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Abstract 

Highly conductive, durable, and breathable metal-coated textiles are critical building block 

materials for future wearable electronics. In order to enhance the metal adhesion on the textile 

surface, existing solution-based approaches to preparing these materials require time-consuming 

pre-synthesis and/or pre-modification processes, typically in the order of tens of minutes to hours, 

on textiles prior to metal plating. Herein, we report an UV-induced rapid polymer-assisted metal 

deposition (r-PAMD) that offers a destructive-treatment-free process to deposit highly conductive 

metals on a wide variety of textile materials, including cotton, polyester, nylon, Kevlar, glass fiber, 

and carbon cloth. In comparison to the state of the arts, r-PAMD significantly shortens the 

modification time to several minutes, and is compatible with the roll-to-roll fabrication manner. 

Moreover, the deposited metals show outstanding adhesion, which withstands rigorous flexing, 

abrasion and machine washing tests. We demonstrate that these metal-coated textiles are suitable 

for applications in two vastly different fields, being wearable and washable sensors, and lithium 

batteries.  

  



  

Introduction   

Electronic textiles (E-textiles), which enable sensors, 1, 2 photovoltaics, 3 supercapacitors, 4, 5 

nanogenerators, 6 and batteries7, 8 in wearable textile materials, are indispensable for future 

wearable electronics. The development of such E-textile requires scalable production of 

lightweight, highly conductive, and flexible conducting textiles. 9-13 Among them, metal-coated 

fabrics, which are lightweight, soft, and skin-compatible, show great potential for wearable energy 

harvesting, energy storage, and health monitoring devices. However, traditional vacuum 

deposition technologies for metal coating suffer from poor adhesion and incomplete coating of the 

materials due to the three-dimensional structures of the textile substrates. 14, 15 In addition, 

depositing metals on textile materials via vacuum technologies is not cost efficient in terms of 

material utilization and throughput. 16 As a result, recent researches focus on solution-based 

technologies to depositing metals on textiles. 17, 18 Such solution processes are highly compatible 

with high throughput and scalable roll-to-roll (R2R) process, which is widely accepted by the 

textile industry. 19, 20  

 

The most commonly used solution-based technologies to producing metal-coated textiles is 

autocatalytic electroless deposition (ELD). 21, 22 Such process requires activation of substrates with 

catalytic moieties such as Pd and Ag salts, which can facilitate the in situ reduction of metals in 

the plating bath. 23-26 However, direct electroless deposition on textile materials often suffers from 

wetting and adhesion issues, because of the poor interaction between catalysts and the textile 

surfaces especially for those hydrophobic ones. 24, 27 To address this issue, both physical and 

chemical pretreatments are adopted prior to the metal deposition. Physical pretreatment includes 



  

plasma treatment, 28, laser etching, 29 and high-energy UV irradiation. 30 Chemical pretreatments 

such as NaOH mercerization, 31 acid activation, 32 and self-assembled monolayer (SAM) 

modification33 have also been developed to improve the adhesion of catalysts. Recently, a mild 

chemical modification technology namely polymer-assisted deposition (PAMD) was reported. 15, 

34-37 In such process, functional polymers possessing a high affinity to the catalytic moieties are 

chemically grafted on target substrates. The functional polymers serve as anchors between the 

catalytic moieties and the substrates to address the wetting issue of catalytic moieties on the 

substrates. Such polymer modification process is more gentle than conventional harsh pretreatment 

processes, and is applicable to many conventional textile materials, such as yarns and fabrics made 

of cotton, polyester, Kevlar, and spandex. 38-41 However, these pretreatments are time-consuming 

and often show poor versatility of applicable textile materials. 32, 42, 43 In addition, many of them 

weaken the strength of the textiles, which significantly limits the practical applications. 44-46  

 

Herein, we report a destructive-treatment-free and pre-synthesis-free rapid PAMD (r-PAMD) 

approach based on UV-induced in situ crosslinking of functional precursors on textile surfaces. In 

comparison to the literature, the entire polymer modification and catalyst activation process is 

significantly shortened from tens of minutes or even hours to 3 min (Table 1). We demonstrate 

fast deposition of Ni, Cu, Ag, and Au on a wide variety of textile materials including cotton, 

polyester, nylon, Kevlar, carbon, and glass fiber, regardless of their textile structures. Very 

importantly, r-PAMD causes no damage to the strength of textile materials, while still maintaining 

outstanding adhesion of the metal. These E-textiles survive from harsh washing and abrasion tests, 

showing insignificant degradation of electrical conductivity. We demonstrate the applications of 

these E-textiles for wearable electrocardiogram (ECG) and strain sensors that can withstand 50 



  

machine washes. Furthermore, we show that the as-made composite Au-Cu coated cotton fabrics 

can be employed as lithiophilic current collectors for Li metal batteries. 

