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a b s t r a c t 

Textile-based flexible Lithium-Ion Batteries (LIBs) show promising mechanical flexibility that is appealing for a 

wide variety of wearable and flexible electronic applications. The flexibility of flexible LIBs nowadays is still lim- 

ited. In addition, their power performance is too low to enable high-speed charging, due to the low conductivity 

of the textiles. Here, we develop highly electrically conductive metallic fabrics, which are fabricated by coating 

nanostructured Ni or Cu (nano-reliefs) on woven cotton fabrics, as current collectors to enable crumpled, high- 

power, and safe wearable LIBs. The nanostructured metal coating not only effectively increases the contact area 

between current collectors and active materials, but also shortens the charge carrier transport paths, so that LIBs 

constructed on these nanostructured metallic cotton fabrics exhibit a high power density of 439 W/L and supe- 

rior electrochemical stability under various mechanical deformations including folding, twisting, squeezing, and 

impacting. This type of nanostructured metallic textile is highly desirable for portable and wearable electronic 

applications. 
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. Introduction 

Lithium-ion batteries (LIBs) have occupied the throne of electro-

hemical energy storage for over 20 years, and they will continue to

ominate the market for a prolonged period [1–3] . Great efforts have

een devoted to seeking for better active materials to improve the en-

rgy and power densities of LIBs as a consequence of the boosting de-

and of electric vehicles during the past decade [4–6] . Recently, there

as been a rapidly increasing interest in developing flexible LIBs that are

uitable for a wide range of emerging wearable applications spanning

rom communication to health monitoring [7–9] . 

An ideal wearable LIB should be able to store or output stable elec-

ric energy in wearable deformation including bending, folding, and

wisting. More importantly, it should be safe enough when the device

s subject to strong impact or even sharp penetration during wearing.
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tate-of-the-art flexible LIBs can only be bent and twisted in a relatively

ow degree of deformation [10] . To date, there is still an enormous gap

etween the requirements from wearable applications and the realistic

erformance of flexible LIBs. 

The most urgent challenge is that existing electrode structure of flex-

ble LIBs, in which electrode materials are coated on current collectors,

s not stable enough to withstand the inevitable harsh mechanical defor-

ations during wearing. Flexible LIBs constructed on metal foils (con-

entionally, aluminum (Al) for the cathode and copper (Cu) for the an-

de) are prone to electrode delamination or even fracture when repeat-

dly bent, due to the weak interfacial adhesion between active mate-

ial powders and current collector, and the intrinsically poor fatigue-

esistance of metals [11–14] . Recently, Zhi’s group reported a type of

exible LIB using conventional Al and Cu metal foils but a novel mechan-

cal configuration mimicking human body joints, which could withstand
k (Z. Zheng). 
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arsh and complex deformations and were very promising for wearable

pplications [15] . Besides, flexible LIBs fabricated with carbon-based

urrent collectors have been reported. Cui’s group reported the flexi-

le LIB using an ultrathin freestanding carbon nanotube (CNT) film as

he current collector, which could be bent and fully charged/discharged

ver 20 cycles [16] . Gaikwad et al. employed a similar strategy to con-

truct a flexible LIB with an areal capacity of 1 mAh/cm 

2 , and the as-

ade LIB could be bent into a bending radius of 10 mm [17] . Song et al.

ven demonstrated an origami LIB by using CNT-coated cellulose paper

s current collectors, which showed a negligible loss in maximum output

ower over 50 cycles of folding and unfolding [18] . Three-dimensional

arbon substrates have also been proposed as ideal current collectors

o construct highly deformable flexible LIBs by compositing with com-

only used active materials [19–21] or newly developed materials

22–25] . 

However, one should note that all these flexible LIBs constructed on

arbon-based current collectors exhibited inferior capacity and rate ca-

ability to their counterparts using metal current collectors, which can

e mainly attributed to the relatively low conductivity of carbon ma-

erials. It is known that the square sheet resistance of carbon current

ollectors for flexible LIBs is in the range of 1–10 Ω [ 16–19 , 22–24 ],

hich is approximately three to four orders of magnitude higher than

hat of a 10 𝜇m-thick Cu foil. Moreover, such flexible LIBs with high

eformability can only be realized when the carbon-based current col-

ectors are ultrathin, leading to low mass loadings and areal capacities of

ctive materials. Once the thickness of carbon-based current collectors

s increased to a macroscopic level, the intrinsic brittle nature of carbon

ould result in electrode fracture when undergoing small-radius bend-

ng or folding. Therefore, the lack of an ideal current collector with low

heet resistance and high deformability lags behind the realization of

earable LIBs. 

