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ABSTRACT

Titanium dioxide (TiO2) is an outstanding photocatalytic semiconductor, but

wide band gap of TiO2 significantly restricts its photocatalytic performance.

Graphene possesses promising mechanical, optical and electrical properties.

Relying on the excellent gain effect of graphene quantum dots (GQDs) on

conductivity, unique up-conversion photoluminescence property and remark-

able dye adsorption, the photoelectric properties of TiO2 can be significantly

improved. In this study, a novel structure of GQDs-decorated TiO2 nanofibers

was successfully prepared by electrospinning and hydrothermal synthesis

procedures. The synthesized GQDs/TiO2 nanofibers composite exhibited a one-

dimensional structure. The results show that introduction of GQDs prohibits the

adverse recombination between photoinduced charges and prolongs the exis-

tence time. The photocatalytic properties characterization results show that 10%

mass fraction of GQDs in composite nanofibers has the best degradation activity

with its ultrafast electron transport rate and low electron–hole pair recombi-

nation rate.

Introduction

With the evolution of society and the development of

science and technology, global environmental pollu-

tion has been kept increasing and has become a

burning issue that needs urgent solution. Emission of

hazardous chemicals in the procedure of using fossil

fuels poses a huge burden to the clean-up of the

environment [1, 2] and has become a major problem

that restricts sustainable development. One among

the most devastating problems our environment

Handling Editor: Annela M. Seddon.

Address correspondence to E-mail: peipeihuo@sdut.edu.cn; liub@sdut.edu.cn

https://doi.org/10.1007/s10853-020-05352-5

J Mater Sci (2021) 56:2138–2149

Chemical routes to materials

http://orcid.org/0000-0003-4508-4036
http://orcid.org/0000-0002-0684-7400
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-020-05352-5&amp;domain=pdf


faces is the large amount of sewage emission con-

taining harmful substance. It costs a lot of manpower,

material resources and financial resources on the

cleaning of industrial waste water every year, and it

also brings secondary pollution in the process of

environmental management. Conventional processes

involve unnecessary intermediate by-products that

require complex post-treatment to resolve. In con-

trast, photocatalysis stands out as an effective way to

use sustainable solar energy to decompose pollutants

with environment friendly advantage. In recent

years, semiconductors photocatalysis has been highly

valued by the scientific community because of good

photocatalytic efficiency, low price, high stability and

extensive degradation. In semiconductors’ photocat-

alytic scenario, solar energy can be absorbed and

utilized by semiconductors owing to their distin-

guished electronic states. An irradiation light with a

surplus energy compared with the band gap can

excite electrons, therefore separating electron and

holes. The photoinduced charge carriers can subse-

quently degrade organic pollutants.

Among those many semiconductors that are

enabled to photodegrade environmental pollutants,

titanium dioxide (TiO2) is the mostly intensively

investigated [3–6]. TiO2 has generally excellent fea-

tures including non-toxicity, chemical stability and

photocatalytic properties to extensively degrade

various organic pollutants. Therefore, TiO2 catalyst

has a wide application prospects in the fields such as

environmental treatment and solar cells [7–9]. How-

ever, photocatalytic properties of TiO2 is by a great

deal limited by TiO2’s band gap (3.2 eV), resulting in

light absorption limited to the ultraviolet region, thus

leading to a relatively poor photocatalytic efficiency

with visible light. Upon irradiation, photogenerated

electron–hole pairs (EHPs) are formed and then

organic matter is decomposed by strong oxidation of

holes and active hydroxyl radicals. Nonetheless, the

EHPs exhibit an enormously short life time before

their recombination (10–9 s), which hampers the

evolution of photocatalysis procedure. Therefore,

poor solar light efficiency and high charge carrier

recombination rate are two major disadvantages for

TiO2 photocatalysis [10–12].

