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a facile grinding strategy to successfully produce a series of PdAg alloy
nanoparticles with a small size and good distribution on the carbon matrix.
Those samples as the electrocatalysts could exhibit excellent activities and
stabilities for the alkaline hydrogen oxidation and evolution reactions.
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Atomically precise gold cluster catalysts have emerged as a new fron- W Face-fused
tier in catalysis science and exhibited unexpected catalytic proper- 501 vertextused !
ties. Here, we demonstrate that the structural fusion of icosahedral |
Auis cores to form vertex-fused (vf), face-fused (ff), and body-fused Al Auge Augg

(bf) structures can control the catalytic activity of the clusters.

Articles
Chin. J. Catal, 2021, 42: 251-258  doi: 10.1016/S1872-2067(20)63650-6

Sustainable solid-state synthesis of uniformly distributed PdAg alloy nanoparticles for electrocatalytic hydrogen oxidation and
evolution

Caili Xu, Qian Chen, Rong Ding, Shengtian Huang, Yun Zhang *, Guangyin Fan *
Sichuan Normal University;
Sichuan University of Science and Engineering

A facile grinding strategy is developed to produce a series of PdAg alloy NPs that are highly dispersed on various carbon supports. The re-
sulting electrocatalysts exhibit excellent activities and stabilities in both the HOR and HER.
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Photocatalytic Cr(VI) elimination over BUC-21/N-K:TisO9 composites: Big differences in performance resulting from small
differences in composition

Xun Wang, Yu-Xuan Li, Xiao-Hong Yi, Chen Zhao, Peng Wang, Jiguang Deng *, Chong-Chen Wang *
Beijing University of Civil Engineering and Architecture;
Beijing University of Technology
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BUC-21/N-K2TiaO9 composites show high photocatalytic activity under UV and white light, which can be used to reduce Cr(VI) to Cr(III)
effectively.

Chin. J. Catal., 2021, 42: 271-278  doi: 10.1016/5S1872-2067(20)63639-7

Direct growth of holey Fe304-coupled Ni(OH): sheets on nickel
foam for the oxygen evolution reaction

Yu Ding, Bo-Qiang Miao, Yue Zhao, Fu-Min Li, Yu-Cheng Jiang *,
Shu-Ni Li*, Yu Chen
Shaanxi Normal University

Herein, ultrathin holey Fes30s-coupled Ni(OH)2 sheets (Ni(OH)2-Fe
H-STs) were easily synthesized, which showed outstanding activity
for the OER due to special structural features and synergistic effect
between the Fe and Ni atom.

Chin. J. Catal, 2021, 42: 279-287  doi: 10.1016/S1872-2067(20)63625-7
Morphology evolution of acetic acid-modulated MIL-53(Fe) for efficient selective oxidation of H2S

Xiaoxiao Zheng, Sihui Qi, Yanning Cao, Lijuan Shen *, Chaktong Au, Lilong Jiang *
Fuzhou University
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Using acetic acid coordination modulation, a series of MIL-53(Fe) with morphology evoluting from irregular bulky particles to highly
uniform short hexagonal prisms were synthesized and applied for HzS selective oxidation.
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Chin.]. Catal, 2021, 42: 288-296  doi: 10.1016/S1872-2067(20)63643-9

Orbital symmetry matching: Achieving superior nitrogen reduction reaction over single-atom catalysts anchored on Mxene
substrates

Jiale Qu, Jiewen Xiao, Hetian Chen, Xiaopeng Liu, Tianshuai Wang, Qianfan Zhang *
Beihang University

Single atom doped on MXene, which can synergize with the adjacent titanium atom on the matrix. With this synergy, the nitrogen reduction
reaction can be proceeded at a low limiting potential.

Chin. J. Catal, 2021, 42: 297-309  doi: 10.1016/S1872-2067(20)63658-0

Honeycomb-structured solid acid catalysts fabricated via the
swelling-induced self-assembly of acidic poly(ionic liquid)s
for highly efficient hydrolysis reactions

Bihua Chen, Tong Ding, Xi Deng, Xin Wang, Dawei Zhang,
Sanguan Ma, Yongya Zhang, Bing Ni, Guohua Gao *
East China Normal University, China; University of Cambridge, UK.

The catalytic activity of SAPILs with micron-sized 3D honeycomb
structure in water and high enrichment ability for the reactants of

hydrolysis and hydration reactions was much higher than that of {.:HZO = Reactant®=Product =SAPIL ~ =Swollen SAp“_}
homogeneous acid catalysts.

Chin. J. Catal, 2021, 42:310-319  doi: 10.1016/S1872-2067(20)63644-0

Selective photocatalytic reduction of COz to CO mediated by a [FeFe]-hydrogenase model with a 1,2-phenylene S-to-S bridge

Minglun Cheng, Xiongfei Zhang, Yong Zhu, Mei Wang *
Dalian University of Technology
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An [FeFe]-hydrogenase model was demonstrated to be highly active for the photochemical reduction of CO2 with a TOF of 7.12 min-! and CO
selectivity of 97%. The CO/H: ratio can be adjusted by the addition of TEOA.
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Small-sized cuprous oxide species on silica boost acrolein
formation via selective oxidation of propylene

Ling-Ling Guo, Jing Yu, Wei-Wei Wang, Jia-Xu Liu *, Hong-Chen Guo,
Chao Ma *, Chun-Jiang Jia * Jun-Xiang Chen, Rui Si *

Shanghai Institute of Applied Physics, Chinese Academy of Sciences; CH =CHCH CH2:CHCH:O
Shanghai Synchrotron Radiation Facility, Zhangjiang Laboratory; 2 " 8 +
Shanghai Institute of Measurement and Testing Technology; 0 / ] ) \ CcO
Shandong University; Dalian University of Technology; 2 ! allyl intermediate 2
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I
Small-sized copper oxide clusters have been fabricated on silica for i
the efficient formation of acrolein via the selective oxidation of pro- R
pylene. The reaction mechanism was explored using in situ X-ray Acrolein formation rate = 111.2 mmol-h_l-g *
diffraction and in situ dual beam Fourier transform infrared spec- Cu
troscopy.

Chin.]. Catal, 2021, 42: 334-346  doi: 10.1016/S1872-2067(20)63617-8

Acetylene hydrochlorination over supported ionic liquid phase (SILP) gold-based catalyst: Stabilization of cationic Au species via
chemical activation of hydrogen chloride and corresponding mechanisms

Jia Zhao*, Saisai Wang, Bolin Wang, Yuxue Yue, Chunxiao Jin, Jinyue Lu, Zheng Fang, Xiangxue Pang, Feng Feng, Lingling Guo, Zhiyan Pan,
Xiaonian Li *
Zhejiang University of Technology

Au-IL complexes

Cationic Au species coordinate with [Bmim][N(CN)2] to form strong Au-IL complexes, which greatly increase the thermal and reaction stabil-
ity of Au-based catalysts.

