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A dendrite-suppressing composite ion conductor
from aramid nanofibres
Siu-On Tung1, Szushen Ho2, Ming Yang3, Ruilin Zhang4 & Nicholas A. Kotov5

Dendrite growth threatens the safety of batteries by piercing the ion-transporting separators

between the cathode and anode. Finding a dendrite-suppressing material that combines high

modulus and high ionic conductance has long been considered a major technological and

materials science challenge. Here we demonstrate that these properties can be attained in a

composite made from Kevlar-derived aramid nanofibres assembled in a layer-by-layer

manner with poly(ethylene oxide). Importantly, the porosity of the membranes is smaller than

the growth area of the dendrites so that aramid nanofibres eliminate ‘weak links’ where the

dendrites pierce the membranes. The aramid nanofibre network suppresses poly(ethylene

oxide) crystallization detrimental for ion transport, giving a composite that exhibits high

modulus, ionic conductivity, flexibility, ion flux rates and thermal stability. Successful sup-

pression of hard copper dendrites by the composite ion conductor at extreme discharge

conditions is demonstrated, thereby providing a new approach for the materials engineering

of solid ion conductors.
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I
ncreasing the capacity and discharge rate of batteries
represents the key bottleneck preventing the full realization
of a number of technologies such as electrical vehicles, solar/

wind energy conversion, flexible electronics and health monitor-
ing devices. Much attention has been paid to maximizing the
energy and power densities of cathodes and anodes of lithium
batteries1,2, especially using new forms of nanostructured
materials3,4 and thin polymer films4. Although many problems
related to the stability of cathodes and anodes remain to be
resolved, more attention needs to be paid to the ion-conducting
membranes (ICMs) separating them. These membranes represent
an equally crucial part of high capacity and high discharge rate
batteries. The ICM is the key component responsible for safe
operation of lithium ion and other batteries, which have been
known to cause accidents in the past. Current ICMs are typically
made from microporous polymer sheets impregnated with
solutions of lithium salts in alkylcarbonates. These gel or liquid
phases serve as the ion-conducting media enabling transport of
ions but preventing transport of electrons between the electrodes.
Shortcomings of such ICMs include flammability, fluid leakage,
limited range in operating temperatures and sporadic internal
shorting leading to battery fires. Materials adequately addressing
these shortcomings are difficult to find because the properties
required of ICMs impose seemingly contradictory requirements
on the atomic structure of the ICM material. While lithium (or
other) ions need to have high mobility to enable high ion
conductivity (OICM), the remaining atomic framework needs to
be rigid to give ICMs high stiffness (EICM) and shear modulus
(GICM). Safe batteries would also require ICMs that are both
flexible and tough. However, Ashby plots5 and other data6,7

indicate that tolerance to high local strains is difficult to combine
with high strength and stiffness8; similar incompatibilities also
exist with several other combinations of mechanical and transport
properties of materials9. Moreover, as the charge rate and power
density of the batteries increase, the importance of having a
reliable insulating barrier between the electrodes also markedly
increases. Besides having adequate mechanical and ion transport
properties, we must also considerably improve temperature
resilience of current ICMs because high ionic currents will
inevitably result in higher energy dissipation in a smaller volume.
De facto the new ICMs to be paired with new anodes and
cathodes must combine the advantages of ion-conducting
glasses10 and polymers11 in one material. Resolution of these
challenges essentially equates to finding new approaches to the
materials engineering of ICMs involving new processes to
synthesize them as well as novel ICM components.

The safety problems of modern batteries are mainly related to
dendrite growth and anode expansion in charged state12–16.
Piercing of porous polymer separators, for instance Celgard 2400
(Fig. 1a), by dendrites (Fig. 1b) is the most common mechanism
of spontaneous battery failure, which can also lead to short circuit
and fire17. The growth of dendrites is also the key roadblock for
the development of batteries with safe lithium metal anodes,
which can approach the theoretical limit for lithium-based
storage devices with respect to capacity, power and weight18,19.

