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ABSTRACT

Under the hydrothermal method, a Pb(Il) coordination polymer [Pb(ox)(phen),]-5H,O 1 (ox = oxa-
late, phen = 1,10-phenanthroline) was obtained. Ox ligands exhibit a u,-coordination mode, which
connect Pb* centers into a 1-D single-chain with ancillary phen molecules. Interestingly, adjacent
phen molecules between the chains exist mt...7 stacking interaction, which extend the 1-D chain
into a 2-D supramolecular layer. Compound 1 showed outstanding photocatalytic performance and
the degradation efficiency of methylene blue with H,0, could reach 95.69% under the irradiation
of visible light at pH = 10. In addition, 5 cycles of degradation experiments were also carried out,
and it was found that the degradation efficiency values with and without H,O, were reduced by
1.46% and 1.08%, respectively. It was also discussed that which free radical played the dominant
role in the photocatalytic process. What’s more, we speculated the possible reaction mechanism
based on the Mott-Schottky curve. Meanwhile, the UV visible diffuse reflection of compound 1

was also investigated.
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1. Introduction

Ecological pollution problems have been more and more
severely with the rapid growth of industry. Especially, the
pulp and paper industry consumes a large amount of water
resources and releases a large amount of organic highly pol-
luted sewage that needs to be treated every year [1]. In order
to solve this problem, scientists have studied many methods,
such as membrane separation technology [2], adsorption
separation technology [3], etc. However, these methods of
degrading sewage have some disadvantages. For example,
membrane separation technologies tend to form adhesive

* Corresponding authors.

layers, which can slow down their treatment of wastewater
[4,5]. And adsorption separation method is very important
for the selection of adsorbents [6,7]. The emergence of pho-
tocatalyst effectively solves the shortcomings of the above
methods and becomes a good choice to solve the problem of
sewage [8-10]. Photocatalysts such as titanium dioxide and
cadmium sulfide have been widely used in sewage treat-
ment. However, these photocatalysts have the disadvan-
tages of narrow spectral response range and low quantum
conversion efficiency [8]. Therefore, it is a great challenge
to develop a photocatalyst with excellent photocatalytic
performance [11,12].
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Coordination polymers have ordered structure with
high specific surface area [13] and high tunability [14-16].
Therefore, they have received extensive attention in catalysis,
optics, etc [17-21]. Especially, coordination polymers have
unique structural properties that increase its photoreactiv-
ity by increasing the number of reactive sites [22-27]. So it
is a wise decision to use coordination polymers to degrade
organic pollutants in sewage. Chen et al. [28] first treated
the sewage with coordination polymers as a photocatalysis
[22]. Since then, people have paid more and more attention
to the application of coordination polymers in photocatalytic
degradation of sewage [22,29,30]. However, few examples
of polymers degrading sewage under visible light irradia-
tion have been reported. In order to synthesize coordination
polymers with good photocatalytic performance under vis-
ible light, the choice of organic ligands is also crucial [31].
Oxalic acid (H,ox) has strong coordination ability and excel-
lent conjugate system [32], so it plays an important role in
forming coordination polymers and improving photocata-
lytic degradation efficiency. Dai et al. [33] found that adding
H,ox into coordination polymer system could improve the
degradation efficiency of bisphenol A. Dridi et al. [34] syn-
thesized a three-dimensional compound with oxalate ligands
and demonstrated it had a excellent photocatalytic degrada-
tion effect on methylene blue. 1,10-phenanthroline (phen) as
a bidentate ligand, the N atoms can easily occupy the empty
orbital of metal ions [35]. So, it is widely used in the synthe-
sis of coordination polymers [36]. Also, it can improve the
efficiency of photocatalytic degradation with good excellent
conjugate system. Lu et al. [37] studied four novel coordina-
tion polymers based on flexible dicarboxylates and different
ligands. They compared their photocatalytic properties and
found that coordination polymers containing phen ligands
showed superior degradation of methyl violet [37]. The
photocatalytic performance of metallic lead is also excellent
[38]. Based on the above idea, we selected oxalic acid, 1,10-
phen and Pb* as raw materials to synthesize a Pb(II) coor-
dination polymer [Pb(ox)(phen),]-5H,0O 1 according to Zhu
et al. [39]. It is used for the degradation of methylene blue
(MB) in water on visible light and the experimental results
show that the degradation rate can reach up to 95.69% with
the addition of H,0,, which is higher than the degradation
rate of some compounds reported [40-43]. This indicates
that compound 1 is a potential visible light catalyst.

