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Achieving Coulombic efficiency values greater than 99.9% for Li metal

cellsis considered one of the mostimportant requirements for the
technology development of long cycle life in energy-dense Li metal

batteries. However, owing to the volume changes in Li metal electrodes

and Lireservoir loss during battery operation, this requirement has not yet
beenrealized in Li metal cells. Here, to overcome these issues, we propose
azero-volume-change, complete-sealing design for ananoengineered
composite material consisting of multilayer reduced graphene oxide and zinc
oxide. This composite electrode material canaccommodate Li metal without
showing negligible volume changes while promoting the formation of an
inorganic-rich solid-electrolyte interphase. When the nanoengineered Li/
reduced graphene oxide/zinc oxide electrode is tested in combination with a
Limetal electrode in a coin cell configuration using non-aqueous electrolyte
solutions, Li plating/stripping Coulombic efficiency values ranging from
99.9900% t0 99.9999%, for almost 2,000 cycles at a current density of

1mA cm™, canbe calculated. Testing of the nanoengineered Li/reduced
graphene oxide/zinc oxide electrode in combination with high-potential
electrodes (for example, LiNi, sCo,;Mn,;0, or LiFePO,) in non-aqueous coin
cell configuration also demonstrates improved performance compared with
the high-potential coin cells utilizing pristine Li metal electrodes.

Limetalis the negative electrode active material of choice to increase
the specific energy of non-aqueous Li-based batteries to 500 Wh kg™,
owing to its highest theoretical specific capacity (3,860 mAh g ') and
lowest electrode potential (-3.04 V versus standard hydrogen elec-
trode)'*. However, current Li metal negative electrode technology is
limited by the low Li plating/stripping reversibility (experimentally
evaluated via Coulombic efficiency (CE) calculations), which causes
fast capacity decay, rapid electrode’s active material loss and short
cycle celllife*. ALiplating/stripping CE 0f >99.9% over 1,000 cyclesin

Li metal cells is a basic performance requirement to attain adequate
cyclelife, as reported and discussed in the literature®>°. However, this
goal has not been fully achieved.

Thereasons for the failure mechanisms of cells with a Li metal neg-
ative electrode are two: (i) the constant volume change of the Li metal
electrode during repeated Li plating/stripping and (ii) the high chemi-
calreactivity of metallic Liin contact with the electrolyte*. As shownin
Fig.1a,b, the surface of anon-passivated Li metal electrode is unstable
against corrosion when in contact with a non-aqueous electrolyte
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Fig.1|Nanoengineered carbon/ZnO composite design for Li metal hosting
during electrochemical cycling. a, Schematic representation of contact-
formed SEl on the Li metal electrode. b, Schematic representation of lithium
electrodeposition ona pristine Li metal electrode, showing relative volume
change and SEI mechanical damages that lead to Lilelectrolyte side reaction
and active material depletion during repeated Li plating/stripping processes.
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I@TGO&ZHO Negative electrode

3D view of OVCCS Li@rGO&ZnO
negative electrode after Li stripping
¢, Schematic representation of the nanoengineered structure of the carbon/ZnO
composite as Li-hosting electrode material. d, Schematic representation of the
Li-hosting mechanism of the carbon/ZnO nanoengineered composite, showing
shielding from electrolyte permeation, confined Li plating/stripping in the layered
cavities, absence of volume change during Li plating/stripping and stable SEI.

solution. However, its surface is protected with the formation of the
solid-electrolyte interphase (SEI), which is generated from the inter-
action between the Li metal electrode and the electrolyte solution”®

Thevolume expansionand shrinking during repeated Li metal plating/
stripping processes cause mechanical damage to the SEI, whichexposes
theinner non-passivated metallicLito the electrolyte. Thisresultsinthe
depletion ofthe Lireservoirin the electrolyte and negative electrode,
leading to rapid capacity decay in the cell (Fig. 1b). Uneven Li plating/
stripping also preferentially occurs at the mechanically damaged
SElsite* ™. Extensive research efforts have been devoted to improv-
ing the cycling reversibility of lithium metal cells, focusing on (i) the
development of high-surface-area lithiophilic hosts at the negative
electrode, aiming to decrease the detrimental effects of local current
density and volume change'", (ii) the engineering of robust artificial
SEI to suppress SEl mechanical damages'", (iii) the formulation of
fluorinated non-aqueous electrolyte solutions to generate stable SEI
and mitigate the depletion of the Lireservoir'®, (iv) the use of solid-state
electrolytes to hinder Li dendrite growth during cell cycling”*¢, and
(v) other emerging strategies'>*°. Although the recent development
of tailored electrolyte solutions, such as fluorinated electrolyte” and
localized highly concentrated electrolyte (LHCE)*, has demonstrated
the ability to partially circumvent the issue of rapid depletion of the Li

reservoir, the problem of the Li metal electrode volume change is not
yet fully solved. Indeed, Li metal cells with prolonged average CE >99.9%
have not yet been reported, and this aspect acts as a stumbling block
for the development of long-life high-energy lithium metal batteries”*.

To circumvent the low CE issue in Li metal battery technology,
here we propose a ‘zero-volume-change complete-sealing’ (OVCCS)
Li-host nanoengineered composite electrode material, which enables
anaverage CE>99.99% for almost 2,000 coin cell cycleswhen tested in
combination with a Li metal counter electrode and an LHCE solution.
Thesstructural two-dimensional, continuous, layered, cavity-structured
zincoxide (ZnO)-coated reduced graphene oxide (rGO) architecture of
the composite (Fig. 1c) facilitates confined Li plating/stripping while
preventing Li reservoir loss (Fig. 1d). The nanoengineered architec-
ture of the electrode material (labelled as OVCCS Li@rGO&ZnO) ena-
bles a zero-volume-change feature during Li plating and stripping as
demonstrated viaoperando electrochemical pressure sensing charac-
terizations, andin situ and ex situ microscopy measurements. This volu-
metric feature promotes the formation of amechanically stable SEland
effective Limetal protection, which enables an average CE >99.99% for
Li||OVCCS Li@rGO&ZnO lab-scale coin cells tested using non-aqueous
LHCE or conventional carbonate-based electrolyte solutions. When the
OVCCS Li@rGO&ZnO negative electrodes are tested in combination
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Fig. 2| Fabrication and physicochemical characterizations of various
rGO&ZnO composite structures. a, Schematic of the thermal reduction process
applied to fabricate the porous layered rGO film. b, Cross-sectional SEM image
of'the thermally reduced porous layered rGO film showing a thickness of
50 um. ¢, Schematic of the ZnO ALD process on the porous layered rGO film for
fabricating the porous layered cavity-structured rGO&ZnO composite. d, Cross-
sectional SEM image of the porous layered cavity-structured, OVCCS rGO&ZnO
composite after ALD of ZnO, showing a homogeneous thickness of 50 pm.
e, Schematic representation of the molten Liinfusion process into the porous
layered OVCCS rGO&ZnO host to fabricate the OVCCS Li@rGO&ZnO electrode.
f, Cross-sectional SEM image of the OVCCS Li@rGO&ZnO electrode showing a
thickness of 50 pm. g, Cross-sectional SEM image of the randomly distributed
Li@rGO&ZnO electrode showing a thickness of 50 um, with random distribution
ofthe rGO&ZnO composite layers instead of the layered cavity structure.
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h, COMSOL simulation results on the electrolyte permeation behaviour in the
randomly distributed rGO&ZnO and OVCCS rGO&ZnO hosts. i, Schematic and
photographic pictures of the electrolyte permeation tests of the randomly
distributed rGO&ZnO and OVCCS rGO&ZnO host. A clear bottle containing
1mlofelectrolyteis placed over the OVCCS rGO&ZnO or randomly distributed
rGO&ZnO host, and a piece of thin lab tissue paper (main component is plant
cellulose fibre) for collecting the leaked electrolyte and a black solid wood table
substrate for reflecting electrolyte collection are placed underneath the host, as
the electrolyte-swelled lab tissue paper can realize minor semi-transparence for
showing the colour of black substrate underneath. That s, if a black substrate is
shown, itindicates that the electrolyte is leaking; if it is not shown, it indicates
that there is no leakage. j, COMSOL simulations of Li plating behaviour in the
randomly distributed rGO&ZnO and OVCCS rGO&ZnO host.

with LiNi, ;Co,,Mn, ;0,-and LiFePO,-based positive electrodesina coin
cell configuration using non-aqueous electrolyte solutions, the battery
cyclinglifeisimproved compared with similar cells equipped with pure
Li metal or non-nanoengineered composite negative electrodes.