Textiles are well-known for their reliable wearability for thousands

f years. The superior mechanical stability of textiles originates from the

ell-designed fiber-yarn-fabric hierarchical structure. Recently, nickel

Ni)-coated fabrics were introduced as conductive substrates to fab-

icate flexible LIBs, sodium-ion batteries, and zinc-ion batteries [26–

0] . The resultant batteries showed very promising tolerance to me-

hanical deformation, which could smoothly input/output current dur-

ng continuous folding-unfolding cycles [26] . However, the specific ca-

acities and power densities of these batteries are low, which should

e mainly ascribed to the relatively low conductivity and low surface

rea of Ni-coated fabrics. The specific surface area of the conductive

ubstrates largely influences the electron transport between the cur-

ent collectors and the active materials, thereby significantly affect-

ng both energy and power densities of LIBs. To date, there is still

lenty of room to improve the overall performance of wearable LIBs

y rationally designing a metal-coated conductive textile as the current

ollector. 

Herein, we demonstrate that metallic cotton fabrics coated with

anostructured Ni and Cu, in comparison to smooth coatings, are very

romising for constructing high-performance wearable LIBs. Ni and Cu

re typical low-cost transition metals with high electrical conductivity

nd good electrochemical inertness in organic electrolytes, making them

ighly suitable for current collectors of LIBs. We develop a wet chem-

stry to deposit nanostructured Ni and Cu (nano-reliefs) onto the surfaces

f commercial woven cotton fabrics and apply as-fabricated metallic

abrics as current collectors for flexible LIBs. Importantly, the nanos-

ructured metallic surface enhances the electrochemical energy storage

erformance by increasing the contact area between the current col-

ector and active materials, and shortening the charge carrier transport

aths. Meanwhile, the nanostructures improve the mechanical stability

f the composite electrodes by increasing the interfacial adhesion be-

ween the metallic cotton fabrics and the active materials. Wearable LIBs

onstructed with these nanostructured metallic cotton fabrics exhibit a

igh power density of 439 W/L and superior electrochemical stability

nder various mechanical effects including folding, twisting, squeezing,
400 
nd impacting, which is highly desirable for practical portable and wear-

ble electronic applications. 

. Materials and Methods 

.1. Materials 

Acetic acid, nickel sulfate hexahydrate (NiSO 4 ∙6H 2 O), nickel chlo-

ide hexahydrate (NiCl 2 ∙6H 2 O), lactic acid, boron acid (H 3 BO 3 ), and

ydrochloric acid (HCl) were purchased from Uni-Chem. Trisodium cit-

ate (C 6 H 5 Na 3 O 7 ), copper sulfate pentahydrate (CuSO 4 • 5H 2 O), potas-

ium sodium tartrate (KNaC 4 H 4 O 6 • 4H 2 O), sodium hydroxide (NaOH),

thanol, and formaldehyde (37% in aqueous solution) were pur-

hased from VWR-BDH. Potassium persulfate (K 2 S 2 O 8 ), Ammonium

etrachloropalladate (II) ((NH 4 ) 2 PdCl 4 ), and dimethylamine borane

ere purchased from Acros. 3-(trimethoxysilyl)propyl methacrylate,

2-(methacryloyloxy)ethyl] trimethylammonium chloride (METAC,

0 wt.% in H 2 O), ethylenediamine, bis(trifluoromethane)sulfonimide

ithium salt (LiTFSI), lithium nitrate (LiNO 3 ), 1,3-Dioxolane (DOL), and

,2-dimethoxyethane (DME) were purchased from Aldrich. Ammonia

olution (30%) was purchased from International Lab. Active materials

lithium iron phosphate (LiFePO 4 , LFP) and lithium titanate (Li 4 Ti 5 O 12 ,

TO), carbon black, and polyvinylidene fluoride (PVDF), and N-methyl-

-pyrrolidone (NMP) were obtained from MTI. All chemicals were used

ithout further treatment. 

.2. Preparation of Metallic Cotton Fabrics 

The preparation process of smooth or nanostructured metallic cot-

on fabrics is illustrated in Fig. 1 (a) and Fig. S1. Cotton fabrics with the

real density of ~110 g/m 

2 were firstly cut into pieces with the size

f 15 × 10 cm 

2 and thoroughly cleaned by deionized (DI) water. Then

he cotton specimens were immersed into a 100 mL mixture solution of

thanol, acetic acid, and deionized water (95/1/4, v/v/v). After adding

 mL of 3-(trimethoxysilyl)propyl methacrylate, the mixture was placed

t room temperature for 60 min. Subsequently, the silane-modified cot-

on fabrics were immersed into a 10% (v/v) aqueous solution of METAC

o graft the polyelectrolyte brush through in-situ radical polymerization.

