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Two new coordination polymers, ZnL(2,20-bpy)�(H2O) (BUC-85) and ZnL(bpa)�(H2O) (BUC-86) (H2L = cis-
1,3-dibenzyl-2-imidazolidone-4,5-dicarboxylic acid, 2,20-bpy = 2,20-bipyridine, bpa = 1,2-bis(4-pyridyl)
ethane), were synthesized under solvothermal conditions. The abilities of both BUC-85 and BUC-86 were
tested for photocatalytic Cr(VI) reduction and organic pollutant degradation under UV light. The results
revealed that both BUC-85 and BUC-86 displayed superior catalytic Cr(VI) reduction performances, with
reduction efficiencies up to 99% within 40 min under UV light irradiation. As well, BUC-85 and BUC-86
could photocatalytically decompose organic dyes, in which the oxidative degradation efficiencies toward
methylene blue were 100% (BUC-85) and 99% (BUC-86) under irradiation of UV light for 60 min. Finally, a
possible photocatalytic reaction mechanism has been proposed and verified.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, water resources and water quality have attracted
worldwide attention. However, heavy metals and organic pollu-
tants in water are difficult to remove, and they can exerted great
harm to human, aquatic animals and plants [1–4]. The Cr(VI) ion,
as one of the most common types of heavy metal ion, mainly
comes from electroplating production, stainless steel products,
leather and other industries [5–8]. The presence of Cr(VI) ions in
the water environment will increase the risk to human health with
regard to liver, kidney, skin and mucosa problems [9]. As the Cr(III)
ion is less toxic to the human body and can be easily removed as Cr
(OH)3 precipitates, the strategy of transforming Cr(VI) ions into Cr
(III) ions is often adopted [10–12].

Generally, heavy metals (like Cr(VI) ions) and organic pollutants
(like organic dyes) coexist in wastewater [13,14]. Up until now,
conventional methods like adsorption, chemical precipitation, bio-
logical treatment, membrane filtration are often used to remove Cr
(VI) ions from wastewater [15–17], which are limited due to disad-
vantages like mass sludge production, high chemical consumption,
high processing cost and poor sustainable development. The pho-
tocatalytic method not only can reduce Cr(VI) ions into Cr(III) ions,
but also degrade organic dyes into biologically degradable inter-
mediates or even CO2 [18,19]. Thus, the discovery of effective pho-
tocatalysts is a key challenge to be considered.

Coordination polymers (CPs) are composed of metal atoms as
templates and organic ligands with different functional groups as
linkers [20,21], which has attracted increasing concerns in varied
research fields, including but not limited to gas adsorption/separa-
tion [22], adsorptive removal of pollutants [23], luminescent sens-
ing [20,24] and bacteriostatic agents [25]. Especially, some CPs
have been widely used as photocatalysts to achieve CO2 reduction
[26,27], H2 production [28,29] and pollutant elimination [30].

Our group firstly adopted cis-1,3-dibenzyl-2-imidazolidone-
4,5-dicarboxylic acid (H2L) ligand to synthesize a series of effective
UV light responsive photocatalysts, like BUC-18 (Cd(bpp)(H2O)L)
[31], BUC-19 (Zn(bpp)L) [31], BUC-20 ([CuII(L)2][CuI(bpy)]2�4H2O)
[5], BUC-21 (Zn(bpy)L) [32], BUC-66 ([Cd(bpy)(H2O)L]n) [33] and
BUC-67 ({Co(bpy)(H2O)L]�H2O}2n) [33], to obtain outstanding pho-
tocatalytic performances toward Cr(VI) ion and organic dye elimi-
nation. To provide novel CPs with different structures, in this work
BUC-85 and BUC-86 have been synthesized from the hydrothermal
reaction between H2L, 2,20-bpy/bpa and Zn(CH3COO)2 salts. Their
photocatalytic abilities toward pollutant elimination and the possi-
ble corresponding mechanism were clarified.
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2. Experimental

2.1. Materials and instruments

The used chemicals and characterization methods are listed in
the Supporting Information.

