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A strong correlation between host tortuosity and cycling reversibility of a hosted
Li-metal anode is revealed for the first time. High tortuosity leads to preferential
top-surface Li deposition based on locally enhanced current density and
concentration gradient. This top-surface accumulated Li blocks inward ion
transport and invalidates the internal electrode, further aggravating the uneven
current distribution and non-uniform plating and stripping. Decreased electrode
tortuosity can significantly improve the anodic Coulombic efficiency, uniformity of
Li-metal stripping and plating, and cycling stability of the rGO host.
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SUMMARY

Lithium (Li) metal is the ultimate anode material for Li batteries because of its
highest capacity among all candidates. Recent research has focused on stable
interphase and host materials to address its low stability and reversibility.
Here, we discover that tortuosity is a critical parameter affecting the
morphology and electrochemical performances of hosted Li anodes. In three
types of hosts—uvertically aligned, horizontally aligned, and random reduced
graphene oxide (rGO) electrodes with tortuosities of 1.25, 4.46, and 1.76,
respectively—we show that high electrode tortuosity causes locally higher
current density on the top surface of electrodes, resulting in thick Li deposition
on the surface and degraded cycling performance. Low electrode tortuosity in
the vertically aligned rGO host enables homogeneous Li transport and uniform
Li deposition across the host, realizing greatly improved cycling stability. Using
this principle of low tortuosity, the designed electrode shows through-elec-
trode uniform morphology with anodic Coulombic efficiency of ~99.1% under
high current and capacity cycling conditions.

INTRODUCTION

Rapid developments in portable electronic devices and electric vehicles have
brought about an urgent need for high-energy-density rechargeable lithium-ion bat-
teries."? High-specific-capacity anodes® as alternatives to the existing graphite,
such as silicon (Si)* and most recently lithium (Li) metal,>® have been intensely stud-
ied. Li metal is regarded as the ultimate choice of anode because it has the highest
theoretical capacity (3,860 mAh g~ " and lowest electrode potential (—3.04 V versus
the standard hydrogen electrode). However, it is now widely recognized that
Li-metal anodes exhibit severe drawbacks such as undesired dendritic growth,”™”
low Coulombic efficiency (CE), fast capacity fading, increased voltage hysteresis,
and dead Li formation, which we believe result from two key causes: high chemical
reactivity and relative infinite volume changes during plating and stripping.

Extensive research efforts that have been devoted to tackling these problems can be
categorized according to the two root causes. One set of ideas aims to develop a
stable interphase with Li metal, including inorganic interphases (such as hollow
carbon spheresﬂO LiF,"" diamond,'? and LizPO,4"?), organic interphases (such as

strong and soft polymers'*'°)

, and interphases formed by screening the electrolyte
and additives.'®""® The chemical and mechanical stability of the interphase was pro-
posed and demonstrated as a critical design principle.'®'? Atomic resolution of the
Li-metal interphase can now be obtained through cryogenic electron microscopy im-

aging and correlated with electrochemical performance.”® Interfacial engineering
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Context & Scale

Host electrodes, such as three-
dimensional (3D) porous carbon
matrices, can accommodate the
relative infinite volume change
and decrease the local current
density for mitigating dendritic
growth and reversibility issues in a
Li-metal anode. However, a
preferential Li accumulation on
the upper surface of the host is
commonly observed during
cycling, which has not been
rationalized or addressed. Here,
we show that the host tortuosity,
as a complexity of the
microstructure inside the 3D host,
is responsible for this uneven Li
distribution. In comparisons
between rGO hosts with different
tortuosities, the locally enhanced
current density and concentration
gradient showed a strong
correlation with high host
tortuosity, leading to top-surface
accumulation of Li dendrites and a
blocked ion-transport pathway.
When the host tortuosity was
reduced from 4.46 to 1.25, rGO
hosts exhibited a doubled cycle
life in full cells with high uniformity
within the anode, suggesting the
importance of this tortuosity
parameter for stable Li-metal
batteries.
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continues to be important through the guidance of atomic structure understanding.
The other set of ideas focuses on developing materials as hosts for containing Li
metal within. Ideas include seeded hollow carbon spheres,”’ three-dimensional

2427 over-lithiated

(3D) carbonaceous electrodes,???* 3D porous metallic structures,
SiO,, and metal fluorides.?®?? These host structures reduce the electrode-level
volume fluctuation by ~10 times and enhance stability by localizing the global vol-

ume changes (15-30 um for 3-6 mAh cm 2 to the local domain of Li metal.

