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ARTICLE INFO ABSTRACT

Heterostructured composites with an excellent photocatalytic activity have attracted increasing attention be-
cause of their great application in environmental remediation. Herein, a MIL-101(Fe)/g-C3N, heterojunction was
synthesized via in-situ growth of MIL-101(Fe) onto g-C3N, surface. The heterojunctions were applied as a bi-
functional photocatalyst for simultaneous reduction of Cr(VI) and degradation of bisphenol-A (BPA) under vis-
ible light and exhibited an obvious enhancement in photocatalytic performance compared with MIL-101(Fe) or
g-C3N,. The improved activity could be attributed to the enhanced light absorption and efficient charge carrier
separation by forming a direct Z-scheme heterojunction with appropriate band alignment between MIL-101(Fe)
and g-C3N,. The radical trapping and electron spin resonance showed that photo-generated electrons are respon-
sible for the reduction of Cr(VI) and BPA degradation, following an oxygen-induced pathway. This work pro-
vides new insight into the construction of metal-free semiconductor/MOFs heterojunctions as a bifunctional vis-
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ible-light-driven photocatalyst for efficient and simultaneous treatment of multiple toxic pollutants in water.

1. Introduction

Water contamination by heavy metals and organic pollutants has be-
come one of the biggest environmental challenges to our world. Among
heavy metals, hexavalent chromium (Cr(VI)) is a common contami-
nant in surface and ground water discharged from numerous industrial
processes, for instance, electroplating, tanning, metallurgy, metal finish-
ing, and petroleum refining. Researches have shown that the concen-
trations of Cr(VI) higher than 0.1 ppm will bring about lethal effects on
aquatic life [1]. Moreover, Cr(VI) is often discharged along with haz-
ardous organic pollutants, which makes the treatment more challeng-
ing [2,3]. Thus, it is urgent and crucial to find an efficient and sus-
tainable approach for simultaneous treatment of the co-existed Cr(VI)
and organic pollutants in wastewater. Various methods, such as adsorp-
tion, precipitation, membrane filtration, electrochemical process, and
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photocatalysis have been applied for the wastewater treatment. Among
them, photocatalysis has been considered as a promising approach since
it realizes one-pot removal of the contaminants from water under light
irradiation [4]. To date, an increasing attention has been focused on
the photocatalytic reduction of Cr(VI) and oxidation of organic pollu-
tants. However, most of these researches focused on the treatment of
Cr(VI) [5] or organic pollutants [6]. Some researchers have studied the
simultaneous reduction of Cr(VI) and oxidation of organic pollutants us-
ing TiO, [71, ZnO [8], ZrO, [9], Fe-doped TiO, [10], and ZnO-reduced
graphene oxide [11]. Fu et al. reported that the presence of 4-chlorophe-
nol could significantly enhance the photocatalytic reduction efficiency
of Cr(VI) on TiO, [12]. However, due to the wide band gaps of these
photocatalysts, their applications were limited in UV light irradiation.
From a sustainable perspective, it is significant to develop efficient visi-
ble-light-driven photocatalysts for the simultaneous treatment of the co-
existing pollutants in wastewater.
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Fig. 1. Schematic diagram of MIL-101(Fe)/g-C3N, synthesis (a), SEM images of MIL-101(Fe) (b), g-CsN, (c), and MIL-101(Fe)/g-C3N, (d and e), XRD patterns (f) and FTIR spectra (g) of

the as-prepared samples.

Metal-organic frameworks (MOFs), formed by the self-assembly of
metal ions with polyatomic organic bridging linkers, are a class of ad-
vanced crystalline composites and porous materials [13]. Due to their
high surface area, porous structure, and tailored chemical properties,
MOFs are outstanding candidates for various advanced applications
such as drug delivery, gas storage, separation, purification, sensing, and
heterogeneous catalysis since their synthesis [14]. Owing to the syn-
ergistic effect arising from the catalytically reactive sites (transition
metal centers and organic linkers) of MOFs, some of them can har-
vest light and undergo a photochemical process after photo-excitation
[15]. This implies that they are potentially versatile and tunable pho-
tocatalysts [16]. For example, MOF-5 has been successfully applied as
a photocatalyst for phenol removal under UV light irradiation [17].
Wu'’s group has reported that Zr- and In-based MOFs performed a con-
siderable photocatalytic activity in Cr(VI) reduction [18,19]. More re-
cently, a series of Fe(Ill)-based MOFs, such as MIL-53(Fe), MIL-68(Fe),
MIL-88(Fe), MIL-100(Fe), and MIL-101(Fe), have been reported to be
applied for the decolorization of dyes or reduction of Cr(VI) under vis-
ible light irradiation [20-24]. Despite the fact that MOF photocatalysts
have made considerable headway in the past decades, their photocat-
alytic performance is still not good enough due to their low efficiency
for solar energy conversion, low conductivity, and rapid e-/h* recom-
bination [25]. In this regard, many efforts have been made to rem-
edy these drawbacks through constructing heterostructures with a noble
metal or metal oxide such as Pd, Ag, Pt, and Au [24][26]. This strategy
can tune the photocatalytic performance of many MOFs, but the high
cost of the noble metals, complicated fabrication procedures, and pho-
tochemical instability limit their practical application. Therefore, it is
valuable to find low-cost and highly synergistic complementary materi-

als and facile approaches to fabricate MOF-based heterojunction photo-
catalysts.

