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ABSTRACT Various three-dimensional (3D) battery architectures have been proposed to address effective power delivery in micro/

nanoscale devices and for increasing the stored energy per electrode footprint area. One step toward obtaining 3D configurations in

batteries is the formation of core-shell nanowires that combines electrode and electrolyte materials. One of the major challenges

however in creating such architectures has been the coating of conformal thin nanolayers of polymer electrolytes around nanostructured

electrodes. Here we show conformal coatings of 25-30 nm poly(methyl methacralate) electrolyte layers around individual Ni-Sn

nanowires used as anodes for Li ion battery. This configuration shows high discharge capacity and excellent capacity retention even

at high rates over extended cycling, allowing for scalable increase in areal capacity with electrode thickness. Our results demonstrate

conformal nanoscale anode-electrolyte architectures for an efficient Li ion battery system.
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T
he reversible electrochemistry and the superior gravi-

metric and volumetric energy storage capacities of

lithium ion batteries (LIBs) have propelled them as the

dominant power source for a range of portable electronic

and vehicular applications.1-3 But the sluggish rate of charge/

discharge remains one of the major challenges plaguing the

LIB industry to this day. Current LIBs suffer slow rates of

charge/discharge because of (i) slow diffusivity constants of

Li ions in most of the electrode materials, (ii) large separator

thickness of the order of 20 µm, and (iii) slow electron

transport due to large micrometer sized electrode materials.

A plethora of recent research efforts have tried addressing

these drawbacks of the present day LIBs.4-10 Shorter Li ion

diffusion paths have been achieved by fabricating thin film

electrodes.11 This has led to a significant increase in charge/

discharge rates. Yet the thin film technology has the major

drawback of possessing lower energy densities. Hence cur-

rent research is focused on assembling the entire battery

(current collectors, anode, solid polymer electrolyte, cath-

ode) in a three-dimensional (3D) nanostructured architec-

ture, and several designs have been proposed.12 3D design

offers marked improvements in energy and power density

especially with respect to the geometric footprint of the

device.12 Efficient means of energy storage with a smaller

areal footprint has been the focus of many researchers in

the recent past.13-20 Hence a redesign from the existing

multicomponent assembly to a completely new design of

3D nanoarchitectured electrodes with interpenetrating or

conformal assembly12,21,22 separated by a thin electrolyte/

separator will be essential to meet both energy and power

requirements.

Nanostructured electrode materials due to their high surface

area and superior electronic conductivity can be considered as

potential candidates for the construction of 3D batteries.7,8 A

majority of the prior research efforts in 3D designs have been

limited to the microstructured (∼40 µm pore size) battery

architecture.13,18 Among the several methods available for

synthesis of nanowire electrodes, template-assisted synthesis

has been shown to be a simple and versatile technique with

excellent control over nanowire dimensions.23,24 Conformal

coating of electrode materials around nanostructured current

collectors pioneered by Simon and co-workers4,25 has shown

fast rates of charge and discharge maintaining high energy

densities. However, achieving uniform coatings of separator/

electrolyte units around nanostructured electrode materials has

been challenging, and the reports addressing the same are

limited.26,27 One method which is gaining focus is the self-

limiting electrodeposition of nonconducting polymers such as

poly(phenylene oxide) (PPO) around nanostructured elec-

trodes.26,27 The above method of coating polymers by elec-

trodeposition requires extremely inert conditions to attain

reliable conformal coatings around the electrode material. The

other simple, established technique of coating polymer layers
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on electrode materials is by spin/drop coating.28,29 Such poly-

mer coatings not only serve as the separator/electrolyte func-

tionality but also could help in controlling and forming stable

solid electrolyte interphase (SEI) film formation on the high

surface area nanostructured electrodes.30-32 SEI film formation

and stability influence irreversible capacity loss and cycling

characteristics of Li ion battery electrodes.30,33 The use of

appropriate electrolyte for the active material, carbon coatings/

composites, and surface modification of electrode have in-

cluded some of the efforts to address this issue.30,34-36 Hence

there exists a need for innovative approaches to control the SEI

formation on high volume expansion intermetallic37,38 based

electrode materials. Herein we report the fabrication of a

conformal layer of ∼25 nm thick poly(methyl methacralate)

(PMMA) (separator/gel electrolyte) around an individual nano-

structured electrode (Ni-Sn intermetallic nanowire) using a

hard template assisted drop coating technique. The nanostruc-

tured conformal configuration of the gel electrolyte has led to

improved rate capabilities and discharge capacities of the

electrode per footprint area (footprint area: overall device area)

compared to its planar (stacked layers as used in bulk technolo-

gies) counterpart.

