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ABSTRACT

Flexible conductive glass fibers had widespread acquired attention in the field of

electromagnetic interference shielding, sensor, and intelligent wearable devices.

However, commercial fiberglass (FG) were insulators that greatly limit their

application fields. Herein, flexible single FG with diameter of nearly 25 lm was

manufactured by a home-made equipment. Then the surface of FG was further

functionalized by dopamine self-polymerization and formed a polydopamine

linker layer to chelate Ag(I) ion. Finally, the consecutive silver nanoparticles

were coated on PDM/FG (polydopamine/fiberglass) via electroless plating

method (Ag-PDM/FG). The SEM, XPS, and XRD results demonstrated that the

silver layer on the FG surface was compact, uniform, continuous, and in a

metallic crystal state. The Ag-PDM/FG exhibited excellent electrical conduc-

tivity as high as 2.49 9 106 S m-1 and could easily operate as a conductive wire

for a LED device. Furthermore, the Ag-PDM/FG maintained its original con-

ductivity even under various bending angles due to the stable Ag-coated layer.

This work opens a new avenue for preparing flexible, continuous, and con-

ductive FG with easy operation for wearable devices.

1 Introduction

The metallic layers (e.g., Ag, Cu, and Ni) supported

on substrate of powders, fibers, fabrics, and micro-

sphere materials had been attracted extensive atten-

tion owing to a series advantages of high

conductivity, wear resistance, chemical stability, and

electromagnetic interference (EMI) shielding capacity

[1–8]. Fiberglass (FG) reinforced composites exhibit

excellent properties, including high strength, high

modulus, and anti-corrosion, which had been wide-

spread applied in many fields [9, 10]. In recently,

several physicochemical modifications were devoted
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to develop FG-based materials with novel character-

istic for application in electric conductivity, color,

luminescence, and sensor [11–14]. Many technologies

had been implemented to prepare metallic coatings

on substrate (e.g., FG, cotton), such as electrolytic

deposition, sputtering, physical vapor deposition

(PVD), and electroless plating [3]. However, the

sputtering and PVD approaches were relied costly

and complicated equipment, which severely limited

their applications in large scale. Besides, compared

with electroless plating route, the electrolytic plating

technology suffered from series disadvantages of

long-time expending, high price of power and less

efficient during deposition process [2, 3, 15, 16]. In

addition, the thickness and uniformity of metallic

layer cannot be satisfied via using electrolytic plating

method. It should be noted that the electroless plating

technique was considered as a promising technique

to generate metal-covered fabric owing to its advan-

tages of operation-easy, cost-inexpensive, and envi-

ronment-friendly [2, 17]. Until now, various mono-

metals or alloys, including Ag, Cu, Ni, and Cu–Ni,

had been plated on FG through electroless depositing

strategy [17–22]. Liu investigated the effect of volume

(NH3�H2O) and deposition time on electroless plating

of metallic nickel layer on glass-fabrics’ surface. The

volume resistivity of the glass fabric@nickel could

reach as high as 6.25 9 10-3 X cm [21]. Xu et al.

reported cobalt covering formed by electroless plat-

ing approach displayed excellent ferromagnetic per-

formance with a saturation magnetization of 65 emu

g-1 and improved coercivity up to 250 Oe, respec-

tively [22].

Despite these achievements, conventional metal-

coated FG composites usually limited by complicated

activation and sensitization process, and costly noble

metals (e.g., PdCl2) [19–22]. Recently, surficial modi-

fied FG with functional group, such as –NH2, –SH,

and –COOH [23–26], were alternatively developed to

replace traditional activation-sensitization proce-

dures. For instances, Liaw and coworkers explored

the Ag layer supported on FG without roughening,

sensitization, and activation processes. Instead,

tetraethoxysilane was employed as modification

reagent, which acted as a linker between silver ions

and FG, result in a strong adhesion of Ag nanopar-

ticles on FG [23]. Liu et al. reported a novel graphene-

coated glass fiber composites with conductivity as

high as 4.5 S m-1 and maintained original conduc-

tivity after different levels of bending through

electrostatic adsorption and hydroiodic acid reduc-

tion methods [24]. Kim et al. also presented a novel

approach for the fabrication of conductive textiles

coated with reduced graphene oxide. The conductive

textiles exhibited a high electrical conductivity of

1000 S m-1 and maintained the conductivity under

harsh conditions, such as repetitive twist for many

times, low, and high temperatures [25].