Graphitic carbon nitride (g-C;N,), a novel metal-free semiconduc-
tor with an unique graphene-like 2D structure, has recently aroused nu-
merous interest in water splitting [27], CO, reduction [28], and pol-
lutant degradation [29]. Researchers are convinced of the extraordi-
nary advantages of g-C3N, as a visible-light responsive photocatalyst:
its raw material abundance, facile fabrication methods, chemical sta-
bility, high solar light absorption, and a suitable band gap (ca. 2.7 eV)
[30]. However, the performance of bulk g-C3N, is still far from satisfac-
tory for practical application, due to its low specific surface area and
high recombination rate of photo-generated electron-hole pairs. An ef-
ficient strategy is to couple g-C3N, with other semiconductors to form
heterostructured composites so that the photo-generated charges can
be separated rapidly, subsequently enhancing their photocatalytic activ-
ity [31]. Moreover, as mentioned above, an important asset of MOFs
is their high surface area and porous structure, which was found as
very advantageous in the formation of their composites with g-C3N,
[25]. These MOF/g-C3N, hybrid composites were presented as excel-
lent catalysts due to the improved pore volume, decreased recombina-
tion rate of the photo-generated charges, and wider spectrum absorp-
tion of sunlight. Moreover, similar to graphene, bulk g-C;N, suffers from
the inevitable restacking when it is used alone [32]. MOFs can act
as the spacer between g-C3N,, which prevents g-CsN, from restacking
and aggregation [25]. The g-C3N, has be coupled with various semi-
conductor materials to form heterojunctions, such as TiO,/g-C3N, [32],
g-C3N,4/MoS, [33], g-C3N,/BiPO, [34], Bi;»Ge04y/g-CsN, [35], and per-
ovskite oxide/g-CsN, [36]. However, the aforementioned MOF/g-C3N,
heterojunctions have less been studied. Giannakoudakis et al. have syn-
thesized unique composites of copper-based MOF (Cu-BTC) with g-
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Fig. 2. EDS elemental mapping of MIL-101(Fe)/g-C3N, (O, Fe from MIL-101(Fe) and N from g-C3N,) and EDS spectra of MIL-101(Fe)/g-C3N, (inset Table shows the elemental composi-

tions).

C3N,, which showed the enhanced photocatalytic performance under
visible light [25]. Ni-Zn-MOF/g-C3N, nanoparticles were prepared via
an in situ synthesis method for the detection of volatile polycyclic
aromatic hydrocarbons [37]. Xu et al. anchored co-catalysts onto
UiO-66-NH,/g-C3N, hybrids, revealing an effective way to obtain het-
erostructured photocatalysts for H, production from water splitting
[38]. To the best of our knowledge, however, there is no report about
the MOF/g-C3N, for the simultaneous photocatalytic reduction of Cr(VI)
and oxidation of organic pollutants.

In this work, we developed a hybrid of g-C;N, and iron-based
metal-organic framework (MIL-101(Fe)/g-C5N,) heterojunctions in a
facile in-situ synthesis approach for the simultaneous treatment of
Cr(VI) and bisphenol A (BPA). MIL-101(Fe), which has a zeotype crys-
tal structure consisting of two kinds of cages with internal diameters of
29 and 30A [39], was chosen in this work owing to its stability, non-
toxic nature, extremely large surface area, numerous active transition

metal sites, and visible light response [40]. In this set, the MIL-101(Fe)
was applied as the support skeleton, which plays a vital role in the for-
mation of the architectures with high surface area and rich metal sites,
and preventing g-CsN, from restacking. Meanwhile, the incorporated
g-C3N, can help harness a wider spectrum of solar light [29]. The inte-
gration of MIL-101(Fe) and g-C3N, is expected to promote advantages
of each component and to overcome mutual disadvantages by enhanc-
ing the transfer rate of the photo-generated electron-hole pairs. Bisphe-
nol A (BPA), which is a widely used starting material for the synthe-
sis of plastics with the world production capacity of 3.6 million tonnes
yearly, has been listed as a hazardous endocrine disruptor by the Eu-
ropean Chemicals Agency since 2017 [41]. In our previous works, we
have reported the sulfate radical-mediated degradation of Bisphenols
by perovskite materials [42-44]. Herein we firstly report to use bisphe-
nol A as a hole scavenger in the photocatalytic Cr(VI) reduction sys-
tem, as most of previous works use ammonium formate, ammonium
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Fig. 3. N, adsorption/desorption isotherms of MIL-101(Fe), g-C3N,; g-C3N,
+MIL-101(Fe), and MIL-101(Fe)/ g-C3N,. Inset: pore size distributions of MIL-101(Fe) and
MIL-101(Fe)/ g-C3N,.

Table 1
The BET specific surface (Sggr), pore volume (V) and pore size (D) of MIL-101(Fe), g-C3Ny,
g-C3N, +MIL-101(Fe), and MIL-101(Fe)/g-C3N,,.

Samples Sger (M%/8) V,, (cm®/g) D (nm)?

MIL-101(Fe) 198.7 0.78 25.1/28.3
g-CaN, 15.4 0.09 27.0/25.7
8-CyN, + MIL-101(Fe) 44.0 0.27 28.9/25.3
MIL-101(Fe)/g-CsN, 1316 0.51 21.3/24.2

a The pore diameters were calculated from the adsorption/desorption branch of the
isotherm using the BJH method.

oxalate [19], or dyes [45] as hole scavengers. The photocatalytic mecha-
nisms induced by visible light responsive MIL-101(Fe)/g-C3N, were also
proposed to demonstrate the simultaneous reduction of Cr(VI) and oxi-
dation of bisphenol A.

2. Experimental
2.1. Materials

All the chemicals used in this study were purchased from
Sigma-Aldrich (Finland). All the chemicals were of analytical grade and
were used as received without further purification.

2.2. Synthesis of g-CsN,, MIL-101(Fe), and MIL-101(Fe)/g-C5N,

g-C3N, powder was synthesized according to the methods reported
previously [25,46]. Briefly, 5g of melamine was added into a crucible
covered loosely by a lid and heated in a muffle furnace at 550°C for
4h (heating rate of 5°C /min). After cooling to room temperature, the
obtained yellow bulk g-C3N, was grinded into powder in a mortar and
re-calcined in an open crucible without a lid at 530°C for 3h (heat-
ing rate of 10°C /min), to make sure the raw melamine can be con-
verted to g-C3N, completely. MIL-101(Fe) was prepared by a solvother-
mal method [39] with some modifications. Typically, a mixture of
1.76 g (6.50mmol) of FeCly6H,0, 0.54mg of 1,4-benzenedicarboxylic
acid (H,BDC, 3.25mmol), and 80 mL of dimethylformamide (DMF) was
sonicated and then heated at 120°C for 15h in a Teflon-lined stain-
less steel autoclave. After cooling naturally to room temperature, the
resulted orange solid was collected by centrifugation at 3000 rpm and
then stirred in 200 mL of methanol for 3 days (methanol changed once
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per day) to remove the guest molecules in the pores of the MOF mate-
rial. The purified sample was separated by centrifugation and dried un-
der vacuum at 100 °C for 20h.