olymerization was carried out at 80 oC for 60 min by using potassium

ersulfate as the initiator. Polymer-modified fabrics were then immersed

nto a 5 mM aqueous solution of (NH 4 ) 2 PdCl 4 for 30 min to immobilize

d 2+ through ion exchange. Finally, the fabrics were immersed into an

lectroless deposition (ELD) bath at room temperature for different time

ntervals to deposit Ni or Cu on top of cotton fibers. For Ni deposition,

he ELD bath contained Ni 2 SO 4 (40 g/L), sodium citrate (20 g/L), lactic

cid (10 g/L), and dimethylamine borane (DMAB) (1 g/L). The pH of the

olution was adjusted to ~ 8.0 with ammonia before deposition. To pre-

are nanostructured Ni, the Ni-coated cotton fabrics after 60 min of ELD

ere washed and transferred immediately into an electrodeposition bath

onsisting of NiCl 2 (240 g/L), boron acid (30 g/L), and ethylenediamine

90 g/L). The pH was adjusted to ~ 4.0 with HCl solution before depo-

ition. The electrodeposition was carried out at 60 o C by using the Ni-

oated cotton fabrics as the working electrode and Ni foil as the counter

lectrode under a constant current density of 50 mA/cm 

2 . For Cu de-

osition, the ELD bath included a mixture of CuSO 4 • 5H 2 O (6.5 g/L),

otassium sodium tartrate (14.5 g/L), NaOH (6 g/L), and formaldehyde

9.5 mL/L). Before each step, the fabrics were thoroughly washed with

I water. 

.3. Preparation of Composite Electrodes 

Slurries consisting of active materials (LFP or LTO), carbon black,

nd PVDF with a weight ratio of 8:1:1 in NMP were prepared. LFP-based

lurries were blade-coated onto one side of the Ni-coated cotton fabrics

denoted as NiCotton), while LTO-based slurries were coated onto the
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Fig. 1. (a) Schematic illustration showing the fabrication process of composite electrodes based on metallic cotton fabrics with nanostructured metal reliefs on fiber 

surfaces. (b) Scanning electron microscope (SEM) images of the Ni-coated cotton fabric (NiCotton) after 60 min of electroless deposition (ELD), which is denoted as 

f -NiCotton. (c) SEM images of the NiCotton fabric after 75 min of deposition of Ni (60 min of ELD and 15 min of electrodeposition), which is denoted as n -NiCotton. 

(d) Digital image of the cathode (LFP/ n -NiCotton) prepared by blade-coating lithium iron phosphate (LFP)-based slurries on n -NiCotton. The inset in (d) shows the 

SEM image of the surface of the cathode. (e) SEM images of the Cu-coated cotton (CuCotton) fabric after 90 min of ELD, which is denoted as f -CuCotton. (f) SEM 

images of the CuCotton fabric after 150 min of deposition of Cu, which is denoted as n -CuCotton. (g) Digital image of the anode (LTO/ n -NiCotton) prepared by 

blade-coating lithium titanate spinel (LTO)-based slurries on n -CuCotton. The inset in (g) shows the SEM image of the surface of the cathode. (h) Sheet resistance 

and areal density of NiCotton fabrics over different deposition times. (i) Sheet resistance and areal density of CuCotton fabrics with different deposition times. (j) 

Sheet resistance of n -NiCotton, n -CuCotton, commercial carbon fabric, and commercial Cu foil (10 𝜇m in thickness) over 10,000 folding cycles. The insets in (j) show 

the digital images of the tested samples after the folding test. 

401 
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u-coated cotton fabrics (denoted as CuCotton). The areal mass load-

ng of LFP and LTO was limited in the range of 7–8 mg/cm 

2 by tuning

he gap of the blade coater. Control electrodes were also prepared by

oating the slurries onto the carbon fabric (areal density = 130 g/m 

2 ,

hickness = 250 𝜇m, sheet resistance = 0.36 Ω/ □), Al foil (thick-

ess = 16 𝜇m), and Cu foil (thickness = 11 𝜇m). The samples were then

ried at 80 o C, punched, compressed, and completely dried under vac-

um at 110 o C. The areal mass loading of active materials was carefully

ontrolled in the range of 7.0–8.0 mg/cm 

2 . 

.4. Material Characterizations 

The morphology and structure of the materials were observed by a

canning electron microscope (SEM) with energy-dispersive X-ray spec-

roscopy (EDX) (Tescan VEGA3). X-ray diffraction (XRD) curves of the

amples were characterized by using a Rigaku SmartLab diffractometer.

he sheet resistance of the materials was measured by using a home-

ade 4-probe device (Fig. S2) connected to a Keithley 2400 source me-

er. The tensile, peeling, and compression tests were performed by using

n Instron 5565 mechanical testing machine. 

.5. Electrochemical Measurements 

Stainless steel CR2032 coin cells were assembled to evaluate the

lectrochemical behavior of metallic fabrics and composite electrodes.

he fabrics and composites electrodes were punched into round discs

ith a diameter of 16 mm and used as the working electrode. The

i foil with a thickness of 0.5 mm was used as the reference and

ounter electrodes. Pouch cells were assembled by using composite

lectrodes LFP/n-NiCotton (NiCotton fabric with Ni nano-reliefs) and

TO/n-CuCotton (CuCotton fabric with Cu nano-reliefs) as the cathode

nd the anode, respectively. The electrodes were punched into a rectan-

ular shape of 80 mm × 46 mm. Ni tabs were connected to the metallic

abrics through welding. Aluminum laminated films with a thickness of

50 𝜇m were used to encapsulate the pouch cells. For all the coin cells

nd pouch cells, 1 M LiTFSI in DOL/DME (1/1 in v/v) with 1 wt% of

iNO 3 was used as the electrolyte without special mention. The Celgard

325 trilayer membrane was used as the separator. All the devices were

ssembled in an argon-filled glove box with oxygen < 1 ppm and mois-

ure < 0.1 ppm. 

