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a  b  s  t  r  a  c  t

This mini-review  presented  photocatalytic  reduction  of Cr(VI)  into  Cr(III)  in some  MOFs  or  their  deriva-
tives/composites.  The  reported  examples  are  collected  and  analyzed;  and  the  reaction  mechanism,  the
influence  of various  factors  on  the  photocatalytic  performance,  the  involved  challenges,  and  the  outlooks
of MOFs  as  photocatalyst  to carry  out Cr(VI)  reduction  are  discussed.  It  can  be  found  that  the  optical
properties  of MOFs  can  be flexible  modulated  via  incorporation  into  NH2 group,  conductor  photocata-
eywords:
etal-organic frameworks

hotocatalysis
isible light
r(VI) reduction

lysts  like  ZnO  and  metal  sulfides  nanoparticles,  noble  metal  nanoparticles  and  graphene  oxide  (GO).  It is
clear  that  MOFs  have  a bright  prospective  in  the fields  of  photocatalytic  reduction  of  Cr(VI),  or  even  dual
functional  photcatalysts  to carry  out  Cr(VI)  reduction  and  organic  pollutants  degradation  under  visible
light  irradiation.

© 2016  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Heavy metals have been used by humans for thousands of years,

and more exposure to heavy metals continues, even increases in
some countries, which results in several adverse health effects [1].
Among the toxic heavy metal ions, hexavalent chromium (Cr(VI)) is
a common contaminant in surface and ground water, as it is widely
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tilized in leather tanning, electroplating, printing, pigments, pol-
shing and other industries [2–4]. The existence of Cr(VI) in aquatic
ystem and drinking water sources can increase the threat of severe
iarrhea and ladder, liver, kidney and skin cancers, due to its acute
oxicity to most of organism strong carcinogenic property and
ts high solubility in water [5–9]. Different from other common
eavy metals like lead, cadmium, and copper, chromium primarily
resents in both low-toxic form of Cr(III) and high toxic Cr(VI). The
nited States Environmental Protection Agency (US EPA) set max-

mum contaminant limits for total chromium in drinking water of
00 �g L−1 and the World Health Organization (WHO) set a stricter
hreshold of 50 �g L−1. As a result, the removal of Cr(VI) from water
s required at any cost. Various methods including but not limited
o chemical precipitation [10,11], adsorption [12–16], membrane
ltration [17] and reduction from highly toxic Cr(VI) to lowly toxic
r(III) [9,18–26] have been reported for the wastewater treatment.
ne of the most preferred methods to perform effective remedia-

ion of Cr(VI)-contained wastewater is the transformation of Cr(VI)
o Cr(III), because Cr(III) is lowly toxic and can be easily precipi-
ated and removed as a solid waste like Cr(OH)3. Compared with
lectro-reduction [27–30], chemical reduction [31–33], and micro-
eduction [34–36], photocatalytic reduction of Cr(VI) to Cr(III) using
hotocatalysts is more effective and low-cost, as well as does not
roduce any hazardous chemicals [9,18–26]. Generally, TiO2 was
sed to conduct photocatalytic Cr(VI) reduction due to its dura-
ility, low cost, low toxicity, superhydrophilicity, and remarkable
hemical and photochemical stability [20,25,26,37–39]. However,
he application of TiO2 is limited by its disadvantages like low pho-
ocurrent quantum yield due to electron–hole recombination, low
olar energy utilization efficiency (no more than 5% UV light in
olar light) resulting from the narrow band gap (Eg = 3.0 − 3.2 eV),
ifficult post-separation after water treatment, along with agglom-
ration due to its fine particle size and large surface area-to-volume
atio [40,41]. In recent years, to achieve efficient utilization of the
unlight, great efforts have been devoted to searching for other pho-
ocatalysts which can exhibit high efficient Cr(VI) reduction under
isible light irradiation. Up to now, CdS, SnS2, Ag2S and WO3 have
een widely used to carry out photocatalytic reduction of Cr(VI)
pon the visible light illumination [18,23,42–44], but also suffer

rom their poor reduction efficiency and slow reduction rate [45].
urthermore, in order to convert solar energy to chemical energy,
ome artificial systems and devices using inorganic and organic
aterials have been developed recently [46–50], in which three

undamental steps are needed: (i) sunlight absorption by photosen-
itizers to mediate charge-separated excited states; (ii) generation
f redox equivalents and their migration to reactive sites, and (iii)
eduction and oxidation half reactions with the redox equivalents
electrons and holes) at the catalytic centres [51,52]. Consequently,
t is of urgency to look for new visible-light active photocatalysts

ith stable and high photocatalytic ability for the Cr(VI) reduction.
Metal-organic frameworks (MOFs), as a newly emerged type

f functional inorganic–organic hybrid materials, serve as an
nteresting platform to design and study artificial photosynthetic
ystems. Generally, MOFs can contain both photosensitizers and
atalytic centres in a single solid, which provide the structural
rganization to integrate the three fundamental steps of artificial
hotosynthesis stated-above into a single material [51]. Recently,
OFs have attracted significant research attentions due to their

iverse and easily tailored structures [53–58], as well as various
otential applications, such as in catalysis [59–66], gas separa-
ion [67–73], gas storage [61,74–78], carbon dioxide capture and
ransformation [52,79–82], and so on [53–58,67–70,83–86]. Also,

he application of MOFs in heterogeneous photocatalysis under
V/visible/UV–vis irradiation for water splitting and CO2 reduc-

ion by using photogenerated electrons, and degrading organic
ollutants based on holes have emerged widely [63,87–97]. Their
vironmental 193 (2016) 198–216 199

high photocatalytic performance can be contribute to the richness
of metal-containing nodes as catalytically active sites, functional
organic linkers, the easily tailorable physical and chemical func-
tions, the large surface area and permanent pores/channels to
potentially anchor/encapsulate photosensitizers and catalytic moi-
eties, small metal-oxide cluster as well as tuneable band gap
[90,98,99]. Compared with the traditional photocatalysts, the
advantage of the MOFs as photocatalysts results from their desir-
able topology and high surface area, which can facilitate the fast
transport and good accommodation of targeted molecules [45].
Especially, the MOFs’ band gap is closely related to the HOMO-
LUMO gap, and energy transfer can take place from the organic
linker to the metal-oxo cluster within some MOFs under light irra-
diation [100], which can be further tuned to achieve efficient light
harvest via rational modification of the inorganic unit or organic
linkers [101]. Several review articles had highlighted the research
progress of MOFs as photocatalysts to perform water splitting
[61,88,102,103], CO2 reduction [52], and organic pollutants degra-
dation [89,98,103–105], but up to now, no researcher focused to
collect the research progress on photocatalytic Cr(VI) reduction in
metal-organic frameworks. In fact, the study of MOF  applications
in this topic thus has a bright future although it is not so widely
explored to date.

2. The current status of photocatalytic Cr(VI) reduction in
MOFs

The research progress of MOFs applications in photocatalytic
Cr(VI) reduction was  highlighted as listed in Table 1. Some typical
amine-functionalized MOFs (like MIL-125(NH2), UiO-66(NH2) and
MIL-88B(Fe)), semiconductor/MOFs composites (such as CdS@MIL-
125(NH2) and ZnO@ZIF-8) and conductor/MOFs composites (like
Pd@ UiO-66(NH2) and RGO UiO-66(NH2)) were selected to be inter-
preted in detail; the involved reaction mechanism and the influence
of various factors on the catalytic performance are discussed; as
well as the involved challenges and the prospects are estimated.