Preparation, physicochemical and
electrochemical characterizations of the
nanoengineered Li-hosting carbon/Zn0O
composite electrodes

The OVCCS Li@rGO&ZnO negative electrode was fabricated by molten
Liinfusioninto thelayered cavity-structured lithiophilic host structure

(Fig.2a). Applyingareductionreaction onagraphene oxide (GO) film*,
a50-um-thick porous layered rGO film template (with an area of about
50 cm?) was fabricated (Fig. 2b and Supplementary Figs.1and 2). After
that, diethylzinc and water vapours were alternately pulsed into the
porous rGO film template, absorbed onto the rGO layer and purged
outusing anindustrial-level atomic layer deposition (ALD) fabrication
procedure (Fig. 2¢), converting into a uniform ZnO film that covers
the rGO matrix and fills the structural defects in rGO, as shown by the
transmission electron microscopy (TEM) micrographsin Supplemen-
tary Figs. 3-5. After 800 cycles of ALD, 365-nm-thick ZnO layers were
uniformly coated on the 30-nm-thick multilayer rGO structure inside
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the porous host, as illustrated by both scanning electron microscopy
(SEM; Supplementary Figs. 6 and 7) and atomic force microscopy (AFM;
Supplementary Figs. 8 and 9) measurements, while the whole rGO&ZnO
composite maintains the initial thickness of 50 pm (Fig. 2d). A top-view
(SEM) micrograph (Supplementary Fig.10) of the rGO&ZnO composite
shows the morphology of the ZnO coating on the rGO, characterized by
acompactstructure. The comparison of Young’s moduli measured with
the AFM measurements shows animprovement in the mechanical prop-
erties of the electrodes comprising the rGO&ZnO composite compared
with those entirely based on rGO and Li metal (Supplementary Fig. 11).
After the edge-contacting molten Liinfusion process” (Fig. 2e), metal-
lic Li was confined inside the microscale cavities in the multilayered
rGO&ZnO structure forming a 50-pm-thick Li@rGO&ZnO composite
electrode active material (OVCCS Li@rGO&ZnO) as shown in Fig. 2f
and Supplementary Fig.12. This electrode design is conceived to make
use of commercially available raw materials (such as GO dispersions)
and established industrial technologies (such as ALD*?°) for possible
future large-scale fabrications. To prove the structural and mechani-
cal effectiveness of the OVCCS Li@rGO&ZnO, we also fabricate a Li@
rGO&ZnO composite electrode viamolten Liinfusionintoarandomly
distributed rGO&ZnO composite (prepared through an ultrasonica-
tion method), which does not show layered cavity structures (Fig. 2g).
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
measurements evidence the structural and chemical composition
changes upon the composite fabrication procedures from the mul-
tilayer rGO film to the rGO&ZnO composite (OVCCS rGO&ZnO host),
andfinally to the OVCCS Li@rGO&ZnO composite electrode material,
which also comprise LiZn and Li,O (Supplementary Figs. 13 and 14).
COMSOL simulations (Fig. 2h) suggest that the electrolyte solution can
penetrateinto the randomly distributed rGO&ZnO host, thus failing to
fully protect the lithium metal. By contrast, the multilayered continu-
ousstructure ofthe OVCCSrGO&ZnO host can effectively prevent the
permeation of the electrolyte into the host to react with metallic Li.
The simulation results are experimentally verified via the electrolyte
infiltration test (Fig. 2i), where the randomly distributed rGO&ZnO
host shows rapid electrolyte penetration across the thickness of the
host. By contrast, no electrolyte permeation was detected after seal-
ing the electrolyte-containing vial with the nanoengineered OVCCS
rGO&Zn0 host, thus demonstrating its Li protection function against
electrolyte permeation. In addition, COMSOL simulations (Fig. 2j) on
the Li deposition behaviour in the randomly distributed rGO&ZnO
host show that these metallic Li depositions are highly exposed to the
electrolyte, whichleads to substantial volume changeinthe electrode.
Incomparison, metallic Li can be uniformly deposited inside the layered
cavities of the OVCCS rGO&ZnO host, protecting the deposited Li from
contact with the electrolyte solution with negligible changes in the
electrode volume after Li metal deposition (Fig. 2j).

The effects of the OVCCS host design on the cells’ CE and cycling
performance were evaluated in Li||host coin cell configurations, after
complete electrochemical stripping of metallic Li from the Li@host
composite (using LHCE composed of lithium bis(fluorosulfonyl)imide
(LiFSI), 1,2-dimethoxyethane (DME) and 1,1,2,2-tetrafluoroethyl-2,2,3,3
-tetrafluoropropyl ether (TTE) with a molar ratio of 1:1.2:3 (ref. 22),
under testing temperature of 25 °C + 0.2 °C), as confirmed by XRD
measurements (Supplementary Fig. 15), which corresponds to an areal
capacity of stored metallic Liof around 7 mAh cm2inboth 50-pm-thick
OVCCS Li@rGO&ZnO0 and 50-pm-thick randomly distributed Li@
rGO&Zn0O composite electrodes (Supplementary Fig. 16). Using the
LHCE solution” mentioned above, the Li||OVCCS rGO&ZnO cell shows
anaverage CE 0f 99.99005% during the initial 1,033 cycles (Fig. 3aand
Supplementary Fig. 17). In the subsequent 916 cycles, the Li||[OVCCS
rGO&ZnO cell shows an average CE 0f99.99995%. Moreover, between
the 250th and 1,800th cycles, the Li||[OVCCS rGO&ZnO cell exhibits a
potential hysteresis in the 50-83 mV range (Fig. 3b). In comparison,
the Li metal cell with the randomly distributed rGO&ZnO host shows

alower average CE 0f 94.92028% and larger potential hysteresisin the
58-129 mVrange for 417 cycles, short-circuiting after the 418th cycle
(Fig. 3c and Supplementary Fig. 18a,b). Also, the Li metal cell with
the pure rGO host enables an average CE of 97.18056% for 300 cycles
(Supplementary Fig.19), while the Li metal cell using pristine copper as
the counter electrode exhibited an average CE 0f99.23930% for 1,064
cycles before short-circuiting (Fig. 3c and Supplementary Fig. 18¢,d).
Viatitration gas chromatography measurements, we demonstrate that
the main Li-ion storage mechanism in Li||OVCCS rGO&ZnO cells is Li
plating and stripping at both two kinds of different cell’s cut-off charg-
ing potentials:0.09 Vand1V (Fig. 3b and Supplementary Figs.20-22;
detailed explanations in Supplementary Notes 1-3). Using the Aurbach
method?” to evaluate the CE of various Li metal cell configurations, we
calculate an average CE value as high as 99.99999% for the Li||OVCCS
rGO&ZnO cell, which exceeds those of Li metal cells with randomly
distributed rGO&ZnO and copper electrodes (Supplementary Figs. 23
and 24). Atacurrent density of 3mA cm™2and a capacity of 3 mAh cm™
(Supplementary Fig. 25), the Li||OVCCS rGO&ZnO cell with LHCE shows
a high average CE of 99.99053% over 400 cycles, along with stable
potential hysteresis (in the range of 171-193 mV). In addition, when
a conventional carbonate-based non-aqueous electrolyte solution
(IM LiPF4in ethylene carbonate (EC)/diethyl carbonate (DEC) with
fluoroethylene carbonate (FEC) and vinylene carbonate (VC) additives)
isused for the testing of the Li||[OVCCS rGO&ZnO cell, an average CE of
up t099.99992% can be calculated (Fig. 3d and Supplementary Fig. 26).
This CE value is higher than that obtained in Li|[randomly distributed
rGO&ZnO (average CE = 83.15887%) and Li||Cu (average CE = 95.17104%)
cells with the carbonate electrolyte solution (Fig. 3d and Supplemen-
tary Fig.27). Compared with selected published research works avail-
able in the literature, where non-aqueous lab-scale cells containing
Li metal and rGO-based host electrodes show average CEs within the
99.00-99.75% range (Supplementary Fig. 28 and Supplementary
Table 1), the Li||[OVCCS rGO&ZnO CE results provided in the present
work (Fig. 3a) indicate a substantial improvement at the lab-scale
low-operating-potential cell level.