To make further progress in the development of Li-metal anodes, we would like to
bring the attention of the research community to a phenomenon commonly
observed in hosted Li-metal anodes: preferential Li accumulation on the upper sur-
face of the whole electrode during deposition.?*?" This preferential accumulation of
Li metal creates a larger volume expansion in the top part of electrodes than in the
lower parts and blocks Li-ion diffusion down into the lower part of the electrode. This
uneven deposition of Li could cause host material anodes to fail over cycling.
To date, the source and solutions for this non-uniform deposition in Li-metal anodes
remain elusive and unexplored, especially in the Li-metal anode field, which we can
learn from the preliminary Li-plating phenomenon in fast-charging graphite anode

materials.>%33

Here, we propose that the tortuosity at the electrode level is one of the most impor-
tant factors for generating such an uneven distribution of Li-metal deposition.
Tortuosity is a diffusional parameter describing the complexity of ionic or mass trans-
port in the porous electrode network and is affected by the geometrical complexity
of the microstructure inside the 3D porous electrode. Tortuosity affects transport
properties, liquid-phase diffusivity, and conductivity:

Keg = E (Equation 1)
T

Deg = % (Equation 2)
T

Here, eis the porosity; Kot and K are the effective and intrinsic conductivities, respec-
tively; and Degr and D are the effective and intrinsic diffusivities, respectively, of the
conductive phase (in the present case, the liquid electrolyte inside porous elec-
trode).?*~*® Equations 1 and 2 serve as the definition of tortuosity (1) used in the
present work. With higher tortuosity, Li-ion-transportation paths within the electrode
will be extended. Notably, the tortuosity has been recognized as an important
parameter for conventional graphite anodes, affecting Li concentration gradients
during operation while manifesting even more severely during fast
charging.??23373% Accordingly, low tortuosity graphite electrode structures have
been proposed and developed.’” However, we hypothesize that compared with
graphite, the electrode tortuosity could have more critical effects on Li-metal plating.
This is because plating at any particular location of Li metal can continue indefinitely,
whereas Li intercalation capacity in any particular graphite particle is stoichiometri-
cally limited to fully lithiated LiC, (if the Li-metal plating potential not exceeded).
We expect that high-tortuosity electrodes would have current density primarily
distributed to the upper part of electrodes, resulting in localized preferential accu-
mulation of Li metal, whereas low-tortuosity electrodes would have more uniform cur-
rent distribution and thus Li deposition across the entire thickness of the electrode.

Although the above proposed hypothesis might seem intuitive, there has not been
any clear demonstration of the effect of tortuosity on Li-metal morphology and
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Figure 1. Schematic of the Effect of Tortuosity on the Structure Evolution of Li-Metal Anodes during Cycling

(A) During electrochemical plating, Li metal prefers to deposit on the top of high-tortuosity electrodes through short ion-transport paths.

(B) Accumulated Li on top can also block the inward ion-transport pathways into the electrode and inactivate internal electrode surfaces, further
favoring dendritic overgrowth on top.

(C) The accumulated Li dendrites turn into dead Li and SEl after stripping as a result of locally enhanced current density, which generates large amounts
of Li loss and also blocks inward ion-transport paths in turn.

(D) After repeated channel blockage and loss of effective surface from cycling together with dead Li accumulation on top, deposited Li dendrites all
agglomerate on the top surface of the electrode, leading to anode failure.

(E and F) Because of the low tortuosity of the vertically aligned 2D graphene electrode, Li can be uniformly deposited into an electrode with a large
effective surface area without blocking ion-transport paths.

(G) Because of the low electrode tortuosity, Li can be evenly stripped without dead Li.

(H) After repeated cycling, the low-tortusity electrode can maintain good stability and reversibility because of the absence of channel blockage,
effective area loss, locally enhanced current density, or dead Li behavior.

electrochemical behavior. In this report, we have developed the controlled tortuos-
ity of a reduced graphene oxide (rGO) host over a very large range of values. When
using these rGO hosts for Li-metal deposition, we demonstrated the clear relation-
ship between tortuosity and Li-metal anode structure and performance. As exhibited
in Figure 1A, metallic Li tends to be deposited and stripped at the upper surface of
highly tortuous electrodes (especially horizontally aligned layered rGO) because of
the much longer ion-transport pathways to the middle or bottom part of the elec-
trode. Over time, the accumulated Li on the top further impedes ionic transport
by physically blocking electrolyte access to the internal electrode, in turn aggra-
vating upper overgrowth, solid-electrolyte interphase (SEI) fracture, and loss of
the effective internal electrode surfaces (Figure 1B). After stripping, the high elec-
trode tortuosity and decreased surface lead to locally enhanced current density
with increased amounts of residual dead Li particles and SEI on the upper surface,
which further degrade anode reversibility, block inward ion-transport pathways,
and exacerbate uneven Li accumulation (Figure 1C). Suffering from this vicious cycle,
carefully designed multilevel electrode structures and Li-protection strategies
become counterproductive, leading to fast failure of the Li-metal anode (Figure 1D).
In comparison, the vertically aligned, ultralow-tortuosity rGO electrode generates
very straight, direct, inward Li-ion-transport paths (Figure 1E), enabling highly
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reversible uniform Li delivery into the electrode without any upper overgrown Li
(Figures TF=1H).

Experimentally, we found that the horizontally aligned, highly tortuous rGO elec-
trodes exhibited a severe 80-pm-thick upper overgrowth of dendrites after a single
plating step, rapid anodic CE decay from 98.6% to 90% after only 24 cycles, and fast
full-cell failure within 200 cycles. The vertically aligned low-tortuosity electrodes ex-
hibited greatly improved electrochemical performance: a high anodic CE of ~99.1%
within 150 cycles, through-electrode uniform Li deposition, and 400 stable full-cell
cycles even under high current density, high areal capacity, and limited Li conditions.
Our simulation results also support that the lower electrode tortuosity generates a
significantly decreased Li-ion concentration gradient in the electrolyte and enables
nearly homogeneous electrode current density (only 3.6% higher current at the sur-
face of vertical rGO as compared with 283% higher for horizontal rGO), suggesting
the necessity of low electrode tortuosity for stable Li-metal anodes.

