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a b s t r a c t

In this study, we proposed a novel and efficient way to strengthen polyvinyl alcohol (PVA) fiber using

graphene quantum dots (GQDs). PVA molecular chains were grafted onto the surface of GQDs through

Friedel-Crafts alkylation reaction to obtain functionalized GQDs (f-GQDs), and PVA/f-GQDs composite

fiber was successfully prepared by wet spinning and post-treatment. The tensile strength and Young’s

modulus of the composite fiber reached up to 1229.24MPa and 35.36GPa which were approximately

twice and 4 times those of the pure PVA fiber, respectively. Moreover, the composite fiber was demon-

strated excellent resistance to solvents. In addition, the PVA/f-GQDs composite fiber showed intense and

uniform cyan fluorescence, meanwhile, it could maintain stable solid-state fluorescence in acid and alkali

solutions and particularly after long-term immersion in water (1 month). This study proposes a promising

route for obtaining high-performance conventional fibers with some new functions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High-performance fiber has become an important strategic ma-

terial for scientific and technological progress due to its wide range

of applications in industry, national defense, aerospace, medical

materials, and daily life [1,2]. Compared with the manufacturing

of intrinsic high-performance fibers, such as carbon fiber, aromatic

fiber, and ultra-high molecular weight polyethylene fiber, the high-

performance of regular fiber is more attractive due to its low cost

and ease of fabrication. Polyvinyl alcohol (PVA) has great potential

to prepare a high-performance fiber because of its similar structure

to polyethylene fiber and its high theoretical strength and theoret-

ical modulus [3]. Inspired by the successful preparation of high-

strength and high-modulus polyethylene fiber, gel spinning and

ultra-drawing have been the main approaches for manufacturing

high-performance PVA fiber. However, the improvement in perfor-

mance is greatly limited by the strong hydrogen bonding between

PVA molecular chains, although efforts have been made by many

scholars [4-8].

In recent years, due to the excellent mechanical properties

of carbon nanomaterials, they have attracted increasing attention

as reinforcing agents for polymeric materials. The introduction
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of one-dimensional carbon nanotubes (CNTs) [5,9-13] and two-

dimensional graphene oxide (GO) [4,14-17] to PVA fiber has been

a remarkable new way to improve the mechanical properties of

the fiber. Most of them are introduced to PVA fiber mainly us-

ing physical processes to increase interaction between them, with

surface treatment of nanomaterials [4,5,11,12] and the addition of

a compatibilizer [9,10,14,15] being common to increase the inter-

action and dispersity of carbon nanomaterials. However, chemical

bonding between carbon nanomaterials and PVA is a more effec-

tive method to improve the mechanical properties of PVA fiber,

because the covalent functionalization of CNTs can greatly improve

the stress transfer from the matrix to CNTs and the dispersity in

PVA. For instance, the addition of a small amount of CNTs cova-

lently functionalized with PVA through Friedel-Crafts alkylation re-

action leads to a significant increase in the tensile strength of f-

MWCNTs/PVA composite fibers [5].

Graphene quantum dots (GQDs) are zero-dimensional carbon

nanomaterials [18,19] that are becoming preferred nanofillers for

polymers due to their high stability [20], fluorescent properties

[21], facile surface functionalization [22], low toxicity [23,24], and

environmental friendliness [25,26], and more importantly, they in-

herit the excellent mechanical strength of graphene. By introducing

GQDs into the polymer system, highly stable polymer composites

based on GQDs can be prepared with excellent electrical and lumi-
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nescent response [27]. The studies regarding GQDs as fillers in PVA

matrices have mainly focused on optics [27-32], detection [28,30],

sensing [32], memristor [33], and permeation [34], most of which

are about their luminescence properties. Compared to CNTs and

GO as effective reinforcing agents, GQDs offer some unique mer-

its, higher specific surface area, more abundant active sites, and

better dispersibility, thus promoting their interaction and interface

compatibility with polymer matrices [19,35,36], so they have the

potential to be more suitable as reinforcing agents for the poly-

mer. Currently, research has been conducted on the use of GQDs

for the reinforcement of polymers in epoxy resin films [37], poly-

imide films [38], carbon nanofiber fabrics [39] and silk [40], or

the co-reinforcement of polymers with other materials [30,41,42].

