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Abstract: Incorporation of new functional components into a three-dimensional graphene (3DG)
framework improves the performance of supercapacitors based on 3DG as electrodes by tailoring
the framework’s structure and properties. In this work, graphene quantum dots (GQDs) were
incorporated into 3DG via one-step hydrothermal treatment of GQDs and graphene oxide (GO).
By simply adjusting the GQDs/GO feeding ratio by weight, various GQDs/3DG composites were
formed. The maximum feeding ratio was 80%, and the prepared composites possessed saturated
GQDs loading on the 3DG framework, whereas composites obtained with a GQDs/GO feeding
ratio of 40% as electrodes exhibited optimal specific capacitance of 242 F·g−1 for supercapacitors,
an increase of 22% compared with that of pure 3DG electrodes (198 F·g−1). This improved
performance was mainly due to better electrical conductivity and larger surface area for GQDs/3DG
composites with moderate GQDs content. The fabricated GQDs/3DG composites as electrodes for
supercapacitors revealed high electrochemical stability. Their capacitance kept 93% of the initial value
after 10,000 charge-discharge cycles.
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1. Introduction

Three-dimensional graphene (3DG) with a large specific surface area, good electrical conductivity,
high electrochemical stability, etc., is ideal electrode material for supercapacitors [1–4]. Many methods
have been developed for synthesizing 3DG structures. Among them, self-assembly of graphene
oxide (GO) sheets is widely used under hydrothermal conditions and has advantages such as mass
production, no other reducing agent and no need for further purification. This method makes it
easy to incorporate various components into the 3DG [5]. Until now, active materials, such as
metal nanoparticles [6,7], metallic compounds [8–10], polymers [11,12], and carbon materials [13,14],
have been successfully decorated onto 3DG, and they exhibited obvious better performance in
supercapacitors than in pure 3DG [15–18].

Graphene quantum dots (GQDs) are single or few-layer graphenes measuring only several
nanometers [19]. They are popular for applications in bioimaging and fluorescence sensing due to
their particular photoluminescence properties, low toxicity and good biocompatibility [20,21]. Besides,
excellent electrical properties, large surface area and abundant active sites are also found in GQDs,
making them suitable for utilization in supercapacitors [22–26]. For example, a micro-supercapacitor
based on GQDs as electrode materials was prepared via electro-deposition, and it showed superior
capability, excellent power response and cycling stability [27]. When adding GQDs to conductive
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polymers and metal oxides as electrode materials, they also showed obvious improved performance
for supercapacitors [28–31]. Therefore, incorporation of GQDs into 3DG can achieve high performance
of 3DG-based supercapacitors through the synergic effects from the two components.

Previously, a few reports related to GQDs/3DG composites for supercapacitors have been
published [32–34]. One method was electro-deposition of GQDs into 3DG to prepare composites [32].
It was found that the composites with ca. 5% GQDs content showed a higher specific capacitance
of 268 F·g−1 than that of pure 3DG (only 136 F·g−1) at a discharge current density of 1.25 A·g−1.
The other method was hydrothermal treatment of GO or reduced GO (RGO) with carbon dots (CDs)
synthesized by carbonizing small molecules [33,34]. A highest specific capacitance of 338 F·g−1 at
a current density of 0.5 A·g−1 was obtained for formed CDs/3DG composites, and increased by 78%
compared with that of 3DG (190 F·g−1) [33]. However, electro-deposition for preparing GQDs/3DG
composites is time-consuming and prone to cause uneven distribution of GQDs on 3DG. Furthermore,
CDs obtained by carbonization of small molecules reveal indistinct structure, which is also unstable,
and it is still unclear how the content of GQDs in composites influenced their structures and properties.

Here, GQDs were first prepared via chemical oxidation of carbon fibers. Then, various GQDs/3DG
composites were hydrothermally synthesized via adjusting feeding ratio of GQDs and GO by weight.
When the GQDs/GO feeding ratio reached 80%, the prepared composites had saturated the GQDs’
content. However, these composites only revealed a specific capacitance of 177 F·g−1, which decreased
by ca. 11% compared with that of pure 3DG (198 F·g−1). A 40% GQDs/GO feeding ratio was optimal
for preparing composites applied to supercapacitors. The obtained composites could exhibit a specific
capacitance of 242 F·g−1, which is more than 22% that of pure 3DG. In a word, incorporation of an
appropriated amount of GQDs into 3DG helped the composites in achieve a larger specific surface
area and better electrical conductivity, which is beneficial for their application as electrode materials
in supercapacitors.

