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ing pillar[5]arene-reduced Au
nanoparticles for enhanced catalytic performance
towards the reduction of 4-nitrophenol and
methylene blue†

Xiaoping Tan, * Jianhua Xu, Ting Huang, Sheng Wang, Maojie Yuan
and Genfu Zhao*

Graphdiyne (GD), a novel two dimensional (2D) carbonmaterial, has earned a lot of attention in recent years.

Constructing a novel hybrid nanomaterial based on GD, macrocyclic host and Au nanoparticles is an

effective strategy for heterogeneous catalysis applications. While tremendous advancements in the

preparation of two dimensional (2D) materials anchoring Au nanoparticles have been made, it is an

urgent requirement to explore a green, efficient and facile approach for obtaining small-sized Au

nanoparticles. The use of the 2D material graphdiyne (GD) presents more-promising candidates for

constructing excellent sites for loading metal nanoparticles. In this study, a novel 2D heterogeneous

hybrid nanomaterial (P5A-Au-GD) based on GD and pillar[5]arene (P5A)-reduced Au nanoparticles (P5A-

Au) was successfully prepared. In this strategy, the P5A can reduce HAuCl4 with the aid of NaOH in the

dispersion of GD. Accordingly, the generated P5A-Au can immediately interact with GD to form the P5A-

Au-GD hybrid nanomaterial without any harsh reduced materials or other energies. The Au nanoparticles

with average diameter of 2–3 nm are homogeneously dispersed on the surface of GD. The

heterogeneous 2D catalyst of P5A-Au-GD shows high catalytic performances in the reduction of 4-

nitrophenol and methylene blue by comparing commercial Pd/C catalyst. Meanwhile, the unique 2D

heterogeneous hybrid material P5A-Au-GD exhibits durable recyclability and stability during the catalytic

reaction. Considering the outstanding merits of the heterogeneous 2D catalyst of P5A-Au-GD as well as

the simple and green preparation, this study might not only present enormous opportunities for the

stabilized, high-performance and sustainable catalysts but also be applied in other frontier studies of

sustainable functionalized nanocomposites and advanced materials.
1. Introduction

Carbon materials, such as carbon nanotube, porous carbons
and graphene, have received enormous attention owing to their
potential technological value in sensing, catalysis, batteries,
nanoelectronics and so forth.1–3 Among these carbon materials,
the two dimensional (2D) carbon materials are frequently
studied due to their excellent properties including optical
electrical properties. The 2D polymers, constructed by covalent
bond linkages are the novel 2D materials.4,5 Graphdiyne (GD),
generated by sp- and sp2-hybridized 2D graphene-like material,
shows highly conjugated p system, controllable electronic
property and conformably distributed pores, and can be used in
different elds comparable to conventional sp2-hybridized
pecial Functional Materials, College of

gtze Normal University, Fuling 408100,

14@126.com

tion (ESI) available. See DOI:

0

carbon materials.6–11 Owing to the unique properties of GD, it
can be applied in solar cells, electronic devices, rechargeable
batteries, biomedicine and therapy and advanced materials.12–16

Furthermore, GD is a protruding 2D material for anchoring
metal nanoparticles, which is increasingly becoming a prom-
ising 2D material.17–19

With these outstanding features in mind, we study the
integration of the at sp- and sp2-hybridized GD and Au nano-
particles for catalytic applications.20 We anticipate that the
interaction between Au nanoparticles and the alkyne and aryl p-
conjugated networks of GD would be benecial for stabilizing
Au nanoparticles from aggregation.21,22 In addition, the
preeminent porous structure of GD could embed the Au nano-
particles with a forceful adsorption energy.23,24 Finally, the
splendid chemical stability and electrical conductivity allow GD
to act as 2D material support for the catalysts. Nevertheless, the
harsh reductants (including NaBH4, NH]NH and others) are
applied during the procedure of generating Au nanoparticles,
which is harmful to the environment and goes against
This journal is © The Royal Society of Chemistry 2019
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sustainable development. Therefore, constructing a green and
environment-friendly strategy to prepare Au nanoparticles and
obtain sites on the surface of Au nanoparticles is more and
more crucial and signicant.

