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Enormous research interest is devoted to fabricating three-dimensional graphene-based gels (3D GBGs)
toward improved conversion of solar energy by virtue of the intrinsic properties of single graphene and
3D porous structure characteristics. Here, this concise minireview is primarily focused on the recent
progress on applications of 3D GBGs, including aerogels and hydrogels, in photocatalytic degradation of
pollutants from water and air, such as organic pollutants, heavy metal ions, bacteria and gaseous pollutants. In particular, the preponderances of 3D GBG photocatalysts for environmental pollutants
degradation have been elaborated. Furthermore, in addition to discussing opportunities offered by 3D
GBG composite photocatalysts, we also describe the existing problems and the future direction of 3D
GBG materials in this burgeoning research area. It is hoped that this review could spur multidisciplinary
research interest for advancing the rational utilization of 3D GBGs for practical applications in environmental remediation.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
With the development of industrialization and the rapid growth
of population, the environmental pollution from air, water and soil
is becoming increasingly serious (Ahmed et al., 2017; Das et al.,
2017; Huang et al., 2017a). To solve these pollution problems represents a far-reaching and important concern of the scientiﬁc
community for sustainable development (Azimi et al., 2017;
Habisreutinger et al., 2013; Moreira et al., 2017; Tang et al., 2015).
In recent decades, the removal of pollutants by renewable solar
energy-based technique has attracted considerable interest (Chen
et al., 2010; Pelaez et al., 2012; Yang et al., 2014). Several types of
promising photocatalysts, such as zinc oxide (ZnO), titanium dioxide (TiO2) and cadmium sulﬁde (CdS) have been actively applied
in environmental waste treatment system (Cheng et al., 2018; Lee
et al., 2016; Mamaghani et al., 2017). However, most of the photocatalytic materials still need to be ameliorated because of the low
quantum conversion efﬁciency, insufﬁcient utilization of solar energy and limited exposure of active sites. Therefore, developing
low-cost and high-activity composite materials for further boosting
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photocatalytic removal ability of different pollutants is in demand.
Graphene, as a two-dimensional (2D) nanocarbon material, has
aroused wide interest due to its unique and excellent properties,
including large speciﬁc surface area, large p conjugation system,
efﬁcient light absorption, superior charge mobility and thermal
conductivity, which are all beneﬁcial for graphene as an ideal
platform to boost the photocatalytic efﬁciency (Craciun et al., 2009;
Huang et al., 2011; Kim et al., 2010; Li and Kaner, 2008; Meyer et al.,
2007; Xiang et al., 2015; Yang et al., 2014; Zhang et al., 2012). The
past several years have witnessed a shape increase in constructing a
myriad of graphene-based composites for photocatalytic application (Chowdhury and Balasubramanian, 2014; Li et al., 2016a; Tang
et al., 2018; Xiang et al., 2015; Xie et al., 2013; Yang et al., 2017b;
Yang et al., 2014; Zhang et al., 2011). However, it is well-known
that perfect 2D graphene cannot exist in the free state (Meyer
et al., 2007). The most common approach to prepare graphene is
using graphene oxide (GO) as precursor at present. Thus, the
excellent properties associated with a defect free and single layer
2D graphene sheet have yet to be fully realized in the reported
graphene-based materials (Meena et al., 2005; Yang et al., 2014),
due to the irreversible aggregation or restacking of graphene sheets
during the wet chemistry synthesis and the lower electronic conductivity of the prepared GO-derived graphene (i.e., reduced graphene oxide, rGO) (Loh et al., 2010; Zhang et al., 2011). In addition,

366

F. Zhang et al. / Environmental Pollution 253 (2019) 365e376

the relatively difﬁcult separation of graphene-based powder materials from water/efﬂuent also restricts their practical applications.
Constructing monolithic graphene materials with threedimensional (3D) cross-linked structure, particularly 3D
graphene-based gels (3D GBGs) including aerogels and hydrogels,
has become a promising choice to alleviate the above drawbacks for
large scale applications of graphene (Cong et al., 2014; Lu et al.,
2018c; Shen et al., 2015). By this way, the graphene sheets are
partially separated in the direction perpendicular to the graphene
basal plane, thereby overcoming the intrinsic p-p interaction forces
between graphene sheets to achieve the macroscopic structural
stability (Du et al., 2008). The 3D networked graphene gels feature a
framework bulk structure containing interconnected micro-/
nanosheets, which also possess hierarchical pores on micro-, mesoand macro-scales in contrast to 2D ﬁlms. These hierarchically
porous structures of 3D GBGs make them ideal scaffolds to inhibit
the aggregation or stacking of subunits, which thus maintain the
high structural stability and expose more active sites for photocatalytic reactions (Cong et al., 2014; Wu et al., 2012). Furthermore,
the macroscopic block morphology of 3D GBGs makes them easily
separated from water/efﬂuent and prevents the release of graphene
nanosheets from leading to secondary pollution. In addition, the
obtained 3D network structure can provide multidimensional
electron transport channels, further improving the separation efﬁciency of photogenerated charge carriers (Qiu et al., 2018). To date,
the synthesis processes and applications in energy conversion and
storage of 3D graphene have been highlighted in several reviews
(He et al., 2018b; Lu et al., 2018a; Lu et al., 2018c; Shi et al., 2016; Yi
et al., 2018). However, it is worth noting that a concise overview of
the applications of 3D GBG composite photocatalysts focused on
the degradation of pollutants in environment ﬁeld is still absent.
Herein, we provide a minireview on recent progress of utilizing 3D
GBGs for photocatalytic degradation of environmental pollutants
from water and air, which include organic pollutants, heavy metal
ions, bacteria and gaseous pollutants (Fig. 1). The prominent advantages of 3D graphene characteristics in boosting the pollutants
removal capability have been elucidated. In addition, some unsettled issues and potential opportunities in this ﬁeld have been
proposed, which is hoped to contribute to the development of

rational design of highly efﬁcient 3D GBG photocatalysts for practical applications in environmental remediation of pollutants.