There have been many approaches to modify the

current photocatalysis; for example, a two-dimen-

sional system could provide sufficient active sites and

good transport properties [13], and a plasmonic

photocatalyst could exhibit excellent visible-light

harvesting ability [14]. It is especially important to

modify TiO2 by some technical means to narrow

down the band gap width, facilitate the electron

transfer, or expand the light-responsive region. One

promising solution which could solve the problem is

to utilize various approaches such as metal or non-

metal elements doping into TiO2 [15–18] and use of

quantum dots possessing small band gap [6, 19],

which was reported to be able to span the UV plus

visible segment in solar spectrum [19]. Graphene is a

monolayer crystal of graphite with its carbon atoms

arranging as honeycombed crystal lattices with sp2

hybridization orbits [20]. As fragments of graphene,

graphene quantum dots (GQDs) are 0-dimensional

nanomaterials [21, 22]. Because the movement of

electrons in all directions is limited by small size, the

quantum confinement effect of GQDs is particularly

remarkable [23, 24]. Besides high conductivity and

photoluminescence (PL) effects, GQDs also have

many novel chemical and physical properties such as

highly accessible surface areas, high chemical stabil-

ity, low cytotoxicity, very good biocompatibility and

excellent water solubility. Thanks to these advan-

tages, GQDs show great prospects in optoelectronic

devices, detectors, bio-imaging, etc.[25].

There have been previous attempts of composing

TiO2 with GQDs materials. GQDs-decorated TiO2

was prepared where the synergetic effect of GQDs

led to enhancement in visible-light absorption and

inhibition in EHPs’ recombination greatly [26–29].

However, most of the studies investigated the TiO2

nanoparticle-based photocatalytic performance. Pre-

vious investigations indicate that one-dimensional

TiO2 nanofiber structure could bring extra superior-

ities over those nanoparticle counterparts. Those

beneficial factors contributed by one-dimensional

structure include better crystallinity, low density of

surface defects and direct transfer channel enabling

the acceleration of electron transport and more effi-

cient inhibition of interfacial recombination rate. In

addition, effective contact between photocatalysts

and pollutants was endowed by large surface area.

Moreover, a more convenient separation and recov-

ery was enabled by collecting the accumulated

nanofibers forming a unique mascroscopic mat [2].

It has been demonstrated that combining one-di-

mensional TiO2 nanomaterials with GQDs provides a

credible solution tackling the problem of organic

pollutants. In one of our previous publications [2],

one-dimensional TiO2 nanofibers matrix has been
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successfully prepared by means of electrospinning,

which provides a good substrate for the successive

combination with GQDs. The GQDs were obtained

from graphene sheets with an average size about

2–3 lm by hydrothermal stripping. A novel structure

of GQDs-decorated one-dimensional TiO2 electro-

spun nanofibers was successfully synthesized. The

composite exhibited a one-dimensional structure

with diameters around 200 nm. In addition, its pho-

tocatalytic degradation properties for methylene blue

(MB) were examined. The as-prepared TiO2/GQDs

were tested to display a superior photocatalytic per-

formance with comparison to pure TiO2 nanofibers.

Experimental

Materials

Tetrabutyl titanate (TBT, 5593-70-4 (CAS No.), C

98.0% (purity)), polyacrylonitrile (PAN, 25014-41-9,

Mw = 150,000), methylene blue (MB, 61-73-4, 95%),

polyvinylpyrrolidone (PVP, 9003-39-8, Mw-

= 1,300,000), dimethylformamide (DMF, 68-12-2, C

99.5%), acetic acid (64-19-7, C 99.8%), graphene

(1034343-98-0, 97%) and ammonium hydroxide

(1336-21-6, 25–28%) were commercial products, and

deionized water was self-made.

Synthesis of TiO2 hollow nanofibers (TiO2

HNFs)

Electrospinning technique and subsequent calcina-

tion were used to synthesize TiO2 HNFs. A weight of

2.5 g TBT was added drop-wise to 2.5 g of acetic acid

with continuous stirring to prepare electrospinning

solution. Another solution containing 2 g of PVP, 1 g

of PAN and 20 g of DMF was mixed with stirring.

Then, this mixture was mixed with the above TBT

solution. The electrospinning parameters are as fol-

lows: The flow rate of precursor solution in the syr-

inge was set to 0.05 mm/min, output voltage is

15 kV, distance from needle to receiver collector is

20 cm, temperature is kept constant as 35 �C, and

humidity is 50%. The specimens thus obtained were

subsequently pre-oxidized by a furnace set at 200 �C
for a duration 2 h and calcined at 500 �C for a dura-

tion of 3 h.

Preparation of GQDs

A typical preparation of GQDs was carried out by

hydrothermal method. Ten milligrams of graphene

powders was dissolved with 50 ml deionized water.

