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A series of Ui0-66-NHz2/Ag.COs Z-scheme heterojunctions were prepared by a simple
ion-exchange-solution method using Ui0-66-NH: and semiconductor Ag:COs3 as precursors. The
photocatalytic activities of UAC-X (UAC-20, 50, 100, 150, 200) Z-scheme heterojunctions toward the
hexavalent chromium (Cr(VI)) reduction and UAC-100 toward oxidative degradation of four organic
dyes like rhodamine B (RhB), methyl orange (MO), congo red (CR), and methylene blue (MB) under
visible light irradiation were investigated. The effects of different pH (pH = 2, 3, 4, 6, 8), small or-
ganic acids (citric acid, tartaric acid, and oxalic acid), and foreign ions (ions in tap water and surface
water) on Cr(VI) reduction were explored. The results revealed that the UAC-100 heterojunctions
displayed more remarkable Cr(VI) reduction performance than the pristine UiO-66-NH. and
Ag2C0s, resulting from the improved separation of photo-induced electrons and holes. The en-
hanced photocatalytic activity of UAC-100 was further confirmed by the photoluminescence meas-
urement, electrochemical analysis, and active species trapping experiments. After four cycles’ ex-
periments, the photocatalytic Cr(VI) reduction efficiency over UAC-100 was still over 99%, which
exhibited that UAC-100 had excellent reusability and stability. Finally, the corresponding photo-
catalytic reaction mechanism was proposed and tested.
© 2019, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

membrane separation [8], electrocoagulation [9], and photo-
catalytic reduction [10] have been developed to remove Cr(VI)

As a consequence of economic development, population
growth, urbanization, and infrastructural development, the
ecological environment is undergoing great stress due to the
discharge of wastewater containing heavy metals and organic
pollutants [1]. Among various heavy metal ions, hexavalent
chromium Cr(VI), as a mutagenic and carcinogenic pollutant,
was widely spreading surface water and groundwater [2-4]. Up
to now, some methods like ion exchange [5,6], adsorption [7],

from wastewater. In all the above methods, photocatalytic re-
duction transformation from Cr(VI) to Cr(IlI) is an effective
method to remove Cr(VI) from wastewater, considering that
Cr(II1) is less toxic and was removed as the form of Cr(OH)3 in
neutral or alkaline conditions [11]. Compared with traditional
reduction methods like chemical reduction and electrochemical
reduction [12], photocatalytic Cr(VI) reduction into Cr(III) ex-
hibited the advantages like energy saving, high efficiency, and
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free toxic by-product. Organic pollutants like organic dyes are
not only toxic but also carcinogenic. Their chemical stability
and hard degradation in nature will pose serious threats to
human health and ecosystem sustainability. Numerous studies
have shown that organic dye decomposition via a photocata-
lytic process is an efficient and practical solution [13-16]. In
recent years, semiconductor photocatalysts have attracted
wide attentions in solving global energy problems and envi-
ronmental pollution [17-19]. Among various semiconductor
photocatalysts, titanium dioxide (TiO2) is widely used for pol-
lutant removal with the aid of its advantages like toxicity free,
high stability, and low cost [20-25]. However, the main disad-
vantage of TiOz is its only UV light response due to its large
band gap, which greatly limits the use of sunlight (only 2%-3%
of sunlight) [26]. At present, Ag2CO3 with a narrow band gap
has been found to demonstrate remarkably photocatalytic ac-
tivity in the visible light region [16,26-30]. Previous research
focused on fabrication of Ag2COs onto different substrates as
composite photocatalysts for water treatment, such as
Ag2C03/TiO2 [26], Ag20/Ag2C03 [27], and Ag2C03/Ui0-66(Zr)
[16] along with GO-Ag2C03[31], which displayed the superior
photocatalytic activity to Ag2COs but still suffered from serious
photo-corrosion. Therefore, the improvements in both stability
and photocatalytic activity of Ag2COs are the two main objec-
tives to be achieved in future.

In the last two decades, metal-organic frameworks (MOFs)
have been widely utilized as efficient photocatalysts to conduct
COz reduction [31-34], Hz evolution [34-36], Cr(VI) reduction
[2,13,17,37-41], and organic pollutant decomposition
[10,15,16,42-44] because of the ultrahigh adsorption capacity
and efficient light utilization ability [13,38,42,45]. However, the
pristine MOFs as photocatalysts exhibit a large band gap and
can only be degraded by ultraviolet light, which will greatly
reduce the utilization of solar energy. Up to now, numerous
studies have focused on immobilizing other photocatalytically
active semiconductors on MOFs substrates to extend the pho-
to-responsive region to the visible region. For example, Ag2CO3
was attached to UiO-66 to construct a binary composite for
visible-light-driven degradation of organic dyes [16]. Metal free
g-C3N4 was encapsulated on BUC-21 for photocatalytic reduc-
tion of Cr(VI) under simulated sunlight irradiation [39]. As well,
MIL-53(Al) was decorated with g-C3Ns for enhanced photo-
catalytic rhodamine B (RhB) decomposition under visible-light
irradiation [46]. These studies demonstrated that
MOFs/semiconductors composites exhibited increasing light
utilization efficiency than the individual MOFs. Hence, MOFs
can act as a perfect substrate to load a variety of semiconductor
materials to form heterojunction for potential applications in
water treatment. Among all MOF materials, UiO-66 as a zirco-
nium-based three-dimensional MOF not only has the ad-
vantages of other MOFs, but also has excellent thermal stability
and chemical stability [47,48]. In 2015, Wu et al. [16] reported
that Ui0-66 (Zr) and Ag2COs3 are combined to enhance the visi-
ble light catalytic degradation of RhB. Zhang et al. [49] con-
structed the AgsP04/Ui0-66 heterojunction for efficient visible
light degradation of RhB. Our research group found that
Ui0-66-NH2/Ag3zP04 and UiO-66-NHz/Ag2C03 composites ex-