2.2. Synthesis of BUC-85

A mixture of Zn(CH3COO)2 (0.6 mmol, 131.7 mg), 2,20-bipyri-
dine (2,20-bpy, 0.6 mmol, 93.7 mg) and H2L (0.6 mmol, 212.6 mg)
was sealed in a 25 mL Teflon-lined stainless steel Parr bomb
including DI water (15 mL), heated at 160 �C for 72 h and then
cooled down slowly to room temperature. White block-like crys-
tals of ZnL(2, 20-bpy)�(H2O) (BUC-85, yield 82% based on Zn(CH3-
COO)2) were obtained and washed three times with ethanol and
pure water. Anal. Calc. for BUC-85, C58H48N8O10Zn2, C, 60.6; H,
4.2; N, 9.7. Found: C, 60.5; H, 5.1; N, 9.8%. FTIR (KBr) cm�1: 3431,
3060, 3031, 1706, 1654, 1600, 1577, 1495, 1478, 1448, 1424,
1367, 1312, 1253, 1239, 1158, 1076, 1027, 860, 771, 735, 706,
644, 440.

2.3. Synthesis of BUC-86

Pale yellow block-like crystals of ZnL(bpa)�(H2O) (BUC-86, yield
85% based on Zn(CH3COO)2) were synthesized following the same
procedure as for BUC-85, except that 2,20-bipyridine (2,20-bpy) was
replaced by 1,2-bis(4-pyridyl)ethane (bpa). Anal. Calc. for BUC-86,
C31H28N4O5Zn, C, 60.0; H, 4.8; N, 9.0. Found: C, 59.8; H, 6.3; N, 8.8%.
FTIR (KBr) cm�1: 3388, 3062, 2933, 1692, 1637, 1560, 1496, 1449,
1435, 1304, 1268, 1232, 1189, 1072, 1030, 832, 818, 761, 733, 703,
645, 607, 556, 526, 489.
3. Results and discussion

3.1. Characterization

In the FTIR spectra of BUC-85 and BUC-86 (Fig. S1), the intense
absorption of the two coordination polymers at 3431 and
3488 cm�1 can be ascribed to OAH bonds from lattice water and
absorbed water molecules [34]. The peaks at 1637 (BUC-86) and
Scheme 1. Coordination patterns of the L ligan
1654 cm�1 (BUC-85) affirm the existence of v(ACAOA) vibrations
of the L ligands. The wide bands at 526–733 (BUC-86) and 644–
735 cm�1 (BUC-85) originate from v(AZnAOA) vibrations and con-
firm the formation of a Zn-O coordination bond [35]. Finally, the
coordinative interaction between the Zn2+ ions and N atoms from
2,20-bpy/bpa can be inferred from v(AZnANA) vibrations observed
at 489 (BUC-86) and 440 cm�1 (BUC-85) [36].

As shown in Fig. S2, the two CPs displayed similar weight loss
processes, though their crystalline structures are disparate. For
BUC-86, the TGA curve shows three stages of decomposition. The
first weight loss of 1.3% (the calculated value being 1.5%) up to
200 �C was assigned to the loss of lattice water molecules. The next
loss of 27.2% from 200 to 350 �C was allocated to the removal of the
bpa ligand (the theoretical value being 29.6%) and the third weight
loss of 49% from 350 to 500 �C resulted from the decomposition of
the carboxylate ligand L (the theoretical value being 49.6%). The
weight of the final residue, 22.5%, can be attributed to ZnO, in
which Zn is 18%, which is in perfect agreement with ZnL(bpa)�
(H2O) (requires 17.9%) [31,37].
3.2. Crystallographic structure analyses

To date, the L ligand has displayed four coordination modes
(Scheme 1) in reported coordination polymers like BUC-18, BUC-
19, BUC-20, BUC-21, BUC-66, BUC-67, BUC-85 and BUC-86. The
two carboxyl groups (ACAOA) in the L ligand are used to coordi-
nate with the central metal atoms (shown in Scheme 1a). Most
CPs contain metal ions coordinated by the carboxyl groups
(AC@OA), such as BUC-19, BUC-21 and BUC-86 (shown in
Scheme 1b). Three oxygen atoms from one completely deproto-
nated L2� ligand (ACAOA and AC@OA) are coordinated to metal
ion centers (shown in Scheme 1c). Two oxygen atoms and one
nitrogen atom from one L ligand are coordinated to metal ion cen-
ters (shown in Scheme 1d).
3.2.1. Crystallographic structure analyses of BUC-85
In ZnL(2,20-bpy)�(H2O) (BUC-85), the Zn(II) ion is five-coordi-

