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Water  pollution  worldwide  has  already  endangered  health  and  environment.  At places  of  rapid  popu-
lation  growth  and  urbanization,  traditional  technologies  for wastewater  treatment  and  polluted  water
reclamation  are  approaching  their  limits.  Nanomaterials  of  small  particle  sizes,  huge  specific  surface
areas  and  abundant  reactive  sites  are  ideal  for adsorbing  pollutants,  but  semiconducting  nanoparticles
that  can  harness  sunlight  to catalyze  advanced  oxidation  processes  are  especially  effective  for  eliminating
refractory  water  contaminants.  This  paper  reviews  the  guiding  principles  of  nanomaterial  adsorption  and
photocatalysis  for advanced  water  treatment,  and  calls  attention  to  low-cost,  high-performance  nanoma-
terials that are  well  positioned  for large-scale  water  treatment.  Black  titania  (BT)  capable  of  full-spectrum
dvanced Oxidation Processes
hotocatalysis
hree-dimensional Graphene
lack Titania
ield Application

solar  photon  absorption  and  three-dimensional  graphene  (3DG)  with  an  unparalleled  combination  of
electrical  conductivity,  mechanical  strength/flexibility  and  surface  activity  and  functionality  are  espe-
cially promising.  Hybrids  of BT and  3DG  have  been  successfully  field-tested  for  large-area  remediation
of  contaminated  water  in its  natural  setting,  and  the  lessons  learned  will  lead to  further  advances  in  this
technology,  including  ones  that  integrate  wastewater  treatment  with  energy  conversion  and  storage.
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Water pollution caused by domestic, industrial, commercial and
gricultural activities is a concern in both developed and develop-
ng worlds [1]. Water pollution is the leading cause of deaths and
iseases in developing world, where 2.2 million people die each
ear because of unsanitary water that is consumed by 1 billion peo-
le everyday [2]. Even in the US, it is estimated that the national
ealth system annually spends an additional 7 billion dollars to
vercome the health problems caused by polluted water, and fam-
lies without access to clean water and sanitation facilities incur
nother US$340 yearly cost each [3]. Because pollution increases
ith human activities, the problem may  become more severe in

he future, and as population and population density grow, water
ollution will be compounded by water shortage. Indeed, if the cur-
ent population trend and usage pattern continue, by 2025, four
illion people will be living with severe water scarcity or short-
ge [4]. Therefore, there is an urgent need to develop effective and
conomic technology for water treatment, water reclamation and
ater reuse.

Wastewater is the most likely source of water pollution in
ost communities, and this has led to regulations for treating
astewater and setting the specifications for treated water before

t can be reused, reclaimed or released. In addition to biological
ollutants, wastewater often contains undesirable inorganic and
rganic chemicals shown in Table 1. The goal of the treatment is to
ompletely remove such substance or to reduce it to below a cer-
ain level, such as the ones in the WHO  guideline [5], to ensure
uman health and environmental safety. Municipal wastewater
reatment is undertaken by either public utility or private for-
rofit business. (In special circumstances, wastewater treatment
an be a profitable endeavor; for example, when Au+ and Ag+

re recovered from gold/silver plant liquids, slurries, and effluents
hat contain Au(CN)2 and Ag(CN)2.) However, standard wastewater
reatment technologies—adsorption, chemical or biological treat-

ent, and membrane-based separation or filtration—are beginning
o be pushed to their limits by the rapid population growth and
arge-scale industrialization and urbanization in many populous
eveloping countries. This has led to the call for new technologies
ith higher efficiencies and lower costs, many of them based on
anomaterials [6].

Ref: WHO, Guidelines for drinking-water quality (fourth edi-
ion), WHO  Library Cataloguing-in-Publication Data, 2017.

verview of water treatment technology and the need for
anomaterials

In a municipal setting, water treatment is a systematic project of
ultiple steps (Fig. 1) [7]. Primary treatment holds the wastewater

n a quiescent tank resulting in the settlement of heavy suspensions
o the bottom, and lighter ones, such as oil and grease, to the sur-
ace. It may  also include an additional step by adding inorganic or

rganic coagulants to the remaining liquid to cause flocculation
f suspended particles that are subsequently removed by sedi-
entation and filtration. The remaining liquid usually contains

ess than half of the original particle content and approximately
two-thirds of the dissolved and colloidal organic compounds mea-
sured by biochemical oxygen demand (BOD). Secondary treatment
is designed to remove at least 85% BOD to a monthly averaged
level of less than 30 mg/l and a like amount for suspended solids.
This may  be achieved by chemical or biochemical oxidation that
converts organics into small inorganic molecules such as water,
carbon dioxide, and salts, a process also referred to as mineraliza-
tion. In some cases, favorable geological environments providing
sand filtration may  achieve the same outcome without miner-
alization. Tertiary treatment, often called advanced treatment,
further removes biological nutrients (mainly nitrogen and phos-
phorus) and biologically toxic materials, and it also disinfects. This
is achieved by adsorbing refractory pollutants using suitable adsor-
bents, such as in membrane separation. After this step, the treated
water is nearly indistinguishable from water of natural origin, and
it can be discharged to the receiving environment (sea, river, lake,
waste lands, ground, etc.) Alternatively, tertiary treatment may
involve advanced oxidation processes (AOPs), which are a set of
chemical treatment procedures designed to remove organic and
sometimes inorganic materials by oxidation through reaction with
hydroxyl radicals (·OH), causing mineralization [8].

The above sequence is also embodied in typical unit opera-
tions of an industrial wastewater treatment plant: an oil-water
separator, a clarifier for removing solids from wastewater, a rough-
ing filter to reduce the BOD, a carbon filtration plant to remove
toxic dissolved organic compounds, and an advanced electrodialy-
sis reversal system with ion exchange membranes to further polish
water quality. Agricultural wastewater treatment for continuous
confined animal operations like milk and egg production may  be
performed by a similar set of unit operations. Wherever land is
available, ponds, settling basins and facultative lagoons may be
utilized to lower the operational costs.

It has been increasingly realized that nanomaterials may
contribute to advanced water treatment technologies [9]. Nano-
materials are materials with a particle size of 100 nm or smaller.
Compared with their bulk counterparts, nanomaterials having
smaller sizes impart orders of magnitude higher specific surface
area and surface reactive-sites. Many nanomaterials also feature
tunable physical, chemical, and electronic properties that are not
manifest in the bulk materials [10]. Although soft nanomaterials
such as surfactants are commonly used to control coagulation and
flocculation, the most critical new contributions the nanomateri-
als can make lie in filtration, adsorption and AOP. Carbonaceous
nanomaterials (charcoal, activated carbon, and newer nanocarbon
polymorphs such as carbon nanotube and graphene) have already
found use in filtration and adsorption by virtue of their huge sur-
face area and tailored pore sizes, which are important attributes
for adsorption [11]. Meanwhile, various oxides (TiO2, ZnO, Fe2O3,
Fe3O4, WO3, etc.) and metal (Fe, Ag) nanoparticles are highly effec-
tive for AOP because they generate, in situ, active hydroxyl radicals
with the help of primary oxidants (ozone, hydrogen peroxide and
oxygen), ultraviolet light or semiconductor photocatalysts, thereby
achieving mineralization [8]. Using these nanoparticles, the con-

centration of contaminants can be reduced from the ppm level
to the ppb level, hence significantly lowering BOD, chemical oxy-
gen demand (COD) and total organic carbon (TOC). Indeed, it is
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Table  1
Harmful chemicals in wastewater.