MIL-101(Fe)/g-CsN, heterojunction was prepared by dispersing
92mgg-C3N, powder (1.0mmol) in the well-dissolved ferric chloride/
DMF solution under 30min stirring to reach equilibrium, and then
H,BDC was added with 30 min of sonication. After a solvothermal treat-
ment, the resulting solid was subsequently washed by methanol and
subjected to the similar synthesis procedure to that of MIL-101(Fe). The
schematic diagram of MIL-101(Fe)/g-CsN, synthesis is presented in Fig.
la.

2.3. Characterizations

X-ray diffraction (XRD) patterns were recorded on a PANalytical
Empyrean diffractometer with a Co-K X-ray irradiation source (A
=0.17809nm) operated at 40kV and 40 mA. Raman spectra were ac-
quired on a Renishaw inVia Reflex Raman Microprobe with a laser exci-
tation wavelength of 530 nm. Fourier transform infrared spectra (FTIR)
were conducted on a Bruker Vertex 70 model with a platinum ATR
accessory. The Brunauer-Emmett-Teller (BET) surface area and pore
structure were measured with a Tristar®II Plus by nitrogen adsorp-
tion isotherms in the range of relative pressure from 0.0 to 1.0. Scan-
ning electron microscopy (SEM) was performed on a Jeol JSM-5800
instrument. Elemental mapping was simultaneously performed during
the SEM examination by Thermo Scientific Ultra Dry SDD Energy-dis-
persive X-ray spectroscopy (EDS). X-ray photoelectron spectra (XPS)
were recorded on a Thermo Fisher Scientific ESCALAB 250Xi with a
monochromatic Al Ka X-ray source (1486.6eV) and an X-ray beam of
around 900 pm. UV-vis diffuse reflectance spectra (UV-vis DRS) were
obtained by a UV-vis spectrophotometer (Agilent Cary 60) and the
data were converted to Kubelka-Munk functions. The photolumines-
cence spectra (PL) were determined by a fluorescence spectrometer
(Hitachi F-7000). Electrochemical impedance spectroscopy (EIS) and
Mott-Schottky analysis were performed using a Bio-Logic SP-300 poten-
tiostat with a 3-electrode configuration including photocatalyst work-
ing electrode, Ag/AgCl reference electrode and Pt counter electrode
in a Cappuccino-type electrochemical cell. Thermogravimetric analysis
(TGA) was performed using a NETZSCH TG 209F1 (Germany) at a heat-
ing rate of 10 °C/min under a nitrogen atmosphere from 30 to 1000 °C.

2.4. Photocatalytic activity

The photocatalytic reduction of aqueous Cr(VI) to Cr(IlI) was car-
ried out at 30°C in a 80 mL quartz vial containing 20mg of photocat-
alyst and 40mL of 20mg/L Cr(VI) aqueous solution. The effect of pH
on the photocatalysis was studied in a pH range of 3-6. The pH of so-
lutions were adjusted with 2M H,SO,. Nitrogen was purged and then
5mg of (NH,4),C,0, (hole scavenger) was added into the solution, fol-
lowed by stirring in dark for 30 min to reach sorption equilibrium. The
suspensions were irradiated by a 150 W halogen cold light source (Visi-
Light® CL150, EU-pistoke) with a 420nm cut-off filter. During the il-
lumination process, 2mlL solution was collected at a certain time in-
terval and then centrifuged at 7500rpm for 5min to remove the sus-
pended catalyst. The Cr(VI) reduction was determined colorimetrically
at 540 nm using the diphenylcarbazide (DPC) method with a detection
limit of 5ug/L [47] by a PerkinElmer Lambda 365 UV-vis spectropho-
tometer. A pseudo-first-order kinetics was fitted for the estimation of re-
action rate constants.

The simultaneous photocatalytic reduction of Cr(VI) and degrada-
tion of bisphenol A (BPA) was conducted in a system of 20 mg/L Cr(VI)
with 20mg/L BPA at natural pH (ca. 6.8) without adding any other
hole scavengers. The BPA concentration was measured by a Shimadzu
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Fig. 4. The XPS survey spectra of MIL-101(Fe) and MIL-101(Fe)/g-C3N,4 (a), C 1s (b), N 1s (c), O 1s (d), and Fe 2p (e) spectra of MIL-101(Fe)/g-CsN, heterojunction.

High Performance Liquid Chromatograph equipped with a UV detector
(HPLC-UV) and a Kinetex column C18 (5m, 4.6 X 150mm). The wave-
length of the UV detector was set at 269 nm. The mobile phase was com-
posed of 20mM (phosphoric acid) potassium buffer solution (pH 2.5)
and acetonitrile, with an isocratic percentage composition of 50:50 and
flow rate of 1.0 mL/min.

2.5. Radical species trapping and electron spin resonance (ESR)
experiments

In the experiments of trapping radical species, 2mM of 1,4-benzo-
quinone (BQ), 2mM of isopropanol (IPA), and 2mM of Na,C,0, were
used as scavengers for Oge-, «OH and h*, respectively, in the photocat-
alytic process. ESR spectra were recorded using a CMS-8400 paramag-
netic resonance spectrometer under the following conditions: magnetic
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field 336.5 + 6.0m T width, power attenuation 10dB, field modulation
0.100mT, sweep time 100s, microwave frequency 9450 MHz.

3. Results and discussion
3.1. Characterizations

SEM images of MIL-101(Fe), g-CsN,, and MIL-101(Fe)/g-C3N, are
shown in Fig. 1b-e. It is clearly shown that MIL-101(Fe) consists of an
uniform octahedral structure with an average edge length of pm-scale
(Fig. 1b), which is in good agreement with the previously reported
MIL-101(Fe) [48]. g-C3N, shows a two-dimensional (2D) structure with
rugged surface (Fig. 1c). For the MIL-101(Fe)/g-C3N, composite, it can
be seen that the g-C3N, and MIL-101(Fe) components were bonded to-
gether with a good contact (Fig. 1d and e). Moreover, it is also observed
that the sizes of the MIL-101(Fe) crystals in the MIL-101(Fe)/g-C3N,4
composites were significantly smaller than those of the pristine ones, in-
dicating that the introduction of g-CsN, in the precursors had some in-
fluences on the formation of the MOF crystals during the synthesis [49].
TEM was commonly employed to characterize the morphology and esti-
mate the particle size [50]. As shown in Fig. Sla and b, the TEM images
reveal that the MIL-101(Fe) crystal was closely anchored on the sur-
face of two-dimensional g-C3N, sheets. The length of MIL-101(Fe) crys-
tal was about 1 pum, which was consistent with the observation in SEM
images.