2. Experimental sections
2.1. Materials and characterization

The raw materials used in this experiment were pur-
chased from commercial channels without further treatment.
Elemental analysis was performed on a PerkinElmer 2400 LS
II Elemental Analyzer: PerkinElmer Enterprise Management
(Shanghai) Co., Ltd., No. 1670, Zhangheng Road, Zhangjiang
Hi-Tech Park, Shanghai, China. Infrared (IR) spectra in
the 4,000-400 cm™ region was recorded on a PerkinElmer
Spectrum One FT-IR Spectrometer, using powder samples
on a KBr plate. Thermogravimetric (TG) properties were
obtained on a Perkin Elmer TGA 7 instrument heated at
10°C/min in air. The UV-Vis diffuse reflection spectra (DRS)
was recorded by SolidSpec-3700 UV-Vis Spectrophotometer
in the range of 240-800 nm and baseline correction using

BaSO,. The absorbance of MB solution was measured
by 722E type visible spectrophotometer with absorption
wavelength of 664 nm, and the photocatalytic degradation
efficiency of compound 1 was calculated by the Eq. (1).

(A[ _AO)
A .

0

A standard three-electrode system was adopted on
Chenhua Chi750e electrochemical workstation with Ag/AgCl
as the reference electrode, platinum electrode as the opposite
electrode and Na,SO, solution (1 mol/L) as the electrolyte.

2.2. Synthesis of compound 1
2.2.1. [Pb(ox)(phen),]-5H,0 1

A mixture of Pb(CH,COO),:3H,0 (0.50 mmol, 163 mg),
1,10-phen (0.50 mmol, 90 mg), H,ox (0.50 mmol, 63 mg) were
dissolved into 15 mL H,O. The solvent was stirred for 4 h at
room temperature. Its pH was then adjusted to 6 with satu-
rated oxalic acid solution. The obtained mixture was sealed
in a 25 mL Teflon autoclave reactor and heated at 170°C for
4 d under autogenous pressure. The yellow crystals were
finally getting in 48% yield (based on Pb(Il)). Anal. Calcd. for
C,.H,;N,O,Pb (%): C, 42.85; H, 2.35; N, 7.68. Found: C, 42.24;
H, 2.44; N, 7.58. IR (cm™): 1,609 s, 1,568 s, 1,511 s, 1,428 s,
1,303 s,1,223s,1,139m, 1,091 m, 845 s, 768 m, 729 s, and 563 s.

2.3. X-ray crystallography

Crystallographic data for compound 1 was collected on
a Siemens SMART CCD diffractometer with Mo-Ka. radia-
tion (A =0.71073 A). The structure was solved by direct meth-
ods using the SHELXTL program and specified on F? using
SHELXL-2014 package by full-matrix least-squares methods.
All non-hydrogen atoms of compound 1 obey anisotropy
and all hydrogen atoms of the ligands were positioned at
calculated positions and refined by the riding mode. CCDC
number is 2190555. Solvent molecules were treated with
squeeze and 5H,0 molecules were shown for compound 1
by elemental analysis and TG. The crystallographic data of
compound 1 is shown in Table 1.

2.4. Photocatalytic degradation

The photocatalytic performance of compound 1 was
tested by the degradation rate of methylene blue (MB) under
the irradiation of visible light. Prepare a MB solution with
an absorbance of 1 and adjust the pH =4, 7, 10 of MB with
NaOH and H,SO,. The 40 mg of compound 1 was dissolved
in 80 mL MB solution and dark for 30 min to achieve adsorp-
tion and desorption. Finally, the solution was irradiated
with a xenon lamp and visible light for 70 min, centrifuged
every 10 min and its absorbance was measured.

2.5. Electrochemical testing

The 5 mg compound 1 was dispersed in the mixed
solution of 0.5 mL ethanol, 0.5 mL pure water and 5 pL
Nafion, then the mixed solution was vibrated ultrasonic for
30 min. The above suspension was coated on the cleaned
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glass carbon electrode (¢ 3 mm). Finally, the working
electrode was prepared by drying at room temperature.

3. Results and discussion
3.1. Hydrothermal synthesis of coordination polymer

The most common method for synthesizing coordina-
tion polymers is hydrothermal synthesis. The reaction time,
temperature and pH have an extremely important influ-
ence on the crystal formation, so we explored the optimal
reaction conditions in the trial. Compound 1 was obtained
from the reaction for 4 d in a 170°C oven. The crystals
shape are regular and have a high purity at pH = 6.