Chin. J. Catal, 2021, 42: 347-355  doi: 10.1016/S1872-2067(20)63668-3

Complete removal of phenolic contaminants from
bismuth-modified TiO: single-crystal photocatalysts

Wenjie Tang, Juanrong Chen, Zhengliang Yin, Weichen Sheng*,
Fengjian Lin, Hui Xu, Shunsheng Cao *
Jiangsu University
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The Bi-SCTiO2 photocatalyst exhibits complete degradation of phe-
nolic contaminants under simulated sunlight due to the synergistic
effect of the small band overlap and the low charge carrier density
(Bi) as well as high conductivity (single crystal).
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Solvothermal synthesis of Co-substituted phosphomolybdate acid encapsulated in the UiO-66 framework for catalytic application
in olefin epoxidation

Dianwen Hu, Xiaojing Song, Shujie Wu, Xiaotong Yang, Hao Zhang, Xinyu Chang, Mingjun Jia *
Jilin University

Hybrid composites based on Co-substituted phosphomolybdic acid (PMo11Co) and Ui0-66 were synthesized by the direct solvothermal
method. PMo11Co@Ui0-66 showed high catalytic activity and stability for the epoxidation of a variety of olefins with t-BuOOH as the oxidant.
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Article

Photocatalytic Cr(VI) elimination over BUC-21/N-K2Ti109
composites: Big differences in performance resulting from small
differences in composition

Xun Wang 2, Yu-Xuan Li 3 Xiao-Hong Yi 2, Chen Zhao 2, Peng Wang 3, Jiguang Deng b*,
Chong-Chen Wang a#

a Beijing Key Laboratory of Functional Materials for Building Structure and Environment Remediation, School of Environment and Energy Engineering,
Beijing University of Civil Engineering and Architecture, Beijing 100044, China

b Department of Chemistry and Chemical Engineering, College of Environmental and Energy Engineering, Beijing University of Technology, Beijing
100022, China

ARTICLE INFO ABSTRACT

Article history: A series of BUC-21/N-K:TisO9 composites (B1INX) were facilely fabricated from BUC-21 and
Received 23 March 2020 N-KzTi409 via ball-milling, and they were fully characterized using various techniques. The photo-
Accepted 5 May 2020 catalytic reduction of Cr(VI) over the BINX composites was investigated systematically under vari-

Published 5 February 2021 ous conditions, including different light sources, pH values, hole scavengers, and inorganic ions, in
both real lake water and tap water. The BUC-21/N-K:TisO9 composites demonstrated remarkable

photocatalytic Cr(VI) reduction performance, good reusability, and stability under both UV and

Keywords:

BUC-21 white light irradiation. The introduction of N-K:Tis09 into BUC-21 not only broadened its light ab-
N-K:Tis09 sorption region to white light, but also strongly inhibited the recombination of the photo-generated
Photocatalysis electrons and holes. Mechanisms of photocatalytic Cr(VI) reduction under both UV light and white
Hexavalent chromium light were proposed and verified by electrochemical measurements, active species capture experi-
UV and white light ments, and ESR measurements.

© 2021, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction treatment methods available, including adsorption, elec-

tro-reduction, chemical reduction, and others, photocatalysis is

Due to increasing industrialization, hexavalent chromium
(Cr(VD), which is produced mainly from electroplating, pho-
tography, mining, and other processes [1-3], has become an
important research topic in wastewater treatment [4-6]. The
presence of Cr(VI) in water negatively affects the environment
and increases the risk of some cancers [7-9]. Therefore, the
removal of Cr(VI) from water is necessary. Among the various

typically used to reduce highly toxic Cr(VI) to low-toxicity
Cr(III) because of its simple working conditions and environ-
mental sustainability [10-12].

Metal-organic frameworks (known as MOFs) and coordina-
tion polymers (CPs) are periodic porous materials with ul-
tra-high porosity and are constructed from metal ions or clus-
ters and organic linkers through coordinative bonding interac-

* Corresponding author. Tel/Fax: +86-10-61209186; E-mail: jgdeng@bjut.edu.cn

# Corresponding author. E-mail: wangchongchen@bucea.edu.cn, chongchenwang@126.com

This work was supported by the National Natural Science Foundation of China (51878023), Beijing Natural Science Foundation (8202016), Great
Wall Scholars Training Program Project of Beijing Municipality Universities (CIT&TCD20180323), Beijing Talent Project (2019A22), and BUCEA Post

Graduate Innovation Project (PG2019038).
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tions and self-assembly [13-15]. Due to their advantages of
various synthesis methods and adjustable active sites, MOFs
and CPs are considered star materials and are widely studied in
the field of gas adsorption/separation [16-18], sensing
[19-21], catalysis [22-24], and absorptive pollutant removal
applications [25]. In recent years, MOFs and CPs have been
adopted as efficient photocatalysts to accomplish photocatalyt-
ic Cr(VI) reduction [26,27], photocatalytic CO2 reduction
[28,29], photocatalytic decomposition of organic pollutants
[30,31], and photocatalytic Hz production via water splitting
[32,33]. However, disadvantages such as low conductivity, fast
recombination of electrons and holes, and limited response
under UV light have inhibited their photocatalytic activities. To
overcome these problems, several strategies involving the fab-
rication of composites of MOFs or CPs with semiconductors
(such as g-C3N4[34,35], Ag2C03[36], TiOz [37], and Biz4031Br1o
[38]), electroactive polymers (such as PANI [39]), conductors
(like RGO [40]), and noble metal nanoparticles (such as Ag [41]
and Pd [42]) have been introduced. BUC-21 is a stable 2D coor-
dination polymer produced by our research group using
cis-1,3-dibenzyl-2-o0x0-4,5-imidazolidinedicarboxylic acid (HzL)
and 4,4'-bipyridine (bpy) as organic linkers and Zn2+ as the
metal ion. BUC-21 exhibited superior photocatalytic perfor-
mance toward Cr(VI) reduction and organic pollutant decom-
position under UV light [43]. Furthermore, g-C3Ns [44] and
Bi24031Br1o0 [38] were introduced to broaden the light absorp-
tion range of BUC-21 from the UV region to the visible region
and enhance its photocatalytic activity. K:Ti4sO9 is a
two-dimensional layered material composed of octahedral TiO2
units bridged by oxygen atoms [45]. Because of its low cost,
non-toxicity, and distinctive photoelectric properties, it has
been recognized a potential photocatalyst. However, due to its
wide band gap (3.2-3.4 eV), it is only responsive to UV light
[46]. Doping nitrogen into K2Ti409 is a convenient and effective
way to adjust its band gap, as has been confirmed by previous
works [47,48]. In this study, N-K:Ti409 was successfully syn-
thesized by a calcination method, and BUC-21/N-K>Ti409 com-
posites were prepared by ball milling. The structure, morphol-
ogy, and photoelectric performance of the BUC-21/ N-K:Tis09
composites were characterized and measured, and their pho-
tocatalytic activities were assessed under ultraviolet (UV) and
white light irradiation. The results indicated that the introduc-
tion of N-K2Ti4O9 increased the Cr(VI) reduction efficiency of
the composites under both UV and white light; this improve-
ment was attributed to the accelerated separation of the pho-
to-generated electrons and holes due to the rapid electron
transfer between N-K:TisO9 and BUC-21. Additionally, the
composites exhibited good stability and recyclability after five
runs of the photocatalytic reaction. Finally, mechanisms for the
catalysis were proposed and confirmed.