Cyclic voltammetry tests were carried out by using a CHI 660E

lectrochemical workstation at room temperature. Galvanostatic charg-

ng/discharging cycles were performed by using Arbin BT2000 or

eware BTS 3000 multichannel battery testing system at various cur-

ent densities. For the half cells, the C rate was determined based on

he theoretical capacity of LFP (170 mAh/g) and LTO (175 mAh/g),

espectively. For the full cells, the C rate was calculated based on the

heoretical capacity of LFP. 

. Results 

.1. Fabrication and Characterization of the Metallic Cotton Fabrics 

To convert insulating cotton fabrics into electrically conductive ones,

etals were deposited onto the surface through a wet-chemistry strat-

gy. Ni and Cu were selected as the target metals for the cathode and

he anode of wearable LIBs, respectively, by taking their high conduc-

ivity, easily scalable fabrication, and low cost into account ( Fig. 1 (a)).

e have developed a scalable approach to fabricate nanostructured

iCotton and CuCotton fabrics. The metallic fabrics in the size of

5 cm × 10 cm were prepared through polymer-assisted metal depo-

ition (PAMD) [ 31 , 32 ]. As shown in Fig. S1, polyelectrolyte brushes

ith quaternary ammonium side groups were firstly grafted from the

urface of cotton fiber and then anchored Pd 2 + through ion exchange.

ubsequently, the modified cotton fabrics were immersed in different
402 
olutions to plate Ni or Cu through Pd-catalyzed ELD at room temper-

ture. CuCotton fabrics with Cu nanospike structures were obtained by

ontrolling the ELD time. To prepare the nanostructured Ni, the cotton

abric after 60 min of ELD was transferred into an electrodeposition bath

nd further plated Ni under direct current at 60 o C. Spiky Ni in the range

f several hundred nanometers was formed due to the appearance of the

oordination agent ethylenediamine [ 33 , 34 ]. 

The surface morphology, areal density, and electrical conductivity

f the metallic cotton fabrics over different deposition times were mon-

tored. The SEM images show the morphology evolution of Ni and Cu

n cotton fabrics ( Fig. 1 (b-g), Fig. S3-4). Fig. 1 (h) and 1(i) demonstrate

hat the sheet resistance of resultant metallic fabrics decreased rapidly to

ower than 10 -1 Ω/ □ as the deposition time lengthened. After 60 min of

LD, a Ni layer showing a relatively flat surface was uniformly formed

n the surface of the cotton fibers ( Fig. 1 (b) and S3(a)). This type of

iCotton fabric with the sheet resistance of 0.42 Ω/ □ is denoted as f -

iCotton for further investigation. Spiky Ni was successfully grown from

he surface of f -NiCotton through additional electrodeposition ( Fig. 1 (c)

nd Fig. S3(b-d)). The morphology and thickness of the spiky Ni are

reatly influenced by the plating time. Over electroplating could form a

hick Ni layer of several tens of micrometers, leading to the loss of tex-

ile fibrous structure (Fig. S3(d)). 15 min electroplating yielded uniform

i nanospikes with roots of several hundreds of nanometers ( Fig. 1 (c)).

his NiCotton fabric, showing a sheet resistance as low as 0.085 Ω/ □,

s denoted as n -NiCotton ( Fig. 1 (h)). 

CuCotton fabrics with similar spiky Cu morphology were prepared

hrough one-step ELD. After 90 min of Cu ELD, a relatively flat Cu layer

ithout the spike structure was obtained ( f -CuCotton, Fig. 1 (e), Fig.

4(a)). At this moment the sheet resistance reached 0.43 Ω/ □. Dur-

ng 90–180 min of ELD, Cu nanospikes formed, as confirmed by the

EM observation. For CuCotton after 150 min of ELD, the nanospikes

p to several hundred nanometers evenly covered all the fiber surfaces

 Fig. 1 (f)) and the resultant metallic fabric reached a sheet resistance

f 0.07 Ω/ □. This metallic fabric is denoted as n -CuCotton and was se-

ected as the current collector for anodes. Further electroless deposition

esulted in subtler Cu structures grown from the surface of nanospikes

Fig. S4(c)). 

The surface element and crystalline structure of n -NiCotton and n -

uCotton were studied with EDX and XRD. The EDX analysis (Fig.