However, there are few reports on the use of GQDs for the rein-

forcement of PVA, one of which is about PVA composite hydro-

gels formed by the strong hydrogen bonding between GQDs and

PVA and between poly(N-methylol acrylamide), with the compres-

sion fracture stress of the hydrogels twice higher than that of the

hydrogels without GQDs [30]. The other few reports only slightly

touch upon the enhancement of polymers using GQDs, but the en-

hancing effectiveness is obviously improved [43]. Apparently, GQDs

have the potential to effectively reinforce polymer materials, but

thus far, there have been no reports on the application of GQDs in

the field of fibers that can most reflect the enhancement effect.

Herein, we proposed an idea for the high-performance PVA

fiber by using GQDs as a reinforcing agent for the first time. PVA

functionalized GQDs (f-GQDs) were obtained by grafting PVA onto

GQDs via Friedel-Crafts alkylation reaction, and PVA/f-GQDs com-

posite fiber was prepared by wet-spinning and post-treatment. The

composite fiber was endowed with tensile strength of 1229.24MPa

and Young’s modulus of 35.36GPa which were approximately

twice and 4 times those of the pure PVA fiber, respectively. More-

over, the composite fiber was demonstrated excellent resistance to

solvents. Besides, GQDs endowed PVA fiber with unique fluores-

cent properties, expanding its use as high-performance PVA fiber

and increasing its potential for applications in textile, safety, and

environmental protection.

GQDs were prepared by incomplete carbonation of pyrolytic cit-

ric acid (CA), forming aromatic and aromatic clusters by aldol con-

densation and cycloaddition reactions in an easy and nonpollut-

ing process [13]. Fig. 1a shows that the prepared GQDs are well-

dispersed spherical particles with relatively uniform sizes, with a

particle size distribution ranging from 1.6 nm to 3.0 nm (Fig. S1

in Supporting information). The lattice spacing of 0.37nm in the

HRTEM image (the inset in Fig. 1a) and of 0.35nm in XRD pat-

tern (Fig. S2 in Supporting information) of GQDs is close to the

(002) diffraction plane of graphite [18], indicating the formation of

a graphite-like structure.

Fig. 1b shows the FTIR spectrum of GQDs, with a broad and

strong absorption band at 3444 cm−1 related to the stretching vi-

brations of -OH and unsaturated C–H bonds [35]. An absorption

peak at 1583 cm−1 and a shoulder at 1640 cm−1 are attributed to

the stretching vibrations of C=O in the defect sites of aromatic

conjugated alkenes and the skeletal vibrations of C=C conjugation.

Combined with the other absorption peaks of the spectrum, such

as in-plane bending vibration of -OH at 1396 cm−1, bending vi-

bration of C–O–C at 1230 cm−1, and stretching vibration of C–O

at 1080 cm−1, it can be inferred that the prepared GQDs contain

abundant oxygen-containing functional groups. The UV–vis absorp-

tion and PL spectrum of the obtained GQDs dispersion are shown

in Fig. 1c. The UV–vis absorption spectrum shows absorption peaks

at 218nm and 331nm, which are attributed to π-π ∗ and n-π ∗

transitions, respectively [35]. The optimal excitation (Ex) and emis-

sion (Em) wavelengths of GQDs dispersion are 366nm and 450nm,

respectively. Additionally, the inset of Fig. 1c shows that the ob-

tained GQDs dispersion appears nearly colorless under visible light,

while it exhibits intense blue fluorescence under 365nm UV light.

As shown in Fig. 1d, –OH on the PVA molecular chains is de-

protonated by the catalytic effect of anhydrous aluminum chloride

(AlCl3) and further dissociates to form PVA-C+. Then, the PVA-C+

Fig. 1. (a) TEM image of GQDs (inset: HRTEM image of GQDs). (b) FTIR spectrum of GQDs. (c) UV–vis absorption spectrum and PL spectrum of the GQDs dispersion (inset:

photographs of the GQDs dispersion under visible light and 365nm UV light). (d) Schematic diagram of grafting PVA molecular chains to the surface of GQDs by Friedel–

Crafts alkylation reaction. (e) 1H NMR spectra and (f) their local magnification of PVA fiber and PVA/f-GQDs(0.8) composite fiber.
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Fig. 2. (a) Diagram for preparation of PVA/f-GQDs composite fiber. Photographs

(i) and SEM images (ii) of (b) PVA fiber and (c) PVA/f-GQDs(0.8) composite fiber.