2. Experimental
2.1. Materials and instruments

The chemicals and the characterization instruments used in
this work are described in the electronic supplementary infor-

mation (ESI).
2.2.  Preparation of photocatalysts

2.2.1. Synthesis of BUC-21, K>Ti+09, and N-K2Tis09

BUC-21, K2Ti409, and N-K2Ti409 were prepared according to
previous reports [43,49,50]. Detailed preparation procedures
are given in the ESIL.

2.2.2. Preparation of BUC-21/N-K>Tis09

The BUC-21/N-K:Ti409 composites were fabricated by
ball-milling treatment of mixtures of BUC-21 and N-K2Ti409 at
30 Hz for 20 min. The ratios of BUC-21 and N-K:Ti409 in the
various composites are listed in Table 1.

2.3.  Photocatalytic activity of BINX

The photocatalytic performances of the BINX composites
were assessed via the photoreduction of Cr(VI) to Cr(III). A 200
mL of an aqueous solution of K2Cr207 (10 mg L-1) containing
0.175 g L-! photocatalyst was irradiated with either UV light
(Hg lamp with an optical power of 153.5 mW, Beijing Aulight
Co., Ltd) and white light (Xe lamp with an optical power of 598
mW, Beijing Aulight Co., Ltd). The spectra of the UV lamp and
white lamp are shown in Fig. S1. Before illumination, the sus-
pension was continually stirred in the dark to achieve adsorp-
tion-desorption equilibrium. During illumination, 1.5 mL of the
solution was extracted every 10 min using a 0.22 um filter for
subsequent detection. The Cr(VI) concentration was measured
using the diphenylcarbazide (DPC) method with an AutoAna-
lyzer 3 instrument. The pH values of the suspension were ad-
justed from 2.0 to 8.0 using 0.1 M H2S04 and 0.1 M NaOH solu-
tions.

The apparent quantum efficiencies (AQE) of B1IN0.5 and
B1N3 toward Cr(VI) reduction upon irradiation with various
frequencies of monochromatic light were calculated according
to Egs. 1 and 2, as described in previous studies [23,51,52]. The

average irradiance values were measured using a
cell-np2000-2 optical power meter.
AQE (Cr) = 3x[number of reduced Cr (VI)] 1)
number of incident photons
P AMARE @
P he '

where Ny is the number of incident photons; 7 is the irradiation
wavelength (m); t is the irradiation time (s); Ar is the
light-receiving area of the reactor (m2); E is the average irradi-
ance (W-m'2 ); h is the Planck constant, and c is the speed of

Table 1
Ratios of BUC-21 and N-KzTi4O9 used to prepare the BUC-21/N-KzTis09
composites.

No. BUC-21/mg N-K2Tis09/mg Code name
1 166.7 333 B1NO.2
2 1333 66.6 BINO0.5
3 100 100 B1N1
4 66.7 1333 B1N2
5 50 150 B1N3
6 40 160 B1N4
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Fig. 1. (a) PXRD patterns and (b) FTIR spectra of BUC-21, N-KzTi40o, and the series of BINX composites.

light in a vacuum (m/s).
2.4. Electrochemical test

The electrochemical tests of BIN0.5 and B1N3 were carried
out with reference to previous works [38,53], as described in
the ESI.

3. Results and discussion

3.1. Characterizations

The PXRD patterns of BUC-21, N-K2Ti4O9 and the series of
BUC-21/N-K2TisO9 (BINX) composites are depicted in Fig. 1a.
All composites showed peaks at 10.2°, 14.8°, 15.9°, and 24.5°
originating from BUC-21 [43,44]. Additionally, the PXRD pat-
terns of the synthesized N-K2TisO9 matched well with those
previously reported [54], in which the characteristic diffraction
peaks at 10.9°, 13.7°, 24.3°, 28.7°, 30.3°, 31.2°, 33.6° 43.1°, and
48.1° were attributed to the (200),(201),(110),(310),(31
1),(004),(-313),(205),and (0 2 0) planes of N-KzTis09
[55]. To prove the structural stability of the composites, both
BUC-21 and N-K2Ti409 were characterized before and after ball
milling by PXRD. The ball milling treatments did not bring
about any noticeable changes to the crystal phase of BUC-21
(Fig. S2a). However, ball milling induced the exposure of addi-
tional crystal facets such as (-6 0 3) for N-K2Ti409 (Fig. S2b),
which were observed in the BINX composites and were similar
to a previous report [56]. The FTIR spectra also demonstrated
the successful fabrication of the BINX composites. As shown in
Fig. 1b, the characteristic peaks of both BUC-21 and N-K:Ti409
were observed in the spectra of the BINX composites.

The particle sizes of the pristine BUC-21 ranged from 300 to
900 nm (Figs. 2a and S3a), and the pure N-K:Ti409 exhibited a
rod-like structure with a length of a few micrometers [46,57]
(Figs. 2b and S3b). After ball-milling treatment, the BUC-21
particles were randomly distributed over the rod-like
N-K2Ti409, which can be observed by TEM (Figs. 2c and 2d)

rather than SEM (Figs. S3c and S3d). TEM-EDS analysis was
performed on selected regions of certain composites. The re-
sults showed that the BIN0.5 and B1N3 composite photocata-
lysts contained the elements Zn, N, K, and Ti; the presence of N,
K, and Ti was attributed to N-K>Tis09, and the Zn was intro-
duced by BUC-21. The interaction between BUC-21 and
N-K2Ti409 was further affirmed by HRTEM observation (Fig. 4),
in which the d spacings of 3.71, 2.95, and 3.18 A corresponded
tothe (110),(311),and (3 10) planes of N-K2Ti409.