RESULTS AND DISCUSSION

Fabrication and Characterization of Electrodes

To generate the controllable alignment of rGO host electrodes, we adopted a
method of unidirectional freezing and ice-segregation-induced assembly of
two-dimensional (2D) graphene oxide (GO) sheets, initially demonstrated by the
Bechtold group (Figure 2A).*°"*> GO aqueous solution was filled into a polyimide
O-ring mold and transferred onto a cold plate (Figure S1). Ice rapidly grows perpen-
dicularly to the cold surface, forcing the 2D GO sheets to align vertically in the
boundaries between adjacent and oriented 20 um ice crystals, as revealed by in
situ optical microscopy (Figures S1TD-S1F; Video S1). During the subsequent vac-
uum-drying process, the oriented ice was sublimated, leaving behind empty aligned
channels formed from the surrounding aligned GO sheet walls inside the vertically
aligned GO aerogel (VGOA). After further annealing reduction on VGOA, the verti-
cally aligned rGO aerogel (VGA) electrodes can be fabricated at large scales with
perpendicular channels and lithiophilic electronically conducting rGO walls.
Similarly, horizontally aligned rGO aerogel (HGA) electrodes were also fabricated
by unidirectional freezing from the side instead of from the bottom, exhibiting hor-
izontally aligned rGO walls and channels (Figure 2B). In addition, conventional
randomly arranged rGO aerogel (RGA) electrodes were also fabricated by an all-
directional freezing procedure in liquid nitrogen (Figure 2C) followed by the same
vacuum-drying and annealing-reduction processes, which resulted in randomly
arranged rGO sheets and channels without preferentially aligned features.****
The densities of all kinds of prepared rGO aerogel (GA) electrodes were all
measured to be around 3.5 mg mL™", revealing similarly high ~99.8% electrode po-
rosities (e) that allow for plenty of space for Li storage along with neglectable
compromise to the energy density of the anode.

The vertically oriented channeled structure of VGA was first revealed by cross-
sectional scanning electron microscopy (SEM; Figure S2A), exhibiting millimeter-
scale continuous vertical alignment. Magnified cross-sectional SEM images show
that these frames are constructed by vertically oriented, continuous, and nano-
meter-thick walls surrounding inner void channels (~20 pm wide; Figures 2D and
S2), which are consistent with the transmission electron microscopy (TEM) images
(showing several-nanometer-thick, four-layer rGO wall with interlayer spacing of
0.34 nm; Figure S3) and in situ optical microscopy images (showing internal ice crys-
tal of around 20 pm width; Figure S1F). The top-view SEM images of VGA exhibited a
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Figure 2. Characterizations of GA Electrodes

A) Schematic of fabrication of VGA electrode.

B) Schematic of fabrication of HGA.

C) Schematic of fabrication of RGA.

D and E) Cross-sectional (D) and top-view (E) SEM images of VGA.

F and G) Cross-sectional (F) and top-view (G) SEM images of HGA.

H and I) Cross-sectional (H) and top-view (I) SEM images of RGA.

J) SAXS measurements of different GA electrodes.

K) Tortuosity measurements (1) of different electrolyte-infiltrated, electronic-insulated GOAs via

ionic resistance measurements. R.,), areal high-frequency real resistance extracted from Figure S8;
Rint, intrinsic ionic resistance; €, porosity. Detailed calculation steps can be observed from

Figure S8. Assuming no structure change during reduction of GOA, the tortuosity of GOA should
be the same with the corresponding GA electrodes after thermal reduction.
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matrix-like arrangement of the nanometer-thick edges of vertical rGO walls, and no
horizontal rGO surfaces could be observed (Figure 2E). These vertical channels and
horizontal surface-free structures provide ideal perpendicular and direct ion-trans-
portation pathways into the electrode, representing low electrode tortuosity.
In consideration of the electrode volumetric energy density, thin VGA can be also
fabricated by reducing the mold thickness, achieving an electrode with thickness
of ~125 um as demonstration for a thin electrode that still maintains good vertical
alignment (Figure S4). In comparison with the vertically aligned channeled structure
of VGA, the HGA exhibited a similar aligned structure but with different orientation;
most rGO sheets and channels are horizontally aligned and lie parallel to the top sur-
face (Figures 2F and S5). Top-view SEM images indicate a continuous horizontal rGO
surface with few holes or vertical channels for ion infiltration into the electrode (holes
occupy 1.32% of area and are on average 11 um? in size calculated by ImageJ;
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Figures 2G and S5C). These nearly hole-free, horizontally aligned rGO walls can
significantly block inward ion transport, leading to the high electrode tortuosity of
HGA. In contrast, the RGA exhibited a different structure with rGO sheets randomly
arranged with abundant holes and vertical channels for ion transport, and no
apparent alignment directions were observed (Figures 2H and 2I). Even though
these perpendicular channels provide abundant pathways for inward ion transport,
the randomly arranged rGO sheets can still impede ion transport to a certain extent,
leading to a slightly increased electrode tortuosity in RGA. Small-angle X-ray scat-
tering (SAXS) measurements further confirmed these tunable alignments in GA elec-
trodes. VGA and HGA exhibited anisotropic scattering at angles of nearly 90° and
180°, respectively, indicating bulk vertical and horizontal alignment of the rGO
sheets (Figure 2J). In contrast, the RGA exhibited no apparent periodic increases
in scattering intensity, demonstrating the absence of alignment (Figure $6).*