nated in a square pyramidal geometry, by two nitrogen atoms
(N3 and N4) from the 2,20-bpy ligand, two oxygen atoms (O1 and
O3) from one completely deprotonated L2� ligand and one oxygen
atom (O3A) from another L2� ligand (Fig. 1 and Scheme 1a). The
d in BUC-85, BUC-86, BUC-18 and BUC-20.



Fig. 1. (a) The asymmetric unit of BUC-85; (b) BUC-85 atomic stacking diagram. All the H atoms are omitted for clarity; (c) 3D framework built with the aid of p–p stacking
interactions along the c axis.
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Zn-O bond distances, ranging from 1.98(19) to 2.05(17) Å, and the
Zn-N bond distances, in the range 2.082(2) to 2.089(2) Å, are com-
parable to typical bonds lengths in the previous reports [38,39] (se-
lected bond lengths and angles are listed in Table S2). In BUC-85,
the 2,20-bpy ligand acts as chelating bidentate to coordinate with
the Zn2+ ion and the L2� ligand exhibits rare tridentate coordina-
tion mode [40] to join two different Zn2+ templates. Due to the
chelating behavior of the 2,20-bpy ligand, the structure of BUC-85
is limited as a zero-dimensional unit without further extension.
The discrete ZnL(2,20-bpy)�(H2O) units are packed into a 3D
supramolecular structure with the aid of p-p stacking interactions
(Fig. 1c).

3.2.2. Crystallographic structure analyses of BUC-86
In ZnL(bpa)�(H2O) (BUC-86), the Zn(Ⅱ) ion is four-coordinated

by two oxygen atoms (O1 and O3) from two completely deproto-
nated L2� ligands and two nitrogen atoms (N1 and N2) from two
bpa ligands, as shown in Fig. 2 and Scheme 1. The Zn-O bond
lengths range from 1.946(3) to 1.963(3) Å, and the Zn-N distances
range from 2.048(4) to 2.056(4) Å (Table S2), which are in scope for
bonds of these types [39,41]. The completely deprotonated L2�
ligand, adopting the trans-mode, acts as a bis-monodentate ligand
to link two Zn(II) ions into an infinite zigzag [ZnL] chain along the
a-axis (Scheme 1b). As shown in Fig. 2b, adjacent [ZnL] chains are
further linked by flexible bpa ligands into a 2D network with an
undulating surface, as viewed from the b-axis. Finally, the discrete
ZnL(bpa)�(H2O) units are packed into a 3D supramolecular struc-
ture with the aid of p-p stacking interactions.

3.3. Photocatalytic performances

The optical properties of BUC-85 and BUC-86 were estimated
with a UV–Vis diffuse reflectance spectrophotometer (UV–vis
DRS), which revealed that the light absorption bands were at ca.
363 and 375 nm, respectively (Fig. 3). The Eg values were assessed
by the Kubelka-Munk function [42], being at ca. 3.6 and 4.1 eV for
BUC-85 and BUC-86, indicating that these two CPs can be excited
by UV light with a suitable wavelength.

The Cr(VI) reduction efficiencies of free H2L, P25 (commercial
TiO2), BUC-85 and BUC-86 under UV light irradiation are illus-
trated in Fig. 4(a), in which about 99 and 90% of the Cr(VI) ions
were reduced after 20 min with BUC-85 and BUC-86 as photocat-



Fig. 2. (a) 2D double layers of BUC-86 and (b) the asymmetric unit of BUC-86. All the H atoms are omitted for clarity.

Fig. 3. UV–vis spectra of BUC-85 (a) and BUC-86 (b). The inset graph shows the corresponding band gaps of BUC-85 and BUC-86.
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alysts, respectively. By comparison, in the presence of free H2L and
P25 as photocatalysts, only 53 and 11% Cr(VI) reduction efficiencies
were achieved within 20 min. The removal efficiencies for Cr(VI)
ions either without light or without photocatalysts were insignifi-
cant [37], signifying that the Cr(VI) reduction could be assigned to
the photocatalytic process.