The solution was ultrasonicated for 10 min to make

sure of the homogeneity and then transferred to a

hydrothermal kettle. Aqueous solution of GQDs was

kept at the temperature of 200 �C for a duration of

12 h. The prepared GQDs were cooled down to room

temperature for subsequent preparation of

composite.

Preparation of TiO2 HNFs-GQDs composite

Composite nanofibers were prepared by hydrother-

mal method. TiO2 HNFs and GQDs were added into

a teflon stainless-steel reaction kettle, and then

aqueous solution of mixture was kept in the tem-

perature condition of 180 �C for 12 h. Solution of

composite nanofiber thus obtained was dried to form

powder for the subsequent test. When the GQDs

content ratio within the composite for photocatalytic

degradation test, which is calculated by (the respec-

tive amount of graphene powder)/(the amount of

TiO2 HNFs-GQDs composite) is 5%, 8%, 10%, 12.5%

and 15% of the composite, they are denoted as TGs5,

TGs8, TGs10, TGs12.5 and TGs15, respectively. The

GQDs ratio in the composite of the specimens made

for characterization tests (except photocatalytic

degradation) is 10%, as marked in the respective

figure captions.

Characterization

SEM and TEM were utilized to analyze the mor-

phology. XRD was performed to investigate the

crystallographic structure. PL properties were char-

acterized by Fluorescence spectrophotometer. XPS

was measured utilizing an Al-K-Alpha source gun.

Ultraviolet–visible light absorption spectra (UV–Vis)

were measured utilizing a spectrophotometer to

determine the concentration of the pollutant MB at

certain irradiation time intervals.

Photocatalytic activity measurements

Photocatalytic activity of synthesized specimens was

characterized by its degradation toward MB by light

irradiation (290–800 nm). For the photocatalytic
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degradation experiments, 20 mg of TiO2 HNFs-GQDs

composite was added in 100 ml of a 5 mg/l MB dye

solution. Under magnetic stirring, the mixed sus-

pension was irradiated under 500-W xenon lamp. In

addition, a control experiment with 20 mg of pure

TiO2 HNFs was also carried out to monitor photo-

catalytic activity. Prior to light condition, the sus-

pension was placed in dark condition with constant

stirring for 30 min to reach a MB’s adsorption equi-

librium onto the photocatalysts. In the process of

light irradiation, at pre-defined time interval, 5 ml of

suspension was taken out and centrifuged for 5 min

at an 8000 r/min spinning speed before the UV–Vis

characterization (k = 664 nm). According to the

Lambert–Beer law, the absorption changes (Ct/C0

ratio) of the MB dye during the photodegradation are

proportional to At/A0 ratio of maximum absorption

peak.

Result and discussion

Figure 1 shows schematically the preparation process

of TiO2 HNFs, GQDs and subsequent synthesis of

composites. In this reaction protocol, the one-di-

mensional mesoporous structure of electrospun TiO2

HNFs was obtained through electrospinning the

mixed precursor solution containing TBT, PAN and

PVP and subsequent calcination. Thus, a tubular TiO2

nanofiber structure with mesoporous characteristics

(SEM and BET characterization in [2]) serves as a

substrate for GQDs. The as-prepared aqueous solu-

tion of GQDs was directly mixed with TiO2 HNFs to

act as the hydrothermal precursor materials. The

open mesoporous structure and large surface area

produced more active sites, which can facilitate the

interaction between GQDs and mesoporous TiO2

[2, 30]. It is reported that the hydrothermal ‘‘sinter-

ing’’ conditions could enable GQDs to be deposited

stably onto the surface of TiO2, without free-standing

GQDs in the water [28]. GQDs can be well dispersed

with both the surface and internal structure of TiO2

HNFs, thus forming a firm composite in the

hydrothermal synthesis.