Macrocyclic host modied metal nanoparticles are an
effective method in order to obtain small and functionalized
nanoparticles.25,26 Macrocyclic molecules play a critical role
as building blocks in supramolecular chemistry, especially
serving as an important host in supramolecular host–guest
recognition.27,29 Among diverse hosts, calixarenes, cyclodex-
trins, cucurbiturils and pillar[n]arenes are the most inter-
esting due to their simple synthesis and great versatility
towards chemical modication, presenting them with
tailored recognition properties.30–34 The host mediated
preparation of metal nanoparticles provides a good research
procedure and promotes their performances and potential
values.28,35 Interestingly, Zhao et al. reported a green and
environment-friendly method for preparing Au nano-
particles based on redox reaction between hydroxylatopillar
[5]arene and HAuCl4 at room temperature with the aid of
NaOH.36 The obtained Au nanoparticles have a uniform size
of �5.0 nm. This study offers an important avenue for
synthesizing Au nanoparticles without employing harsh
reducing agents. We preconceived that the size or catalytic
activity of Au nanoparticles might exhibit great change by
introducing the 2D material during the process of preparing
Au nanoparticles as the obtained hybrid nanomaterial could
show multiple glorious properties of Au nanoparticles and
the 2D material.

In this study, a novel hybrid nanomaterial based on GD,
pillar[5]arene and Au nanoparticles was synthesized by a green
approach. Firstly, the Au nanoparticles were facilely obtained
by the redox reaction between hydroxyl pillar[5]arene (P5A)
and HAuCl4 at room temperature without using any harsh
reducing agent. This process of synthesizing Au nanoparticles
was carried out in the presence of GD. This solution creates
a coordination environment so that the formed Au nano-
particles can interact immediately with GD, which prevents
the size growth of Au nanoparticles. Consequently, the pure
2D hybrid material of P5A-Au-GD with Au nanoparticles with
a diameter of 2–3 nm can be obtained by centrifugation and
washing with ultrapure water and ethanol. In order to study
the catalytic activity of the P5A-Au-GD, 4-nitrophenol (4-NP)
and methylene blue (MB) were reduced by NaBH4 in the
presence of P5A-Au-GD. The heterogeneous 2D material of
P5A-Au-GD exhibits high catalytic performances for the
reduction of 4-NP and MB in comparison to P5A-Au and
commercial Pd/C catalyst. Due to the insolubility of P5A-Au-
GD in water, it can be repeatedly used without changing the
morphology, size and catalytic activity of the Au nanoparticles.
Considering the outstanding merits of P5A-Au-GD heteroge-
neous 2D catalyst as well as the simple and green preparation,
this research might not only present enormous opportunities
for the stabilized, high-performance and sustainable catalyst
but also be applied in other frontier studies of sustainable
functionalized nanocomposites and advanced materials
(Scheme 1).
This journal is © The Royal Society of Chemistry 2019
2. Experimental
2.1. Materials

HAuCl4, 4-NP, NaBH4, commercial Pd/C (10 wt% Pd) and
methylene blue (MB) were purchased from Shanghai Titan
Scientic Co. Ltd. P5A was obtained according to the published
works.37,38 All aqueous solutions were prepared in ultrapure
water. The apparatus and characterization are given in the ESI.†

2.2. Synthesis of GD

GD was prepared according to the method reported in the
previous studies.12,39 200 mg 1,3,5-triacetylenylbenzene was
dissolved in 200 mL CH2Cl2 by stirring with a glass rod. Then,
150mL deionized water (DW) was added slowly along the wall of
the instrument, forming the aqueous phase of the two phases.
Next, 150 mg Pd(PPh3)2Cl2, 30 mg CuI and 420 mg 1,3,5-tri-
bromobenzene were added into 50 mL DW. The formed
aqueous solution was dissolved as much as possible by a series
of treatments such as stirring and ultrasonication. At last, the
above solution was added dropwise slowly into the aqueous
phase. The entire mixture was allowed to react for 72 h at room
temperature. A continuous uniform large lm was obtained,
which was washed with DMF and acetone subsequently and
a black lm was obtained. The black lm was dried under
vacuum at 60 �C for 8 h in order to yield GD.