2.1. MOFs photocatalyst

Generally, metal-organic frameworks (MOFs) exhibit
semiconductor-like behavior upon the light irradiation, as
their organic linkers can act as antennas to harvest light and
subsequently active the metal sites via ligand to metal cluster
charge transition (LMCT) [98,117,118]. MOFs were often used
as photocatalysts to conduct artificial photosynthetic reactions,
due to that excited MOFs can generate electrons and holes which
can subsequently be transferred to the surface to irrigate hetero-
geneous photoredox reactions [52,89,119–122]. Unfortunately,
most MOFs can be used as efficient photocatalysts only under the
UV light irradiation, which limited their wide application. It is
commonly accepted that the introduction of amine ( NH2) group
into MOFs can improve the photocatalytic performance. The amine
( NH2)-functionalized MOFs show extra absorption band edge
falling in the visible region, because the amine group can enhance
both the electron transfer from the excited amine functionalized
organic linker to oxo-metal clusters and the direct excitation of
oxo-metal cluster [45,88,123–125].

2.1.1. NH2-MIL-125(Ti)
Based on the linker-to-cluster charge-transfer mechanism,

MOFs constructed from Ti centres are expected to be candidates to
conduct the Cr(VI) reduction, as the titanium-oxo cluster can facili-

tate efficient charge transfer from the excited state of organic linker
to the cluster. MIL-125(Ti) (Ti8O8(OH)4(BDC)6, BDC = benzene-1,4-
dicarboxylate) was  a good example, because of its large surface
area, adjustability and photo-responsiveness [126]. Different from
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Table 1
Performance of some typical metal-organic frameworks (or their composites) as photocatalysts for the reduction of Cr(VI) under visible light irradiation.

Photocatalyst/amount (mg) Cr(VI) solution
Volume (mL)/concentration
(ppm)/pH

Time (min) Reduction efficiency (%) Ref.

NH2-MIL-125(Ti)/20 50/48/2.1 60 97 [106]
UiO-66(NH2)/20 40/10/2.0 80 97 [101,107]
NH2-MIL-88B (Fe)/20 40/8/2.0 50 100 [45]
MIL-101(Fe)/20 40/8/2.0 60 100 [45]
MIL-68(In)-NH2/40 40/20/2.0 180 97 [108]
MIL-53(Fe)/40 40/20/3.0 40 100 [109]
CuS@ MIL-125(Ti)/25 50/48/2.1 70 52
ZnO@ZIF-8/20 20/20/7.0 80 100 [110]
RGO-UiO-66(NH2)/20 40/10/2.0 100 100 [111]
Pd@UiO-66(NH2)/20 40/10/2.0 90 100 [112]
MIL-53(Fe)-RGO/40 40/20/4.0 80 100 [113]
Pd–Cu/MIL-101/100 5/5580/0.3 mL  HCOOH 60 100 [114]

M
a
t
i
g
i
s
r

r
w
m
M
(
s
N
o
X
i
o
e
(
n
X
g
N
t
b
o
f
M
i

m
T
o
a
o
t
h
a
r
a
t
f
t
t

2 wt%  Pt@MIL-101/27.5 5/5580/0.3 mL  HCOOH 

2 wt%  Pd@MIL-101/15 5/5580/0.3 mL  HCOOH 

HPMo@MIL-100(Fe)/20 40/20/4.0 

IL-125(Ti) which can only be photo-excited under UV light irradi-
tion, NH2-MIL-125(Ti) built up from 2-aminoterephthalate (ATA,
he derivative of BDC) can be irradiated under visible light, making
t to efficiently utilize the solar energy. The introduction of NH2
roup can significantly influence O to Ti charge transfer (LMCT)
n TiO5(OH) inorganic cluster, resulting into that NH2-MIL-125(Ti)
hows an extra absorption band edge at around 520 nm,  significant
ed shift from absorption band edge at 350 nm of MIL-125(Ti) [52].

To investigate the performance of photocatalytic Cr(VI)
eduction over visible-light active NH2-MIL-125(Ti), Wang and co-
orkers prepared NH2-MIL-125(Ti) with a modified solvo-thermal
ethod, along with MIL-125(Ti) [106,125]. The morphologies of
IL-125(Ti) and NH2-MIL-125(Ti) were depicted in Fig. 1(a) and

b), in which the well crystallized white MIL-125(Ti) powder pos-
esses the particle size distribution of ∼2 �m,  while the yellow
H2-MIL-125(Ti) powder exhibit analogous microcosmic morphol-
gy with the particle size 400–600 nm.  The XRD patterns and the
PS measurement of NH2-MIL-125(Ti) and MIL-125(Ti) are nearly

dentical, indicating that the introduction of NH2 groups in the
rganic linkers does not alter the crystal lattice structure and the
lectronic structures of MIL-125(Ti), as illustrated in Fig. 1(c) and
d). No signals of characteristic peaks corresponding to bulk tita-
ium dioxide phases, like anatase and rutile, are detected in the
RD pattern of NH2-MIL-125(Ti), implying that no bulky aggre-
ated titanium oxide species were presented in the as-prepared
H2-MIL-125(Ti) [106]. The UV–vis DRS spectrum results revealed

hat MIL-125(Ti) and NH2-MIL-125(Ti) show absorption bands
elow 350 nm and 520 nm,  respectively, in which the introduction
f 2-aminoterephthalate ligand shifts the photo-absorption edge
rom UV light of MIL-125(Ti) to the visible light region of NH2-

IL-125(Ti), leading to more efficient solar energy utilization, as
llustrated in Fig. 1(e) and (f).

NH2-MIL-125(Ti) can achieve better Cr(VI) reduction perfor-
ance than MIL-125(Ti) under visible light, as listed in Fig. 2(a).

o obtain optimum photocatalytic reaction conditions, the effects
f different hole scavengers and pH values on the photocatalytic
ctivities were studied. At pH = 2.1, it was found that the addition
f ethanol as hole scavenger can enhance the photocatalytic activi-
ies of NH2-MIL-125(Ti) on Cr(VI) reduction from 76% without any
ole scavengers to 91%, while the addition of citric acid and EDTA
s hole scavengers decreases the photocatalytic efficiency of Cr(VI)
eduction to 72% and 66% under the same condition, respectively,
s illustrated in Fig. 2(b). Ethanol was assumed to be absorbed onto

he surface of NH2-MIL-125(Ti), which facilitate it to be mineralized
acilely in the reaction system [108,127]. As illustrated in Fig. 2(c),
he Cr(VI) reduction efficiency increased with the ethanol concen-
ration, because reducing radicals formed from ethanol can capture
40 100 [115]
210 100 [115]

8 100 [116]

the photo-induced holes over NH2-MIL-125(Ti) (as listed in Eqs.
(1)–(3)). Therefore, more electrons can escape from the pair recom-
bination to enhance Cr(VI) reduction under the acid condition.
While the carboxylic groups attached on citric acid and EDTA were
ready to form hydrogen bonding interactions with NH2 group
of the photocatalyst to enhance the electrostatic adsorption effect
between the Cr(VI) anion and the positively charged nitrogen on the
photocatalytic reduction reaction, which limited the acceptance
of the photogenerated electrons over Ti sites in NH2-MIL-125(Ti)
resulting into decrease of the Cr(VI) reduction efficiency.

NH2-MIL-125(Ti) + h� → NH2-MIL-125(Ti)(h+ + e−) (1)

CH3CH2OH + h+ → CH3CH2OH + H2O → CO2 + H2O + others (2)

14H+ + Cr2O2−
7 + 6e− → 2Cr3+ + 7H2O (3)

The Cr(VI) reduction efficiency over NH2-MIL-125(Ti) decreased
rapidly from 91% to 63%, 47% and 24% with the pH values increased
from 2.10 to 4.07, 6.04 and 8.17, respectively, as shown in Fig. 2(d).
Under the acidic conditions, the photocatalytic reaction of Cr(VI)
occurs following Eq. (3), and the existence of abundant H+ facili-
tates the photocatalytic Cr(VI) reduction. While in alkaline medium,
the corresponding chemical reaction proceeds following Eq. (4) as
CrO4

2− is predominant. The zeta potentials of MIL-125(Ti) and NH2-
MIL-125(Ti) become more negative with the increase of pH values.
The zeta potential of NH2-MIL-125(Ti) became positive when the
pH values is below 4.6 (the isoelectric point of NH2-MIL-125(Ti)),
Hence, the positive surface can provide better adsorption perfor-
mance for anionic Cr(VI), enhancing the capture of photo-generated
electron to achieve higher Cr(VI) photoreduction efficiency under
acid conditions. While the higher pH values made the surface of
catalyst negative, leading to electrostastical repel the anionic Cr(VI)
and readily adsorption of the cationic Cr(III) [127]. Furthermore, the
formed Cr(III) will be precipitated into Cr(OH)3 at pH > 6, which will
mask the active sites of NH2-MIL-125(Ti) catalyst.