2. Methods and Materials

2.1. Materials

Graphene oxide aqueous dispersion (2 mg·mL−1, sheet size larger than 500 nm) was obtained from
Nanjing XFNANO Materials Tech. Co., Ltd (Jiangsu, China). Potassium hydroxide, sodium carbonate,
sulfuric acid (98%) and nitric acid (65%) were purchased from Beijing Chem. Plant (Beijing, China).
Graphene Quantum Dots were prepared via chemical oxidation of polyacrylonitrile carbon fibers
(Zhangjiagang Tariff-free Zone Zhonglibangye International Trade Company, Jiangsu, China) at 100
◦C for 24 h according to our previous work [35]. All the reagents were used as received without
further purification.

2.2. Synthesis of 3DG and GQDs/3DG Hydrogels via One-Step Hydrothermal Method

Fourteen mL GO aqueous dispersion (2 mg·mL−1) was sealed in a 22 mL Teflon-lined autoclave
and treated at 180 ◦C for 4 h. The obtained 3DG hydrogel was taken out and immersed in distilled
water for the following utilization. To prepare composite hydrogels, 2.8, 5.6, 11.2 or 22.4 mg GQDs
were added to the same GO solution as before, and the feeding ratios of GQDs/GO by weight were
calculated to be 10%, 20%, 40% and 80%, respectively. After dispersing well, the mixture solution was
also sealed in a 22 mL Teflon-lined autoclave and maintained at 180 ◦C for 4 h. The formed composite
hydrogels were taken out and immersed in distilled water for 5 days to remove residual GQDs.

2.3. Synthesis of GQDs/3DG Hydrogels via Two-Step Hydrothermal Method

First, a 3DG hydrogel was prepared via one-step hydrothermal method as mentioned above.
Then, the 3DG hydrogel monolith was added to 14 mL GQDs aqueous dispersion (0.4 mg·mL−1) and
sealed in a 22 mL Teflon-lined autoclave. Subsequently, the autoclave was maintained at 180 ◦C for 4 h
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again. Finally, the prepared GQDs/3DG composite hydrogel was taken out and immersed in distilled
water for 5 days to remove residual GQDs.

2.4. Electrochemical Measurement

Electrochemical properties of 3DG and GQDs/3DG composites were measured in three-electrode
systems according to previous literature [16]. In our work, 3DG or GQDs/3DG hydrogel pressed
on Pt foil was used as the working electrode, and the electrolyte was 1 M KOH aqueous solution.
The counter electrode and reference electrode were still RGO hydrogel coated Pt foil and saturated
calomel electrode, respectively [36,37]. A model supercapacitor was assembled with the working
electrode and counter electrode for the test. The mass loadings of samples for electrochemical
measurement were between 2.00 and 4.75 mg·cm−2 for each electrode.The specific capacitance was
calculated by galvanostatic charge/discharge (GCD) curves using the following formula:

C =
I · ∆t

m · (∆V − IR)
(1)

where C is the specific capacitance of unit F·g−1; I is the current applied on the electrode of unit A;
∆t is the discharge time of unit s; m is the mass of samples loading on each electrode of unit g; ∆V
is the potential difference of the GCD process with unit V; and IR represents the voltage drop at the
beginning of the discharge process with unit V.

2.5. Characterization

Transmission electron microscopy (TEM) images were acquired with a FEI Tecnai G2 F30 TEM.
The samples were prepared by dispersing 3DG or GQDs/3DG composites in ethanol, then depositing
them on copper mesh. Raman spectra were recorded on a HORIBA LabRAM HR Evolution Raman
spectrometer with a 514 nm laser beam. Scanning electron microscopy (SEM) images were observed
by a ZEISS MERLIN compact ultrahigh resolution Field Emission Scanning Electron Microcopy
(FE-SEM). X-ray photoelectron spectroscopy (XPS) was recorded on a Thermo Fisher Scientific
ESCALAB 250 Xi XPS spectrometer with Al Kα (1486.6 eV) as the X-ray source and a pass energy of
30 eV. The specific surface area of Brunauer-Emmett-Teller (BET) was measured by a Quantachrome
Instruments QUADRASORB evoTM gas sorption surface area and pore size analyzer at ca. 77 K.
Electrical conductivity was measured by an RTS-9 4-point probes resistivity measurement system from
Guangzhou 4 Probes Tech. Co., Ltd (Guangdong, China). Electrochemical measurements were carried
out on a CHI 660D electrochemical workstation under computer control.