2.3. Preparation of P5A-Au-GD

0.5 mL 5.0 mM aqueous solution of HAuCl4 was added into
20.0 mL dispersion of synthetic GD (5.0 mg) and P5A (2.5 mg).
The above mixture was continuously stirred for 15 min at room
temperature. Subsequently, 0.2 mL fresh aqueous solution of
0.5 M NaOHwas poured into the aqueous dispersion of GD, P5A
and HAuCl4, and the mixture was stirred for 10 min at room
temperature. Finally, the reaction mixture was centrifuged
(16 000 rpm, 30 min) two times and the generated solid was
collected and washed with DW and ethanol two times. The
treated solid was dried via lyophilization under vacuum
condition to obtain pure P5A-Au-GD nanocomposite. The P5A-
Au was also obtained according to the reported work.36

2.4. Catalytic activity of P5A-Au-GD towards the reduction of
4-NP and MB

The process of catalytic reduction of 4-NP was carried out as
follows: a 4.0 mL standard cuvette was charged by mixing an
aqueous solution of 4-NP (0.4 M, 2.0 mL) and NaBH4 (0.5 M, 1.0
mL). Then, a dispersed aqueous solution of P5A-Au-GD in DW
(1.0 mg mL�1, 10.0 mL) was added into the mixture of 4-NP and
NaBH4. The reduction procedure was monitored at different
times by UV-vis spectroscopy with wavelength varying from 600–
200 nm. The controlled experiments were carried out under the
same conditions as P5A-Au-GD. The only difference is that P5A-
Au-GD is replaced by Pd/C.

The degradation of MB was also carried out by the P5A-Au-
GD nanomaterial in the presence of NaBH4. To a solution of
MB (200.0 mM, 2.0 mL) in DW, NaBH4 (0.5 M, 1.5 mL) was added
under room temperature. Then, the P5A-Au-GD (10.0 mg)
RSC Adv., 2019, 9, 38372–38380 | 38373
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Scheme 1 Synthesis of the P5A-Au-GD hybrid nanomaterial (a and b) and its catalytic application (c).
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catalyst was added and UV adsorption spectrum was recorded
in the range of 800–400 nm. The control experiments of Pd/C
catalyst were studied in a similar process and the only differ-
ence was that P5A-Au-GD was replaced by Pd/C.
3. Results and discussion
3.1. Characterization of P5A-Au-GD

The prepared materials of GD and P5A-Au-GD were character-
ized by Fourier transform infrared (FTIR) spectroscopy. As
shown in Fig. 1a, for the FTIR spectrum of GD, the bands at
38374 | RSC Adv., 2019, 9, 38372–38380
2962 cm�1 and 2205 cm�1 are ascribed to the C–H and C^C
bonds, respectively.12,39,40 The FTIR spectrum of P5A-Au-GD
displays the O–C]O peak at 1716 cm�1. These peaks can
certify that GD is functionalized by P5A-Au. The Raman spec-
troscopy had been carefully carried out for the characterization
of GD lm. Raman spectrum can further certify the presence of
sp2 carbon and acetylene bonds in the structure of GD (Fig. S1†).
Crystal structures of GD and P5A-Au-GD were evaluated by
powder X-ray diffraction (PXRD). As shown in Fig. 1b, the peak
at 22.7� for GD corresponds to the interlayer spacing of 3.93 �A
according to the reported literature.39 Meanwhile, the typical
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The characterization of the as-prepared GD and P5A-Au-GD. (a) FTIR spectra; (b) XRD patterns of GD and P5A-Au-GD; (c) XPS survey of
GD and P5A-Au-GD; high resolution XPS spectrum of (d) C 1s, (e) O 1s and (f) Au 4f for P5A-Au-GD.
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peaks of Au nanoparticles can be clearly observed and the peak
at 22.7� of GD has not changed during the anchoring of Au
nanoparticles. The result can prove that the Au nanoparticles
were successfully synthesized and loaded onto the surface of GD
and the framework of GD was not destroyed by the loading of Au
nanoparticles.