As depicted in Fig. 5, obvious signals of the elements Zn, Ti,
0, and N were observed in the XPS spectra of BINO.5. The two
obvious N 1s and Zn 2p peaks in the XPS survey spectrum in
Fig. 5a were attributed to N-K2Ti409 and BUC-21, respectively.
The peaks at 1045.3 and 1022.3 eV (Fig. 5b) were ascribed to
Zn 2pi1/2 and Zn 2ps3s2 of BUC-21 in B1NO.5, respectively [44].
The peaks at 464.0 and 458.2 eV (Fig. 5¢c) were assigned to Ti
2p1/2 and Ti 2p3/2 [58]. Three O 1s peaks with different binding
energies (Fig. 5d) were observed, which were attributed to

Fig. 2. TEM images of (a) pristine BUC-21, (b) pristine N-K:Ti409, (c)
B1NO.5, and (d) BIN3.
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Fig. 3. EDS elemental mappings of (a) B1IN0.5 and (b) BIN3.

0-H (532.0 eV), 0-Zn (531.5 eV), and lattice oxygen (529.6 eV).
Notably, the lattice oxygen peak (529.6 eV) was indicative of
the existence of a Ti-O-Ti structure in N-K2Ti409 [44,45]. The N
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a) BINO.5 and (b) BIN3.

Fig. 4. HRTEM images of (.

1s spectrum for BINO.5 is presented in Fig. 5e; the 399.4 and
400.0 eV peaks revealed the presence of O-Ti-N and Ti-N-O or
Ti-O-N, respectively [59,60]. Identical chemical composition
and chemical states were observed in the XPS characterization
of BIN3 (Fig. 6). In B1N3, the redistribution of additional elec-
trons between BUC-21 and N-K:Ti409 led to decreased binding
energies for the lattice oxygen and O-Ti-N [44].

The UV-vis DRS spectra of the BUC-21, N-K2Ti409, and BINX
composites are shown in Fig. 7a; the light absorption behavior
of the BINX composites approached that of N-K:TisO09. The
band-gap energy (Eg) of BUC-21, N-KzTi409, and the BINX
composites can be estimated according to the expression ahv =
A(hv - Eg)/2, as described in previous publications [61]. The
results showed that the Eg values of the BINX composites
ranged from 2.91 to 2.99 eV. Based on the diffuse reflectance
spectra, the band-edge wavelengths of the BINX composites
were at the junction of the ultraviolet absorption and visible
absorption ranges, implying that the BINX composites could be
irradiated using both UV light and visible light.
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Fig. 5. (a) XPS survey spectrum, (b) Zn 2p spectrum, (c) Ti 2p spectrum, (d) O 1s spectrum, and (e) N 1s spectrum of B1NO.5.
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Fig. 7. (a) UV-vis DRS spectra and (b) E plots of BUC-21, N-K2Ti409, and the series of BINX composites.

3.2.  Photocatalytic performance of BINX

The adsorption of Cr(VI) by the composites under dark con-
ditions was tested before carrying out photocatalytic reduction
experiments. As shown in Figs. 8a and 8d, the adsorption of
Cr(VI) on the BUC-21, N-K2TisO9, and series of BINX compo-
sites was so weak as to be negligible. Under UV light irradiation,
the optimal composites BIN0.5 and B1N1 accomplished 100%
Cr(VI) reduction within 40 min, which surpassed that of bare
BUC-21 (94% within 40 min). The kinetics of the Cr(VI) reduc-
tion rate followed the order BIN0.5 > BIN1 > BUC-21. Under
white light, the pristine BUC-21 and N-K:TisO9 reduced less
than 10% of the Cr(VI) after 130 min. The BINX composites
demonstrated superior photocatalytic Cr(VI) reduction capa-
bility, with the BIN3 composite showing the highest Cr(VI)
reduction activity (99% within 100 min). This indicated that

the introduction of N-K2Ti4+09 into BUC-21 not only broadened
the light absorption region to white light, but also promoted the
transfer of photo-generated electrons and inhibited the recom-
bination of electrons and holes. The acidity and alkalinity of the
reaction solution was expected to strongly affect the Cr(VI)
removal performances of the catalysts. As shown in Figs. 8c and
8f, the photocatalytic Cr(VI) reduction efficiencies did indeed
vary significantly under different pH conditions. Under UV and
white light irradiation, the photocatalytic performances of
B1NO0.5 and B1N3 decreased gradually with increasing pH. At
lower pH conditions, the reaction proceeded in accordance
with Egs. 3, 4, and 5, in which the high availability of H* ions
enhances the conversion of Cr(VI) to Cr(Ill). In contrast, at
higher pH, the reaction proceeded via Egs. 3, 5, and 6, in which
the formed Cr(III) was declined to form precipitates that cov-
ered the active sites of BINO.5 and B1N3 and inhibited further
Cr(VI) reduction.
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achieve efficient removal of Cr(VI). Oxalic acid (H2C204), citric
acid (CeHs07), and tartaric acid (C4aHeOs) were selected to study
the influence of different hole trappings on the reduction of
Cr(VI) at pH 2.0. As shown in Figs. 9a and 9c, the addition of
these small-molecule organic acids greatly improved the Cr(VI)
reduction efficiencies of BIN0.5 and B1N3, with the enhance-
ment following the order tartaric acid > citric acid > oxalic acid,
which corresponded to the number of o-hydroxyl groups
[53,62]. The depletion of the holes provided more pho-
to-induced electrons to reduce Cr(VI), which led to the higher
reduction efficiency and reaction rate.

In order to investigate the impact of co-existing ions, the
wastewater stock solution with the same Cr(VI) concentration
simulated from real lake water and tap water (collected from
Daxing Campus, BUCEA) were used to explore the photocata-
lytic Cr(VI) removal performance of BIN0.5 and B1N3 under
UV and white light irradiation, respectively. The parameters of
the simulated wastewater are listed in Table S1. As shown in
Fig. 9b, the presence of co-existing inorganic ions had a negligi-
ble effect, as demonstrated by the Cr(VI) removal efficiencies
after 30 min, decreasing from 100% for the pure water solution
to 90% and 86% for the tap water and lake water solutions,
respectively. When the reaction time was prolonged to 40 min,
Cr(VI) was completely reduced for all water quality conditions
under UV irradiation, indicating that the co-existing ions had a
negligible impact on the photocatalytic performance of BINO.5.
The same phenomenon could be observed under white light
(Fig. 9d).