 



  

Table 1. Comparison of representative electroless metal deposition technologies reported in 

literature  

Textile 
Material(s) 

Modification 
Method 

Destructive-
treatment 
Required 

Pre-
synthesis 
Required/
Duration 

Duration of 
Modificatio

n and 
Activation 

Applica
ble 

Metal(s) 
Refs. 

polyester 
colloid 
catalyst 
coating 

No Yes/> 3 h 
 

11 min Cu 47 

polyester, nylon laser scribing Yes No > 10 min Ni 48 

nylon 6,6 supercritical 
CO2 

No No 20~120 min Ni 49 

cotton, filter 
paper 

SnCl4
2- 

sensitization 
No No 15 min 

Ni, Co, 
Cu, Ag 

50 

core-spun elastic 
yarns 

curcumin 
coating 

No No 45 min Cu, Ni 51 

polyethylene 
polydopamine 

coating 
No No 2 h 

Ag, Cu, 
Ni 

52 

cotton, filter 
paper, weighing 

paper 

crosslinking 
of 

photoreactive 
copolymer 

No Yes/> 24 h 25 min 
Cu, Ni, 

Ag 
53 

cotton, polyester, 
nylon, Kevlar, 
carbon fiber, 
glass fiber 

UV-induced 
in situ 

crosslinking 
No No 3 min 

Ni, Cu, 
Ag, Au 

This 
work 



  

Materials and Methods 

Materials 

Kevlar yarns and knitted Kevlar fabrics were purchased from Tansoz High Performance Rope & 

Webbing Co., Ltd. Carbon cloths were purchased from Taiwan CeTech Co. Ltd. Copper (II) sulfate 

pentahydrate (CuSO4·5H2O), silver nitrate (AgNO3), and nickel (II) sulfate hexahydrate 

(NiSO4·6H2O) were purchased from UNI-CHEM. Potassium sodium tartrate tetrahydrate 

(KNaC4H4O6·4H2O) and sodium hydroxide (NaOH) were purchased from VWR chemicals. Lactic 

acid was purchased from Acros organics. Ammonia solution (NH3·H2O) was purchased from 

International Laboratory USA. ammonium tetrachloropalladate (II) ((NH4)2PdCl4) was purchased 

from Alfa Aesar. All other chemicals were purchased from Sigma-Aldrich. 

 

Polymer Modification and Catalyst Activation 

The textiles were cleaned in ultrasonification baths of acetone, isopropanol, and water for 15 min, 

respectively. Then, the textiles were dipped in an ethanol solution of 2.0 g L-1 2,2-bimethoxy-2-

phenylacetophenone (DMPA), 16.0 g L-1 N,N'-Methylenebisacrylamide (NMBA), and 30.0 mL L-

1  [2-(methacryloyloxy)ethyl] trimethylammonium chloride (METAC, 75% in water) for 1 min. 

Afterwards, the textiles were cured under an UV lamp (UVA 80.0 mW cm-2 ) for 1 min, and then 

rinsed with water for another 1 min. Finally, the polymer modified textiles were immersed in 3.2g 

L-1 (NH4)2PdCl4 for 1 min, followed by rinsing with water for 1 min. For the control samples 

fabricated via conventional PAMD technology, a silanization and free-radical polymerization 

approach was adopted. 39  

 



  