X-ray photoelectron spectroscopy (XPS) is a credible tech-
nique for further assessing the incorporation of Au nano-
particles within GD. Fig. 1c shows that O, N and Au elements are
detected in the XPS spectrum of P5A-Au-GD, which further
suggests that GD is modied by P5A reduced and stabilized Au
nanoparticles. Comparative high resolution XPS (HRXPS)
spectra of C 1s for P5A-Au-GD (Fig. 1d) and GD (Fig. S2†) was
recorded. The HRXPS spectrum for P5A-Au-GD exhibits the C–C
(sp2), C–C (sp), C–N, C–O, C]O and O–C]O peaks, which is in
This journal is © The Royal Society of Chemistry 2019
good agreement with the structure of GD and P5A-Au. The
HRXPS of O 1s for P5A-Au-GD nanomaterial (Fig. 1e) shows
three peaks at 531.2, 532.2 and 533.3 eV, generating from the
oxidized groups of P5A in P5A-Au-GD. These peaks are caused
by the oxidation of hydroxyl groups in comparison with the
initial P5A (Fig. S3 and S4†). The HRXPS spectrum of N 1s for
P5A-Au-GD (Fig. S5†) reveals one distinct peak at 402.2 eV,
which is associated with the secondary nitrogen of P5A. Finally,
the HRXPS of Au nanoparticles (Fig. 1f) displays peaks at 83.9,
85.1, 87.5 and 88.6 eV, which are assigned to Au0 and Au+,
respectively. According to the published works, the mechanism
of P5A reduced and modied Au nanoparticles had been
researched in detail. NaOH has only acted as a catalyst and the
concentration of NaOH does not affect the size and morphology
of Au nanoparticles. The loading of gold was carefully assessed
RSC Adv., 2019, 9, 38372–38380 | 38375
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Fig. 2 (a) TEM image of GD and (b) P5A-Au-GD; (c) HRTEM image of P5A-Au-GD; (d) size distribution of Au nanoparticles; (e) HRTEM mapping
images of P5A-Au-GD: mixed element map; (f) C, (g) O, (h) N and (i) Au.
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by XPS and ICP, nally revealing a relatively average Au content
of 3.67–4.02 wt% (Table S1†).

3.2. Microstructure characterization of P5A-Au-GD

The microstructure of P5A-Au-GD was also studied using
transmission electron microscopy (TEM). First, the TEM image
of GD (Fig. 2a) exhibits the 2D nano-sheet morphology. Then,
the Au nanoparticles were uniformly loaded onto the surface of
GD (Fig. 2b). High resolution TEM (HRTEM) image of P5A-Au-
GD demonstrates the highlighted crystal lattice spacing with
0.228 nm Au nanoparticles (Fig. 2c) and the size of Au nano-
particles is measured as shown in Fig. 2d, which implies that
the diameter of Au nanoparticles is approximately 2.75 �
0.62 nm. For comparing the size of Au nanoparticles with 5.86�
0.65 nm of P5A-Au, the size of P5A-Au is monitored as shown in
Fig. S6 and S7.† Small size Au nanoparticles can be obtained in
the P5A-Au-GD hybrid nanomaterial, which is attributed to the
excellent anchoring effects of GD. More importantly, the
morphology of GD has not changed aer anchoring the Au
nanoparticles, suggesting that the properties of GD have not
been destroyed. Additionally, the elemental mapping (Fig. 2e–i)
of P5A-Au-GD can further illustrate the distribution of C, N, O
and Au on the surface of the synthesized 2D nanocomposite.
3.3. Catalytic activity of P5A-Au-GD

The nitro group on nitrobenzene can be reduced by NaBH4,
but the rate of the reaction progress is very slow. However, the
38376 | RSC Adv., 2019, 9, 38372–38380
efficiency can be enhanced obviously by using the P5A-Au-GD
hybrid nanomaterial. As a result, the scheme of catalyzing the
reduction of 4-NP by the prepared nanocomposite is
frequently applied for studying the catalytic performance of
the catalyst.17,40–43 According to these studies, the catalytic
activity of P5A-Au-GD is investigated by catalyzing the reduc-
tion of 4-NP in the presence of NaBH4. As demonstrated in
Fig. S8b,† the color of the aqueous solution of 4-NP is light
yellow. Aer the addition of NaBH4 solution, the color of the
mixed solution becomes bright yellow. Concurrently, the UV-
vis absorption peak at the wavelength of �317 nm (Fig. S8a,†
black curve) disappears and a new peak at �317 nm (Fig. S8a,†
red curve) appears in the UV-vis absorption spectra aer the
addition of aqueous solution of NaBH4. These results suggest
that the formation of the 4-nitrophenolate ion is in good
agreement with the reported work. Moreover, the peak inten-
sity of 4-NP did not reduce aer 10 min of addition of NaBH4