Recently, great efforts had been devoted to prepare

various conducting materials with merits of high

electrical conductivity, low-cost and corrosion resis-

tance for EMI and other potential applications

[27, 28]. The conductive flexible fiber was a

prospective candidate to form successive route for

electric transmission with less dosage compared to

that of powder materials. Meanwhile, the conductive

fiber exhibited plenty merits in maintaining its orig-

inal mechanical stability even under different bend-

ing extent, which could satisfy the demands of

commercial application in field of flexible devices

[25]. Furthermore, there several efforts were

employed to modify and prepare conductive FG as

conductor for promising fields [19–26], but a simple

and effective method was still urgent for preparing

functionalized FG. Specially, development of contin-

uous and flexible FG as conductive wire for the

emerging fields had become a new research topic.

In this study, FG with diameter of 25 lm was

prepared in our laboratory and immersed in dopa-

mine aqueous solution (24 h, and pH of 8.5) to pre-

pare an adhesive self-polymerized polydopamine

coating on its surface. The polydopamine layer with

abundant functional groups including –OH, and –

NH2 served as a linker between FG and Ag(I) ions,

which was favorable for the compact, continuous,

and uniform Ag layer supported on FG via electro-

less plating method. The results prove that both the

polydopamine layer and Ag particles were strong

adhesion on surface of FG, and the electrical con-

ductivity of Ag-PDM/FG could be as high as

2.49 9 106 S m-1 and could keep still superior con-

ductivity under different flexion angles. Moreover,

Ag-PDM/FG was applied easily as a conductive wire

for a LED device even after different levels of

bending.
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2 Experimental

2.1 Materials

The conventional alkali-free glass marble (E glass)

was supplied by Zigong dengguan FG Co., Ltd

(Sichuan, China). Silver nitrate (AR, C 99.0%,

AgNO3), sodium hydroxide (AR, 97.0%, NaOH),

seignette salt (AR, 99.0%, NaKC4H4O6) and ammo-

nium hydroxide (AR, 25–28%, NH4OH) were pur-

chased from Sinopharm Chemical Reagent Co., Ltd.

3-Hydroxytyramine hydrochloride (98.0%, dopa-

mine-HCl) was applied by Nanjing aoduofuni

biotechnology Co., Ltd (Nanjing China). Tris (hy-

droxymethyl) (C 99.9%) was purchased from Sino-

pharm Chemical Reagent Co., Ltd. All the reagents in

this experiment were used without any depuration.

2.2 Preparation of FG

Fiberglass (FG) was manufactured in a home-made

equipment. First, alkali-free glass marble was put

into a Pt–Rh alloy constructed crucible at tempera-

ture of 1230–1260 �C, and then the molten glass

pulled from crucible to assemble on a winder with

different rotation speed using water as sizing coated

on it. The obtained FG was washed several times

with acetone and deionized water, and then cut into

2–4 cm for future use.

2.3 Polydopamine self-polymerization
on FG

FG was immersed and stirred in dopamine aqueous

solution for 24 h at room temperature in dark place

with pH of 8.5 by adding tris. The concentration of

dopamine in aqueous solution was 1.0, 1.5, 2.0, 2.5,

3.0, and 4.0 g L-1, respectively. The above poly-

dopamine functionalized FG (PDM/FG) was washed

several times with deionized water and dried under

vacuum freeze-dried oven for 12 h.

2.4 Electroless plating of silver on surface
of PDM/FG

Deposition silver thin layer on FG surface was oper-

ated by immersing PDM/FG in electroless plating

bath of 100 mL containing seignette salt, ammonium

hydroxide, and various concentration of silver nitrate

(4.0, 8.0, 1.2, 1.6, 2.0 g L-1) at room temperature. First,

the ammonia was slowly dropped into silver nitrate

aqueous solution until this mixed solution change

into clarification again. Then, 1.0 g of PDM/FG were

added into the above solution and stirred for 0.5 h.

Finally, the seignette salt was added with the same

concentration and volume of the silver nitrate. The

obtained Ag-PDM/FG (Ag-polydopamine/FG) was

washed by deionized water for several times and

dried in N2 atmosphere thoroughly.

2.5 Characterization

The surface morphology of the as-prepared samples

was investigated by a Phenom G2 Pro desktop

Scanning Electron Microscope (SEM). The high

magnification SEM images were observed by a S-4800

Microscope (Hitachi, Japan). The thickness of Ag

layer was recorded through SU8010 Microscope

(Hitachi, Japan). The FTIR spectra were investigated

under transmission mode by a Nicolet 6700 spec-

trometer (Thermo Fisher, America). The roughness of

PDM/FG was detected by Atomic Force Microscope

(AFM, Nano Scope IV, USA). The XRD patterns were

recorded by a D/max-2550 X-ray Diffractometer

(Rigaku, Japan). The surface chemical structures were

analyzed by an ESCALAB 250Xi X-ray Photoelectron

Spectroscopy (Thermo, USA). Electrical conductivity

of the obtained samples was investigated by a

CHI660E electrochemical workstation.