Sources Inorganic Guideline value (mg/L) Organic Guideline value (mg/L)

Naturally occurring Arsenic
Barium
Boron
Chromium
Fluoride
Selenium
Uranium

0.01
1.3
2.4
0.05 (P)
1.5
0.04 (P)
0.03 (P)

Microcystin-LR 0.001 (P)

Industrial andhuman dwellings Cadmium
Mercury

0.003
0.006

Benzene
1,2-Dichlorobenzene
1,4-Dichlorobenzene
1,2-Dichloroethane
1,2-Dichloroethene
Dichloromethane
1,4-Dioxane
Edetic acid
Ethylbenzene
Nitrilotriacetic acid
Styrene
Tetrachloroethene
Toluene
Trichloroethene
Xylenes

0.01
1 (C)
0.3 (C)
0.03
0.05
0.02
0.05
0.6
0.3 (C)
0.2
0.02 (C)
0.04
0.7 (C)
0.02 (P)
0.5 (C)

Agricultural activities Nitrate
nitrite

50
3

Alachlor
Aldicarb
Chlorotoluron
Chlorpyrifos
1,2-Dichloropropane
1,3-Dichloropropene
Dichlorprop
Hydroxyatrazine
Mecoprop
Trifluralin

0.02 (A)
0.01
0.03
0.03
0.04 (P)
0.02 (A)
0.1
0.2
0.01
0.02

(A) Substances that are carcinogenic; (C) concentrations at or below the health-based guideline value may  still affect the appearance, taste or odor of water; (P) provisional
guideline value because of uncertainties in the health database.

wate

e
A
s
r
w
f

c

Fig. 1. Flow chart of multi-step waste

ven possible to envision combining carbonaceous species and
OP-enabling nanoparticles to form material systems to realize
ynergistic effects, and to deploy them for one-time or short-term
emediation of endangered water resources of ponds, lakes, rivers,

etlands, and grounds for which a permanent water treatment

acility may  not be necessary [12].
This paper will review the basic principles and advanced

oncepts of filtration, adsorption and AOP in connection to nanoma-
r treatment from primary to tertiary.

terials. Since strategic applications of nanomaterials in large-scale
water treatment will critically depend on material availability and
costs, those nanomaterials that have already made great strides in
bulk synthesis, cost reduction and field demonstration at the pilot

plant level are of special interest. These include three-dimensional
graphene (3DG), black titania (BT) and 3DG/BT composites. The
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aper will close with an outlook of future technologies that inte-
rate wastewater treatment with energy production and storage.

dsorption and filtration

Adsorption and filtration can facilitate separation of con-
aminants from the treated effluent. Membrane filtration via
ize-exclusion filters physically separates particles into different
ype of contaminants (suspended particles, bacteria, macro-

olecules, proteins, viruses, inorganic salts, etc.) and removes
hem: microfiltration for a mean pore size ultrafiltration for nanofil-
ration for and reverse osmosis for ≤ 1 nm)  [13]. Adsorption by
igh-surface-area adsorbents in tertiary treatment removes heavy
etal ions or refractory organic pollutants. The process is based on

he principle that absorption lowers the energy of the interface,
hich may  be a solid-solid, solid-liquid, solid-gas, liquid-liquid,

r liquid-gas interface [14]. Conceptually, adsorption is limited to
he interface and may  be distinguished from absorption,  which
nvolves bulk material, although thermodynamically and empir-
cally adsorption often extends to several atomic layers into the
ulk. The adsorption process is usually classified into two: physical
dsorption through weak van der Waals forces, hydrogen bond-
ng, electrostatic attraction and �-� interactions, and chemical
dsorption in which new chemical bonds form between the adsor-
ates and the adsorbents [15]. A typical binding energy of physical
dsorption is about while that of chemical adsorption may  reach 1
o 10 eV. Adsorption is usually illustrated through isotherms, which
s the amount of adsorbate on the adsorbent measured as a function
f gas pressure or liquid concentration at a certain temperature.
ommonly used adsorption isotherms are named after Henry, Fre-
ndlich, Langmuir and Burnauer-Emmett-Teller (BET), referring to
heir respective models derived on different assumptions [16].

Since adsorption increases with the specific surface area,
urface-abundant silicates and aluminosilicates such as sand, clay,
ilica gel and natural/man-made zeolite (many used as molecular
ieves), as well as carbon materials such as charcoal and activated
arbon (AC), are most common adsorbents [17]. Carbon materials
re especially favored due to their very high specific surface area
er unit mass and outstanding ability to withstand a broad range
f chemical and physical conditions [11].

Carbon materials have been used to remove toxic pollutants
n low concentrations in aqueous solutions since 1700 when it

as first discovered that charcoal (the forerunner of widely used
C) can adsorb specific species in a gas mixture (1773) and col-
red solution (1786) [18]. Swedish chemist von Ostreijko invented
ommercial AC in two patents in 1900 and 1901 that described
hysical and chemical activation of normal carbonaceous mate-
ials [18]. Today’s AC has a specific surface area between 500
nd 3000 m2 g1 (thus somewhat higher than that of zeolite whose
ange is 500-1000 m2 g1). It has a rich pore structure consisting
f micro-, meso- and macropores endowed with abundant surface
unctional groups. It is such high surface area and the excellent
tability in aqueous solution that makes AC a popular choice as a
ost effective adsorbent in wastewater treatment and water filtra-

ion/purification processes [19].
Both charcoal and AC are three-dimensional materials compris-

ng a three-dimensional sp3-C network, although there is also an
bundance of graphitic sp2-C in these materials. An entirely new
amily of nanocarbon, however, has been discovered in recent years
hat are all made of sp2-C, its simplest form being graphene, which
rranges C atoms into a two-dimensional hexagonal network, and

s such it can be regarded as a one-atom-thick graphite [20]. When
his layer is wrapped into a closed shell that resembles a soccer ball
n shape, it is called a fullerene, which may  be regarded as a zero-
imensional allotrope of carbon. Likewise, it can be rolled into a
y 27 (2019) 11–27

tube, called a carbon nanotube (CNT), which is a one-dimensional
allotrope [21,22]. To complete the list, CNT of various diameters
and shell thickness can be connected, mostly tetrahedrally, into
a three-dimensional, open-cell, ultralight foam, which is loosely
referred to as 3DG [23]. Lastly, they can all be modified or doped
to incorporate surface functional groups [24]. These new carbon
nanomaterials have been investigated for wastewater treatment,
because their van der Waals forces enable physical adsorption and
they additionally benefit from physical and chemical adsorption
when surface functional groups are present [11,25,26].

Since all forms of carbon described above can obtain a porous
structure, it is common to classify them into different types by pore
size [27]. Microporous carbon has pores of less than 2 nm, meso-
porous carbon and macroporous carbon >50 nm.  Pores in ordered
carbon are ordered because they are created by some templating
process via a sacrificial template of an ordered mesoscopic network
that is in turn derived from some surfactant-directed liquid-liquid
phase separation process [28]. Similar mesoporous but disordered
carbon is also easily obtained by pyrolysis of any number of suit-
able carbon-containing precursors of either a synthetic or a natural
origin, such as plants or organisms [29,30]. In this respect, it should
be mentioned that AC is too a disordered porous carbon with
macropores, mesopores and micropores, and it is usually produced
by carbonization of some carbonaceous natural materials such as
coconut shell, with additional physical and/or chemical activation
through oxidation in steam and/or impregnation of chemicals in
the raw materials, before carbonization [31].

The presence of surface functional groups profoundly alters
the characteristics of carbon, which is relevant to AOP. It intro-
duces hydrophilic sites to an otherwise hydrophobic graphene
surface. Adsorption of many molecular species from gas or liquid
already occurs at the hydrophobic micro/mesoscopic pore surfaces
of porous carbon, but surface functional groups provide much more
potent sites for adsorption of ion species (either cationic or anionic)
of metals and other organics/inorganics [25]. The chemical struc-
tures of such groups can be spectroscopically characterized and
the overall pH and acidity/basicity of the carbons can be deter-
mined by titration. These characteristics are strongly correlated
to the adsorption amount and adsorption enthalpy in an (ionic)
species-dependent manner. In particular, there is direct evidence of
charge transfer during adsorption; for example, the ratio of released
protons to adsorbed cadmium ions on oxidized carbon of an AC is
approximately 2, indicating cation exchange was involved in the
process of adsorption, e.g., between H+ (in the -COOH group) and
Cd2+. Such effect is powerful, for it results in dramatically enhanced
Cd2+ adsorption even though the oxidation treatment (using HNO3)
actually lowers the specific surface area and pore volume some-
what. A further confirmation of this effect is provided by heat
treatment above 300 ◦C, which decomposes the carboxylic acid
group, and with it the enhanced Cd2+ adsorption is lost [32]. Just like
oxidation can increase the surface acidity, nitridation and sulfura-
tion of the AC surface can increase the surface basicity and polarity
that strengthens specific interactions with (acidic) polar pollutants
[31]. Since the agents of AOP are often supported by these carbon
substrates, surface modification of the latter to enhance adsorp-
tion can create a “pre-concentration” effect of collecting pollutants
locally, which makes subsequent AOP more efficient [12,33,34].

