I

hiophilic template of r-GO versus a less lithiophilic template of df-G. This is
illustrated j @ a). At cycle 1, the lowest plating overpotential is for r-GO (-0.1 V vs. Li/Li*), as

compared t8 -0.18 V) and to bare Cu (-0.2 V). This is consistent with previous reports that

chemical défects such as OH groups will serve as lithiophilic sites??. Dramatically, in the subsequent

£

cycles, the df-G display an opposite trend. In Fig. 5(b) cycles 1 - 10 are shown. By cycle

[

2, ther- gives a larger plating overpotential, which increases further with higher cycle

number. A e 20 the r-GO and the bare Cu overpotential becomes unstable per the reasons

U

described BWhile df-G remains stable. A straight-forward explanation for this trend is that with
increasin umber there is more SEI formed around the r-GO host. During the anodic Li

stripping, king electrode is fully delithiated (no Li reservoir is employed), but the SEI layer

A

14
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largely remains in place. The remnant SEI then acts as a kinetic barrier to facile Li plating during the

next cathodic scan, driving the increase in the overpotential.

0.0
A b
——df-G ) - 002
r-GO e
~ . —=—df-G
0.8 Bare-Cu z-0.1] V7
3 | - —e GO 0.03
:g‘:n / ‘:f::) - 200 —a— Bare Cu] &
0.6+ S ‘:i" Bare-Cu 2 En -0.04
g 0.2 Z 150- : [—T e
@ 0.4 = -0.05 GO
£ 05 10 15 20 25 = 06 e
3 021 Time (min) & 100 \ 500 510 520
1l ;.8_' \ Time (min)
0.0 S 50- B e
Qo
0.2 { 0

\ : I - 12345678910
0 50 100 150 200 250 300

Time (min) Cycle Number
c n df-G d 1.6-
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121 * r-GO 14 . GO
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0.0 "%_;“‘Barc Cu (without FEC) 0.0 ] ) e w
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80
Cycle Index Cycle Index
Figure 5: (a) A arison of the voltage profiles for df-G, r-GO and bare Cu for first several plating-
strippin .5mA/cm?, with the inset showing cycle 1 Li metal nucleation potential; (b)

overpotential as a function of cycle number at 0.5mA/cm?, inset showing the cycle 10" Li metal

nucleation potential; (c, d) Plating — stripping CE at 2 mA/cm?” and at various current densities,
respectivel

Ol

As can in Fig. 5(c) only df-G can undergo stable plating/stripping cycles with CE at 94%
and higherNLhe df-G template offers intrinsically stable interfaces for uniform electrochemical

plating/ i ctions, leading to dendrite-free surface morphology (shown in next set of

th

figures). C , both r-GO and bare Cu exhibit fast CE decay. Per Fig. 5(d), the df-G host allows

for plating currentensities up to 4 mA/cm? without appreciable CE loss. Conversely, even higher CE

U

decay is obser ith both r-GO and bare Cu when current densities are increased to 2 mA/cm?.

uperior performance of df-G to a more stable SEl, which consumes less active Li, less
electrolyte and i rtantly less fluoroethylene carbonate (FEC). It is known that FEC will have a
positive effect on Li metal cycling efficiency by stabilizing the surface morphology. This is directly

15
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correlated with the SEI structure. With FEC, the SEI layer on Li surface was more mechanically stable
and more effective in suppressing further parasitic reactions, leading to a more uniform and
compacW%] Due to the higher reactivity of FEC, greater amounts of LiF and LixPFy[lla], as
well as hig ion of the reduction products of cyclic carbonate or polycarbonate species™”
are presen@e note the key role of FEC in promoting an initially robust SEI structure in
bare Cugssigmifieamtly improved CE was observed for the bare Cu electrode with FEC as compared to
Cu withouWer baseline). These FEC-free Cu results are shown in Figs. 5(c, d) as well. To be

effective, FB@ ha be incorporated into the SEI. If more SEl continues to grow, the limited amount
of FECin th lyte (5vol.%, representative of most studies) will become depleted. With r-GO,

since SElI gmngoing, FEC exhaustion is likely to be the case as well.