Photocatalysts for practical applications must also be recy-
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clable and stable. BINO.5 clearly maintained a 100% Cr remov-
al rate after five experimental runs (Fig. 10a), and the PXRD
patterns (Fig. 10b) and SEM and TEM images (Fig. S4) of the
used B1NO.5 corresponded perfectly with those of the compo-
sites before reaction, implying that BIN0.5 possessed excellent
stability, recyclability, and reusability. The recyclability and
stability of BIN3 were also explored. As shown in Fig. 10c, the
photocatalytic Cr(VI) reduction ability of BIN3 did not decline
evidently after five recycles, indicating that BIN3 could be used
repeatedly. Moreover, the PXRD pattern (Fig. 10d) of BIN3
before and after the photocatalytic processes demonstrated
that the structure of BIN3 was not damaged even after the five
cycles, which was further affirmed by TEM and SEM (Fig. S5).

3.3.  Photocatalytic mechanism

Measurement of the AQEs of Cr(VI) reduction using light
with specific wavelengths is important to evaluating the pho-
tocatalytic ability of a catalyst [63]. As illustrated in Fig. 11a
and b, the AQEs of both BIN0.5 and B1N3 exhibited a positive
correlation with the curves of their UV-vis DRS spectra,
demonstrating that the Cr(VI) reduction was photo-induced.
Furthermore, the AQE of BINO0.5 was much higher than that of
B1N3 in the ultraviolet wavelength range. However, as the
wavelength was gradually increased into the visible region,
B1N3 achieved superiority; this fact helped to explain the dif-
ferent optimal catalyst compositions (B1N0.5 and B1N3) under
UV irradiation and white light irradiation, respectively. Moreo-
ver, although the AQE of BIN3 decreased at 420 nm (Fig. 11b),
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it still exhibited an efficiency of 0.2% at this frequency. The
results proved that the removal of Cr(VI) over BIN3 upon
white light irradiation could be attributed to both ultraviolet
light and white light, resulting from the combination of BUC-21
and N-K2Ti409.

Based on previous work, a lower PL signal implies lower
recombination efficiency of photo-generated carriers [64]. As
shown in Fig S6a, the PL intensities of BIN0.5 and B1IN3 were
lower than that of pure N-K:Tis09, indicating that the BUC-21
and N-K:TisO9 composites exhibited superior separation of the
photo-generated electrons and holes than N-K:Ti4O9¢ alone.
Moreover, time-resolved photoluminescence analysis (Fig S6b)
demonstrated that the average PL lifetimes of B1NO0.5 and
B1N3 were longer than that of pure BUC-21, which also proved
the above point. Additionally, EIS plots for both BIN0.5 and
B1N3 are depicted in Fig S6¢c and d. B1NO.5 and B1N3 demon-
strated greater photocurrent responses than BUC-21 or
N-K2Ti4O9 alone under identical conditions, confirming that

B1NO.5 and B1IN3 accomplished superior charge separation
efficiencies.

To investigate their photocatalytic mechanisms, ESR ex-
periments using the DMPO technique were conducted to de-
termine the active species formed over BUC-21, N-K2Ti4Oo,
B1NO0.5, and B1N3. As expected, no signals were detected in the
dark. However, upon the illumination with UV and white light
for 5 min or 10 min, «O2- signals were clearly observed over
N-K2Ti409, BINO.5, and B1N3. Longer irradiation time led to
stronger signal intensity, confirming that ¢O- radicals were
produced during the photocatalytic procedure [65]. Because
BUC-21 could be excited by UV irradiation, an obvious DMPO
«02- signal was observed after 5 or 10 min under UV exposure;
however, under white light irradiation, only a weak intensity
signal was observed after 10 min. This was attributed to the
fact that the white light covered only part of the UV light range.

Different types of photocatalysts produce different main ac-
tive species because of the differences in their band structures
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or phase compositions [66]. To explore the roles of various
active substances in the photocatalytic Cr(VI) removal pro-
cesses in this work, a set of capture experiments were con-
ducted, in which e-, «OH, and h* were captured using AgNOs3,
IPA, and EDTA-2Na, respectively. Nitrogen gas was pumped
into the reaction system to remove dissolved oxygen to prevent
the formation of ¢02-. As illustrated in Fig. 13a and b, e- capture
clearly inhibited the reduction of Cr(VI), revealing that Cr(VI)
was mainly reduced to Cr(IlI) by continuous single electron
transfer steps on N-K2Ti409 (Eq. 7) [67]. Egs. 8 and 9 demon-
strate that ¢O2- could also participate in Cr(VI) reduction [68].
This participation of «02- was confirmed by the fact that the
Cr(VI) reduction performance also decreased after nitrogen gas
was pumped into the reaction system. The 02 radicals could
also generate «OH through a series of reactions (Egs. 8, 10 and
11). When «OH was captured, it promoted the reaction in Eq.
11, thereby inhibiting the elimination of Cr(VI) [69]. The addi-
tion of EDTA-2Na promoted the Cr(VI) removal; this effect was
attributed to the enhanced separation of the photo-induced
electrons/holes and the adverse reaction illustrated in Eq. 13.

Cr(VD 5 Cr(V) 5 Cr(1v) bR Cr(11) (7)
O, +¢ — -0y (8)
-0 + Cr(VI) — Cr(V) + 0, 9)

2:0;+2H" — H,0, + 0, (10)

H20; + Cr(1ll) + H* — Cr(VI) + H20 + «OH (11)
2H20 + h* — 2e0H + H* (12)

Cr(V) + h*/sOH — Cr(VI) + OH- (13)