(d) Local enlargement of the surface of PVA/f-GQDs(0.8) composite fiber. (e) Cross-

section of PVA/f-GQDs(0.8) composite fiber after tension.

electrophilically attacks the active sites on the surface of the GQDs.

Subsequently, f-GQDs are prepared by grafting the PVA molecu-

lar chains onto the surface of the GQDs through the Friedel–Crafts

alkylation reaction.

Figs. 1e and f show the 1H NMR spectra and their correspond-

ing local magnification of PVA fiber and PVA/f-GQDs composite

fiber, respectively. In the 1H NMR spectrum of PVA fiber, the peak

at 3.3 ppm is attributed to the hydrogen protons of water, while

in the spectrum of PVA/f-GQDs(0.8) composite fiber, the peak is

significantly weakened. According to the structural formula in the

illustration of Fig. 1d, the characteristic peak at 3.3 ppm of hydro-

gen protons (position 7) corresponds to the connection between

the PVA molecular chains and GQDs, which suggests the reason

for the weakening of the water peak of the composite fiber. Ad-

ditionally, the three independent peaks of -OH in the spectrum of

the PVA fiber in the range of 4.1–4.7 ppm become a proton triplet

peak of the composite fiber, and the intensity of the peak signifi-

cantly weakened for the composite fiber, which is suggested to be

attributed to the change in the chemical environment of -OH due

to the chemical bonding between PVA and GQDs. As shown in Fig.

1f, in the 1H NMR spectrum of PVA/f-GQDs composite fiber, dis-

tinct proton peaks appear at chemical shifts of 9.4 ppm, 8.1 ppm,

7.2 ppm, 7.1 ppm, and 6.9 ppm, which are characteristic peaks of

proton hydrogens on the benzene-like ring (7.0–10.0 ppm) of GQDs.

In contrast, neither PVA fiber (Fig. 1f) nor PVA/GQDs blend fiber

(Fig. S3 in Supporting information) show peaks in this range, indi-

cating successful covalent bonding between GQDs and PVA molec-

ular chains in the composite fiber.

As shown in Fig. 2a, PVA/f-GQDs composite fiber is prepared by

wet spinning and post-treatment including multi-step hot draw-

ing and heat setting. Obviously, the mechanical properties increase

with the draw ratio and drawing step (Fig. S4 in Supporting infor-

mation), and heat setting (Fig. S5 in Supporting information). As

shown in Figs. 2b and c, similar to the PVA fiber, the surface of the

composite fiber is also smooth and flat, indicating intuitively the

uniformity of f-GQDs distribution within the fiber. However, from

the enlarged image, it can be observed that the surface of PVA

fiber appears still smooth (Fig. S6a in Supporting information), but

there are orderly arranged nanoscale grooves along the fiber axis

on the surface of the composite fiber (Fig. 2d). GQDs possessing

multiple active points not only covalently bonds with PVA chains

but also form more hydrogen bonds, which leads to the forma-

tion of an interpolymer network. This structure results in an un-

even structure, and therefore, one can see that there are many tiny

grooves on the surface of the composite fiber [8]. Comparatively,

the surface of PVA/GQDs blend fiber is quite smooth, and there

are no grooves at all (Fig. S6b in Supporting information), which

further proves the stronger interactions between GQDs and PVA

molecules.

Ordinarily, the fracture surface of PVA fiber is smooth (Fig. S6c

in Supporting information), but the fracture surface of the compos-

ite fiber becomes rough with uniformly distributed particles along

the tension (Fig. 2e). The particles are formed possibly because f-

GQDs can act as regional center points connecting PVA molecular

chains in the polymer matrix and can tangle with the surrounding

molecular chains, which seems to have some similarity with the

literature reports [36,44]. Thus, when subjected to tensile stress,

the fiber can effectively transfer loads to GQDs and improve the

slip resistance of the macromolecules, thereby increasing the over-

all strength and modulus.