2. Degradation of organic pollutants
In the past years, photocatalytic degradation of harmful organic
pollutants into inorganic harmless small molecule compounds,
such as H2O and CO2, has attracted enormous research attention
(Liu et al., 2018a; Mu et al., 2017; Yi et al., 2018) and is expected to
be put into practical applications (Fan et al., 2015). In view of the
drawback that conventional photocatalysts in powder form must
undergo an intricate desorption treatment for recycling use, the
effective solid-liquid separation of photocatalysts is highly desirable (Lu et al., 2018a; Wan et al., 2016a). The 3D GBGs have the
macroscopic bulk structures and are desirable supports for semiconductor composite photocatalysts with excellent solid-liquid
separation and recycling convenience. For example, 3D TiO2/
reduced graphene oxide aerogel (GA) composites have been synthesized via a one-step hydrothermal method (Qiu et al., 2014),
where glucose acts as a linker (Fig. 2a). The hydroxyl groups at both
ends of glucose can connect GR and TiO2 facets, thereby facilitating
the in situ growth of TiO2 nanocrystals on the GA surface and
forming the strong interactions between TiO2 and GA. The asobtained TiO2/GA exhibits the hydrophobic property and excellent photoactivity toward degradation of methyl orange (MO). As
shown in Fig. 2b, MO is photocatalytically degraded up to 90% by
TiO2/GA within 300 min of solar light irradiation and the catalyst
can maintain high photoactivity (83%) after 5 cycles. Importantly,
the TiO2/GA composite can be easily separated from liquid solution
by using a pair of tweezers for recycling use.
Beyond the advantage of convenient operation, the construction
of 3D GBGs can also improve the photocatalytic performance of
hybrid materials. It is found that the higher surface area associated
to the hierarchical porous scaffold of 3D graphene is beneﬁcial for
the improvement of adsorptive capacity, which is related to the
formed hydrogen bonding (Mou et al., 2011), electrostatic and p-p
interactions (Nardecchia et al., 2013; Wu et al., 2013) between the
organic contaminants and graphene. For example, the TiO2-graphene hydrogel (TGH) has been synthesized by the way of

Fig. 1. Schematic illustration of the advantages of 3D GBGs and their applications in photocatalysis for pollutants degradation.
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Fig. 2. (a) Glucose-linked transformation pathway for the in situ growth of TiO2 nanocrystals with (001) facets on the GAs surface. (b) Cycling photodegradation of MO under
simulated solar light irradiation (Qiu et al., 2014). (c) UVevis absorption spectra of original MB solution, and the adsorptive MB solutions over TGH, TiO2 nanoparticles (NPs) and GH.
Inset is the corresponding photograph of original MB solution and adsorptive MB solutions over TGH, TiO2 NPs and GH (Zhang et al., 2013). (d) Scanning electron microscopy (SEM)
images of AgBr/GAs and (e) bare AgBr. (f) Photocatalytic oxidative activity of MO over AgBr/GAs and AgBr under visible light (l > 420 nm) irradiation (Fan et al., 2015).

hydrothermally treating the TiO2 and GO mixture (Zhang et al.,
2013). The obtained TGH with 3D interconnected networks and
large surface area can increase adsorption capacities of methyl blue
(MB). The UVevis optical absorption in Fig. 2c indicates that the
absorbance of MB in the presence of TGH is almost 3 and 4 times
lower than that in the presence of GR hydrogels (GHs) and TiO2 NPs,
respectively, revealing that TGH possesses the higher dye adsorption capacity than GH and TiO2 NPs. In addition, the hierarchically
porous structures and abundant surface oxygenic functional groups
make heterogeneous nucleation and in situ crystallization of active
particles on the 3D graphene frameworks a realize, thus effectively
inhibiting the aggregation and overgrowth of semiconductors for
exposing more active sites. For instance, Niu et al. have prepared a
unique AgBr/graphene aerogel (AgBr/GA) structure, in which the
AgBr NPs are uniformly distributed across the surface of the porous
3D GA (Fig. 2d) (Fan et al., 2015). In contrast, pristine AgBr particles
are inclined to agglomerate into irregular shaped blocks with a
larger size (Fig. 2e). It is indicated that the presence of 3D GA
remarkably inhibits the agglomeration of AgBr during the synthesis
process, which results in the high photocatalytic activity of AgBr/
GA. Their photocatalytic property has been evaluated by degradation of MO and the reduction of Cr (VI). Taking the former reaction
as an example here, after visible light irradiation (l > 420 nm) for
8 min, MO can be completely degraded by the AgBr/GA, while only
65% is removed by pristine AgBr (Fig. 2f). This conﬁrms that the
spatial distribution of active component (AgBr) can deﬁnitely affect
its activity, and the existence of GA is crucial for the improved
photocatalytic activity.
In addition, compared with 2D graphene sheets, the porous
network of 3D graphene can facilitate the stereoscopic mass electron transfer, which offers extra beneﬁt for photocatalytic activity
(Fig. 3a) (Hou et al., 2012). Accordingly, 3D graphene hydrogelAgBr@reduced graphene oxide (rGH-AgBr@rGO) has been synthesized by loading AgBr@rGO NPs onto the graphene hydrogel via
low-temperature chemically reducing the mixture of AgBr@rGO
NPs and GO with vitamin C (VC) as a reductant (Chen et al., 2017a).
It can be found from Fig. 3b that, the obtained 3D rGH-AgBr@rGO

