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a b s t r a c t

A new one-dimensional coordination polymer, [CuII(L)2][CuI(bpy)]2·4H2O (BUC-20) (H2L¼ cis-1,3-
dibenzyl-2-imidazolidone-4,5-dicarboxylic acid, bpy¼ 4,4-bipyridine), was synthesized solvothermal
condition. The crystal structure of BUC-20 was analyzed, and its properties like band energy, water
stability, and photocurrent were clarified. BUC-20 exhibited outstanding photocatalytic Cr(VI) perfor-
mance upon the UV light irradiation under acid condition, which was superior to those of existing
photocatalysts. The photocatalytic performance was not influenced by the presence of inorganic ions,
which was affirmed by the introduction real surface water to prepare simulated wastewater. BUC-20
exhibited good water stability, and could be used several runs without significant efficiency decrease.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Chromium compounds like Cr(VI) are widely used in electro-
plating, stainless steel production, leather tanning, textile
manufacturing, and even wood preservation [1,2]. The presence of
Cr(VI) at ppb level in aquatic system and drinking water source can
result into severe threat to creature. It was essential to remediate
Cr(VI) in environment via toxicity reduction, removal technologies
and containment technologies. The photocatalytic transformation
from highly toxic Cr(VI) into lowly toxic Cr(III) is preferred due to
that Cr(III) can be easily precipitated into Cr(OH)3 at higher pH [2].
To enhance the photocatalytic performance toward Cr(VI) reduc-
tion, it was a top priority to find efficient photocatalysts.

Just recently, coordination polymers (CPs) including metal-
organic frameworks (MOFs) attracted increasing attentions due to
their fascinating structure [3e8] along with their versatile prop-
erties and potential applications like gas separation [9e12], gas
storage [13e16], catalysis [17e20], fluorescence [21e23], pollutants
adsorption [24e32], photocatalysis [2,33e37] and so on. The design
and synthesis of mixed-valent CuI/CuII coordination polymers
(including MOFs) has paid great attentions because of their instinct
electronic, luminescent and biological properties [38e41].
.-C. Wang).
Especially, MOFs were used as photocatalysts to conduct photo-
catalytic reactions due to the synergistic effect of their metal or
metal-oxygen clusters and organic linkers [2,33]. To design and
synthesize more excellent MOFs photocatalysts with high water/
chemical/photo stability triggered significant enthusiasm in MOFs
field. It was deemed that 1D or 2D coordination polymers (or MOFs)
can exhibit higher photocatalytic performance than 3D MOFs due
to their electrical conductivity [2,33,42,43].

Some 2D CPs like BUC-21, BUC-66 and BUC-67were constructed
from cis-1,3-dibenzyl-2-imidazolidone-4,5-dicarboxylic acid (H2L)
and Zn/Cd/Co salts with the aid of secondary organic linkers like
4,40-bipyridine (bpy), which displayed outstanding Cr(VI) reduction
via photocatalysis under UV light irradiation [34,44]. Especially, g-
C3N4 was introduced to fabricate g-C3N4/BUC-21 heterojunction to
achieve enhanced Cr(VI) reduction under simulated sunlight or
even real sunlight [44]. In this study, H2L and bpy (as illustrated in
Scheme 1) were selected to build a new infinite one-dimensional
(1D) coordination polymer [CuII(L)2][CuI(bpy)]2·4H2O (BUC-20)
under solvothermal condition, which exhibited superior photo-
catalytic Cr(VI) reduction under UV light illumination.
2. Experimental

2.1. Materials and characterizations

All commercially available chemicals are reagent grade, and
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Scheme 1. Structural formulae of H2L and bpy.
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used as received without further treatment. Fourier transform
infrared spectra (FTIR) were recorded on a Nicolet 6700 FTIR
spectrometer with KBr pellets in the region from 4000 cm�1 to
400 cm�1. Powder X-ray diffraction (XRD) patterns were recorded
on DX-2700B X-ray diffractometer with Cu Kɑ radiation in the 2q
range of 5e50�. The zeta potentials of sample under different pH
were determined by a JS94H zeta potential analyzer at a room
temperature of 25 �C. UVevis diffuse reflectance spectra (DRS)
were measured by a PerkinElmer Lambda 650S UVevis spectro-
photometer in the range of 200e800 nm with BaSO4 as a 100%
reflectance standard. Thermal gravimetric analysis (TGA) was
conducted from room temperature to 800 �C at a flow rate of 10 �C
min�1 in an air stream on a DTU-3c instrument using a-Al2O3 as
reference.