After 2 activation cycles at 8.25 mA g™ (Supplementary Fig. 29),
the galvanostatic cycling of a 50-um-thick (7.036 mAh cm™) OVCCS
Li@rGO&ZnO||LiNi, sCo,,Mn, 50, (NCM523,3.06 mAh cm™) coincell
(using LHCE electrolyte) with a negative/positive electrode capac-
ity ratio (Ry) of 2.3 (Fig. 3e and Supplementary Fig. 30) shows an
88.779% specific discharge capacity retention after 727 cycles at
82.5 mA g by dividing the discharge capacity of the initial cycle under
the condition of a specific current of 82.5 mA g (156.483 mAh g™, Ist
cycle in Fig. 3e) by the discharge capacity of the 727th cycle in Fig. 3e
(138.924 mAh g™) under a specific current of 82.5 mA g™, along with
stable potential profiles (Supplementary Fig. 31), an averaged CE of
99.74641% and with some erratic behaviour regarding cell discharge
capacitiesand CEs (Fig. 3e and Supplementary Fig.30). By contrast, the
randomly distributed Li@rGO&ZnO|INCM523 (Ry» = 2.3), 50-um-thick
LilINCM523 (10 mAh cm™, Ry, = 3.3) and Li@rGO|INCM523 (Ryp = 2.57)
show 80% specific discharge capacity retention after 139 cycles
(averaged CE 0f 99.78107%), 138 cycles (averaged CE of 99.52640%;
Fig. 3f) and 162 cycles (averaged CE of 99.65193%; Supplementary
Figs. 32 and 33), respectively, at the same specific current cycling
conditions. Moreover, the galvanostatic cycling of a 50-pm-thick
OVCCS Li@rGO&ZnO||LiFePO, (LFP, 3 mAh cm™?, Ry, = 2.3) coin cell
exhibited 87.923% specific discharge capacity retention after 990
cycles by dividing the discharge capacity of the initial cycle under
the condition of a specific current of 7S mA g™ (140.684 mAh g™, 1st
cycle in Fig. 3f) by the discharge capacity of the 990th cycle in Fig. 3f
(123.694 mAh g™) under a specific current of 75 mA g™ (Fig. 3f and
Supplementary Fig. 34) with stable potential profiles (Supplementary
Fig. 35), averaged CE of 99.96339% and with some erratic behaviour
regarding cell discharge capacities and CEs (Fig. 3f and Supplemen-
tary Fig. 34), after 2 activation cycles at 7.5 mA g™ (Supplementary
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rGO&ZnO and pristine Li metal) ata constant specific currentof 7SmA g*and a
potential cut-offrange of 2.5-4.0 V.g, Cycling stability of limited Li||1.5 mAh cm™
LiNi, sCo,,Mny;0, coin cells using various negative electrodes with strict
negative/positive electrode capacity ratio (Ry) (thatis, OVCCS Li@rGO&ZnO,
randomly distributed Li@rGO&ZnO and pristine Li metal) at a constant specific
current of 188 mA g™ and a potential cut-off range of 3.0-4.3 V. Capacity
retention calculated as (initial discharge capacity)/(last cycle discharge capacity)
inthe figure, and the two activation cycles at low current were not considered but
are shown in Supplementary Figs. 29,36 and 43.

Fig. 36). By contrast, the randomly distributed Li@rGO&ZnO||LFP
(Ryp=2.3)and 50-um-thick Lil|LFP (10 mAh cm, Ry, = 3.3) cells show
80% specific discharge capacity retention after 192 (averaged CE of
99.62166%) and 151 cycles (averaged CE 0f 99.89358%; Fig. 3f), respec-
tively, at the same specific current cycling conditions. We attribute
the erratic behaviour of the discharge capacities (Fig. 3e,f) and CEs
(Supplementary Figs.30 and 34) of coin cells containing NCM523 and
LFP electrodes to a major extent to electrolyte depletion in the cell
during cycling. To alesser extent, we also consider unexpected power
outages and computer malfunctions experienced in our laboratories

during electrochemical measurements as contributing factors (Sup-
plementary Note 4). To support these assumptions, in Supplemen-
tary Figs. 37 and 38, we report the specific discharge capacity and CE
values of multiple OVCCS Li@rGO&ZnO|INCM523 and OVCCS Li@
rGO&ZnO||LiFePO, coin cells tested in simultaneous measurements.
The erratic behaviour is consistently present, which qualitatively
supports the assumption that electrolyte depletion in the porous
structures of the separators and positive electrodes acts as a major
stumblingblock toachieving regular cell discharge performances. This
consideration is further supported by the ex situ visual inspection of
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cellcomponents, after prolonged cycling, which are essentially unwet-
ted (see photographic pictures in Supplementary Fig. 39 and detailed
discussionin Supplementary Note 5). To demonstrate the detrimental
effect of an unoptimized positive electrode formulation on the cell
cycling performance, we assembled and tested 3.71 mAh cm™2 OVCCS
Li@rGO&ZnO||1.5 mAh cm™ LiNi, sC0,;Mn, 0, (NCM811) coin cells
(Ryp=2.47) as shown in Fig. 3g. These cells attain a specific discharge
capacity retention of 82.402% after 1,020 cycles at 188 mA g with
an averaged CE of 99.41251% and a non-erratic cell discharge cycling
behaviour which can be also noticed for the Li@rGO&ZnO|INCM811
(Ryp=2.67,80% retention after 465 cycles at 188 mA g™, averaged CE
of 98.40971%) and random Li@rGO&ZnO|| NCM8I1 (Ry» =2.49, 80%
retention after 276 cycles at 188 mA g™, averaged CE of 97.43042%)
cells (Supplementary Figs. 40-43).

The zero-volume-change and confined Li plating/stripping behav-
iourinthe OVCCS host isinvestigated via ex situ cross-sectional SEM and
insitu optical microscopy measurements. When Liis fully stripped from
the 50-um-thick OVCCS Li@rGO&ZnO electrode (Fig. 4a and Supple-
mentary Fig.44), it exhibits a constant thickness of 50 pm with layered
cavity structure surrounded by the nanoengineered rGO&ZnO sheets
(Fig.4b). After Li plating, the metallic Liis deposited back into the cavi-
ties of the 50-pm-thick OVCCS structure (Fig. 4c) and no metallic Lidepo-
sitionis observed onthetop surface of the host (Supplementary Fig. 45).
Evenafter 400 repeated cycles of lithium plating/stripping (current den-
sity of 1 mA cm™and areal capacity of 1 mAh cmusing LHCE electrolyte,
charging potential cut-offat 0.09 V), the OVCCS Li@rGO&ZnO electrode
maintains a constant thickness of 50 um and uniform dendrite-free Li
distribution inside the host (Fig. 4d). A magnified SEM micrographin
Fig.4eshowsthe OVCCS Li@rGO&ZnO layered lithium-hosting compos-
ite structure with no detectable presence of metallic Li on the external
surface of the OVCCS composite electrode as also shown in Supplemen-
tary Figs.46-48.Incomparison, the 50-pum-thick randomly distributed
Li@rGO&ZnO structure (Fig. 4f) demonstrates a thickness decrease
to0 18.9 pm and 25.1 pum (corresponding to a 62.2% and 49.8% volume
change compared with the initial 50-pm-thick randomly distributed
Li@rGO&ZnO electrode thickness), when lithium is fully stripped and
plated, respectively (Fig. 4g,h). After 200 cycles (current density of
1mA cm™and areal capacity of 1 mAh cm™ using LHCE electrolyte,
potential upper cut-off at 0.09 V), the thickness of the randomly dis-
tributed Li@rGO&ZnO structure is 30.3 um (corresponding to a39.4%
volume change compared with the initial Li@rGO&ZnO thickness;
Fig. 4i) with a detectable amount of Li metal deposited on the external
surface of the randomly distributed Li@rGO&ZnO structure. A magni-
fied SEM micrograph in Fig. 4j shows that the randomly distributed
rGO&Zn0 composite inthe electrode is mainly responsible for the loss
of zero-volume-change and confined lithium plating/stripping.

The mechanical integrity of the SEl formed on the OVCCS host
structure is investigated via ex situ XPS electrode measurements
after the initial Li stripping (Fig. 4k). On the outer SEI layer surface
of the OVCCS Li@rGO&ZnO electrode, carbon (C-C, 284.6 eVin C1s
spectra; C-0, 285.45 eV in C 1s spectra and 533.3 eV in O 1s spectra)
and fluorine peaks (LiF, 685 eV in F 1s spectra and 56 eV in Li 1s spec-
tra; CF,, 688 eVin F 1s spectra) are detected, suggesting an organic
electrolyte solution-derived SEI containing carbon and fluorine
elements. However, after multiple sputtering (Fig. 4k), the organic
electrolyte solution-derived carbon and fluorine peaks disappear.
The inner SEl layer of the OVCCS rGO&ZnO electrode shows a differ-
ent composition with peaks mostly associated with inorganic com-
pounds (LiZn-related peak at 52.2 eV in Li 1s spectra and 1,018.7 eV in
Zn2pspectra; Li,O-related peak at 53.6 eVin Lilsspectraand 528.3 eV
in O 1s spectra; ZnO-related peak at 1,020.8 eV in Zn 2p spectra; neg-
ligible amount of rGO-related peak at 282.2 eV and 289.15eVinC 1s
spectra). These XPS depth profiles reveal a bilayer SEI structure with
an electrolyte solution-derived organic outer layer and a OVCCS Li@
rGO&Zn0O-derivedinorganicinnerlayer (Fig. 41). The absence of organic

electrolytesolution-derived componentsin theinnerinorganic-rich SEI
layer suggests abeneficial effect on the overall SElmechanical proper-
tiesand validates the assumption that the electrolyte solution does not
penetrate the inner regions of the OVCCS Li@rGO&ZnO composite. In
comparison, therandomly distributed Li@rGO&ZnO electrode shows
aconstantelectrolyte solution-derived organic-rich distributionacross
the whole SEl thickness, with a noticeable presence of carbon- and
fluorine-based components (LiF, 685 eV in F 1s spectraand 56 eV in Li
1sspectra; C=0 and S=0, 531.9 eVin O 1sspectra; C-C,284.6 eVin Cls
spectra), and alower amount of rGO&ZnO-derived species (Fig.4m,n).
Theresults of the ex situ XPS measurements and analyses thus suggest
that the OVCCS electrode material design can overcome the issues
associated with the mechanical integrity and stability of SEI during
prolonged Li stripping/plating, also inhibiting the permeation of the
electrolyte solutioninto the Li-hosting rGO&ZnO structure.