3. Results and Discussion

Three-dimensional graphene was prepared by direct reduction of GO in a hydrothermal
environment. In order to obtain GQDs/3DG composites, GQDs raw materials were fabricated by
chemically cutting carbon fibers beforehand. The composites were produced via one-step hydrothermal
treatment of the mixture of GQDs and GO. The composites prepared using the feeding ratios of
GQDs/GO by weight of 10%, 20%, 40% and 80% were denoted as GQDs/3DG-10, -20, -40 and
-80, respectively. For comparing with 3DG, typical GQDs/3DG-40 and -80 were selected. Figure 1
shows various optical photographs in the synthetic process of the one-step hydrothermal method.
In comparison with pure 3DG hydrogel, GQDs/3DG composite hydrogels had larger sizes, and their
cubage increased with more GQDs loading (Figure 1A–C and Figure S1). The used reaction solution
for preparing 3DG and its composite hydrogels showed a similar brownish black (Figure 1D–F).
After hydrothermal treatment, the residual aqueous solution for preparing 3DG and GQDs/3DG-40
hydrogels was colorless (Figure 1G,H,J,K). However, that of GQDs/3DG-80 appeared a light yellow
(Figure 1I,L). It indicates that the GQDs remained in the aqueous solution, which demonstrates
saturated GQDs loading for GQDs/3DG-80. Based on the mass of residual GQDs, the effective feeding
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ratio of GQDs/GO was calculated to be ca. 71% for preparing composites with saturated GQDs loading.
Two-step hydrothermal method was also used to prepare GQDs/3DG composites with a GQDs/GO
feeding ratio of 20%. It was found that the size of the formed composite hydrogel was similar to that of
pure 3DG hydrogel (Figure S2). As a contrast, 3DG hydrogel was added into 14 mL distilled water and
hydrothermally treated at 180 ◦C for 4 h. After the hydrothermal process, the size of 3DG hydrogel was
nearly unchanged. Therefore, it was inferred that only a few GQDs could be supported onto the 3DG
network via two-step hydrothermal method, which was also confirmed by the residual GQDs aqueous
solution with a brown color. Thus, it was difficult to obtain composites with high GQDs content via
two-step hydrothermal method. The reason was presumed as follows. In the one-step hydrothermal
method, GQDs could interact with GO via chemical reaction by virtue of their various oxygenated
groups, π–π and other interactions. However, π–π was the dominant interaction between GQDs and
3DG hydrogel for the two-step hydrothermal method. Also, GQDs with various oxygenated groups
on the surface were not easy to interact with RGO via π–π. As a result, only a GQDs/GO feeding ratio
lower than 20% was enough to prepare the composites with the saturated GQDs loading.

Figure 1. Various photographs for preparing three-dimensional graphene (3DG) (A,D,G,J), graphene
quantum dots (GQDs)/3DG-40 (B,E,H,K) and GQDs/3DG-80 (C,F,I,L) via one-step hydrothermal
method including synthetic hydrogel, reaction solution before and after hydrothermal treatment, and
residual solution after picking out hydrogel.

The morphologies of samples observed by SEM are shown in Figure 2. Three-dimensional
graphene showed various pores of sizes distributed from submicrometer to several micrometers
(Figure 2A,D). Compared with 3DG, larger pores and a more fluffy structure were presented for
GQDs/3DG-40 (Figure 2B,E), whereas GQDs/3DG-80 showed a more compact structure than pure
3DG (Figure 2C,F). Indeed, the morphologies of 3DG were changed by incorporation of GQDs.
A Brunauer-Emmett-Teller test confirmed that GQDs/3DG-40 had a higher specific surface area of
214 m2·g−1 than 3DG (178 m2·g−1). On the other hand, GQDs/3DG-80 with a denser structure showed
a lower specific surface area, compared with 3DG.



Nanomaterials 2019, 9, 201 5 of 10

Figure 2. Scanning electron microscopy images of 3DG (A,D), GQDs/3DG-40 (B,E), and
GQDs/3DG-80 (C,F) with different magnifications.

Transmission electron microscopy characterization was used to investigate the structure of
samples, as shown in Figure 3. From observation of Figure 3A–C, similar graphene sheets with wrinkle
structures were presented for three samples. It seemed that there was no obvious difference between
GQDs/3DG composites and pure 3DG. This might be ascribed to the similar chemical composition
of RGO and GQDs. However, long crystalline stripes longer than 10 nm existed clearly in pure 3DG,
as shown by enlargement of the TEM image in Figure 3D. GQDs/3DG composites, by contrast, only
revealed a disordered arrangement of crystalline domains, measuring several nanometers (Figure 3E,F),
equivalent to the size of GQDs (Figure S3). It indicated that GQDs were successfully supported
onto 3DG.

Figure 3. Transmission electron microscopy images of 3DG (A,D), GQDs/3DG-40 (B,E), and
GQDs/3DG-80 (C,F) with different magnifications.