2.2. Synthesis of [CuII(L)2][Cu
I(bpy)]2·4H2O (BUC-20)

Amixture of H2L (0.3mmol, 106.3mg), bpy (0.3mmol, 46.9mg),
Cu(NO3)2$2.5H2O (0.3mmol, 139.5mg), ethanol (5mL) and deion-
ized water (10mL) was transferred into Teflon-lined stainless steel
Parr bomb, and was heated at 140 �C for 72 h. Green square crystals
of [CuII(L)2][CuI(bpy)]2·4H2O (BUC-20, yield 86% based on
Cu(NO3)2$2.5H2O), were collected by isolating and wishing with
deionized water and ethanol in turn, after cooling down slowly to
room temperature. Anal. Calc. for BUC-20 (C58H56Cu3N8O14): C,
54.4%; N, 8.8%; H, 4.4%. Found: C, 54.5%; N, 8.8%; H, 4.5%. FTIR (KBr)/
cm�1: 3434, 1629, 1612, 1533, 1493, 1447, 1420, 1306, 1225, 1074,
860, 819, 771, 732, 699, 669, 642, 568, 489, 430.

2.3. X-ray crystallography

X-ray single-crystal data of BUC-20 was obtained with a Bruker
CCDX-ray diffractometer using Graphite furnacemonochromatized
Mo Kɑ radiation (l¼ 0.71073 Å) by the 4-u mode at 298 (2) K.
single-crystal data of BUC-20 was collected and extracted using
SMART [45] and SANT [46] software respectively, and modification
of experience absorption was performed by the SADABS program
[47]. Finally, the structure of BUC-20 was refined based on the full-
Table 1
Crystal structure data and refinement parameters for BUC-20

Formula C58H56Cu3N8O14

M 1279.73
Crystal system Triclinic space group P�ı
a, (Å) 10.7340 (9)
b, (Å) 10.8621 (9)
c, (Å) 12.4909 (11)
a, (�) 88.993 (2)
b, (�) 73.900 (1)
g, (�) 88.122 (2)
V, (Å3) 1398.4 (2)
Z 1
matrix-least squares techniques on F2 with anisotropic thermal
parameters for all non-hydrogen atoms. All hydrogen atoms were
allowed to ride on their respective parent atoms. All structural
calculations were carried out using the SHELX-97 program package
[48]. Crystallographic data and structural refinement for BUC-20
were summarized in Table 1.

2.4. Electrochemistry determination

The working electrodes preparation: 5.0mg BUC-20 powder
samples (with the particle sizes less than 0.074mm) were mixed
with 400.0 mL ethanol/Nafion (v/v¼ 19/1) matrix, which was
dispersed under sonication for 30min. 10.0 mL prepared slurry was
drop-casted onto the surface of a FTO substrate (1.0 cm� 1.0 cm),
and then dried in air at 353 K for 30min. This step was repeated five
times to ensure the uniform coverage of BUC-20 samples on the
FTO substrate.

The electrochemical measurements were performed on a Met-
rohm Autolab PGSTAT204 electrochemical station in a typical
three-electrode mode with 0.2M Na2SO4 solution (pH¼ 6.8) as the
electrolyte. A saturated Ag/AgCl electrode and a platinum (Pt)
electrode were used as the reference electrode and counter elec-
trode, respectively. A UV light with optical powder efficiency of
142mW/cm2 (Beijing Perfectlight Co. Ltd) was used as light source.

2.5. Photocatalytic activity test

To investigate the photocatalytic Cr(VI) reduction performance
of BUC-20, 200.0mL potassium dichromate (K2Cr2O7) aqueous
with initial concentration of 10mg/L (based on Cr(VI)) was selected
to conduct photocatalytic reaction at ambient condition in a quartz
reactor containing the 15.0mg BUC-20 powder under UV light
illumination (500W Hg lamp, Beijing Aulight Co., Ltd). Before the
photocatalysis reaction, the suspension was magnetically stirred in
dark for 60.0min to guarantee the adsorption-desorption equilib-
rium. During the reaction, 1.5mL aliquots were extracted at 5.0min
time intervals using 0.45 mm syringe filter (Shanghai Troody) for
analysis. The Cr (Ⅵ) residual concentration of samples were
determined at 540 nm using diphenylcarbazide (DPC) method
[2,36].