exhibits excellent visible light-induced catalytic degradation activity of bisphenol A (BPA) and the degradation efﬁciency can reach
100% within 90 min. In contrast, nearly 30% of the BPA remains over
AgBr@rGO. The electrochemical impedance spectra (EIS) Nyquist
plots are shown in Fig. 3c. In comparison with pristine AgBr and
AgBr@rGO, rGH-AgBr@rGO shows the smallest arc radii, indicating
that the excellent charge mobility of 3D rGH can facilitate photogenerated charge transfer along the graphene panels, which contributes to its improved activity.
Besides these binary composite systems, the multi-component
3D GBGs hybrid nanostructures have also attracted incremental
attention due to their higher activity for photocatalytic organic
degradation (Chen et al., 2018b; Han et al., 2014; Liu et al., 2018b;
Yan et al., 2017; Zhang et al., 2018). For instance, the MoS2/P25/
graphene aerogel has been constructed by a one-step hydrothermal
approach combined with freeze drying, where TiO2 NPs, which are
decorated with MoS2 nanosheets (NSs), are densely anchored onto
the graphene supports (Han et al., 2014). The introduction of MoS2
NSs can enhance the photoactivity of MoS2/P25/graphene aerogel
toward the photodegradation of MO under UV irradiation. As
demonstrated in Fig. 4a, the degradation of MO can be completed
over the MoS2/P25/graphene aerogel after UV irradiation for
15 min, which is much faster than that over the graphene/P25/
MoS2, binary or single materials. The enhanced photocatalytic activity is attributed to the combined interaction of the faster interfacial charge transfer rate, larger speciﬁc surface area and more
active adsorption/reaction sites in this hybrid.
In another study, a ternary BiVO4/RGO aerogel/CeVO4 (BGC)
composite has been prepared by the same way to design an allsolid-state Z-scheme system for the degradation of tetracycline
(TC) under visible light (Liu et al., 2018b). In this ternary system, 3D
RGO aerogel can act as a solid electron mediator due to its high
spatial electron mobility, resulting in more efﬁcient separation of
photogenerated charge carriers and thereby improving the photocatalytic activity. As shown in Fig. 4b, the optimal ternary BGC1
composite demonstrates the highest photocatalytic activity and the
TC is completely degraded within 60 min, while only 31% and 34%
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Fig. 3. (a) Schematic diagrams for illuminating the charge behavior at interfaces in 2D TiO2-graphene sheets and 3D TiO2-graphene networks (Hou et al., 2012). (b) Photocatalytic
degradation of BPA under visible light irradiation over AgBr, AgBr@rGO and rGH-AgBr@rGO. (c) Electrochemical impedance spectra (EIS) curves of samples irradiated with visible
light (Chen et al., 2017a).

Fig. 4. (a) Photo-degradation of MO by MoS2/P25/graphene aerogel, graphene/P25/MoS2, P25/graphene, MoS2/P25, MoS2/graphene and P25 with a reaction time of 30 min under
UV irradiation (Han et al., 2014). (b) Photocatalytic degradation rate of tetracycline (TC) for the prepared catalysts under visible light irradiation. (c) Schematic illustration of
proposed Z-Scheme photocatalytic mechanism of the ternary BiVO4/RGO/CeVO4 composite (Liu et al., 2018b).

of TC are decomposed over bare CeVO4, BiVO4, respectively. According to the differences of band energy positions between CeVO4
and BiVO4, a Z-scheme charge transfer mechanism is proposed and
the tentative charge transfer process is described in Fig. 4c. These
works conceptually demonstrate that the ingenious design of 3D
GBGs by coupling 3D graphene with various functional compounds
is favorable to the development of highly efﬁcient graphene-based
photocatalyst systems.
In addition, the chemical doping of heteroatoms is an effectively
strategy to tailor the electronic properties of graphene, which is
essential for the enhanced photocatalytic activity. Among of them,
boron (B) and nitrogen (N) atoms have attracted most of attention,
since their atomic radii are similar to that of carbon atom (C)
(Chowdhury et al., 2018; Jiang et al., 2017; Jiang et al., 2019). For
example, a series of boron-doped graphene aerogels (BGAs) with
different concentrations of dopant have been synthesized through
hydrothermally treating the H3BO3 and GO mixture (Chowdhury
et al., 2018). In these hybrid systems, B atoms exist in three
distinct forms, including in-plane BC3 structures (where B replaces
C in the hexagonal lattice), borinic ester (C2BO) and boronic acid