Figure s top-down SEM micrographs after the samples have underwent 100 cycles,

showing t?-s materials in the plated state. Li metal deposited on the bare Cu foil is shown in Figs 6(g)

and (h). Co ent-like dendrite morphologies with branches having diameters of several

microns arg ol d, being consistent with previous studies on bare cuitis expected that

preferential Ti

will initi -planar growth. The geometric and chemical heterogeneity of the pre-existing SEI
layeront further amplify the Li front growth instability.”gl The role of the graphene

chemical and structural defectiveness in promoting stable Li plating may be further understood by

al deposition on geometrical perturbances and defects in the Cu current collector

comparing Figs. 6 (a, b) for df-G versus (d, e) for r-GO. Figs. 6 (c, f, i) show schematic cross-sections
of the post lectrodes. The df-G specimen exhibits relatively uniform Li metal topography,

while that @ classically dendritic with numerous filament-like dendrites taken as synonymous
with tip gro

L
e

-
<
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Li metal

ww

Figure = SEM micrographs of the post-100 cycles electrode surfaces in the fully plated
(d,e) r-GO and (g,h) baseline Cu. Schematics of the SEI formation process and
ect-free or highly defective graphene is shown to their right in (c, f, i).

condition (a,b
the rol

The Li & surface area in df-G and r-GO electrodes should be sufficient to promote dense
metal nucl m both cases. Therefore, the tremendous difference in plating/stripping behavior
and in the p® Cled electrode surfaces is not just an effective current density issue. The key

difference it the two graphenes is their structural and chemical defectiveness which correlates to

their in nsity to grow SEI. For the Li to plate on any electrically conductive current
coIIectoM to ionically diffuse through the electrically insulating SEI layer. A thicker and
potentially less ogeneous SEI will lead to non-uniform Li ion conduction through it. The Liion
flux will va ing to SEl phase and local thickness, selectively depositing metal on “hot-spots”

to form ons. With cycling, these protrusions will advance by tip growth (likely) through the
path of lea istance within the heterogeneous SEl. In other words, both the Li ions going in and
the Li metal going out will be non-uniform. The SEl-growth driven exhaustion of the FEC additive

17
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would make this effect worse, leading to self-amplification in the instability of the Li interface for the
r-GO and Cu specimens. On the contrary, the initially thinner SEI formed on df-G will remain stable
during Wthe FEC added to the electrolyte would not be exhausted. A lower cathodic
overpotentj df-G during cycling means that there is a lower nucleation barrier with this host.
A classic re@ation thermodynamic analysis is that an increased nucleation barrier energy
favors hetenogemeaus nucleation®®. This means that the observed higher overpotential in r-GO due

to more se ormation will intrinsically promote less uniform Li deposition per se.

CE

Arece xciting study has demonstrated a counterintuitive fact that pristine monolayer

3

graphene gF8Wn ®h a Cu current collector will actually promote Li dendrites.”  This was shown to be

due to the poor ting and hence large nuclei size of the plating metal on the low energy (002)

U

graphene > Conversely, important early and recent works highlighted that materials such as

hexagonal BN, graphene, r-GO and expanded graphene suppress dendrite growth when the Li

£

deposits n derneath the layers, next to the current collector.'*** ** *2 Knowing this key
difference md dendrites with Li on top, suppressed dendrites with Li beneath) leads us to
conclude th acts as a metal host. Lithium nuclei form in the free space between the Cu
current or and deposited df-G layers, which shields the metal from reacting with the
electrolyte. Thi Iso the likely scenario with r-GO, except in that case the graphene host itself
drives t SEl formation through electrolyte interaction with its structural and chemical
defects.
-

KeepinQ the critical role of SEI film in determining the electrochemical reversibility, we

carried ou XPS analysis of the SEl layer formed on the plated Li metal surfaces. The df-G

N

and r-G nalyzed have undergone 100 plating-stripping cycles and were left in the fully

{

plated s S5 shows analysis of the SEl formed on the deposited Li metal with the df-G

electrode. (a) shows the SEM image and the associated energy-dispersive X-ray

i

spectrosco ) elemental-maps of C, O and F. The F element associated with LiF is uniformly
distributed out the electrode surface. Figures S5(b-d) show the high-resolution C 1s, F 1s and

Li 1S XP . As may be seen in XPS results, the C 1s, F 1s and Li 1s spectra fit well with the three

A

Li compounds classically associated with SEl: LiF, Li,CO3; and ROCO,Li."** 3 The uniform F signal
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throughout the electrode surface is indicative of a homogeneous distribution of LiF, which forms by

the decomposition of FEC.