3. Results and discussion

3.1. Crystal structure analyses

The X-ray single-crystal diffraction data analysis (Table 1, Table 2
and Fig. 1) revealed that, in BUC-20, the octahedral geometry of the
divalent Cu1 was completed by four oxygens occupying the four
sites of the equatorial plane from two L ligands, and two nitrogen
atoms at the two axial positions from two L ligands (Fig. 1a). As
well, the monovalent Cu2 exhibited T-shaped geometry, which was
.

m(Mo, Ka) (mm�1) 1.205
Total Reflections 6841
Unique 794
F (000) 659
Goodness-of-fit on F2 1.049
Rint 0.044
R1 0.0732
uR2 0.1961
R1 (all data) 0.1344
uR2 (all data) 0.2324
Largest diff. Peak and hole (e/Å3) 1.751,-0.992



Table 2
Selected bond lengths (Å) and angles (�) for BUC-20.

Bond lengths (Å)
Cu(1)-O (3)#1 1.937 (4) Cu(1)-O (1) 1.947 (4)
Cu(1)-O (3) 1.937 (4) Cu(2)-N (4)#2 1.898 (5)
Cu(1)-O (1)#1 1.947 (4) Cu(2)-N (3) 1.904 (5)
Bond angles (�)
O (3)#1-Cu(1)-O (3) 180 C (5)-N (2)-C (13) 115.0 (6)
O (3)#1-Cu(1)-O (1)#1 90.94 (17) C (3)-N (2)-C (13) 117.3 (5)
O (3)-Cu(1)-O (1)#1 89.06 (17) C (24)-N (3)-C (20) 117.4 (5)
O (3)#1-Cu(1)-O (1) 89.06 (17) C (24)-N (3)-Cu(2) 122.4 (5)
O (3)-Cu(1)-O (1) 90.94 (17) C (20)-N (3)-Cu(2) 120.2 (5)
O (1)#1-Cu(1)-O (1) 180.000 (1) C (29)-N (4)-C (25) 117.0 (5)
N (4)#2-Cu(2)-N (3) 173.2 (3) C (29)-N (4)-Cu(2)#3 120.7 (5)
C (5)-N (1)-C (2) 112.5 (5) C (25)-N (4)-Cu(2)#3 122.1 (4)
C (5)-N (1)-C (6) 123.1 (7) C (1)-O (1)-Cu(1) 131.5 (4)
C (2)-N (1)-C (6) 124.4 (6) C (4)-O (3)-Cu(1) 120.5 (4)
C (5)-N (2)-C (3) 108.4 (5)
Symmetry transformations used to generate equivalent atoms: #1 -xþ1,-yþ2,-z; #2 x,yþ1,z; #3 x,y-1,z
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constructed from two nitrogen atoms from two different bpy li-
gands, and one oxygen atom from the L ligand (Fig. 1a). The O1, O3
and N2 from one L ligand were coordinated to Cu1 center, and the
O3 atom was also joined to Cu2 center, which was quite different
from the coordination modes in previously reported ones [34,44].
The co-existence CuI and CuII in BUC-20 was affirmed by X-Ray
photoelectron spectroscopy (XPS). As illustrated in Fig. 2a, the XPS
peaks of 932.77 eV and 952.77 eV could be assigned to the 2p3/2
and 2p1/2 of CuI, and the satellite peaks at 942.22 eV and 962.62 eV
implied the presence of CuII in BUC-20 coordination polymer [49].
As illustrated in Fig. 2b, the divalent Cu1 is coordinated by two
completely deprotonated L2� into discrete anionic [CuL]2- unit, and
the monovalent Cu2 atoms are joined by bidentate bpy into 1D
infinite [Cu(bpy)]nnþ chain. The adjacent [Cu(bpy)]nnþ chains are
linked by oxygen atoms from L2� ligands into double chain, in
which the discrete [CuL]2- anions are embedded. The lattice water
molecules are situated among the double chains, and are further
stabilized by abundant hydrogen bonding interactions (Fig. 1c and
Table 3).