5) reveals the full coverage of metal on cotton fibres.XRD patterns of

 -NiCotton and n -CuCotton (Fig. S6) exhibit characteristic peaks cor-

esponding to (111), (200), and (220) planes, indicating that the Ni

nd Cu coating on the cotton fibers were in the face-centered cubic

fcc) structure. No diffraction peaks for any other phases or metal ox-

des were detected, revealing the high purity of the resultant Ni and

u nanospikes. 

Different from commercial Al and Cu foils, n -NiCotton and n -

uCotton fabrics possess great tolerance to mechanical deformations.

hese metallic cotton fabrics could withstand folding (bending to 180 o 

ith a curvature radius of ca. 0.2 mm) at least 10,000 times without

argely deteriorating their electrical conductivity (Fig. S7). The sheet

esistance of n -NiCotton increased from 0.085 Ω/ □ to 0.12 Ω/ □, and

hat of n -CuCotton increased from 0.07 Ω/ □ to 0.078 Ω/ □, after 10,000

olding cycles ( Fig. 1 (j)). These sheet resistance values are 30–50 times

igher than that of the Cu foil (2.4 m Ω/ □) but are far below that of

he commercial carbon fabric (0.36 Ω/ □). More importantly, the sheet

esistance of the metallic fabrics remained at a fairly low level during

olding, while the Cu foil and carbon fabric fractured and lost their con-

uctivity after only several tens of folding. Tensile tests also confirmed

hat these metallic cotton fabrics possessed much larger strain and stress

t break than carbon cloth and metal foils (Fig. S8). The robustness of

uch metallic cotton fabrics arises from the hollow structure of cotton

ber and the interlocking interface between the deposited metal layer

nd the grafted polyelectrolyte brushes, as we demonstrated previously

 35 , 36 ]. Considering that wearable LIBs would inevitably face harsh me-

hanical deformations in daily applications, the nanostructured metallic
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Fig. 2. (a) Typical charging/discharging voltage profiles of the LFP/n-NiCotton–based half cell within the potential window of 2.8–4.0 V under different C rates 

(1C = 170 mA/g of LFP). (b) Rate capability of the LFP/n-NiCotton–based half cell at various rates from 0.2 to 10 C. (c) Comparison of specific capacity of LFP 

using the four different current collectors under various C rates. (d) Typical charging/discharging voltage profiles of the LTO/n-CuCotton–based half cell within the 

potential range of 1.0–2.0 V under different C rates (1C = 175 mA/g of LTO). (e) Rate performance of the LTO/n-CuCotton half cell at various rates from 0.2 to 10 C. 

(f) Summary of specific capacity of LTO on different current collectors at various rates. (g) Areal electrochemical double-layer capacitance of NiCotton fabrics after 

different time intervals of metal chemical deposition. (h) Areal electrochemical double-layer capacitance of CuCotton after different time intervals of metal chemical 

deposition. (i) Schematic illustration showing the hierarchical architecture of the metallic cotton fabric with nanostructured metal reliefs on the fiber surface. 
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extiles are more competitive to construct wearable LIBs compared with

onventional metal foils and carbon cloth. 

.2. Electrochemical Performance of Metallic Fabric-based Half Cells 

Herein, LFP and LTO, which have been well investigated as active

aterials and widely utilized in fabricating high-power LIBs, are se-

ected as model active materials for cathode and anode, respectively.

lectrodes using NiCotton and CuCotton as current collectors were pre-

ared through the same approach as the commercial scalable prepara-

ion, i.e., slurry preparation, blade coating, drying, cutting, pressing,

nd weighting. As shown in Fig. 1 (d) and 1(g), the active materials are

venly dispersed on the top surface of metallic fabrics and smooth the

hree-dimensional reliefs of the woven structure. 

Before assembling the cells, the electrochemical stability under high

otentials of the NiCotton was examined. Unfortunately, we found the

 -NiCotton could not tolerate 1 M lithium hexafluorophosphate (LiPF 6 )

olution, which is the most common electrolyte for LIBs. Cyclic voltam-

etry results reveal that a gradually increased polarized current was

enerated at the high voltage side (Fig. S9(a)), which should be ascribed

o corrosion of Ni by HF in the electrolyte solution [ 37,38 ]. In compari-

on, the polarized current of n -NiCotton in 1 M LiTFSI solution decreased

s the cycling (Fig. S9(b)), suggesting the corrosion of Ni was effectively

liminated. The voltage profiles of n -NiCotton and n -CuCotton under a

onstant charging/discharging current of 10 mA/cm 

2 also prove that

he chemically deposited Ni and Cu are electrochemically stable in the

iTFSI-based electrolyte solution for at least 1,000 cycles (Fig. S10).
403 
hus the LiTFSI-based electrolyte was employed to prepare the half and

ull cells in the following sections. 