CrO2−
4 + 4H2O + 3e− → Cr(OH)3 + 5OH− (4)

XPS was introduced to confirm the valence state of Cr bound
to NH2-MIL-125(Ti). As illustrated in Fig. 3(a), the peaks of Cr
2p3/2 orbitals (577.3 eV and 580.7 eV) can be assigned to Cr(III),
implying that Cr(VI) was reduced into Cr(III). While the peak of
Cr 2p3/2 orbitals (586.7 eV) can be attributed to Cr(VI) absorbed
onto NH2-MIL-125(Ti) due to its large surface area, pore structure
and electrostatic interaction, which can be confirmed by the fact

of N 1s peak shift from 402.6 eV of NH2-MIL-125(Ti) to 401.1 eV
over Cr/NH2-MIL-125(Ti) [128]. Considering the observations of the
XPS spectrum, a possible mechanism of the photocatalytic Cr(VI)
reduction over NH2-MIL-125(Ti) was  proposed, as illustrated in



C.-C. Wang et al. / Applied Catalysis B: Environmental 193 (2016) 198–216 201

Fig. 1. (a) and (b) SEM images of MIL-125(Ti) and NH2-MIL-125(Ti). The inset is the corresponding photograph. (c) XRD patterns of MIL-125(Ti) and NH2-MIL-125(Ti); (d) the
X ocata
p 015) E

F
t
c
t

PS  spectra of (i) MIL-125(Ti), (ii) NH2-MIL-125(Ti) and (iii) NH2-MIL- 125(Ti) phot
hoton energy (hv) of the NH2-MIL-125(Ti) and the MIL-125(Ti) [106], copyright (2
ig. 3(b). The H2ATA in NH2-MIL-125(Ti) played a role of antenna
o enhance the absorption of visible light, and the excited H2ATA
an transfer the photo-generated electrons to titanium-oxo clus-
er to produce Ti3+ species, which can be quickly re-oxidized to
lyst after photocatalytic reaction. (e) UV–vis spectrum and (f) plot of (˛hv)2 versus
lsevier.

4+ 3+ 4+
Ti after exposure to air [123,125]. The Ti -Ti intervalence
charge transfer in titanium oxo-clusters was clarified by Horiuchi
et al. with the aid of both electron spin resonance (ESR) spec-
trum and the UV–vis spectrum [125]. The ethanol adsorbed on
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Fig. 2. (a) Reaction profiles of photocatalytic reduction of Cr(VI); (b) photocatalytic activities of NH2-MIL-125(Ti) for Cr(VI) reduction in the presence of various hole
scavengers; (c) photocatalytic activities of NH2-MIL-125(Ti) for the reduction of Cr(VI) with different ethanol concentration; (d) photocatalytic activities of NH2-MIL-125(Ti)
for  the Cr(VI) reduction in aqueous solution at different pH values [106], copyright (2015) Elsevier.
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ig. 3. (a) Cr 2p spectrum of NH2-MIL-125(Ti) after photocatalytic process; (b) sche
ight  irradiation (� > 420 nm)  [106], copyright (2015) Elsevier.

he surface of NH2-MIL-125(Ti) acts as hole scavengers to form
O2 and H2O in this photocatalytic reaction system, and thus pro-
ides a basic environment for promoting the photocatalytic Cr(VI)
eduction.

To test the reusability of the photocatalyst, NH2-MIL-125(Ti) has
een investigated in successive runs after washing with HNO3 and

eionized water, and drying. There is only tiny decay (about 8%) in
he photocatalytic activity after 5 runs of application, implying the
eusability of NH2-MIL-125(Ti).
 illustration of photocatalytic Cr(VI) reduction over NH2-MIL-125(Ti) under visible-

2.1.2. UiO-66(NH2)
Considering the high stability, adjustability and photo-

responsiveness [129], UiO-66, a nano-size Zr-metal organic
framework, was  used to perform photocatalytic degradation of
organic pollutants [130], CO2 reduction [131], hydrogen generation
[132]. Wu  and co-workers reported the selective photocatalytic

oxidation of alcohols to their corresponding aldehydes and photo-
catalytic reduction of Cr(VI) to Cr(III) over UiO-66(NH2), a derivative
of UiO-66, under visible light [101]. The 2-aminoterephthalate
(ATA) as organic linker in UiO-66(NH2) can act as an antenna to
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Fig. 4. (a) UV–vis spectra of UiO-66 and UiO-66(NH2); inset are the photographs of UiO-66 (i) and UiO-66(NH2) (ii); (b) transient photocurrent response of UiO-66(NH2)
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r ry.
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n  0.2 M Na2SO4 aqueous solution without bias versus Ag/AgCl under the irradiatio
queous solution (pH = 6.8); (d) reaction profiles of photocatalytic reduction of Cr(V
eaction  temperature 30 ◦C, pH = 2 [101], copyright (2013) Royal Society of Chemist

bsorb visible light, resulting into that its photo-absorption edge
as shifted to the visible region, which was confirmed by its color

hanging from white to yellow, as shown in Fig. 4(a). The result
f transient photocurrent response of UiO-66(NH2) under inter-
ittent visible light irradiation (� ≥ 420 nm)  exhibited that it can

e photo-excited to form electron–hole pairs, and these photo-
enerated carriers can be immediately separated upon contact
ith a high work function conductor, as illustrated in Fig. 4(b).

he Mott-Schottky-type plot of UiO-66(NH2) suggested that it is
 typical n-type semiconductor, and its flat-band potential (Vfb) at
a. −0.80 V vs. Ag/AgCl is more negative that of O2

−•/O2 (−0.28 V)
133] and Cr(VI)/Cr(III) (+1.15 V, pH = 3.0) [134] (Fig. 4(c)). Also, the
alculated VCB is reported as 1.95 V vs. Ag/AgCl. Based on these
nformation, over the UiO-66(NH2), it is thermodynamically possi-
le to transfer the photogenerated electrons onto the absorbed O2
nd to form the superoxide radical species, which can potentially
educe Cr(VI) to Cr(III). The photocatalytic reduction of Cr(VI) to

◦
r(III) was carried out at 30 C in a 100 mL  quartz reactor containing
0 mg  UiO-66 or UiO-66-(NH2) and 40 mL  10 ppm Cr(VI) aqueous
olution with the pH value being 2.0 and 100 �L methanol as hole
cavengers, following the Eqs. (5)–(7). As depicted in Fig. 4(d), UiO-
isible light (� ≥ 420 nm); (c) Mott–Schottky plot of UiO-66(NH2) in 0.2 M Na2SO4

action conditions: 20 mg photocatalyst, 40 mL of 10 ppm Cr(VI), 100 �L methanol,

66(NH2) showed high reduction ratio of Cr(VI), which increased
to 97% after 80 min  visible light illumination. The stability of UiO-
66(NH2), which was  used for three runs, was confirmed by X-ray
diffraction (XRD), FTIR, and XPS. The results revealed that no notice-
able differences can be found for the original UiO-66(NH2) (Fresh)
sample, the sample of UiO-66(NH2) (Used 1) after the oxidation
process of alcohols and the UiO-66(NH2) (Used 2) after the Cr(VI)
reduction reaction.