The XRD patterns of MIL-101(Fe), g-C3N,, their physical mixture
(g-C3N,+MIL-101(Fe)), and MIL-101(Fe)/g-C3N, heterojunction are
presented in Fig. 1f. The characteristic diffraction peaks of the pre-
pared heterojunction was analogous to those of the previously reported
MIL-101(Fe) [48] and g-C3N, [45], suggesting that the crystalline na-
ture of

MIL-101(Fe) was preserved in the heterojunction. However, the char-
acteristic peak of g-C3N4, which was obviously presented in the mix-
ture of g-C3N,+MIL-101(Fe), was shifted to about half degree higher
than that in the heterojunction, indicating strong coupling interaction
between the two components in the heterojunction. The peak intensity
of the mixture was weaker than that of MIL-101(Fe), because the MOF
crystals in the mixture were partly sheltered by g-C3N,. This phenome-
non was also observed in a MOF/graphene oxide composite [49]. The
presence of g-CsN, in the heterojunction can be validated by Raman
spectra. As shown in Fig. S2, Raman signals of g-C3N, can be clearly
observed in MIL-101(Fe)/g-C3N,, and the signal intensity of g-C3N, in
the heterojunction was a little stronger in comparison with the pristine
g-C3N,. This could be attributed to the surface-enhanced Raman scat-
tering (SERS) effect from the contacted iron-MOF materials. An analo-
gous enhanced effect was reported earlier in a Ag/g-C3N, heterojunction
[46].

Fig. 1g shows the FTIR spectra of MIL-101(Fe), g-C;N,, and
MIL-101(Fe)/g-C3N,. The FTIR spectrum of g-C3N, showed the charac-
teristic peaks, such as N-H stretching vibrations (3000-3500 cm™), C-N
heterocycle stretching modes (1635, 1544, 1398, 1315 and 1232cm™!),
and the breathing mode of triazine units (806 cm™') [46]. However,
no obvious absorption bands of g-C;N, were found in MIL-101(Fe)/
g-CsN,. Meanwhile, a significant decrease of the peak at 1683cm™!
for MIL-101(Fe)/g-C3sN, was observed in comparison with pristine
MIL-101(Fe). This must be related to the interaction of MOF and g-C3N,.
An analogous phenomenon was reported by Yang et al. [49]. The peak
at 541cm™! in both MIL-101(Fe) and MIL-101(Fe)/g-C3N, heterojunc-
tion could be attributed to the Fe-O bond.

The EDS elemental distribution for MIL-101(Fe)/g-C3N, is illustrated
in Fig. 2. The elemental signal spots clearly showed that the
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MOF crystals are well loaded on the surface of g-C3N,, since N is from
g-C3N, while O and Fe are from MIL-101(Fe). The EDS spectra quanti-
tatively identified the presence of both g-C;N, and MIL-101(Fe) in the
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Reaction conditions: 20 mg photocatalyst, 40 mL of mixing solution, pH 6.8.

heterojunction (Inset Table, C: 37.22%, N: 13.80 wt.%, O: 28.12wt.%,
Fe: 16.83wt.%).

Fig. 3 and Table 1 show the N, adsorption/desorption isotherms
and pore size distributions of the as-prepared samples. As previously re-
ported [34], pure g-C3N, was considered as a non-porous material with
low specific surface and poor porosity (Fig. 3 and Table 1). In the case
of MIL-101(Fe) and MIL-101(Fe)/g-C5N,, both of them exhibited much
higher specific surfaces and pore volumes in comparison with the re-
ported MIL-53(Fe) (Sgzr 20.6m2/g, V, 0.053 cm3/g) and MIL-53(Fe)/
g-C3N, (Sger 18.5m?/g, V,, 0.038cm?/g) [51]. It is also noticed that
both of the surface area and porosity of the g-C;N,+MIL-101(Fe) mix-
ture were much less than those of MIL-53(Fe)/g-C3N, heterojunction,
probably due to the heavy coverage of MOF porous structure by the
g-C3N, sheet in the physical mixture. A similar decrease trend was
observed in MOF + graphene oxide mixture [49]. The parameters of
MIL-53(Fe)/g-C3N, are close to but still less than those of pristine
MIL-53(Fe). Thus, the introduction of g-C3N, in the precursor during
the MOF synthesis does not prevent but still affect the formation of the
porous structure [51]. TGA results (Fig. S3) show that MIL-53(Fe)/g-
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C3N, has better thermal stability than pristine MIL-53(Fe) in the tem-
perature range from 30 to 550 °C, due to the introduction of g-CsN,4
which is stable before 550 °C. The TG curve of MIL-53(Fe)/g-C3N, was
obviously different from MIL-53(Fe)/g-C3N,, indicating strong coupling
interaction between the two components in the heterojunction.

The surface chemical compositions of the MOFs with and without
g-C3N, were analyzed by XPS. As shown in Fig. 4a, pristine MIL-101(Fe)
did not display any signals in N 1s region. In contrast, the binding en-
ergy (BE) peaks from the N 1s at 396-402 eV existed in the spectrum
of MIL-101(Fe)/g-C3N, heterojunction, and the N content was estimated
as 16.39%, further confirming the successful introduction of g-CsN, in
the heterojunction. Moreover, the two splitting BE peaks of N 1s at
400.8 and 398.6 eV (Fig. 4c), could be ascribed to C-NH, and sp? hy-
bridized N atoms in C = N, respectively [51]. The C 1s spectrum in
Fig. 4b shows four BE peaks, where 284.0 and 285.4eV could be as-
signed to sp?-bonded carbon C-C and C-N in g-C3N,, respectively [52],
and 284.7 and 288.5eV were corresponded to the benzoic rings and
C = O of H,BDC [48]. The O 1s spectrum could be fitted by two splitting
peaks at around 531.8 and 530.2 eV (Fig. 4d), which could be attributed
to the oxygen components of terephthalate linkers and Fe-O bonds of
MIL-101(Fe), respectively [20,48]. The Fe 2p spectrum (Fig. 4e) shows
two BE peaks at 711.9 and 725.6eV ascribed to Fe 2p;,, and Fe 2p,,
2, respectively. The peak separation (ABE between 2p;,, and 2p; ) of
13.7 eV, together with the satellite peak at 716.4 eV, suggested the iron
in the material is in the state of + 3 [20]. All these XPS results confirmed
the successful formation of MIL-101(Fe)/g-C3N, heterojunction.