hibited effective capture and visible-triggered release toward
sulfonamides due to the formation and split between Ag+ and
-NH: group [50,51]. Up to now, there has been no report on the
efficiently photocatalytic Cr(VD) reduction over
Ui0-66-NH2/Ag2C03 composites under visible light illumina-
tion. With this paper, the Ui0-66-NHz2/Ag2C03 Z-scheme het-
erojunction (UAC-X Z-scheme heterojunction) is used to
achieve photocatalytic Cr(VI) reduction under visible light irra-
diation. In addition, the stability of the Ui0-66-NHz/Ag2COs3
heterojunction was investigated, and the photocatalytic mech-
anism was proposed and tested.

2. Experimental
2.1. Materials and characterization

All materials and reagents were commercially available and
used directly without further purification. The characterization
methods are listed in the Supporting Information.

2.2. Preparation of UiO-66-NHz/Ag2C03 composites

The UiO-66-NHz was hydrothermally synthesized as de-
scribed in a previous report with slight modification [35].
Briefly, 2-aminoterephthalic acid (NH2-BDC) (4.5 mmol, 0.81 g)
was completely dissolved in N,N'-dimethylformamide (DMF, 40
mL) by ultrasound for ca. 10 min. Then, ZrCls (4.5 mmol, 1.05 g)
and acetic acid (HAc, 17 mL) were added to this solution. All the
above processes were carried out in a 100 mL Teflon-lined
stainless-steel autoclave. HAc was added to tune the morphol-
ogy of Ui0-66-NHz. The autoclave was placed in a drying oven
and heated at 120 °C for 24 h. After cooling to room tempera-
ture, the product was centrifuged and cleaned several times
with ultra-pure water. The prepared UiO-66-NH2 was dried at
60 °C in a drying oven before use.

UAC-X composites (UAC-20, 50, 100, 150, 200) were fabri-
cated by a simple ion-exchange-solution method with a small
modification [16,50,51], as illustrated in Scheme 1. Taking
UAC-100 (the weight ratio of Ui0-66-NH2 and Ag2CO3 being
1:1) for an example, the NazCO3 aqueous solution (10 mL, 0.030
mol/L) was added dropwise into the suspension (100 mL) of
Ui0-66-NH2 (1000 mg/L) and AgNOs3 (0.006 mol/L). The mix-
ture was stirred vigorously with a magnetic stirrer for 3.5 h.

NH,-BDC ' ¢ :: : &
DMF F Solvothermal Centrifugation .
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2y } I ! 120 °C 24h Cleaning &
R XA
' Ui0-66-NH,
o AgNO,
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AgNUy o i
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Scheme 1. Illustration of the fabrication of Ui0-66-NHz/Ag.CO3 (UAC-X)
composites.
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The precipitates were separated from the solution via filtration
and washed with ultra-pure water and EtOH several times. The
other Ui0-66-NHz2/Ag2C03 (UAC-X) composite samples were
fabricated similarly to UAC-100. The weight proportions of
Ui0-66-NHz and AgNOs in UAC-20, UAC-50, UAC-150 and
UAC-200 were 0.2:1, 0.5:1, 1.5:1, and 2:1, respectively. For the
sake of comparison, Ag2COs particles were also synthesized
following the same method as UAC-100 except without adding
Ui0-66-NHz.

2.3. Adsorption-photocatalysis experiment

The photocatalytic performance of UAC-X composites to-
ward Cr(VI) reduction and organic pollutant degradation was
investigated under visible light irradiation at ambient temper-
ature. The photocatalytic Cr(VI) reduction experiment was
carried out in a 50 mL quartz glass vessel containing 10 mg
UAC-X composites (or individual Ui0-66-NHz and Ag,CO3) and
40 mL Cr(VI) solution (10 mg/L). It is worth noting that the pH
of Cr(VI) solution was adjusted to 2.0 with H2SO4 solution. The
suspension was first magnetically stirred in the dark for 45 min
to achieve adsorption-desorption equilibrium. Afterwards, the
Cr(VI) solution was irradiated with 5.00 W LED (PCX504, Bei-
jing perfect light technology Co., LTD) for 60 min, and the spec-
trum of light source (longer than 420 nm) is shown in Fig. S1.
At specific time interval, 1.5 mL liquor was drawn and filtered
through 0.45 pm syringe filter for analysis. The residual Cr(VI)
was determined by a diphenylcarbazide (DPC) method via an
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Auto Analyzer 3 (Seal, Germany). The operation flow and video
of Auto Analyzer 3 are shown in Fig. S2. Blank experiments
were also carried out under the identical conditions with no
photocatalyst addition.