Owing to its high specific capacity, low cost and easy

fabrication, Ni-Sn intermetallic nanowires have been cho-

sen as the prototype electrode material.39 Ni-Sn nanowires

were grown inside pores of an anodized alumina template

using a galvanostatic electrodeposition method (see the

materials and methods section and Figures S1 and S2 in the

Supporting Information). Spin coating or drop coating fol-

lowed by wiping the excess solution on the surface of the

template was used to coat a thin layer of PMMA onto the

Ni-Sn electrode for the planar and conformal configuration,

respectively. Using a combination of the above two tech-

niques to grow nanostructured electrode and electrolyte/

separator materials in the alumina template, the conformal

configuration has been realized for the electrode-electrolyte

assembly (Figure 1A). Electron microscopy images of the

conformal configurations show the well-developed interfaces

between the electrode and the polymer electrolyte/separator

(Figure 1B). An entire nanowire was visualized at 24 con-

tinuous segments by TEM to confirm the conformal nature

of the coating along the length of the nanowire as shown in

Figure S3 (Supporting Information). The conformal nature

of the PMMA coating around the nanowires was observed

for all the Ni-Sn nanowires imaged using TEM. The confor-

mal configuration results in a core-shell nanostructure and

has much higher interfacial area compared to the conven-

tional planar configuration. This leads to an electrode volume

gain and allows for direct access of Li ions to the entire

surface of the cylindrical nanowires. But in the case of the

planar configuration Li ion transport occurs only across the

planar interface between the electrode and electrolyte.

Hence the conformal configuration of electrode-electrolyte

assembly is expected to exhibit superior electrochemical

properties compared to the respective planar thin film based

configuration.

Ni-Sn/PMMA electrode-electrolyte assemblies with pla-

nar and conformal nanostructured configurations were tested

FIGURE 1. Fabrication of nanostructured conformal Ni-Sn/PMMA hybrid assembly. (A) Schematic showing the fabrication of the novel
nanostructured conformal configuration of the electrode/separator assembly. Drop coating of PMMA layer onto the pore-widened alumina
template results in 3D conformal configuration. (B) TEM image of the conformal configuration showing the conformal PMMA layer (∼25 nm)
around a ∼3 µm long segment of a Ni-Sn nanowire. The high-resolution image (inset) clearly shows a good interface between the thin PMMA
layer around the Ni-Sn nanowire. A schematic of single conformal Ni-Sn/PMMA nanowire assembly is also shown.
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for their electrochemical performance in Li half cells by