Many different approaches have been previously proposed to
prevent dendrite formation, including additives to the gel and
liquid electrolyte or composite gel electrolytes with inorganic
fillers20, however, the dendrite problem still persists in these
cases. The variety of data suggests that improvement of the
mechanical properties of the ICM such as EICM or GICM could
markedly inhibit their growth.21 Sufficient compressive stress
exerted on dendrite tips is expected to inhibit their growth22,23.

Multiple materials combinations and materials engineering
approaches have been investigated in the past to make ICMs,
but these presented problems of their own, eventually translating

into alternative safety concerns and/or energy losses. Solid
electrolytes based on Li-based ceramics represent one of the
currently most advanced ion conductors available10,24,25. They
combine high mechanical stiffness (E¼ 80–100GPa) and high
ionic conductivity (OICM from 10� 3 S cm� 1 (refs 10,24) to
1.2� 10� 2 S cm� 1)25. These parameters make them exciting
candidates for some high-power applications. However, as the
industry is continuously pushing for higher energy density, the
mechanical properties of internal components become essential
as never before. Their brittleness of the Li-based ceramics,
reflecting the fundamental conflict between the two essential
materials properties6, makes it difficult to incorporate Li-based
ceramics into battery packs. Their safety concerns associated with
cracking of ceramic separators also necessitate thicker ICMs with
increased internal resistance leading to energy losses. The issues
related to mechanical properties of LIPON separators also plague
the manufacturing of thin film batteries with lithium metal
anodes for flexible electronics. Finding new versatile materials
that make possible dendrite inhibition, and systematic studies of
their dependence on different mechanical properties, is
fundamentally important since dendrite growth is pervasive in
virtually all electrochemical devices utilizing a range of metals and
electrolytes.

Here we describe a new composite that combines the key
properties required for ICMs and effectively suppresses the
growth of dendrites. The resulting membranes also exhibit low
Ohmic resistance and high mechanical flexibility, which are
essential for battery safety. As a ‘‘building block’’ for the new
ICM, we decided to use aramid nanofibres (ANFs), whose
preparation was described recently26. The macro-scale version of
ANFs is Kevlar, one of the paragons of mechanical performance.
ANFs with a length of 1 mm and an average diameter of 5–10 nm
(Fig. 1c) were made by dissolution of bulk Kevlar fibres in
dimethylsulphoxide (DMSO) in the presence of KOH. Notably,
the ANFs are insulating, differentiating them from many other
ultrastrong metallic and semiconducting nanomaterials
(nanotubes, nanowiresy) that cannot be used for ICMs.

Results
Material design and composite fabrication. ANFs were com-
bined in this work with poly(ethyleneoxide) (PEO) serving as a
solid ion-conducting media using the layer-by-layer (LBL)
assembly method27. In the past, composites made by LBL or other
methods have shown exceptional mechanical performance28 or
ionic conductivity29,30, but not the combination of the two or any
dendrite-suppressing capabilities. The ability of LBL to produce
thin, uniform and nearly defect-free films is also of importance.
Reduction of ICM thickness is needed to avoid high internal
resistance inside the battery cells that leads both to heating,
instability of operation and energy losses.

During the LBL process, the steady increase in the absorbance
of the material at 330 nm indicates the linear growth of the
(PEO/ANF)n film as the number of LBL deposition cycles, n,
increases (Supplementary Fig. 1). Free-standing LBL multilayers
were obtained by chemical delamination of (PEO/ANF)n films
(Supplementary Fig. 2) after depositing 10–200 bilayers.
Their smoothness, transparency and interference coloration
(rainbows) indicated their uniform thickness and structural
homogeneity, which can be also seen in scanning electron
microscopy images (Fig. 1d–f). Atomic force microscopy images
of (PEO/ANF)5 display a dense and uniform interconnecting
network of thin nanoscale fibres (Supplementary Fig. 3). Such
morphology provides the structural prerequisites for high ion
conductance, stiffness and efficient distribution of local strains.
The ultimate tensile strength, Young’s modulus and shear
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Figure 1 | Metal dendrites and (PEO/ANF)200 composite. (a) Top view scanning electron microscopy (SEM) images of copper dendrite penetrating

through Celgard ICM. (b) SEM image of the tip of a copper (right) and lithium (left) dendrite. (c) Transmission electron microscopy image of ANF.