3. Results and discussion
3.1. Characterization

The FTIR spectra of Ag2C03, Ui0-66-NHz, and UAC-X compo-
sites (Fig. 1a) revealed that the adsorption peaks at 1581.92
and 1382.09 cm-! were assigned to the carboxylic functional
groups in the BDC-NH:z ligands, and the peaks between
600-800 cm-! were ascribed to Zr-02 as vertical and horizontal
mode scaling [52,53]. The peaks at 1374.62 and 803.06 cm-1
were attributed to the characteristic peaks for CO32- [46]. The
characteristic adsorption peaks of Ui0-66-NH: at 1581.92,
1382.09, and 600-800 cm-! decreased with the decrease of
Ui0-66-NH2 contents. On the contrary, with the decrease of
Ui0-66-NHz contents, the characteristic peaks of Ag2COs at
1374.62 and 803.06 cm-! increased obviously [51].

The powder XRD patterns (Fig. 1b) of the as-synthesized
Ui0-66-NHzare in consistent with the reported ones [46], indi-
cating that Ui0-66-NHz was successfully prepared. All the dif-
fraction peaks of pristine Ag2CO3 matched well with the stand-
ard pattern (JCPDS card No. 97-000-8011) (Fig. S3) of Ag2CO3
with monoclinic structure [50]. It is worth noting that the
characteristic peaks of both Ui0-66-NH2 and AgzCO3 could be

Ui0-66-NH, (b)
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Fig. 1. (a) FTIR spectra, (b) PXRD patterns, (c) UV-vis DRS and E; plot (inset), and (d) XPS spectra of Ag2C0s, Ui0-66-NHz, and the UAC-X composites.
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Fig. 2. SEM images of (a) Ui0-66-NHz, (b) Ag.COs, (c) UAC-20, (d)
UAC-50, (e) UAC-100, (f) UAC-150, and (g) UAC-200.

detected in UAC-100. The peaks of Ag2CO3 vanished gradually
as the small AgzCO3 content decreased in UAC-150 and
UAC-200. Similarly, the characteristic peaks of UiO-66-NH:
could be detectable in both UAC-20 and UAC-50 [51].

The UV-vis diffuse reflectance spectra (UV-vis DRS) of
Ag2C03, Ui0-66-NHz, and UAC-X composites are displayed in
Fig. 1c. The peak of pristine Ui0-66-NHz is a wide peak between
200 and 430 nm, which is consistent with the peak previously
reported [39,40]. The light absorption region of UAC-X is al-
most the same as that of Ag2C0s, and their Eg values are in the
range of 2.25-2.95 (inset in Fig. 1c), indicating that both
Ui0-66-NH2 and UAC-X composites can be excited by visible
light [40].

The successful fabrication of UAC-X composites was further
confirmed by XPS determination (Fig. 1d). The XPS spectrum
revealed that the Ag 3d in UAC-X displayed a slight shift to
higher binding energy compared to the pristine Ag2C0O3, which
may be due to the synergy between UiO-66-NH: substrate and
AgC03 [50,51].

The SEM and TEM images could be used to specifically un-

1915

derstand the morphology of Ag2C0Os, Ui0-66-NHz, and UAC-X
composites. It was observed by SEM (Fig. 2a) that the individu-
al Ui0-66-NH: particles were standard regular octahedrons of
different sizes ranging from 200 nm to 3500 nm, in which the
Ui0-66-NHz with small particle size exhibited regular octahe-
drons shape (as shown in Fig. S4). Ag2COs3 presents irregular
cubic structure [27] with particle size distribution between 100
and 400 nm. Both SEM (Fig. 2) and TEM (Fig. S5) images illus-
trated that Ag2CO3 nanoparticles are adhered to the surface of
Ui0-66-NHz. The HRTEM image of UAC-100 (Fig. S6) reveals
that the lattice spacing of 0.261 nm corresponds to the (130)
facet of Ag2COs, further indicating the intimate contact between
Ui0-66-NHz and Ag2COs [51]. The content of octahedral
Ui0-66-NHz in UAC-X composites affected the adhesion state of
Ag2C03 on UiO-66-NHz. The element distribution results of
UAC-100 are depicted in Fig. S7, in which the Ag, Zr, C, N, and O
elements are evenly distributed over the composite, further
indicating that AgzCO3 is successfully loaded onto the
Ui0-66-NHz material. In the XPS spectrum of UAC-100 (Fig. 3),
the combination between Ag2C03 and UiO-66-NHz was affirmed
by the shift of binding energies of Zr, Ag, C, N, and O, which was
deeply discussed in our previous reports [50,51].

3.2.  Photocatalytic performance

3.2.1. Photocatalytic Cr(VI) reduction

In order to explore the photocatalytic performance of
Ag2CO0s3, Ui0-66-NH2 and UAC-X composites, the Cr(VI) reduc-
tion efficiency at pH = 2 was investigated. As shown in Fig. 4a,
Cr(VI) can not be reduced to Cr(III) without adding photocata-
lyst both in dark and under the irradiation of visible light. In the
experiment, Cr(VI) was first adsorbed in the dark for 45 min,
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Fig. 3. (a) XPS survey, (b) Zr 3d, (c) Ag 3d, (d) C 1s, (e) N 1s, and (f) O 1s spectra of UAC-100 composite.
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Fig. 4. (a) The adsorption and photocatalytic performance and (b) the photocatalytic reduction rates (k values) of Ag2C0Os, Ui0-66-NHz, and UAC-X
composites toward Cr(VI) reduction. Conditions: Cr(VI) = 10 mg/L, volume 40 mL, pH = 2, photocatalyst dosage 10 mg.