GQDs with a size less than 10 nm and a uniform

shape and size distribution were successfully pre-

pared as in Fig. 2. The prepared sample was ellipti-

cally shaped with size centered at 4 ± 2 nm, but a

small portion of the sample was oversized. The rea-

son for this phenomenon is related to their respective

preparation methods: In the hydrothermal reaction

process, the peeling effect under high temperature

and high pressure is difficult to control. In addition,

the raw material is relatively large (micron order);

therefore, it is difficult to peel all the raw materials

into products of uniform size. It can be observed that

the GQDs obtained by this method show exclusively

graphene lattice spacing (d = 0.216 nm), indicating

that hydrothermal process is an appropriate recipe to

manufacture GQDs possessing uniform size distri-

bution. PL spectra in Fig. 2d exhibit that GQDs dis-

play an excitation-dependent PL behavior with a

remarkable up-conversion feature at excitations from

650 to 800 nm [30, 31]. As the wavelength of excita-

tion was displaced through the region of 650–800 nm,

the up-converted emission peaks was observed to

display a red shift from 480 to 580 nm with intensity

increasing. The property of converting the excitation

light in the infrared wavelength range into a shorter

Figure 1 Scheme of

synthesizing process of the

composites.
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wavelength of emitted light enables more sunlight to

be utilized in photocatalytic reaction, which can

improve the catalytic performance significantly. The

reason for this phenomenon is that there are many

defect state energy levels in GQDs, and the low-en-

ergy excitation can only trigger the electron transition

from the p orbital to excited state. Subsequently,

electrons in the p* orbital can transit to the lower-

leveled r orbital, leading to a shorter-wavelength

light emission [30, 31].

As presented in Fig. 3a TiO2 HNFs have a high

ratio of length to diameter and a diameter about

200–300 nm. It is apparent that the nanofibers have a

large number of surface wrinkles and internal pas-

sages that can be used as decorative parts for GQDs.

Such TiO2 HNFs have less resistance to charge flow

because there is less grain binding between them

compared to TiO2 nanoparticles. Figure 3b shows

that the prepared TiO2 HNFs have a distance of

0.352 nm between adjacent lattice stripes,

corresponding to the anatase TiO2 (101) plane, which

has an ultra-high photocatalytic activity [32, 33].

In Fig. 3c, d, after the decoration of GQDs, TiO2

HNFs still retain the one-dimensional nanofiber

morphology. GQDs have no significant effect on the

macroscopic morphology of TiO2 HNFs. Figure 3e

characterizes the internal pores of TiO2 composite

nanofibers. The interface between GQDs and TiO2 is

presented in Fig. 3f. High-resolution TEM (HRTEM)

image shows that GQDs are surrounded by both

anatase and rutile phase. At the same time, EDX

elemental mapping was performed on TiO2 HNFs-

GQDs composite to study the spatial distribution of

each element. The results show that Ti, C and O are

uniformly distributed throughout the nanofibers, as

shown in Fig. 3g–j. Among them, Ti and O are con-

stituent elements of TiO2, and C is a constituent ele-

ment of GQDs.

The crystallographic structure of TiO2 HNFs,

GQDs and composite was investigated by means of

XRD measurements (Fig. 4). TiO2 HNFs and its

Figure 2 a, b TEM images of GQDs, inset of a showing lattice spacing; c statistical chart of GQDs size distribution; the black line

indicates the Gauss fit of size distribution of GQDs. d PL spectra of GQDs.
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composite exhibit distinct peaks contributed by TiO2,

with diffraction peaks ascribed to (101), (105), (200),

(211), (004), (215) and (204) crystal planes of anatase

phase and peaks ascribed to (110), (220), (301) and

(112) crystal planes of rutile phase, which are in good

agreement with JCPDS data (PDF#21-1272 and

PDF#21-1276, respectively) and consistent with our

TEM results. This typical anatase crystal indicates a

higher photocatalytic activity. The diffraction peaks

attributed to carbon species did not appear in the

composites with GQDs decoration, which was owing

to low content and lower diffraction intensity of the

carbon element. In addition, graphene has a

characteristic peak at 24.5� in the neighborhood of

peaks at 25.3� ascribed to anatase (101) planes with

much higher intensity; thus, they cannot be easily

observed.

From the perspective of crystallite size, the size of

TiO2 HNFs-GQDs increased from 16.38 to 17.67 nm,

compared to the specimen without GQDs. This was

explained by GQDs’ fusion through the pores of TiO2

HNFs in hydrothermal process.