Electroless Deposition of Metals 

The electroless plating bath of Cu was a 1:1 mixture of solution A and solution B. Solution A 

consisted of 52 g L-1 CuSO4·5H2O, 48 g L-1 NaOH, and 117 g L-1 KNaC4H4O6·4H2O. Solution B 

was a diluted solution of 37% formaldehyde in water (9.5 mL L-1). The catalyst activated textiles 

were immersed in the plating bath for 30 ~ 120 min to obtain the Cu-coated textiles. All the Cu-

coated textiles for wash and abrasion tests were plated for 120 min under the same condition.  The 

electroless plating bath of Ni was a mixture of 40 g L-1 NiSO4·6H2O, 10 g L-1 lactic acid, 20 g L-1 

sodium citrate, and 2 g L-1 dimethylamine borane (DMAB). The solution was adjusted to pH = 8.5 

with NH3·H2O prior to the electroless plating process, which also took 30 to 120 min. The 

electroless plating bath of Ag consisted of 1 g L-1 Ag[NH3]2NO3 and 9.5 mL L-1 formaldehyde. To 

deposit Au on textiles electrolessly, a solution of 3.9 g L-1 HAuCl4·3H2O, 0.4 g L-1 NaOH, 7.0 g 

L-1 NH2OH·HCl, 11 g L-1 Na2HPO4, 16 g L-1 Na2S2O3·5H2O, and 40 g/L Na2SO3 was prepared, 

and the reaction temperature was 65 ℃. 

   

Au@Cotton Electrodes for ECG Sensing 

The Au-coated cotton electrodes were obtained via electro-deposition of Au on Cu-coated cotton 

fabrics. The Cu-coated cotton fabrics were fabricated via the electroless deposition method 

mentioned above. The Au electro-deposition bath was purchased from Caswell Inc. (Caswell Plug 

N’ Plate Kits). The electro-deposition condition was DC 4.5 V (supplied by Keithley 2400 

sourcemeter) for 30 min. The Au-coated cotton fabrics were cut into circular pieces with a diameter 

of 2 cm, and then embroidered on a stretchable t-shirt with Ag yarns. For ECG sensing, the 



  

electrodes or the gel patch control electrodes were connected to a portable ECG sensor 

(Healthforce PC-80B) with a 3-wire lead placement.   

 

Galvanic Displacement of Au on Cu for Li Metal Batteries 

The Au-Cu current collectors were obtained via galvanic displacement of Au on Cu-coated cotton 

fabrics, which were fabricated via the electroless deposition of Cu on cotton. The Cu-coated cotton 

fabrics were immersed in a 2.5 mM solution of HAuCl4 for 1 min, and then rinsed with water. 

After drying with compressed air, the Au-Cu fabrics were annealed at 150 ℃ on a hotplate in an 

Ar-filled glove box for 20 min.  

 

Electrochemical Tests 

R2032-type coin batteries were assembled using the fabricated fabrics as the working electrode 

and lithium foil as the counter electrode in an argon-filled glove box, and one layer of Celgard 

2325 was used as the separator. The electrolyte was prepared by magnetically stirring 1 M bis-

trifluoromethane sulfonamide lithium (LiTFSI) and 0.2 M lithium nitrate (LiNO3) in dioxolane 

(DOL) and dimethyl ether (DME) with a volume ratio of DOL: DME at 1:1. The Li||Cu and Li||Au-

Cu half-cell was tested at a current density of 1mA cm-2 in the range of 0 ~ 1 V. 

 

Material Characterization 

The SEM and EDX mapping images were taken with a Tescan VEGA3 scanning electron 

microscope. For the cross-sectional metal-coated textile images, the samples were covered with 



  

epoxy and polished with abrasive papers prior to the characterization. The XRD patterns were 

characterized with an X-ray diffractometer (Rigaku SmartLab). The XPS analysis was carried out 

with a Thermo Scientific Nexsa X-ray photoelectron spectrometer. Optical microscopic images 

were recorded with a Nikon Eclipse 80i optical microscope, and the photographs were taken with 

a Nikon Z 7 mirrorless camera. AATCC 135 test standard was applied to the metal-coated textiles 

for the wash test. The samples were washed with 1.8 kg loading in a Whirlpool WTW4955H 

washer. The Martindale abrasion test was carried out with an SDL Atlas M235 abrasion and pilling 

tester with 9 kPa weights. The abrasion test was operated under the ASTM D4966 standard. The 

stress-strain curves of the polyester fabrics were measured with the Instron 5566 universal testing 

system. The samples were prepared and tested according to the ASTM D5034-09(2013) standard.  