and the adsorptive removal efficiencies of Ag2C03, Ui0-66-NHz,
and UAC-X composites toward Cr(VI) ranged from 3% to 14%.
As shown in Fig. 4a and Table 1, under the identical conditions,
the photocatalytic performance of the UAC-X composites for
Cr(VI) reduction is better than those of pristine Ui0-66-NHz or
Ag>C03. UAC-100, UAC-150, and UAC-200 can achieve 100%
Cr(VI) reduction within 50 min, which are higher than the re-
duction efficiencies of UAC-20 (68%), UAC-50 (86%),
Ui0-66-NH2 (19%), and Ag2C0s (8%). Specifically, the pseu-
do-first-order model of UAC-X for Cr(VI) reduction further
proves that UAC-100 achieved faster efficient reduction rate (k
value), as shown in Fig. 4b. Comparing with the UAC-20 and
UAC-50, UAC-100 exhibited more outstanding photocatalytic
performance toward Cr(VI) reduction under the identical con-
ditions, which may be related to the larger specific surface area
of UAC-100 than both UAC-20 and UAC-50 (Table S1). Both the
positive zeta potential (Fig. S8¢c) and larger surface are facilitate
the adsorption toward Cr:07%- for further photocatalysis
[29,37]. As well, the appropriate introduction of Ag2COs3 into
UiO0-66-NH2 will improve the charge transfer over the compo-
site interfaces under visible light irradiation [54]. However,
excessive Ui0-66-NHz in the UAC-X may suppress the valid
heterogeneous interfaces, which is not conducive to the trans-
fer of charge carriers [55]. In view of economic and cost sav-
ings, UAC-100 can achieve the desired effect under the same
conditions using less Ui0-66-NH2 compared to UAC-150 and
UAC-200. Therefore, the UAC-100 was selected to conduct fol-
low-up experiments for deep understand toward its perfor-

Table 1
Photocatalytic Cr(VI) reduction efficiencies (%) of different photocata-
lysts.

Efficiency (%)
Catalyst 40 min 50 min 60 min
UAC-20 59 68 81
UAC-50 78 86 98
UAC-100 99 100 100
UAC-150 99 100 100
UAC-200 99 100 100
Ui0-66-NH; 18 19 20
Ag2CO3 8 8 8

mance.

3.2.1.1. Effect of initial pH value on Cr(VI) reduction
The initial pH value of Cr(VI) has a great influence on its re-
duction effect [56]. In this study, the effects of different pH val-
ues (pH =2, 3, 4, 6, 8) on the Cr(VI) reduction were investigated
using UAC-100 as photocatalyst. As illustrated in Fig. 5a, the
lower pH resulted in a better photocatalytic efficiency and rate.
Especially, the highest photocatalytic Cr(VI) reduction efficien-
cy (99.0% within 40 min and 100.0% within 50 min) was ac-
complished at pH = 2.0. It is well known that hexavalent chro-
mium exists in the form of Cr2072- at low pH [37]. At this lower
pH, the higher degree of protonation on the catalyst surface
facilitates the adsorptive interactions with Cr2072- ions, and the
abundant H+ also promotes the transformation from Cr(VI) to
Cr(III), as listed in Eq. (1) [56]. Under alkaline conditions, the
composite photocatalysts displayed negative zeta potentials (as
illustrated in Fig. S8), which would decline the adsorptive in-
teractions toward anionic CrO42-. As well, the Cr(VI) reduction
reaction under alkaline surroundings follows Eq. (2) [17].
However, the formed Cr(OH)s can cover the active sites over
the catalyst surface, resulting into declined photocatalytic effi-
ciency.
Cr2072- + 14H* + 6e- — 2Cr3* +7H20 €8]
CrO42- + 4H20 + 3e- — Cr(OH)3 | +50H- (2)

3.2.1.2. Effects of foreign ions on Cr(VI) reduction

In order to explore the influences of foreign ions on the
photocatalytic Cr(VI) reduction activity, UAC-100 catalyst was
used to treat a Cr(VI) solution (pH = 2) prepared with real lake
water collected from the Ming Lake and tap water of Daxing
campus, BUCEA (the quality parameters of lake water and tap
water are shown in Table S2). As shown in Fig. 5b, it was found
that the Cr(VI) reduction efficiency declined from 100% to 46%
in 60 min, indicating that the Cr(VI) reduction over UAC-100
was inhibited by the inorganic ions in tap water [44]. It is worth
noting that the Cr(VI) reduction efficiency in lake water was
higher (76%, 60 min) than that in tap water because the or-
ganic matters in the lake water could consume the holes to
facilitate the separation of photo-induced electrons and holes
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Fig. 5. (a) Photocatalytic Cr(VI) reduction efficiencies with UAC-100 as photocatalyst at different pH values; (b) Effect of Cr(VI) solution prepared
from tap water and lake water on reduction of Cr(VI); (c) Effect of different small organic acids on the Cr(VI) reduction; (d) Photocatalytic Cr(VI)
reduction rates (k values) in the presence of different small organic compounds. Conditions: UAC-100 = 10 mg, Cr(VI) = 10 mg/L, 40 mL, pH = 2.0,

small organic acid dosage = 0.1 mmol/L.

[57]. It can be concluded that the organic matters in the reac-
tion system can enhance the photocatalytic Cr(VI) reduction
performance.