UiO-66(NH2) + h� → UiO-66(NH2)(e− + h+) (5)

Cr2O2−
7 + 14H+ + 6e− → 2Cr3+ + 7H2O (6)

Methanol + h+ → CO2 + H2O (7)

2.1.3. NH2-MIL-88B(Fe), NH2-MIL-53(Fe) and NH2-MIL-101(Fe)
The MIL-88B(Fe) is built up of Fe3-�3-oxo clusters linked by

oxidation stable terephthalate (BDC) ligands, in which Fe3-�3-oxo
cluster exhibits octahedral geometry with three Fe(III) atoms, four

oxygen atoms from bidentate BDC, one �3O oxygen atom and one
oxygen atoms from terminal ligands like water molecules [135].
The amine-functionalized MIL-88B(Fe) (NH2-MIL-88B(Fe)) showed
the identical PXRD patterns with MIL-88B, implying they possess
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he same crystal phrase structure. Mott-Schottky measurements
ere carried out to elucidate the semiconductor properties of MIL-

8B and NH2-MIL-88B. The results revealed that their flat-band
otential is ca. 0.13 V versus NHE, more negative than +1.15 V of
r(VI)/Cr(III) at pH = 3.0 [112], demonstrating that both of them can
e potentially used to conduct Cr(VI) reduction.

Under visible light irradiation, NH2-MIL-88B(Fe) exhibited
etter Cr(VI) reduction performance than MIL-88B(Fe), NH2-UiO-
6-Zr, NH2-MIL-125-Ti, N-doped TiO2, g-C3N4, CdS and P25 at
H = 2.0, as illustrated in Fig. 5(a) and (b) [45]. NH2-MIL-88B(Fe)
ossessed excellent stability and reusability at pH range of 2.0–4.0
s photocatalyst, especially after experiencing recovery by filtra-
ion, washing with water and ethanol and drying under vacuum,
hich was confirmed by SEM, PXRD, FTIR and XPS. It was  worthy

o mentioning that a weak peak at 577.1 eV can be assigned to Cr 2p
n Cr(OH)3 form [112], which can further confirm the fact of Cr(VI)
eduction to Cr(III) over NH2-MIL-88B(Fe).

Considering that MIL-88B(Fe) and NH2-MIL-88B(Fe) possess
he identical photocatalytically active Fe3-�3-oxo clusters and
eduction potential of ca. 0.13 V versus NHE, the NH2-group from
DC-NH2 can be appointed to enhance the photocatalytic per-

ormance of NH2-MIL-88B(Fe) due to improved ligand-to-metal
harge transfer (LMCT) [123,136]. A dual excitation pathways
echanism was proposed to clarify the photocatalytic reduction

f Cr(VI) to Cr(III) over NH2-MIL-88B(Fe), as illustrated in Fig. 5(d).
pon the visible light illumination, both NH2-BDC and Fe3-�3-
xo clusters in NH2-MIL-88B(Fe) were excited. The electrons from
he excited Fe3-�3-oxo clusters as well as the photogenerated
lectrons transferred from NH2-BDC to Fe3-�3-oxo clusters can
chieve Cr(VI) reduction to Cr(III), which was confirmed by pho-
oluminescence (PL), electron spin resonance (ESR), and transient
hotocurrent [123,136,137].

Three iron(III)-based MOFs like MIL-88B(Fe), MIL-53(Fe) and
IL-101(Fe) were selected to investigate the influences resulted

rom the amine functionality on photocatalytic activities for
r(VI) reduction. As shown in Fig. 5(c) amine-functionalized
nes exhibited higher visible light absorption and stronger pho-
ocatalytic activities than unfunctionalized ones, implying that
mine-functionalization of iron(III)-based MOFs is a flexible way  to
ncrease the photocatalytic activities on Cr(VI) reduction. However,
eing compared to unfunctionalized MIL-88B(Fe), MIL-53(Fe) and
IL-101(Fe), the performance enhancements for Cr(VI) of their cor-

esponding amine-functionalized ones are quite different, which
an be ascribed to their distinct structure and electron transfer
fficiency.

.2. Semiconductor/MOFs hybrid photocatalysts

In recent years, the photocatalytic Cr(VI) reduction over visible-
ight active photocatalysts like CdS had been widely reported
18,22,23,26,42,138–140]. However, the efficiency of these photo-
atalysts for Cr(VI) reduction is not high enough and the reduction
ate is usually slow. Thus, some heterostructures consisting of nar-
ow gap semiconductors and MOFs are highly expected as highly
isible-light-active photocatalysts [126,141]. This strategy can be
xtended for tuning the photocatalytic performance of many MOFs
nd pave a novel way to fabricate semiconductor/MOFs heteroge-
eous catalyst for solar-chemical energy conversion applications.

.2.1. MexSy @ MIL-125(Ti) (MexSy = CdS, In2S3, SnS2, Sb2S3)
Beside the amine-fictionalization, another strategy to tune the

hoto-excited light of MIL-125(Ti) from UV light region to vis-

ble light region is the introduction of metal sulfides (simply
xpressed as MexSy), like CdS, In2S3, SnS2, Sb2S3, etc, which had
een identified as visible photocatalysts owing their narrow energy
and gaps, and had been widely used to carry out photocatalytic
vironmental 193 (2016) 198–216

degradation of organic pollutants in aqueous solution [142–147].
Yuan and co-workers developed a facile in situ photodeposition
method to achieve the composites of MexSy (CdS, In2S3, SnS2,
Sb2S3) into MIL-125(Ti) for the first time [126]. The XRD patterns of
the as-prepared composites exhibited high crystallizations and no
noticeable changes from MIL-125(Ti), implying the phase structure
of parent MIL-125(Ti) remains intact after the photodeposition of
MexSy, as illustrated in Fig. 6(a). TEM and HRTEM were used to gain
further insight of the microstructure of the composites, as shown in
Fig. 6(b)–(e), in which the sizes of Ag2S, CdS and CuS quantum dots
(QDs) dispersed onto MIL-125(Ti) are within 10 nm.  Two parallel
lattice fringes could be found in the HRTEM images of the compos-
ites, of which the nearest distances are well agreement with the
values for the [220], [101] and [101] planes of Ag2S, CdS and CuS,
respectively. While, as depicted in Fig. 6(f), the MoS2 particles were
layered onto MIL-125(Ti) surface with a large contact area, in which
the lattice fringes with nearest distance of 0.583 nm matched well
with the value for the [002] plane of hexagonal MoS2. The depo-
sition of MexSy QDs onto MIL-125(Ti) was  further confirmed by
XPS measurement. Compared to the XPS spectrum of pure MIL-
125(Ti), some new peaks at 367.8, 405.3, 932.6 and 231.9 eV could
be assigned to Ag 3d, Cd 3d, Cu 2p and Mo  3d, respectively, as well
as the new peaks in the range of 161.1–169.1 eV were indicative
the presence of S components.

A possible mechanism of photodeposition of MexSy QDs onto
MIL-125(Ti) was  also proposed, as shown in Fig. 7(c). The large
surface area and pore structure of MIL-125(Ti) enhanced the
adsorption of metal ions like Cd2+, Cu2+, Ag+ and MoS4

2−. Under
the UV light irradiation, Ti4+ ions in original MIL-125(Ti) were trans-
formed into Ti3+ ions with strong reducing ability (−1.37 V vs SHE),
which quickly reduced the metal precursors (Cd2+, Cu2+, Ag+ and
MoS4

2−) into Me0 (Me  = Cd, Cu, Ag and Mo). The reaction between
Me0 and S8 produced the corresponding metal sulfides as outlined
in Eqs. (8)–(11).