Although the various GA electrodes exhibited no apparent differences in chemical
composition, as confirmed by X-ray diffraction (XRD) and X-ray photoelectron spec-
troscopy (XPS) spectra (Figure S7), their tortuosities were significantly different. We
followed an electrochemical method previously developed by the Gasteiger group
to determine the tortuosity of separators.®> By measuring the high-frequency ionic
resistances of electrolyte-infiltrated insulated graphene oxide aerogels (GOAs,
before annealing reduction; Figures 2K and $8),%>*¢ the tortuosity of VGOA was
calculated to be 1.25. The randomly arranged GOA (RGOA) exhibited a slightly
increased tortuosity of 1.76, whereas horizontally aligned GOA (HGOA) showed a
high tortuosity of 4.46, suggesting a significantly increased length of ion-transport
pathways. Considering that there is no structural change during GOA reduction,
the tortuosity of GOA should be same with the corresponding GA electrodes after
thermal reduction. The significantly increased tortuosities in different GA electrodes
were also qualitatively supported by the polarization-interrupt measurement on
different GA electrodes, indicating that VGA and HGA have the lowest and highest

tortuosities, respectively (Figure S8 F), 2436

which is consistent with previous SEM im-
ages. These data illustrate that the biggest differences between vertical, horizontally
aligned, and randomly arranged electrodes lie in their tortuosity and aligned struc-
tures, which can be directly applied to characterize the influence of tortuosity on the

reversibility of hosted Li-metal anodes.

Electrochemical Performances

The effects of electrode tortuosity on electrochemical performance were evaluated
by CE cycling tests (see Experimental Procedures for detail; Figure 3), which deter-
mined the reversibility of galvanostatic Li plating and stripping on different elec-
trodes at various current densities and capacities. The counter electrode was
Li-metal foil. In the CE test under typical cycling conditions (current density of 1
mA cm~? and capacity of 1 mAh cm™2 with the same amount of 50 L ether electro-
lyte of 1 M Li bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1:1 [v/v] 1,3-dioxolane
[DOL)/dimethyl ether [DME] electrolyte with 1% LiINO3 additive; Figure 3A), the
highly tortuous HGA electrode exhibited a lower CE of ~96.7% with higher overpo-
tential of 34 mV and fast decay after 120 cycles, whereas the medium tortuosity RGA
electrode showed a higher CE of ~97.4% with medium overpotential of ~30 mV and
slightly better stability over 150 cycles. In comparison, the low tortuosity VGA elec-
trode achieved the most stable CE of ~99.1% with nearly identical voltage profiles
over 300 cycles (small overpotential of 19 mV; Figure ST0A). These data prove that
the low-tortuosity feature does enable uniform Li delivery and improves cycling
stability of the Li-metal anode.
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Figure 3. Electrochemical Performances of the GA Anodes

A) Li cycling CE on different anodes with ether electrolyte at a current density of 1 mA cm™ and a capacity of 1 mAh cm™2.

B) Li cycling CE on different anodes with ether electrolyte at a current density of 5 mA cm™ and a capacity of 5 mAh cm™.
)

C) Corresponding voltage-versus-capacity plot of different electrodes at first cycle using ether electrolyte.

2

(
(
(
(D) Corresponding voltage-versus-capacity plot of VGA electrode during different cycles using ether electrolyte.
(E) Li cycling CE on different anodes with carbonate electrolyte at a current density of 3 mA cm™ and a capacity of 3 mAh cm™.
(

F) Rate capability and long-term cycling performances of LFP||Li cells with different anodes (limited amount of Li-metal anode, ~10 mAh cm~2) and
high-loading LFP cathode (16 mg cm ™2, ~2.5 mAh cm ™), resembling 25% utilization of anode in each cycle. 1 C =170 mA g~".

(G) Corresponding voltage-versus-capacity plot of LFP full cells using different anodes at the 196" cycle.