Advanced oxidation processes (AOP) and photocatalysis

Although a majority of contaminants in wastewater can be

removed by standard primary and secondary treatments, some
trace amount of non-degradable materials such as pharmaceuti-
cal residues are hard to eliminate. The limitations of conventional
approaches provoked the development of more effective tech-



o Toda

n
o
c
A
[
r
a
d
a
o

F

F

w
i
g

F

F

F

A

O

H

A

s
r
s
n
a
c
m
c

g
p
[
t
g
f
w
a
i

c

T

T

T

O

T

W.  Zhao et al. / Nan

iques such as AOPs, which rely on highly reactive ·OH to oxidize
rganic (and sometimes inorganic as well) pollutants into water,
arbon dioxide and salts [8]. Metallic nanoparticles such as Fe,
l and Ag can serve this purpose by providing direct oxidation

35]. This is not new. For example, developed in 1890s, Fenton’s
eagent is a solution of hydrogen peroxide with ferrous iron cat-
lyst that is used to oxidize contaminants in wastewaters: it can
estroy toxic organic compounds such as trichloroethylene (TCE)
nd tetrachloroethylene (perchloroethylene, PCE) [36]. In an aque-
us environment, the reaction proceeds by

e2++H2O2= Fe3++·OH + OH−

e3++H2O2= Fe2++HO2· + H+

ith the net effect being a disproportionation of hydrogen perox-
de. But Fe and Al can also act alone in an aqueous environment to
enerate hydrogen peroxide by various reactions such as

e + O2+2H+= Fe2++H2O2

e + H2O2+2H+= Fe2++2H2O

e2++H2O2= Fe3++·OH + OH−

and

l = Al3++3e−

2+H++e−= HO2·

O2· = H2O2+O2

l + 3H2O2= Al3++3·OH + 3OH−

Therefore, metallic nanoparticles such as Fe, Al and other metal
uch as Ag can provide direct oxidation for AOP as well [37]. These
eactions are irreversible, however, so fresh nanoparticles must be
upplied for AOP to continue, which can be costly. Nevertheless, Ag
anoparticles and Ag+ ions have been used for since ancient times,
nd it is now known that Ag or Ag+ introduced into bacterial cells
an also induce a high degree of oxidation-initiated structural and
orphological changes that lead to cell death. So, despite its high

ost, Ag is still used in critical applications [38].
A potentially cost-effective AOP agent is an oxide or chalco-

enide semiconductor nanoparticle that undergoes heterogeneous
hotocatalysis [39,40]. The best example is titanium dioxide (TiO2)
41]. The positive holes of TiO2 have a strong oxidative potential
hat oxidizes water to create ·OH, and they can also oxidize oxy-
en or organic materials directly. Since the band gap of TiO2, ∼3 eV,
alls into the UV range, these functions can be UV activated. Already
idely used as pigment, TiO2’s ability to generate ·OH adds to its

ppeal in products of paints, cements, windows and tiles by impart-
ng sterilizing, deodorizing and anti-fouling properties.

The photocatalytic properties of TiO2 to generate ·OH were dis-
overed by Fujishima:

iO2+h� → TiO2(h++e−)

iO2(h+) + H2O → TiO2+·OH + H+

iO2(h+) + OH−→ TiO2+·OH
H + organicpollutants → CO2+H2O

iO2(e−) + O2→ TiO2+·O2
−

y 27 (2019) 11–27 15

O2
−+2H2O → 2·OH + 2OH−

O2
−+2OH−→ 2·OH + O2

OH + organicpollutants → CO2+H2O

In this mechanism, known as the Honda-Fujishima effect, TiO2
acts like a catalyst by providing photo-activated holes—it itself is
not consumed unless photo bleaching occurs, and it generates no
other byproduct than H2O and CO2. Importantly, too, the above
effect requires no additional substance other than sunlight and
natural oxygen, so it can occur under ambient conditions with a
high turnover rate for repeated operation. Therefore, the process
is potentially cost effective for detoxification or remediation of
wastewater [42].

Other than TiO2, a large number of photoactive semiconductors
have also been explored as photocatalysts [43,44]. They include
various metal oxides (ZnO, Fe2O3, Fe3O4, WO3, Bi2WO6, Ag3PO4,
etc.), chalcogenides (CdS, In2S3, MoS2, ZnSe, etc.), and other types
of compounds (C3N4, AgCl, BiOCl, etc.) For redox reactions in aque-
ous solutions, it is convenient to refer to the position of band edge
shown in Fig. 2a, which indicates the vacuum level and the band
gap in relation to the H2/H+ level (0 eV if measured against a normal
hydrogen electrode or NHE) and the O2/H2O level (1.23 eV). Redox
potentials of reactive oxygen species (ROS) relevant to water reme-
diation, including ·O2

-, H2O2 and ·OH, are also plotted in the figure.
Oxide semiconductors are capable of generating ·OH  because their
valence band (VB, primarily composed of O 2p orbitals) typically lies
above the ·OH/H2O level [45]. But TiO2 is unique in that the elec-
trons in its conduction band (CB) can be transferred to dissolved
oxygen molecules to generate ·O2

-, which can be further reduced
to H2O2 and ·OH. This is unlike the case of ZnO, Fe2O3 and WO3
for which the process does not work efficiently because their CB
is lower. To utilize the full spectrum of solar energy, however, a
band gap of is ideal, so there is a need to tailor the band struc-
ture as well other aspects of semiconductor carriers and defects to
achieve efficient generation and utilization of electron-hole pairs
and electron- or hole-initiated redox cascades [46]. More on them
will be described in the next section.

Not only for its special band-structure levels but also in prac-
tical terms, TiO2 has the unique potential to be deployed for
wastewater treatment or water remediation. Being one of the most
mass-produced inorganic nonmetal products, it already enjoys
commercial success as a (low-purity) pigment/filler and a (high-
purity) source-powder for fabricating electronic ceramics. But it is
also notable for its thermodynamic stability. According to the Pour-
baix diagram of the metal/H2O system, most oxides are only stable
for a limited pH range (WO3: pH ZnO: pH Fe2O3: pH, but TiO2 is
stable from pH 2 to pH 13 [47], which is an important advantage
for large-scale wastewater treatment and water remediation that
may  receive water of a broad and often uncontrolled chemistry.

To simplify recovery from the treated effluent, practical appli-
cations require nanoparticulate photocatalysts to be fixed on a
support [48,49]. While the support is sometimes considered inert,
there is ample evidence that it can also strongly influence the over-
all photocatalytic activity of nanoparticle catalysts. This is because
different support can cause different amount of catalyst, and/or dif-
ferent amount of target organic/inorganic molecules for catalysis,
to be absorbed, or it is simply because of different photocatalytic
activity. The latter may  be due to different light absorption by the
support and/or different physical/chemical interactions between

the catalyst and the support. Mechanistically, the physical inter-
face between a catalyst and the support is pivotal as it affects
stereochemistry and the energy bias/barrier for charge transfer and
subsequent redox processes. Another factor is the surface func-
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Fig. 2. (a) Band edges of common semiconductor photocatalysts versus redox potentials of hydrogen evolution reaction, oxygen evolution reaction and reactions of several
reactive oxygen species relevant to wastewater treatment. (b) Schematic illustration of photocatalytic reaction occurring in and about TiO2. 1. Bandgap excitation and
electron-hole pairs generation, 2. electron–hole recombination, 3. electron capture by electron acceptor, 4. electron transfer to dissolved oxygen molecules, 5. formation of
hydroxyperoxyl radical, 6. generation of hydrogen peroxide, 7. formation of hydroxyl radical, 8. hole transfer to electron donor, 9. hole transfer to surface hydroxyl group
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o  generate hydroxyl radical, and 10. hydroxyl radical-mediated degradation of org
cales  of photo-induced reactions in and about TiO2 including carrier trapping, rec
merican Physical Society).

ional groups and surface charge on the support or the catalyst,
hich can influence pre-concentration of adsorbed molecules as

hey intervene during molecule/support collision and adsorption.
bviously, the specific surface area of the catalyst is always impor-

ant. Examples of TiO2-nanocarbon (AC, nanotubes, graphene and
raphene oxides) combinations or hybrids that combine the fea-
ures of catalytic support, functional group tuning and synergistic
ffects will be described in the next section after a closer look at
emiconductor photocatalysis and the design principle of engineer-
ng a nanomaterial photocatalyst.