(Fig. S8a,† blue curve). However, the peak intensity at�400 nm
decreases dramatically aer the addition of the dispersed
solution of P5A-Au-GD (Fig. 3a). A fresh peak at the wavelength
of�310 (Fig. 3a) appears, revealing that 4-NP is reduced into 4-
aminophenol (4-AP) according to the previous studies. Aer
7.5 min, the peak at �400 nm disappears completely, implying
that 4-NP is reduced to 4-AP entirely. This reaction procedure
can be reected in the UV-vis absorption spectrum, in which
the peak at �400 nm is gradually decreased and the peak at
�310 nm is increasingly enhanced. Meanwhile, the mixed
aqueous solution becomes colorless (Fig. S9b†).
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Time-dependent UV-vis absorption spectra for the catalytic reduction of 4-NP in the presence of (a) P5-Au-GD and (b) Pd/C catalysts; (c)
plots of ln[Ct/C0] as a function of reaction time for the reduction of 4-NP; (d) time-dependent UV-vis absorption spectra for the catalytic
degradation of MB in the presence of P5-Au-GD and (e) Pd/C catalysts; (f) plots of ln[Ct/C0] as function of reaction time for the degradation of
MB.
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Commercial Pd/C catalyst was studied to compare the cata-
lytic activity of P5A-Au-GD. With a similar process, although the
peak at �400 nm can be decreased signicantly, it needs more
time than the P5A-Au-GD catalyst (Fig. 3b), displaying the poor
catalytic performance of Pd/C than the P5A-Au-GD catalyst. For
clear comparison of the catalytic performance, the rate constant
k is introduced. In this system, the UV-vis absorbance intensity
is proportional to the concentration of 4-NP. Thus, the value of
ln(At/A0) is equal to the value of ln(Ct/C0). The Ct and C0 reect
the amounts of 4-NP at time t and 0, respectively. Therefore, the
rate constant k can be obtained according to the following
equation: ln(Ct/C0) ¼ kt.36 The time-dependent UV-vis absorp-
tion spectra of 4-NP reduction catalyzed by P5A-Au-GD and Pd/C
is displayed in Fig. 3c. As a result, the k value was calculated to
This journal is © The Royal Society of Chemistry 2019
be 0.419 and 0.036 min�1 according to the slope of the tted
line for P5A-Au-GD and Pd/C, respectively. The k value for
catalyzing the reduction of 4-NP by P5A-Au-GD nanocomposite
is 11.3-fold higher than that of the commercial Pd/C catalyst. By
comparing the k value, it is clear that the P5A-Au-GD nano-
material exhibits superior catalytic activity than Pd/C.

The catalytic performance of P5A-Au-GD is further studied by
catalyzing the degradation of MB. The pure MB solution shows
a typical blue color and no visible color change is seen by the
addition of NaBH4 (Fig. S9c†). The bright blue color undergoes
no visible change aer the addition of P5A-Au-GD (Fig. S9d†).
Additionally, the catalytic degradation procedure of MB by P5A-
Au-GD is monitored accurately via the time-dependent adsorp-
tion spectra at various times regularly. As shown in Fig. 3d, two
RSC Adv., 2019, 9, 38372–38380 | 38377
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Fig. 4 (a) Recyclable performance of P5A-Au-GD towards the reduction of 4-NP and MB over 5 cycles; (b) PXRD patterns of P5A-Au-GD before
and after recycling tests.

Fig. 5 The proposed mechanism for the P5A-Au-GD catalyzed
reduction of 4-NP.
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characterized peaks were observed at �613 and �664 nm,
which can be ascribed to the dimer and monomer of MB,
respectively.41,44 Moreover, the intensity of these peaks
decreases gradually until it disappears completely within
5.5 min aer the addition of P5A-Au-GD, suggesting the ultra-
high catalytic performance of the P5A-Au-GD nanocomposite.
For comparison, the catalytic performance of Pd/C under the
same condition is also assessed for the degradation of MB
(Fig. 3e). And the reactive rate k for the catalytic degradation of
MB by P5A-Au-GD and Pd/C is calculated to be 0.426 and
0.027 min�1 according to the tted line (Fig. 3f), respectively.
The k value for the catalytic degradation of MB by P5A-Au-GD is
15.77 times higher than that of Pd/C, indicating the superior
catalytic activity of the P5A-Au-GD catalyst.