As shown in Figs. 3a and b, the mechanical properties of the

composite fibers exhibit a trend of initial increase followed by

a subsequent decrease with increase f-GQDs loadings. It can be

noted that when the content of f-GQDs is less than 0.8 wt%, the

mechanical properties of the fibers increase gradually to the top

value of PVA/f-GQDs(0.8) composite fiber, while when the content

is more than 0.8 wt%, the reinforcing effect gradually decreases,

which may be related to the aggregation of the particles when

an excessive amount is added. At a content of 0.8 wt%, the ten-

sile strength and Young’s modulus of the fiber are as high as

1229.24MPa and 35.36GPa which are approximately twice and 4

times those of the pure PVA fiber, respectively. In addition, the me-

chanical properties of the composite fibers are also much greater

than those of PVA/GQDs(0.8) blend fiber (Fig. S7 in Supporting

information), indicating the better reinforcing effect caused by the

covalent bonding of GQDs with PVA. A PVA/f-GQDs(0.8) composite

fiber with a diameter of approximately 100μm is strong enough to

repeatedly lift a metal disc weighing 1kg (Video S1 in Supporting

information). Compared to the work reported in the relevant

literature on reinforcing PVA fiber with one-dimensional CNTs

[5,9,11,12], two-dimensional graphene nanosheets [16,17], cellulose

nanocrystals (CNCs) [6,7], cellulose nanofibers (CNFs) [45,46],

and others [2,8,47,48], the composite fiber of this work exhibits

significant advantages in terms of its mechanical properties

(Fig. 3c).

Fig. 3d shows a schematic of the reinforcement mechanism of

GQDs on PVA/f-GQDs composite fiber. As stated above, GQDs have

more active sites, larger specific surface area, and higher oxygen

content than CNTs and GO. On the other hand, in addition to

covalent interactions with PVA, the oxygen-containing functional

groups on the surface of GQDs, such as hydroxyl and carboxyl

groups, can also participate in hydrogen bonding interactions with

hydroxyl groups on PVA molecular chains. Therefore, GQDs can act

as regional center points connecting PVA molecular chains in the

PVA matrix (Fig. 3d, left), which is advantageous for transferring

stress from the PVA matrix to GQDs, particularly for the chains co-

valently bonding with GQDs. The PVA molecular chains connected

to the surface of GQDs are helpful to motion transmission between

the chains due to the regional center effect of GQDs, so the ori-

entation of the chains is more effective when subjected to tensile

stress. In addition, the chains connected to the surface of GQDs are

equivalent to increasing the length of PVA molecular chains, which

is conducive to the increase of mechanical properties. Meanwhile,
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Fig. 3. (a) Stress-strain curves of PVA fiber and PVA/f-GQDs composite fibers with different f-GQDs loadings. (b) Tensile strength and Young’s modulus based on the stress-

strain curves. (c) Tensile strength and Young’s modulus of PVA/f-GQDs(0.8) composite fiber in comparison with those of PVA composite fibers from the literature. (d)

Reinforcement mechanism of GQDs on PVA/f-GQDs composite fiber.

Fig. 4. (a) FTIR spectra of PVA fiber and PVA/f-GQDs composite fibers. (b) DLS size distribution of GQDs in PVA dispersions with different GQDs loadings. (c) SEM of the

cross-section of PVA/f-GQDs composite fibers after tension with different f-GQDs loadings. (d) The orientation factor fs of the composite fibers with different f-GQDs loadings.

(e) XRD patterns and (f) DSC curves of PVA fiber and the composite fibers.

improving the interaction between the chains greatly increases the

anti-slip ability of the molecular chains (Fig. 3d, right).