(CBO2) species, which are visualized in Fig. 5a. Their photocatalytic
property has been evaluated by degradation of acridine orange
(AO) under visible light irradiation. As shown in Fig. 5b, the BGA-0.4
sample with a B content of 2.15% (mass ratio) exhibits the superior
photodegradation efﬁciency (98%), which is 2.13 times higher than
that of the undoped GA. This result indicates that, besides the effect
of dye sensitization, the introduction of B can open the band gap of
graphene to improve its semiconducting property, which can
accelerate the photogenerated electrons mobility of the hybrid
systems and subsequently boost the activity of photocatalysts.
Additionally, borinic ester (C2BO) and boronic acid (CBO2) species
favor the adsorption of dye molecules due to electrostatic attraction, which can further improve the photocatalytic efﬁciency. The
plausible mechanism of photodegradation of AO based BGAs hybrid
system is illustrated in Fig. 5c. This work demonstrates that tuning
the various physicochemical characteristics of 3D graphene macrostructures by doping of heterogeneous atoms is expected to be to
realize their full potential as adsorbents/photocatalysts for environmental applications.
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Fig. 5. (a) Ball-and-stick model illustrating the different B-bonding conﬁgurations in the BGA materials (C atoms in silver, B atoms in blue and O atoms in red). (b) Photocatalytic
degradation of AO under visible light irradiation by the B-doped and undoped graphene aerogels as a function of reaction time. (c) Schematic of the plausible photocatalytic
mechanism of BGA-0.4 (Chowdhury et al., 2018).

3. Elimination of heavy metal ions
Nowadays, heavy metal contaminations in water such as arsenic
(As), lead (Pb), mercury (Hg) and cadmium (Cd) have become a
worldwide problem (Youseﬁ et al., 2019). These heavy metal ions,
even at trace level, are highly toxic to the humans and ecosystems
owing to their bioaccumulation and persistence (Carolin et al.,
2017; Meena et al., 2005; Qiu et al., 2012). Many studies have
been focused on the development of low-cost and efﬁcient
wastewater treatment technologies to purify the water polluted by
heavy metals (Carolin et al., 2017; Hu et al., 2016; Upadhyay et al.,
2014). Among of them, adsorption and photocatalysis have been
shown to be superior to other techniques (Kemp et al., 2013; Yue
et al., 2015). In recent years, 3D GBGs with a high speciﬁc surface
area and an open framework have been shown to be a class of
promising monolith materials for heavy metals removal from
contaminated water (Nasiri et al., 2018; Vadahanambi et al., 2013;
Zou et al., 2016). For example, the composite 3D RGO/Mn3O4 aerogels have been fabricated by the combination of reﬂux condensation and solvothermal reaction to remove antimony (Sb) species
(Zou et al., 2016). The as-prepared 3D RGO/Mn3O4 composites show
a very high uptake capacity of 151.84 and 105.50 mg/g toward Sb
(III) and Sb (V), respectively and the adsorption can be conducted in
a wide pH range due to the extraordinary 3D structure and

excellent adsorption properties of RGO/Mn3O4. Since the toxicity of
heavy metal ions depends on their valence states, transforming
these poisonous metal ionic pollutants into nontoxic ones is
essential for the photocatalytic elimination of heavy metal ions
(Meena et al., 2005). As illustrated in Fig. 6a, a 3D TiO2-graphene
hydrogel (TiO2-rGH) was fabricated via a low-temperature chemical reduction of graphene oxide (GO) in a TiO2 suspension for
photocatalytic Cr (VI) reduction (Li et al., 2016b). As shown in
Fig. 6b, both rGH and TiO2-rGH exhibit higher Cr (VI) adsorption
capacities than TiO2, which is attributed to the large surface area
(437.6 m2 g 1) and the interconnected porous structure of 3D
graphene. In addition, the combination of 3D graphene and semiconductor TiO2 promotes the photoinduced charge separation and
transport over 3D TiO2-rGH. Thus, under UV irradiation for 90 min,
the TiO2-rGH composite shows higher photocatalytic reduction
activity of toxic Cr (VI) than bare TiO2 and rGH (Fig. 6b), and such
enhanced photoactivity is ascribed to the synergy of adsorptionphotocatalysis of TiO2-rGH composite (Fig. 6c).
Apart from the above 3D graphene-semiconductor composites,
some metal-free 3D graphene-photosensitizers hybrids have been
exploited for photoreduction Cr (VI) (Chen et al., 2019b; Wang et al.,
2018; Yang et al., 2017c). In 2016, our group reported the 3D
graphene-eosin yellow (EY) photosensitizer aerogels, which were
synthesized by the hydrothermal treatment of the GO-EY

Fig. 6. (a) Schematic illustration of the preparation process of TiO2-rGH hydrogel. (b) Comparison of photocatalytic activity of TiO2, TiO2-rGH, and rGH in reducing heavy metal ion
of Cr (VI). (c) Schematic diagram of TiO2-rGH-mediated removal of Cr (VI) (Li et al., 2016b).
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Fig. 7. (a) Schematic (top) and appearance (bottom) illustrations of the synthesis of 3D metal-free graphene-organics aerogels. (b) Visible light driven (l > 420 nm) photocatalytic
reduction of Cr (VI) over graphene-eosin (EY) aerogels and graphene-EY powder. (c) SEM image of 3D graphene-EY aerogel. (d) High-angle annular dark ﬁeld-scanning transmission
electron microscopy (HAADF-STEM) image and mapping of graphene-EY aerogel. (e) Transient photocurrent spectra of graphene-EY aerogel and graphene-EY powder (Yang et al.,
2017c).