Fig. 2 (a) and 2(b) exhibit the charging/discharging voltage profiles

nd the rate capability of LFP/ n -NiCotton cathode with a mass loading

f 7.3 mg/cm 

2 taken over various C rates ranging from 0.2 to 10 C. The

pecific capacity of LFP reached 161.9 mAh/g at 0.2 C, which was very

lose to its theoretical value of 170 mAh/g. In addition, this composite

athode showed good rate performance. The specific capacity of LFP re-

ained at 134.5 mAh/g at 1 C. Even at a high rate of 10 C, the electrode

till preserved a capacity of 61.5 mAh/g. The energy storage capaci-

ies of LFP on other current collectors including Al foil, carbon fabric,

nd f -NiCotton were also measured ( Fig. 2 (c), Fig. S11). For LFP/Al and

FP/ f -NiCotton, the specific capacity was about 130 mAh/g at a low

urrent density of 0.2 C and was nearly zero under a high C rate of 10.

he LFP/carbon fabric showed better capacity at high current densities,

hich remained at 21.9 mAh/g at 10 C. When comparing the specific

apacities of LFP coating on n -NiCotton to those on the Al foil, carbon

abric, and f -NiCotton, the LFP/ n -NiCotton electrode shows much better

nergy storage capability at all tested C rates ( Fig. 2 (c)). The improved

apacity should be attributed to the high conductivity and the high sur-

ace area of n -NiCotton. 

For the LTO half cells, the galvanostatic discharging/charging results

lso prove that using n -CuCotton as the current collector can largely

mprove the specific capacity of LTO under C rates from 0.2 to 10.

he voltage profiles versus capacity of the various electrodes are listed

n Fig. 2 (d-f) and Fig. S12. For LTO electrodes coated on Cu foil, the

oulumbic efficiency under high C rates such as 5 C and 10 C is rather

nstable, suggesting a poor electron transportation (Fig. S12(a-b)). By



D. Wang, J. Chang, Q. Huang et al. Fundamental Research 1 (2021) 399–407 

Fig. 3. (a) Digital image of the punched LFP/n-NiCotton cathode, LTO/n-CuCotton anode, and one encapsulated full cell device. (b) Typical galvanostatic charg- 

ing/discharging voltage profiles of the full cell device within voltage window of 1.0–2.5 V under C rates from 0.2 C to 10 C (1C = 170 mA/g of LFP). (c) Rate capacity 

of the full cell. (d) Cycling performance and Coulombic efficiency of the full cell under 1 C. 
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o  
sing carbon fabric or f -CuCotton fabric as the current collector, the ca-

acity of LTO under high C rates can be improved (Fig. S12(c-f)). The

ighest improvement in the capacity of LTO was obtained by using the

 -CuCotton as the current collector. As shown in Fig. 2 (f), the specific

apacity of LTO at 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 10 C reaches 159.0,

47.2, 137.0, 126.6, 112.6 and 87.5 mAh/g. The areal capacities of LFP

nd LTO under various C rates (Fig. S13) also verify that the metallic cot-

on fabrics with nanostructured Ni and Cu coating are the better choices

han metal foil and carbon fabrics in improving the energy storage ca-

ability of active materials, especially under high current densities. 

The outstanding specific capacity and rate performance of metallic

otton fabrics with nanostructured Ni and Cu coating are greatly at-

ributed to the Ni and Cu nano-reliefs. These nanostructures on metallic

bers can increase the effective surface area of metal, which should be

eneficial to enhancing the contact of active materials with the current

ollectors and therefore boosting the electron transport. To verify the

nhancement of the effective surface area of metal on n -NiCotton and

 -CuCotton, the electrochemical active surface area (ECASA) of metallic

otton fabrics was estimated by measuring their electrochemical double-

ayer capacitance (Fig. S14). As shown in Fig. 2 (g) and 2(h), the metallic

otton fabrics exhibit much higher areal capacitance than metal foils.

he measurements yielded ECASA factors of 8, 21, 14, and 46 for f -

iCotton, n -NiCotton, f -CuCotton, and n -CuCotton when taking the flat

i and Cu foils as the reference (Table S1), that is, the effective ECASA

or Li ion transport was enhanced by about 10 folds when using the f -

iCotton and f -CuCotton to replace metal foils. The ECASA was further

mproved by 3 folds after introducing the nanostructured Ni or Cu re-

iefs. The highly improved ECASA of n -NiCotton and n -CuCotton guaran-

eed high interface areas between the metallic fabrics and the active ma-

erials, which offered more pathways for electron transport from active

aterials to the current collector, shortening the effective distance of

harge carrier transport, and thereby, improving lithiation/delithiation

inetics of the composite electrodes ( Fig. 2 (i)). 
404 
.3. Performance of Metallic Fabric-based Full Cells 