3.2.1.3. Effects of small organic acids on Cr(VI) reduction

Photo-induced electron-hole pairs can be produced upon
visible light irradiation. The consumption of holes (h*) will ac-
celerate the charge separation of photo-induced electron-hole
pairs, resulting in excellent Cr(VI) reduction efficiency. In order
to test the effect of small organic acids as hole scavengers on
the Cr(VI) reduction efficiency, some organic compounds such
as citric acid, tartaric acid, and oxalic acid were selected as hole
scavengers at pH = 2.0. As shown in Fig. 5c¢ and 5d, the partici-
pation of these small organic acids can improve the photocata-
lytic Cr(VI) reduction activity, because the organic matters
consume the holes generated over the UAC-100 photocatalyst
upon light irradiation. It is worth noting that the presence of
small organic compounds can improve the photocatalytic reac-
tion rate of Cr(VI) reduction, which may be related to the num-
ber of a-hydroxyl carboxylate functional groups (zero, one, and
two a-hydroxyl groups in oxalic acid, citric acid, and tartaric
acid, respectively) [12,39].

3.2.2. Photocatalytic degradation activities toward different
organic dyes

Different organic dyes like rhodamine B (RhB), methyl or-
ange (MO), congo red (CR), and methylene blue (MB) were

selected to investigate the degradation performance of
UAC-100. UAC-100 displayed negative zeta potential when pH
was higher than 3.3 (pHrzc) (Fig. S8), which favored the ad-
sorption toward cationic organic dyes. During the adsorption
process in dark, UAC-100 displayed different adsorption per-
formance toward cationic RhB and MB along with anionic MO
and CR. It can be found that UAC-100 exhibits the best adsorp-
tion ability toward MB due to electrostatic interaction. Howev-
er, the size of RhB (1.56 nm x 1.35 nm x 0.42 nm) is slightly
larger than MB (1.38 nm x 0.64 nm x 0.21 nm), and the pore
size of UAC-100 is ca. 0.6 nm (Fig. S9), which leads to the poor-
er adsorption performance toward RhB than that toward MB.
With the aid of weak interaction between Ag* in UAC-100 and
the -NH2 group [50,51,58], UAC-100 displays noticeable ad-
sorption toward CR with the adsorption efficiency of 28%. And,
the electrostatic repulsion between UAC-100 and MO leads to
nearly no adsorptive interactions. Upon the light irradiation,
96% MB and 81% CR can be decomposed within 60 min, while
90% MO and 85% RhB can be degraded up to 90 min. It can be
concluded that UAC-100 can achieve the photocatalytic degra-
dation toward organic pollutants like stable organic dyes.

3.2.2.1. Identification of active species

In order to further understand the intrinsic reactions, some
measures were taken to explore the active species that play a
role in the process of photocatalytic. Specifically, EDTA-2Na
(0.2 mmol/L), benzoquinone (BQ, 0.2 mmol/L), and isopropyl
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Fig. 6. The photocatalytic degradation performance of UAC-100 toward
different organic dyes (RhB, MO, CR, MB). Reaction conditions: 10 mg
UAC-100, 40 mL of RhB (10 mg/L) or MO (10 mg/L) or CR (50 mg/L) or
MB (10 mg/L).

alcohol (IPA, 0.6 mmol/L) were added to the solution to cap-
ture h*, ¢Oz, and ¢HO, respectively. It has been pointed out that
*HO and 02~ are important photoactive substances that can
degrade pollutants [16,27,31,44,59]. As shown in Fig. 7a, the
degradation of MB by UAC-100 was significantly inhibited after
the addition of different sacrificial agents, indicating that all the
h+, ¢HO, and ¢02- can achieve the oxidative degradation toward
the organic dyes under visible light. The electron spin reso-
nance (ESR) determination can also prove the existence of 02"
and #HO, as shown in Fig. 7b and 7c.

3.2.3.  Photocatalytic performance toward Cr(VI) and MB in
their matrix

It is well known that heavy metals like Cr(VI) often existed
with various organic pollutants in industrial wastewater. In this
experiment, the photocatalytic activity of UAC-100 for simul-
taneous Cr(VI) reduction and organic dye degradation at pH = 2
was investigated. As shown in Fig. 8, in the mono-system of
Cr(VI) and MB, UAC-100 could remove 100% Cr(VI) and 96%
MB after 60 min illumination, respectively. However, in the
Cr(VI) and MB matrix, only 79% Cr(VI) and 78% MB were re-
moved under visible light for 60 min. The removal efficiency of
both Cr(VI) and MB over UAC-100 in the mixed system became
slower than that of the mono-component, possibly due to the

—&— MB in mixture

1
1
1
i
1
—e—MB '
0.2 4 —A— Cr(VI) in mixture 1
—v—Cr(VD) i
0.0 |
1
T T T i T T T T
-45 -30 -15 0 15 30 45 60
Time(min)

Fig. 8. Photocatalytic Cr(VI) reduction and MB degradation efficiencies
in their single systems and in their matrix with UAC-100 as photocata-
lyst. Reaction conditions: 10 mg UAC-100, 40 mL of Cr(VI) (10 mg/L)
and MB (10 mg/ L), pH = 2.0.

competition of ¢O2- between Cr(VI) and MB (detailed discus-
sion can be found in Section 3.2.5).

3.2.4. Reusability and stability of UAC-100

It is important to explore the reusability and stability of the
UAC-X composites for practical application, which was per-
formed by accomplishing repeated cycles under determinate
reaction conditions. As illustrated in Fig. 9a, UAC-100 shows
the superior photocatalytic Cr(VI) reduction activity of more
than 99% after four cycles. The PXRD patterns (Fig. 9b) of the
recovered UAC-100 after four cycles matched well with the
original ones, implying that UAC-100 has excellent reusability
and stability. In addition, there is no obvious change in the oc-
tahedron shape of UiO-66-NH: after four runs (Fig. S10), indi-
cating that the composite material can be reused without ob-
vious erosion and deterioration. The XPS spectrum of UAC-100
after the photocatalytic reaction further demonstrates the in-
tegrity of UAC-100 (as shown in Fig. S11), which has only a
small amount of Cr(III) formed by Cr(VI) reduction (the binding
energy of 573.3 eV corresponds to Cr 2ps3/2 orbital of Cr(III))
[60].