Considering the high-energy-density and fast-charging demands on future batte-
ries, stable performance of Li-metal anodes must be achieved, especially under
high-capacity and high-current-density cycling conditions. When the cycling current
density and areal capacity were increased to 5 and 5 mAh cm ™2, respectively, in
ether electrolyte, the HGA electrode only reached 24 cycles before CE decayed
from 98.6% to 90%, whereas the RGA electrode exhibited 48 stable cycles before
CE decayed from 99% to 90%. In contrast, the VGA electrode maintained a stable
CE averaging ~99.08% even in the last 20 cycles after 150 cycles (Figure 3B). Such
a significantly improved anode CE in ether electrolyte system benefits the future
ether electrolyte-based high-energy-density Li-S and Li-air battery systems, which
require highly reversible Li stripping and plating in ether electrolyte under high-cur-
rent-density and high-areal-capacity cycling conditions. In the voltage-capacity plot,
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VGA exhibited an obvious lower overpotential (46 mV) than the higher-tortuosity
RGA (67.5 mV) and HGA (82 mV; Figure 3C), demonstrating that tortuosity also
has a large impact on electrode kinetics. In addition, both HGA and RGA showed
obvious overpotential increases from 82 to 114 mV and 67.5 to 95 mV, respectively,
after cycling (Figure S12), whereas VGA maintained a stable overpotential of ~46 mV
and exhibited overlapped voltage profiles (Figure 3D). Such tortuosity-dependent
anode-stability phenomena were also observed under common cycling conditions
for traditional Li-ion batteries in carbonate electrolyte (1 M LiPF4 in 1:1 [v/v] ethylene
carbonate [EC] and diethyl carbonate [DEC] with 1% vinylene carbonate [VC] and
10% fluoroethylene carbonate [FEC] as additives, current density of 3 mA cm~2, ca-
pacity of 3 mAh cm™2). The HGA and RGA showed lower CEs of 91.8% and 93.7%
with fast CE decay after only 28 and 55 cycles, respectively (later decaying lower
than 80%), along with greatly increased overpotential (from 97 to 356 mV for RGA
after 60 cycles [Figure S14B] and from 101 to 437 mV for HGA after 40 cycles [Fig-
ure S14CJ). Meanwhile, the VGA exhibited a stable CE of around 96% with stable
voltage profiles even after 150 cycles, along with a smaller amount of overpotential
variation (76 to 148 mV after 150 cycles; Figure S14D). These performance compar-
isons between different GA electrodes demonstrate that low electrode tortuosity
significantly improves electrochemical stability and reversibility of Li-metal anodes.

Benefiting from the low-electrode-tortuosity principle, the performances of full
cells were significantly improved especially under limited Li conditions (10 mAh
cm 2, pre-stored into rGO hosts by electrochemical deposition). With high mass
loading Li iron phosphate (LFP) cathodes (~16.5 mg cm2, ~2.5 mAh cm~%; Fig-
ure 3E), the full cells with GA host anodes exhibited better performances than
those with pure Li-metal anodes, whereas the Li@VGA anode showed further
improved full-cell capacity and rate capability over those of LI@RGA and LI@HGA
because of the lower tortuosity and enhanced electrode kinetics (Figure S15A),
which is consistent with previous overpotential data.’® Importantly, the LFP|
LI@VGA cell exhibited 90% capacity retention even after 400 cycles with stable
voltage profiles, whereas the LFP||LI@RGA cell showed only 63% capacity retention

and an obvious increase in overpotential after 400 cycles (Figure S15B). In compar-
ison, the LFP||LI@HGA and LFP||pure Li full cells completely failed after 250 and
200 cycles, respectively. Considering that the LFP cathode has excellent revers-
ibility,*” the fading of the full-cell capacity should be attributed only to the Li
loss at the highly tortuous anode side, which is consistent with previous CE
cycling data and symmetric cell-cycling data (Figure S9). In a more practical
LiNig.eMng2Cog 20, (NMC622, 4.1 mAh cm™?-based full cell with a lower
anode/cathode capacity ratio of 1.22:1 (anode areal capacity of 5 mAh cm™?),
the full cells using the LI@VGA anode showed stable cycling (86.7% capacity
retention) after 150 cycles, surpassing those full cells with the pure Li-metal anode
(1% capacity retention), LI@HGA anode (1% retention), and Li@RGA anode (9.45%
retention; Figure S16). These data demonstrate the significance of low-tortuosity

anode design for high-energy-density and stable Li-metal batteries.

Influence of Tortuosity on the Structure of Li-Metal Anodes

To elucidate the mechanisms behind the improved electrochemical performances,
we compared the morphology evolution of different bare electrodes without pre-
stored Li after CE test cycling in the commonly used carbonate electrolyte system,
as the dendritic Li morphology is more obvious in the carbonate electrolyte
system.”® For tortuous HGA and RGA electrodes, Li ions are more preferentially
electrochemically reduced and deposited on the top rGO layer surface after trav-
eling the shortest ion-transport path (Figures 4A and 4B). Moreover, the deposited
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Figure 4. Li-Deposition and Cycling Behavior in Different Anodes

(A-C) Schematics of Li deposition in HGA (A), RGA (B), and VGA (C).

(D-F) Cross-sectional SEM images of HGA (D), RGA (E), and VGA (F) after the first Li-deposition
step.

(G-H) Cross-sectional (G) and top-view (H) SEM images of HGA after the first Li-stripping step.

(I) Top-view SEM images of VGA electrode after the first Li-stripping step.

(J and K) Cross-sectional SEM images of HGA (J) and RGA (K) after 40 cycles. Insets show schematics
of HGA and VGA after the stripping step.

(L) Cross-sectional SEM images of VGA after 100 cycles. The cycling current density and capacity
were 3 mA cm 2 and 3 mAh cm ™2, respectively, in carbonate electrolyte.