3.2. Characterizations

BUC-20 was stable under air, as well stable/insoluble in water
Fig. 1. (a) Coordination environment of CuII and CuI in [CuII(L)2][CuI(bpy)]2$4H2O (BUC-20
infinite chain of BUC-20, in which the coordination environments of Cu1II and Cu2I were h
and common solvents like acid liquor (pH¼ 2.0), alkali liquor
(pH¼ 8.0), ethanol, methylbenzene, chloroform, ether, dimethyl
sulfoxide (DMSO) and N,N-dimethyl formamide (DMF), as illus-
trated in Fig. 2c. The TGA results revealed that the four lattice water
molecules are lost until 201 �C with 5.63% weight loss (calculated
value being 5.67%), and the framework of BUC-20 is maintained
well before 350 �C (Fig. 2e). The UVevis diffuse reflectance spec-
troscopy (DRS) revealed that BUC-20 has a strong absorption in the
UV region, and the band gap (Eg) was estimated at 3.24 using the
Kubelka-Munk function as shown Fig. 2b, implying that it has po-
tential applications in photocatalytic reactions under UV light
irradiation [34,35,44].

The transient photocurrent responses measurements were
generally carried out to determine the charge-separation efficiency
of photocatalyst [2,33,36,37]. As demonstrated in Fig. 2f, the strong
photocurrent response was presented under the illumination of UV
light, and the photocurrent rapidly decreased as the light was
turned off. The photocurrent results indicated that BUC-20 can be
photoexcited to produce electron-hole pairs, which can be further
separated rapidly. In addition, the results of Mott-Schottky mea-
surements, illustrated Fig. 2e, revealed that the flat band potentials
(ECB) of BUC-20 is �1.48 eV vs Ag/AgCl at pH¼ 6.8 according to
positive slope of C2 values versus potential. The Cr(VI)/Cr(III)
). Lattice water molecules and H atoms are omitted for clarity. (b) The simplified 1D
ighlighted. (c) The 1D infinite chain of BUC-20.



Fig. 2. (a) The XPS spectrum of Cu2p in BUC-20. (b) The UVevis spectrum of BUC-20, and the insert shows Kubelka-Munk-transformed diffuse reflectance spectrum of BUC-20. (c)
The PXRD patterns of BUC-20 under different conditions. (d) The FTIR spectra before and after photoreduction upon BUC-20. (e) The TGA plot of BUC-20. (f) Mott-Schottky curve of
BUC-20 at frequencies of 500Hz. (g) The transient photocurrent response of BUC-20 in 0.2M Na2SO4 aqueous solution under UV light irradiation.

J. Zhong et al. / Journal of Molecular Structure 1183 (2019) 256e262 259



Table 3
Hydrogen bonds for BUC-20 [Å and �].

D-H d (D-H) d (H..A) <DHA d (D..A) A

O6-H6E 0.85 1.827 162.39 2.649 O2
O6-H6F 0.85 2.169 163.34 2.993 O2 [-xþ1,-yþ1,-z]
O6-H6F 0.85 2.491 140.22 3.191 O1 [-xþ1,-yþ1,-z]
O7-H7C 0.85 2.18 112.09 2.621 O6
O7-H7D 0.85 2.166 113.27 2.621 O6
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potentials under pH ¼ 6.8 and 2.0 are calculated as þ0.38 eV
and þ1.05 eV, respectively, based on E¼ Eo-0.14 pH derived from
Nernst equation (Eo¼ 1.33 eV under the conditions of T¼ 298 K and
pH¼ 0). The ECB (�1.48 eV) of BUC-20 was more negative than the
Cr(VI)/Cr(III) potential under reaction conditions of T¼ 298 K and
pH¼ 2.0, indicating the photo-induced electrons can be moved to
reduce Cr(VI) into Cr(III).
Fig. 3. (a) The Cr(VI) reduction efficiencies over different photocatalysts under identical cond
(c) The Cr(VI) reduction efficiencies over BUC-20 with the presence of different organic m
successive cycles. (e) The Cr(VI) reduction efficiencies over BUC-20 with the presence of dif
real surface water.
3.3. Photocatalytic Cr(VI) reduction activity