The optical absorption property of a semiconductor decides its pho-
tocatalytic activity. Therefore, UV-DRS analyses of MIL-101(Fe) and
g-C3N, materials were conducted, and the results are shown in Fig. 5a.
The pristine g-C3N, can absorb visible light and exhibits yellow color.
Based on the Kubelka-Munk plots (Fig. 5b), the estimated bandgap
of g-C3N, is 2.70eV, which is in a good agreement with the previ-
ous report [31]. In comparison with pristine g-C3N,, pure MIL-101(Fe)
exhibits stronger visible light absorption in the range of 400-600 nm
and shows orange color. After the incorporation of g-C3N,, the visi-
ble light absorption was significantly enhanced in MIL-101(Fe)/g-C3N,
composite. However, the visible light absorption of physically mixed
g-C3N,+MIL-101(Fe) was significantly weaker than that of
MIL-101(Fe)/g-C3N,. This also implies that the formation of heterojunc-
tion between MIL-101(Fe) and g-C;N, will play roles in the enhance-
ment of visible-light absorption due to the interaction between the both
components. Importantly, it is noted that a red shift of the absorption
band edge occurred after the introduction of g-C3N, in the compos-
ite, indicating the narrower bandgap of the MIL-101(Fe)/g-C3N, het-
erojunction. Based on the Kubelka-Munk plots (Fig. 5b), the bandgaps
of the pristine MIL-101(Fe) and MIL-101(Fe)/g-C3N, were estimated as
2.54eV and 2.26 eV, respectively. Similar enhancements of the absorp-
tivity in visible-light region have also been observed in the reported
heterojunction of other MOFs with rGO [49] and g-C3N, [51]. The en-
hanced visible light absorption was reported to be beneficial to improve
photocatalytic efficiency in those works.

Photoluminescence (PL) analysis has been widely used to investigate
the separation efficiency of the photon-induced electron-hole pairs in
photocatalysts. The PL emission peaks are correlated to electron-hole
recombination. A higher emission intensity corresponds to the severer
electron-hole pair recombination [53]. Fig. 5c illustrates the PL spec-
tra of g-C3N,, MIL-101(Fe) and MIL-101(Fe)/g-CsN, composites. g-C3N,4
shows the highest PL emission intensity, which means the highest re-
combination between the photogenerated electrons and holes. How-
ever, after the incorporation of MIL-101(Fe), the MIL-101(Fe)/g-C3N,
composite presents a much lower PL peak intensity than that of pris-
tine g-C3N,, indicating the decreased recombination of photogenerated
electron-hole pairs in the MIL-101(Fe)/g-C3N, system. The PL analyses
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Fig. 10. Photocatalytic degradation of BPA by MIL-101(Fe)/g-C3N, in the presence of different scavengers under visible-light irradiation.

reveal that the introduction of MIL-101(Fe) could efficiently enhance
the separation of the photon-generated electron-hole pairs and thus im-
prove the photocatalytic activity [49].

For the investigation of the band structures of the materials, the
valence band edges (Eyp) of MIL-101(Fe) and g-C;N, were measured
by performing the valence-band X-ray photoelectron spectroscopy
(VB-XPS) measurements. As shown in Fig. 5d, the valence band edges of
pristine MIL-101(Fe) and g-C3N, were observed at 2.50eV and 1.62eV,
respectively. These Eyy values are consistent with the previously re-
ported results [40,54]. Based on these Eyp values and the bandgap re-
sults obtained by UV-DRS (Fig. 5a, b), the conduction band edges (Ecg)
could be calculated by the following equation.

Ecg = Eyg - Eg 1)

Accordingly, the Eqz values of g-C;N, and MIL-101(Fe) are calcu-
lated to be -1.08V and -0.04V vs. NHE, respectively. Importantly, both
the CB and VB edges of MIL-101(Fe) are lower than those of g-C5Ny,
suggesting a direct Z-scheme heterojunction formation of MIL-101(Fe)/
g-C3N,. More significantly, both of the CB values of MIL-101(Fe) and
g-C3N, are more negative than the Cr(VI)/Cr(Ill) potential (+0.51V vs.
NHE) [51]. Therefore, it is thermodynamically feasible to reduce Cr(VI)
into Cr(III) on the CB of the heterojunction during the photocatalytic
process.

To gain insights into the interfacial charge carrier behaviors and
band structure, we carried out the EIS measurements in 0.5M Na,SO,4
solution containing H,0, sacrificial agent under dark condition. Repre-
sentative Nyquist plots of the impedance response are displayed in Fig.
6a, where deformed semicircle is shown in all cases. The size of the
semicircle, which correlates with interfacial charge transport resistance
(the larger the semicircle, the higher the resistance) [55,56], shows
a clear trend among the three different samples. Both MIL-101(Fe)
and g-C3N, exhibit a high charge transport resistance where g-CsN,
is slightly less resistive than MIL-101(Fe). As expected,
g-C3Ny/MIL-101(Fe) heterojunctions demonstrate the lowest charge
transport resistance, which reveals the formation of heterojunctions fa-
cilitate the charge transport process from the photocatalyst to elec-
trolyte. These impedance results are consistent with PL analysis, in-
dicating the introduction of g-C3N, on MIL-101(Fe) effectively sup-
presses the charge recombination process. The fact that heterojunc-
tion formation facilitates charge transport and passivates surface re-
combination has also been recently reported on other photocatalytic
systems [57]. We then take a step further and perform Mott-Schottky
analysis on MIL-101(Fe) (Fig. 6b), g-C3N, (Fig. 6¢) and MIL-101(Fe)/
g-C3Ny (Fig. 6d). In all the cases, the

Mott-Schottky plot shows a positive slope which confirms the n-type
character of these three samples. By fitting the linear region of the
Mott-Schottky plot, flat band potential (Egpz) can be determined at the
y-intercept [58]. The g-C3N, shows the most negative Eg; with a value
around -1.37V vs Ag/AgCl, which is in line with that of mesoporous
g-C3N, [59]. Likewise, MIL-101(Fe) exhibits a Epz value of -1.09V
vs Ag/AgCl, which is around 200mV more negative than that of a
MIL-68(Fe) photocatalyst [21]. Compared with pristine MIL-101(Fe),
g-C3N,/MIL-101(Fe) heterojunctions demonstrate a positive shift of Egg
around 230mV, which is a sign that g-C3N,/MIL-101(Fe) will exhibit a
higher oxidation ability than bare MIL-101(Fe). A similar behavior has
been found on MIL-68(In)-NH,/rGO photocatalytic systems, recently re-
ported by Yang et al [49].