T

Figure &e same analysis for the r-GO electrode. Figure S6(a) shows the SEM image

and themassoeiatedsr DXS elemental-maps of C, O and F. Figures S6(b-d) show the high-resolution C
1s, F1s anms spectra. Enriched regions of F element, indicated by arrows, correspond well
with the m@e topographical features of the plated surface. These LiF-rich deposits are

correlated drite tips, which indicates that FEC preferentially decomposes in these regions.

FECis knoMome incorporated into the growing SEl through the formation of an inorganic
Li

ion-perme ayer. This in-turn stabilizes the SEI structure for both lithium ion battery and

lithium metal battery anodes! 1104634l

. One could then argue that the enhanced F signal
correspon lons where SEI growth was catalyzed, i.e. at dendrite tips and at
structural/@hemical defects in the r-GO. As more SEl is formed in those regions, additional LiF
becomes i ed there as well. The localized F-rich areas on the Li metal surfaces with r-GO but
not with drt the argument that defects accelerate SEI formation and ultimate FEC

exhaustion.Figt 7 directly compares the relative intensity of the XPS spectra for the SEl layer

formed post-cycled metal deposits. The F:0 atomic ratio may be regarded as a semi-
guantitativ e for the relative content of LiF versus O-compounds within the top ~ 6 nm of
the SEI limit of XPS signal). In df-G, the F:0 atomic ratio is 1.2, while in r-GO the F:0

atomic ratio is 0.47. This further corroborates cycling-induced FEC exhaustion with r-GO. The relative

intensity o

growing. O
—

Finally, it is important to point out that while the defective r-GO might be unfavorable from a Li

O peaks goes down as FEC becomes exhausted while Li,CO;, ROCO,Li etc. keep

metal plating perspective, it is still highly useful as a primary Li ion storage anode. For example, if

one were to set a cut off 30 or 40 mV vs. Li/Li*, then metal plating will no longer be
| |

thermodynamically favorable. The specific capacity of the r-GO electrode will then far exceed that of

A

defect-free graphene (df-G). In that regard, various forms of reduced graphene oxide and similarly
= 1

defective carbons are still highly advantageous as anode materials for Li-ion batteries. Such is widely
-_“"

reported in scientific literature and the current findings do not disagree with this general conclusion.
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Conclusiins '

We exg e critical role of graphene structure and chemistry in promoting efficient plating-
stripping i m metal anodes employed for lithium metal batteries (LMBs). We are the first to
demonﬂam'aphene defects are extremely deleterious for stable plating-stripping cycling
since a defgetive carbon surface promotes copious solid electrolyte interphase (SEl) formation,
which in thctly linked to Li metal dendrite growth. Highly defective graphene promotes
unstable s@olyte interphase (SEI) growth, which in turn consumes the fluoroethylene

carbonate itive, leading to a catastrophic self-amplification in the process. Unstable SEI
inked to the observed fast decay in plating/stripping Coulombic efficiency (CE) and

etal dendrites. A new flow-aided sonication exfoliation method is employed to
exfoliate gra into "defect-free" graphene (df-G), allowing for a direct performance comparison
with convem ionaRdefective reduced graphene oxide (r-GO) and with a bare Cu current collector. The

df-G is sin ck, highly ordered (Raman Ip/lg = 0.07) and pure (1.3 at.% O), this combination
being unachi by tradition sonication exfoliation methods. Agreeing with past studies,
conventional r-GO is more disordered (lp/lg of 0.89) and oxygen-rich (14 at.% O). At cycle 1, the r-GO
is better el ically wetted by Li than df-G, indicating that initially it is more lithiophilic.
However, ng the Li nucleation overpotential of r-GO actually becomes higher than that of

df-G, indicating facile plating reactions. The df-G based Li plating template yields state-of-the-art

electrochemical performance with the post cycled metal surface being relatively smooth and

The r-GO tem provide much inferior cycling with cycling CE rapidly degrading from the onset,
electrodes displaying extensive filament-like dendrites. Extensive SEI growth on
r-GO is further confirmed by electrochemical impedance analysis (EIS).