 

Results and Discussion 

r-PAMD for Metal-coated Textiles 

Schematical illustration of the r-PAMD process is shown in Figure 1. Commercially available 

textile fabrics were dipped in an ethanol solution of UV-curable precursors, followed by a fast UV 

irradiation step to crosslink the catalyst-affinitive polymer on the surface of the fibers (see 

Experimental Section for details). The solution contained a mixture of photo-initiator 2,2-

dimethoxy-2-phenylacetophenone (DMPA), crosslinker N,N’-methylenebisacrylamide (NMBA), 

and the catalyst-anchoring monomer [2-(methacryloyloxy)ethyl]trimethylammonium chloride 

(METAC). The UV irradiation induces the photolysis of DMPA to benzoyl radicals, which initiate 

the polymerization of NMBA and METAC. As illustrated in Figure 1, textile fibers were wrapped 

in the crosslinked functional polymer after the UV crosslinking process. The crosslinks increase 



  

the strength of functional polymer coating on textile fibers, providing sufficient wear resistance 

against washing and abrasion. Meanwhile, METAC segments in the functional polymer show a 

very high affinity to PdCl4
2- catalytic moieties, which origins from the strong electrostatic 

interaction between quaternary ammonium groups and PdCl4
2- ions. After loading of the PdCl4

2- 

moieties via ion exchange, the textiles were immersed in metal plating baths to obtain metal-coated 

textiles.  

 

 

Figure 1. Scheme of the rapid polymer-assisted metal deposition (r-PAMD) process for metal 

deposition on textile materials.  

 



  

Characterization of Metal-coated Textiles 

The UV-induced in situ crosslinking process was investigated by Fourier-transform infrared 

spectroscopy (FTIR). The precursor mixture became a thermoset plastic after the UV curing 

process. As shown in Figure S1, the IR spectrum of precursor mixture shows absorption peaks at 

1716 and 1654 cm-1, referring to the C=O stretching vibration of METAC and NMBA, respectively. 

The peak at 1626 cm-1 refers to the C=C stretching vibration, which also exists in METAC and 

NMBA. After the UV irradiation process, the peak at 1626 cm-1 disappeared, which indicates the 

successful polymerization of METAC and NMBA. Meanwhile, the peak at 1716 cm-1 shifted to 

1723 cm-1, because the α,β-unsaturated ester was converted to saturated ester. Similar situation 

occurred on NMBA, which resulted in a peak shift from 1654 cm-1 to 1646 cm-1.  

 

The precursor solution showed good wettability to either hydrophilic cotton fabrics, or 

hydrophobic fabrics such as carbon cloth, glass fiber fabrics, nylon fabric, and Kevlar fabrics. To 

demonstrate viability of modifying the polymer on fabrics, the chemically inert and hydrophobic 

raw carbon cloth is used as an example (Figure S2). Before the contact angle test, both the raw 

carbon cloth and the modified carbon cloth were cleaned in an ultrasonification bath of ethanol for 

15 min and dried at 80 ℃ for 10 min. The raw carbon cloth showed a high contact angle of 135.5 

± 5.8°. In contrast, the contact angle of modified carbon cloth reduced significantly to 72.8 ± 11.0° 

at the fifth second after the contact, and became complete wetting within 10 s. This is because the 

METAC segment is a quaternary ammonium salt which shows a high hydrophilicity. 54  

 



  

One key advantage of the UV-induced in situ crosslinking of r-PAMD is the absence of destructive 

pretreatment processes. Compared a conventional polymer modification process on NaOH-treated 

polyester fabrics, 55 the polyester fabrics modified via UV-induced in situ crosslinking showed an 

almost identical tensile strength to that of the raw polyester fabrics (Figure 2A). Another 

advantage of the r-PAMD process is the high adhesion provided by the crosslinked functional 

polymer. To study the adhesion of metals for wearable applications, we studied resistance change 

of Cu-coated textiles during repeated standard wash and abrasion tests. Figure 2B and C are the 

sheet resistance versus wash cycles of Cu-coated textiles fabricated via conventional PAMD and 

r-PAMD, respectively. On the one hand, the sheet resistance of Cu-coated cotton (Cu@cotton) and 

polyester (Cu@polyester) fabrics were very stable during 25 cycles wash test despite of the metal 

deposition method. On the other hand, the r-PAMD method outperformed conventional PAMD on 