Raman and C 1s XPS spectra are shown in Figure 4. Three samples showed typical D band
(at ca. 1355 cm−1) and G band (at ca. 1588 cm−1), corresponding to disordered and crystalline domains
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of graphene-related materials, respectively (Figure 4A). The relative intensity ratio of D- and G-band
(ID/IG) indicated the order extent of the samples. Calculated from Raman spectra, ID/IG values for
3DG, GQDs/3DG-40 and GQDs/3DG-80 were 1.04, 0.90 and 0.92, respectively. Compared with 3DG,
GQDs/3DG composites possessed higher order extent due to the decrease of defects via introduction of
GQDs. According to an ID/IG value of 0.95 for GQDs after hydrothermal treatment reported by us [35],
0.90 ID/IG for GQDs/3DG-40 was the result from the synergistic interaction of hydrothermally treated
GQDs and 3DG, whereas ID/IG for GQDs/3DG-80 increased slightly, compared with GQDs/3DG-40.
This was mainly attributed to excess of GQDs supported on 3DG. X-ray photoelectron spectroscopy
measurement revealed that three samples had obvious C=C/C–C related peak at ca. 284.8 eV and
C–O/C=O related peaks between 285.5 and 290 eV, respectively (Figure 4B). A few oxygenated groups
still existed for these samples, and C/O ratios for 3DG, GQDs-3DG-40 and GQDs/3DG-80 were 6.2, 6.1
and 5.7, respectively. When more GQDs were added, the composites had a higher O content. This was
mainly because GQDs, after hydrothermal treatment, still remained in many C=O related oxygenated
groups, while most of the oxygen-containing groups were removed from GO in a hydrothermal
environment [35].

Figure 4. Raman (A) and C 1s XPS (B) spectra of 3DG, GQDs/3DG-40 and GQDs/3DG-80.

Electrochemical properties were compared in Figure 5. From the cyclic voltammetry (CV) curves
at the scan rate of 10 mV s−1 (Figure 5A), 3DG displayed obvious redox peaks, which were relevant
to residual oxygenated groups after hydrothermal reduction [38]. Redox peaks, however, were
obscure, and nearly rectangular CV curves were presented for the composites, indicating that their
capacitance was mainly ascribed to electric double layer capacitance. Cyclic voltammetry curves
at different scan rates are shown in Figure S4. The coulombic efficiency and specific capacitance of
samples were calculated according to galvanostatic charge/discharge (GCD) curve at the current
density of ca. 1 A·g−1 (Figure 5B). The columbic efficiency value for 3DG, GQDs/3DG-40 and -80 was
calculated to be 88%, 98% and 102%, respectively. The GQDs/3DG-40 exhibited a specific capacitance
of 242 F·g−1 at a current density of 1.17 A·g−1, 22% higher than that of pure 3DG (198 F·g−1) at
a current density of 1.05 A·g−1, whereas the specific capacitance for GQDs/3DG-10, -20 and -80 was
204, 213, and 178 F·g−1 at current density of 0.80, 1.38 and 1.25 A·g−1, respectively. It indicated
that GQDs/3DG-40 had the optimal specific capacitance, mainly because GQDs/3DG-40 had larger
specific surface area and better electrical conductivity than 3DG and other composites due to moderate
GQDs loading. High specific surface area for GQD/3DG-40 was confirmed by BET test and SEM
observation. Four-point probes resistivity measurement demonstrated GQD/3DG-40 had better
electrical conductivity. The GQDs/3DG-40 showed an electrical conductivity of 0.12 S·m−1, higher than
that of 3DG (0.06 S·m−1) and GQDs/3DG-80 (0.03 S·m−1). Electrochemical impedance spectroscopy
(EIS) measurement also supported this result (Figure S5). The Nyquist plots showed the impedance in
the frequency range of 100 kHz to 0.01 Hz. The x-axis intercept of the Nyquist plot was the equivalent
series resistance, and a small semicircle in the high-frequency region was ascribed to charge transfer
resistance. Three samples had similar x-axis intercepts and diameters of the semicircle, indicating that
they have the same equivalent series resistance and charge transfer resistance. In the low-frequency
region, all three samples showed a nearly vertical line, similar to ideal capacitive property [39].
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However, their slopes were different. The GQDs/3DG-40 exhibited the largest value, which facilitates
electron transport. The curves of the specific capacitances versus current densities are shown in
Figure 5C. With increasing current density, specific capacitance decreased rapidly, especially for 3DG
and GQDs/3DG-40. The GQDs/3DG-80 showed better rate capability, which might be related to
more GQDs functioning as binders for linking graphene sheets. The prepared GQDs/3DG-40 showed
excellent cycling stability and exhibited a 93% capacitance retention after 10,000 circles (Figure 5D).
Similar composites only retained capacitance lower than 91% of initial value after 5000 circles. Such
an improvement for electrochemical stability could be attributed to the combination of high quality
GQDs prepared by up-down methods than those obtained via carbonizing small molecules, and strong
interaction between GQDs and 3DG via oxygenated groups realized by hydrothermal treatment in
our work.