2.6 Measurement electrical conductivity
of Ag-PDM/FG

The electrical conductivity of Ag-PDM/FG was

investigated by a CHI760E electrochemical worksta-

tion, and calculated through following equation [24].

K ¼ L
.
Rp d=2ð Þ2

K conductivity, L length of Ag-PDM/FG, R the

resistance of Ag-PDM/FG, d diameter of Ag-PDM/

FG.

3 Results and discussion

In this work, the fiberglass (FG) was manufactured by

a home-made equipment. The digital image and

schematic diagram were preliminarily exhibited in

Fig. S1. Briefly, the FG was pulled from a Pt-Rh alloy

constructed crucible with molten glass in it at
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temperature around 1230–1260 �C, and then a winder

was applied to assemble continuous FG. The diame-

ter of FG could be simply controlled by the winder’s

rotation speed. As shown in Fig. S2, the SEM images

of the obtained FG exhibits smooth surface with dif-

ferent assembling rate of winder, showing 7.5, 11.9,

17.1, and 25.0 lm at rotation rate of 1000, 500, 300,

and 200 rpm (revolution per minute), respectively.

The preparation procedure for Ag-PDM/FG was

exhibited in Scheme 1. The conductive Ag-PDM/FG

composite was prepared by next two consecutive

processes: (i) FG was functionalized with dopamine

molecules through a facile pH-induced dopamine

self-polymerization strategy, resulting polydopamine

coated on the surface of FG, and (ii) conductive Ag-

PDM/FG was acquired using a room temperature

chemical bath reduction (electroless plating) method

using AgNO3 and seignette salt as metallic source

and reducing agent, respectively. The SEM images of

polydopamine-coated FG are exhibited in Fig. 1, as

shown, with increasing the concentration of dopa-

mine from 1.0 to 4.0 g L-1, the PDM/FG (poly-

dopamine/fiberglass) exhibited obvious aggregation

of small particles on FG surface (Fig. 1a–d). To date,

the mechanism of dopamine in situ spontaneous

oxidative polymerization was still not clear and a

possible mechanism is shown in Fig. 1e [29]. Fur-

thermore, the AFM images of PDM/FG at series self-

polymerization time is exhibited in Fig. 2, compared

to the smooth surface of clean FG (Fig. 2a), with the

increase polymerization time, the roughness increa-

ses (Fig. 2b–d), which is favorable for grabbing more

Ag(I) ion. PDM/FG was further investigated by

energy dispersive X-ray spectroscopy (EDS). The

SEM-EDS spectrum of the PDM/FG demonstrated

that the surface was uniformly composed of C, O, Al,

Si, and Ca element, and the C element with relatively

high atomic ratio could be attributed to poly-

dopamine molecule (Fig. 2e–g). Moreover, the cross-

sectional SEM images of PDM/FG were provided in

Fig. S3 to investigate the thickness of polydopamine.

From the SEM images, it could see clearly that the

PDM was irregularly loaded or agglomerated on

surface of FG, but the thickness of PDM was not

obviously measured from the images due to the thin

structure of PDM.

XPS was applied to investigate the chemical com-

position and valence structure of pure FG and PDM/

FG. For pure FG, the survey XPS spectra revealed

obvious signal of C 1s, Ca 2p, and O 1s (Fig. 3a). For

PDM/FG, the survey XPS spectra exhibited the

presence of C, N, and O element in sample (Fig. 3b).

The enhanced single of C 1s and N 1s were attributed

to dopamine self-polymerization on PDM/FG sur-

face in comparison to pure FG. The above results

confirmed that dopamine self-polymerization reac-

tion had already happened and the polydopamine

was successfully covered on the FG surface. In

addition, the thickness of polydopamine coating

above detecting depth of XPS technique result the

single of Ca 2p disappear in survey XPS spectra. As

shown in Fig. 3c, the curve fitted of high-resolution

XPS spectra of N 1s from PDM/FG emerged two new

peaks at binding energy of 398.7 eV and 400.0 eV,

assigned to –N= and –N–H [30–32], respectively,

while no obvious signal was received in pure FG

sample. Based on above self-polymerization mecha-

nism of dopamine (Fig. 1e), the =N– group was

obtained from the reconstituted structure of dopa-

mine derived the polydopamine molecule, while the

–N–H bond was supplied by the amine group in the

dopamine [33]. Figure 3d shows the spectra of C

Scheme 1 Schematic illustration for preparing the Ag-PDM/FG
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1s from neat FG, two peaks at a binding energy of