ight absorption, band structures and electron transport

hotocatalysis—a closer look

Broadly speaking, there are three steps in semiconductor pho-
ocatalysis: (i) light absorption exciting electron-hole pairs across
he band gap; (ii) separated electrons and holes migrating to the
emiconductor surfaces; and (iii) electron or hole reacting with
urface-adsorbed acceptor or donor species to complete the reac-
ions (Fig. 2b) [50]. Provided there is no charge buildup or poisoning,
hese steps can be repeated indefinitely. Clearly, all three steps need
o be optimized to attain the ideal efficiency: in (i), the more the full
ight spectrum can be absorbed, the more the electron-hole pairs
re generated; in (ii), the more the electrons and holes can avoid
utual annihilation by recombination, the more they will migrate

o the surfaces to be available for surface reactions; in (iii), surface
eactions can be optimized by tailoring the energetics of reactive

pecies, their preconcentration, pH, and the assistance of implanted
urface functional groups. To guide successful optimization of the
hree steps, it is necessary to appreciate the very different time
cales at which myriad photoinduced reactions occur, for exam-
 (Reproduced with permission from Ref. [52], Copyright © 2013 Elsevier). (c) Time
ation and transfer (Reproduced with permission from Ref. [51], Copyright © 2014

ple, as shown in Fig. 2c for TiO2 [51]. On the fastest end, the band
gap excitation creates electron-hole pairs in the femtosecond time
scale. These pairs are subsequently trapped in shallow trap states
(in or deep trap states (200 fs-50 ps). The electrons and holes in
shallow trap states recombine with each other in about while those
in deep trap states need more than 20 ns. The reduction of O2 by
trapped electrons to generate ·O2

- (in less than 100 ns) is much
faster than the direct reduction by electrons in the CB �s). Lastly, in
TiO2, hole transfer is often faster than electron transfer, and among
all the steps the interfacial transfer of photogenerated electrons is
usually the slowest. Therefore, this last step is rate-limiting and
need promotion the most in order to enhance the photocatalytic
reaction overall [52]. Generally, the pollutants in direct contact
with the catalyst surface can undergo photocatalytic degradation
enabled by photogenerated electrons or holes. The charge transfer
rate depends on the difference between the redox potential of ROS
and the redox potential of specific pollutant [51]. After charge trans-
fer, how the photocatalytic degradation proceeds further depends
on the radiation intensity, nature and concentration of the photo-
catalysts and the pollutants, pH of the system, etc,  as detailed in
several reviews [41–43].

As already mentioned, TiO2 is the most promising choice for
practical applications in wastewater treatment and water remedi-
ation. There are three common polymorphs of TiO2: anatase, rutile
and brookite (Fig. 3) [53]. In addition, there are many other less
common polymorphs such as monoclinic TiO2 as well as intermedi-
ate phases that are defect-mediated with ordered oxygen vacancies
and attendant lattice reconstruction. Yet none of these polymorphs
is a particularly efficient photocatalyst because (a) their band gaps

depending on polymorphs, Table 2) all fall into the ultraviolet (UV)
region, which covers only 5% of the total solar energy, and (b)
some polymorphs suffer from high electron-hole recombination
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Fig. 3. Crystal structures of three polymorphs of TiO2.

Table 2
Three polymorphs of TiO2 and their structural parameters and packing factors (PFs).

Polymorphs Space group Unit cell and volume
a, b, c (Å); � (deg); Volume (Å3)

Band gap (eV) PF Photocatalytic activity

Anatase I41/ amd a = 3.79, c = 9.51; V = 136.3 3.2 0.645 good
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Rutile  P42/ mnm a = 4.59, c = 2.96; V = 62.1 

brookite Pbca a = 9.18, b = 5.45, c = 5.15;
�  = 107.3; V = 258.9

ates leading to a low quantum efficiency [54]. This has motivated
uch research on modifying TiO2 to extend its light absorption

pectrum to the visible and near-infrared region and to promote
fficient separation of electrons and holes [55].

The above consideration would seem irrelevant for nanocar-
on since it mostly serves as an adsorbent or a preconcentration
gent, and adsorption functions primarily rely on van der Waals
nteraction and surface functional groups. However, as we men-
ioned before, nanocarbon can also serve as a catalytic support for
emiconductor photocatalysts and in this role it is sometimes capa-
le of synergistic enhancement of photocatalytic activity. In such
ase its light absorption and electron conduction do become rele-
ant. Indeed, nanocarbon/titania hybrids provide a fertile ground
or developing high-performance AOP platforms. Therefore, maxi-

ized light absorption, optimized band structure and maximized
lectron transport quite generally hold the key to successful
hotocatalysts for wastewater treatment and water remediation
echnology.

and structure modification for full-spectrum light absorption

Improved light absorption of TiO2 can be realized by heteroatom
oping (see schematic in Fig. 4a), organic dye sensitization, noble
etal decoration and coupling with another narrow band-gap

emiconductor [56]. Typically, introducing substitutional metal
ons (Co, Ni, Mn,  Fe, Cr, etc.) into the cation sublattice of TiO2 leads to

id-gap states or reduces the band gap (between Ti-3d and O-2p),
hus enhances visible-light absorption [57,58]. However, some d-
lock transition metal dopants have an adverse effect because they

eave deeply localized d-gap-states that serve as recombination
enters, and cation dopants with a closed shell electron config-
ration such as Zn provides no benefit. Anion dopants (N, S, C,
, I, P, etc.), on the other hand, are particularly effective because
hey cause p-orbital mixing, hence broadening, thus narrowing the
and gap and increasing the activity [59]. But their overall effect

s limited by the solubility, which is small because of their rather
ifferent sizes and electronic configurations from those of O2−.
oble metal decoration creating local surface plasmon resonance
ay  also enhance light harvesting [60], as does forming a hetero-

unction with a narrower band-gap semiconductor [61], but for
ost considerations these strategies are not practical for large-scale

pplications.

A breakthrough in improving the light absorption efficiency of
iO2 was made in 2011 by Chen et al., leading to various forms of
lack titania (BT) in subsequent years [62–73], In the initial work,
3.0 0.705 Very poor
3.3 0.682 poor

hydrogenated nanoparticles with a crystalline (anatase) core and
an amorphous shell, the latter with a disordered lattice, were dis-
covered to exhibit enhanced light absorption efficiency and greatly
improved photocatalytic activity. It was  thought that the distorted
lattice had distorted Ti-H and O-H bonds that provided mid-gap
states and broadened the tail of valence band maximum (VBM),
which allows the nanoparticle to extend the absorption edge to
about 1.0 eV (∼1200 nm)  and realize a greatly reduced band gap
of around 1.54 eV [62]. However, the process to obtain this BT (to
be referred to as HP-TiO2) requires a high-pressure () hydrogen
treatment at 200 ◦C for five days, and its overall solar absorbance
of about 30% (Table 3) left much to be desired.

Building on this discovery, our group used hydrogen plasma
treatment at 500 ◦C for 8 h to generate a large amount of active
H atoms that reached deeper inside the nanoparticle; the obtained
BT (to be referred to as TiO2-xHx) features a solar absorbance of
83% (Table 3) [64]. Alternatively, reduction using metal Al reduc-
tant resulted in another BT (to be referred to as TiO2-x) of 65%
absorbance (Table 3), with improved visible and near-infrared
absorption (Fig. 4b) [65]. Again, TiO2-x contains a stoichiometric
crystalline core (a mixture of anatase and rutile) and an oxygen-
deficient amorphous shell, and its narrower band gap may be
attributed to the broken symmetry and lattice destruction in the
latter that broadens the tails of the VBM and the conduction band
minimum (CBM), as schematically shown in Fig. 4c. Furthermore,
the copious oxygen vacancies in the shell allow many oversized
Ti3+ cations to form, which shifts the Fermi level towards the CBM.
The black coloration partially originates from the electron transi-
tions from Ti3+ 3d1 states to the unoccupied Ti 3d states, which goes
beyond the earlier interpretation for H-doped amorphous shell in
which oxygen vacancies and surface hydroxyl groups were thought
to result in the black coloration by a process akin to the local-
ized surface plasmon resonance seen after noble metal (Ag or Pt)
decoration [64]. Lastly, Al reduction leaves a TiO2-x host that has
the unique capacity to incorporate a high concentration of anion
dopants including N, S, and I (Fig. 4a), which is not possible in other
TiO2 or BT [74]. For example, shell compositions of 6.62 at.% N,
5.12 at.% S and 4.31 at.% I have all been achieved. Not surprisingly,
such anion-doped BT further narrows the band gap and advances
light harvesting (Fig. 4b). In particular, heavy N-doping boosts solar
absorbance from 65% in TiO2-x to 85% in N-doped TiO2-x (Table 3).