Kevlar and nylon fabrics, which are more hydrophobic and chemically inert than cotton and 

polyester fabrics. The insets of Figure 2B and C are the optical images of Cu-coated nylon 

(Cu@nylon) textiles fabricated via both methods after 25 cycles of wash test. The Cu coating of 

the r-PAMD sample remained intact even after 25 cycles of washing, whereas notable peeling-off 

can be observed on Cu@nylon fabricated via conventional PAMD method. The abrasion test was 

also carried out to study the abrasion resistance of Cu-coated textiles. As shown in Figure 2D, the 

sheet resistance of Cu@cotton fabricated via conventional PAMD raised slightly from ~ 0.2 Ω sq-

1 to ~ 1 Ω sq-1, while the sheet resistance of Cu@polyester increased to > 2 Ω sq-1 after 2,000 

cycles of abrasion. However, the sheet resistance of Cu-coated, Kevlar (Cu@Kevlar) and 

Cu@nylon increased significantly after 1,000 cycles of abrasion. In contrast, Cu@cotton, 

Cu@polyester, and Cu@Kevlar obtained via r-PAMD showed a very good stability after 2,000 

cycles of abrasion: the sheet resistance of Cu@polyester and Cu@Kevlar were still < 0.1 Ω sq-1, 



  

and the sheet resistance of Cu@cotton only increased slightly to < 0.6 Ω sq-1 (Figure 2E). The 

wash and abrasion test results are clear evidence for the high durability of r-PAMD metal layers 

on textile materials, especially on those inert and hydrophobic ones.  

 

The fast and simple r-PAMD technology is beneficial for large scale fabrication of metal-coated 

textiles. The photograph in Figure 2F shows a roll of 18 × 65 cm Cu-coated cotton fabric prepared 

via our approach, which retained the softness of the raw cotton fabrics. We also demonstrate the 

successful deposition of Ni, Cu, Ag, and Au on multiple textile materials such as carbon cloth 

(CC), glass fiber (GF), Kevlar, and cotton via the r-PAMD technology (Figure 2G). To study the 

interface between textiles and metals, SEM cross-sectional images and corresponding EDX 

mapping images of metal-coated textiles are shown in Figure 2H. Ni, Cu, Ag, and Au coatings 

with a thickness ranging from ~1 to 4 µm were obtained via r-PAMD on Kevlar, cotton, nylon, 

and polyester fabrics, respectively. The metals covered the individual fibers uniformly on loose 

fabrics such as the knitted Kevlar and woven cotton, while the thick and continuous metal coating 

appeared on the outer fibers for tight textiles such as the woven nylon and polyester. Fortunately, 

the metals showed a good uniformity and coverage on the surface of these fabrics (Figure S3), 

which ensured a good conductivity of the metal-coated textiles.  

 



  

 

Figure 2. Characterization of metal-coated textiles. (A) Stress-strain curves of raw polyester 

fabrics (raw fabric), and polymer modified polyester fabrics via conventional PAMD (NaOH-

treated) and r-PAMD (rapid UV-induced crosslinking). (B) and (C) Sheet resistance of Cu-coated 

textiles fabricated via conventional PAMD and r-PAMD during wash test (Enlarged plots are 

shown in insets). The wash test was carried out under AATCC 135 standard. Inset photographs 

are optical microscopic images of Cu@nylon samples after 25 cycles of washing. Dashed circles 

indicate the Cu peel-off areas. (D) and (E) Sheet resistance of Cu-coated textiles fabricated via 

conventional PAMD and r-PAMD during Martindale abrasion test. Enlarged plots are shown in 



  

insets. The abrasion test was carried out under ASTM D4966 standard. (F) Photograph of a roll of 

18 × 65 cm Cu-coated cotton fabric. (G) Photographs of Ni-coated carbon cloth (Ni@CC), Cu-

coated glass fiber fabric (Cu@GF), Ag-coated Kevlar fabric (Ag@Kevlar), and Au-coated cotton 

fabric (Au@cotton). (H) Cross-sectional SEM images and EDX mapping of Au@Kevlar, 

Cu@cotton, Ag@nylon, and Ni@polyester. Yellow, red, magenta, and cyan refer to Au, Cu, Ag, 

and Ni, respectively.  