(d) Top and (e) side view SEM images of (PEO/ANF)200. (f) Optical photograph of (PEO/ANF)200.
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Figure 2 | Copper dendrite suppression by (PEO/ANF)
n
. (a–d) Scanning electron microscopy (SEM) images of bare physical vapour-deposited copper

electrode with (a) no coating, (b) (PEO/ANF)10, (c) (PEO/ANF)30 and (d) (PEO/ANF)50 prior to dendrite growth. (e–l) SEM images of the same

electrodes after copper dendrite growth with current density of 10.3mAcm� 2 on (e) bare copper electrode, copper electrode coated with (f)

(PEO/ANF)10, (g) (PEO/ANF)30 and (h) (PEO/ANF)50. i–l are cross-sectional images of the same electrodes as in e–h, respectively. Total charge

transferred¼0.02C cm� 2.
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modulus were sICM¼ 170±5MPa, EICM¼ 5.0±0.05GPa and
GICM¼ 1.8±0.06GPa, respectively (Supplementary Fig. 4). Given
PEO’s value of EICM¼ 100MPa, (PEO/ANF)n nanocomposites
show an B500� increase in the elastic modulus. The
impregnation with lithium triflate (often used in Li batteries as
electrolyte) did not change the mechanical properties of the
(PEO/ANF)200 composite.

Ionic conductivity. Crystallization of PEO is known to markedly
decrease the ionic conductivity of ICMs made by traditional
casting or blending11,31. However, in the (PEO/ANF)n composite
we do not observe crystalline phase even though the polymer is
deposited at room temperature, with and without lithium triflate,
before and after soaking in electrolyte. Under these conditions,
PEO crystallization should spontaneously occur but for
(PEO/ANF)n composite crystallization is hindered due to LBL
deposition and presence of the nanofibres. The amorphous nature
of PEO in (PEO/ANF)n was confirmed by X-ray diffraction,
which displayed a diffuse broad band for 2y between 20� and 30�
instead of the sharp peaks at 2y¼ 19� and 2y¼ 23� observed in
crystalline PEO (Supplementary Fig. 5). Differential scanning
calorimetry data (DSC) also support this conclusion (Fig. 3c).
Neat PEO shows a sharp endothermic peak B70 �C
corresponding to the melting of the crystalline polymer, which
is completely absent in the DSC curve for (PEO/ANF)n (Fig. 3c).
In Fourier transform infrared spectra of the composite, we
observed a strong peak at 2,860 cm–1 (Supplementary Fig. 6)
assigned to intermolecular hydrogen bonds between PEO and

ANF. These bonds are credited for the prevention of PEO
crystallization as well as efficient LBL assembly32, which is
consistent with the previous findings for PEO-based ion
conductors31.

To investigate ionic conductivity, free-standing (PEO/ANF)n
membranes were sandwiched between two lithium metal
electrodes and housed in a CR2032 coin battery cell. Without
any additives or additional treatments the ionic conductivities of
(PEO/ANF)200 at 25 �C and 90 �C were OICM,25�C¼ 5.0� 10� 6

S cm� 1 and OICM,90 �C¼ 2.6� 10� 5 S cm� 1, respectively. The
(PEO/ANF)200 membrane was immersed in a 1M lithium triflate
solution and 1M lithium bis(trifluoromethane)sulfonimide
solution in a propylene carbonate/dimethyl carbonate 1:1 v/v
mixture, followed by overnight drying in a vacuum oven.
The ionic conductivity of (PEO/ANF)200 was subsequently found
to be 5.5� 10� 5 and 2.5� 10� 5 S cm� 1, comparable to that
of some Li sulfide glasses10,24. Electrochemical impedance
spectroscopy curves showed a depressed semicircle shape
(Supplementary Fig. 7), which is typical among solid
electrolytes20,25. No change in ICM thickness or other
indications of swelling or conversely PEO crystallization as a
result of salt intercalation31 was observed in this process. This salt
intercalation step was needed to impregnate initial concentration
of Liþ ions and to avoid initial ‘ramp up’ period.