These various types of BT are generally capable of full-spectrum
light absorption with an excellent performance in photocatalytic
degradation of organic pollutants.
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Fig. 4. (a) Schematic evolution from pristine TiO2 to Al-reduced titania (TiO2-x) and then to various nonmetal-doped TiO2-x (TiO2-x-nonmetal; nonmetal = H, N, S, I). (b)
Absorption spectra of TiO2 (P25, denoted by TiO2), TiO2-x , and various nonmetal-doped TiO2-x . (c) Band structures of pristine TiO2, Al reduced TiO2 (TiO2-x), N-doped TiO2-x

(TiO2-x-N) and hydrogen plasma reduced TiO2 (TiO2-xHx).

Table 3
Preparation methods, solar absorbance and photodecomposition time to reduce the concentration of MO  below 5% of P25 vs. several BT produced in our group.

Samples Preparation methods Solar absorbance (a.u.) MO
degradation
time (min)

Ref

Total (%) UV (%) Vis (%) IR (%)
100 7 50 43

White TiO2 P25 Commercially available 5 5 0 0 20 [65]
Black  titania (BT) HP-TiO2 High pressure hydrogen reduction 30 5 24 1 – [62]
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TiO2-x Contactless Al reduction 

TiO2-xHx Hydrogen plasma reduction 

TiO2-x-N Ammonia treatment of TiO2-x

harge transport and the packing-factor model

Photon-excited electron-hole pairs can reach very high densities
hen light absorption is efficient, yet most pairs are annihilated by

ecombination. Obviously, minimizing recombination and promot-
ng effective charge separation by moving electrons and holes to
ifferent parts of the semiconductor are needed to greatly improve
he efficiency of photocatalysis [75–77]. To achieve this, one well-
nown strategy is to minimize the concentration of recombination
enters, Crec. The other is to form heterostructures and p-n junc-
ions as in solar cells. Regarding the former, nanomaterials have a
istinct advantage in that the recombination distance being pro-
ortional to Crec

1/2 only need to surpass the particle size, which
s small in nanomaterials. So the task of lowering Crec thus pre-
enting recombination is less demanding in nanomaterials than in
ulk materials. A lower Crec can be achieved by a judicious selec-
ion of dopants and heat-treatment schedules, reducing the short
imension of a non-isometric nanoparticle, and providing suitable

urface states that localize one carrier type but not the other [78]. To
orm heterostructures and p-n junctions, an approach commonly
mployed in solar cells, one needs to couple two semiconductors
ith either staggered band edges or p- and n-doping, which pro-
65 5 32 28 12 [65]
83 6 39 38 5 [64]
85 7 38 40 6 [74]

vides a bias for electron and hole separation [79]. This is difficult to
achieve for nanoparticles by mass production.

In theory, a built-in internal electric field can also direct elec-
trons and holes to migrate in opposite directions [80]. Such internal
field does exist in polar materials, and in this connection ferro-
electrics come immediately to mind. But the band gap of most
ferroelectrics, typically greater than 3 eV, is too large for effec-
tive solar absorption, and the compositions of those ferroelectrics
that do have a smaller band gap and exhibit somewhat robust
photoelectric activities, such as KBiFe2O5 (band gap: 1.6 eV) and
[KNbO3]0.9[BaNi0.5Nb0.5O3-�]0.1 (band gap: 1.4 eV), are probably
not stable enough to withstand aqueous environments of a wide pH
range that is demanded for wastewater treatment [81,82]. Inter-
estingly, the three well-known polymorphs of TiO2, tetragonal
anatase, tetragonal rutile, and orthorhombic brookite, are them-
selves polar materials, so they should all support an internal field
to some extent. These polymorphs share the same octahedral TiO6
network: anatase comprises of edge-sharing octahedra, while rutile

and brookite have both corner- and edge-sharing octahedral (Fig. 3)
[53]. Not surprisingly, their band structures are not pronouncedly
different. Yet anatase has the highest carrier mobility, the longest
carrier diffusion length, and the most photocatalytic activity, in
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harp contrast with rutile that is the least active. As noted by our
roup, these distinctions can be understood by invoking the sim-
le crystal-chemistry concept of packing factor (PF): compounds
ith a lower PF have a higher photoactivity [83–86]. Here, the PF

f a compound AxByCz is calculated by dividing the sum of spherical
olumes of the constituents—VA, VB and VC , obtained by using their
espective Shannon radii—by the unit cell volume of the compound
cell. That is,

F =Z(xVA+yVB+zVC)/V cell

here Z is the number of formula units in one unit cell. A positive
orrelation between PF, lowest (0.645) for anatase and highest for
utile (0.705), and photoactivity, highest for anatase and lowest for
utile, then becomes evident (Table 2). (Brookite has an intermedi-
te PF of 0.685 and an intermediate photoactivity.) The concept also
ed our group to predict BiOX (X = Cl, Br, I), which enjoys a low PF,
hould be an outstanding photocatalyst, which was indeed exper-
mentally verified [87]. Physically, insulating compounds with a
ow PF are elastically soft. If their cations happen to have the d0

onfiguration (like Ti4+), then all their electrons must reside in the
alence band manifold, and any lattice distortion that may  accrue

 large decrement in electronic energy will face little resistance
s it only incurs a small penalty in elastic energy. Therefore, like
rst noted by Goodenough for d0 ferroelectrics, a high-PF d0 com-
ound is prone to spontaneous coordinated lattice distortions that

n turn induce an internal electric field beneficial for separating
lectrons and holes [88]. This, we believe, is the origin of enhanced
hotocatalytic activity of anatase.

emiconductor-nanocarbon hybrids

As mentioned already, nanocarbon serving as a support offers its
dvantageous specific surface area and preconcentration effect to
emiconductor photocatalysts. For such function, nanocarbon need
ot have good electron transport and light absorption, although it
hould not block light either. It turns out, however, that conductive
anocarbon does enhance the photocatalytic activity of semicon-
uctors after all. Therefore, semiconductor-nanocarbon hybrids
hat are amenable to easy synthesis present an attractive advanced
olution for AOP [89,90]. Before discussing this prospect, a brief
ord on nanocarbon conductivity is in order. While charcoal and
C are insulators, CNT has both the metallic conducting variety
nd the insulating variety depending on chirality, and graphene
s well as 3DG are both metallic conductors. Meanwhile, graphene
xide (GO), which constitutes of various partially oxidized forms
f graphene with certain ratios of C, O and H while still remaining
wo-dimensional and single-layer, is insulating because its C-sp2

onding network is severely disrupted [91]. But its reduced form,
alled reduced graphene oxide (RGO), is reasonably conducting
92]. Therefore, there is a continuum in electrical conductivity of
raphene, RGO and GO, which happens to coincide with their con-
inuous hydrophobic-to-hydrophilic transition.

All forms of carbon have proved to be a useful support for TiO2
hat enhances the photocatalytic activity [12]. With AC as support,
ommercially available TiO2 nanoparticles, such as Degussa P25 (a
ixture of anatase and rutile phase; average particle size of 25 nm),

an avoid aggregation even at high loading. The AC/TiO2 com-
osites may  be obtained by mechanical mixing, low temperature
ydrolysis, sol-gel reaction, hydrothermal deposition, and chemical
apor deposition (CVD), and they all show enhanced photocatalytic
ater decontamination over P25 alone [93]. Nevertheless, AC is
ar from ideal because (i) the majority of its micropores are not
ccessible to P25, which usually occupies mesopores and macro-
ores, (ii) inert AC has no chemical bonding with TiO2, and (iii)

nsulating AC does not provide conducting pathways for electrons
y 27 (2019) 11–27 19

and holes. In contrast, conducting CNT with C-sp2 bonding can
hybridize with various TiO2 nanostructures, including nanoparti-
cles (NP), nanorods (NR), nanowires (NW) and nanosheets (NS), to
form diverse nanocomposites [94,95]. Processed in benign solvents,
hybrids of NP-TiO2/CNT obtained through in situ nucleation and
growth of NP-TiO2 on single-walled CNT (400-900 m2 g1) or multi-
walled CNT (200-400 m2 g1), some even on the inner surface of the
tubes, display a higher photocatalytic activity than pristine, unsup-
ported NP-TiO2 [96]. This enhancement is attributed to a space
charge region (electrically a double layer like a parallel plate capac-
itor) formed at the CNT/TiO2 interface that promotes the transfer
of photogenerated electrons, from the TiO2’s CBM to CNT, the lat-
ter providing an electron sink thus benefitting carrier separation. It
was also found that CNT is itself a sensitizer and, once excited, can
supply an electron to TiO2’s CBM. In the latter mechanism, a charge
cycle is completed when the positively charged CNT captures an
electron from TiO2’s VBM, effectively leaving another electron-hole
pair in TiO2 ready for catalytic reactions [97].