 

Metal-coated Textiles for Strain and ECG Sensing 

The deposition of metals could enhance the mechanical stength of yarns and febrics. Figure S4A 

shows a photograph of Cu deposited on Kevlar yarns. The metal was coated unfiromly even on 

single short fibers (Figure S4A inset). The raw Kevlar yarn showed a high Young’s modulus of 

2.4 GPa, which further boosted to 4.6 GPa after coating with Cu (Figure S4B). The feature of high 

robustness of metal-coated Kevlar yarns enables high strength and lightweight wearable 

conductors. For example, the Cu-coated Kevlar knitted fabrics showed a very good stability in 

electrical conductivity during repated stretch and compress at a strain of 40% (Figure S5). The 

resistance inceased gradually during the first 2,000 cycles as the fabric became loose, and then 

maintained stable ever since. Note that the resistance of the fabric was lower when stretched, 

because the tightening of the loop knitting structure improved the contact between each individual 

yarn. As a proof of concept, we demonstrate the application of the Cu-coated Kevlar knitted fabrics 

as strain sensors. Figure 3A shows the relative resistance change of the knitted fabric during cyclic 

stretch and compress at 10% strain with different frequencies. The fabric showed ~ 70% change 

in resistance at 10% strain regardless of the stretch-compress frequencies. The quasi-linear and 

minor hysterisis behavior (Figure 3B) of resistance cahnge versus strain enabled the great potential 



  

of the knitted Cu-coated Kevlar fabric for strain sensing. Figure 3C shows the resistance change 

of the fabric according to stepwisely increased strain. The resistance decreased ~ 1 Ω after every 

2% increased strain from 0 to 8%, but the change reduced to ~ 0.5 Ω when the strain increased 

from 8% to 10%. The result was consistent with the ΔR/R0-strain curves in Figure 3B.  

 

Importantly, multilayer metal coating can be realized on the conductive textiles via additional 

electrodeposition (ED) or galvanic displacement (GD) after the ELD process. Figure S6 shows a 

piece of cotton fabric coated with ELD Cu and ~ 5 to 7 µm-thick ED Au. The ED Au-coated cotton 

fabrics showed a very good water vapor permeability, which was almost identical to that of raw 

cotton fabrics (Figure 3D). As a result, such Au-coated cotton fabrics are very promising for 

wearable health monitoring devices without causing allergy or discomfort. Hence, we 

demosntrated the application of the ED Au-coated cotton fabrics for ECG monitoring. Figure 3E 

shows the front view and inside-out photographs of a stretchable ECG sensing t-shirt with the ED 

Au-coated cotton electrodes, which showed very similar appearance and comfortability to those 

of an ordinary t-shirt.  

 

More importantly, the ECG sensing t-shirt is washable (Figure 3F) thanks to the high adhesion 

between the metal and the textile material. We further tested the durability of the Au-coated cotton 

electrodes during repeated wash and abrasion tests. Figure 3G and H shows the sheet resistance of 

the Au-coated cotton fabrics during 50 cycles of repeated washing tests and 2,000 cycles of 

abrasion tests, respectively. The sheet resistance of the conductive fabric increased gradually from 

26.7 ± 3.5 mΩ sq-1 to 96.3 ± 13.1 mΩ sq-1 after 50 cycles of washing. Such variation in sheet 



  

resistance is negligible for ECG sensing. In the abrasion test, the sheet resistance of the Au-coated 

cotton electrodes increased from 22.2 ± 2.3 mΩ sq-1 to 643 ± 281 mΩ sq-1.As shown in Figure 3I, 

the performance of the t-shirt with Au-coated cotton electrodes (Au-initial) was almost identical 

to that of commercial disposable gel skin patches (gel patch control) for ECG sensing. More 

importantly, the performance of the Au-coated cotton electrodes was very stable during 50 cycles 

of washing (Au-intial to Au-50 wash cycles). In contrast, the commerical gel patch electrodes was 

out of function within 10 wash cycles due to the running-off of the gel electrolyte.  