photosensitizer mixture, as shown in Fig. 7a (Yang et al., 2017c).
Under visible light irradiation of 30 min, the optimal photoactivity
of graphene-2EY aerogel for photoreduction of Cr (VI) is ca. 7.4
times as high as that of the powdered graphene-2EY (Fig. 7b). As
shown in Fig. 7c and d, the graphene-EY photosensitizer aerogel
possesses an interconnected porous framework, and the elements
of C, O, and Br (the typical component of EY) are homogenously
distributed in the 3D graphene framework. Such intimate interfacial contact between graphene and EY photosensitizer is favorable
to utilize the superior electrical conductivity of 3D graphene to
transfer the electrons photogenerated from photoexcitation of EY.
Under visible light irradiation, the photocurrent transient response
for graphene-EY photosensitizer aerogel is much higher than that
of graphene-EY powder (Fig. 7e), suggesting the more efﬁcient
separation of photogenerated charge carriers. In addition, it has
also been found that the proper addition of highly electronic
conductive commercial Elicarb graphene (EGR) can effectively
promote the separation and transfer of photogenerated electrons
from such 3D graphene-EY composite photocatalyst system to the
surface, thereby further improving the photoactivity of
graphene@EGR-EY aerogel toward Cr (VI) reduction (Lu et al.,
2018b).
Furthermore, the 3D skeleton of graphene can also suppress the
restack of other layered structures, such as MXenes, an emerging
family of 2D materials (Chen et al., 2019b). In our recent work, 3D
rGO/Ti3C2Tx (a typical representative of MXenes) hydrogel (RTiC
hydrogel) was synthesized by a graphene oxide (GO) assisted selfconvergence process (Fig. 8a). During this process, GO is reduced to
rGO by virtue of the reduction ability of Ti3C2Tx. Meanwhile,
NaHSO3 is added as a reducing agent to mitigate the oxidation of
Ti3C2Tx for utilizing the intrinsic electrical conductivity of Ti3C2Tx.
In comparison with the RTiC powder, the as-obtained RTiC hydrogel

features a 3D conductive networks (Fig. 8b-c) and larger accessible
active areas (Fig. 8d). As shown in Fig. 8e, with the immobilization
of EY photosensitizer onto 3D rGO/Ti3C2Tx hydrogel, the as-formed
RTiC/EY hydrogel exhibits higher photoreduction activity for the
conversion of Cr (VI) into Cr (III) under visible light irradiation than
the RTiC/EY powder. The enhanced photoactivity of the RTiC/EY
hydrogel is attributed to its enhanced speciﬁc surface area and the
3D interconnected porous structure providing multidimensional
electron transport pathways for efﬁcient separation and transfer of
photogenerated charge carriers. It is worth noting that, the studies
on 3D GBGs materials towards photocatalytic elimination of heavy
metal ions, only the conversion of Cr (VI) into Cr (III) has been reported at present. It is hoped that in near future, the application
over 3D GBGs photocatalysts for other heavy metal ions elimination
will be reported to broaden the application sphere of 3D graphene.
4. Photocatalytic disinfection
Various types of microbes (bacteria, viruses, fungi, algae,
plankton, etc.) present in wastewater are harmful to human health
(Soller et al., 2014; Wang et al., 2017). At present, chlorination and
ozonation have been widely applied for removing biological pollutants in aquatic environments, but both of them cause harmful
disinfection byproducts (Antonopoulou et al., 2014; Malato et al.,
2009). Since TiO2 was reported for photocatalytic water disinfection in 1985 (Wake et al., 1985), a new avenue for photocatalytic
disinfection treatment has emerged. The approach of photocatalytic inactivation of microbes is mainly based on redox reactions induced by reactive species (RSs), including electron (e),
hole (hþ), hydroxyl radical ($OH), superoxide radical ($O
2 ) and
hydrogen peroxide (H2O2), to disrupt the cell membrane and result
in ultimate cell apoptosis (Shi et al., 2014; Wang et al., 2015). Hence,
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Fig. 8. (a) Synthesis procedure of RTiC hydrogel. (b) SEM images of RTiC hydrogel and (c) RTiC powder. (d) N2 adsorption-desorption isotherms of RTiC hydrogel and RTiC powder.
(e) Photocatalytic performances for reduction of Cr (VI) over the RTiC/EY hydrogel and RTiC/EY powder under visible light (l  420 nm) irradiation (Chen et al., 2019b).