Combining BT with conductive carbon allotropes to form
highly active hybrids for photocatalytic reaction has also been
reported. These investigations used preparation methods such as
hydrothermal synthesis, vacuum activation, laser ablation and UV-
microwave treatments [98–101]. For example, Xing et al. developed
a hydrothermal method to form composites of reduced TiO2 NRs
and boron-doped graphene from the co-reduction of GO and TiO2
by NaBH4 [101]. They reported improved visible-light photocat-
alytic activity on dyes and phenols, and the enhanced performance
was ascribed to the synergistic effect between (a) Ti3+ as a self-
dopant in TiO2 to increase light harvesting and (b) boron doping to
facilitate hole transfer and effective charge separation. Currently,
the scientific investigation on BT/carbon composites is at an early
stage so a full exploration of their potential in water treatment and
other fields still awaits further studies [102]. However, in Section
6.3, we  shall report our experience of using a BT/graphene construct
for large-scale field applications in water treatment.

Turning to GO, Kamat and co-workers discovered that UV-
activated TiO2 deposition on ethanol-suspended GO can be used
to form a RGO/TiO2 hybrid (Fig. 5a) [103]. Hydrophilic GO used
here has abundant carbonyl, hydroxyl and carboxyl functional
groups, which provide affinity to TiO2 and help disperse/process
GO in polar solvents (Fig. 5b). After UV-irradiation, TiO2 nanopar-
ticles in size) were successfully deposited on RGO (Fig. 5c). It is
also possible to achieve chemical bonding and GO reduction in
a one-pot hydrothermal process involving P25; the end product
is a P25/RGO hybrid with an enhanced adsorption capacity for
organic dye, extended light absorption, and efficient charge sep-
aration. The giant �-� conjugation between methylene blue (MB,
a commonly used target organic dye) and the aromatic graphene
regions of RGO contributes to MB  preconcentration, while RGO as
a large aromatic-conjugated compound absorbs long-wavelength
solar energy (Fig. 5d) [104]. Moreover, chemical bonding between
P25 and RGO forming Ti-O-C bond causes a red shift of the TiO2’s
absorption edge thus narrowing the band gap (Fig. 5e). The resul-
tant hybrid finds a lower Fermi level in rGO relative to the CBM of
TiO2. So again, the RGO/TiO2 interface under UV and visible light
serves as an electron sink that helps carrier separation, enhances
electron transport and reduces recombination, all leading to signif-
icantly improved photocatalytic degradation of MB than P25 alone
(Fig. 5f).

With the increasing availability of 3DG, attention has recently
turned to 3DG/TiO2 hybrids [105]. In terms of wastewater
treatment, their light-weight, stand-alone 3D structure offers con-

siderable advantages in robust mechanical strength, high electron
conductivity and excellent adsorption capacity for organic pollu-
tants [106]. For example, a freeze-dried P25/3DG hybrid reported
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Fig. 5. (a) Formation of RGO/TiO2 nanocomposites by simultaneous TiO2 deposition and photocatalytic GO reduction under light illumination. (b) Photographs of TiO2

colloidal suspension in ethanol (left), GO/TiO2 mixture dispersed in ethanol (middle) and TiO2-decorated RGO suspended in ethanol (right). (c) AFM image of TiO2-decorated
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e)  Absorption spectra of P25-graphene nanocomposites and P25. (f) Photocatalytic
25-graphene nanocomposites, respectively (Reproduced with permission from Re

y Hou et al. demonstrated improved MB  degradation. Compared
ith two-dimensional graphene, 3DG provides myriad conduct-

ng channels of very good conductivity to channel photogenerated
lectrons from TiO2, which is beneficial for reducing electron-hole
ecombination [107]. A 3D network constructed by hydrothermal
eactions and assembly of one-dimensional TiO2 NW and two-
imensional graphene also has improved photocatalytic activity
108]. In summary, hybrids between conducting C-sp2 networks
nd TiO2 are advantageous for AOP applications because (1) the
igh electron conductivity of the nanocarbon-network support
omplements the high hole conductivity of TiO2, and (2) the space-
harge layer formed at the conjugation or chemically bonded
nterfaces between nanocarbon and TiO2 provides an electrical bias
or electron-hole separation.

arge scale applications of nanomaterials

Nanomaterial applications in AOP treatment are rapidly
pproaching reality thanks to the recent progress in large-scale,
ow-cost synthesis of all the key enabling nanomaterials, specifi-
ally BT and 3DG. Challenges nevertheless remain. In wastewater
reatment plants, the challenge is to displace the existing tech-
ology, which will not happen unless the nanotechnology is
ompelling enough both in performance and in cost [6,109,110].
n water remediation field operations, the challenge is to cover

 large water area of widely varying conditions and chemistry
hile achieving a high efficiency without the benefit of primary

nd secondary treatment and with minimum human intervention.
ifetime and recyclability are always a concern as they pertain to
ost.
arge scale synthesis of 3D graphene

High-surface-area 3DG as a conducting and stand-alone cat-
lytic support provides an attractive platform. For lower grade
ociety). (d) Photodegradation mechanism of MB  on P25-graphene nanocomposites.
dation of methylene blue (MB) under visible light by (1) P25, (2) P25-CNTs, and (3)
], Copyright © 2010 American Physical Society).

3DG, large scale synthesis usually starts with GO,  which can
be produced inexpensively from naturally occurring graphite by
Hummers’ method [111]. Since GO is hydrophilic and easy to func-
tionalize, dispersed GO sheets can be assembled into an aerogel
[112]. For example, a hydrogel prepared in a protic solvent with
the aid of cross-linkers or pH adjustment can provide an aero-
gel after gelation and freeze drying [113]. The aerogel is next
reduced to 3D RGO to impart conductivity [92]. Other variations
are possible. For example, chemical reduction, cross-linking and
shape molding of GO sheets using a water/ammonia suspension
under hydrothermal conditions have produced spongy graphene
(SG) with a specific surface area of 430 m2 g1 [114]. The 3D RGO
products from these high-throughput processes are rather inex-
pensive and excellent adsorbers for petroleum products, fats, and
toxic solvents (Fig. 6a). For example, SG can absorb 20 to 85 times
of its own weight, and as shown in Fig. 6b and c it can completely
adsorb a dodecane contaminant from the water surface within 80 s.
Since graphene is typically inert in air at below 600 ◦C, the adsor-
bates can be boiled off at a modest temperature, after which the
sponge free of contaminant and structural damage may be used
again (Fig. 6d).

The 3D RGO has a relatively low mechanical strength and
poor electrical conductivity owing to the relatively low density of
crosslinkers connecting the GO sheets. This problem is overcome by
developing a CVD graphene, in which carbon is coated onto a sac-
rificial nano/mesoporous template; the template is later removed
chemically [115]. The strength and conductivity of thus fabricated
3DG are template dependent because the only crosslinkers are
nanocarbon crosslinks themselves with a spacing the same as tem-
plate’s pore size. Therefore, a template with a large pore size, such as
commercially available Ni foam with �m pores, yields a fragile 3DG
(3DG-Ni) once Ni is removed by acid etching (Fig. 7a, c) [116,117].

A sacrificial template such as Li2CO3 generated in situ by chemi-
cal reaction between Li2O and CO was  used to prepare 3DG with a
honeycomb-like structure [118]. In contrast, a template of meso-
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Fig. 6. (a) Adsorption capacity of SG for different liquid pollutants. (b) Non-wetting water droplet (top) versus rapid and complete adsorption of dodecane (bottom) on
spongy graphene (SG). (c) SG adsorbing dodecane in simulated seawater contamination: rapid adsorption of floating dodecane by SG within 80 s, shown at intervals of 20 s.
(d)  Regeneration and reuse of SG for oil adsorption (Reproduced with permission from Ref. [114], Copyright © 2012 Wiley-VCH).