 

 



  

Figure 3. Metal-coated textiles for strain and ECG sensing.  (A) ΔR/R0 of the Cu-coated knitted 

Kevlar fabric during 10% stretch-compress test at 0.0625, 0.25, and 0.5 Hz. (B) Hysteresis of the 

ΔR/R0 during one stretch-compress cycle at 0.25 Hz. (C) The resistance change of the Cu-coated 

knitted Kevlar fabric under stepwise increased strain (2% each step). e) (D) The weight loss of 

water in bottles sealed with cap, opened, sealed with raw cotton fabric, and sealed with Au-coated 

cotton fabric, respectively. Inset is a photograph of the samples. (E) Photographs of a stretchable 

t-shirt embroidered with Au-coated cotton electrodes for ECG sensing via a 3-lead method. (F) 

Photograph of the ECG sensing t-shirt (in the laundry bag labeled with red dashed circle) in a 

washer with 1.8 kg loading for the wash durability test. (G) and (H) The sheet resistance of Au-

coated cotton fabrics during repeated washing test and Martindale abrasion test, respectively. (I) 

ECG signals tested with the Au-coated cotton fabric electrodes after every 10 wash cycles. Gel 

path control refers to the ECG signals tested with commercial gel patch electrodes.  

 

Metal-coated Textiles for Li Metal Batteries 

The high interaction energy between Au and Li reduces the overpotential for Li nucleation, and 

thus results in a high uniformity of Li film plated on Au surface. 56 However, direct using of 

expensive Au current collectors would make the cost of Li batteries unacceptable. To overcome 

this issue, GD can be employed to decorating Cu-coated current collectors with Au. In addition, 

the GD reaction generates copper oxides, which could further improve the wetting of Li, as 

revealed by a recent research of our group. 57 Here, proof-of-concept Au-decorated Cu@cotton 

(Au-Cu@cotton) current collectors for Li metal batteries were obtained via GD reaction between 

HAuCl4 and Cu-coated cotton fabrics. One additional post-annealing process, which facilities the 



  

diffusion of Au into the underlying Cu layer, 58 was also adopted to increase the depth of Au-Li 

alloys in the Cu current collector.  

 

The high-resolution scanning electron microscopy (SEM) images (Figure S7) revealed the needle-

like nanocrystals on the surface of metals. The size of the nanocrystals showed no significant 

change after the GD and further thermal annealing process. The generation of Cu2O after the GD 

process was confirmed by the X-ray diffraction (XRD) patterns (Figure 4A). Figure S8 shows the 

X-ray photoelectron spectroscopy (XPS) survey of Cu, Au-Cu, and annealed Au-Cu coated cotton 

fabrics. The signals of Au 4f and Au 4d were observed from Au-Cu and annealed Au-Cu samples, 

indicating the successful decorating of Au after the GD process. The Cu 2p XPS spectra of as-

prepared Au-Cu and annealed Au-Cu (Figure 4B and C) were compared to study the change in Cu 

oxidation stage before and after the annealing process. The Cu2+ was partially reduced after the 

thermal annealing, as indicated by the decrease in ratios of Cu2+ (~934.5 eV) and satellites (~ 940 

to 945 eV) to Cu and Cu+ at ~ 933 eV. This result is consistent with previous reports on thermal 

annealing of partially oxidized Cu films. 59 Meanwhile, the thermal annealing process reduced the 

signals of Au 4f to ~ ½ of its original value after annealing, indicating the thermal induced diffusion 

of Au from surface to underlying Cu (Figure S9). The diffusion process increased the depth of Au 

and Au-Li alloys in the Cu current collector, which could further enhance the energy storage 

performance of Li metal batteries. 60  

 

The structure of the coin cells with Au-Cu@cotton current collectors is illustrated in Figure 4D. 