Previous studies reported that the Cr(VI) reduction rate by pho-
tocatalysts is greatly influenced by the pH values of the aqueous
solution [43]. In Fig. 4b, the Cr(VI) reduction efficiencies over
BUC-85 decreased from 100% at pH 2.0 to 96% at pH 7.0 within
40 min. A similar trend was observed for BUC-86, in which the effi-
ciency of Cr(VI) reduction efficiency declined from 100 to 77%
within 40 min as the pH increased from 2.0 to 7.0. According to
previous reports [44,45], low pH conditions favored the existence
of Cr2O7

2� or HCrO4
� ions as primary Cr(VI) species and the photo-

catalytic Cr(VI) reduction followed Eqs. (1) and (2). Higher pH con-
ditions led to the formation of CrO4

2� ions and the Cr(VI)
sequestration followed Eq. (3). Some previous reports declared that
an alkaline condition would favor the formed Cr(III) ions being
transformed into Cr(OH)3 precipitates, which would mask the
active sites of the photocatalysts [46]. As for both BUC-85 and
BUC-86, their photocatalytic Cr(VI) reduction efficiencies exhibited
a slight decline on the increasing pH, however the total Cr(VI)
reduction performances were maintained at relatively high levels.
It is well known that the Cr(VI) reduction under neutral condition
is expected, as some wastewater containing Cr(VI) ions is neutral
or even slightly alkaline [1].

BUC-85/86 + hm ! BUC-85/86 (e� + hþ) (1)

Cr2O7
2� + 14Hþ + 6e� !2Cr3þ + 7H2O (2)

CrO4
2� + 4H2O + 3e� !Cr(OH)3 + 5OH� (3)

Three small molecular weight organic acids (oxalic acid, citric
acid and tartaric acid) were used to explore the effect of different
hole trappings on the Cr(VI) reduction at pH 2.0 (shown in the
Fig. S3). Actually, photooxidation of sacrificial organic acids can
markedly influence the photoreduction Cr(VI) rate by photo-gener-
ated electrons. The consumption of holes (h+) will accelerate the
charge separation of photo-induced electron-hole pairs, resulting
in an excellent Cr(VI) reduction efficiency [47,48].

Methylene blue (MB) and methyl orange (MO) were selected to
further explore the photocatalytic oxidation performances of BUC-
85 and BUC-86. As shown in Fig. 5, the adsorption behaviors of
these two selected organic dyes over BUC-85 and BUC-86 were
negligible. The photocatalytic experiment results revealed 95 and
93% MB is oxidized over BUC-85 and BUC-86 as photocatalysts
within 40 min under UV light irradiation. These two CPs also



Fig. 4. (a) Cr(VI) photoreduction efficiencies of different photocatalysts. Cr(VI) photoreduction efficiencies of BUC-85(b) and BUC-86(c) as photocatalysts upon the irradiation
of UV light at diverse pH values. Conditions: Cr(VI) = 10 mg/L, volume = 200 mL, pH = 2, photocatalyst dosage = 20 mg.
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exhibited outstanding photocatalytic performances toward MO
under UV light irradiation, in which BUC-85 and BUC-86 can
decompose 88 and 63% of MO within 40 min, respectively. In the
absence of these two CPs, only ca. 28% MB and 18% MO were
removed in up to 40 min, under the UV light irradiation. Using free
H2L as a photocatalyst, ca. 40% MB and 41% MO were decomposed
under identical conditions within 40 min. In comparison, 88% MB
and 35% MO were destroyed with P25 as a photocatalyst within
40 min. The results indicated that these two new CPs exhibit excel-
lent photocatalytic performances toward both Cr(VI) reduction and
organic pollutants degradation.