MIL-125(Ti) + Me2+/Me+ → MIL-125(Ti)· · ·Me2+/Me+ (8)

MIL-125(Ti) + h� → Ti3+-MIL-125(Ti) (9)

Me2+/Me+ + Ti3+-MIL-125(Ti) → Me0-MIL-125(Ti) (10)

Me0 + Sad → MexSy (11)

The introduction of MexSy QDs into MIL-125(Ti) can extend
the light absorption from UV to visible region, and decrease the
surface area and pore volume (as listed in Table 2) due to the sur-
face block of cavities in MIL-125(Ti) by the MexSy QDs. Due to
that the photosensitizing effect and the enhanced light harvesting
efficiency in the visible light area are achieved by simply introduc-
ing the narrow-band MexSy QDs semiconductor, Ag2S/MIL-125(Ti),
CdS/MIL-125(Ti), CuS/MIL-125(Ti) and MoS2/MIL-125(Ti) exhib-
ited higher photocatalytic efficiency on Cr(VI) reduction than pure
MIL-125(Ti), which can be evidenced from the photocatalytic
reduction rate constants (k) of 0.0101 (CuS/MIL-125(Ti)), 0.0060
(MoS2/MIL-125(Ti)), 0.0058 (CdS/MIL-125(Ti)) and 0.0035 min−1

(Ag2S/MIL-125(Ti)), as illustrated in Fig. 7(a) and (b).
Considering the characterizations and experiment data, a

mechanism to clarify the photocatalytic Cr(VI) reduction in
MexSy@MIL-125(Ti) can be expressed as illustrated in Fig. 7(d).
Upon the visible light irradiation, the excited state electrons on the
conduction band (CB) of MexSy can be transferred to MIL-125(Ti),
while the holes of the valence band (VB) can be captured by ethanol,
which was  further mineralized into CO2 and H2O. Finally, the elec-
trons accumulated on the MIL-125(Ti) reduce Cr(VI) to Cr(III) under

the acid condition following Eq. (12). The introduction of MexSy
as cocatalysts into MIL-125(Ti) can not only produce more active
sites under visible light irradiation, but also create a hererojunction
to accelerate the photoinduced electron–hole charge separation
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Fig. 5. (a) Reduction profiles of photocatalytic reduction of Cr(VI) under visible light irradiation over MIL-88B(Fe), NH2-UiO-66-Zr, NH2-MIL-125-Ti, NH2-MIL-88B(Fe),
respectively. (b) Reduction profiles of photocatalytic reduction of Cr(VI) over NH2-MIL-88B(Fe), N-doped TiO2, g-C3N4, commercial CdS and P25, respectively. The solution is
stirred  for 40 min in the dark and then is exposed to visible light irradiation. (c) Reduction profiles of photocatalytic reduction of Cr(VI) over MIL-101 (Fe), NH2-MIL-101 (Fe),
MIL-53  (Fe) and NH2-MIL-53 (Fe). Reaction condition: 20 mg  photocatalyst, 40 mL  of 8 ppm Cr(VI), reaction temperature is 30 ◦C, pH = 2. P25 is conducted in UV–vis light and
the  other photocatalysts are conducted in visible light. (d) Proposed dual excitation pathways mechanism for photocatalytic reduction of Cr(VI) over NH2-MIL-88B (Fe) [45],
copyright (2015) John Wiley and Sons.

Table 2
The Brunauer–Emmer–Teller surface area (SBET) and total pore volume of MIL-125(Ti) and metal sulfides/MIL-125(Ti) composites [126].

Compounds MIL-125(Ti) Ag2S/MIL-125(Ti) CdS/MIL-125(Ti) CuS/MIL-125(Ti) MoS2/MIL-125(Ti)

r
e

1

2

d
h
B
b
c
o
i
d

SBET (m2 g−1) 1548.3 1023.3 

Total  pore volume (cm3 g−1) 0.758 0.686 

ate and weak the possibility of charge recombination, finally to
nhance the photocatalytic reduction of Cr(VI).

4H+ + Cr2O2−
7 + 6e− → 2Cr3+ + 7H2O (12)

.2.2. ZnO@ZIF-8
Zeolitic imidazolate framework-8 (ZIF-8) constructed from imi-

azolate (Hmim) organic ligands and Zn2+ centre ions, exhibits
igh thermal and chemical stability [148]. Considering its high
ET specific surface area and permanent porosity [148], ZIF-8 has
een reported for gas storage [149,150], gas separation [151,152],

atalysis [153,154], photocatalysis [66] and sensing [155]. On the
ther hand, ZnO with a band gap of 3.3 eV is often used as typ-

cal semiconductor photocatalyst to conduct organic pollutants
egradation [156–158] and Cr(VI) reduction [18]. Wang and co-
1028.8 1402.7 1376.1
0.626 0.693 0.672

workers reported that ZnO@ZIF-8 core-shell heterostructures were
prepared via in-situ ZIF-8 crystal growth on ZnO colloidal spheres,
which were further utilized to perform selective photoreduction of
Cr(VI) from mixed Cr(VI)/MB solution [110]. The presences of ZnO
and ZIF-8 in ZnO@ZIF-8 were confirmed by both PXRD (Fig. 8(a))
and FTIR, in which ZnO exhibited colloidal spheres with uniform
size of 200–300 nm (Fig. 8(b) and (c)). And its inner structure was
investigated by TEM, revealing that the ZIF-8 crystal polyhedrons
were covered by ZnO colloids with thickness of ca. 30 nm,  as shown
in Fig. 8(d).
The fabrication of ZnO@ZIF-8 core-shell heterostructures was
heavily influenced by the Hmim concentration in methanol and
reaction time. As listed in Table 3 and Fig. 9(a)–(e), in the case of
Hmim concentration being 3.66 M,  the high Rc/Rr (Rc is Zn2+ release
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Fig. 6. (a) XRD patterns, TEM images and the corresponding HRTEM images of (b) pure MIL-125(Ti), (c) Ag2S/MIL-125(Ti), (d) CdS/MIL-125(Ti), (e) CuS/MIL-125(Ti) and (f)
MoS2/MIL-125(Ti) [126], copyright (2015) Royal Society of Chemistry.

Table 3
Dependence of pH, IZIF-8, IZnO and structure on concentration of Hmim [110].

Concentration of Hmim (M)  pH IZIF-8/(IZIF-8 + IZnO) Structure

4.51 10.69 0.6 Core-shell and polyhedrons
3.66  10.54 0.53 Core-shell
1.83  10.22 0.88 Polyhedrons and ZnO
0.915  9.81 0.35 Core-shell and polyhedrons
0.366  9.42 0.21 Core-shell and polyhedrons

Note: IZIF-8 and IZnO refer to intensity of XRD peak located at 7.42◦ [(001) plane of ZIF-8] and 36.16◦ [(101) plane of ZnO] (Fig. 9), respectively.



C.-C. Wang et al. / Applied Catalysis B: Environmental 193 (2016) 198–216 207

Fig. 7. (a) Photocatalytic activities of the obtained samples for the reduction of Cr(VI) under the visible light irradiation. (b) The rate constant k of (1) CuS/MIL-125(Ti),
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2)  MoS2/MIL-125(Ti), (3) CdS/MIL-125(Ti) and (4) Ag2S/MIL-125(Ti); (c) schemati
chematic illustration of photocatalytic Cr(VI) reduction over MexSy/MIL-125(Ti) und

ate, and Rc is coordination rate between Zn2+ and Hmim)  ratio
esulted in the formation of Zno@ZIF-8 core-shell heterostructure
ith shell thickness of ca. 30 nm,  as I zone illustrated in Fig. 9(f).

he Rc/Rr decline resulting from the decrease of Hmim concentra-
ion to 1.83 M leads to the fabrication of ZIF-8 polyhedrons as III
one shown in Fig. 9(f). While the increase of Hmim concentra-
ion to 4.51 and 4.0 M or the decrease of Hmim concentration to
.0, 0.915 and even 0.366 M brings out both ZnO@ZIF-8 core-shell
nd ZIF-8 polyhedron, as II zone depicted in Fig. 9(f). The time-
ependent experiment revealed that reaction time of 8 min  can
ause ZnO sphere being totally covered with ZIF-8 polyhedrons
o form ZnO@ZIF-8 core-shell. Also, the formation mechanism of
nO@ZIF-8 core-shell was investigated. Considering that ZnO can
e dissolved in basic or acidic solutions [99], Zn2+ ions will be
elease from ZnO colloids in Hmim methanol solution with pKa
eing 14.2 [159,160]. The release rate of Zn2+ is subject to the
mim concentration with different pH values (Table 3), and high
ol  ratio of Hmim/Zn2+ might increase the nucleation rate of ZIF-

 [160,161]. When Hmim concentration is 3.66 M,  the integrated
nO@ZiF-8 core-shell heterostructures can be fabricated as illus-
rated in Fig. 9(f). As Hmim concentration is fixed to 1.83 M,  the
ubstantially decreased coordination rate between Zn2+ and Hmim
annot achieve wrap of ZIF-8 over ZnO. The mixture of ZnO@ZiF-8
ore-shell heterostructures and ZIF-8 polyhedrons was obtained at

ther Hmim concentration. In other word, ZnO@ZiF-8 core-shell
eterostructures can be harvested via the adjust of Hmim con-
entration. The proposed formation mechanism was  confirmed by
RD, SEM and TEM.
esentation of the mechanisms of the MexSy photodeposition on MIL-125(Ti); (d)
ble-light irradiation (� > 420 nm) [126], copyright (2015) Royal Society of Chemistry.