Experimﬂection

Materii

t

Extensive detdils of df-G and r-GO synthesis and analytical characterization of the materials are

Ul

also provid ctronic Supplemental Information (ESI). A photograph of the self-designed flow-

aided so FAS) apparatus is shown in Figure S1. The labels on the photograph are A) Flow

channel wi ergent-slit configuration; B) Sonication probe; C) Thermocouple; D) Flow pipe

A

employing a peristaltic pump with arrows showing the flow direction; and E) Water bath. The
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graphite is suspended in N-methyl-pyrrolidone (NMP) to form suspension. As a result of liquid shear,
the graphite platelets in the suspension will align with respect to the flow direction. This is governed
by a ngsionless parameters (Reynolds number R,, Peclet number P,, etc.), with detailed
flow calculaai ovided in the ESI. A sonication probe was used to impose shockwaves to the
flowing orimite flakes in the suspension. For the flow alighed moving graphite flakes, the
shockwavehitssthesflakes directly at their edge, rather than normal to their wide dimension, i.e. the
basal pIaang the FAS treatment, the suspension was centrifuged to isolate exfoliated
graphene f tA&remnant graphite. Reduced graphene oxide r-GO sheets were prepared by the

modified H method. 3" 38 5]

Electrochew:Iysis

Lithium platiantemplates were fabricated by drop-casting dispersion of df-G or r-GO onto a
standard C rrent collector, without any binders or carbon black. Typical loading was 0.4

mg/cm? (001 mg resolution microblance, AUW120D, SHIMADZU). To understand the SEI formation

tendencies aterials, Li storage (not plating) experiments were also performed. To clean the
graphene residual solvent prior to cell assembly, the electrodes were heated at 400°C for
1h in an argon-fift€d tube-furnace. Lithium - graphene cells were assembled using 2025-type coin

cells. As was done in an argon-filled glovebox with O and H,0 below 0.1 ppm. The Li metal

foils were ately 800 microns thick, purchased from China Energy Lithium Co., Ltd. A
standar

carbonate !iC), ethyl methyl carbonate (EMC) and diethyl carbonate (DEC), with 5 vol.% FEC was

research-grade electrolyte of 1M LiPF¢ dissolved in 1:1:1 (volume ratio) mixture of ethylene

used. Som Cu current collector - Li metal cells were also tested without the FEC additive.
All electrol icals were purchased from Energy Chemicals and employed in their as-received
state. Cellg was employed as separator. Lithium metal plating/stripping and storage

experimﬂone employing a LAND-CT2001A test system. Electrochemical impedance
spectro nalysis was performed with an AUTOLAB M204 (Metrohm, Switzerland). After
100 cyclﬁ cells were disassembled in a glovebox and cleaned with diethyl carbonate (DEC).

This remo maining electrolyte and any soluble SEI products, leaving behind an adherent

coating of SEl on the plated Li metal. The dried electrodes were double protected in in

argon fille ags placed inside argon filled screw-bottles, minimizing air exposure during
transfer M.
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Pristine or Highly Defective? Understanding the Role of Graphene
Structure for Stable Lithium Metal Plating

H
Q Short Summary
-

We are the first to examine the role of graphene host structure and chemistry in stabilizing lithium
plating, sh@wing that carbon defects correlate to Li dendrites and catalyzed SEI growth. Ideal host
architectur y promotes copious nucleation of the plating metal, shielding it from the

electrolyte, bu essentially, the host itself is non-catalytic towards SEI formation.
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