Figure 5. Electrochemical properties of 3DG, GQDs/3DG-40, and GQDs/3DG-80. Cyclic voltammetry
(CV) curves at a scan rate of 10 mV s−1 (A). Galvanostatic charge/discharge curves at current
densities of 1.05 A·g−1 for 3DG, 1.17 A·g−1 for GQDs/3DG-40 and 1.25 A·g−1 for GQDs/3DG-80 (B).
Specific capacitances versus current densities (C). Cycling stability at a current density of 24 A·g−1 for
GQDs/3DG-40 (D).

4. Conclusions

A convenient one-step hydrothermal method was used to prepare GQD/3DG composites. Various
composites can be prepared via simply adjusting the mass ratio of GQDs and GO. The maximum
GQDs/GO feeding ratio can be up to ca. 71% for creating a hydrothermal reaction without residual raw
materials. The composites formed via using a 40% feeding ratio revealed optimal specific capacitance of
242 F·g−1, improved by 22% than that of pure 3DG (198 F·g−1). The enhanced performance was mainly
attributed to larger specific surface area and better electrical conductivity for GQDs/3DG-40 with
moderate GQDs loading. Excess GQDs loading did not benefit for improving structures and properties
for 3DG. And the composites exhibited excellent cycling stability with the capacitive retention rate
of 93% after 10,000 circles. This might be relevant to strong interaction between GQDs and 3DG via
oxygenated groups formed in one-step hydrothermal process, not π−π. Besides, our used GQDs
obtained via cutting carbon fibers should possess higher stability than that prepared via carbonizing
small molecules.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/201/s1.
Figure S1: Photograph of various hydrogels from top view. Hydrogels from left to right are 3DG, GQDs/3DG-10,
-40 and -80, respectively. Figure S2: Photographs of different samples in two-step hydrothermal process. The 3DG
hydrogel (A). The GQDs/3DG composite hydrogel (B). The used 0.4 mg mL−1 GQDs aqueous dispersion (C).
Residual GQDs aqueous dispersion (D). Figure S3: Transmission electron microscopy images of GQDs before
(A) and after (B) hydrothermal treatment at 180 ◦C for 4 h. (C) and (D) are the corresponding size distribution.
Figure S4: Cyclic voltammetry curves at different scan rate of 3DG (A), GQDs/3DG-40 (B) and GQDs/3DG-80 (C).
Figure S5: Nyquist plots of three samples.

Author Contributions: P.L. conceived the ideas, designed the experiments, performed the experiments and wrote
the paper; P.L., X.G., Y.Y., X.L. and F.Y. analyzed the data.

Funding: This research was funded by National Natural Science Foundation of China (51503036), Natural Science
Foundation of Fujian Province (2016J01752, 2017J01676, 2017J01677), Training Program for Distinguished Young
Scholars in Fujian Province University (Minjiaoke [2016] No. 23) and Program for New Century Excellent Talents
in Fujian Province University (Minjiaoke [2017] No. 52).

Acknowledgments: We acknowledge Dr. Hua Bai of College of Materials, Xiamen University for providing
electrochemical measurement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, Y.; Shi, G.; Duan, X. Self-assembled three-dimensional graphene macrostructures: Synthesis and
applications in supercapacitors. Acc. Chem. Res. 2015, 48, 1666–1675. [CrossRef]

2. Mao, S.; Lu, G.; Chen, J. Three-dimensional graphene-based composites for energy applications. Nanoscale
2015, 7, 6924–6943. [CrossRef] [PubMed]

3. Li, Y.; Shang, T.X.; Gao, J.M.; Jin, X.J. Nitrogen-doped activated carbon/graphene composites as
high-performance supercapacitor electrodes. RSC Adv. 2017, 7, 19098–19105. [CrossRef]

4. Eskusson, J.; Rauwel, P.; Nerut, J.; Jänes, A. A hybrid capacitor based on Fe3O4-grpahene
nanocomposite/few-layer graphene in different aqueous electrolytes. J. Electrochem. Soc. 2016,
163, A2768–A2775. [CrossRef]

5. Xu, Y.; Sheng, K.; Li, C.; Shi, G. Self-assembled graphene hydrogel via a one-step hydrothermal process.
ACS Nano 2010, 4, 4324–4330. [CrossRef] [PubMed]