Fig. 7. CVD growth of 3D graphene (3DG) on (a) Ni foam and (b) silica monolith, followed by acid etching. SEM images of 3DG templated from (c) Ni foam (3DG-Ni) and
(d)  silica monolith (3DG-SiO2). (e) A 10 cm3 block of 3DG-SiO2 (weight of 16 mg)  on an umbel of Fatsia japonica. (f) 3DG-SiO2 (weight of 4.8 mg)  supporting a weight of
200  g without shape distortion. (g) Density versus small-strain modulus measured during 1 st compression cycle for 3DG-SiO2, RGO aerogel, SiO2 aerogel and aligned CNT
film.  (h) Compressive stress of 3DG-SiO2 at 80% and 90% strain plotted versus cycle number. Inset: stress-strain loops cycled to 95% strain for 10 times. (i) Comparison of
electrical conductivities of 3DG-SiO2 with other ultralight carbon-based materials at several densities. (j) N2 adsorption-desorption isotherms of 3DG-SiO2 (Reproduced with
permission from Ref. [23], Copyright © 2015 Wiley-VCH).
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ig. 8. (a) Hydrogen plasma reduction of P25 in a thermal plasma furnace. (b) Conta
f  TiO2 reduction by different metals (Mg, Al and Zn). (d) Absorption spectra and co
ith  crystalline-core disordered-shell microstructure. (f) BT (TiO2-x) produced in 30

orous SiO2 aerogel—similar to synthetic zeolite—provides a highly
obust and conductive 3DG (3DG-SiO2) in which the SiO2 tem-
late is again removed by HF acid etching after the CVD graphene

s formed (Fig. 7b, d) [23,119]. (The SiO2 aerogel is easily synthe-
ized by preparing a water precursor that contains Pluronic block
opolymer surfactants and silica sources, followed by hydrother-
al  treatment and calcination.) A 10 cm3 block of ultralight 3DG
eighing 16 mg  can be supported on an umbel of Fatsia japonica

Fig. 7e), and it takes the form of a tetrahedrally connected tubu-
ar graphene network which maintains continuous, covalent C-sp2

onding. Such structure endows 3DG high strength, excellent con-
uctivity and indeed superelasticity, as Fig. 7f-i shows how a 3DG
an completely recover the shape and microstructure after 99%
ompression once the load is off. Being much more than 99% porous,
his 3DG is completely transparent to liquid despite a very high
pecific surface area of ∼1,000 cm2 g1 (Fig. 7j), which makes possi-
le rapid soaking and adsorption. The 3DG also exhibits excellent
ecycling ability: rapid oil adsorption in 2 s, followed by combus-
ion burn-off of oil, then ready for oil adsorption again [23]. Further
oping the 3DG can alter the surface property without adversely
ffecting conductivity. For example, pyrrolic and pyridinic N change
he 3DG surfaces from a hydrophobic one to a hydrophilic one,
esulting in a large enhancement in redox activity without affect-
ng conductivity [120]. In addition, N doping is reportedly beneficial
or the adsorption of positively-charged dye or metal ions through
he chelation effect of N dopant whose unpaired electrons can elec-
rostatically interact with these ions [121,122]. Lastly, inexpensive

ol-gel silica can too be used as the template, and the cost can be
urther reduced by performing CVD at below 1000 ◦C, which is the
ath our group used to produce inexpensive 3DG in large quantity.
Al-reduction of P25 in a two-zone furnace. (c) Calculated reaction Gibbs free energy
pearance of P25 reduced by Mg,  Al and Zn. (e) HRTEM image of TiO2-x nanocrystal
tch by contactless Al-reduction.

Large scale synthesis of black titania

BT enjoys full-spectrum solar absorption and is much more pho-
tocatalytically active than the “gold-standard” photocatalyst P25,
which is a commercially available white titania. Several produc-
tion processes have been developed for BT, of which two  methods
illustrated in Fig. 8a-b are most noteworthy for their simplicity.
While BT (HP-TiO2) was originally synthesized by treating P25
under high-pressure H2 at about 200 ◦C for 5 days, BT (TiO2-xHx)
of greatly improved solar absorption (83%) can be made by a much
faster process of hydrogen plasma treatment that converts P25 into
BT in 4-8 h at 500 ◦C (Fig. 8a) [62,64]. Its nanoparticle with the
desired crystalline-core disordered-shell microstructure displays
superior photocatalytic activity and remarkable cycling stability
for repeated MO degradation. To further simplify synthesis and
to conform to conventional powder processing, one can substitute
gaseous/plasma hydrogen by hydrides powders (such as NaBH4,
N2H4, CaH2, TiH2, etc.), which are added to the starting powders
and later release molecular hydrogen under mild calcination con-
ditions [69,123,124]. For example, a gel made from a TiO2 sol with
NaBH4 addition is converted to BT in 1.5 h calcination at 500 ◦C in Ar.
This process can produce BT in 100 g batches. However, the product
needs washing to remove residual Na [125].

Thermodynamically, reduction can also be achieved without
hydrogen. From the oxidation free energies in the Ellingham dia-
gram, one can plot the reaction Gibbs free energy in Fig. 8c
indicating that TiO can be reduced by Al, and Mg  [126]. This was
2
experimentally verified. (Fig. 8c also predicts that Zn cannot reduce
TiO2, which was too verified experimentally.) Mg-reduction proved
to be easily controllable and yielded BT with much higher solar
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Fig. 9. (a) Schematic illustration of BT/3DG hybrids for photocatalytic organic pollutant decomposition. (b) Absorption spectra of P25, BT (TiO2-x), P25/3DG and BT/3DG, and
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heir  photocatalytic performances for methyl orange (MO) degradation. (All photoc
orming solar active cloths. (d) Photocatalytic degradation of MO over one piece of
nd  ponds for large-scale wastewater treatment.

bsorbance (Fig. 8d). In one protocol, commercial P25 mixed with
g powders in a sealed quartz tube produces BT after calcination

or 10 h at 500 ◦C. However, the product again needs washing, by
eak acid, to remove residual Mg  and MgO.

To further simplify the process, our group separated metal
eductants and white TiO2 and placed them in separate zones
f a two-zone furnace, respectively (Fig. 8b) [65]. In this way,
l powders heated to 800 ◦C in the high-temperature zone can
onsume oxygen from the low-temperature zone where white
iO2 is converted to BT (TiO2-x) after 6 h in a base pressure of

 0.5 Pa. This process requires no powder mixing and product
ashing, and the BT obtained also has the desired crystalline-core

anatase) disordered-shell microstructure (Fig. 8e), outstanding
olar absorption characteristics and excellent photocatalytic activ-
ty. The as-prepared BT shows high stability in air for several

onths, and it is oxidized to white TiO2 at above 300 ◦C. Currently,
his process routinely supplies mass-produced BT for the large-
cale water treatment projects undertaken by our group (Fig. 8f).
ield applications

Practical water-treatment applications on a large scale require
 large quantity of low-cost nanomaterials that are stable ther-
ts in their powder form.) (c) Immobilization of BT/3DG hybrids on nonwoven cloth,
 active cloths in laboratory test. (e) Solar active cloths deployed on polluted rivers

mally, chemically and photochemically. Commercially available
white titania P25 mostly satisfies these requirements, but BT with
a relatively similar cost and a much improved photocatalytic per-
formance is clearly a better choice. To reduce cost further, the
nanomaterials should last for a long time, and be easily recoverable
after that. In this respect, the BT/3DG construct (Fig. 9a) is partic-
ularly desirable in that it immobilizes BT on a high-surface-area
3DG support, thus providing preconcentration and synergistically
enhanced photocatalytic activity, as well as a robust form factor
that allows easy solid-liquid separation and recovery. Specifically,
when TiO2-x is used for BT in BT/3DG, it exhibits superior light
harvesting and photocatalytic activity compared to P25, P25/3DG
hybrids, or BT alone; for example, photodegradation of MO  over
BT/3DG powders is completed in 4 min  (Fig. 9b).

To bring BT/3DG to field applications, our group has developed
a solar active cloth in which BT/3DG hybrids are bonded to a non-
woven cloth by a polymeric binder (Fig. 9c). This solar active cloth
caused MO  photodegradation in 10 min  (Fig. 9d). The cloth is buoy-
ant and floats on water. Field tests for water remediation have been

conducted at multiple locations, including rivers, lakes, and ponds
in municipal parks (Fig. 9e). Typically, two  weeks after the cloths
are deployed, a significant reduction of TOC, nitrogen and phos-
phorus components of the treated water is measured, and a very
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Fig. 10. (a) The setup of a voltage assisted photoelectrocatalytic (PEC) unit for wastewater treatment; it includes a reference electrode (saturated calomel electrode, SCE), a
counter  electrode (Pt electrode) and a working electrode (solar-active semiconductors). (b) Schematic illustration of a self-sustaining monolithic PEC/photovoltaic (PV) system
for  simultaneous organic-containing wastewater treatment, hydrogen generation and electricity production (Reproduced with permission from Ref. [137], Copyright © 2018
E hotoc
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lsevier). (c) Comparison of degradation activity by electrocatalytic (1.4 V vs. SCE), p
ydrogel (TGH) as a working electrode (Reproduced with permission from Ref. [13
f  the PEC/PV hybrid system (Reproduced with permission from Ref. [137], Copyrig

isible change in the appearance of water, e.g., from turbid to clear,
s produced. This is all the more remarkable in that it is achieved

ithout the aid of primary and secondary treatment. So, the solar
ctive cloths, containing BT and 3DG that are usually considered
ood for AOP only, can actually accomplish water remediation by
hemselves. To date, 8 tons of black titania and 100 kg of 3DG have
een used to fabricate solar active cloths that have been deployed
o successfully remediate 600 acres of polluted water at four sites
n China (the Dingguang River in Anhui province, Huanglei River in
handong province, Zhongshan Park and Tianshan Park in Shang-
ai city). These numbers are growing rapidly since the inception
f the project in Spring 2018, attesting to the initial success of the
echnology.