To better replicate the actual battery conditions and mitigate
contact resistance between the electrode and the solid
(PEO/ANF)200 membranes, 150 ml of a 1M lithium hexafluor-
ophosphate solution in an ethylene carbonate/dimethyl carbonate
1:1 v/v mixture was added to each side of the membrane
as was used in other studies on compliant composite ICMs20. In
this case the ionic conductivity of (PEO/ANF)200 reached
OICM,25 �C¼ 1.7� 10� 4 S cm� 1. Note that this value reflects the
low limit of ionic conductivity for (PEO/ANF)200 under actual
operating conditions in a battery because the temperature
between electrodes is higher than temperature in the environ-
ment outside.

Dendrite suppression. With respect to dendrite propagation, we
have to point out that careful investigation of lithium dendrite
growth and suppression is well known to be practically compli-
cated due to high reactivity of lithium metal with ambient air and
water. Moreover, the fast oxidation of Li metal changes the shape,
length and mechanical properties of the dendrites, making the
results inconclusive. Imaging of lithium dendrite growth using
synchrotron-based X-ray tomography19 and electrochemical
liquid transmission electron microscopy holders can potentially
be applied for this system33, but we decided to look for a simpler
method that can be applied consistently to ICMs for many
different types of batteries with standard equipment base.
Therefore we decided to carry out the study for copper
dendrites, which can serve as convenient ‘mechanical’ proxy of
lithium dendrites under ambient conditions. The results obtained
for copper are relevant for lithium because the Young’s modulus
of copper is E¼ 129.8GPa, while that for lithium is E¼ 4.91GPa.
The theory of electrochemical dendrite growth34 indicates that if
local mechanical properties of ICM are sufficient to prevent
mechanical stress from dendrites from copper, it will also
suppress dendrites from lithium, which are much softer.
Notably, we do not claim that copper and lithium are
electrochemically similar.

To experimentally design successful dendrite-suppressing
ICMs, we need to consider the dimensions of dendrites and
ion-conducting pores. In comparison, we observed that copper
dendrites have growth zones with a size of 50–100 nm and tip
diameter of 25 nm (Fig. 1b, right), and so do dendrites from
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lithium19. We have also observed that lithium dendrites are
approximately twice the size copper dendrites (Fig. 1b, left),
making copper dendrites suppressing more challenging than
that of lithium while retaining the same fern-like shape. The
similarity of shapes confirms the usefulness of copper dendrites as
the mechanical proxy of lithium dendrites; the dendrite footprints
on the membrane are virtually identical.

The dendrites propagate through ICMs via the path of least
mechanical resistance. Importantly, typical polymeric ICMs are
made as heterogeneous membranes to provide high ionic
conductivities. Therefore, if a heterogeneous material has soft
pores larger than ddendr, these parts with low modulus determine
the propagation of dendrites rather than the stiffer parts. If the
heterogeneity of an ICM is smaller than ddendr, the growth zone of
the dendrite experiences a resistance equivalent to the averaged
modulus of the membrane.

Many ICMs are strongly heterogeneous at scales much greater
than ddendr. Celgard, for instance, is microscopically stiff with
E¼ 1.1GPa and a tensile strength of 11.1MPa, but it contains
large pores of ion-conducting gel with sizes ofB430 nm (Fig. 1a).
Consequently, the mechanical properties relevant to dendrite
growth are those found in propylene carbonate and ethylene
carbonate loaded with lithium salts. Being liquids, the electrolytes
offer little to no resistance with regard to blocking dendrite
growth.

The scale of inhomogeneity and dendrite inhibition in
(PEO/ANF)n is very different. (PEO/ANF)n exists as a film of

tightly interconnected PEO and ANF networks. Pores in the film
are 20 nm in diameter (Fig. 1c,d) and are smaller than ddendr.
Therefore, the growing dendrites will experience the component-
averaged (macroscopic) stiffness of (PEO/ANF)n.