Fig. 9. (a) SEM image of the RGA/AgBr/Ag aerogel. Inset of (a) is transmission electron microscope (TEM) image of the RGA/AgBr/Ag aerogel. (b) Photocatalytic disinfection activity
toward Escherichia coli (E. coli) over RGA/AgBr/Ag aerogel, RGA and AgBr and under visible light (l > 400 nm) irradiation. (c) Separation and recycling of RGA/AgBr/Ag aerogel (Xin
et al., 2019).
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et al., 2019). For example, our group recently has synthesized a
ternary rGA/AgBr/Ag composite by a low-temperature chemical
reduction approach and investigated its antibacterial activity
against Escherichia coli (E. coli) (Xin et al., 2019). As shown in Fig. 9a,
the 3D rGA skeleton with hierarchically porous structure can substantially inhibit the aggregation of AgBr NPs. Under visible light
irradiation 20 min, almost no survival of E. coli cells can be detected
over the rGA/AgBr/Ag composite, in contrast to 78% of E. coli
remaining in the solution treated by bare AgBr (Fig. 9b). The
excellent antibacterial properties of rGA/AgBr/Ag composite are
attributed to the synergistic effect of superior conductivity of rGA
and strong surface plasmon resonance (SPR) effects/electron storage property of the Ag0/AgBr species. Speciﬁcally, the RGA/AgBr/Ag

the effective separation and transfer of photoexcited charge carriers
are crucial for photocatalytic disinfection efﬁciency (Shi et al., 2014;
Wang et al., 2015).
In recent years, graphene has been chosen as deposition substrate, conductive mediator and absorbent to couple with various
nanosized semiconductors for photocatalytic disinfection (Ji et al.,
2016; Li et al., 2018b; Liu et al., 2019; Wu et al., 2015; Zeng et al.,
2017). Gradually, these outstanding performances of graphene in
photocatalysis have driven growing endeavors to incorporate graphene into 3D hierarchical construction assembled by efﬁcient
semiconductors, further utilizing the 3D structural features. In
these contexts, some 3D GBGs have been reported for photocatalytic disinfection (Chen et al., 2019a; Xin et al., 2019; Zhang

Fig. 10. (a) Visible light photocatalytic activity of C3N4/GOA aerogel photocatalysts for the removal of NO. (b) Band structure diagram of C3N4/GOA aerogel and bare C3N4 powder. (c)
Monitoring NO2 intermediates for the removal of NO (Wan et al., 2016b).

Table 1
Photocatalytic degradation of pollutants over other 3D GBGs (– indicates that the mass of photocatalyst is not given).
Composite photocatalyst
(mass/mg)

Target pollutants (Ca0)

Photocatalytic activity
light source
(DPb or DRc): (Time/min)

50 mL RhBd (C0¼10 mg mLe1)
50 mL BPAe (C0¼40 ppm)
100 mL MOf (C0¼50 mg mLe1)
60 mL MO (C0¼5 mg mLe1)
50 mL MBg (C0¼40 ppm)
50 mL MB (C0¼10 mg mLe1)
40 mL Cr (VI) (C0¼15 mg Le1)
NO (C0¼100 ppm, N2 balance)
100 mL MB (C0¼10 mg Le1)
100mL 1MB (C0¼20 mg Le1)
100mL 2Cr (VI) (C0¼20 mg Le1)
100 mL RhB (C0¼10 mg Le1)
CeO2/graphene aerogel (–)
S-doped TiO2/graphene aerogel (50)
500 mL MO (C0¼6 mg Le1)
Bi2MoO6/rGO aerogel (–)
60 mL MB (C0¼10 mg Le1)
Ag2O/sodium alginate/rGO aerogel
30 mL 1RhB (C0¼5 mg mLe1)
(30)
30 mL 2OIIj (C0¼10 mg mLe1)
Ag/ZnO/graphene hydrogel (0.3)
10 mL MB (C0¼10 ppm)
BiOBr/RGO aerogel (100)
100 mL MO (C0¼10 mg mLe1)
TiO2/RGO aerogel (10)
40 mL MO (C0¼20 mg mLe1)
TiO2/RGO aerogel (10)
30 mL MO (C0¼20 mg mLe1)
TiO2/RGO aerogel (10)
25 mL RhB (C0¼20 mg mLe1)
TiO2/RGO aerogel (5)
50 mL1Cr (VI) (C0¼ 10 mg Le1)
50 mL 2BPA (C0¼ 10 mg Le1)
25 mL RhB (C0¼20 mg mLe1)
TiO2/RGO aerogel (5)
CQDsk/g-C3N4/rGO aerogel (30)
100 mL MO (C0¼30 mg mLe1)
g-C3N4/rGO aerogel (12)
50 mL MO (C0¼20 mg mLe1)
CQDs/graphene aerogel (–)
40 mL Cr (VI) (C0¼10 mg mLe1)
Cu2O/g-C3N4/graphene aerogel (50)
100 mL 1MO (C0¼30 mg Le1)
100 mL 2MB (C0¼30 mg Le1)
Ag/Ag@Ag3PO4/graphene aerogel (7.5) 40 mL RhB (C0¼15 mg Le1)
g-C3N4/TiO2/graphene aerogel (5)
25 mL RhB (C0¼20 mg Le1)
g-C3N4/BiOBr/graphene aerogel (100) 100 mL RhB (C0¼10 mg Le1)
Ag3PO4/graphene hydrogel (50)
100 mL BPA (C0¼10 ppm)
Sb2WO6/ graphene aerogels (50)
500 mL MO (C0¼6 mg Le1)

Bi2WO6/rGO aerogel (20)
Polyaniline-TiO2/rGO hydrogel (20)
W18O49/rGO aerogel (25)
Cu2O/rGO aerogel (60)
Bi2WO6/graphene hydrogel (25)
CeVO4/graphene aerogel (20)
AgBr/B-doped graphene aerogel (64.1)
PIh modifed g-C3N4/GO aerogel (80)
ZIF-8/graphene aerogel (–)
ZnS/graphene aerogel (–)