ifetime and recycling

Lifetime and recycling are pertaining to the cost of water
reatment, which is of paramount importance for large-scale appli-
ations. Clearly, chemical and physical stability under prolong
unlight exposure is the first prerequisite. In this respect, the
roven stability and antifouling ability of TiO2 nanoparticles are
ncouraging: they can withstand weathering as demonstrated in
arious paints, coatings, glasses, cement, tiles, and other products
ver the last 20 years. However, a definitive assessment is still
eeded for BT because colored TiO2 does convert to white TiO2 over
ime under ambient condition. Meanwhile, BT/3DG-bearing cloths
n which BT and 3DG are immobilized are evidently recoverable.
owever, immobilization comes with some penalty, in that the

mmobilized BT/3DG hybrids manifest lower photocatalytic activ-
ties than powdered/granular BT/3DG that has a higher exposure

rea to water and sunlight in addition to better local electrical con-
uctivity. So it would be very desirable to engineer an improved
roduct that allows easy deployment and recovery while maintain-

ng excellent photocatalytic performance. To aid separation and
atalytic (UV light), and PEC process (1.4 V vs. SCE, UV light) using a titania-graphene
yright © 2017 Elsevier). (d) Photocurrent-time curve and hydrogen evolution rate
018 Elsevier).

recovery, one possibility is to introduce magnetic beads that are
already used for similar purposes in industrial and medical tech-
nologies. Magnetic particles come in both ferromagnetic/metallic
and ferromagnetic/insulating-oxide varieties [127,128]. (The lat-
ter include hematite Fe2O3, magnetite Fe3O4, and various ferrites
MFe2O4, M = Mg,  Ni, Zn, Cu, etc.) Since some of these oxides are
themselves semiconductors with good visible light absorption and
photocatalytic properties, it is conceivable that they could be incor-
porated into the BT/3DG hybrids to further promote the overall
degradation efficiency while improving lifetime and recyclability.
In short, any advance in lifetime and recyclability is likely to have
a major impact on the overall cost of nanomaterial-based water
treatment and remediation.

Advanced water treatment technologies

As mentioned previously, electron-hole separation is impor-
tant for achieving high photocatalytic activity; this also holds for
photovoltaic efficiency. An internal field can drive electron and
hole separation in the opposite directions, but an external elec-
trical field is even more effective. Although introducing an external
field to (free) powders is a daunting task, it becomes straight-
forward if all the photocatalyst nanoparticles are already in firm
contact with a conducting support. In this configuration, external-
field driven electron-hole separation is easily achieved and the
carrier current flowing in the external circuit can drive a load for
other purposes—for example, water splitting and hydrogen (fuel)
production. This is the concept of photocatalytic fuel cell (PFC)
[129].

Of course, to operate a PFC, a voltage source is needed. But this

too can be solar driven by a photovoltaic cell (PVC). Indeed, with
a slight reconfiguration, the construct used for photocatalytic AOP
can be adapted for PVC with the same solar-active materials (e.g.,
P25 and BT). Such combination of PFC and photocatalysis (PC) may
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e termed photoelectrocatalysis (PEC) [130,131]. A simple PEC unit
onsists of a reference electrode (saturated calomel electrode, etc.),

 counter electrode (Pt foil, etc.) and a working electrode, with
n external voltage provided by an electrochemical workstation, a
VC, or another galvanic source (Fig. 10a). Lastly, the three devices,
C, PFC, and PVC can be integrated into an advanced, multitask-
ng module that performs water treatment, energy generation, and
ossibly energy storage (Fig. 10b).

These concepts have been demonstrated. Vinodgopal et al. first
eported the benefit of an external bias that enhances electron-hole
eparation in the photodegradation of 4-chlorophenol by a TiO2
hin film deposited on an electrode [132]. The process benefited
rom an external bias potential because of enhanced electron-hole
eparation. PEC cells using other semiconductors (ZnO, WO3, Fe2O3,
i2WO6, BiPO4, etc.) have also successfully caused deep mineral-

zation of refractory organic pollutants. [130] Recently, a PEC unit

sing a titania-graphene hydrogel (TGH) supported on a stainless
teel working electrode has been built to demonstrate efficient
egeneration of MB  [133]. The MB  degradation rate of this PEC
an electrolysis unit and a photocatalysis unit. (b) Working principle of the system

unit was  2 times higher than that of a stand-alone photocatalysis
unit, and 4.7 times higher than that of a stand-alone electrocataly-
sis unit (Fig. 10c). Therefore, the synergistic advantage of applying
an external voltage during photoexcitation in electrocatalysis and
photocatalysis is firmly established.

A dual PFC unit coupling a TiO2 photoanode and a Cu2O pho-
tocathode has also been used to realize simultaneous phenol pho-
todegradation and hydrogen production [134]. Other combinations
using WO3/Cu2O, BiVO4@TiO2/ZnO@CuO, BiVO4@WO3@W/Pt@Si
were also studied [135,136]. With a rear Si PVC, a fluorine-doped
tin oxide (FTO) supported BiVO4@WO3 photoanode and a Pt-black
counter electrode (CE), Zeng et al. constructed a self-sustaining
monolithic PEC/PV hybrid system (Fig. 10b) [137]. Under sunlight
illumination, photodegradation of organic pollutants and pho-
tocurrent production occur on the BiVO4@WO3 photoanode where
higher energy photons are absorbed. Meanwhile, the rear Si cell

absorbing lower energy photons generates a bias potential to drive
the transfer of photogenerated electrons from the photoanode to
the Pt CE for hydrogen production (Fig. 10d).
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Finally, we describe a solar-cell powered integrated system
hat treats polluted water from river [138]. It consists of an elec-
rolysis unit, a photocatalysis unit and several PVCs (Fig. 11).
igh-level wastewater is electrochemically treated in a boron-
oped diamond electrode to obtain low-level wastewater, which

s further degraded by TiO2 photocatalysts. After an additional fil-
ration step in which water passes through a final filter and several
on-exchange-filter units, most of the chemical and biological con-
aminants are removed: the COD value decreases from 106.1 mg  L1

o less than 1.0 mg  L1.

onclusions

Significant progress in developing nanomaterials for water
reatment has been made in the last decade. Among many accom-
lishments, the most notable two are (a) the discovery of black
itania capable of full solar spectrum photon absorption and (b)
he innovation in constructing three dimensional nanocarbon com-
ining excellent electrical conductivity and high surface area with
emarkable mechanical flexibility and integrity. The utility of these
anomaterials has been demonstrated in large-scale water reme-
iation projects that use hybrids of BT and 3DG, engineered into

 practical format of photocatalytic cloths. Further nanotechnol-
gy advances in this direction look promising and will benefit from
dvances in the following areas.

Adsorption of 3DG: To suit a wide variety of pollutants of differ-
nt sizes, compositions and physical chemistry, different subclasses
f 3DG with tailored pore volumes, pore size distributions and sur-
ace functional groups/heteroatom doping are needed. This will
equire additional insight in pollutant adsorption on 3DG.

Band structure tailoring of BT: Notwithstanding full-spectrum
ight absorption of BT, the photoactivity in the visible and near
nfrared region is still unsatisfactory. Further manipulation of band
dge positions to promote efficient utilization of lower energy pho-
ons may  be possible, which will improve overall photocatalytic
fficiency.

Design of interfaces and surfaces: While the BT/3DG hybrids
lready combine excellent full-spectrum absorption of BT and
xcellent conductivity and surface activity of 3DG, the BT/3DG
nterface and the Ti-O-C bonds should be optimized to further facil-
tate electron transfer and system photoactivity. Striking a balance
etween high surface area and high overall conductivity may  also
e needed.

Degradation of nanomaterials: The long-term stability of BT and
T/3DG hybrids in various water chemistries is clearly important
nd should be evaluated.
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