3.2. Photocatalytic performance

The photocatalytic performance of the as-prepared MIL-101(Fe)/
g-C3N, was firstly investigated by Cr(VI) reduction in water under vis-
ible light illumination. The control experiment was carried out to ex-
clude the natural photolysis. As shown in Fig. 7a, no significant Cr(VI)
reduction was observed in the absence of a photocatalyst (the black
curve in Fig. 7a), indicating that Cr(VI) does not react with the hole
scavenger in the absence of photocatalysts. The efficient adsorption of
Cr(VI) onto TiO, was observed in a previously reported investigation
[60], thus the dark adsorption of Cr(VI) onto the studied adsorbents was
also investigated. In dark conditions, all the three materials could ad-
sorb certain amounts of Cr(VI) (12.6% for MIL-101(Fe), 6.2% for g-C3N,4
and 10.5% for MIL-101(Fe)/g-C3N,, respectively) and reach equilibrium
in 30min. Under visible light illumination, the reduction reaction pro-
ceeded smoothly in the presence of photocatalysts and hole scavenger.
After illumination for 60min, the reduction ratios of Cr(VI) reached
53.8%, 48.1%, and 92.6% for MIL-101(Fe), g-CsN,4, and MIL-101(Fe)/
g-C3Ny, respectively. Notably, the MIL-101(Fe)/g-C3N, composite pos-
sessed significantly higher photocatalytic performance compared to the
pristine MIL-101(Fe) and g-C3N,. To investigate the effect of the hole
scavenger, we conducted a control experiment by using MIL-101(Fe)/
g-C3N, photocatalyst in the absence of ammonium oxalate (AO). It was
found that the reduction of Cr(VI) hardly occurred in the absence of
the hole scavenger (the green curve in Fig. 7a). These results indi-
cated that the reduction is a photocatalytic driven process and the light,
photocatalyst, and scavenger act important roles in the photocatalytic
process. For the photocatalytic reduction of Cr(VI), AO serves as a hole
scavenger, which could capture the photogenerated holes (h*) from
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Fig. 11. ESR spectra of the DMPO-+OH a) and DMPO-O,e- b) for MIL-101(Fe), g-C3N, and MIL-101(Fe)/g-C3N, after 60s of visible light irradiation.

the photocatalyst, mitigating the recombination of photoinduced e-/h*.
Fig. 7b presents the kinetic fitting curves for the Cr(VI) reduction by
different photocatalysts. The perfect linear fitting (Fig. 7b) and high R?
values (Table S1) suggest that the reduction follows the pseudo-first-or-
der kinetics [61]. As presented in Table S1, the photocatalytic Cr(VI)
reduction rate constant of MIL-101(Fe)/g-CsN, was almost 3.7 times
higher than the pristine MIL-101(Fe) and 3.9 times higher than the pure
g-C3N,. All these results can prove that the photocatalytic activity of
MIL-101(Fe) was enhanced through the incorporation of g-C3N,.

In the photocatalytic reduction of aqueous Cr(VI), an optimum pH is
important. The influence of pH on the Cr(VI) reduction by MIL-101(Fe)/
g-C3N, was then studied in a pH range of 3-6 (Fig. 8). Alkaline so-
lutions were not used to avoid the hydroxide formation of reduced
chromium (Cr(OH);) [62]. Similar to other MOF photocatalysts
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[21,63], the photocatalytic reduction activity of MIL-101(Fe)/g-C3N,
was found to be dependent on the solution pH. From pH 6 to 3, the re-
duction ratio increased with decreasing pH (67.2% at pH 6, 92.6% at pH
5, 93.8% at pH 4, and 98.1% at pH 3, respectively). Notably, the almost
100% reduction ratio at pH 3 was achieved within only 30 min of visi-
ble light irradiation. These results reveal that more acidic media favored
the photocatalysis over MIL-101(Fe)/g-C3N,. For better understanding
of this phenomenon, the surface zeta potentials (¢) of MIL-101(Fe) and
MIL-101(Fe)/g-C3N, at various pHs were examined (Fig. S4). The iso-
electric points were determined to be 7.6 and 6.8 for MIL-101(Fe) and
MIL-101(Fe)/g-C3N,, respectively. This indicates positively charged sur-
face of MIL-101(Fe)/g-C3N, in water at pH < 6.8, while the dominated
species of Cr(VI) are Cr,0,% anionic ions [20]. At pH < 6.8, a lower
pH value corresponds more positively charged surface of MIL-101(Fe)/
g-C;N,, resulting in better adsorption of Cr,0,% anionic ions and favor-
able reduction.
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Fig. 12. Schematic illustration of the simultaneous photocatalytic reduction of Cr(VI) and oxidation of BPA over a direct Z-scheme MIL-101(Fe)/g-C3N, heterojunction under visible light

irradiation.