Li can block the ion-transport pathways and in turn further increase electrode tortu-
osity. This leads to the loss of effective internal surface area and locally enhanced
current density on the top of electrode, facilitating upper dendritic Li overgrowth.
For the low-tortuosity VGA electrode, Liions can transport through the short vertical
channels to be uniformly electrochemically reduced and deposited onto the vertical
rGO walls, which maintains the effective surface area and homogenizes the current
density distribution (Figure 4C). During the first Li-deposition step in highly tortuous
HGA, only small amounts of Li were observed to be uniformly coated onto the orig-
inal 1-nm-thick rGO sheets inside the electrode, depositing in 2-um-thick, evenly
coated layers (Figures S18 and S19). Meanwhile, an 85-um-thick layer of Li was accu-
mulated on the top horizontal rGO surface (Figure 4D), showing dendritic
morphology similiar to that on copper electrodes (Figure S17). The medium-tortuos-
ity RGA exhibited better uniformity such that most Li was deposited inside the
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electrode, whereas a 40-um-thick layer of surfacial accumulated Li particles was still
observed (Figures 4E and S20). In comparison, for the low-tortuosity VGA, all Li was
very uniformly deposited onto the vertical rGO walls inside the electrode, and no Li
accumulated on the top surface (Figures 4F, S21, and S22). These variations in
morphology directly demonstrate that the high electrode tortuosity severely aggra-
vated the upper Li-overgrowth issues, leading to a locally drastic volume change and
compromised SEl stability, which seriously degraded anode reversibility.

Importantly, after the subsequent stripping step, GA electrodes exhibited totally
different morphologies of residual dead Li and SEI. As observed in the cross-secional
SEM image in Figure 4G, ~36 um of dendritic dead Li and SEl remained on the top
rGO layer of HGA after the subsequent stripping step, which can be further
confirmed in the top-view SEM image (Figure 4H). This behavior is very similar to
that of the top horizontal surface copper electrode (Figure S17H). In contrast, no
dead Li could be observed on top of or inside VGA, and the original vertical chan-
neled structure was well retained (Figures 4l and S23). These results are also
supported by XRD spectra, showing that the charged-state HGA and RGA elec-
trodes have large and medium amounts of Li-metal residues, respectively, whereas
the VGA electrode shows an absence of metallic Li residue at the charged state (Fig-
ures S23C and S23D). After a single Li plating-stripping cycle, the structures of GA
electrodes exhibited more obvious deterioration in uniformity and larger amounts
of dead Li with increased tortuosity, demonstrating that high electrode tortuosity
does lead to larger amounts of Li loss, consistent with previous CE data. Suffering
from this tortuosity-induced uneven distribution and Li loss, the highly tortuous
HGA electrode exhibited 200 um of top-accumulated Li dendrites with high rough-
ness after 40 cycles (Figures 4J and S24), whereas the medium-tortuosity RGA
electrode showed 125 pm of top-accumulated Li dendrites together with 117 um
of uniformly filled electrode at the bottom (Figure 4K). In comparison, all Li was
evenly filled into the 135-pum-thick VGA electrode even after 100 cycles, illustrating
its well-maintained vertical channeled structure along with an absence of surficial
accumulation or dendritic morphology (Figures 4L and S25). These dramatic differ-
ences between GA electrodes demonstrate that high electrode tortuosities have
significant detrimental impacts on the reversibility and morphology of Li-metal an-
odes, even if the electrodes possess the same chemical composition, porosity,
and electrolyte and SEl components (Figure S26). Hence, low electrode tortuosity
is a must for stable and reversible Li-metal anodes.

Simulation Results

To further reveal the key roles of electrode tortuosity, we modeled the ion-transport
and Li-deposition behaviors in different electrode configurations by using COMSOL
software. As exhibited in Figures 5A and 5B, we created simulation cells of 2D chan-
neled electrodes with vertical or horizontal alignments (representing VGA or HGA,
respectively) with a current density of 3 mA cm™2 and features of the electrodes
based on experimental samples (Figure S26). For the vertical electrode, Li ions
were transported through the short vertical channels to deposit onto perpendicular
walls with a low-tortuosity, direct path (Figure 5A). As such, the Li-ion concentration
dropped by only 2.7% across the electrolyte in the vertical electrode (Figure 5C).
However, in the horizontal electrode, Li ions needed to travel through the limited
pores in each horizontal layer to reach the bottom; this highly tortuous path, high-
lighted by the arrows, extends the length of the ion-transport path and effectively
decreases the diffusion limited current density (Figure 5B). Therefore, a large con-
centration gradient builds up through the thickness of the horizontal electrode
such that the local Li-ion concentration in the electrolyte at the bottom part of the
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Figure 5. Simulation Results

(A and B) Simulation of Li-concentration distribution in (A) low-tortuosity VGA and (B) high-tortuosity HGA electrode configurations. The hole size
(averaged 11 um?in size, 3.3 um in length) and area ratio (1.32% in area) in rGO layers in HGA were measured from the top-view SEM images of HGA by
ImageJ software (Figure S5C). The spacing between adjacent rGO layers was set to 20 pm, which corresponds with previous SEM images in Figure 2.
Color in (A) and (B) denotes concentration, lines show ion-flux streamlines (tangent lines to the electrolyte ionic flux vector field), and the white lines
represent rGO sheets. Local streamline number density does not correspond to the ionic current density; it is merely a guide to the eye for visualizing
directional ion flux.