6. Tang, Z.; Shen, S.; Zhuang, J.; Wang, X. Nobel-metal-promoted three-dimensional macroassembly of
single-layered graphene oxide. Angew. Chem., Int. Ed. 2010, 49, 4603–4607. [CrossRef] [PubMed]

7. Hu, C.; Cheng, H.; Zhao, Y.; Hu, Y.; Liu, Y.; Dai, L.; Qu, L. Newly-designed complex ternary Pt/PdCu
nanoboxes anchored on three-dimensional graphene framework for highly efficient ethanol oxidation.
Adv. Mater. 2012, 24, 5493–5498. [CrossRef]

8. Jiang, T.; Bu, F.; Feng, X.; Shakir, I.; Hao, G.; Xu, Y. Porous Fe2O3 nanoframeworks encapsulated within
three-dimensional graphene as high-performance flexible anode for lithium-ion battery. ACS Nano 2017,
11, 5140–5147. [CrossRef]

9. Meng, X.; Lu, L.; Sun, C. Green synthesis of three-dimensional MnO2/graphene hydrogel composites as
a high-performance electrode materials for supercapacitors. ACS Appl. Mater. Interfaces 2018, 10, 16474–16481.
[CrossRef] [PubMed]

10. Wang, J.; Fu, C.; Wang, X.; Yao, Y.; Sun, M.; Wang, L.; Liu, T. Three-dimensional hierarchical porous
TiO2/graphene aerogels as promising anchoring materials for lithium-sulfur batteries. Electrochim. Acta
2018, 292, 568–574. [CrossRef]

11. Guan, L.Z.; Zhao, L.; Wan, Y.J.; Tang, L.C. Three-dimensional graphene-based polymer nanocomposites:
Preparation, properties and applications. Nanoscale 2018, 10, 14788–14811. [CrossRef] [PubMed]

12. Liu, J.; Wang, Z.; Zhao, Y.; Cheng, H.; Hu, C.; Jiang, L.; Qu, L. Three-dimensional graphene-polypyrrole
hybrid electrochemical actuator. Nanoscale 2012, 4, 7563–7568. [CrossRef] [PubMed]

13. Ai, L.; Jiang, J. Removal of methylene blue from aqueous solution with self-assembled cylindrical
graphene-carbon nanotube hybrid. Chem. Eng. J. 2012, 192, 156–163. [CrossRef]

14. Xu, X.; Liu, Y.; Wang, M.; Zhu, C.; Lu, T.; Zhao, R.; Pan, L. Hierarchical hybrids with microporous carbon
spheres decorated three-dimensional graphene frameworks for capacitive applications in supercapacitor
and deionization. Electrochim. Acta 2016, 193, 88–95. [CrossRef]

http://www.mdpi.com/2079-4991/9/2/201/s1
http://dx.doi.org/10.1021/acs.accounts.5b00117
http://dx.doi.org/10.1039/C4NR06609J
http://www.ncbi.nlm.nih.gov/pubmed/25585233
http://dx.doi.org/10.1039/C7RA00132K
http://dx.doi.org/10.1149/2.1161613jes
http://dx.doi.org/10.1021/nn101187z
http://www.ncbi.nlm.nih.gov/pubmed/20590149
http://dx.doi.org/10.1002/anie.201000270
http://www.ncbi.nlm.nih.gov/pubmed/20491102
http://dx.doi.org/10.1002/adma.201200498
http://dx.doi.org/10.1021/acsnano.7b02198
http://dx.doi.org/10.1021/acsami.8b02354
http://www.ncbi.nlm.nih.gov/pubmed/29701449
http://dx.doi.org/10.1016/j.electacta.2018.09.109
http://dx.doi.org/10.1039/C8NR03044H
http://www.ncbi.nlm.nih.gov/pubmed/30052244
http://dx.doi.org/10.1039/c2nr32699j
http://www.ncbi.nlm.nih.gov/pubmed/23108294
http://dx.doi.org/10.1016/j.cej.2012.03.056
http://dx.doi.org/10.1016/j.electacta.2016.02.049


Nanomaterials 2019, 9, 201 9 of 10

15. Zhou, W.; Cao, X.; Zeng, Z.; Shi, W.; Zhu, Y.; Yan, Q.; Liu, H.; Wang, J.; Zhang, H. One-step synthesis of
Ni3S2 nanorod@Ni(OH)2 nanosheet core-shell nanostructures on a three-dimensional graphene network for
high-performance supercapacitors. Energy Environ. Sci. 2013, 6, 2216–2221. [CrossRef]