3.2. Structural description
3.2.1. [Pb(ox)(phen),l-5H,0

X-ray single-crystal analysis revealed that compound 1
is a oxalate-bridged chained Pb* coordination polymer with
ancillary phen ligands. It crystallizes in space group C__ .
As shown in Fig. 1, its asymmetric unit contains one Pb(II)
atom (Pbl), one oxalate ion (ox) and two phen molecules.
Pb(Il) is located in a five-fold coordinated by four ox oxy-
gen atoms (O1, Ola, Ol1b, Olc) and one phen nitrogen atom
(N1) (Fig. S1). The bond length of Pb-O_ is 2.690(9) A and
that of Pb-Nphen is 2.723(10) A. Both bond lengths are com-
parable to those in the reported compounds, proving that
these bonds are present [44,45]. As shown in Fig. 1, ox ligands
adopt the p,-bridging mode, which use four O atoms (O1,
Ola, O1d, Ole) bond two Pb(Il) centers, expanding the com-
pound 1 into a 1-D limitless chain in a direction with phen

Table 1
Crystallographic data for compound 1

Empirical formula C,H,;N,O,Pb
M 737.61
Crystal system Orthorhombic
Space group Coonm
a(A) 19.3535(10)
b (A) 6.8144(4)
c(A) 9.6731(10)
o (%) 90
B () 90
v ) 90
V (A3 1,275.71(17)
z 2
D, (g/cm®) 1.686
u(Mo-Ka) (mm™™) 13.177
F(000) 612
Total data 1,489
Unique data 735

- 0.0474
GOF 1.081
R, [I>20(D)] 0.0448
wR, [all data] 0.1048

as auxiliary ligands. Interestingly, phen ligands are located
on the both sides of the chain, where adjacent phen mole-
cules between the layers form the 7...7 stacking interactions
with the plane-to-plane distance (d) of 3.26 A, which make
the 1-D chain into a 2-D supramolecular layer (Fig. 2).

3.3. IR analysis

The IR spectral analysis of the compound 1 is shown
in Fig. S2. The infrared absorption peaks (cm™) of the com-
pound: 1,609 s, 1,568 s, 1,511 s, 1,428 s, 1,303 s, 1,223 m,
1,139 m, 1,091 m, 845 s, 768 m, 729 s, and 563 s.

The peak at 1,609 cm™ is the stretching vibration of
the (COO) of carboxylic acid [31,39], which indicates that
the oxalic acid has coordinated with Pb(Il). Also, it can be
observed that there are obvious peaks at 1,568 and 1,223 cm™,
which are ascribed to the stretching vibration of C=N and
C-N, respectively [46], indicating that phen has also been
introduced into the resulting framework of compound 1.

3.4. TG analysis

The thermal stability of compound 1 was tested at
25°C-800°C. As shown in Fig. 3, compound 1 undergoes two
steps of weight loss. The first step in weight loss should be
ascribed to the removal of lattice water molecules (Found:

Fig. 1. The 1-D chain structure for compound 1 (symmetric code
a:—x+1, —y+1, —z+1; b: x, y, —z+1; ¢: =x+1, —y+1, z; d: —x+1, —y+2, z;
e —x+1, —y+2, —z+1).

1D Chain

1D Chain

1D Chain

Fig. 2. The 2-D chain structure for compound 1.
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10.96%, Calcd.: 12.21%). The weight loss in the second-step
is in the temperature range of 250°C-300°C and the weight
loss is attributed to the loss of all the ligands (Found:
58.40%, Calcd.: 57.53%). The final material left is PbO
(Found: 30.64%, Calcd.: 30.26%).

3.5. UV-Vis absorption spectra and band gap

We studied the UV-Vis diffuse reflection of compound
1 and estimated its band gap value. The UV-Visible diffuse
reflection test consequence showed that compound 1 had
a photoresponse in the UV region. According to the Tauc
plot method [47], we reckoned the band gap energy (E ) of
compound 1 based on the relationship of (ahv)?* and hv and
it was 2.58 eV (Fig. 4). After calculation, it can be seen that
the compound 1 had a relatively narrow band gap value,
which explained that it had a photoresponse at visible light.

100

904
80 -
70
60 4

Weight (%)

50 4

404

304

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 3. Thermogravimetric curve of compound 1.
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The band gap was counted by Eq. (2).

(ahv)" = A(hv-E,) @)
where o is absorption index, h is Planck constant, v is
frequency, A is constant [22].

3.6. Photocatalytic property

In this experiment, MB was used as a template dye to test
the photocatalytic property of compound 1 under the irra-
diation of visible light with xenon lamps [48]. According to
the study, pH and H,0O, have important effects on the pho-
tocatalytic property of coordination polymer. It was found
that the degradation rate of MB was obviously higher with
the increase of pH (Fig. 5). The reason may be that with the

1.6

50
1.4

40
1.24 Z30

Eg=258¢V

Abs.