It should be noted that 99% Cr(VI) reduction can be
achieved after four cycles of visible light irradiation for 50 min
over UAC-100 without adding any hole scavenger to promote
the reaction. Compared to some typical metal-organic frame-

(a) 0,0
—&— No scavengers
—8—EDTA-2Na
—A—BQ
—v—IPA

Intensity(a.u.)

©

—— 10 min (b) HOe
——5 min
dark
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Fig. 7. (a) The effects of different scavengers on the degradation of MB in the presence of UAC-100 under visible light irradiation. Conditions: MB = 10
mg/L, 40 mL, UAC-100 = 10 mg. ESR spectra of radical adducts trapped by DMPO-¢0>- (b) and DMPO-¢HO (c) over UAC-100 under visible light irradi-

ation.
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Fig. 9. (a) The reusability of UAC-100 under visible light conditions (photocatalytic reduction of Cr(VI)) and dark conditions (adsorption of Cr.07%);
(b) Comparison of PXRD before and after four cycles of photocatalytic Cr(VI) reduction solution by UAC-100 composite.

works or their composites, UAC-100 exhibits an excellent abil-
ity to reduce Cr(VI) after 50 min irradiation under 5.00 W LED,
as illustrated in Table 2. It is found that UAC-100 displayed
superior photocatalytic Cr(VI) performance among the report-
ed photocatalysts in Table 2, considering the photocatalyst
dosage, initial Cr(VI) concentration, solution volume, cycle
times, and light source.

3.2.5. Photocatalytic reaction mechanism

The photoluminescence technique (PL) was used to evalu-
ate the separation efficiency of carrier charges in catalytic pro-
cess of the composites [41,64,65]. Generally, the higher fluo-
rescence emission intensity implies the faster recombination of
photo-induced electrons and holes, resulting in a decrease of
the photocatalytic performance. UiO-66-NH;, Ag.COs, and
UAC-100 are excited to produce the excitation peak centered at
350 nm. However, UAC-100 displayed a slight blue-shift rela-
tive to Ui0-66-NH2 and Ag2CO0s, in which the emission peaks of
Ui0-66-NHz, Ag.CO3, and UAC-100 are centered at 542, 540,
and 540 nm, respectively. It can be seen from Fig. 10a that the
fluorescence intensity of UAC-100 is significantly weaker than
that of Ui0-66-NHz and Ag2COs3, indicating that photo-induced
electrons and holes over UAC-100 are effectively separated.
This can also be confirmed by the transient photocurrent re-
sponse value [64,65]. The photo-electrode prepared from
UAC-100 can generate reversible and stable photocurrent un-
der visible light illumination, and the photocurrent intensity of
UAC-100 is obviously higher than that of Ui0-66-NH: and

Ag>CO3 (Fig. S12). The transient photocurrent responses fur-
ther prove that the separation efficiency of photo-induced elec-
tron and hole pairs over the composites is improved signifi-
cantly.

Electrochemical impedance spectroscopy (EIS) of
UiO0-66-NH2, Ag2C03, and UAC-100 was performed for analysis
of charge transfer and recombination, in which the diameter of
the arc on an EIS Nyquist diagram is equal to the charge trans-
fer resistance occurred at the semiconductor-electrolyte inter-
face [66]. The smaller Nyquist radius implied the smaller cor-
responding charge transfer resistance. As depicted in Fig. 10b,
the arc radius of the UAC-100 composite is much smaller than
that of Ui0-66-NH2 and Ag:COs, indicating that the pho-
to-induced holes and electrons over the UAC-100 are effectively
separated to accomplish the higher photocatalytic activity.

The Mott-Schottky curves of Ag2C0O3 and UiO-66-NH: (Fig.
10c and 10d) illustrate negative and positive correction be-
tween (2 value and potential value, implying that Ag.CO3 and
UiO-66-NH2 displayed the typical behavior of p-type semicon-
ductor and n-type semiconductor, respectively [67]. Compared
with the pristine Ag2C0O3 and Ui0-66-NHz, the enhanced photo-
catalytic activity of UAC-X composites may be assigned to the
p-n junction formed between the n-type UiO-66-NHz and the
p-type Ag2C03 semiconductor. It can be roughly inferred from
the Mott-Schottky spectrogram that the flat band potentials
(Ers) of Ui0-66-NH2 and Ag2COs3 are ca -1.29 and 0.51 eV vs
Ag/AgCl electrode, respectively. According to the band gap
value (Eg (Ui0-66-NHz2) = 2.92 eV, Eg (Ag2C03) = 2.64 eV) and

Table 2

Performance of some typical metal-organic frameworks (or their composites) as photocatalysts for the reduction of Cr(VI) under visible light irradia-
tion.