(C) Simulated distributions of Li deposition and stripping current density (stars) and concentrations (lines) at different depths in the VGA and HGA
electrodes. The current density through the entire cell was fixed at 3 mA cm™; the plotted points are the local current density distributed at the
electrode interphase at the specified electrode depth.

electrode is only 56.8% of that at the top. As such, the Li ions consumed at the bot-
tom cannot be replenished fast enough to match the deposition rate, further aggra-
vating uneven Li distribution. Importantly, the top part of the vertical electrode
exhibited only a 3.6% higher local current density than the bottom part, demon-
strating good homogeneity, whereas the top part of the horizontal electrode
showed a 283% higher local current density than the bottom part, suggesting an
extremely uneven Li-deposition distribution throughout the electrode as a result
of the high tortuosity (Figure 5C). These large variations in electrode current den-
sities in different GA configurations demonstrate that high electrode tortuosity leads
to uneven Li-deposition distribution, which is consistent with our previous analyses
of Li transport and experimental data.

Conclusion

In summary, we have demonstrated a significant correlation between electrode
tortuosity and the structure evolution and electrochemical reversibility of hosted
Li-metal anodes during cycling: high electrode tortuosity significantly aggravates
the uneven gradient of ion concentration and electrochemical reactions inside the
porous electrode, leading to the dendritic Li-overgrowth issue on the top surface
of hosted Li-metal anodes, along with blocked ion transportation and deteriorated
electrochemical performances. Through controllable alignment of 2D rGO layers in
bulk, the tortuosities of GA electrodes can be regulated over a very large range of
values without affecting chemical composition or porosity. The low-tortuosity, verti-
cally aligned rGO electrode achieved a high CE of ~99.08% even under high-capac-
ity and high-current-density cycling conditions (5 mAh cm™2, 5 mA cm™2 in ether
electrolyte) and dendrite-free, through-electrode uniform structure in carbonate
electrolyte, in addition to 400 stable cycles in a Li-LFP full cell. In comparison, the
high-tortuosity rGO electrodes exhibited a severe 80-um-thick upper overgrowth
of dendrites after a single plating step, rapid anodic CE decay from 98.6% to 90%
after only 24 cycles, and fast full-cell failure within 200 cycles with gradually
increased electrode tortuosity, even though they had the same chemical
composition and porosity. Simulation results reveal that the prolonged ion-transport
pathways lead to locally enhanced current density on the upper surface,
supporting the experimentally observed tortuosity-aggravated, unevenly
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distributed Li-deposition structure throughout tortuous electrodes. Therefore, the
significant influence of electrode tortuosity on anode reversibility and morphology
can be confirmed. We believe that this new insight into this tortuosity-dependent
morphology and reversibility evolution provides not only fundamental understand-
ing on homogenizing ion delivery and stabilizing electrodes for Li-metal anodes but
also design guidance for multiple electrochemical reaction systems in the future.

EXPERIMENTAL PROCEDURES

Preparation of GA Anodes

First, commercially available GO solution (Hangzhou Gaoxi Technology, 6 mgmL™")
was filled into 125-pm-thick polyimide O-ring mold and transferred onto a cold
plate. Liquid nitrogen was injected into the cold plate below the mold to achieve
vertical or horizontal unidirectional freezing of GO solution (Figure S1). For contrast,
the GO solution was immersed into liquid nitrogen for non-oriented freezing. The
freezed GO-ice solution was dried under vacuum for 24 h to fabricate the GOA, fol-
lowed by 600°C annealing in Ar atmosphere to get reduced graphene oxide (GA)
aerogel such as the VGA electrode.

Electrochemistry

Battery cycling performance was evaluated by the galvanostatic cycling of coin cells
(CR 2032) with GA working electrodes (1 cm?, 0.2 mg cm™2). Li-metal foils (Hydro-
Québec) were used as the counter electrodes. All GA electrodes used for electro-
chemical tests were prepared as ultrathin electrodes with thickness around
125 pm, which benefit the electrode volume capacity. For CE cycling tests, one layer
of Celgard separators (Celgard 2325, 25 um thick) was used to separate the working
electrode (VGA, HGA, RGA, or Cu) and the counter electrode, and 50 pl electrolyte
was added. Two types of electrolyte systems were used: (1) carbonate electrolyte of
1 M LiPFéin 1:1 (v/v) EC and DEC (BASF) with 1% VC and 10% FEC as additives and
(2) ether electrolyte of 1 M LiTFSIin 1:1 (v/v) DOL/DME electrolyte with 1% LiNO3 as
additive. A 125-pm-thick polytetrafluoroethylene (PTFE) O-ring was used to protect
the aligned structure of highly porous GA electrode from being damaged. Battery
cycling data were collected with a LAND and an Arbin eight-channel battery tester
at room temperature. After assembling and rest for 24 h, coin cells were firstly gal-
vanostatically cycled between 0 and 1V at 20 pA cm™2 for 20 cycles (Figures S12D
and S14E). Battery cycling was then performed by controlling constant areal capacity
for Li plating and cutoff potential for Li stripping during each cycle. The CE was
defined as the Li-stripping capacity divided by the Li-plating capacity.