In the reduced system of 4-NP andMB, the P5A-Au-GD shows
superior catalytic performance, which can be ascribed to the
synergistic effects between Au nanoparticles and 2D GD. The
small sized Au nanoparticles can be obtained by the excellent
2D material GD, which can present a good deal of coordination
environment for anchoring the metal nanoparticles.20,45–47

Owing to the excellent loading sites of GD, Au nanoparticles
with uniform and small diameters can be obtained. On the one
38378 | RSC Adv., 2019, 9, 38372–38380
hand, the O and N elements in P5A have innumerable lone pairs
of electrons, which causes the surface of the obtained Au
nanoparticles to emit plenty of electrons. On the other hand, 4-
NP exhibits an electron-decient behavior due to the presence
of nitro group, which is a strong electron-withdrawing group.
Consequently, 4-NP can easily interact with the electron-rich Au
nanoparticles. Furthermore, the extraordinary 2D and porous
structure of GD is extremely useful to accumulate nitrophenol
on the surface of GD (Fig. S10†). Denitely, more amount of
nitrophenol can be adsorbed on the surface of GD due to the
outstanding host–guest recognition between P5A and nitro-
phenol.48,49 These benecial conditions can create higher
chances of communication between Au nanoparticles and
nitrophenol and MB.

Additionally, the recyclability and stability of the prepared
P5A-Au-GD catalyst were also investigated. Fig. 4a illustrates the
outstanding reusability without obvious reduction in conver-
sion aer ve cycles. Furthermore, Fig. 4b exhibits the PXRD
patterns of P5A-Au-GD before and aer the catalytic reduction
of nitrophenol, showing no obvious change aer the catalytic
reduction. Therefore, the unique 2D heterogeneous hybrid
material P5A-Au-GD exhibits high catalytic activity and durable
recyclability. As shown in Fig. S11,† there are no agminated Au
nanoparticles, and the size of Au nanoparticles slightly
decreases, implying high stability of P5A-Au-GD catalyst. This
result is in good accordance with XRD analysis. According to the
above analysis, the proposed reaction mechanism using P5A-
Au-GD as the catalyst is displayed in Fig. 5, which is similar to
the reported literature.50
4. Conclusions

In summary, a novel and heterogeneous nanomaterial based on
the two dimensional material graphdiyne, supramolecular
pillar[5]arene and Au nanoparticles was successfully prepared,
which broadened the prospective applications of catalysis.
Meanwhile, P5A-Au-GD derived from GD and Au nanoparticles
was designed for the rst time, which has great potential
applications in advanced material preparation, catalytic reduc-
tion of nitrophenol and so forth. In general, Au nanoparticles
This journal is © The Royal Society of Chemistry 2019
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are one of the most efficient metallic catalysts towards various
reactions with remarkable yield and high turnover frequency.
However, Au nanoparticles easily aggregate, which limits their
further application. With its extraordinary durability and
separability, GD is strongly considered to be capable of satis-
fying the urgent need of metallic nanoparticle supports.
Furthermore, the Au nanoparticles were obtained by a clean and
green approach, which has a signicant value for sustainability.
As expected, Au nanoparticles with GD connement present
desirable performance in controlling nucleation and seed
growth of Au nanoparticles with small size distribution owing to
the sufficient loading sites of GD. Particularly, owing to the
insolubility of GD, the promising P5A-Au-GD nanomaterial
exhibits recyclability and stability during the catalytic reduction
reaction of 4-NP and MB. Accordingly, we anticipate that the 2D
heterogeneous hybrid material P5A-Au-GD will have potential
value in sustainable development.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was nancially supported by the Basic Research
Project of Science and Technology Commission of Chongqing,
China (Grant No. cstc2017jcyjAX0031), the authors thank the
support of this work by the Program for Innovation Team
Building at Institutions of Higher Education in Chongqing,
China (Grant No. CXTDX201601039).

References

1 F. L. D. V. Michael, H. T. Sameh, H. B. Ray and H. A. John,
Science, 2013, 339, 535–539.

2 J. Liu, N. P. Wickramaratne, S. Z. Qiao and M. Jaroniec, Nat.
Mater., 2015, 14, 763–774.

3 M. R. Benzigar, S. N. Talapaneni, S. Joseph, K. Ramadass,
G. Singh, J. Scaranto, U. Ravon, K. Al-Bahily and A. Vinu,
Chem. Soc. Rev., 2018, 47, 2680–2721.

4 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva and A. A. Firsov, Science, 2004,
306, 666–669.