BiVO4/rGO aerogel (50)

DP: 100% (60)
DP: 100% (60)
DP: 100% (25)
DP: 70% (300)
DP: 50.6% (720)
DP: 98% (18)
DP: 95.80% (56)
DP: 66% (30)
DP: 51.8% (120)
DP1: 100% (60)
DP2: 61.2% (60)
DP: 85% (120)
DP: 100% (90)
DP: 98.3% (100)
1
DP: 96% (150)
2
DP: 93% (60)
DR: 0.89102 mine1
DP: 94.7% (120)
DP: 100% (210)
DP: 90% (30)
DP: 81% (320)
1
DP: 100% (140)
2
DP: 90% (240)
DP: 98.7% (180)
DP: 91.1% (240)
DP: 91.1% (40)
DP: 91.3% (40)
DP1: 83% (80)
DP2: 96% (80)
DP: 100% (15)
DP: 98.4% (60)
DP: 66% (60)
DP: 100% (12)
DP1: 100% (300)
DP2: 57.8% (300)
150 mL HCHO (C0¼50 ppm, N2 balance) DP: 60% (15)

Visible light, 300W, xenon lamp
UV light, 500W, mercury lamp
Visible light, 500W, xenon lamp
Visible light, 300W, xenon lamp
Visible light, 500W, xenon lamp
Visible light, 500W, mercury lamp
Visible light, 300W, xenon lamp
Visible light, 300W, xenon lamp
UV light, 300W, mercury lamp
UV light, 150W, xenon lamp

(Xu et al., 2016)
(Chen et al., 2018a)
(Li et al., 2014)
(Cai et al., 2015)
(Yang et al., 2017a)
(Fan et al., 2016)
(Huang et al., 2017b)
(Hu et al., 2018)
(Mao et al., 2017)
(Reddy et al., 2015)

UV light, 150W, xenon lamp
UV light, 11W, UV lamp
Visible light, 400W, xenon lamp
Visible light, 500W, xenon lamp

(Choi et al., 2016)
(Chen et al., 2017b)
(Liu et al., 2018c)
(Ma et al., 2018)

Visible light, 8W, LED lamp
Visible light, 300W, xenon lamp
UV light, 300W, mercury lamp
Visible light, 500W, xenon lamp
Visible light, 500W, xenon lamp
UV light, 8W, mercury vapor lamps

(Kheirabadi et al., 2019)
(Yu et al., 2017a)
(Zhao et al., 2015)
(Li et al., 2016c)
(Zhang et al., 2017)
(Santhosh et al., 2018)

Visible light, 300W, xenon lamp
Visible light, 300W, xenon lamp
Visible light, 300W, xenon lamp
UV light, 300W, xenon lamp
Visible light, 300W, xenon lamp

(Zhang et al., 2016)
(He et al., 2018a)
(Tang et al., 2017)
(Wang et al., 2018)
(Yan et al., 2017)

Visible light, 400W, xenon lamp
Visible light, 500W, xenon lamp
Visible light, 300W, xenon lamp
Visible light, 250 W, metal halide lamp
1
UV light, 11 W, UV lamp;
2
Visible light, 300W, xenon lamp
UV light, 150 W, xenon lamp

(Chen et al., 2018b)
(Zhang et al., 2018)
(Yu et al., 2017b)
(Mu et al., 2017)
(Ding et al., 2018)

c

(Yang et al., 2018)

refers the initial pollutants concentration before photocatalytic reaction. DP refers to degradation percentage. DR refers to degradation rate. RhBd refers to
Note:
rhodamine B. BPAe refers to bisphenol A. MOf refers to methyl orange. MBg refers to methylene blue. PIh refers to Perylene Imide. TCi refers to etracycline. OIIj refers to Orange
II. CQDsk refer to carbon quantum dots. P25l refers to commercial titanium dioxide.
Ca0

b

Ref.
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composite can be easily separated and recycled from the aqueous
reaction medium without any release of sheets during the whole
recycling process (Fig. 9c). More recently, the Ag/AgBr NPs have
been introduced into the TiO2-rGH system followed by freeze dying
process to construct the 3D Ag-AgBr/TiO2/rGA composite for photocatalytic bacteria (Zhang et al., 2019). In comparison with TiO2/
rGA, the Ag-AgBr/TiO2/rGA exhibits higher visible light photocatalytic performance toward photoinactivation of E. coli and
Staphylococcus aureus (S. aureus), which is assigned to the SPR effects from metallic Ag0, enhanced light absorption and electron
separation in this hybrid system.
5. Degradation of gaseous pollutants
The severe air pollution is drawing increasing concern from the
public. The quality of the air, both indoors and outdoors, is closely
related to morbidity and mortality from respiratory and cardiovascular diseases (Han and Naeher, 2006). Among the different
technologies developed for air puriﬁcation, photocatalytic degradation of gaseous pollutants is deemed to a clean strategy (Wu and
van de Krol, 2012). In recent years, 3D GBG photocatalysts have
been reported for gaseous pollutants degradation owing to the
merits of both the low gas resistance and highly hierarchical porous
network (Kemp et al., 2013; Khin et al., 2012).
For example, a metal-free C3N4/graphene oxide aerogel (C3N4/
GOA), which was fabricated by freeze drying GO and C3N4 in solution, has been reported for the photocatalytic oxidation of NO
(Wan et al., 2016b). It is seen from Fig. 10a that, 47% NO can be
degraded by the optimal C3N4/GOA after visible light irradiation for
30 min, while only 35% NO is removed by C3N4. The enhanced
photoactivity of C3N4/GOA results from the porosity and large
surface area of the GOA, which increase the number of active sites
and promote the diffusion of gaseous NO in the C3N4/GOA composite system. Furthermore, as shown in Fig. 10b, the addition of GO
can narrow the band gap of C3N4, and the valence band maximum
and conduction band minimum of C3N4/GOA are positively shifted
as compared to that of the pristine C3N4 powder. Such positive shift
of valence band edge endows C3N4/GOA with a stronger oxidation
capability than powder C3N4, thereby promoting efﬁcient oxidation
of intermediate NO2 into NO
3 , as displayed in Fig. 10c. As a whole,
the photocatalytic reaction mechanism of converting NO into NO
3
can be expressed in the following equations (1)e(7) (Lasek et al.,
2013).
NO þ$OH / HNO2