284.8 eV and 286.4 eV, responding to C–C and C–O

species [34]. For PDM/FG, there two new peaks were

obtained compared to that of pure FG, with a binding

energy at 285.4 eV and 288.3 eV, assigned to C–N and

C=O species from polydopamine molecule [35, 36],

respectively. The presence of abundant characteristic

functional groups (e.g., C=O, C–N, –N–H, and =N–)

of polydopamine from PDM/FG surface strongly

indicated that the dopamine was successfully formed

a thin film on FG. Further, the FTIR spectra of pure

FG and PDM/FG were provided in Fig. S4. It could

be clearly observed that the two obvious absorption

peaks at wavenumbers of 928 and 690 cm-1 from

pure FG appeared in Fig. S4, and new absorption

peaks occurred at 1248, 1502 and 1591 cm-1,

attributing to the C–O stretching, phenylic C=C

stretching, and N–H bending for series PDM/FG

samples under different concentration of dopamine,

respectively [37]. These results confirmed that the

PDM was successfully modified on the surface of FG.

The SEM images of Ag-PDM/FG based on differ-

ent concentrations of dopamine modified FG under a

certain concentration of silver nitrate of 12 g L-1 are

exhibited in Fig. 4. As shown, the polydopamine

layer played an important role in the procedure for

coating Ag nanoparticles on surface of FG. Deeper

deposited polydopamine could results an increasing

the silver particles loading due to increase the

number of species between the polydopamine and

Ag(I) ions, which was favorable for the nucleation

formation of silver nanoparticles. As a result, a

compact, and uniform silver nanoparticle formed

layer was supported on the surface of FG (Fig. S5).

The XRD patterns of Ag-PDM/FG under different

concentration of dopamine are exhibited in Figs. 5a

and S6a and c. Explicitly, two strong diffraction peaks

located at 38.2� and 44.3�, assigned to the (111) and

(200) crystal planes of metallic silver [38–40]. For FG

and PDM/FG, the broad diffraction peaks at around

25� was attributed to amorphous FG (Fig. 5a) [41]. In

addition, the Ag-PDM/FG were obtained by ultra-

sound rinsing before electroless plating Ag layer

which shown accordant results to those of free-ul-

trasound samples (for XRD results) (Fig. S6c). The

high-resolution XPS spectra of Ag 3d in Ag-PDM/FG

demonstrated that silver layer had been successfully

supported on the FG surface with a strong peak of Ag

(Figs. 5b and 6b, d). Specifically, the high-resolution

XPS spectra of Ag 3d for series Ag-PDM/FG were

displayed in Fig. S6b and d, two peaks at binding

energy of 368.4 eV and 374.6 eV related to Ag 3d1/2

and Ag 3d3/2, respectively, suggesting the presence

of Ag (0) species [42]. The explicit peaks of XRD and

XPS for series samples of Ag-PDM/FG confirm that

the Ag layer forcefully adhered on surface of FG.

The electrical conductivity of Ag particle-coated FG

was investigated by electrochemical workstation

Fig. 1 SEM images of the polydopamine-coated FG with different concentration of dopamine: a 1.0 g L-1, b 2.0 g L-1, c 3.0 g L-1, and

d 4.0 g L-1. e Possible mechanism for dopamine’s self-polymerization processes
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(Fig. S7). As shown in Fig. 6, an increasing electrical

conductivity of Ag-PDM/FG could be obtained at the

concentration region from 1.0 to 2.5 g L-1 due to the

enhanced loading of Ag layer, and reaching a value

of 2.30 9 106 S m-1. Nevertheless, further enhance-

ment concentration of dopamine could not lead to

further obvious increase of the electrical conductivity,

suggesting that the thickness of Ag layer on the FG

surface was not obviously changed. To investigate

the binding force between PDM and FG, the PDM/

FG was carried out electroless plating after ultra-

sound rinsing for 3 h (Fig. 6). The electrical conduc-

tivity of Ag-PDM/FG only show slight decrease

compared to free-ultrasound one and reach as high as

2.17 9 106 S m-1, indicating the strong compatibility

of polydopamine on FG. The morphologies of Ag-

PDM/FG synthesized by a 3.0 g L-1 of dopamine

modified FG and different concentrations of silver

nitrate are shown in Fig. 7. With a low concentration

of silver nitrate (e.g., 4.0 g L-1), the small and

uncompact silver nanoparticles were distributed on

the surface of PDM/FG (Fig. 7a). Further, an

increasing concentration of silver nitrate in electroless

plating bath from 8.0 to 20 g L-1 (Fig. 7b–e), resulting

an enhanced Ag nanoparticle, homogeneous and

compact conductive layer on the PDM/FG surface

(Fig. 7f). Moreover, the thickness of coated Ag layer

was also investigated from cross-sectional SEM

Fig. 2 AFM images of PDM/

FG with different

polymerization time: a 0 h,

b 6 h, c 12 h, and d 24 h.