To further explore the reaction mechanism, the valence
band (VB) of N-K:Ti409 was determined using valence band
XPS (VB-XPS). As shown in Fig. 13c, the valence band (VB) en-
ergy level was found to be 2.57 eV for N-K:Tis09. Using Egs. 14
and 15 [70], the VB and CB positions of N-K:Tis09 were calcu-
lated to be 2.43 eV vs NHE and -0.53 eV vs NHE, respectively.
The HOMO (2.19 eV) and LUMO (-1.21 eV) positions of BUC-21
matched well with our previous work [44]. A possible mecha-
nism is shown in Fig. 13d. In the photocatalysis process,
BUC-21 and N-K:Ti409 are excited under UV or white light irra-
diation and produce photo-generated electrons and holes. Be-
cause of the difference between the ELumo of BUC-21 (-1.21 eV)
and the Ecs of N-K:Ti409 (-0.53 eV), the photo-generated elec-
trons tend to move from the LUMO of BUC-21 to the CB of
N-K2Ti409, which facilitates the separation of the pho-
to-generated electrons and holes of BUC-21 and promotes the
reduction of Cr(VI) to Cr(Ill) via the electrons accumulated in
the CB of N-K2Ti409. Since the Evumo of BUC-21 and the Ecg of
N-K2Ti409 were more positive than the redox potential of
02/¢02- (-0.33 eV), the photo-generated electrons could react
with dissolved oxygen (DO) to produce ¢0z-, which exerted a
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positive effect on Cr(VI) reduction. However, the rate of ¢02-

production was slow for the LUMO of BUC-21 due to the fact

that the white light covered only part of the ultraviolet light

range capable of exciting BUC-21, which could also explain the

slower Cr(VI) reduction rate over BIN3 under white light

compared to that of BINO.5 under UV light.

Enue = © + Evi. - 4.44 (14)

Eg = EvB - Ecs (15)

Enue is the potential of the normal hydrogen electrode; ©

is the electron work function of the analyzer (4.30 eV); Ev. is
the potential of the vacuum level; E; is the band-gap energy.

4. Conclusions

BUC-21/N-K2TisO9 (B1INX) composites that could rapidly
achieve Cr(VI) reduction under both UV and white light irradia-
tion were easily prepared via ball milling. The obtained compo-
sites BINO.5 and B1N3 displayed outstanding photocatalytic
activity toward Cr(VI) reduction (100%) under UV and white
light; the reduction was 1.4- and 14.3-fold quicker than that
over pure BUC-21, respectively, as electron transfer between
BUC-21 and N-K:Ti4O9 decreased the chance of electron-hole
pair recombination. Furthermore, experiments in the presence
of co-existing ions and recycling experiments also demonstrat-
ed the good reusability and stability of BIN0.5 and B1N3,
which could make them suitable for iterative processing. This
study shows that N-K2TisO9/MOF composite photocatalysts
would be useful for the remediation of Cr-contaminated
wastewater. BUC-21, with its two-dimensional crystal struc-
ture, should also provide further possibilities to accomplish the
elimination of environmental pollutants with the aid of various
nano-materials.

References

[1] C.-C.Wang, X.-D. Du, J. Li, X.-X. Guo, P. Wang, ]. Zhang, Appl. Catal. B,
2016, 193, 198-216.

[2] X.Yuan, H. Wang, ]. Wang, G. Zeng, X. Chen, Z. W, L. Jiang, T. Xiong,
J. Zhang, H. Wang, Catal. Sci. Technol,, 2018, 8, 1545-1554.

[3] Q.Zeng, Y. Huang, H. Wang, L. Huang, L. Hu, H. Zhong, Z. He, J. Haz-
ard. Mater., 2020, 383, 121199.

[4] Q. Sun, X. Hu, S. Zheng, ]. Zhang, ]. Sheng, Environ. Pollut., 2019,
245, 53-62.

[S] B. Wu, D. Peng, S. Hou, B. Tang, C. Wang, H. Xu, Environ. Pollut.,
2018, 240,717-724.

[6] Z. Ren, D. Kong, K. Wang, W. Zhang, J. Mater. Chem. A, 2014, 2,
17952-17961.

[7]1 Y. Gao, W. Sun, W. Yang, Q. Li, . Mater. Sci. Technol, 2018, 34,
961-968.

[8] J.Geng, F.Gu,]. Chang,J. Hazard. Mater., 2019, 375, 174-181.

[9] H. Wang, X. Yuan, Y. Wu, X. Chen, L. Leng, H. Wang, H. Li, G. Zeng,
Chem. Eng. J., 2015, 262, 597-606.

[10] J.Xu, C. Liu, J. Niu, Y. Zhu, B. Zang, M. Xie, M. Chen, J. Alloy. Compd.,
2019, 815, 152492.

[11] Q.Xu, R. Li, C. Wang, D. Yuan, ] Alloy Compd, 2017, 723, 441-447.

[12] M.Y. Akram, M. U. Hameed, N. Akhtar, S. Alj, I. Maitlo, X.-Q. Zhu, N.
Jun, J. Hazard. Mater., 2019, 366, 723-731.

[13] C.-C.Wang, Y.-S. Ho, Scientometrics, 2016, 109, 481-513.

[14] X.-D. Du, C.-C. Wang, J. Zhong, J.-G. Liu, Y.-X. Li, P. Wang, J. Environ.
Chem. Eng., 2017, 5, 1866-1873.

[15] M.Lj, Y. Liu, C. Shen, F. Li, C.-C. Wang, M. Huang, B. Yang, Z. Wang, J.
Yang, W. Sand, ] Mater., 2019,
10.1016/j.jhazmat.2019.121840.

[16] S.Chavan, . G. Vitillo, D. Gianolio, O. Zavorotynska, B. Civalleri, S.r.
Jakobsen, M. H. Nilsen, L. Valenzano, C. Lamberti, K. P. Lillerud,
Phys. Chem. Chem. Phys., 2012, 14, 1614-1610.

[17] N.Chang, X.-P. Yan, J. Chromatogr. A, 2012, 1257, 116-124.

[18] X.-F. Zhang, Y. Feng, Z. Wang, M. Jia, ]. Yao, . Membr. Sci., 2018,
568, 10-16.

[19] S.-W. Ly, J.-M. Liu, C.-Y. Li, N. Zhao, Z.-H. Wang, S. Wang, Chem. Eng.
J,2019,375,122111.

[20] X. Qiao, Y. Han, D. Tian, Z. Yang, J. Li, S. Zhao, Sens. Actuators B,
2019, 286, 1-8.

[21] H. Wang, X. Yuan, G. Zeng, Y. Wu, Y. Liy, Q. Jiang, S. Gu, Adv. Colloid
Interface Sci., 2015, 221, 41-59.

[22] L. Shen, W. Wu, R. Liang, R. Lin, L. Wu, Nanoscale, 2013, 5,
9374-9382.

[23] P.Li, M. Guo, Q. Wang, Z. Li, C. Wang, N. Chen, C.-C. Wang, C. Wan, S.
Chen, Appl. Catal. B, 2019, 259, 118107.

[24] ]. Qiu, X. Zhang, Y. Feng, X. Zhang, H. Wang, J. Yao, Appl. Catal. B,
2018, 231,317-342.