We also investigated the volume-change feature of various
Li-hosting negative electrodes in combination with a Li,Ti;O,, (LTO)
positive electrode in multilayer pouch cell configuration via oper-
ando battery pressure sensing characterizations*?, As shown in
Fig. 5a, a Li|[LTO pouch cell containing 3 layers of double-side-coated
LTO-based positive electrodes (areal capacity of 3.1 mAh cm2ineach
side), 6 layers of 50-pm-thick Li-hosting negative electrodes and 6
layers of porous trilayer polypropylene/polyethylene/polypropylene
separator (Celgard 2325) with 500 pl non-aqueous LHCE solution was
clamped between two metal force-distribution plates in the split cell
with aninitial uniaxial stack pressure of about 440 kPa, and areal-time
data-collecting pressure sensor was utilized to monitor the stack pres-
sure changes of the Li||LTO pouch cell during battery operation?.
Considering the ‘zero-strain’ feature of LTO as an electrode active
material, the pressure change of the various Li||LTO pouch cells dur-
ing charging and discharge is arbitrarily attributed only to the volume
change happening at the Li-hosting negative electrodes®. As shown
in Fig. 5b, the stack pressure applied on the pristine Li|[LTO pouch
cell decreases from 436 kPato 50 kPaduring the discharging process.
This pressure decrease is associated with the volume shrinkage hap-
pening at the negative electrode because of the Li metal stripping
process (Fig. 5c). After the subsequent Li plating and cell’s charging
process, the stack pressure of the pristine Li|[LTO pouch cellincreased
to 517 kPa. This pressure value, which s higher than the initial applied
stacking pressure, is caused by the volume expansion and formation
of porous Li metal structures during the Li plating process. The vol-
ume change leads to mechanical instability of the SEl and favours
the Lilelectrolyte side reactions. These latter detrimentally affect the
cell’s CE and Li metal reservoir* (Fig. 5¢). Incorporating a randomly
distributed rGO&ZnO composite host into the Li metal negative elec-
trode only partially mitigates the volume-change issue, as proved by
the smaller pressure variation during battery operation (initial stack
pressure of 441 kPa, 97 kPaunder discharged state and 444 kPaunder
charged state). In comparison, the OVCCS Li@rGO&ZnO||LTO pouch
cell exhibits very constant pressure during the initial Li stripping and
plating step (Fig. 5b, 438 kPa at initial discharge state, 438 kPa after
full discharge and 438 kPa after full charge), demonstrating the suc-
cessful realization of zero-volume-change feature for the nanoengi-
neered OVCCS Li@rGO&ZnO electrodes. In the subsequent pouch
cellcycles (Fig.5d), the OVCCS Li@rGO&ZnO negative electrode does
not undergo volume change as demonstrated by the stable stack cell
pressure value at 438 kPa. By contrast, the pouch cells with the pristine
Limetaland randomly distributed Li@rGO&ZnO negative electrodes
show noticeable pressure fluctuation (434-505 kPa at charged state
and 36-38 kPa at discharged state for the pristine Li||[LTO pouch cell;
441-449 kPa at charged state and 96-100 kPa at discharged state for
the randomly distributed Li@rGO&ZnO||LTO pouch cell). At a lower
stacking pressure of about 90 kPa, the zero-volume-change feature
ofthe OVCCS Li@rGO&ZnO electrode is alsoretained during repeated
Li|[LTO pouch cell cycling. By contrast, the pouch cells with pristine Li
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Fig. 4| Morphological and chemical characterizations of OVCCS and randomly
distributed Li@rGO&ZnO electrodes during cycling. a, Cross-sectional SEM
micrograph and three-dimensional (3D) schematic of pre-cycling 50-um-thick
OVCCS Li@rGO&ZnO electrode and two-dimensional continuous layered
composite structure. Panel a presents reduced-magnification SEM image relative
to Fig. 2f, as both figures depict the same OVCCS Li@rGO&ZnO electrode at

the same stage (after complete electrode fabrication and before cycling in coin
cell configuration). b, Cross-sectional SEM micrograph and 3D schematic of
OVCCS Li@rGO&ZnO electrode after initial Li stripping: constant 50-pm-thick
with internal voids between structural two-dimensional continuous rGO&ZnO
layers. ¢, Cross-sectional SEM micrograph and 3D schematic of OVCCS Li@
rGO&ZnO0 electrode after Li plating: constant 50-um-thick with inner voids
filling. d, Cross-sectional SEM micrograph and 3D schematic of a OVCCS Li@
rGO&ZnO electrode after 400 cycles: constant 50-um-thick with stable layered

Li composite structure. e, Magnified SEM micrograph of d. f, Cross-sectional

SEM micrograph and 3D schematic of pre-cycling 50-pm-thick Li@rGO&ZnO
electrode, with random distribution of metallic Liand rGO&ZnO layers. g, Cross-
sectional SEM micrograph and 3D schematic of randomly distributed 18.9-pm-

thick Li@rGO&ZnO electrode after Li stripping showing volume change and
collapsed host structure. h, Cross-sectional SEM micrograph and 3D schematic
of arandomly distributed 25.1-um-thick Li@rGO&ZnO electrode after Li plating
showing top-side Li deposition. i, Cross-sectional SEM micrograph and 3D
schematic of randomly distributed 30.3-um-thick Li@rGO&ZnO electrode after
200 cycles.j, Magnified SEM micrograph of i showing the random distribution
of rGO&ZnO layers without structural two-dimensional continuity. k, Ex situ
XPS depth profile of OVCCS Li@rGO&ZnO electrode SEl composition after full Li
stripping (counts per second (C.P.S.) is the unit of intensity). I, Reconstructed SEI
chemical composition/distribution of the OVCCS host from XPS depth profiles:
light green square indicates electrolyte penetration. m, Ex situ XPS depth profile
of SEl compositionin randomly distributed Li@rGO&ZnO after full Li stripping
(C.P.S.istheunit of intensity). n, Reconstructed SEI chemical composition/
distribution in randomly distributed host from XPS depth profiles: light green
square indicates electrolyte swelling into SEI* (for these ex situ measurements,
all the cell configurations were the same as the Li||host coin cell (Methods) with
LHCE solution under testing temperature of 25 °C + 0.2 °C; charging cut-off
potential, 0.09 V; current density,1 mA cm™).
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Fig. 5| Operando characterizations on the pressure change behaviours

of different Li||LTO pouch cells with various Li-based negative electrodes
during cycling. a, The operando pressure sensing experiment set-up and

the configuration of the Li||[LTO pouch cells used for the pressure change
characterizations. The split cell is constructed following literature®. b, Pressure
variations and potential profiles evolution during a selected Li||[LTO pouch

cell discharge/charge cycle (initial stack pressure around 440 kPa, current
density of 2 mA cm™, using LHCE electrolyte, potential range of 1.0-2.5 V,
testing temperature at 25 °C + 0.2 °C) using various Li metal-based negative
electrodes. ¢, Schematic representation of the correlation between volume-

Constant sealed volume during Li stripping
towards stable SEI without Li loss

Constant sealed volume during Li plating
towards stable SEI without Li loss

change feature with the SElmechanical damage and Lilelectrolyte reactions

for the cells containing the pristine Li and randomly distributed Li@rGO&ZnO

electrodes. d, Pressure variations and potential profiles evolution during

five consecutive Li||LTO pouch cell discharge/charge cycles (current density

of 2mA cm™, using LHCE electrolyte, potential range of 1.0-2.5 V, testing

temperature at 25 °C + 0.2 °C and initial stack pressure of around 440 kPa) using

various Li metal-based negative electrodes. e, Schematic representation of the

correlation between the OVCCS feature with mechanical robust SEl and absence

of Lilelectrolyte side reactions for the cells containing the OVCCS Li@rGO&ZnO

composite at the negative electrode.

and randomly distributed Li@rGO&ZnO negative electrodes show a
substantial pressure variation (Supplementary Figs. 49-54). When
the Li||LTO pouch cells are cycled at current densities of 3 mA cm™
and 5 mA cm™, the OVCCS Li@rGO&ZnO negative electrode enables
a zero-volume-change in the pouch cell, as shown by the constant
measured pressure (Supplementary Figs. 55 and 56). Owing to the
zero-volume-change feature, the SElmechanical integrity in the OVCCS
Li@rGO&ZnO electrodeis preserved (Fig. 5e).