Several reactive species containing �O2
� and �OH may participate

in photocatalytic reactions for the degradation of organic dyes.
Benzoquinone (BQ, 0.2 mmol/L), and isopropanol (IPA, 0.2 mmol/
L) were used in photocatalytic trapping experiments as scavengers
for �O2

� and �OH, respectively [49]. In Fig. 6, the MB degradation rate
was significantly restrained in the presence of BQ and IPA, indicat-
ing that both �O2

� and �OH were the primary active substances [32].
It is important to evaluate the recyclability and stability of pho-

tocatalysts and this was carried out by performing repeated usage
cycles under identical reaction conditions. As displayed in Figs. 7
and S4, BUC-85 and BUC-86 maintained their excellent photocat-
alytic activities towards the reduction of Cr(VI) ions for five cycles,
along with outstanding MO and MB degradation after three cycles.
As for the photocatalytic reduction of Cr(VI) to Cr(III), BUC-85
demonstrated no obvious decline, however BUC-86 displayed ca.
a 12% decreased on the 5th run. No obvious decrease of the photo-
catalytic activities toward MB decolorization was observed for
BUC-85 and BUC-86 during three parallel cycles [50]. It can be seen
from Fig. 8 that the PXRD patterns of the used photocatalysts
match well with simulated patterns from the single crystal data
and the original samples before photocatalysis. The slight differ-
ences in intensities may be assigned to the preferred orientations
of the crystalline powder samples [51]. In addition, the FTIR and
TGA data before and after the photocatalytic reaction displayed
no noticeable changes (Figs. S1 and S2), indicating that both
BUC-85 and BUC-86 are good photocatalyst candidates with out-
standing stability.

For the process of practical operation, Cr(VI) ions and organic
dyes usually exist at the same time. To further discuss the photore-
duction and photodegradation possibilities, the photocatalytic
activities of these two CPs for simultaneous Cr(VI) reduction and
organic pollutant degradation in Cr(VI)/MB, Cr(VI)/MO and MO/
MB mixtures were investigated at pH = 2.0. The removal trends
of BUC-85 (as displayed in Fig. S5) and BUC-86 (as displayed in
Fig. 9) on the mixed system are basically similar, so BUC-86 is
selected to elaborate this further. As shown in Fig. 9a, for the
mono-component systems of individual Cr(VI) ions and individual
MB solution, BUC-86 can accomplish 100% Cr(VI) reduction and
94% MB degradation efficiencies within 40 min, respectively. How-
ever, the degradation efficiency of Cr(VI) ions and MB were 73 and
37% within 40 min for the Cr(VI)/MB matrix. The rates of Cr(VI)
reduction and degradation MB in the matrix were slower than
those of the mono-component systems, possibly due to the compe-
tition consummation of �O2

� between Cr(VI) ions and MB. As shown
in Fig. 9b, for the mono-component systems of BUC-86, the Cr(VI)
reduction and MO degradation efficiencies are 100 and 62% within
40 min, respectively. However, the Cr(VI) reduction efficiency was
98% after 40 min in the Cr(VI)/MO matrix, whilst the rate of MO
degradation in matrix was faster than for the mono-component



Fig. 5. Photocatalytic oxidation performance of BUC-85 and BUC-86 toward (a) MB and (b) MO. Conditions: 200 mL of MO = 10 mg/L or MB = 10 mg/L, photocatalyst
dosage = 20 mg.

Fig. 6. The outcomes of diverse scavengers on MB oxidation in the presence of BUC-85 (a) and BUC-86 (b). Conditions: MB = 10 mg/L, 200 mL, photocatalyst dosage = 20 mg,
0.2 mmol/L scavengers.

Fig. 7. (a) BUC-85 and BUC-86 cycling performance for Cr(VI) removal; (b) BUC-85 and BUC-86 cycling performance for MB degradation. Conditions: MB = 10 mg/L, 200 mL,
photocatalyst dosage = 20 mg, Cr(VI) = 10 mg/L, pH = 2.0.
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systems. To explain these observations, it is proposed that the MO
was oxidized by not only �OH generated from the reaction between
H+ and H2O, but also by �O2

� radicals produced by the reaction
between e� and dissolved oxygen (DO). In the Cr(VI) and MO
matrix, e� is preferred to be consumed by DO to form �O2

� radicals
for MO degradation, which leads to the decrease of the Cr(VI)
reduction efficiency. As displayed in Fig. 9(c), in the mixed MO/
MB system, the degradation efficiencies are similar to the mono-
component degradation efficiencies.