Hazard.

Graphical Abstract
doi: 10.1016/S1872-2067(20)63629-4

Chin. J. Catal., 2021, 42: 259-270

Photocatalytic Cr(VI) elimination over BUC-21/N-KzTis09
composites: Big differences in performance resulting from
small differences in composition

Xun Wang, Yu-Xuan Li, Xiao-Hong Yi, Chen Zhao, Peng Wang,
Jiguang Deng *, Chong-Chen Wang *

Beijing University of Civil Engineering and Architecture;
Beijing University of Technology

BUC-21/N-K2TisO9 composites show high photocatalytic activity
under UV and white light, which can be used to reduce Cr(VI) to
Cr(I1I) effectively.




Xun Wang et al. / Chinese Journal of Catalysis 42 (2021) 259-270 269

[25] Z.Wang, L. Song, Y. Wang, X.-F. Zhang, D. Hao, Y. Feng, . Yao, Chem. [47] F.Wang, Y. T. Zhang, Y. Xu, X. Wang, S. Li, H. Yang, X. Liu, F. Wei, J.
Eng.J, 2019, 371, 138-144. Environ. Chem. Eng., 2016, 4, 3364-3373.

[26] X. Wang, W. Liu, H. Fu, X.-H. Yi, P. Wang, C. Zhao, C.-C. Wang, W. [48] Q. Chen, Q. He, M. Lv, X. Liu, ]. Wang, J. Lv, Appl. Surf. Sci., 2014,
Zheng, Environ. Pollut., 2019, 249, 502-511. 311, 230-238.

[27] Y.-C. Zhou, P. Wang, H. Fu, C. Zhao, C.-C. Wang, Chin. Chem. Lett., [49] M.R. Allen, A. Thibert, E. M. Sabio, N. D. Browning, D. S. Larsen, F.
2020,10.1016/j.cclet.2020.02.048. E. Osterloh, Chem. Mater., 2014, 22, 1220-1228.

[28] Q.Mu, W. Zhu, X. Li, C. Zhang, Y. Su, Y. Lian, P. Qi, Z. Deng, D. Zhang, [50] D. Mitoraj, H. Kisch, Angew. Chem. Int. Ed., 2008, 47, 9975-9978.
S.Wang, X. Zhu, Y. Peng, Appl. Catal. B, 2020, 262, 118144. [51] Y.-X.Li, H. Fu, P. Wang, C. Zhao, W. Liu, C.-C. Wang, Environ. Pollut.,

[29] W. Chen, B. Han, C. Tian, X. Liu, S. Liang, H. Deng, Z. Lin, Appl. Catal. 2020, 256,113417.
B,2019, 244,996-1003. [52] S.Ouyang,].Ye,J. Am. Chem. Soc., 2011, 133, 7757-7763.

[30] X. Zhang, J. Wang, X.-X. Dong, Y.-K. Lv, Chemosphere, 2020, 242, [53] X.H.Y]j, S.-Q. Ma, X. D. Du, C. Zhao, H. Fu, P. Wang, C. C. Wang, Chem.
125144. Eng. ], 2019, 375,121944.

[31] Y.LiY.Fang, Z. Cao, N. Li, D. Chen, Q. Xu, J. Lu, Appl. Catal. B, 2019, [54] W. Fang, T. Z. Yong, Y. Xu, W. Xing, S. Li, H. Yang, X. Liu, F. Wei, J.
250, 150-162. Environ. Chem. Eng., 2016, 4, 3364-3373.

[32] L.Luo,Y.Wang, S.Huo, P. Lv, ]. Fang, Y. Yang, B. Fei, Int. J. Hydrogen [55] Y.Xu, C. Qi, H. Yang, M. Lv, Q. He, X. Liu, F. Wei, Mater. Sci. Semicon.
Energy, 2019, 44,30965-30973. Proc., 2015, 36, 115-123.

[33] Z.Wang, Z. Jin, G. Wang, B. Ma, Int. . Hydrogen Energy, 2018, 43, [56] Q. Chen, Q. He, M. Lv, X. Liu, W. Jin, |. Lv, Appl Surf. Sci., 2014, 311,
13039-13050. 230-238.

[34] C.-C.Wang, X.-H.Yi, P. Wang, Appl. Catal. B, 2019, 247, 24-48. [57] S.Li, X. Wang, Q. Chen, Q. He, M. Ly, X. Liu, ]. Lv, F. Wei, RSC Adv.,

[35] H.Wang, X. Yuan, Y. Wu, G. Zeng, X. Chen, L. Leng, H. Li, Appl Catal. 2015, 5,53198-53206.
B,2015,174-175, 445-454. [58] M. Sun,Y.Fang, S. Sun, Y. Wang, RSC Adv., 2016, 6, 12272-12279.

[36] Y.-C. Zhou, X.-Y. Xu, P. Wang, H. Fu, C. Zhao, C.-C. Wang, Chin. J. [59] X.Liu, Z. Xing, Y. Zhang, Z. Li, X. Wu, S. Tan, X. Yu, Q. Zhu, W. Zhou,
Catal,, 2019, 40,1912-1923. Appl. Catal. B,2017, 201, 119-127.

[37] C-C. Wang, X. Wang, W. Liu, Chem. Eng. ], 2020, [60] Z. Jiang, W. Wei, D. Mao, C. Chen, Y. Shi, X. Lv, ]. Xie, Nanoscale,
10.1016/j.cej.2019.123601. 2015, 7,784-797.

[38] C.Zhao, Z. Wang, X. Li, X.-H. Yi, H. Chu, X. Chen, C.-C. Wang, Chem. [61] X.-D. Du, X.-H. Yi, P. Wang, ]. G. Deng, C.-C. Wang, Chin. J. Catal,
Eng.J.,2020,10.1016/j.cej.2019.123431 2019, 40,70-79.

[39] D.-D. Chen, X.-H. Yi, C. Zhao, H. Fu, P. Wang, C.-C. Wang, Chemo- [62] C.E.Barrera-Diaz, V. Lugo-Lugo, B. Bilyeu, J. Hazard. Mater., 2012,
sphere, 2020, 245, 125659. 223-224,1-12.

[40] S. Zhang, Y. Wang, Z. Cao, ]. Xu, J. Hu, Y. Huang, C. Cui, H. Liu, H. [63] C.].Murphy, J. M. Buriak, Chem. Mater., 2015, 27,4911-4913.
Wang, Chem. Eng. J., 2020, 381, 122771. [64] Q. Liu, C. Zeng, L. Ai, Z. Hao, ]. Jiang, Appl. Catal. B, 2018, 224,

[41] Q. Li, S. Gong, H. Zhang, F. Huang, L. Zhang, S. Li, Chem. Eng. J., 38-45.
2019, 371, 26-33. [65] X.-D. Du, X.-H. Yi, P. Wang, W. Zheng, ]. Deng, C.-C. Wang, Chem.