Investigation of dendrite growth was carried out under
conditions of high current density (10.3mA cm� 2), which is
equivalent to a 6–7-C charge/discharge rate. Under such
conditions, one could fully charge a battery in o10min, while
the typical charging rate for batteries is B0.25 C. Copper
electrodes coated with (PEO/ANF)10, (PEO/ANF)30 and
(PEO/ANF)50 were investigated by SEM (Fig. 2) after a total
charge of Q¼ 0.006mAh cm� 2 was transferred. Copper
dendrites with an average size of 500 nm formed on the bare
Cu electrode (Fig. 2a,e,i). Notably, the shape of dendrites was
strikingly similar to those formed by lithium19.

The size of the dendrites was markedly reduced to 100–200 nm
after depositing (PEO/ANF)10 (Fig. 2b,f,j), corresponding to a
162 nm coating on the electrode. Dendrite formation could no
longer be detected for the electrode coated with (PEO/ANF)30
(Fig. 2c,g,k), which corresponds to a film thickness of 486 nm.
The dendrites were reduced to an evenly deposited layer at the
interface underneath the ICM, which is exactly what is needed for
high performance safe anodes. Deposition of (PEO/ANF)50 films
with a thickness of 809 nm results in complete inhibition of
dendrite formation (Fig. 2d,h,l). We believe that (PEO/ANF)n
films suppress the growth of dendritic deposits by exerting a
compressive force on their growth points while being able to
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sustain the ionic flux through the membrane in accord with a
previously elaborated theoretical mechanism22.

Thermal stability. Studies were conducted to comparatively
investigate the thermal stability of (PEO/ANF)n nanocomposites.
High-temperature stability of ICMs is needed to improve the
safety of current lithium batteries at elevated temperatures,
exemplified by the conditions under the hood of the car (120 �C)
or in the case of a malfunctioning thermal management system.
Higher temperature stability is a key parameter for high charge
density, high discharge rate batteries35,36. In the hot solder iron
test, a 180 �C solder iron tip was placed on both a PEO-ANF film
and a Celgard 2400 polyethylene (PE) separator for 30 s. The
Celgard 2400 PE was burned and a hole formed in it. In contrast,
the PEO-ANF film showed no damage (Fig. 3a), which is in
accordance with the high-temperature stability of parent Kevlar
macrofibers being translated into ANFs. In the high-temperature
oven test, both PEO-ANF and Celgard 2400 PE were kept at
200 �C for 10min. The Celgard PE melted completely. The PEO-
ANF remained flat, intact and un-deformed (Fig. 3b), indicating
that high-temperature shrinkage and deformation are minimal
for (PEO/ANF)n ICMs. Thermal stability of the PEO-ANF
nanocomposite investigated by DSC and thermogravimetric
analysis (Fig. 3c,d) demonstrated stability exceeding 400 �C,
which is exceptional among polymeric ICMs and is, again,
comparable to Li-based ceramics10.

Discussion
The breakthrough of combining high ionic conductance and the
high modulus is illustrated in Fig. 4a, where the mechanical and
electrochemical properties of current ICMs and (PEO/ANF)n is
summarized. Detailed descriptions of the ICMs are listed in
Supplementary Note 1. Commonly used separators such as
Celgard monolayer polypropylene (PP), PE and trilayer PP/PE/
PP have thickness ranging from 12 to 40mm, and when infused
with electrolyte give an internal resistance of RI¼ 0.25O.
However, the large pores providing the conductive pathways also
allow for the uninhibited growth of dendrites because of the
softness of the containing gel. Polymeric electrolytes containing
inorganic or organic fillers—solid ICMs that are most closely
related to (PEO/ANF)n composites—are typically cast with a
thickness ranging from 100 to 400mm. They typically display RI
values as high as 2,000O. The high strength and ionic
conductivity of (PEO/ANF)n makes possible substantial reduction
of the thickness of ICMs and therefore a significant decrease of RI
by 2–3 orders of magnitude. A 500 nm (PEO/ANF)30 ICM
introduces RI¼ 0.16O into the CR2032 battery cell. The
ANF-based composites are competitive in all respects with the
best Li-based ceramics (Fig. 4a), while also retaining flexibility
and toughness. Utilization of the high-strength insulating ANF
and the nanoscale porosity of their networks in LBL films allowed
us to combine the advantages of glass and polymeric ion
conductors.