The morphologies of the electro-deposited Li on the current collectors were characterized with 



  

SEM to study the wetting of Li on the current collectors. Figure 4E and f show SEM images of Li-

plated Cu@cotton and Au-Cu@cotton current collectors, respectively. After 10 h electrochemical 

deposition, the Li on the Cu current collector showed a poor coverage and a mossy morphology 

(red dashed circle area). The cross-sectional image reveals the accumulation of > 100 µm-thick Li 

on the top surface of Cu@cotton current collector, indicating a poor affinity of Li render 

promiscuous nucleation on the current collector. Fortunately, the decoration of Au on the current 

collector improved the affinity of Li on the current collectors significantly. The coverage and 

uniformity of Li on Au-Cu@cotton were notably higher than those of Li on Cu@cotton (Figure 

4F). As shown in the cross-sectional image, the Li was spatially distributed in the entire current 

collector thanks to the good affinity to Au-Cu@cotton. The good affinity of Li to the Au-

Cu@cotton can also be supported by its low plating overpotential. To study this, we demonstrated 

the charge-discharge curves of a control coin cell with Cu@cotton current collector and a coin cell 

with Au-Cu@cotton current collector. The coin cells went through 2 charge-discharge cycles as 

an activation process. As shown in Figure 4G and H, the coin cell with Au-Cu@cotton current 

collector showed a much smaller overpotential of 15 mV than that of the control device with Cu 

current collector (27 mV) at the 3rd cycle. The overpotentials of coin celles based on both 

Cu@cotton and Au-Cu@cotton current collectors became smaller in the following cycles, 

stabilized at 19 mV and 14 mV after 20th cycle, respectively. It is worth noting that the potential 

hysteresis of Au-Cu current collector-based devices (~ 30 mV) was also lower than that of Cu 

current collector-based devices (~ 40 mV), which indicates a good interface between Au-

Cu@cotton current collector and Li. To show the electrochemical performance of the Au-

Cu@cotton current collector, the coulombic efficiency (CE) of the coin cell with Au-Cu@cotton 

current collector was demonstrated in Figure 4I. The CE of the coin cells were tested in a partial 



  

capacity of 2 mAh cm−2 at a current density of 1 mA cm−2. The CE of the control device with 

Cu@cotton current collector was stable for the initial 30 cycles, and then decreased rapidly to 80% 

after 80 cycles. In contrast, the coin cell with Au-Cu@cotton current collector showed a 

significantly higher retention of > 96.5% after 80 cycles, indicating a very good stability of the 

Au-Cu@cotton current collector.  

.  

 

Figure 4. Metal-coated textiles for Li metal batteries. (A) XRD patterns of Cu and Au-Cu on 

cotton fabrics. The arrow indicates the (111) peak of Cu2O. (B) and (C) XPS Cu 2p detailed spectra 

of as-prepared Au-Cu and annealed Au-Cu, respectively. (D) Schematical illustration of a coin cell 



  

with the Au-Cu@cotton current collector. (E) and (F) SEM images of Li-plated Cu@cotton and 

Au-Cu@cotton current collectors, respectively. The red dashed circle in (E) labels the area with 

poor Li coverage. The dashed lines in the cross-section images indicate the areas plaited with Li. 

(G) and (H) The charge and discharge curves of coin cells with Cu@cotton and Au-Cu@cotton 

current collectors, respectively (enlarged plots are shown in insets). (I) Columbic efficiencies of 

coin cells based on Cu@cotton and Au-Cu@cotton current collectors during 80 charge and 

discharge cycles. 

 

Conclusions 

In summary, we have reported a facile and R2R-compatible solution process, namely r-PAMD, to 

deposit metals on multiple hydrophilic and hydrophobic textiles such as cotton, glass fiber, Kevlar, 

polyester, nylon, and carbon cloth. In comparison to all the existing technologies, r-PAMD 

significantly shortens the pretreatment process from tens of minutes or even hours to 3 min, which 

makes it very convenient and low-cost for metal deposition on textiles. Importantly, r-PAMD 

required no destructive pretreatment of the textiles that may lead to deterioration of the textile 

properties. The E-textiles showed a good conductivity, a high mechanical strength, and a high 

adhesion during repeated wash and abrasion tests. As a result, the performance of strain sensors 

and the electrodes for ECG sensing based on the r-PAMD method was very stable under 50 

machine washes and 2,000 abrasion rubbings. For the Li metal battery applications, the galvanic 

displacement of Au on r-PAMD Cu was found effective for improving the performance of batteries, 

because the displacement reaction generates Li-affinitive Au and Cu2O. These results indicated a 



  

great potential of the r-PAMD approach to fabricating a wide range of E-textile materials and 

devices toward wearable electronics. 
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