Compared with ZnO colloidal spheres, the absorption edge of
ZnO@ZIF-8 core-shell heterostructures exhibits minor red-shift.
The band gap of ZnO@ZIF-8 (3.24 eV) is slightly smaller than
that of ZnO (3.27 eV), which can be contributed to the het-
erostructural effect after the introduction of ZIF-8 [162]. The
photocatalytic performances of ZnO@ZIF-8 and ZnO were investi-
gated via the treatment of mono-composition aqueous solution or
two-component mixed solution of MB  and Cr(VI). During the pho-
tocatalysis procedure, ZnO can produce electrons and holes upon
UV light illumination to conduct both Cr(VI) reduction and organic
pollutants degradation [163]. As illustrated in Fig. 10(a), ZnO@ZIF-8
exhibits higher photocatalytic Cr(VI) reduction performance than
that of ZnO. And its achievement in mixed MB and Cr(VI) aque-
ous solution (the corresponding efficiency being nearly 100% after
70 min  irradiation) is better than that in individual Cr(VI) solution
(with ca. 50% efficiency after 80 min  irradiation).

It is worthy to noting that ZnO@ZIF-8 preferres to reduce Cr(VI)
into Cr(III) in the mixed solution of MB  and Cr(VI), which can be
assigned to adsorption and size selectivity of ZIF-8 shell towards
Cr(VI) ions. It is generally deemed that ZIF-8 is positive in acidic or
neutral conditions [66,164], and CrO4

2− is the main species of Cr(VI)
at pH being ca. 7.0 [165]. The anionic Cr(VI), not cationic MB,  prefer-
res to be absorbed to ZIF-8 shell via electrostatic interaction, which
was confirmed by the zeta potential of ZnO@ZIF-8 heterostructures

from ca. +25 mV  at pH = 5.0 to −35 mV at pH = 12.0 with positive
charge at pH range of 5.0–10.0.

According to the previous report, CrO4
2− ions with ionic diam-

eter of 4 Å can penetrate into the channel (ca. 3.4 Å) of ZIF-8
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ig. 8. (a) XRD patterns of as-prepared ZnO colloidal spheres and ZnO@ZIF-8 hete
b)  SEM images of ZnO colloidal spheres; (c) SEM images of ZnO@ZIF-8 heterostru
hemical Society.

rameworks [166,167], while MB  with minimum cross-section size
f 8 Å cannot enter the apertures of ZIF-8 [168]. Therefore, besides
he adsorption selectivity, size selectivity of ZIF-8 shell plays a cru-
ial role in enhancing the selectivity of photocatalysis process to
r(VI) and MB,  which was further confirmed by the introduction of
hB (molecular size of 15.9 × 11.8 × 5.6 Å).

.3. Conductor/MOFs hybrid photocatalysts

Noble metal nanoparticles (NPs) with controllable size distri-
ution have received enormous attentions due to their unique
roperties and potential applications like catalysis. Their catalytic
erformances are highly dependent on the dispersion of active
etal sites. In order to avoid their aggregation during the syn-

hesis, some porous materials have been designed to stabilize
hese noble metal NPs [169]. As a new class of porous mate-
ials with high porosity and large surface area, MOFs can be
elected to control the growth of NPs in the confined cavities
nd to produce highly dispersed NPs, which can significantly
mprove their catalytic performance. While, graphene with supe-
ior physicochemical properties has been regarded as an important
omponent for making various functional composite materials
170,171]. The introduction of GO into MOFs is expected to enhance
he MOFs’ photocatalytic behavior due to that GO can slow the
ecombination of photogenerated electron–hole pairs and increase

he electron charge transfer rate [172]. It would provide useful
nsight to design and fabricate conductor-MOFs hybrids, which
an be used to conduct photocatalytic reaction like Cr(VI) reduc-
ion.
uctures. Inset is the whole XRD pattern of ZnO colloidal spheres from 10◦ to 70◦;
; (d) TEM image of ZnO@ZIF-8 heterostructures [110], copyright (2016) American

2.3.1. Pd@UiO-66(NH2)
In order to further enhance the photocatalytic performance of

UiO-66(NH2), highly dispersed Pd nanoparticles (NPs) of about
3–6 nm in diameter (as illustrated in Fig. 11(a)) are immobilized
into via a facile one-pot hydrothermal method [112]. The X-ray
diffraction patterns of the as-prepared UiO-66(NH2) and Pd@UiO-
66(NH2) nanocomposites are idential, demonstrating excellent
crystallinity of the samples. In the XRD patterns, no characteris-
tic diffractions of metallic Pd can be found, probably due to the
relatively low content of Pd in the as-prepared Pd@UiO-66(NH2)
(0.93 wt% determined by ICP) and tiny particle size Pd NPs being dis-
tributed on the UiO-66(NH2) surface uniformly. The hydrothermal
processing did not destroy the integrity of characteristic structure
of UiO-66(NH2) in Pd@UiO-66(NH2) composite, in which Pd NPs
were homogeneously dispersed over the UiO-66(NH2), as illus-
trated in Fig. 11(b) and (c). The Pd NPs were stable in composite,
and no leaching of Pd occurred even after washing and sonication.
From the HRTEM image, it could be found that Pd nanoparticles
were encapsulated within the pores of UiO-66(NH2) with vague
distorted lattice fringes, while most of the larger Pd NPs disperse on
the surface of the UiO-66(NH2) have clear lattice fringes, as shown
in Fig. 11(d). The XPS survey spectrum confirmed the existence of
Zr, Pd, O, N and C in the composite. The weak signal of Pd is due to
the relatively low content of Pd in the nanocomposite.

From the UV–vis diffuse reflectance spectra, it could be found
that the introduction of Pd nanoparticles enhanced the light

absorption intensity of the UiO-66(NH2) in the visible light region,
which can be further be confirmed by the color change from
pale yellow to brown. Compared with the UiO-66(NH2), the
photocurrent over Pd@UiO-66(NH2) was enhanced, as shown in
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Fig. 9. SEM and TEM (inset) images of products obtained with different concentration of Hmim (a) 4.51 M,  (b) 1.83 M [inset: selected area electron diffraction (SAED) pattern
o s of t
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f  the colloidal sphere in TEM image] (c) 0.915 M and (d) 0.366 M.  (e) XRD pattern
.915  M,  (iv) 0.366 M and (v) 3.66 M.  (f) Structure dependence of the obtained prod

abeled as “#” [110], copyright (2016) American Chemical Society.

ig. 12(a), indicating that the separation efficiency of photoexcited
lectron–hole pairs and the lifetime of the photogenerated charge
arriers are improved through the interaction between Pd and UiO-
6(NH2), which was confirmed by both transient photocurrent
esponses and photoluminescence measurements, as illustrated in
ig. 12(b). The introduction of Pd NPs led to slight increase of BET
urface area from 756.04 m2 g−1 for UiO-66(NH2) to 836.6 m2 g−1

or Pd@UiO-66(NH2). It can be assumed that the remaining organic
olvent molecules within the pores of UiO-66(NH2) had been thor-

ughly removed during the hydrothermal process, and most of
he Pd NPs are finely dispersed on the surface rather than the
ores of UiO-66(NH2) as confirmed by TEM (Fig. 11(b) and (c)).
urthermore, the pore size distribution curves exhibited that both
he product obtained with different Hmim concentration (i) 4.51 M,  (ii)1.83 M,  (iii)
n Hmim concentration. Note: ZIF-8 peaks were labeled as “*” and ZnO peaks were

Pd@UiO-66(NH2) and UiO-66(NH2) were mainly composed of large
size micropores. The greater specific surface area of the photo-
catalyst can contribute more surface active sites and enhance the
transportation of the charge carriers, which finally improved the
photocatalytic performance.