As we known, heavy metals are often discharged together with other
hazardous organic pollutants (such as bisphenols) in industrial waste-
water [2]. In this study, we simulated bi-component systems containing
20mg/L Cr(VI) and a certain concentration (10/20/30mg/L) of BPA at
natural pH (ca. 6.8) without adding any other hole scavenger to evalu-
ate the photocatalytic performance of MIL-101(Fe)/g-CsN, in the treat-
ment of different categories of pollutants simultaneously. As shown in
Fig. 9, in the case of single Cr(VI) system without any organic com-
pound (20/0), the reduction efficiency was relatively low (only 26.2%)
after 4h of continuous reaction under visible light irradiation, which
could be attributed to the absence of a hole scavenger. By contrast, in
the presence of BPA, the reduction efficiency of Cr(VI) was significantly
increased. In the binary systems of Cr(VI)/BPA of 20/10, 20/20, 20/
30, the reduction efficiencies of Cr(VI) were 68.0%, 97.1%, and 98.8%,
respectively. Meanwhile, the presence of Cr(VI) could also enhance the
photocatalytic oxidation of BPA in the binary systems. In the single sys-
tem, the photodegradation efficiency of BPA was 46.6%. The photocat-
alytic degradation of BPA was dramatically promoted to 94.8%, 87.7%,
and 76.2% in binary systems. The enhanced photocatalytic performance
of MIL-101(Fe)/g-C3N, in the binary systems could be ascribed to the
synergistic effect between the photocatalytic reduction and oxidation
process. In the binary system, BPA serves as a photogenerated hole scav-
enger and is oxidized, while Cr(VI) acts as a photogenerated electron ac-
ceptor and is reduced. The mineralization of total organic carbon (TOC)
was also determined (Fig. S5). It was observed that the TOC trend (Fig.
S5) was similar to the BPA degradation trend (Fig. 9). The presence
of Cr(VI) promoted dramatically the BPA mineralization from 37.5%
(Cr(VI)/BPA: 0/20) to 56.6% (Cr(VI)/BPA: 20/20). However, when the
concentration of BPA increased from 10 to 30 ppm, the mineralization
efficiency of TOC decreased from 62.7% to 48.2%. This might be due
to the excessive molar extinction coefficient of BPA, resulting in lower
efficiencies of light utilization [64].

3.3. Possible mechanisms of photocatalysis

The trapping experiments of radical species (¢OH, O,e- and h™)
and the ESR analyses were carried out to explore the mechanism of
MIL-101(Fe)/g-C3N, for the simultaneous degradation of BPA and re-
duction of Cr(VI) in aqueous solution. In the trapping experiments, BQ/
IPA/Na,C,0, were used as the scavengers of Oye-/sOH/h™, respectively
[35] to determine the active species in the photocatalytic process. Fig.
10 shows the degradation efficiency of BPA over MIL-101(Fe)/g-C5N,
in the presence of the different scavengers. It is clearly observed that
BQ and Na,C,0, had more significant effects on the photocatalytic
performance of MIL-101(Fe)/g-C3N,, which reveals that Oge- and h*
play more important roles in the photocatalytic oxidation process than
*OH. This could be attributed to the fact that «OH is mainly generated

11

through the oxidation of water by h* as Eq. 1 [65]. Therefore, if h* was
scavenged, the generation of «OH would be greatly reduced.

H,0 +h* - «OH + H* 1)

ESR analyses were applied to verify the existence of «OH and Oye-
radicals in the photocatalytic process of MIL-101(Fe), g-CsN,, and
MIL-101(Fe)/g-C3N,. Fig. 11a shows the ESR signals of DMPO--OH over
the three as-prepared samples. The four characteristic peaks of the
DMPO--OH adducts could be clearly observed in all the samples, in-
dicating that the «OH radicals were produced in all the photocatalytic
systems in this study. It is worth to notice that MIL-101(Fe) possessed
relatively stronger signals than that of g-C3N,. This might be because
more positive VB potential (Ey) of MIL-101(Fe) (2.50eV) than that of
g-C3N, (1.62eV), which is theoretically beneficial to the generation of
h*, resulting in higher production of «OH according to Eq. 1 [49]. In
Fig. 11b, six characteristic peaks of the DMPO-O,e- adducts were ob-
viously observed for both of g-CsN, and MIL-101(Fe)/g-C3N,, indicat-
ing that the Oqe- radicals were generated after 60s of visible light ir-
radiation by these two samples [66]. The O,s- signal of g-C3N, was
much stronger than that of bare MIL-101(Fe), since the CB potential
(Ecp) of g-C3N, (-1.08 eV) is more negative than that of the MIL-101(Fe)
(-0.04 eV), which is favorable to the generation of photo-induced e- for
the reduction of O, as follows [67].

O, +¢" = Ope” )

Obviously, the ESR signals of both DMPO-«OH and DMPO-O,e- in
MIL-101(Fe)/g-C3N, heterojunction were much stronger than those in
both pristine MIL-101(Fe) and bare g-C3N,, indicating that the separa-
tion efficiency of photo-induced h* /e- pairs in MIL-101(Fe)/g-C3N, het-
erojunction was significantly higher than those of single MIL-101(Fe)
and g-C3N,. Overall, ESR experiments showed that the transfer of elec-
trons from the as-prepared heterojunction to O, is important to pro-
duce O,e-, which is useful for the photocatalytic oxidation of organic
pollutants [68]. To further verify this oxygen-induced radical reaction,
we investigated the photocatalytic degradation of BPA by MIL-101(Fe)/
g-C3N, at different O, concentrations. The continuous nitrogen aera-
tion, which could expel oxygen out of the solution, was applied as
0% oxygen condition. As shown in Fig. S6, the photocatalytic degrada-
tion activity of MIL-101(Fe)/g-C3N, was found to be dependent on the
O, concentration. From N, aeration to air and then to pure O, aera-
tion, the BPA degradation efficiency increased with increasing O, con-
centration (37.3% at 0% O,, 91.2% at 20% O,, and 96.4% at 100%
0,, respectively). Notably, almost 100% degradation at pure O, aera-
tion was achieved within 30 min of visible light irradiation. These re-
sults reveal that oxygen played a significant role in the photocatalysis
and higher O, concentration favored the photocatalytic degradation of
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BPA over MIL-101(Fe)/g-C3N,. From ESR and O, concentration experi-
ments, it can be concluded that the photocatalytic oxidation of organic
pollutants is a typical oxygen-induced radical pathway. Moreover, the
generated electrons are also available for other reduction reactions such
as the reduction of Cr(VI). On the other hand, the presence of «OH ver-
ifies the successful generation of h™ in the photocatalytic system of the
heterojunction. Both h* and «OH are the typical species for the photo-
catalytic oxidation of organic pollutants [35,69].