16. Wu, J.F.; Zhang, Q.E.; Wang, J.J.; Huang, X.P.; Bai, H. A self-assembly route to porous polyaniline/reduced
graphene oxide composite materials with molecular-level uniformity for high-performance supercapacitors.
Energy Environ. Sci. 2018, 11, 1280–1286. [CrossRef]

17. Ates, M.; EI-Kady, M.; Kaner, R.B. Three-dimensional design and fabrication of reduced graphene
oxide/polyaniline composite hydrogel electrodes for high performance electrochemical supercapacitors.
Nanotechnology 2018, 29, 175402. [CrossRef]

18. Xiong, C.; Li, T.; Zhu, Y.; Zhao, T.; Dang, A.; Li, H.; Ji, X.; Shang, Y.; Khan, M. Two-step approach of
fabrication of interconnected nanoporous 3D reduced graphene oxide-carbon nanotube-polyaniline hybrid
as a binder-free supercapacitor electrode. J. Alloys Compd. 2017, 695, 1248–1259. [CrossRef]

19. Zheng, X.T.; Ananthanarayanan, A.; Luo, K.Q.; Chen, P. Glowing graphene quantum dots and carbon dots:
Properties, synthesis, and biological applications. Small 2015, 11, 1620–1636. [CrossRef]

20. Hai, X.; Feng, J.; Chen, X.; Wang, J. Tuning the optical properties of graphene quantum dots for biosensing
and bioimaging. J. Mater. Chem. B 2018, 6, 3219–3234. [CrossRef]

21. Sun, H.; Wu, L.; Wei, W.; Qu, X. Recent advances in graphene quantum dots for sensing. Mater. Today 2013,
16, 433–442. [CrossRef]

22. Fang, X.; Ding, J.; Yuan, N.; Sun, P.; Lv, M.; Ding, G.; Zhu, C. Graphene quantum dot incorporated perovskite
films: Passivating grain boundaries and facilitating electron extraction. Phys. Chem. Chem. Phys. 2017,
19, 6057–6063. [PubMed]

23. Zhang, L.; Ding, Z.C.; Tong, T.; Liu, J. Tuning the work functions of graphene quantum dot-modified
electrode for polymer solar cell applications. Nanoscale 2017, 9, 3524–3529. [CrossRef] [PubMed]

24. Li, Z.; Qin, P.; Wang, L.; Yang, C.; Li, Y.; Chen, Z.; Pan, D.; Wu, M. Amine-enriched graphene quantum dots
for high-pseudocapacitance supercapacitors. Electrochim. Acta 2016, 208, 260–266. [CrossRef]

25. Kim, J.K.; Kim, S.J.; Park, M.J.; Bae, S.; Cho, S.P.; Du, Q.G.; Wang, D.H.; Park, J.H.; Hong, B.H.
Surface-engineering graphene quantum dots incorporated into polymer layers for high performance organic
photovoltaics. Sci. Rep. 2015, 5, 14276. [CrossRef]

26. Hassan, M.; Haque, E.; Reddy, K.R.; Minett, A.I.; Chen, J.; Gomes, V.G. Edge-enriched graphene quantum
dots for enhanced photo-luminescence and supercapacitance. Nanoscale 2014, 6, 11988–11994. [CrossRef]
[PubMed]

27. Liu, W.W.; Feng, Y.Q.; Yan, X.B.; Chen, J.T.; Xue, Q.J. Superior micro-supercapacitors based on graphene
quantum dots. Adv. Funct. Mater. 2013, 23, 4111–4122. [CrossRef]

28. Liu, W.; Yan, X.; Chen, J.; Feng, Y.; Xue, Q. Novel and high-performance asymmetric micro-supercapacitors
based on graphene quantum dots and polyaniline nanofibers. Nanoscale 2013, 5, 6053–6062. [CrossRef]

29. Lee, K.; Lee, H.; Shin, Y.; Yoon, Y.; Kim, D.; Lee, H. Highly transparent and flexible supercapacitors using
graphene-graphene quantum dots chelate. Nano Energy 2016, 26, 746–754. [CrossRef]

30. Abidin, S.N.J.S.Z.; Mamat, M.S.; Rasyid, S.A.; Zainal, Z.; Sulaiman, Y. Electropolymerization of
poly(3,4-ethylenedioxythiophene) onto polyvinyl alcohol-graphene quantum dot-cobalt oxide nanofiber
composite for high-performance supercapacitor. Electrochim. Acta 2018, 261, 548–556. [CrossRef]

31. Wei, J.S.; Ding, H.; Zhang, P.; Song, Y.F.; Chen, J.; Wang, Y.G.; Xiong, H.M. Carbon dots/NiCo2O4

nanocomposites with various morphologies for high performance supercapacitors. Small 2016, 12, 5927–5934.
[CrossRef] [PubMed]