The Mott-Schottky determination has been conducted to reveal
the flat-band potentials of the BUC-85 and BUC-86 samples in this
study (Fig. 10a and b) and the results indicated that they are typical
n-type semiconductors due to the positive slopes. The ECB values
deduced from the Mott Schottky plots are about �0.349 and



Fig. 8. PXRD patterns of before and after the photocatalytic reaction, immersed in H2SO4 or NaOH for 12 h and the simulated XRD pattern from the single-crystal structure
data of BUC-85 (a) and BUC-86 (b).

Fig. 9. The photocatalytic efficiencies of Cr(VI) removal and MO oxidation in their mono-component systems and in their intermixtures with BUC-86 (a) as a photocatalyst;
The photocatalytic efficiencies of Cr(VI) removal and MB oxidation in their mono-component systems and in their intermixture with BUC-86 (b) as a photocatalyst; The
photocatalytic efficiencies of MB and MO oxidation in their mono-component systems and in their intermixture with BUC-86 (c) as a photocatalyst. Conditions: 200 mL of Cr
(VI) = 10 mg/L or MO = 10 mg/L or MB = 10 mg/L, photocatalyst dosage = 20 mg, pH = 2.0.
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�0.333 eV (vs. Ag/AgCl, pH = 2.0) for BUC-85 and BUC-86, respec-
tively. Based on the bandgap values of BUC-85 and BUC-86, the cal-
culated valence band potentials (EVB) are 3.297 and 3.789 eV,
respectively [52–54].

Additionally, the rates of charge migration and recombination
in the as-prepared photocatalysts were studied by photocurrent
analysis and electrochemical impedance spectroscopy (EIS). A
smaller Nyquist radius implies a smaller corresponding charge
transfer resistance. Faster electron travel might result from a smal-
ler Nyquist radius. As shown in Fig. 10c, the arc radius of BUC-85 is
less than that of BUC-86, indicating that the photo-induced holes
and electrons over BUC-85 are efficiently separated to accomplish
the higher photocatalytic activity [33,47,53].

Except for MOF-5, most CPs belong to the class of molecular
photocatalysts, whose mechanisms are usually explained in terms
of frontier molecular orbital theory [55]. Possible mechanisms for
the photocatalytic reduction of Cr(VI) ions and the degradation of
organic dyes of these CPs are proposed. In Fig. 10d, upon UV light
irradiation, BUC-85 and BUC-86 absorb photons and excite elec-
trons (e�) from the highest occupied molecular orbital (HOMO)



Fig. 10. The Mott-Schottky curves of BUC-85 (a) and BUC-86 (b); (c) The EIS of BUC-85 and BUC-86; (d) The proposed photocatalytic reaction mechanism of Cr(VI) removal
and organic dyes oxidation with BUC-85 and BUC-86.
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and leave holes (h+) in the lowest unoccupied molecular orbital
(LUMO) [56]. The photo-induced electronic holes (h+) in the LUMO
either take part in the reduction of Cr(VI) to Cr(III) ions directly, or
are transferred to generate �O2

�, which achieves Cr(VI) reduction
and organic pollutant oxidation. Additionally, the HOMO strongly
demands electrons to return to its stable state, therefore one elec-
tron is captured from water molecules and the product �OH active
species. The �OH radicals can further destroy organic dyes effi-
ciently. In general, BUC-85 and BUC-86 provide a good platform
to promote the transfer of photoelectrons and inhibit the combina-
tion of photo-generated electron-holes [32,57].
4. Conclusions

In short, two new CPs, BUC-85 and BUC-86, have been prepared
under hydrothermal conditions. Both CPs are highly efficient
heterogeneous photocatalysts which can be used for Cr(VI) reduc-
tion and dye degradation under the irradiation of UV light. The
active species capture experiments results affirmed that �OH is
the major active species in the dye degradation reactions. More
significantly, these two bifunctional CPs can simultaneously
accomplish Cr(VI) reduction and oxidative organic pollutant degra-
dation, which makes the two CPs potential photocatalyst candi-
dates for environmental restoration.
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