From the Mott-Schottky experiments, UV-vis DRS spectra, and
VB-XPS spectra, the Eyp edges of pristine MIL-101(Fe) and g-C3;N, were
observed at 2.50V and 1.62V vs NHE, respectively, while the Eq; val-
ues of MIL-101(Fe) and g-C3N, were calculated to be -0.04V and -1.08 V
vs NHE, respectively. When MIL-101(Fe) is anchored on g-C3N, sur-
face in a close contact, the electrons in g-C3N, spontaneously trans-
fer to MIL-101(Fe) across the interface until their Fermi levels are
equal, resulting in inner electrical fields in the direction from g-C3N,4
to MIL-101(Fe) [70,71]. Under visible light irradiation, the electrons
are excited from VB to CB of both MIL-101(Fe) and g-C3;N,. The charge
transfer at the interfacial phases may follow double-transfer mech-
anism (Fig. S7a) or direct Z-scheme mechanism (Fig. S7b). The di-
rection of the photogenerated charge across the MIL-101(Fe)/g-C3N,
heterojunctions can be inferred by combining the ESR results with
the established band alignment [72,73]. As shown in Fig. 11a, The
DMPO-eOH signals of MIL-101(Fe) and MIL-101(Fe)/g-C3N, could be
observed, while very weak DMPO-*OH signal was observed for pure
g-C3N,. The weak signal of DMPO-eOH in g-C3N, was due to the weak
oxidation potential of photogenerated holes (Eq. (1)) in g-C3N, (1.62V
vs NHE). The observation of DMPO-eOH signal in MIL-101(Fe)/g-C3N,4
composite indicates that the photogenerated holes still stay in the VB of
MIL-101(Fe) and do not transfer to the VB of g-C3N,. Similarly, as shown
in Fig. 11b, strong DMPO-O,e" signals were observed for both g-C3N,
and MIL-101(Fe)/g-C3N,, whereas almost no obvious DMPO-O,e~ signal
could be observed for MIL-101(Fe). The absence of DMPO-O,e~ signal
in MIL-101(Fe) was due to the weak reduction potential of photogen-
erated electrons (Eq. (2)) in MIL-101(Fe) (-0.04V vs NHE). The results
indicate that the photogenerated electrons in g-C3N, and MIL-101(Fe)/
g-C3N, have enough reduction ability to reduce O, to form superoxide
radical anions (O,e7) (Eq. (2)) [74]. The above ESR results indicate that
the photogenerated electrons and holes are present in the CB of g-C3N,
and VB of MIL-101(Fe), respectively, and the charge transfer does not
follow the conventional double-transfer mechanism. In contrast, the di-
rect Z-scheme mechanism can better explain the enhancement of pho-
tocatalytic reduction of Cr(VI) in MIL-101(Fe)/g-C3N, [75][71]. Similar
ESR behaviors have been observed in WO5/g-C3N,[74], m-Bi,0,4/8-C5N,
[76], TiO,/g-C3N, [77] step-scheme (Z-scheme or S-scheme) photocat-
alysts. Based on the ESR results and band alignment, the schematic il-
lustration of the band structure diagram and charge transport route of
MIL-101(Fe)/g-C3N, heterojunction is shown in Fig. 12. The relative
band alignment between MIL-101(Fe) and g-C3N, allows the formation
of a direct Z-scheme heterojunction [71][78]. In such a MIL-101(Fe)/
g-C3N, system, photogenerated electrons in the CB of MIL-101(Fe) re-
combine with photogenerated holes in the VB of g-CsN, (Eq. (5)) [51],
while photogenerated electrons with a strong reduction ability remained
in the CB of g-C3N, are ready to reduce Cr(VI) into Cr(IIl) (Eq. (6))
and photogenerated holes with strong oxidation abilities in the VB of
MIL-101(Fe) could promote the oxidation of organic pollutants such
as BPA (Eq. (7)) [79]. Therefore, the formation of a direct Z-scheme
MIL-101(Fe)/g-C3N, heterojunction can drive photogenerated carriers
with strong redox abilities to perform photocatalytic reactions [80].
The aforementioned direct Z-scheme mechanism could effectively mit-
igate the charge recombination inside each semiconductor, and thus
obtain superior photocatalytic performance thanks to photogenerated
carriers with strong redox abilities. Consequently, the effective sep-
aration of photo-induced h*/e- pairs leads to an enhanced
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photocatalytic performance of MIL-101(Fe)/g-C5N, heterojunction for
the simultaneous photocatalytic reduction of Cr(VI) and oxidation of
BPA.

g—C3Ny+hv—>g—C3Ny (ht +¢7) 3)
MIL — 101(Fe) + hv — MIL — 101(Fe) (h* +¢7) 4)
¢” (g — C3Ny) + h*(MIL — 101(Fe)) — 0 (5)
Cr,0%™ + 14h™ + 6e~(MIL

— 101(Fe)) — 2Cr** 4+ 7H,0 6)
Organic + h* (g — C;N,) — CO, + H,0 @)

4. Conclusions

In summary, visible-light-driven simultaneous treatment of Cr(VI)
and bisphenol A (BPA) is realized over MIL-101(Fe)/g-C3N, compos-
ites synthesized via a facile in-situ solvothermal synthesis approach.
UV-vis DRS verified that the MIL-101(Fe)/g-C3N, composites possess
enhanced photo-absorption properties in comparison with the pristine
MIL-101(Fe). The photocatalytic results reveal that the acidic media
was favorable to the reduction of Cr(VI). Moreover, the addition of
BPA could enhance the photocatalytic reduction of Cr(VI) because BPA
could act as hole scavengers to improve the separation of photo-in-
duced charge carriers. The radical species trapping and ESR results
showed that photo-generated electrons are responsible for the reduc-
tion of Cr(VI) and the BPA degradation followed an oxygen-induced
pathway. By virtue of the advantages of enhanced light absorption, ef-
ficient charge carrier separation, as well as the matching band poten-
tials between the two components, the heterojunction exhibited remark-
ably improved photocatalytic activities in the reduction of Cr(VI) and
degradation of BPA. The introduction of g-C3;N, into MIL-101(Fe) not
only increased light absorption, but also greatly enhanced interfacial
charge carrier separation by forming a direct Z-scheme heterojunction
with appropriate band alignment, thus resulting in the superior activi-
ties for Cr(VI) reduction and BPA degradation. These findings provide
a promising strategy for designing high-efficiency metal-free semicon-
ductor/Fe-based MOFs heterojunctions with outstanding photocatalytic
performance for simultaneous removal of different pollutants.
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