galvanostatic charge/discharge cycling between 1.5 and 0.02

V vs Li/Li+, with Ni-Sn as the working electrode. The

conformal PMMA layer soaked in liquid electrolyte solution

formed the gel electrolyte and separator. For the conformal

nanostructured electrode-electrolyte configuration, nanow-

ires of height 10 µm were electrodeposited in the AAO

templates and for the planar configuration a film of same

thickness was electrodeposited on a copper foil. The poten-

tial vs capacity curves for the two electrode-electrolyte

configurations (Figure 2) at a current rate of 0.12 mA/cm2

show typical Li insertion/extraction behavior of tin-based

intermetallic anodes. Li ion transport in these configurations

has been schematically illustrated in the respective plots. It

can be clearly seen that the capacity per unit area of the

conformal configuration is higher than that for the planar

counterpart. The thin film based planar configuration showed

a reversible capacity of ∼0.002 mAh/cm2 after 10 cycles of

charge/discharge whereas the conformal configuration was

able to retain a reversible capacity of ∼0.26 mAh/cm2 even

after 30 cycles of charge/discharge. The novel conformal

nanostructured electrode-electrolyte configuration shows

an improvement in the reversible capacity by 2 orders of

magnitude. Moving to the third dimension with a conformal

nanowire based configuration has resulted in geometrical

area gain and an associated electrode volume gain. This

leads to shorter transport path for Li ion diffusion between

the electrodes. On the contrary in the planar configuration,

the Li ions diffuse through the entire length of the nanowire

or the bulk film, respectively. The slow transport of Li ions

through solid state anode materials leads to the development

of a concentration polarization which results in a large loss

in capacity delivered.40 In the case of the conformal config-

uration, the problem of concentration polarization is reduced

significantly by the conformal wrapping of PMMA electrolyte

around every individual nanowire electrode hence resulting

in short radial Li ion diffusion distances. Hence the galvano-

static cycling results (Figure 2C) clearly delineate that the

conformal design of the electrode-electrolyte assembly in

LIB leads to efficient performance with good cycling char-

acteristics and energy densities compared to conventional

planar design.

To realize the high rate power capabilities of this novel

conformal electrode-electrolyte assembly for 3D nano/

FIGURE 2. Electrochemical performance of Ni-Sn/PMMA assembly in planar and conformal configurations, galvanostatically cycled in Li-half
cells. (A) Variation in voltage vs capacity per footprint area for the planar Ni-Sn/PMMA electrode/electrolyte configuration cycled at a rate of
0.12 mA/cm2 between 1.5 and 0.02 V vs Li/Li+ using PMMA separator soaked in 1 M solution of LiPF6 in 1:1 (v/v) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) as the electrolyte. (Inset: Schematic of planar configuration with the arrows indicating direction of Li ion
transport.) (B) Variation in voltage vs capacity per footprint area for the conformal Ni-Sn/PMMA electrode/electrolyte configuration cycled at
a rate of 0.12 mA/cm2 between 1.5 and 0.02 V vs Li/Li+ using PMMA separator soaked in 1 M solution of LiPF6 in 1:1 (v/v) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) as the electrolyte. (Inset: Schematic of the core-shell morphology of individual nanowires in
the conformal configuration with the radial direction of Li ion transport.) (C) Comparison of the cycling behavior of the planar and conformal
configuration. The conformal configuration showed a reversible capacity of 0.26 mAh/cm2 after 30 cycles of charge/discharge which was 2
orders of magnitude greater than the capacity delivered by the planar design.
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microbattery applications, we studied its electrochemical

performance at higher current rates and with increasing

heights of electrode segments, maintaining the areal foot-

print. Ni-Sn/PMMA (gel electrolyte) with conformal config-

uration and electrode length of ∼10 µm was galvanostati-

cally cycled in a Li half-cell at different current rates of 0.12

mA/cm2 (0.5C) and 0.3 mA/cm2 (3C) (Figure 3A) (C rate is

defined as the rate at which the nominal capacity of the

electrode material is achieved: 1C, 1 h to discharge the

nominal capacity of the cell). A planar electrode-electrolyte

assembly with same electrode height (thickness) is also

tested for comparison. The difference in the initial capacity

could be due to the differences in the accessibility of the bulk

electrode film. The capacity behavior of planar assembly

follows a typical thin film electrode with a constant decrease

at higher current rates. Excellent rate capability is observed

with the conformal design and shows good capacity reten-

tion even at higher current rates. Reversible and steady

capacity of 0.15 mAh/cm2 was achieved at a high current

rate of 0.3 mA/cm2. This can be attributed to the short

diffusion distance in the Ni-Sn nanowire due to radial

diffusion of Li ions.

There are other advantages of the conformal design, apart

from the high rate capability, compared to its planar coun-

terpart. Thin film batteries suffer from low energy densities

while achieving faster Li ion kinetics in the battery. Increase

in film thickness leads to loss in rate capability and the

discharge capacity due to the development of concentration

polarization in the electrode.40 It results in huge Ohmic

losses and transport resistances. This problem can be smartly

alleviated by the conformal design of electrolyte around the

electrode which allows for the growth of longer nanowires

ensuring the conformal coating of the entire nanowire with

the polymer separator, without sacrificing the small footprint

area. Short Li ion distances along the entire length of the

nanowire leads to the efficient utilization of the nanowire’s

capacity. A comparison of the theoretical capacity expected

(based on theoretical specific capacity of Ni-Sn electrode)