Photocatalyst/ Cr(VI) concentration Time/ 1stcycle reduction  Times/Last cycle re- Light source Ref
Amount (mg) (mg/L)/Solution volume (mL)/pH (min) efficiency (%) duction efficiency (%) '
MIL-101(Fe)/20 8/40/2.0 60 100 NA 300W Xe Lamp [37]
NH:-MIL-88B/20 8/40/2.0 50 100 4/100 300W Xe Lamp [37]
Ui0-66-NH2/20 10/40/2.0 80 97 3/97 300W Xe Lamp [40,61]
BUC-21/g-C3N4/50 10/200/2.0 120 ca.97 5/ca.89 500 W Xe Lamp [39]
Pd@Ui0-66(NHz)/20 10/40/2.0 90 100 3/ca.98 300 W Xe Lamp [62]
RGO-Ui0-66(NHz)/20 10/40/2.0 100 100 3/ca. 100 300 W Xe Lamp [63]
Ui0-66-NH2/Ag2C03/10 10/40/2.0 50 100 4/99 5.00 W LED this work

Notes: BUC-21/g-C3Na reduced Cr(VI) under simulated sunlight.
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Fig. 10. (a) Photoluminescence spectra (PL) and (b) electrochemical impedance spectra (EIS); The Mott-Schottky curves of (c) Ag.COs and (d)

Ui0-66-NH: at various frequencies.

Erg in Mott-Schottky, the maximum occupied molecular orbital
(HOMO) of Ui0-66-NHz and VB of Ag2C0O3 were 1.83 eV and
3.35 eV vs NHE at pH = 7.0, respectively.

Based on the properties and experimental studies of the
UAC-100 composite, Ui0-66-NHz, and Ag.COs, the possible di-
rect Z-scheme photocatalytic mechanism of organic dyes and
Cr(VI) reduction under the irradiation of visible light was pro-
posed (Scheme 2) [68-72]. Under the visible light irradiation,
the electrons in the highest occupied molecular orbital (HOMO)
of Ui0-66-NH: will be excited to the lowest occupied molecular
orbital (LUMO), and similarly, the electrons in the VB position
of Ag2C03 will be excited to the CB position. Considering that

Degradatio :;;%asmic *0y- Cr(VI)

_— N n
Visible light produd]s 0, Cr()
154 e
LUMQ~"
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X2 DY AR S VA 0,/+0,-=-0.33 eV

Z 004

Z osd €

OIS DI R o CriCri=1.05 eV

3 HOMOY

S 209 183 X Tt H,0/*HO=2.40 eV
251 UiO-66-NH, o
3.0 ,

VB L : *HO organic
354 335 pt v
Degradation, yes
Ag,CO; products

organic dyes

Scheme 2. The proposed Z-scheme mechanism for the photocatalytic
Cr(VI) reduction and organic pollutant degradation over UAC-100 un-
der visible light.

the formation of Ui0-66-NH2/Ag2CO3 (UAC-100), the pho-
to-induced electrons can be transferred from the CB of Ag2CO3
to consume the h* formed over HOMO of UiO-66-NHz, which
effectively shorten the electron transfer distance and facilitate
the separation of electron-hole formed on the individual
Ui0-66-NHz and AgzCOs. The ¢O2- is a key active substance that
exhibits direct oxidative degradation of organic dyes, which can
be generated as the LUMO value of Ui0-66-NHz is -1.29 eV vs
NHE, much more negative than the standard redox potential
E(02/#027) (-0.33 eV vs NHE) [64]. At the same time, Oz~ will
also participate in the photocatalytic Cr(VI) reduction via Egs.
(3) and (4) [73,74], which can be demonstrated by the inhibi-
tion of Cr(VI) reduction in nitrogen atmosphere compared to
normal indoor environments under the same conditions, as
shown in Fig. S13. It is worth noting that the electrons gener-
ated on the LUMO of UiO-66-NH: will also directly participate
in the Cr(VI) reduction because of the strong ability of Cr(VI) to
capture electrons in the photocatalytic reduction of Cr(VI) to
avoid the photo-corrosion of Ag2C03, which can be proved from
the integrity of the material before and after four cycles and
XPS spectrum before and after photocatalytic Cr(VI) reduction
(Fig. 9b and Fig. S11). Subsequently, the holes on the VB of
Ag2CO0s3 can directly oxidize organic dyes and also oxidize the
H20 or -OH molecules to form ¢OH, which then participates in
the photocatalytic degradation of organic dyes, because the VB
potential (3.35 eV vs NHE) is greater than the H20/HO- poten-
tial (2.40 eV vs NHE) [64]. The photocatalytic mechanism of the
UAC-X composites shows that photo-induced holes are also
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contributors to the degradation process of organic dyes. In the

oxidation-reduction reaction of the UAC-X composites, the ef-

fective separation of holes and photo-induced electrons in the

formed Z-scheme heterojunction contributes to the improved
photocatalytic performance.

02+e — 0z 3)

¢02~ + Cr(VI) = Cr(V) + 02 4)

4. Conclusions

The UAC-X heterojunction with enhanced photocatalytic
properties was successfully prepared by a simple
ion-exchange-solution method. The morphology and structure
of the UAC-X composites were characterized by FTIR, PXRD,
SEM, TEM, HRTEM, UV-Vis DRS, and XPS. The photocatalytic
activity of the UAC-X composites for Cr(VI) reduction is better
than that of pure Ag2CO3 and UiO-66-NHz under visible light
irradiation. Especially for UAC-100, the ideal effect can be
achieved with less UiO-66-NHz dosage. PL analysis, electro-
chemistry measurement, capture of active substances, and ESR
spectra demonstrated that the reduction enhancement of
Cr(VI) is due to the faster separation of photo-induced elec-
trons and holes and the reduction of «0z- over the interface of
Z-scheme heterostructure. The effects of pH value, foreign ions,
and small organic acids on the reduction of Cr(VI) and the or-
ganic dye oxidation properties of UAC-100 were also investi-
gated. The presence of organic matters in the reaction system
can enhance the photocatalytic Cr(VI) reduction performance.
In addition, UAC-100 exhibits excellent photocatalytic oxida-