Conclusion
Inthe present research work, we develop and characterize a nanoen-
gineered Li-hosting carbon/ZnO composite electrode material with

a0VCCS design. These features enable the calculation of average CE
values in the 99.9900% to 99.9999% range when the nanoengineered
composite-based working electrode is tested in combination with a
Li metal counter electrode and a non-aqueous electrolyte solutionin
low-potential coin cell configuration. Using the Li-hosting carbon/
ZnO composite negative electrode in the localized highly concen-
trated non-aqueous electrolyte system, the negative electrode-limited
Li|[NCM523, Li||LFP and Li[[NCMB811 coin cells afford more than 80%
retention of specific discharge capacity after 727 cycles (at 82.5mA g ™),
990 cycles (at 75mA g™) and 1,020 cycles (at 188 mA g ™), respectively.
However, for the Li|[NCM523 and Li||[LFP coin cells, erratic behaviour
in specific discharge capacity and CE values can be observed during
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cycling, andthisislikely correlated to amajor extent to the unoptimized
formulation of the positive electrodes. Operando battery pressure sens-
ing characterizations, ex situ XPS, cross-sectional SEM and in situ optical
microscopy measurements demonstrate the beneficial effect onthe SEI
and electrode mechanical integrities during cycling of the proposed
nanoengineered layered cavity host structure design, as proved by com-
parisons between non-nanoengineered composite Li-based electrodes
with similar chemical compositions but different formulations. Although
the low-technology readiness level* proof of concept of the OVCCS host
designproposed in thisresearchwork hasyielded goodresults, especially
for low-potential lab-scale cells, further optimizations on the overall
cell’s architecture and material scalability must be carried out to make
the proposed nanoengineered electrode material a viable candidate for
use in practical Li-based non-aqueous battery cells.
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Methods

Preparation of the OVCCS rGO&ZnO composite material

A commercially available GO dispersion solution (Hangzhou Gaoxi
Technology®, 9 mg ml™, dispersed in water) was casted onto a glass
substrate (ordered from https://shop408954563.taobao.com/,25 cm
length,20 cmwidth and 1 cmthickness) using a doctor blade (Modern
Instruments, GB-SZQ-1000) and dried at an atmospheric environment
with a temperature of 25 °C + 5 °C. The obtained GO filmis peeled off
with single-sided razor blade (Flying Eagle brand, 38 mm length,19 mm
width and 0.5 mm thickness) from the glass substrate and transferred
into a nitrogen-filled glovebox (Mikrouna (Shanghai) Ind. Int. Tech.,
with water and O, content <0.01 ppm) without any special type of
equipment. The porous rGO film was produced by putting the GO
filmin contact with a hotplate (DLAB SCIENTIFIC, MS7-H550-Pro) for
25s,at350 °C, placedinside the nitrogen-filled glovebox. This thermal
processing of the GO film enables fast reduction and structural expan-
sion. The expanded porous rGO film (50 um thick, measured by SEM
and micrometre screw gauge (Dongguan Sanliang Precision Measuring
Instrument, MDE-25MX, measurement range is 0-25 mm, accuracy is
0.001 mm)) was subsequently placed between two stainless-steel foils
(ordered from Canrd, 50 mm length, 50 mm width and 2 mm height)
and polypropylene films (purchased from Canrd, MA-EN-SE-002901
16 um) to prevent adhesion of rGO film to the stainless-steel or poly-
propylene substrate during the following calendaring process, and
calendared down to 50 pm thickness by controlling the distance of
the gap betweentworollersin anair atmosphere (SHENZHEN KEJING
STARTECHNOLOGY COMPANY, GMSK-2150).

The ZnO layer was atomic layer deposited into the rGO film using
an ALD machine (XIAMEN YUNMAO Technology, TEM-150) at 150 °C
under nitrogen atmosphere with diethyl zinc (DEZn; Nanjing Ai Mou
Yuan Scientific Equipment, 99.9999%, liquid) and deionized water (the
electrical resistivity is 0.1 x 10° Q cm at 25 °C + 0.2 °C) as precursors.
The source mass flow controller gas flow rate of nitrogen gas (JINAN
DEYANG SPECIAL GAS, purity is 99.999%) was 60 standard cubic cen-
timetre per minute (SCCM), and the source in time for DEZn and water
precursor were 85 ms and 45 ms, respectively. The static transition
times for DEZn and water were 3 s each, with 20 s transition purge to
remove excess precursors during each pulse. DEZn alternately depos-
ited with water for reaction, and each deposition counts as one cycle.
Approximately 800 ALD cycles were needed to prepare the sample,
which was allowed to cool naturally to 40 °C + 0.1°C at the end of the
process and then collected.

Preparation of the randomly distributed rGO&ZnO composite
material

Two milligrams of previously obtained OVCCS rGO&ZnO compos-
ite material was immersed in 10 ml deionized water, and the layered
structure of the composite material was deconstructed by immers-
ing the ultrasonic vibrating rod of a 1,000 W ultrasonic machine
(Ningbo Scientz Biotechnology, SCIENTZ-IID) into the rGO&ZnO
composite-containing solution and sonicated for 10 min (at
25°C+5°C).Then, thissolution was freeze-dried at -40 °C and vacuum
pressure (<5 Pa) using afreeze-drier (FULLKEY, FK-04 Desktop Type) to
obtainrandomly distributed rGO&ZnO composite material.

OVCCS Li@rGO&ZnO electrode fabrication

Tenmilligrams of metallic lithium without any further treatment (Shan-
dong Zhongshan Photoelectric Materials, 99.95%) was annealed to
350 °C after 5 min on a hotplate (DLAB SCIENTIFIC, MS7-H550-Pro)
to prepare a molten lithium droplet inside an argon-filled glovebox
(Mikrouna (Shanghai) Ind. Int. Tech., water and O, content <0.01 ppm).
Using atweezer, the OVCCS Li@rGO&ZnO electrode was prepared by
putting into contact one edge of the 50-pm-thick OVCCS rGO&ZnO
composite (2 cm?) with the molten lithium droplet to absorb lithium
into the nanoengineered rGO&ZnO composite structure. For the

large-area sample (50 cm?), 0.1 gram of metallic Li was used. The pre-
pared rGO&ZnO composite materials were placed on another cooled
stainless-steel foil (25 °C + 5 °C) for coolingin an argon-filled glovebox
(Mikrouna (Shanghai) Ind. Int. Tech., water and O, content <0.01 ppm)
for 24 h, and stored in the glovebox for coin cell assembly.

The thickness of OVCCS Li@rGO&ZnO electrode was measured by
both SEM and micrometre screw gauge (Dongguan Sanliang Precision
Measuring Instrument, MDE-25MX, measurement range is 0-25 mm,
accuracy is 0.001 mm). The 50-pm-thick OVCCS Li@rGO&ZnO elec-
trodes were cut into circular electrodes with a diameter of 8 mm for
Lillhost coin cells, and circular electrodes with a diameter of 12 mm
for Li|[NCM523 and Li||LFP coin cells using a manual slicer SHENZHEN
KEJING STAR TECHNOLOGY COMPANY, MSK-T10). The 30-pm-thick
OVCCS Li@rGO&ZnO electrodes for Li[[INCM811 coin cells were pre-
pared by preliminarily calendaring porous rGO film to 30 pum thick,
followed by same ALD, molten Li infusion and electrode cutting pro-
cedures towards circular electrodes with a diameter of 8 mm and a
thickness of 30 um. The average weight percent of Li metal in OVCCS
Li@rGO&ZnO electrode is 65.8%.

Randomly distributed Li@rGO&ZnO electrode fabrication

Ten milligrams of molten lithium was obtained by using the same
lithium melting method as OVCCS Li@rGO&ZnO electrode. In an
argon-filled glovebox (Mikrouna (Shanghai) Ind. Int. Tech., water and
0O, content<0.01 ppm), the randomly distributed Li@rGO&ZnO elec-
trode was fabricated by dispersing 5 mg of the randomly distributed
rGO&Zn0 composite materialinto the molten lithium, and then placed
it on another cooled stainless-steel foil (25 °C + 5 °C) for coolingin an
argon-filled glovebox (Mikrouna (Shanghai) Ind. Int. Tech., waterand O,
content<0.01 ppm) for 24 h. Therandomly distributed Li@rGO&ZnO
electrode was placed between two stainless-steel plates (ordered from
Canrd, 50 mmlength, 50 mmwidth and 2 mm height) and polypropyl-
ene films (obtained from Canrd, MA-EN-SE-002901, thickness 16 um),
and then compressed to a uniform thickness of 50 pm by adjusting
the gap between the rollers in an argon-filled glovebox (Mikrouna
(Shanghai) Ind. Int. Tech., water and O, content <0.01 ppm) using a
calendaring machine (model GMSK-2150, manufactured by Shenz-
hen Kejin Star Technology). The thickness of randomly distributed
Li@rGO&ZnO electrode was measured by both SEM and micrometre
screw gauge (Dongguan Sanliang Precision Measuring Instrument,
MDE-25MX, measurement range is 0-25 mm, accuracy is 0.001 mm).
The 50-um-thick randomly distributed Li@rGO&ZnO electrodes were
cutinto circular electrodes with a diameter of 8 mm for Li||host coin
cells,and circular electrodes with adiameter of 122 mm for Li|[NCM523
and Li||LFP coin cells using a manual slicer SHENZHEN KEJING STAR
TECHNOLOGY COMPANY, MSK-T10). The 30-um-thick randomly dis-
tributed Li@rGO&ZnO electrodes for Li|[NCM811 coin cells were pre-
pared by further calendaring the randomly distributed Li@rGO&ZnO
electrode to 30 pm thick, followed by electrode cutting procedures
towardscircular electrodes with adiameter of 8 mmand a thickness of
30 um. The average weight percent of Limetal in randomly distributed
Li@rGO&ZnO electrode is 67%.