32. Chen, Q.; Hu, Y.; Hu, C.; Cheng, H.; Zhang, Z.; Shao, H.; Qu, L. Graphene quantum dots-three-dimensional
graphene composites for high-performance supercapacitors. Phys. Chem. Chem. Phys. 2014, 16, 19307–19313.
[PubMed]

33. Yuan, G.; Zhao, X.; Liang, Y.; Peng, L.; Dong, H.; Xiao, Y.; Hu, C.; Hu, H.; Liu, Y.; Zheng, M. Small
nitrogen-doped carbon dots as efficient nanoenhancer for boosting the electrochemical performance of
three-dimensional graphene. J. Colloid Interface Sci. 2018, 536, 628–637. [CrossRef] [PubMed]

34. Feng, H.; Xie, P.; Xue, S.; Li, L.; Hou, X.; Liu, Z.; Wu, D.; Wang, L.; Chu, P.K. Synthesis
of three-dimensional porous reduced graphene oxide hydrogel/carbon dots for high-performance
supercapacitor. J. Electroanal. Chem. 2018, 808, 321–328. [CrossRef]

http://dx.doi.org/10.1039/C3EE40155C
http://dx.doi.org/10.1039/C8EE00078F
http://dx.doi.org/10.1088/1361-6528/aaae44
http://dx.doi.org/10.1016/j.jallcom.2016.10.253
http://dx.doi.org/10.1002/smll.201402648
http://dx.doi.org/10.1039/C8TB00428E
http://dx.doi.org/10.1016/j.mattod.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/28191572
http://dx.doi.org/10.1039/C7NR00136C
http://www.ncbi.nlm.nih.gov/pubmed/28244534
http://dx.doi.org/10.1016/j.electacta.2016.05.030
http://dx.doi.org/10.1038/srep14276
http://dx.doi.org/10.1039/C4NR02365J
http://www.ncbi.nlm.nih.gov/pubmed/25178096
http://dx.doi.org/10.1002/adfm.201203771
http://dx.doi.org/10.1039/c3nr01139a
http://dx.doi.org/10.1016/j.nanoen.2016.06.030
http://dx.doi.org/10.1016/j.electacta.2017.12.168
http://dx.doi.org/10.1002/smll.201602164
http://www.ncbi.nlm.nih.gov/pubmed/27717150
http://www.ncbi.nlm.nih.gov/pubmed/25100222
http://dx.doi.org/10.1016/j.jcis.2018.10.096
http://www.ncbi.nlm.nih.gov/pubmed/30391905
http://dx.doi.org/10.1016/j.jelechem.2017.12.046


Nanomaterials 2019, 9, 201 10 of 10

35. Luo, P.; Qiu, Y.; Guan, X.; Jiang, L. Regulation of photoluminescence properties of graphene quantum dots
via hydrothermal treatment. Phys. Chem. Chem. Phys. 2014, 16, 19011–19016. [PubMed]

36. Zhang, L.; Shi, G. Preparation of highly conductive graphene hydrogels for fabricating supercapacitors with
high rate capability. J. Phys. Chem. C 2011, 115, 17206–17212. [CrossRef]

37. Zhang, Q.; Zhou, A.; Wang, J.; Wu, J.; Bai, H. Degradation-induced capacitance: A new insight into
the superior capacitive performance of polyaniline/graphene composites. Energy Environ. Sci. 2017,
10, 2372–2382. [CrossRef]

38. Wang, J.D.; Peng, T.J.; Sun, H.J.; Hou, Y.D. Effect of the hydrothermal reaction temperature on
three-dimensional reduced graphene oxide’s appearance, structure and super capacitor performance.
Acta Phys. Chim. Sin. 2014, 30, 2077–2084.

39. Xu, Y.; Chen, C.Y.; Zhao, Z.; Lin, Z.; Lee, C.; Xu, X.; Wang, C.; Huang, Y.; Shakir, M.I.; Duan, X. Solution
processable holey graphene oxide and its derived macrostructures for high-performance supercapacitors.
Nano Lett. 2015, 15, 4605–4610. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/25093991
http://dx.doi.org/10.1021/jp204036a
http://dx.doi.org/10.1039/C7EE02018J
http://dx.doi.org/10.1021/acs.nanolett.5b01212
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods and Materials 
	Materials 
	Synthesis of 3DG and GQDs/3DG Hydrogels via One-Step Hydrothermal Method 
	Synthesis of GQDs/3DG Hydrogels via Two-Step Hydrothermal Method 
	Electrochemical Measurement 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