To substantiate the practicality of (PEO/ANF)n ICMs and their
chemical stability in contact with lithium metal, we assembled a
battery cell using (PEO/ANF)200, lithium metal anode and
LiCoO2 cathode. The cell was studied over 50 cycles at C/4
(39mAg� 1, Fig. 4b). The battery exhibited a typical discharge
capacity of over 130mAh g� 1 with a discharge efficiency as high
as 98%. Although the battery parameters are limited by the
stability of the LiCoO2 cathode and the charge transfer kinetics at
both cathode and anode, complicating evaluation at extreme
charge rates, this test demonstrates that a film as thin as 3mm can
perform at least as well as 25 mm thick layer of Celgard and
prevent rapid deterioration of the battery due to lithium metal

dendrite growth. Repeated acquisition of cyclic voltammograms
of the cell (Supplementary Fig. 8) showed redox peaks at B4.05
and 4.19V typical for LiCoO2 cathode

37 without the appearance
of any new redox peaks confirming chemical stability from the
PEO/ANF film.

(PEO/ANF)200 were also assembled into symmetric
Li/separator/Li coin cells to further exemplify the suppression
of lithium dendrites. Along with a control cell using Celgard 2400
as a separator, the cells are subjected to 0.25mA cm� 2 current
density and the current direction is reversed every 30min. Under
these conditions stimulating the growth of dendrites, the control
cell with Celgard 2400 showed a steady decrease in its voltage
profile from the 1st cycle at 0.05 V to the 2,500th cycle at 0.02 V
(Supplementary Fig. 9a), indicating a so called ‘soft short’ when
ICM is slowly penetrated by lithium dendrites. As for the cell with
(PEO/ANF)200, the voltage profile was maintained at 0.03 V
starting from the 100th cycle to the 2,500th cycle (Supplementary
Fig. 9b). The steady voltage profile for cells with (PEO/ANF)200
suggests that lithium dendrites are effectively suppressed.

In conclusion, we have demonstrated that PEO and ANFs can
be assembled into solid ICMs in which amorphous PEO produces
ion-conducting channels smaller than ddendr. Consequently,
(PEO/ANF)n composites with n¼ 30–50 are capable of suppres-
sion of hard copper and soft lithium dendrites, while displaying
ionic conductivity as high as 1.7� 10� 4 S cm� 1. Resilience to
harsh electrochemical and thermal conditions, as well as high
flexibility and high ionic flux accompany the dendrite suppres-
sion capabilities, which is difficult to achieve in other classes of
ion-conducting materials. Future studies related to metal crystal-
lization under mechanical stress taking place under (PEO/ANF)n
and dendrite suppression for other potential anode materials,
such as sodium (E¼ 10GPa) and magnesium (E¼ 45GPa), are
envisioned.

Methods
Preparation of (PEO/ANF)n nanocomposite ion conductors. Glass slides are
pre-cleaned by piranha for 2 h followed by extensive rinsing with deionized (DI)
water (18MO) immediately prior to the LBL assembly. The glass slides are dipped
in solutions of 0.01% PEO in DI water for 1min, rinsed in DI water for 1min, air
dried and then dipped in a 0.04% ANF dispersion in DMSO for 10 s. The rinsing
step after deposition of ANF consisted of a DMSO bath for 30 s followed by a 1min
rinse in DI water and air drying.

Growth of copper dendrites. Smooth copper layers 1-mm thick deposited on
silicon wafers by physical vapour deposition are used as working electrodes.
LBL membranes are then deposited onto the copper layer using the procedure
described in Section 1. The copper–Si wafer electrode is dipped into a 0.15M
copper chloride solution in anhydrous DMSO with 1 cm2 of submerged surface
area (Supplementary Fig. 10). About 10.3mA cm� 2 is applied to the electrode with
a copper plate used as the counter electrode for 2 s. This corresponds to
B0.02 C cm� 2 charge transferred. The sample was then rinsed gently with DMSO
and dried under vacuum overnight at room temperature. The sample was then
sputtered with gold in preparation for scanning electron microscopy. For cross-
sectional images, the sample was broken in half to expose a cross-section after
cooling with liquid nitrogen.
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