For the LFP||Li full cell, either thin pristine Li foils or a Li-infiltrated GA electrode was
employed as the anode together with carbonate electrolyte (1 M LiPF¢ in 1:1 [v/v] EC
and DEC [BASF] with 1% VC and 10% FEC as additives). The LI@VGA, Li@RGA, and
Li@HGA with limited Li amount here were prepared by electrodepositing 10 mAh ca-
pacity of Li metal into GA electrode (1 cm2), followed by cell dissembling and
anode reuse. The LFP cathode was prepared by mixing LFP powder (MTI) with poly-
vinylidene fluoride (MTI) and carbon black (TIMCAL) at a weight ratio of 8:1:1 with
N-methyl-2-pyrrolidone (NMP) solvent. The cathode slurry was blade-coated on
conductive carbon coated aluminum foil (MTI), calendared, and dried in 80°C vac-
uum oven before use. The areal mass loading of LFP was ~16 mg cm™. During
LFPJ|Li full cell assembling, one layer of Celgard separators (Celgard 2325, 25 pm
thick) was used to separate the anode and cathode. All the LFP||Li batteries were
tested between 2.5 and 4 V.
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For the NMC622||Li full cell, either thin pristine Li foils or Li-infiltrated GA electrode was
employed as anode together with carbonate electrolyte (1 M LiPF, in 1:1 [v/v] EC and
DEC [BASF] with 1% VC and 10% FEC as additives). The LI@VGA, LI@RGA, and LI@QHGA
with limited Li amount here were prepared by electrodepositing 5 mAh capacity of Li
metal into GA electrode (1 cm™?), followed by cell dissembling and anode reuse. A
NMC622 cathode was purchased from CANRD with areal mass loading of NMC622 at
~25.6 mg cm™? (~4.1 mAh cm™?). During NMC622||Li full cell assembling, one layer of
Celgard separators (Celgard 2325, 25 pm thick) was used to separate the anode and
cathode. All NMC622||Li batteries were tested between 3 and 4.2 V by a constant
current-constant voltage charge and constant current discharge protocol.

The electrode tortuosity was measured by both both ionic resistance mode and po-
larization-interruption mode. For ionic resistance mode, the electronic-insulated
GOA was placed inside the PTFE O-ring on a stainless-steel electrode, and 20 puL
of electrolyte was added. Another stainless steel electrode was covered onto several
layers of GOA-embedded PTFE O-ring and assembled as cells (Figure S8E).** Elec-
trochemical impedance spectroscopy (EIS) measurements were taken near the open
circuit voltage of each cell with appropriate frequency ranges and a 10 mV perturba-
tion. The tortuosity was calculated by the slope in Figure 2I. For polarization-inter-
ruption mode, the GOA-embedded PTFE O-ring was placed between two Celgard
2325 separator-coated Li metal, soaked by electrolyte, and assembled into
cells.*3¢ The assembled cells were tested with a battery tester. A stable SEI on
the Li metal was formed by cycling consisting of passing a constant current (0.5
2
)

mA cm™*) for 10 min, a 3-min rest period, and then passing current in the reverse di-

rection under the same conditions. After the conditioning cycles, a constant current

of 2mA cm™?

was applied for 2 min to set up a concentration gradient in the cell.
Then, the concentration gradient was allowed to relax by interrupting the current un-
til the cell potential approached zero. Then the current direction was reversed for
2 min followed by interruption of the current until cell potential approached zero.
The relaxation of the concentration gradient was observed in terms of a cell-poten-
tial decay with the time. Both ionic resistance mode and polarization-interruption
mode were repeated several times for accuracy. The thickness of the PTFE O-ring

was the same as GA electrodes to keep their aligned structure from being damaged.

Characterization

SEM images were taken with a FEI XL30 Sirion scanning electron microscope at an
acceleration voltage of 5 kV. Before SEM studies of electrodes, batteries were disas-
sembled in an argon-filled glovebox and then gently rinsed with DEC to remove re-
sidual salt. The Li-metal coating uniformity in LI@VGA electrodes were measured by
cross-sectioning with a Ga™ ion beam and observing with the electron beam on a FEI
Helios NanoLab 600i DualBeam FIB/SEM. XRD patterns were recorded on a PANalyt-
ical X'Pertinstrument. XPS analysis was obtained on a PHI VersaProbe 1 scanning XPS
microprobe with an air-free transfer vessel. The binding energies were calibrated with
respect to the Cy peak at 284.6 eV. The sputtering process helped to remove the
characterized surface from the material layer by layer and exhibited the inner layer.
The sputtering rate calibrated by SiO, was 4 nmmin~". TEM characterization was per-
formed at 300 kV with a FEI Titan TEM. Raman spectra was performed under 532 nm
laser excitation (Horiba Labram HR Evolution Raman System) at room temperature.
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