The LFP/ n -NiCotton and LTO/ n -CuCotton electrodes were matched

nd assembled into full cells with an electrode size of 80 mm × 46 mm

 Fig. 3 (a)). The total thickness of obtained full battery was about

00 𝜇m, in which the two encapsulation layers of Al laminated film

ost 300 𝜇m. Galvanostatic charging/discharging voltage profiles and

ate performance of the LFP/ n -NiCotton//LTO/ n -CuCotton full cell are

hown in Fig. 3 (b) and 3(c). The battery presented stable voltage

lateaus under various C rates from 0.2 to 10 C. Under a low cur-

ent density of 0.2 C, the voltage plateaus for charging and discharg-

ng was 1.90 V and 1.83 V, respectively. The differential voltage be-

ween charging and discharging was gradually amplified to approxi-

ately 0.4 V as the current density increased from 0.2 to 10 C. The

attery delivered averaged reversible capacities of 118.5, 101.7, 96.1,

1.6, 84.9, and 75.9 mAh/g (for LFP) under C rates of 0.2, 0.5, 1, 2, 5

nd 10. These values were slightly lower than those achieved in LFP-

ased half cells, which should be mainly induced by the low Coulom-

ic efficiencies under low current densities. It is also worthy of men-

ioning that the Coulombic efficiency of the full battery at the first

ycle under 0.2 C was only 74.7%. Such low-efficiency values should

e mainly ascribed to the irreversible electrochemical reactions of n -

iCotton with electrolytes under high voltages (Fig. S9(b) and Fig.

10(a)), which are more noticeable at low charging/discharging rates.

hen the current density went back down to 0.5 C from 10 C, the battery

esumed the specific capacity to 90.3 mAh/g, revealing relatively good

tability. 

Fig. 3 (d) gives the cycling performance of one full cell device under

 C. The discharged capacity decayed from its initial value of 27.0 mAh

o 23.9 mAh after 300 cycles and further dropped to 18.5 mAh after 500

ycles. The capacity retention of the full cell under 1 C was therefore

8.5% at 300 cycles and 68.5% at 500 cycles. The initial areal capacity

f the battery was calculated to be 0.734 mAh/cm 

2 , corresponding to
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Fig. 4. (a) Left: Real-time open-circuit voltage (VOC) of one full cell device under the application of the compresstion strain of 14.3%, 28.6%, and 42.9%. Right: 

Real-time VOC of one full cell during 1,000 mechanical folding cycles with a frequency of ~0.2 Hz. The insets in (a) show the steps in one compression cycle (left) 

and one folding cycle (right). (b) Charging and discharging curves of the full cell before and after 1,000 folding cycles. (c) Digital images of one full cell in its flat 

and crumpled stages. (d) Adhesion force curves of LFP electrodes on Al foil, f-NiCotton, and n-NiCotton fabrics. (e) Adhesion force curves of LTO electrodes on Cu 

foil, f-CuCotton, and n-CuCotton fabrics. (f) SEM image showing the folding zone of the LFP/n-NiCotton cathode and LTO/n-CuCotton anode. 
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 specific capacity of 97.9 mAh/g (for LFP). This value dropped to ca.

1.5 mAh/g when the capacity was divided by the total mass of cathode

35.9 mg/cm 

2 ), anode (26.5 mg/cm 

2 ), and separator (1.25 mg/cm 

2 ).

he Ragone plot of the obtained full cell is shown in Fig. S15. The metal-

ic cotton fabric-based full battery could deliver an energy density of

1 Wh/L under a power density of 439 W/L. Taking into considera-

ion the volume occupied by Al-plastic encapsulation film , the energy

ensity and the power density dropped to 12 Wh/L and 251 W/L, re-

pectively. The relatively low energy density could be easily enhanced

y utilizing more energetic active material pairs such as LFP/graphite,

r by the double-sided coating of active materials on the metallic fabric

nd stacking multilayers of the electrodes. 

More importantly, the as-fabricated metallic cotton fabric-based full

attery presents superior stability when undergoing mechanical defor-

ations. We monitored the open-circuit voltage (V OC ) of the LFP/ n -

iCotton//LTO/ n -CuCotton full cell under compression and folding. As

hown in Fig. 4 (a), the full cell could deform reversibly in the thickness

irection when applying a compression strain as high as 42.9%. The

hange in V OC was quite small when lower strains of 14.3% and 28.6%
405 
ere applied. At the same time, the V OC only dropped ~1 mV during the

0 cycles of 42.9% of compression strain. We also tested the V OC of the

ull cell under folding-unfolding cycles. As shown in Fig. 4 (a), the folding

nd unfolding operations to the full cell could only cause a V OC fluctua-

ion within 10 mV. The charging voltage profiles before and after 1,000

olding cycles are nearly the same ( Fig. 4 (b)), indicating that mechan-

cal folding had little influence on the electrochemical performance of

he full cell. To demonstrate the robustness of the metallic cotton fabric-

ased full battery, we used a fully charged metallic cotton fabric-based

attery to power a time monitor. When harsh mechanical deformations

ncluding arbitrary folding, squeezing, even heavily compacting with a

ammer were applied, the device could stably output the stored electro-

hemical energy ( Fig. 4 (c), Video S1-S2). The V OC of the battery during

olding and squeezing was monitored by using a voltmeter (Video S3).

t can be observed that the V OC was stabilized at 1.858 V all the time,

roving this kind of battery could work well as stable energy provisions

nder daily wearing conditions. The flexible battery can also be easily

ntegrated into wearable forms via utilizing textile technologies. Video

4 shows that the encapsulated LIBs with metallic fabrics as current col-
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ectors could be sewn onto a T-shirt and steadily light up 25 LEDs under

arious mechanical impacts. 