(1)

HNO2 þ$OH / NO2 þ H2O

(2)

NO2 þ$OH / HNO3

(3)



O
2 þ e /$O2

(4)


NO þ$O
2 / NO3

(5)


2NO þ$O
2 þ 3e / 2NO2

(6)

3NO2 þ 2OH / 2NO
3 þ NO þ H2O

(7)

In addition to the aforementioned studies, other 3D GBG photocatalysts have also been applied for the photodegradation of
environmental pollutants, which are summarized in Table 1 (Cai
et al., 2015; Chen et al., 2018a; Chen et al., 2018b; Chen et al.,
2017b; Choi et al., 2016; Ding et al., 2018; Fan et al., 2016; He
et al., 2018a; Hu et al., 2018; Huang et al., 2017b; Kheirabadi
et al., 2019; Li et al., 2014; Li et al., 2016c; Liu et al., 2018c; Ma
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et al., 2018; Mao et al., 2017; Mu et al., 2017; Reddy et al., 2015;
Santhosh et al., 2018; Tang et al., 2017; Wang et al., 2018; Xu
et al., 2016; Yan et al., 2017; Yang et al., 2017a; Yang et al., 2018;
Yu et al., 2017a; Yu et al., 2017b; Zhang et al., 2018; Zhang et al.,
2017; Zhang et al., 2016; Zhao et al., 2015).
6. Summary and outlook
In this minireview, we present the recent progress on photocatalytic application of 3D graphene-based gels (GBG) in remediation of environments pollutants. The 3D GBG architectures not
only preserve the excellent adsorption capacity and electrical
conductivity of graphene nanosheets, but also exhibit stereoscopic
electron transfer ability and excellent recycling operation convenience. Despite the continuous progresses, some concerns on 3D
GBG photocatalysts need to be worthy of further attention and
continuous efforts.
Firstly, the porosity of 3D GBGs has a signiﬁcant inﬂuence on
their optical and electronic properties. However, approaches and
techniques that are capable of precisely manipulating the pore
structure and size distributions of 3D GBGs are still unavailable. In
addition, the drying technologies, such as the supercritical drying
method, ambient pressure drying method and freeze-drying
method can also affect the volume and density of the porous
framework during the process of drying the graphene hydrogels.
Thus, more efforts should be devoted to the well-deﬁned structural
synthesis of 3D GBGs.
Secondly, the content of the GRs within the 3D GBGs is needed
to be controlled, especially for the GAs or GHs which are built from
the self-assembly of GO sheets. It seems that the adsorption ability
of 3D graphene-based photocatalysts toward pollutants is
enhanced with the content of GO sheets. However, the high content
of graphene sheets results in intrinsic limitations of light penetration over 3D graphene-based hybrids, and such light “shielding
effect” of the black graphene would restrict their photocatalytic
efﬁciency (Xie et al., 2018). Hence, the building of 3D GBGs with
reduced content of graphene sheets and optimized photocatalytic
activity is desirable.
Thirdly, more efforts should be devoted to achieving in-depth
insights into the effects of interface interactions and the dynamics of charge carriers associated with 3D GBG composite photocatalysts. In this context, the combination of theoretical
calculation and experimental evidence is expected to investigate
mechanism for enhanced photoactivity of 3D GBGs. The electron
spin resonance (ESR), time-resolved ultrafast transient absorption,
as well as kelvin probe force microscopy (KPFM)-based spatially
resolved surface photovoltage techniques can be used to study the
3D GBG photocatalysis systems to assist unveiling the mechanism
of pollution removal.
Lastly, it is worthy of attention for the photo-thermal effect of
3D graphene-based composites during photocatalysis. As is known,
graphene exhibits strong light trapping in a wide range of solar
energy from UVevis light to near infrared light (NIR) light. In fact, it
has been reported that the strong thermal effect induced by
absorbing NIR photon energy of graphene sheets results in
improved photocatalysis performance for pollutants puriﬁcation
over graphene-based composites (Gan et al., 2014; Li et al., 2018a).
And the thermal effect is positively correlated with the content of
graphene sheets. Hence, the development of 3D graphene-based
composites as NIR photon absorber to trigger and accelerate photocatalytic reaction deserves further exploration.
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