5 X. L. Lu, K. Xu, S. Tao, Z. W. Shao, X. Peng, W. T. Bi,
P. Z. Chen, H. Ding, W. S. Chu, C. Z. Wu and Y. Xie, Chem.
Sci., 2016, 7, 1462–1467.

6 Y. J. Li, L. Xu, H. B. Liu and Y. L. Li, Chem. Soc. Rev., 2014, 43,
2572–2586.

7 W. X. Zhou, H. Shen, C. Y. Wu, Z. Y. Wu, F. He, Y. N. Gu,
Y. R. Xue, Y. J. Zhao, Y. P. Yi, Y. J. Li and Y. L. Li, J. Am.
Chem. Soc., 2019, 141, 48–52.

8 R. H. Baughman, H. Eckhardt and M. Kertesz, J. Chem. Phys.,
1987, 87, 6687–6698.

9 G. Li, Y. Li, H. Liu, Y. Guo, Y. Li and D. Zhu, Chem. Commun.,
2010, 46, 3256–3258.

10 H. Shang, Z. Zuo, H. Zheng, K. Li, Z. Tu, Y. Yi, H. Liu, Y. Li
and Y. Li, Nano Energy, 2018, 44, 144–154.
This journal is © The Royal Society of Chemistry 2019
11 X. Gao, H. B. Liu, D. Wang and J. Zhang, Chem. Soc. Rev.,
2019, 48, 908–936.

12 Z. C. Zuo, H. Shang, Y. H. Chen, J. F. Li, H. B. Liu, Y. J. Li and
Y. L. Li, Chem. Commun., 2017, 53, 8074–8077.

13 T. Lin and J. Z. Wang, ACS Appl. Mater. Interfaces, 2019, 11,
2638–2646.

14 Z. Yang, C. F. Zhang, Z. F. Hou, X. Wang, J. J. He, X. D. Li,
Y. W. Song, N. Wang, K. Wang, H. L. Wang and
C. S. Huang, J. Mater. Chem. A, 2019, 7, 11186–11194.

15 K. D. Patel, R. K. Singh and H. W. Kim,Mater. Horiz., 2019, 6,
434–469.

16 T. T. Zheng, Y. Gao, X. X. Deng, H. B. Liu, J. Liu, R. Liu,
J. W. Shao, Y. L. Li and L. Jia, ACS Appl. Mater. Interfaces,
2018, 10, 32946–32954.

17 L. L. Yang, H. J. Wang, J. Wang, Y. Li, W. Zhang and T. B. Lu,
J. Mater. Chem. A, 2019, 7, 13142–13148.

18 L. Hui, Y. R. Xue, H. D. Yu, Y. X. Liu, Y. Fang, C. Y. Xing,
B. L. Huang and Y. L. Li, J. Am. Chem. Soc., 2019, 141,
10677–10683.

19 Y. Gao, Z. W. Cai, X. C. Wu, Z. L. Lv, P. Wu and C. X. Cai, ACS
Catal., 2018, 8, 10364–10374.

20 Y. X. Li, X. H. Li, Y. C. Meng and X. Hun, Biosens. Bioelectron.,
2019, 130, 269–275.

21 H. T. Qi, P. Yu, Y. X. Wang, G. C. Han, H. B. Liu, Y. P. Yi,
Y. L. Li and L. Q. Mao, J. Am. Chem. Soc., 2015, 137, 5260–
5263.

22 K. M. Metz, D. Goel and R. J. Hamers, J. Phys. Chem. C, 2007,
111, 7260–7265.

23 D. W. Ma, T. Li, Q. Wang, G. Yang, C. He, B. Ma and Z. Lu,
Carbon, 2015, 95, 756–765.

24 Z. Z. Lin, Carbon, 2015, 86, 301–309.
25 Y. Zhao, Y. C. Huang, H. Zhu, Q. Q. Zhu and Y. S. Xia, J. Am.

Chem. Soc., 2016, 138, 16645–16654.
26 H. Li, D. X. Chen, Y. L. Sun, Y. B. Zheng, L. L. Tan, P. S. Weiss

and Y. W. Yang, J. Am. Chem. Soc., 2013, 135, 1570–1576.
27 Y. Yao, M. Xue, Z. B. Zhang, M. M. Zhang, Y. Wang and

F. H. Huang, Chem. Sci., 2013, 4, 3667–3672.
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