The enhanced absorption of visible light is expected to improve
the photocatalytic performance of Pd@UiO-66(NH2) toward the
Cr(VI) reduction. As depicted in Fig. 12(c), Pd@UiO-66(NH2) was
active to photocatalytically reduce the Cr(VI) into Cr(III) with the

reduction ratio of 99% upon visible light illumination (� = 420 nm)
for 90 min. The high activity of Pd@UiO-66(NH2) can be ascribed
to the intimate interfacial contact between Pd and UiO-66(NH2),
which can facilitate the efficient charge separation. The Cr2O7

2−
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ig. 10. Photocatalytic removal curves of Cr(VI) and MB  in the presence of ZnO@Z
wo-component mixed Cr(VI) and MB  aqueous solutions under UV irradiation. (c) S
ore-shell heterostructures. (d) Schematic illustration of photocatalysis properties 

ons are the predominating species of chromium as pH being
.0–6.0, and the possible main processes can be described as Eqs.
13)–(15).

d@UiO-66(NH2) + h� → Pd@UiO-66(NH2)(e− + h+) (13)

r2O2−
7 + 14H+ + 6e− → 2Cr3+ + 7H2O (14)

H2O + 4h+ → H2O2 + 2H+ (15)

Two typical organic dyes, namely methyl orange (MO)
nd methylene blue (MB), were mixed with Cr(VI) to per-
orm further investigation on the photocatalytic performance of
d@UiO-66(NH2), especially for eliminating different pollutants
imultaneously. When the organic dyes (MB  or MO)  were added
nto the reaction system, the Cr(VI) reduction was  significantly
nhanced. In the binary systems of Cr(VI)/MO and Cr(VI)/MB, the
r(VI) reduction rates Cr(VI) are 79% and 100% after 60 min  of con-
inuous visible light irradiation (� = 420 nm), respectively, which
ere obviously higher than that in the single Cr(VI) system (70%), as

llustrated in Fig. 12(d). The presence of Cr(VI) can also increase the
hotocatalytic MB and MO  degradation due to the synergic effect,
s the process of photocatalytic oxidation of dye and reduction of
r(VI) could consume photogenerated electrons and holes respec-
ively, avoiding the recombination of photoexcited electron–hole
airs. It could be concluded that the enhanced photocatalytic
erformance of the Pd@UiO-66(NH2) nanocomposite toward pho-
ocatalytic degradation of aqueous Cr(VI) and organic dyes under
isible light irradiation can be ascribed to the integrative factors
f its enhanced light absorption intensity, prolonged lifetime of
hotogenerated charge carriers and increased BET surface area.
Finally, Wu and co-workers proposed a possible mechanism for
he reduction of Cr(VI) and degradation of the organic dyes over
d@UiO-66(NH2), as shown in Fig. 12(e). The zirconium-oxygen
lusters within UiO-66(NH2) behaved as quantum dots, and the
eterostructures or ZnO spheres in (a) mono-component aqueous solutions and (b)
tic illustration of selectively enhanced photocatalysis properties of the ZnO@ZIF-8

ZnO [110], copyright (2016) American Chemical Society.

−NH2 groups in the ligand acted as auxochromic group to effi-
ciently transfer the energy to the inorganic zirconium–oxygen
clusters part as depicted in Fig. 13(f), which was further enhanced
by the introduction of Pd NPs. Upon visible light irradiation, the
charge carriers will be produced, and the photogenerated elec-
trons and holes can be separately transferred to the surface of the
photocatalyst quickly to participate in the Cr(VI) reduction and
dyes degradation reactions. Wu  and co-workers also reported that
Fe-benzenedicarboxylate (MIL-53(Fe)) and MIL-53(Fe)-reduced
graphene oxide could act as bifunctional photocatalyst to conduct
photocatalytic oxidation of organic dyes (MG  or RhB) and reduction
of Cr(VI) [109,113].

2.3.2. RGO-UiO-66(NH2)
Considering that positive charge of UiO-66(NH2) due to the

introduction of the amino ( NH2) group and the negatively
charged surface of reduced graphene oxide (RGO) resulted from the
deprotonation of the carboxyl groups during the dialysis process
of GO, RGO-UiO-66(NH2) nanocomposites (NCs) could be easily
assembled after hydrothermal reduction process [111]. The parent
UiO-66(NH2) and RGO-UiO-66(NH2) possesses identical XRD pat-
terns (Fig. 13(a)), which can be explained by two  possible reasons:
(1) the relatively low diffraction intensity of RGO at 26.0◦ may  be
shielded by one peak of UiO-66(NH2), and (2) the disappearance
of the layer-stacking regularity after redox of graphite [173,174].
Also, no typical diffraction peak of GO at ca.  10.8◦ was observed,
implying that the GO had been successfully reduced to RGO through
the hydrothermal process, which was  further confirmed from the
XPS results. TEM and HRTEM images RGO-UiO-66(NH2) indicated

that the characteristic structure of UiO-66(NH2) was retained, in
which some UiO-66(NH2) were wrapped by RGO transparent thin
2D sheets via adequate interfacial interaction, as illustrated in
Fig. 13(b). The successful incorporation of RGO into UiO-66(NH2)
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ig. 11. (a) and (b) Results of TEM images for the Pd@UiO-66(NH2); (c) HRTEM im
oyal  Society of Chemistry.

an be contributed to the electrostatic assembly via a relatively
dequate interfacial interactions.

The UV–vis DRS revealed that an intense absorption band rang-
ng from 300 to 450 nm can be found for UiO-66(NH2), in which a
eak at 360 nm can be assigned to the presence of the amino group.
hile, a broad background adsorption in the visible-light region

450–800 nm)  can be observed for RGO-UiO-66(NH2), implying
he introduction of RGO into UiO-66(NH2) can enhance the vis-
ble light absorption intensity. The electrochemical analysis on
iO-66(NH2) and RGO-UiO-66(NH2) exhibited typical on-off cycles
f intermittent visible light irradiation, as depicted in Fig. 13(c).
he incorporation of RGO could increase the photocurrent greatly,

mplying that more efficient depart of photoexcited electron–hole
airs and longer lifetime of the photogenerated charge carriers can
e achieved, which can be confirmed by the photoluminescence
PL) determination, as shown in Fig. 13(d). The introduction of RGO
lso led to the slight increase of BET surface area from 732.21 for
arent UiO-66(NH2) to 766.54 m2g−1 for 2% RGO-UiO-66(NH2). The
ET surface area of RGO-UiO-66(NH2) increases with the RGO con-
ent (Table 4), as it could be assumed that the new pores were

reated at the interface between the UiO-66(NH2) and RGO [175].
n all, the enhanced light absorption intensity, longer lifetime of
lectron–hole pairs and larger specific surface area resulted from
nd (d) corresponding size distribution of Pd nanoparticles [112], copyright (2013)

the introduction of RGO into UiO-66(NH2) can be expected to sig-
nificantly enhance its photocatalytic performance.