As shown in Fig. 4a, when f-GQDs are less than 0.8 wt%, the

peak attributed to the hydroxyl group of PVA at 3303 cm−1 shifts

to a low wavenumber of 3269 cm−1 for PVA/f-GQDs(0.8) compos-

ite fiber, which suggests an enhancement of hydrogen bonding be-

tween GQDs and PVA [4]. However, when the f-GQDs are more

than 0.8 wt%, the peak shifts to a slightly higher wavenumber, in-

dicating an increase in the number of free hydroxyl groups, possi-

bly because of the decrease in the number of active sites caused by

the aggregation of f-GQDs. Fig. 4b shows that the particle size of

GQDs increases with increasing GQDs content in PVA dispersions,

particularly when the GQDs content is 2.0 wt%, the size is notably

large, and the distribution is broad (240–550nm), indicating obvi-

ous aggregation. When the GQDs content is less than 0.8 wt%, the

particle size is less than 100nm, and the size distribution is nar-

row, suggesting good particle dispersion and interaction between

GQDs and PVA chains. However, as shown in Fig. 4c, different from

GQDs in PVA dispersions, f-GQDs in PVA/f-GQDs composite fibers

show larger sizes, which is suggested to result from the interac-

tion of many PVA chains with f-GQDs due to the chain orientation

during fiber processing. Nevertheless, with f-GQDs loadings higher

than 0.8 wt%, aggregation happens, for example at 2.0 wt% block

of f-GQDs seems to have formed, which is an important reason for

the decrease of the enhancement effect for the composite fibers

with the f-GQDs loadings more than 0.8 wt%.
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Fig. 5. (a) Fluorescence emission spectra of PVA fiber and PVA/f-GQDs(0.8) composite fiber (inset: CIE 1931 chromaticity diagram of the composite fiber). Fluorescence emis-

sion spectra of (b) the composite fiber under different excitation wavelengths and (c) the composite fiber after being soaked in water for different time (inset: photographs of

the composite fiber under 365nm UV light). (d) Fluorescence microscopy images of PVA fiber (d1–d3) and the composite fiber (d4–d6) under different excitation wavelengths.

(e) Photographs of PVA fiber and the composite fiber hanging a loading and immersed in water under visible light (left) and 365nm UV light (right). (f) Photographs of the

composite fiber sewn onto black fabric under visible light (left) and soaked in an alkaline aqueous solution under 365nm UV light (right).

As shown in Fig. 4d, the orientation of the composite fibers is

greater than that of the PVA fiber and shows a first increasing and

then decreasing trend with increasing f-GQDs content, which is

consistent with the statement that GQDs as regional center points

effectively promote the orientation of the molecular chains along

the fiber axis. It is worth noting that PVA/f-GQDs(0.8) composite

fiber has the highest orientation factor (fs) of up to 0.90, which

is 28% greater than that of the PVA fiber. Fig. 4e shows that the

XRD patterns of PVA/f-GQDs composite fibers still maintain the

characteristic peaks of the PVA fiber, but the peak intensities of

the composite fibers are all greater than those of the PVA fiber.

As shown in Table S1 (Supporting information), high peak intensi-

ties correspond to high crystallinity and to high mechanical prop-

erties. PVA/f-GQDs(0.8) composite fiber also has the highest crys-

tallinity of 52.51%, corresponding to the highest strength and mod-

ulus. Similarly, the trend of crystallinities calculated according to

the DSC curves is consistent with that calculated based on XRD.

By the way, as shown in Fig. 4f, the addition of f-GQDs reduces

the melting temperature of PVA fiber, which may be caused by

the crosslinking and branching due to the graft of the crosslinker

[30]. In conclusion, high crystallinity is related to the high orienta-

tion stated above and effective crystallization nucleating agents of

f-GQDs in the PVA matrix, while the improved mechanical prop-

erties are attributed to the improved crystallinity and orientation

due to the introduction of f-GQDs. Moreover, after being exposed

to acid, alkali, deionized water, and DMSO for 120h, the retention

rates of the mechanical properties of the composite fiber are main-

tained at a rate of approximately 85%, demonstrating excellent re-

sistance to solvents (Fig. S8 in Supporting information). Meanwhile,

the composite fiber shows good resistance to simulated seawater

(Fig. S9 in Supporting information).

Fig. 5a shows the fluorescence emission spectra of PVA fiber

and PVA/f-GQDs(0.8) composite fiber. There is no fluorescence

emission peak for the PVA fiber under the excitation, that is, the

PVA fiber does not emit fluorescence, while the composite fiber

exhibits a fluorescence emission peak at 470nm under an excita-

tion wavelength of 365nm. Meanwhile, PVA/GQDs(0.8) blend fiber

also shows a fluorescence emission peak at 462nm under the same

excitation wavelength (Fig. S10a in Supporting information), indi-

cating the fluorescence properties of PVA fiber endowed by GQDs.