and the actual measured initial capacity helps us find the

electrode utilization for the planar and conformal configura-

tions. Using the theoretical specific capacity of Ni-Sn elec-

trode (∼730 mAh/g12) and the estimated electrode masses

for the two electrode configurations (planar, ∼4.2 mg;

conformal, ∼1 mg) we can obtain the theoretically expected

capacities to be 3.06 and 0.73 mAh for the planar and

conformal configurations, respectively (for details see Sup-

porting Information). On comparing these theoretical capac-

ity values to the measured electrochemical values of the

initial capacities (Figure 2C) of the electrode configurations,

we find a very good match in the case of the conformal

configuration for the first cycle (∼0.78 mAh at current rate

0.12 mA/cm2 (0.5C)) (within reasonable error in mass mea-

surement) which implies far better utilization of the electrode

material than that of the planar configuration which showed

an initial capacity ∼0.02 mAh/cm2 at the same current rate.

The capacity losses observed in the subsequent cycles for

the conformal design are characteristic losses due to large

volume expansion and loss in electrode crystallinity, ob-

served in tin based electrode materials.33 Contrastingly in

the case of the planar configuration (Figure 2C) we observe

that even the initial capacities fall far behind the theoretically

predicted values (see Supporting Information) indicating

poor utilization of electrode material. This discrepancy in the

measured and theoretical initial capacities for the 2D con-

figuration is attributed to the severe concentration polariza-

tion effects which occur as a result of longer diffusion lengths

in the planar films as the film thickness is increased.40 Hence

an increase in the height of the electrode segment, with the

same small footprint area, is expected to result in increased

areal capacity along with high power capabilities.12 To carry

out this study, two samples of Ni-Sn/PMMA core-shell

nanowires with varying heights of 6 and 10 µm were

galvanostatically cycled in Li half-cells at current rates of 0.06

and 0.12 mA/cm2, respectively. The capacity vs cycle num-

ber plot (Figure 3B) clearly shows the increase in areal

FIGURE 3. Rate capability and capacity retention of conformal
Ni-Sn/PMMA assembly. (A) Comparison of rate capability of the
planar and conformal configuration. Blue solid circle and red solid
square symbols correspond to the conformal configuration cycled
at 0.12 and 0.3 mA/cm2 respectively. Blue open circle and red open
square correspond to the planar configuration cycled at 0.12 and
0.3 mA/cm2, respectively. (B) Comparison of cycling behavior
of Ni-Sn/PMMA core/shell nanowire with different lengths of the
Ni-Sn nanowire. Reversible capacities of ∼0.4 mAh/cm2 (10 µm
Ni-Sn) and ∼0.2 mAh/cm2 (6 µm Ni-Sn) were observed after 15
cycles of charge/discharge.
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capacity with increasing electrode height. Reversible capaci-

ties of 0.17 and 0.37 mAh/cm2 have been obtained for

samples with Ni-Sn height of 6 and 10 µm, respectively.

This further confirms the conformal nature of the polymer

coatings around the entire length of the nanowire electrode,

as there is no change in the Li ion transport distance. The

discharge profiles of the two samples show that fast Li ion

kinetics (power capability) is retained even after increasing

the height of the Ni-Sn nanowire electrodes (see Figures S4

and S5 in the Supporting Information). In general, Sn based

electrodes suffer from capacity decay with cycling;33,39

however, our present study intends to demonstrate the novel

conformal configuration of the electrode-electrolyte as-

sembly for 3D nano/microbattery applications and the

concept can be extended for other electrode systems as well.

Using Li half-cell measurements, we clearly show that the

conformal design of the electrode-electrolyte assembly

brings an innovative approach to improving areal energy

densities of low dimensional batteries yet maintaining their

high power capabilities.