As in Fig. 5a, the XPS survey spectra display the

appearance of Ti, O and C elements by peaks at

binding energies of Ti 2p (459.76 eV), O1s (531.0 eV),

and C1s (285.22 eV), respectively. Especially the

Figure 3 a SEM and b TEM

images of TiO2 HNFs; c,

d SEM images of TiO2-GQDs

(10%); e, f TEM images of

TiO2-GQDs (10%); g overlay

images of Ti, C and O

elements by EDX elemental

mapping of TiO2-GQDs

(10%); h–j EDX elemental

mapping of Ti, C and O

elements, respectively.
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C1s peak at 285.22 eV of TiO2 HNFs-GQDs is signif-

icantly more intense than that of pure TiO2 HNFs,

which could be explained by addition of GQDs into

TiO2 HNFs, which is consistent with TEM analysis.

The main C 1s peak from deconvolution at 284.8 eV is

because of carbon hybridized in sp2 form (C=C bond).

At higher binding energy tails, two peaks at 285.2 and

286.5 eV are observed, which could be ascribed to

hybridized carbon in sp3 form and the species with

C–O bond. The peak at 288.3 eV is characteristics of

Ti–O–C structure, indicating the C atoms’ doping

into TiO2 lattice during preparation [32], the bond of

which made composites connect more closely. As

shown in Fig. 5c, the O 1s signal can be deconvoluted

into three peaks at 530.8 (Ti–O–Ti bond), 532.4 (Ti–

OH bond), and 533.5 eV (C–OH bond), respectively

[30, 34]. It is noticeable to indicate Ti 2p3/2 has a

higher binding energy value of 459.6 eV, compared to

that of pure TiO2 HNFs (458.88 eV), which can be

explained by C doping among the composite, thus

inducing the upper shift of binding energy in Ti 2p3/

2.

The UV–Vis diffuse reflection spectra were per-

formed for analyzing optical absorption property in

specimens. TiO2 HNFs and TiO2 HNFs-GQDs show

absorption edges at about 380 nm and 460 nm,

Figure 4 XRD spectra of GQDs, TiO2 HNFs and the composite

TiO2 HNFs-GQDs (10%).

Figure 5 XPS analysis of a the survey spectra of TiO2 HNFs (black line), TiO2 HNFs-GQDs (10%, red line), b C1s, c O1s and

d Ti2p spectra of the composite (TiO2 HNFs-GQDs, 10%).
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respectively (Fig. 6a). A red shift in absorption band

edge of about 80 nm to higher wavelength has been

observed in TiO2 HNFs-GQDs with respect to the

pure TiO2 HNFs, indicating the composite photocat-

alyst had a narrower band gap with the graphene

introduction [35]. The Kubelka–Munk equation was

utilized to calculate the band gap of the materials,

and the results exhibited that the band gap for TiO2

HNFs is 3.24 eV, whereas it is 2.98 eV for TiO2 HNFs-

GQDs. It can be seen that the band gap has been

narrowed down by the introduction of GQDs. This

phenomenon can be attributed to the incorporation of

auxiliary electron acceptor (GQDs), which could

absorb visible light [36, 37] and thus formed Ti–O–C

bonding facilitates charge transfer [38, 39].

To further clarify the role that GQDs can play in the

composite photocatalytic system, PL characterization

was performed to investigate their function in pro-

hibition of charge carriers’ recombination. In princi-

ple, a typical photocatalytic scheme involves the

excitation, bulk diffusion and surface transfer of

EHPs. While the separated charge carriers partici-

pated in organic molecule degradation, most pho-

toinduced EHPs easily recombine at the trapping

sites, and subsequent photons release accordingly,

resulting in PL [40]. The PL peak corresponds to the

direct recombination of EHPs at oxygen defects,

impurities and surface defects [27]. For both samples,

the PL peaked around 480 nm (Fig. 6b). However, the

peak intensity of the TiO2 HNFs-GQDs composite is

noticeably reduced from the respective peak height of

TiO2 HNFs because the recombination of photogen-

erated EHPs was inhibited by GQDs due to their

excellent charge carrier transfer ability [34].

Figure 7 shows the photocatalytic degradation

efficiency of TiO2 HNFs, TiO2 HNFs-GQDs toward

MB solution under light irradiation (290–800 nm).