tion properties for RhB, MO, CR, and MB due to the generation
of h*, -HO, and-02- with oxidizing properties under visible light.
It is worth noting that UAC-100 had excellent reusability and
stability in the experiment of photocatalytic reduction of Cr(VI).
This work showed that the combination of UiO-66-NHz and
Ag2CO0s3 can enhance the photocatalytic efficiency, which might
be used in water treatment. We will carry out further work to
address the photo-corrosion of AgzCOs, especially during the
oxidative degradation toward organic pollutants.
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Ui0-66-NH,/Ag,CO;E 5¥E 5% & X EAE T AR TS ELERE

Bz#. T4, I W 25 & B IXE
IR RARFEAGHEARBERI AT ERERE, JAT100044

W TR, &8 - ML 22 (MOFs)1E N —Fh 2 FHOGAE (b 75 Bl Bk R Bk 22 b S FH T4 o0 il /K il &l 1B JRCO, 38 S5
Cr(VD) I BRI G LIS G, R MOFSTE LA U R IR 5, (HZATY SR T I — L% 7] #51, {51 0 22 SUMOF s#4 BHMYAE 58 4k
LRWOR T A RERILHDL AR, ZHMOFsH RS MRS KEEEREFOLER TS REHE % Nk, 5—15%
A R ARG AL 7 M B S ) B TEMOF s Y A0 M R 1 — /N RICH .

AR a7 B SR AT B T A8 B AR, LLUIO-66-NH, M AgNOs 9 B BRAA7E S I T P Hl 4% 1 — R 5 B B 28 7 5
4EIUI0-66-NH,/Ag,CO; H &AWL NUAC-X, Hx =20, 50. 100. 150£1200, LR UIO-66-NH,7E & &+ ()4 &). KA
AR LT AN (FTIR) B KX 2675 (PXRD) I FLES(SEM). E 4 FLES(TEM). =i firi& 4 FBR(HRTEM). $4b
1] DLV S (UV-Vis DRS)HRIXHT R HL T fE 1 (XPS) 5 H AR S UAC-XE S WIS A 45 My b AT 7 3RAE. W78 T UAC-XTE
AL LSRRI R B IE S5 7S AN (Cr(VI) FTUAC-100 B iR A HLAYEL I PERE. $R9T T AFEIpH (pH = 2. 3. 4. 6F18). AfF/I
AT ANBRATER . WA BRI RLRR) K& ILAE B (1 SR/ A2 K IR B8 ) R AL JE Cr(VI) R .

45 R ], PXRDE &) 5 7R UAC- XTI AT 5 16437 B 43 71 55 Ui0-66-NH, F1 Ag,CO; U5 A2 B 52 421 4. SEM. TEMAIHRTEM
B A IIE I FEUAC-X R & 9+ Ag,CO; fi 35 TEUi0-66-NH, K 1H . Y6 HH 50 min &, UAC-XE A P03i% J5 Cr(VI) {1 8K (UAC-20 Al
UAC-507%3 51 2868%F186%, UAC-100, UAC-150F1UAC-200°4100%)15 75 T UiO-66-NH,(19%) F1Ag,CO4(8.0%). UAC-XE &
Y)HUI0-66-NH, & 38 N EL AUAC-20. UAC-50FTUAC-100)F E G bCr(VI)TE PR 58, JLIR AE T e R m A ok, B
R THT 1 3 1) 1F LT 4 Cr, 07 W S T 3858, B 28387 1 OB ML R,

AN FEIpHIE T G A SR 45 TR BRI 261 O BRI A T Wik 26 A, 12 RUATERRVE S 1R T 78 R IH AR
T 1E FL A R T-Cr(VDIE SR 9 Cr(1ID); ZERRME 2641 F, UAC-1003% [ & f M 5 CrO > KA HEF, HIE R Cr(OH), JTTE 2 i
AR TR RN A, SBOCMEABCR TR, ROIERH 37 B F B2 A 8K . SRR I JEHLE 7T 7E—
SEFEE EAIHIUAC-100%F Cr(VD) G HEA B, 17K HRAELE [ /b A HUAD AT FE 2 ek 38 L A7 oL BS % Cr(VI)IE Ji7 %
R FER. (8 JCHAT B AR B R KR RPN AR . AT IR RS /N o T A HLERET, UAC-1001E Ay afiEfh
FIE R Cr(VI) I 238 R S 25 38 i, 12 KR/ T8 LA T R0 4 25 0, s e A B R ZS U 40 8. SR BUR 69y
Mo HALZEHT . T E SRR (ESR) AT V4 3 4ifi 3K 5256 R, UAC-100 H Ag,CO; 571 (CB) e A= il 36 F &2
Ui0-66-NH, #¢ & O (5 FLUiE (HOMO), R EUAC-100R SRR T B Z 8 R R 45, a1 6AE 7 RS s 4 B R0R,
BN T IR JFECr(VD 3G M. R, UAC-10028 3 40 6 A A5 R 52 56 5 FL I8 SR Cr(VD BCE AT SR AT 1£99%, HPXRD
T P R LB R ARk, FIHUAC-100 B e M E R R M. 48 1, Ui0-66-NH,/Ag,COsft — B A M AT St w2 &
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