LiFePO, positive electrode fabrication

The LFP positive electrodes were fabricated by mixing with an auto-
matic planetary centrifugal vacuum stirring defoaming machine for
1hatanatmospheric environment with a temperature of 25°C +5°C
(Shenzhen Zhidi Technology, ZD-T600C) 90 wt% carbon-coated
LiFePO, powder (purchased from Canrd, MA-EN-CA-0015, D50
is 0.993 um, purity is 98.97%), 5 wt% Super Carboné65 (purchased
from Canrd, MA-EN-CO-0004, purity is 99.52%, average particle size
is 150 nm) and 5 wt% polyvinylidene difluoride binder (purchased
from Canrd, MA-EN-BI-0008, purity is 99.5%) in N-methyl pyrro-
lidone (Beijing InnoChem Science & Technology, purity is 99.5%,
water content <50 ppm) to prepare a slurry. The slurry was then
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cast onto carbon-coated aluminium foil (purchased from Canrd,
MA-EN-CU-0003). The thickness and purity of carbon-coated layers
were 1 um and 99.5%, respectively. The thickness and purity of the
uncoated Al foil were 15 umand 99.6%, respectively, at an atmospheric
environment with atemperature of 25°C £ 5°C,and dried inavacuum
oven (ShanghaiYiheng Scientific Instrument, DZF-6021,133 Pa) at 60 °C
for 24 h. The foils were cut into circular electrodes with a diameter of
12 mmusing a manual slicer SHENZHEN KEJING STAR TECHNOLOGY
COMPANY, MSK-T10); the electrodes were stored at an argon-filled
glovebox (Mikrouna (Shanghai) Ind. Int. Tech., water and O, content
<0.01 ppm) before cell assembly. The calculated theoretical areal
capacity of one single LFP electrode was around 3 mAh cm™ (about
171 pm thick).

LiNi, sCo,,Mn, ;0, and LiNi, ;Co, ;Mn, 0, positive electrode
The LiNij sC00,Mny;0, (NCM523, CU-EL-PL-500202, thickness of
90 pm) and LiNiygCoy;Mn,;0, (NCM811, SY33XX, thickness of 41 pm)
positive electrode was purchased from Canrd without any drying
treatment. The foils were cut into circular electrodes with a diameter
of 12 mmusing amanual slicer (SHENZHEN KEJING STAR TECHNOLOGY
COMPANY, MSK-T10); the electrodes were stored at an argon-filled
glovebox (Mikrouna (Shanghai) Ind. Int. Tech., water and O, content
<0.01 ppm) before cell assembly.

LTO positive electrode fabrication

Double-side-coated LTO electrodes were fabricated by mixing withan
automatic planetary centrifugal vacuum stirring defoaming machine
for1hatanatmosphericenvironmentwithatemperature of25°C+5°C
(Shenzhen Zhidi Technology, ZD-T600C) 90 wt% carbon-coated LTO
powder (purchased from Canrd, MA-EN-AN-0021, D50is 1.10 pm, purity
is99%), 5 wt% Super Carbon65 (MA-EN-CO-0004, purity is 99.52%, aver-
age particle sizeis150 nm) and 5 wt% polyvinylidene difluoride binder
(MA-EN-BI-0008, purity is 99.5%) in N-methyl pyrrolidone (Beijing
InnoChem Science & Technology, purity is 99.5%, water <50 ppm) to
prepareaslurry. The slurry was casted onto one side of carbon-coated
aluminium foil (purchased from Canrd, MA-EN-CU-0003). The thick-
ness and purity of carbon-coated layers were 1 um and 99.5%, respec-
tively. The thickness and purity of the uncoated Al foil were 15 um and
99.6%, respectively, at anatmospheric environment with atemperature
of 25°C +5°C, and dried in a vacuum oven (Shanghai Yiheng Scien-
tific Instrument, DZF-6021, 133 Pa) at 60 °C for 24 h. After this 24 h of
vacuum drying, the LTO coating layer was fully dried as observed by
ahuman operator. Then, the slurry was coated onto the other side of
the carbon-coated aluminium foil and dried following the same proce-
duretoobtainadouble-side-coated LTO electrode. The electrode was
cut into 12 mm x 12 mm sized squares, 337 um thickness by a manual
slicer SHENZHEN KEJING STAR TECHNOLOGY COMPANY, MSK-T10);
the electrodes were stored at an argon-filled glovebox (Mikrouna
(Shanghai) Ind. Int. Tech., water and O, content <0.01 ppm) before
cellassembly.

Coin cell assembly and electrochemical measurements

The Li||host coin cells with a crimping load of about 0.157 tonnes (pur-
chased from Canrd, 304 stainless-steel material coin cell of CR2032
(including coin cell case,15.8 mm x 1.0 mmspacer and 15.4 mm x L.1mm
funnel spacer)) were assembled using OVCCS rGO&ZnO (after Libeing
fully stripped away by the electrochemical stripping process from
OVCCS Li@rGO&ZnO through charging to 0.2 V, and confirmation
of this full Li stripping by XRD spectra in Supplementary Fig. 15) in
the same Li||host coin cell, randomly distributed rGO&ZnO (after Li
being fully stripped away by the electrochemical stripping process
from randomly distributed Li@rGO&ZnO through charging to 0.2V,
and confirmation of this full Li stripping by XRD spectrain Supplemen-
taryFig.15) in the same Li||host coin cell or flat copper foil (purchased
from Canrd, MA-EN-CU-000202, purity is 99.99%, thickness is 9 pm,

diameter is 8 mm) as working electrodes, pristine lithium metal foil
(Shandong Zhongshan Photoelectric Materials, 99.95%, thickness is
500 pm, diameter is 8 mm) as the counter electrode, one layer of Cel-
gard 2325 separator (purchased from Canrd, MA-EN-SE-000201, the
porosity is 39%, average pore size is 0.028 um, thickness is 25 pm and
diameteris 19 cm) and 60 pl of non-aqueous LHCE or carbonate-based
electrolyte solutions. The LHCE solution was prepared by mixing LiFSI
(purchased from Canrd, MA-EN-ET-0832, the salt purity is 99.5%, water
content <100 ppm, used without any treatment), DME (purchased
from BeijingInnoChem Science & Technology without any treatment,
purity is 99.5%, water content <50 ppm) and TTE (purchased from
Canrd, purity is 97%, water content not provided by the supplier),
continuously drying with 500 pum pure Lifoil for 7 days and then using
ituntiltheLinolonger changes colour, withamolar ratio of1:1.2:3inan
argon-filled glovebox (Mikrouna (Shanghai) Ind. Int. Tech., water and
0, content <0.01 ppm). The entire process uses a mechanical pipette
and the corresponding pipette tip (all of them purchased from DLAB
SCIENTIFIC) to draw the solvent. The electrolyte was prepared in an
experiment-grade glass bottle (purchased from Canrd, 25 ml) made
of high-quality borosilicate glass. Itis stirred by a magnetic bar made
of polytetrafluoroethylene (purchased from Canrd, C type, 10 mm
length, 4 mmwidthand 4 mm height) and amagneticstirrer (XIUILAB,
MS-2B) is used. The carbonate-based electrolyte (1 molar concentra-
tion) solution was prepared by mixing 89 wt% of 1 M LiPF in EC/DEC
solution (this solution is purchased from Canrd, MA-EN-ET-0202,
water content <20 ppm, used without any treatment) witha 10 wt% of
FEC (purchased from Canrd, MA-EN-ET-0893, purity is 99.95%, water
content <50 ppm, used without any treatment) and 1 wt% of VC (pur-
chased from Canrd, MA-EN-ET-0892, purity is 99.9%, water content
<30 ppm, used without any treatment) additives in an argon-filled
glovebox (Mikrouna (Shanghai) Ind. Int. Tech., water and O, content
<0.01 ppm). The pipette, new pipette tips and stirrer used are the
same as those in LHCE preparation procedures. The difference was
that plastic bottles for carbonate electrolyte storage were made of
high-density polyethylene (purchased from Canrd, MA-CM-PL-001101).
The Li plating/stripping CE is calculated by dividing the discharging
capacity by the charging capacity inthe Li||host coin cells. Because the
lithium amount at the counter Li electrode was excessive, therefore
the calculated CE is for the Li plating/stripping CE in the host®. The
Lillhost cells were cycled at1 mA cm?or 3 mA cm?for long cycling with
atemperature of 25 °C + 0.2 °Cin a constant-temperature-controlling
environmental chamber (http:/www.wuhanyueda.com/,YDC-300HT).
Forthe cycling process, the areal capacity for Li plating was controlled
ataconstantcurrentdensity and the cell’s cut-off potential was 90 mV
or 1V for the cells with the LHCE, and 160 mV for the cells with the
carbonate electrolyte. The Aurbach CE? test was conducted by first
depositing lithium onto the host or Cu substrate using a total charge
(Qy) to establish a lithium reservoir. A subset of this charge (Qc) was
then cycled between the working and counter electrodes for 10 cycles.
After cycling, the remaining lithium was completely stripped to the
upper cut-offvoltage, with the final stripping charge (Qs) quantifying
the residual lithium. The charge cut-off voltages of 0.09Vand 1.0 V
were both tested in different experiments in Supplementary Figs. 23
and 24. The average CE over 10 cycles was calculated:

10Q¢ + Qs

CEaverage = m

Li|INCM523 coin cells (coin cell case purchased from Canrd),
with a 15.8 mm (diameter) x 1.0 mm (thickness) regular spacer and a
15.4 mm (diameter) x 1.1 mm (thickness) funnel spacer, are made of
316 stainless steel. The coin cell fabrication is realized by putting the
following materials into negative case by sequence: one funnel piece,
one regular spacer, negative electrode (Li metal-containing negative
electrode, 50-pm-thick OVCCS Li@rGO&ZnO with areal capacity of
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7.036 mAh cm™, 50-pm-thick randomly distributed Li@rGO&ZnO
host with areal capacity of 7 mAh cmor 50-pum-thick pristine Li metal
anode with areal capacity of 10 mAh cm™), one layer of Celgard 2325
separator, 60 I LHCE solutioninjected by pipette and positive NCM523
electrode (purchased from Canrd, CU-EL-PL-500202). Then the coincell
was covered by the positive case, sealed by the compact hydraulic coin
cell sealing press machine with a crimping load of about 0.157 tonnes
(purchased from SHENZHEN KEJING STAR TECHNOLOGY COMPANY,
MSK-110) inside an argon-filled glovebox (Mikrouna (Shanghai) Ind.
Int. Tech., with water and O, content <0.01 ppm). The assembled
Li|[INCMS523 coin cells were charged to the upper cut-off potential of
4.35V at a specific current of 8.25 mA g™ and then discharged to the
lower cut-off potential of 3.0 V at a specific current of 8.25mA g™ in
the first 2 cycles. After the above ‘activation’ process, the Li|[NCM523
coin cells were cycled at a constant specific current of 82.5mA g™*
between 3.0 Vand 4.35 V for long cycling. The capacity retention was
achieved by dividing the discharge capacity of theinitial cycle under the
condition of specific current of 82.5 mA g (156.483 mAh g™, Ist cycle
in Fig. 3e and 3rd cycle of the total battery cycling condition, as there
existed 2 activation cycles ataspecific current of 8.25 mA g 'shownin
Supplementary Fig.29) by that of the final cycle (727th cyclein Fig. 3e,
138.924 mAh g') under a specific current of 2.5 mA g™

Li|[NCM8I1 coin cells (assembled using the same method as the
Lil[[NCM523 coin cells) were assembled using NCM811-based positive
electrodes (1.5 mAh cm?, purchased from Canrd, SY33XX), one layer
of Celgard 2325 separator, 60 pl LHCE solution and Li metal-containing
negative electrode (30-pm-thick OVCCS Li@rGO&ZnO with areal
capacity of 3.71 mAh cm™, 30-pm-thick randomly distributed Li@
rGO&ZnO host with areal capacity of 3.74 mAh cm™ or 20-um-thick
pristine Limetal anode with areal capacity of 4 mAh cm™). The assem-
bled Li|[NCMS811 coin cells were charged to the upper cut-off potential
of 4.3V at a specific current of 9.4 mA g™ and then discharged to the
lower cut-off potential of 3.0 V at a specific current of 9.4 mA gin
the initial 2 activation cycles. After the above ‘activation’ process,
the Li|[NCM811 coin cells were cycled at a constant specific current of
188 mA g between 3.0 Vand 4.3 V for long cycling. The capacity reten-
tionwas achieved by dividing the discharge capacity of the initial cycle
(187.189 mAh g™, Ist cycle in Fig. 3g and 3rd cycle of the total battery
cycling condition, as there exist 2 activation cycles at a specific cur-
rent of 9.4 mA g™ shown in Supplementary Fig. 43) by that of the final
cycle (1,020th cycle here, 154.248 mAh g™) under a specific current
of 188 mA g™

LillLFP coin cells (assembled using the same method reported
above for the Li|[NCM523 coin cells) were assembled using LFP-based
positive electrodes (3 mAh cm™, fabricated as reported above),
one layer of Celgard 2325 separator, 60 pl LHCE solution and Li
metal-containing negative electrode (50-pum-thick OVCCS Li@
rGO&ZnO with areal capacity of 7.036 mAh cm,50-um-thick randomly
distributed Li@rGO&ZnO host with areal capacity of 7000 mAh cm™or
50-um-thick pristine Limetal anode with areal capacity of 10 mAh cm ™).
The assembled Li|[LFP coin cells were charged to the upper cut-off
potential of 4.0 Vataspecific current of 7.5 mA g ' and then discharged
to the lower cut-off potential of 2.5 V at a specific currentof Z.5 mA g™
in the initial 2 activation cycles. After the above ‘activation’ process,
the Li||LFP coin cells were cycled at a constant specific current of
75mAg'between2.5Vand4.0 Vforlongcycling. The capacity reten-
tionwas achieved by dividing the discharge capacity of the initial cycle
(140.684 mAh g™, Ist cycle in Fig. 3f and 3rd cycle of the total battery
cycling condition, as there existed 2 activation cycles at a specific cur-
rent of 7.5 mA g™ shown in Supplementary Fig. 36) by that of the final
cycle (990th cycle, 123.694 mAh g™).

All the electrochemical measurements were carried out using
LAND battery testing systems (Wuhan Land Electronics, CT3002A,
5V,1mA and 10 mA 8C1U) at a constant temperature chamber with
a temperature (http://www.wuhanyueda.com/, YDC-300HT) of

25°C+0.2°C. No less than five paralleling cells were tested for a sin-
gle electrochemical experiment, and the data presented inthe paper’s
plots represent a median result of all the cells tested for a single elec-
trochemical experiment.

Pouch cell fabrication and electrochemical measurements

Li||LTO lab-scale pouch cells were assembled in an argon-filled glovebox
(Mikrouna (Shanghai) Ind. Int. Tech., water and O, content <0.01 ppm)
using LTO-based double-side-coated positive electrodes (cutted into
12 mm x 12 mmsized squares) withamanual slicer SHENZHEN KEJING
STAR TECHNOLOGY COMPANY, MSK-T10, sandwiched with a Cel-
gard 2325 separator (diameter of 19 mm and a thickness of 25 pm)
and 12 mm x 12 mm sized squared Li metal-based negative electrodes
(50-pum-thick OVCCS Li@rGO&Zn0, 50-um-thick randomly distributed
Li@rGO&ZnO or 50-um-thick pure Li metal electrodes) with amanual
slicer (SHENZHEN KEJING STAR TECHNOLOGY COMPANY, MSK-T10)
beforebeing stacked and assembled into the battery core. The stacking
sequenceisone copper foil current collector, one negative electrode,
one layer of separator, one double-side positive electrode, one layer
of separator and one negative electrode. In total, four copper foil cur-
rent collectors, three double-side positive electrodes, six single-layer
negative electrodes and six separator layers were assembled into the
pouchcell. The cell core was then sealed in an aluminium plastic pack-
ing film (purchased from Canrd, MA-EN-FC-001103), and 500 pl LHCE
solution (see above for the exact composition) was injected before final
sealing using avacuum pre-sealing machine (SHENZHEN KEJING STAR
TECHNOLOGY COMPANY, MSK-115A-111). These pouch cells were rested
atopen circuit potential for 24 hunder atemperature of25°C+ 0.2 °C
before 2 mA cm™ charge/discharge cycling between 1.0 Vand 2.5V
inside a constant-temperature-controlling chamber (http://www.
wuhanyueda.com/,YDC-300HT) withatemperature of25°C+ 0.2 °C.

Operando pressure measurement

The operando battery pressure sensing equipment was purchased
from SCI Materials Hub (www.scimaterials.cn). A metal block with
asize slightly larger than the cell core was attached to the cell as a
force-distribution plate. A button-style pressure sensor was attached
to the metal block. The entire stack was then clamped with an initial
stack pressure of about 440 kPa or 90 kPa (Fig. 5a). Each pouch cell
contains anempty pocket to prevent any pressure effect generated by
the gas produced withinthecell. Ifany gasis generated during battery
operation, it will be pushed into the pocket owing to the compressive
force applied to the cell. Thus, the pressure measurement was not
interfered with by any gas generation. However, we did not observe
any notable gas generation during battery testing (visual inspection
on the appearance of battery pack bloating by the naked eye of the
humanoperator). Areal-time datacollector (monitor the stack pressure
valuesinreal timeandrecordit during the battery cycling process) was
used torecord cells’ potential and pressure variations throughout the
electrochemical measurements™.

Electrolyte absorption test

A 1.5 ml centrifuge tube (Biosharp, BS-15-M) was cutted at its bottom
using a Flying Eagle single-sided razor blade (38 mm length, 19 mm
width and 0.5 mm thickness). This cutted centrifuge tube was tightly
placed in inverted position on the OVCCS rGO&ZnO or randomly
distributed rGO&ZnO host, and a lab tissue paper (the main com-
ponent is plant cellulose fibre, for collecting the electrolyte infil-
trated through the host) and black wood substrate of the fume hood
(Wuxi Puruida Laboratory Equipment, for contrast visualization via
semi-transparency of the lab tissue paper upon electrolyte wetting)
was put underneath the host in an atmospheric environment with
a temperature of 25°C £ 5 °C, as the electrolyte-swelled lab tissue
paper can realize minor semi-transparence for showing the colour of
black substrate underneath. LHCE solution (1 ml) was injected into
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the centrifuge tube through the cutted hole by a syringe (BERPU, 2 ml
2-part syringe). This observation was conducted through a human
operator, and imaging was carried out using the camera for initial
state (0s),and5s,20s,30 s and 60 s after placing the electrolyte. No
electrolyte permeation was detected for the OVCCS rGO&ZnO host,
while the randomly distributed rGO&ZnO host shows a continuous
and detectable amount of permeated electrolyte.