. Discussion 

Current collectors are an indispensable part of any form of LIBs.

herefore, developing current collectors with high electrical conductiv-

ty and high mechanical stability will largely contribute to the electro-

hemical performance and flexibility of the relevant LIBs. The metal-

ic cotton fabrics utilized in this work are great candidates for such

ypes of current collectors. Firstly, the hierarchical structure of the cot-

on fabric, including the particular hollow tube structure of natural cot-

on fiber and the twisting and woven structure of cotton yarns, endows

he substrate with high strength and high tolerance to external ten-

ile/compressive/twisting strains. Secondly, the strong chemical bond-

ng of the metal layer on the cotton fiber surface inherits the great me-

hanical stability of the textile structure. It should be mentioned that

i and Cu coating layers were prepared through a polymer-assisted

etal process. The high density of hydroxyl groups on cotton cellulose

bers enables the efficient grafting of polyelectrolyte brushes and sub-

equently triggers high-concentrated Pd-catalyzed ELD. The interlock

tructure through the polyelectrolyte brush combines the chemically de-

ived metal nanoparticles strongly onto the cotton fibers. Thirdly, the

hickness and surface morphology of the Ni and Cu coating layers can

e well-tuned to balance the contradiction between high electrical con-

uctivity and low fatigue strength of metallic materials. In this work, the

LD layer of Ni and Cu was controlled to be ca. 400-600 nm. Such uni-

orm and thin metal layers provide, simultaneously, low sheet resistance

nd high tolerance to mechanical folding. Moreover, the nanostructure

f Ni and Cu further increases the effective surface area of metal, which

hould be beneficial to enhancing the contact of active materials with

he current collector, therefore boosting the electron transport and ma-

erial adhesion. 

To further identify the effect of nanostructured metal on the adhe-

ion of active materials, the peeling strength of LFP and LTO electrodes

way from various current collectors was investigated by pulling off an

dhesive tape at 180 o under a constant rate of 10 mm/min (Fig. S16).

s shown in Fig. 5(d), the adhesion force of the LFP-based electrode was

ramatically improved from ~0.004 N (Fig. S17) to ~0.3 N by alternat-

ng the Al foil with f -NiCotton fabric. This value was further increased

o ~0.6 N by utilizing the n -NiCotton as the current collector. This trend

s consistent with the situations in LTO-based electrodes (Fig. 5(e)). The

dhesion force of LTO on the Cu foil, f -CuCotton fabric, and n -CuCotton

abric was about 0.02 N, 0.2 N, and 0.4 N, respectively. It should also

e noted that metallic fabrics can efficiently prevent the peeling off of

ctive materials. After adhesion force tests, most of the active materials

emained on the metallic cotton fabrics (Fig. S16). In contrast, all the

ctive materials were transferred onto the adhesive tape in the cases of

sing metal foils as current collectors. These observations confirm the

anostructured metal on the cotton fabrics largely increases the adhe-

ion behaviors between the electrode layer and the current collector,

roviding improved structural stability to mechanical deformations for

he flexible LIBs based on n -NiCotton and n -CuCotton. 

. Conclusions 

In summary, nanostructured Ni and Cu-coated cotton fabrics were

repared through a scalable wet-chemistry approach and used as cur-

ent collectors to construct flexible LIBs. The resultant n -NiCotton and

 -CuCotton with Ni and Cu nanospikes exhibited low sheet resistance

 < 0.1 Ω/ □) and superior tolerance to mechanical deformations. The

heet resistance of the metallic cotton fabrics revealed nearly no change

uring 10,000 folding-unfolding cycles. Robust flexible LIBs were fabri-

ated based on these n -NiCotton and n -CuCotton fabrics. The nanostruc-

ure of Ni and Cu enabled the high contact area between active mate-

ials and the fabric current collector, which improved the electrochem-
406 
cal kinetics and the mechanical stability of the electrodes. Thus the

btained LFP/ n -NiCotton//LTO/ n -CuCotton full batteries can deliver a

igh power density of 439 W/L. More importantly, the obtained metallic

abric-based LIBs can stably output electrochemical energy after 1000

olding cycles. Furthermore, the developed Ni/Cu-coated cotton fabrics

ay not be limited to the tested LFP and LTO electrodes and could be ex-

ended to other high-energy active materials such as sulfur, silicon, and

ithium metal. We believe that this type of metallic cotton fabric will

ave the way to the development of wearable energy storage devices. 
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