A slight red shift of 8 nm is observed for the composite fiber with

respect to the blend fiber. This result may be caused by the pres-

ence of PVA molecular chains covalently attached to GQDs, which

possess extended conjugation (aromatic) structures and hence dis-

rupt the sp2 network of GQDs and alter the optical properties of

GQDs [49]. The inset of Fig. 5a shows that the CIE coordinate of the

composite fiber is (0.2092, 0.2539), to which the standard cyan flu-

orescence (0.1666, 0.2140) is the closest. The excitation-dependent

emission spectra recorded for the composite fiber (Fig. 5b) are sim-

ilar to the corresponding spectra of GQDs in aqueous solution (Fig.

S10b in Supporting information), thus confirming that the polymer

matrix does not disrupt the fluorescence properties of the added

GQDs.

As shown in Fig. 5c, compared to the original, the fluores-

cence intensity of the composite fiber soaked in water for even

1 month is almost unchanged. After the composite fiber is tied

into a butterfly-shaped knot soaked in water for 1 day and then

1 month, under 365nm UV light, the fiber maintains the shape

and intense cyan fluorescence (the inset in Fig. 5c), demonstrat-

ing that the composite fiber can maintain stable solid-state fluo-

rescence. As shown in Fig. S11 (Supporting information), the su-

perior hydrophobicity and water resistance of the composite fiber

compared to pure PVA fiber is suggested to be one of the main

reasons for this.

Fig. 5d shows fluorescence microscopy images of PVA fiber (d1–

d3) and PVA/f-GQDs(0.8) composite fiber (d4–d6). The composite
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fiber exhibits stronger blue fluorescence than the PVA fiber un-

der UV excitation (d1, d4). When the excitation light is switched to

blue and green, the PVA fiber does not fluoresce (d2, d3), whereas

the composite fiber exhibits intense and uniform green and red

fluorescence, respectively (d5, d6). Comparatively, PVA/GQDs(0.8)

blend fiber only shows dim and uneven fluorescence (Fig. S12

in Supporting information), which infers that covalent bonding of

GQDs with PVA chains is helpful to enhance dispersion of the

GQDs particles within the PVA matrix, resulting in the superior flu-

orescence performance of PVA/f-GQDs(0.8) composite fiber.

The excellent mechanical properties and high retention rate

in different water environments, and intense fluorescence perfor-

mance as stated above make the PVA/f-GQDs composite fiber have

the potential to be used as fishing nets or threads in water. As

shown in Fig. 5e, PVA fiber with a fish-shaped weight hanging in

water is almost invisible under both visible and UV light (Fig. 5e,

left), while the composite fiber is easily observable under visible

light and exhibits intense cyan fluorescence under 365nm UV light

(Fig. 5e, right), making the fiber highly identifiable underwater and

facilitating safe operation under nighttime or low visibility condi-

tions. As shown in Fig. 5f and Fig. S13 (Supporting information),

the “net-like” pattern of the composite fiber on the fabric is also

hard to see under visible light (Fig. 5f, left), but clearly visible un-

der UV light. The “net” is clearly visible under UV light in aque-

ous conditions at pH 8 (Fig. 5f, right), pH 6 and 7, and the fiber

is equally visible in aqueous conditions at pH 4 and 9, indicating

stable fluorescence performance in aqueous solutions at different

pH.

In this work, we developed an effective strategy for high-

performance of PVA fiber with the function of fluorescence for

the first time. Covalent interactions between the PVA molecular

chains and the surface of GQDs are established in PVA compos-

ite fiber through the Friedel-Crafts alkylation reaction, which ef-

fectively exerts the reinforcing effect of the GQDs. Moreover, rich

active sites on GQDs surface are conducive to forming covalent and

hydrogen bonding interactions with PVA molecular chains, leading

to improved orientation of the fiber molecular chains. The tensile

strength and Young’s modulus of the composite fiber reached up to

1229.24MPa and 35.36GPa which were approximately twice and 4

times those of the pure PVA fiber, respectively. Moreover, the com-

posite fiber is demonstrated excellent resistance to solvents. In ad-

dition, the PVA/f-GQDs composite fiber has intense and uniform

cyan fluorescence, meanwhile, it can maintain stable solid-state

fluorescence in acid and alkali aqueous solutions and particularly

after long-term immersion in water (1 month). This work provides

a practical pathway for conventional fibers to achieve high perfor-

mance along with endowing some functions by introducing appro-

priate reinforcing agents.
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