The photocatalytic experiments revealed that BUC-20 can
accomplish nearly 100% Cr(VI) reduction under UV light irradiation
and pH¼ 2.0 within 20.0min, with the rate constant K being 0.1869
(Fig. 3a). For comparison, the ligand H2L, commercial P25, BUC-21
and BUC-67 were adopted as photocatalysts under the identical
conditions. The results displayed that within 30.0min, ca. 20% and
80% Cr(VI) were reduced into Cr(III) in the presence of P25 and H2L
as photocatalysts, respectively, while almost 100% Cr(VI) was
transformed into Cr(III) with the help of BUC-21 (the rate constant
K being 0.1069) or BUC-67 (the rate constant K being 0.1100). It was
concluded that the photocatalytic performance of BUC-20 under
UV light irradiation was superior to that of P25, BUC-21, BUC-66
and BUC-67. Also, as listed in Table 4, the Cr(VI) reduction efficiency
over BUC-20was better than that of TiO2 and 3.0%Nd-TiO2 reported
itions; (b) The Cr(VI) reduction efficiencies over BUC-20 under different pH conditions;
atters; (d) Reusability of BUC-20 as photocatalyst to conduct Cr(VI) reduction for 3
ferent foreign inorganic ions (1mmol/L) and the simulated wastewater prepared with



Table 4
Performance of some typical coordination polymers (including metal-organic frameworks) as photocatalysts for the Cr(VI) reduction under UV light irradiation.

Photocatalyst/Dosage
(mg)

Cr(VI) solution Volume (mL)/concentration
(ppm)/pH

hole
scavenger

Time/
(min)

1st run cycle Reduction
efficiency (%)

Times/last run cycle Reduction
efficiency (%)

Ref.

TiO2/1000 2200/10/3.0 ethanol 300 70 NA [50]
3.0%Nd-TiO2/250 250/10/3.1 NA 20 100 NA [51]
P25 200/10/2.0 NA 30 40 NA [34]
BUC-21/15 200/10/2.0 NA 30 96 3/94 [34]
BUC-66/15 200/10/2.0 NA 30 98 5/95 [44]
BUC-67/15 200/10/2.0 NA 30 99 5/95 [44]
BUC-20/15 200/10/2.0 NA 20 100 3/99 This

work
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previously [50,51]. The enhanced Cr(VI) removal efficiency of BUC-
20 could be contributed to the better adsorption activity toward
Cr(VI) under dark condition resulted from its positive surface
(þ0.87 mV, pH ¼ 2.0).

The pH values of the targeted solution not only exert significant
influence on the existence form of Cr(VI), but also alter the surface
characteristics of the photocatalysts to affect the reaction efficiency
along with reaction rate. The photocatalytic Cr(VI) reduction per-
formances under different pHs ranging from 2.0 to 8.0 were
assessed under the identical conditions. The results illustrated in
Fig. 3b revealed that with the increase of pH, the Cr(VI) reduction
efficiencies and rates decreased significantly. (i) The Hþ was
involved in the photocatalytic Cr(VI) reduction process (Equation
(2)). Under acid condition, the abundant Hþ can facilitate the
transformation from Cr(VI) to Cr(III). (ii) Under higher pH condi-
tions, the formed Cr(III) can be easily precipitated into Cr(OH)3 due
to its low Ksp constant (Equation (3)), which might mask the active
site of BUC-20 photocatalyst to decline the photocatalytic activity.
(iii) The zeta potential determination revealed that under the lower
pH, the surface of BUC-20 was more negative, which resulted into
poorer adsorption performance toward Cr(VI) due to electric
charges repel. As above-stated, acid condition like pH being 2.0 was
optimal for the photocatalytic Cr(VI) reduction.

BUC-20 þ hy / BUC-20 (hþ þ e�) (1)

Cr2O7
2�þ14Hþ þ 6e� / 2Cr3þ þ 7H2O (2)

Cr3þ þ 3OH� / Cr(OH)3Y (3)

hþ þ 2H2O þ O2/ 2H2O2 (4)

Considering the co-existence of organic pollutants and inor-
ganic salts in real wastewater, it was necessary to investigate their
influences toward photocatalytic Cr(VI) reduction. Three organic
matters like phenol (0.2mmol/L), oxalic acid (0.2mmol/L) and
citric acid (0.2mmol/L) were selected as organic models. The re-
sults as illustrated in Fig. 3c revealed that the addition of these
three organic compounds could significantly enhance the Cr(VI)
reduction. Generally, during the photocatalytic Cr(VI) reduction
process, the photo-induced electrons on LUMO (Lower Unoccupied
Molecular Orbital) were consumed by Cr(VI), and the accumulated
holes on HOMO (Highest Occupied Molecular Orbital) were reacted
with water molecules to form H2O2 if there were no organic com-
pounds in this system (Equation (4)). Once organic compounds
were introduced into the system, the holes might be quickly
consumed to accomplish quicker electron-hole separation, result-
ing into more efficient Cr(VI) reduction.