Therefore, the photocatalytic activities of Cr(VI) reduction over
the as-prepared RGO-UiO-66(NH2) with different RGO contents
under visible-light irradiation (� = 420 nm)  were investigated. As
shown in Fig. 10(c), the content of RGO in the RGO-UiO-66(NH2)
greatly influenced the photocatalytic activity, and it can be found
that the optimal RGO content is 2%, for which the reduction ratio
of Cr(VI) is even up to 100% after 100 min  visible light illumina-
tion. Further increase of the RGO content in the RGO-UiO-66(NH2)
led to a gradual decrease of the photocatalytic activity due to
RGO shielding effect [176,177]. Also, excessive amount of RGO can
mask the active sites on the surface of photoactive material, and
increased amount of black color RGO further lowered the light
intensity through the depth of reaction solution, thus resulting in
the decreased performance of photocatalysts [177,178].

The mechanism of the Cr(VI) reduction over RGO-UiO-66(NH2)
can be explained as the scheme of Fig. 13(f), in which the UiO-
66(NH2) is excited by visible light irradiation and electron–hole
pairs are formed. The photogenerated electrons can reduce Cr(VI) to

Cr(III), and water molecules can be oxidized by the holes. When the
RGO is introduced, those photogenerated electrons from conduc-
tion band of UiO-66(NH2) can inject into graphene, promoting the
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Fig. 12. (a) Transient photocurrent response of UiO-66(NH2) and Pd@UiO-66(NH2) in 0.2 M Na2SO4 aqueous solution without bias versus Ag/AgCl under the irradiation of
visible  light (� = 420 nm); (b) photoluminescence (PL) spectrum of UiO-66(NH2) and Pd@UiO-66(NH2); (c) reaction profiles of photocatalytic reduction of Cr(VI). Reaction
conditions: 20 mg  photocatalyst, 40 mL  of 10 ppm Cr(VI), reaction temperature is 30 ◦C, pH = 2; (d) simultaneous photocatalytic reduction of Cr(VI) and degradation of dyes
(  cond ◦

r  based
a terpr
w

e
t
c
R
p
s

10  ppm) on Pd@UiO-66(NH2) under visible light (� = 420 nm)  irradiation. Reaction
eaction period is 60 min; (f) a schematic drawing of the structure of UiO-66(NH2)
mino  groups (blue dots) [112], copyright (2013) Royal Society of Chemistry. (For in
eb  version of this article.)

lectron–hole pair separation. From this point, RGO acts as an elec-
ron collector and transporter to lengthen the lifetime of the charge

arriers, consequently increasing the photocatalytic activity. The
GO in RGO-UiO-66(NH2) makes the photocatalytic reaction to take
lace not only on the surface of photocatalysts, but also on the RGO
heet, which enlarges the reaction space and offers more active sites
itions: 20 mg photocatalyst, 40 mL of 10 ppm Cr(VI), reaction temperature is 30 C,
 on the structure of UiO-66. Zirconium-oxygen clusters (green part); N of the free

etation of the references to colour in this figure legend, the reader is referred to the

[178,179]. Similarly, the MIL-53(Fe)-RGO nanocomposites have
also been successfully fabricated via an efficient electrostatic self-

assembly method followed by a solvothermal reduction of GO to
RGO [113]. MIL-53(Fe)-RGO nanocomposites exhibited consider-
able photocatalytic activity in the mixed systems (Cr(VI)/organic
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Fig. 13. (a) XRD patterns of the UiO-66(NH2) and RGO-UiO-66(NH2). (b) TEM images for the UiO-66(NH2) (i), RGO-UiO-66(NH2) (ii and iii), and HRTEM image of RGO-UiO-
66(NH2) (iv). (c) Transient photocurrent response of the UiO-66(NH2) and RGO-UiO-66(NH2). (d) photoluminescence spectrum of the UiO-66(NH2) and RGO-UiO-66(NH2).
(e)  Photocatalytic reduction efficiency of aqueous Cr(VI) via RGO-UiO-66(NH2) with different RGO content. Reaction conditions: 20 mg photocatalyst, 40 mL of 10 ppm Cr(VI),
reaction  temperature 30 ◦C, pH = 2. (f) Possible mechanism of photocatalytic reduction of Cr(VI) over RGO-UiO-66(NH2) [111], copyright (2014) Royal Society of Chemistry.
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Table 4
Summary of surface area, pore volumes and pore sizes of the as-prepared UiO-66(NH2) and RGO-UiO-66(NH2) [111].

Sample SBET (m2/g) Total Pore Volume (cm3/g) Average pore size (nm)

UiO-66(NH2) 732.21 0.089 4.11
1%RGO-UiO-66(NH2) 745.67 0.091 4.08
2%RGO-UiO-66(NH2) 766.54 0.095 4.09
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3%RGO-UiO-66(NH2) 769.51 

5%RGO-UiO-66(NH2) 788.51 

10%RGO-UiO-66(NH2) 796.45 

yes), which made it a potential candidate for industrial wastewa-
er treatment.

. Challenges and outlooks

Up to now, it has been difficult to achieve high-throughput syn-
hesis with amounts of kilogram quantities in relatively short time
a matter of hours) at ambient pressure. The solvothermal (includ-
ng hydrothermal) methods, involving the use of an autoclave,
nd slow-diffusion processes will take days or weeks to com-
lete, eliminating the possibility of an industrially relevant process
180,181]. Mechanochemical method was deemed as environment
riendly way to yield quantitative products at room temperature
nder solvent (especially organic solvents) free conditions in short
eaction times, normally in the range of 10–60 min  [182–184].
ut, it was not enough to characterize the samples obtained from
echanochemical method only via powder X-ray diffraction (XRD)

nalyses, due to that XRD was not sensitive to detect the pres-
nce of some low quantities of amorphous metal oxide phases
r other crystalline phases which can be responsible for the cat-
lytic activities observed [185]. The stability of MOFs during the
hotocatalytic process should be considered, because that the inci-
ental pyrolyzation will cause damage to the framework of MOFs
nder high-intensity light irradiation because of the thermal effect
f photons. In general, the thermal stability of MOFs is controlled
y the coordination number and local coordination environment
186], therefore, it is very important to design and prepare MOFs
ith high thermal stability via optimizing coordination between

he metal cluster and the organic linkers. In order to achieve higher
hotocatalytic efficiency, it is also necessary to expand MOFs’
icropores into mesopores or to promote their electrical conduc-

ivity while maintaining the open diffusion channels and ensuring
he mono-dispersion of metal centres [187,188]. To overcome the
isadvantage of MOFs’ poor electronic conductivity, it was sug-
ested that doping can largely boost the electrical conductivity
f MOFs based on the polarons/bipolarons and soliton mechanism
189]. Also, MOFs with 1D/2D structure can exhibit higher electri-
al conductivity in contrast to 3D frameworks [119,190]. From this
oint, further electronic band modulation and framework topology
ontrol of MOFs can possibly enhance photocatalytic properties in
he solar-to-energy conversion. In addition, most MOFs also do not
ossess strong mechanical properties and good processability, all
f which will hinder the integration of MOFs into functional solar
evices [88].

Compared with other traditional photocatalysts like TiO2, CdS,
nO, etc., a limited number of literatures were concerned to
he MOFs as photocatalysts to perform Cr(VI) reduction. But, it
as proved by these limited reports that MOFs can serve as

romising photocatalysts to achieve Cr(VI) reduction, even also as
ual-functional photocatalysts to degrade organic pollutants. The

ight absorption properties of this kind of photocatalysts can be
mproved through the simple modification of their organic ligands

r doping with noble metal or GO. It is anticipated that these lim-

ted literatures on Cr(VI) reduction reaction with the aid of MOFs
ould provide new insight in the exploration and utilization of the
OFs, the development of property-controllable synthesis of pho-
0.101 3.99
0.14 5.11
0.20 6.88

tocatalysts, as well as the fabrication heterogeneous catalyst for
solar-chemical energy conversion applications.
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