Titration-collection-gas chromatography technique (TCGC)
characterization

The TCGC characterization was conducted following literature pro-
cedures®. After discharging 1 mAh cm™ or 3 mAh cm™ capacity or
charging to 0.09 Vor1.0 V (applying a current density of 1 mA cm™),
Lil[OVCCS rGO@ZnO coin cells are disassembled in an Ar-filled glove-
box. In the Ar-filled glovebox (Mikrouna (Shanghai) Ind. Int. Tech.,
water and O, content <0.01 ppm), the OVCCS rGO@ZnO electrodes
were collected and directly transferred into a 25 ml titration reac-
tion glass Schlenk bottle (purchased from TCHONGQING XINWEIER
GLASS) (used as Li® conversion reaction bottle) and sealed (rubber
stoppers of uniformbottle mouth size). Then the Li° conversion reac-
tion bottle was connected to the gas diffusion device (purchased from
China Education Au-light, CEL-PAEM-D8mini) and pre-vacuumed.
After completing these steps, 5 ml of deionized water was injected into
thereaction bottle to convert the residual metallic Li into hydrogen
gas. The hydrogen gas generated by the reaction was collected by a
glass pipeline and then continuously injected into the gas chromatog-
raphy (purchased from Japan SHIMADZU, GC-2014) by an automatic
sampler (purchased from China Education Au-light, CEL-GSOA-20V).
The content of the metallic Li° was determined by converting the
corresponding H, amount according to a pre-established standard
calibration curve. Detailed calculation steps are shown in Supple-
mentary Note 2.

Insitu optical microscopy characterization

In situ optical microscopy characterization was performed using an
upright microscope (Anhui Yueshi Precision Instrument, TM520R)
equipped with a 20x long working distance objective (Anhui Yueshi
Precision Instrument, numerical aperture > 0.45, working dis-
tance =13 mm). Lithium plating/stripping experiments were con-
ducted within a custom hermetically sealed optical cell as an in situ
dendrite observation system (Anhui Yueshi Precision Instrument,
ISC03, 50 mm length, 50 mm width and 18 mm thickness). The cell
incorporated two 1.0-mme-thick fused quartz windows, a lithium foil
counter/reference electrode (Shandong Zhongshan Photoelectric
Materials, 99.95%), OVCCS Li@rGO&ZnO host or pristine Li working
electrode saturated with 1 ml LHCE electrolyte. The optical cell was
assembled and electrolyte-injected inside an Ar-filled glovebox (Mik-
rouna (Shanghai) Ind. Int. Tech., water and O, content <0.01 ppm). The
sealed cell was then transferred to the microscope stage at an atmos-
phericenvironment withatemperature of 25 °C +1°C. After assembly,
the external galvanostatic plating (1 mA cm™ or 3 mA cm™ constant
current, areal capacity of 1 mAh cm™) was made via spring-loaded
titanium pistons electrical connections with LAND battery testing
systems (CT3002A,5V,1 mA and 10 mA 8C1U). Real-time monitoring
commenced simultaneously with current application. Time-lapse
image sequences were acquired at different times during the
plating procedure.

Physicochemical characterizations

The morphology of the pristine and cycled electrode materials was
characterized by SEM (HitachiS-4800). The composition of the samples
was examined by XRD (Rigaku SmartLab), Cu Ka radiation (A =1.5418 A).
The XPS measurements of the cycled electrodes to investigate the SEI
composition were carried out using ESCALAB 250 with Al Ka radiation.
The sputtering process (under the conditions of argon purging, 4 K eV

and 60 s each time) was used to remove the characterized surface from
the electrode material to carry out XPS measurements on the inner
layers. The binding energies were calibrated with respect to the C 1s
peak at 284.6 eV. High-resolution field emission TEM micrographs
were collected with ThermoFisher F200XG2. AFM micrographs were
collected with BioScope Resolve. A relative calibration approach was
used: the deflection sensitivity of the tip was first calibrated using a
sapphire reference sample, followed by characterization of tip inden-
tation depth and radius of curvature with a standard sample, before
testing the target specimens. AFM force-distance curves were analysed
using the Derjaguin-Muller-Toporov model to determine Young’s
modulus®*. Allthe cycled electrodes were rinsed with pure anhydrous
DME solvent (purchased from Beijing InnoChem Science & Technology
withoutany treatment, purity is 99.5%, water content <50 ppm; 100 pl
DME injected onto the electrode surface at a uniform rate within 5's;
eachelectrodeisrinsed three times, withal mininterval each time) to
remove residual LiFSI®, transferred into the vacuum transfer chamber
ofthe glovebox and pumped for 30 min (Mikrouna (Shanghai) Ind. Int.
Tech., withwater and O, content <0.01 ppm). During the SEM and AFM
testing process, the electrode was pasted to the sample holder (SEM
and AFM) and then was putted into a petri dish inside an aluminium
plastic packing film (purchased from Canrd, MA-EN-FC-001103),
and four sides of this bag were sealed by a single-station heat seal-
ing machine (SHENZHEN KEJING STAR TECHNOLOGY COMPANY,
MSK-140) in an argon-filled glovebox (Mikrouna (Shanghai) Ind. Int.
Tech., water and O, content <0.01 ppm). Before the SEM and AFM
test, the electrode was taken out from the cutted aluminium plastic
packing bag for transferring to the test chamber of the equipment
at the fastest speed with minor exposure to air for 5-10 s. The testing
process was carried out under vacuum (for SEM) or argon gas (for AFM)
conditions. Before the TEM test, 10 mg portions of rGO and rGO@
ZnO composite were separately dispersed in10 mlanhydrous ethanol
(purchased from Sinopharm Chemical Reagent, purity >99.7%) within
glassbottle (purchased from Canrd, 25 ml). After 5 min ultrasonication
(Ningbo Scientz Biotechnology, SCIENTZ-IID), 10 pl aliquots of each
suspension were deposited onto Lacey Formvar/carbon film-coated
grids (purchased from Zhongjing Keyi Technology, BZ110135a, 300
mesh). The grids were air-dried (25 °C £ 5 °C, air humidity is 45-55%)
for 30 min in a petri dish before being loaded into the TEM sample
holder. Given the oxidative stability and moisture resistance of both
rGO and rGO@ZnO composites, samples were handled under ambient
conditions without encapsulation. During the XRD test, the electrode
was tightly pre-sealed with polyimide tape (purchased from Canrd,
MA-EN-FC-0004,20 mm length, 20 mmwidth and 26 pm thick) inside
the argon-filled glovebox, to confirm the absence of exposure to the air
during transferring and characterization. All of the sealing processes
were carried outin an argon-filled glovebox (Mikrouna (Shanghai) Ind.
Int. Tech., water and O, content <0.01 ppm). For the XPS characteriza-
tion, based on the characteristics of the ESCALAB 250 XPS machine,
we use an XPS transfer chamber (Beijing Billison Technology) that
paste the electrode onto the chamber stage using carbon tape inside
the argon-filled glovebox (Mikrouna (Shanghai) Ind. Int. Tech., water
and O, content <0.01 ppm), vacuumed evacuate at —0.1 MPa versus
ambient pressure for 5 min to seal the transfer chamber in the vacuum
transfer chamber of the glovebox, and transferred into the XPS machine
without exposing to air.

COMSOL simulation

Transient simulations of the electrochemical secondary current dis-
tribution and diffusion were carried out in a two-dimensional model
using finite element simulation to simulate the changes in layer mor-
phology during electrochemical deposition of different electrode
structures (undulating layer stacked structures (denoted as OVCCS
rGO&Zn0), randomly distributed sheet stacked structures (denoted
as random rGO&Zn0)) and the diffusion infiltration process of the
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electrolyte in different electrode structures. Specifically, the electric
field in the electrolyte region follows the intrinsic relation, the elec-
trochemical process ontheelectrode surface (Li* + e = Li) follows the
boundary conditions of the Butler-Volmer kinetic equation, and the
electrode potential follows the Nernst equation; the migration of ions
follows Fick’slaw and the Nernst-Einsteinrelation, and the left and right
boundaries are set as the periodic boundary conditions, and the upper
boundaryisthe openboundary. The solution process isbased on free
triangular meshing and boundary layers are set up on the electrode
surface to make the boundary physical field converge accurately. The
solver uses PARDISO (parallel sparse direct solver) and converges based
onNewton’smethod, and therelative toleranceis set to 1E-6 to ensure
the accuracy of the results.

Data availability

The datathat support the plots within this paper and other findings of
thisstudy are available from the corresponding authors upon reason-
able request. Source data are provided with this paper.
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