e SEM-EDS spectrum of

PDM/FG. f Analyzed area and

g Atomic ratio of element
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Fig. 3 XPS survey of a FG and b PDM/FG. High-resolution XPS spectra of c N 1s and d C 1s in FG and PDM/FG

Fig. 4 SEM images of Ag-PDM/FG at different concentration of dopamine: a 1.0 g L-1, b 1.5 g L-1, c 2.0 g L-1, d 2.5 g L-1, e 3.0 g

L-1, f 4.0 g L-1, (concentration of silver nitrate was 12 g L-1)
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images (Fig. S8). The thicknesses of coated Ag film

are 192, 236, 283, 297, and 310 nm for silver nitrate

concentration of 4.0, 8.0, 12.0, 16.0, and 20.0 g L-1,

respectively (3.0 g L-1 for concentration of dopa-

mine). The thickness of Ag film increases rapidly at

relatively low concentration of silver nitrate (less than

12.0 g L-1), while under high concentration of silver

nitrate, the surface was already covered by sufficient

Ag ion and result in the slowly increased thickness of

Ag layer. Besides, the XRD and XPS data of Ag-

PDM/FG samples under different concentration of

silver nitrate are also investigated (Fig. S9) and

Fig. 5 a XRD pattern of FG, PDM/FG, and Ag-PDM-FG. b High-resolution XPS spectra of Ag 3d in Ag-PDM/FG. (2.0 g L-1 for

concentration of dopamine, 12.0 g L-1 for concentration of silver nitrate)

Fig. 6 Electrical conductivity

of Ag-PDM/FG under

different concentration of

dopamine (concentration of

silver nitrate = 12 g L-1)
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exhibited consistent results to those of other Ag-

PDM/FGs. In addition, the SEM images of before and

after ultrasound for 2 h without obvious structure

degradation proved that the Ag layer was strongly

adhered on FG surface (Fig. S10).

The electrical conductivity of Ag-PDM/FG under

various concentration of silver nitrate are exhibited in

Fig. 8a. As shown, the electrical conductivity of Ag-

PDM/FG rapid increase with the high concentration

of silver nitrate. However, the electrical conductivity

shown slightly improvement (from 2.32 9 106 S m-1)

when silver concentration more than 12.0 g L-1 due

to the saturated Ag coating and delivered optimal

conductivity of 2.49 9 106 S m-1. At low level con-

centration of silver nitrate, Ag ions grabbed by

functional groups in PDM was insufficient, when

silver nitrate concentration achieved high level, the

Ag ions may grab in groups sufficiently. In a word,

with assistant of polydopamine, the Ag particles

were successfully plated on FG surface. Further, the

Ag-PDM/FG maintained original conductive capac-

ity after different levels of bending due to its excellent

flexibility, as well as suggesting the stable Ag layer

on FG (Fig. 8b). The obtained Ag-PDM/FG could

easily operate as a conductive wire for a LED light

even under various bending angles, indicating its

promising application in intelligent electronic devices

(Fig. 8c).

4 Conclusions

FG with diameter of around 25 lm was success-

fully manufactured in our laboratory. A uniform

and rough polydopamine layer was adhered on

surface of FG by a facile and effective self-poly-

merization approach. PDM assisted electroless

plating strategy was developed to form compact

and conductive Ag nanoparticles layer strong

adhesion on FG even under ultrasound for 3 h. The

morphologies of metallic FG could be influenced by

concentration of dopamine and silver nitrate,

resulting a maximum electrical conductivity of

2.49 9 106 S m-1. The Ag-PDM/FG could keep

original electrical conductivity even under different

bending angles and easily operate as a conductive

wire for LED device. Our works may open a new

avenue for preparing flexible, and continuous, and

conductive FG with easily operated as conductive

wire for wearable devices.

Fig. 7 SEM images of Ag-PDM/FG at different concentration of silver nitrate: a 4.0 g L-1, b 8.0 g L-1, c 12.0 g L-1, d 16 g L-1,

e 20.0 g L-1. f Enlarged SEM image from e (concentration of dopamine is 3.0 g L-1)
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