[42] S.Zheng, P.Yang, F. Zhang, D.-L. Chen, W. Zhu, Chem. Eng. J., 2017, Eng.]J., 2019, 356, 393-399.
328,977-987. [66] S. Lin, L. Liy, J. Hy, Y. Liang, W. Cui, J. Mol. Struct., 2015, 1081,

[43] F.-X. Wang, X.-H. Yi, C.-C. Wang, ]. G. Deng, Chin. J. Catal, 2017, 38, 260-267.
2141-2149. [67] J.-C. Wang, ]. Ren, H.-C. Yao, L. Zhang, J.-S. Wang, S.-Q. Zang, L.-F.

[44] X-H.Yi, F.-X. Wang, X.-D. Du, P. Wang, C.-C. Wang, Appl. Organ- Han, Z.-]. Li, J. Hazard. Mater.,2016,311, 11-19.
omet. Chem., 2019, 33, e4621. [68] G.Dong, L. Zhang, J. Phys. Chem. C, 2013, 117, 4062-4068.

[45] W.Cui, S. Ma, L. Liy, J. Hu, Y. Liang, J. Mol Catal. A, 2012, 359, 35-41. [69] X.Hu, H.Ji, F. Chang, Y. Luo, Catal. Today, 2014, 224, 34-40.

[46] S.Li, X. Wang, Q. He, Q. Chen, Y. Xu, H. Yang, M. Li, F. Wei, X. Liu, [70] L.Wang, G. Zhou, Y. Tian, L. Yan, M. Deng, B. Yang, Z. Kang, H. Sun,
Chin. J. Catal., 2016, 37,367-377. Appl. Catal. B, 2019, 244, 262-271.

BUC-21/N-K,Ti,Oo 82 & B X KFRCr(V]): Bk ERHENER
SHME FHEXRES

EOWS R, KB, B BL E OB PR, FaEY
hFEAAFEALEMERFEGE ST E AL E, 3100044
P E IV ASRBEEGEIEERAEENTZ, 3100022

WE: TEKR, &JE-AHUE S (MOFs)IE RN —Fh 2 A AT N A VAR 2 T M A mT R S50 At ok ik 22 Hh w7
F MR Cr(VI) I JRCO, M B AR LIS =540k, (HZ HMOFspi H i S RK. BT 52 N HIPEE & UL
LAME TR T A R I A S PS5 S R T k2B R . Nk, 5g-CiNyw AgoCOsn TiO,s BiyyO3,Br o551 5
L BIETE RS YI(PAND. FIRRGO). 3@ 9K BRL(Ag, Pd)SEH i 5257 & 15 52 MOF s G (AL 12 BE 1 — A7 5.

AR SR F 1T B RN BR BB 1%, LABUC-21 FIN-K, TigOo 9 1 9K A BRI il 8 1 — R 5 BUC-21/N-K,Ti,00 = & A BHGE N
BINX, HHX=02,05, 1,2, 3514, fREN-K, Ti,00/E Z & F HILLHI). KA RXS LATH (PXRD) 8 H AR 21 b il
(ETIR). H#H45%5(SEM). &5 L 85(TEM). Eif%iE 4 A (HRTEM). 284h-7] W38 K 5 (UV-Vis DRS)FIX SR oL T Ae i
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(XPS)EH AR M UAC-XE AWML EE M HEAT 7 3RAE. WF50 T BINXTE K /M6 F1 6 HES T Ob AL IR 75 8% (Cr(VI))
HIVERE. R T AFpH (pH = 2-8) ARV FHWLERTGERE « 09 B AN L) S 2L A7 857 (H SR ARSI K o 1B )X ok
AR R Cr(VD 2R, &5 538 81, PXRDE B 5 7= B INXTR AT ST A7 B 43 7 5 BUC-2 L FAN-K, Ti,0004 7 B 56 W) A, SEM.
TEM. EDSHIHRTEME FiEB7EBINXE &4+ BUC-21 4 fEN-K, Ti,O0 K H. 7E 584N EHE S T 40 minfi5, BINO.SH G fE
A P e v, I JR AR IE H]100.0%, HIE JBUE R EBUC-21101.424%. TAE A YCHRE TR, FEEN-K,Ti,00 & BN, E&Y)
B 6L v PR S 38 e k. B3 LLFIBINS AT 7E 100 mink 3E JF99% H Cr(VI), @iz it F X Cr(VI) JL-F- Tk J5 B8 1 FIBUC-21 1
N-K,Ti,00. 1% 2 K N-KyTigOo & R IAMA R T i R, A R T BRI, 7ERAMDER FOGR RS T, B
WipHAE M2 HI18, I JE ARG HT PR, IR RN FE BRI 4 1F R H YR A I T Cr(VI)IE N Cr(TI), 1 24pH>6Ht, Cr'' 5
OH J¥ BLCr(OH)s T P 4 7E M AL IR TH, SEmaX Y6 RIS, BEAR T YA 38R, MR B RPN R R . AR AN A R
LN AR, e R AR B E RS, XEH T/ N FERG A S AR FRIRY, B
7KL B SR K FEAF B 7 X BINO.SFIBIN3 R34 J5 14 RE AN A #0h1), AH 24 s 7 f [] A A B, S Fofr 2 0 ] 2B AN ik, R i
FRCR LA B INXIE R Cr(VI) 261 I . Je8UR 6T BRI FOEBUROE 8T AL 087 T B IEER(ESR)
IV T 0 5 A7 3R 52 56 27, BINO.SFIBIN3H1BUC-2 1l oK i LI (LUMO) F AR LT #4558 BN-K, Ti, 00 3717, 18751 16
A L RS U o B R0C%, I 1G5 T R L IE SR Cr(VD) IS M. N-K,Ti,00 1) 51 A BUC-21 1M X S5k g 52
o, ST SRR H B 7). [RIE, BINO.STE 58 ARG RGN AIBIN3AE F OGRS T 2480 5 O A0 6 24 52 548 ) H3E i
Cr(VD) A3 9R 1T 1599%, HPXRD#E . SEMAITEM EIMG ok W0 A4k, R H B ATt E E R k. 25k,
BUC-21/N-K,Ti,092& —F B A7 B 5 5 1 = 2UR & B A,
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