The composite displayed a significantly more effi-

cient degradation performance. After 50 min of cat-

alytic reaction (dark reaction for 30 min,

photoreaction for 20 min), TiO2 HNFs discolored MB

by 46%, and the reduction of MB in the solution by

means of TGs5, TGs8 and TGs10 was 48%, 84% and

99%, respectively. It is obvious that the composite

with 10% GQDs content has the best catalytic prop-

erties. The above results indicate that a certain mass

fraction of GQDs has a great effect on improving the

catalytic removing ability of TiO2 composite photo-

catalyst. However, the degradation properties of the

composite photocatalyst do not monotonically

increase with increasing GQDs content. It can be

clearly seen that TGs12.5 and TGs15 have shown a

further decrease in degradation ratio (91% and 75%,

respectively). This might be explained by the

involvement with GQDs, that to some extent covers

the main photoactive sites [41]. It needs to be pointed

out that the degradation cannot primarily be due to

the dark adsorption, because as observed in Fig. 7,

the photodegradation continuously occurs during the

whole procedure after light irradiation is switched

on. On the other hand, the excessive decoration of

GQDs on TiO2 would lead to a deterioration of the

degradation performance, which is a distinctive fea-

ture of photocatalytic degradation.

The excellent degradation properties of TiO2/

GQDs composites photocatalyst are mainly attrib-

uted to three aspects: Firstly, the electrons and holes

induced by ultraviolet and visible-light irradiation

Figure 6 a UV–Vis spectra of a TiO2 HNFs and TiO2 HNFs-GQDs (10%); b PL emission spectra of TiO2 HNFs and TiO2 HNFs-GQDs

(10%) at 252 nm excitation wavelength.
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are effectively separated by GQDs, which signifi-

cantly improves the degradation process. The excel-

lent electronic conductivity of GQDs enables them to

be ideal electron transport paths through intercon-

nected composites, which prohibits the adverse

recombination between photoinduced charges. Sec-

ondly, the photoluminescence effect of GQDs

expands the photoresponse range of composite pho-

tocatalysts. Lastly, GQDs retain the graphene geo-

graphic configuration possessing a high specific

surface area for effective contact between pollutants

and the composite [42, 43]. Therefore, the TiO2-GQDs

material’s photocatalytic activity was significantly

improved.

The speculated schematic diagram of TiO2 HNFs-

GQDs composite photocatalyst under illumination is

shown in Fig. 8. Upon irradiation, electrons are

excited and transit from valence band to conduction

band where is in close contact with GQDs which can

act as an electron reservoir to trap photogenerated

electrons, so as to promote efficient EHPs’ transfer to

separated sites, resulting in better photocatalytic

properties for dye degradation [44, 45]. Due to the

unique features of their up-conversion in PL process,

GQDs can work as effective converters of energy. The

GQDs can transfer long wavelength irradiation light

(k[ 650 nm) into the shorter-wavelength emission

light to be utilized efficiently by TiO2 HNFs-GQDs

composite. One additional key factor affecting the

improved photocatalytic performance is that TiO2’s

bonding with the OH groups of graphene’s surface in

the form of Ti–O–C chemical correlation, which

extends absorption band edge [46].

Conclusion

A facile synthesis procedure has been demonstrated

for the manufacture of TiO2 HNFs-GQDs composite

nanofibers by electrospinning combined with

hydrothermal method. GQDs with several nanometer

sizes presented were composited with TiO2 HNFs,

retaining a one-dimensional structure. The unique

property of up-conversion in emission light of GQDs

enabled more efficient light utilization for successive

photodegradation. PL characterization of composites

proved that GQDs inhibited the recombination rate of

charge carriers and prolonged the existence of pho-

togenerated holes, leading to improved

photodegradation.

The photocatalytic activities characterization

results show that TiO2 HNFs-GQDs composites had

better degradation properties due to ultrafast electron

Figure 7 Photodegradation ratio to MB for TiO2 HNFs, TiO2

HNFs-GQDs.

Figure 8 The schematic diagram of degradation process for GQDs-decorated TiO2 composite structure.
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transport rate and low photogenerated carrier

recombination compared with pure TiO2 catalyst.

The degradation properties do not monotonically

increase with GQDs content, and it was observed that

a further decrease occurred when GQDs was exces-

sive. To sum up, electron transfer, photogenerated

carriers’ recombination and light adsorption proper-

ties are important factors that affect the photocat-

alytic properties.
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