To investigate the influence of inorganic salt ions, the real sur-
face water (Kþ, 4.5mg/L; Naþ, 35.6mg/L; Ca2þ, 67.4mg/L; Mg2þ,
32.1mg/L; Cl�, 32.0mg/L; NO3

�, 11.8mg/L; SO4
2�, 174.1mg/L; PO4

3�,
0.4mg/L; CODMn, 11.6mg/L) sampled from the Ming Lake in DaXing
campus of BUCEA was used to prepare the targeted Cr(VI) solution.
As displayed in Fig. 3e, the photocatalytic Cr(VI) reduction effi-
ciency (99.9% within 15min) wasn't inhibited by the dissolved
foreign ions in surface water, which was assigned to the presence of
organic compounds. It was implied that BUC-20 could be used to
conduct Cr(VI) reduction in real wastewater containing Cr(VI).

It is necessary to test the recyclability and stability of the pho-
tocatalyst for practical applications. As demonstrated in Fig. 3d, the
Cr(VI) reduction efficiencies over BUC-20 under the identical con-
dition were 100%, 100% and 99% within 30min for the first, second
and third run, implying that BUC-20was highly stable and reusable.
As well, the PXRD patterns and FTIR spectra of the used BUC-20
matches well with the simulated ones from the single crystal data
(Fig. 2c and d), implying BUC-20 possessed good reusability and
high stability toward Cr(VI) reduction.

Some previous studies displayed that Cr(VI) could be reduced
into Cr(III) by the photo-catalytically induced electrons over coor-
dination polymers (CPs) or metal-organic frameworks (MOFs), in
which the corresponding mechanismwas speculated [2,34e37,44].
To accomplish effective Cr(VI) reduction via photocatalysis, the
bottom level of CB (conduction band) of photocatalyst had to be
more negative than the Cr(VI)/Cr(III) redox potential [52]. The va-
lance band edge potential (EVB) was calculated as 1.76 eV from
EVB¼ Eg þ ECB, in which the conduction band edge potential (ECB)
and the band gap (Eg) are �1.48 eV (obtained from Mott-Schottky
curve as illustrated in Fig. 2e) and 3.24 eV (based on calculated
from DRS data as displayed in Fig. 2b), respectively. The ECB of BUC-
20 is �1.48 V vs Ag/AgCl at pH¼ 6.8 (Fig. 2e), which is more
negative than the Cr(VI)/Cr(III) potentials (þ0.38 V,
pH ¼ 6.8; þ1.05 V, pH ¼ 2.0), implying that the photo-induced
electrons in the CB of BUC-20 can reduce Cr(VI) into Cr(III) [52].
4. Conclusion

A water-stable 1D coordination polymer BUC-20 was success-
fully prepared under solvothermal condition, in which the co-
existence of monovalent and divalent copper was further
confirmed by XPS. BUC-20 displayed excellent photocatalytic ac-
tivity toward Cr(VI) reductions under UV light illumination and acid
condition. The presence of organic matters can consume the
accumulated holes in HOMO to facilitate the separation of photo-
induced electron-hole pair, which resulted into the superior pho-
tocatalytic Cr(VI) reduction than existing photocatalysts under
identical conditions. As well, the foreign inorganic ions possessed
no significant impact on its photocatalytic performance, which was
affirmed with the wastewater simulated with real surface water.
BUC-20 can be used for several runs due to good water stability. To
utilize the visible light or even real sunlight, some visible light
responsive semiconductor photocatalysts like g-C3N4, Cd0.5Zn0.5S
can be introduced to construct heterojunctions, which was
affirmed as feasible strategy to accomplish the enhanced
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photocatalytic activity under visible light.
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