We have conducted control experiments to compare

the electrochemical performance between PMMA coated

and uncoated Ni-Sn nanowires. Galvanostatic charge/

discharge measurements were conducted on coated and

uncoated nanowire arrays at a current rate of 0.3 mA/cm2

(3C) to investigate the rate capability of the two configura-

tions. From the galvanostatic cycling results (Figure 4) it

is clear that the PMMA coated Ni-Sn nanowires show an

improvement in the reversible capacity retention at a high

current rate of 3C. Conformally coated Ni-Sn nanowires

show a stable reversible capacity of ∼0.2 mAh/cm2 for

galvanostatic cycling at fast rates of charge/discharge (3C)

up to 60 cycles of charge/discharge. From these results

we believe that the conformal PMMA coating could be

playing a role in improvement of rate capability of the

Ni-Sn nanowires. The presence of an interfacial reaction

between Ni-Sn and the liquid electrolyte leads to the

formation of the SEI film on the electrode surface leading

to capacity loss over cycling.38 Recent research efforts

have characterized the surface films on intermetallic

anodes specifically Ni-Sn based anodes and have dis-

cussed the dependence of cycling characteristics on

surface reactions.37,38 Herein, we speculate that the

polymer coating around the Ni-Sn nanowires could be

helping in stabilizing the SEI film and conceivably sup-

pressing the detrimental surface effects on the electrode

leading to the improved cycling characteristics. The exact

details of the SEI formation mechanisms and its evolution

over cycling are yet to be probed and understood. We

believe that the coating of polymers (which also serves

as the separator functionality) around individual electrode

Ni-Sn nanowires could open a new direction of research

toward improving cycling characteristics of this high

volume expansion electrode material without the need of

external surface modifications.30 More in-depth studies

are underway to understand the direct relation between

polymer coatings around high volume expansion elec-

trode nanowires and capacity fade characteristics. Various

other polymer/electrode systems need to be investigated

to understand the exact nature of polymer/electrode

interface evolution over extended cycling. We have con-

ducted extensive TEM analysis of the conformally coated

Ni-Sn nanowires after galvanostatic charge/discharge

cycling which also reveals that the PMMA shell is intact

around the Ni-Sn nanowires. (See Figure S6 in the

Supporting Information.) The absence of pinholes even

after extended cycling at a high current rate (3C) clearly

demonstrates the strength of the electrode-electrolyte

interface. Hence the polymer-coated electrode nanowires

could serve as a great candidate for future 3D lithium ion

batteries.

To conclude, we have demonstrated a simple template

assisted technique to fabricate nanoarchitectured conformal

electrode/electrolyte assembly which can be useful in Li ion

nano/microbattery systems. A thin conformal layer of PMMA

deposited around the Ni-Sn nanowire electrode provides

the separator functionality to the assembly and serves as the

gel electrolyte when soaked with liquid electrolyte. The

conformal configuration showed excellent electrochemical

performance with 2 orders of magnitude improvement in

the reversible discharge capacities, compared to its planar

counterpart. High rate capability over extended cycling

resulting from the nanoarchitectured conformal electrode-

electrolyte assembly has also been demonstrated. The PMMA

coating has been observed to stay intact around the Ni-Sn

nanowires over extended cycling at high current rates and

FIGURE 4. Electrochemical performance of conformally coated
(PMMA) Ni-Sn nanowires and uncoated Ni-Sn nanowires. Blue solid
circles and red solid square symbols correspond to the cycling
characteristics of 3D PMMA coated Ni-Sn nanowires and the
uncoated Ni-Sn nanowires (nanowire length ∼12 µm) cycled at 0.3
mA/cm2 (3C), respectively. The PMMA coating soaked in 1 M solution
of LiPF6 in 1:1 (v/v) mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) served as the separator/electrolyte unit for con-
formal PMMA coated Ni-Sn nanowires whereas an external glass
microfiber separator in 1 M solution of LiPF6 in 1:1 (v/v) mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) was used
as a separator for the uncoated Ni-Sn nanowires. A schematic of
the uncoated and PMMA coated Ni-Sn nanowires is shown in the
Inset.
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has been shown to improve the cycling characteristics of the

bare nanowires. We believe that our simple approach could

easily be extended to deposit other active electrode materials

and polymer separators which could lead to the develop-

ment of an efficient nanoscale Li ion battery. The conformal

configuration of the PMMA coated electrode we have shown

here is an important step toward realizing the true 3D

nanostructured battery where the anode, electrolyte, and

cathode are all conformally integrated into the single nano-

wire assembly.
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