0
1.5 2.0 25 30 35 40 45 5.0
hv

500 600 700

Wavelength (nm)

300 400 800

Fig. 4. UV-Vis absorption spectra and Tauc plots of compound 1.
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Fig. 5. Methylene blue degradation profile of different conditions under visible light irradiation.
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increase of pH, the OH~ content in the solution increases, so
that more OH" is converted into hydroxyl radicals, thereby
improving the photocatalytic performance of the com-
pound [49]. Besides, the degradation efficiency of MB with
H,O, (pH = 4: 56.95%; pH = 7: 76.77%; pH = 10: 95.69%)
was higher than that without H,O, (pH = 4: 46.65%; pH = 7:
54.34%; pH = 10: 61.20%) (Fig. 6). This is because when
exposed to visible light, H)O, decomposes into hydroxyl
radicals, which interfere with the combination of hole and
electron, thus enhance the photocatalytic performance [50].

Cycling experiments were performed to understand
the repeatability of compound 1. As shown in Fig. 6, after
5 cycles, the degradation efficiencies of MB without and
with H,O, were decreased by 1.08% and 1.46%, respectively.
The small decrease in degradation efficiency may be due to
the little loss of sample in the recovery experiment.

It was found that the degradation speed of MB raised
with time. As shown in Fig. 7, the relationship between
In(C/C,) and time t is as follows:

In g =—kt
CO
where C, is the concentration of MB at time f, C, is the

initial concentration of MB, and k is the apparent rate
constant of MB for compound 1. It can be seen that the

®)

70

61.03 60.81 60.67 60.39  60.11

[ - F uh =
= = = = =

MR degradation rate (%)

=

=

1 2 3 4 5
Cyele number

Fig. 6. Compound 1 recycling experiments in methylene blue
(a); pH=10, add compound 1 and H,0O, for (b).
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concentration of MB has a first-order kinetic relationship
with the time of visible light irradiation.

The photocatalytic degradation efficiency of com-
pound 1 for MB in different traps was investigated. The
addition of ethylenediaminetetraacetic acid (EDTA) which
acts as holes scavenger. Isopropanol (IPA) and p-benzo-
quinone (PBQ) are used as hydroxyl radicals and superox-
ide radicals scavenger. It was found that when IPA or PBQ
were added to the solution, there was only a small floating
drop in the degradation efficiency. However, when EDTA
was added, the degradation efficiency decreased by 33.4%
(Fig. 8). Therefore, holes play a dominant role in the entire
photocatalytic degradation process.

In order to better understand the photocatalytic mech-
anism of compound 1 under visible light. The energy band
level of compound 1 was analyzed using the Mott-Schottky
curve. As shown in Fig. 9, the positive slope of the Mott—
Schottky curve for compound 1 indicates that the compound
1 is an n-type semiconductor. The flat band potential is
-0.48 eV (vs. Ag/AgCl). In generally, the conduction band
(CB) potential of n-type semiconductor is 0.1 V less than the
flat band [51], so its conduction band potential is —0.58 eV.
According to the formula E, = E, mear 0.197 V [52], the
conduction band potential is -0.383 eV vs. the normal hydro-
gen electrode, which is lower than O,/*O,” redox potential
(-0.33 eV). This shows that compound 1 can reduce O, to
‘O, by e~

1004 9537 9503 94.87 9441 9423

804

60+

MB degradation rate (%)

1 2 3 4 5
Cycle number

photodegradation. Conditions: pH = 10, add compound 1 for

R’ =0.99406
k =0.04378

0 10 20 _30 40 50 60 70
Time (min)
(b}

Fig. 7. Determination of kinetic parameters. Conditions: pH =10, add compound 1 for (a); pH = 10, add compound 1 and H,0O, for (b).
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Fig. 8. Photocatalytic degradation efficiency of methylene blue
by compound 1 in different scavengers.
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Fig. 9. Mott-Schottky plots of compound 1.

The valence band (VB) (vs. NHE) of compound 1 was
estimated to be 2.197 eV based on the band gap energy
(2.58 eV). The redox potential is higher than that of OH-/*OH
(1.99 eV), so the holes can oxidize OH™ to *OH. According
to the above speculation, the mechanism of photocatalytic
degradation of MB by compound 1 under visible light may
be as follows (Fig. 10):

CP-Pb+hv —>h" +e” @
0,+e =0, (D)
OH +h" —» "OH (I11)
‘O, + MB — oxidation productions 1v)
‘OH + MB — oxidation productions V)
h™ + MB — oxidation productions (VD)

Potential vs. NHE

2.5

o

¥ on

Fig. 10. Possible photocatalytic mechanism of compound 1 in
visible light.

H,0,+e” —OH +°OH (V)

4. Conclusions

In summary, we reported the synthesis, structural char-
acterization and photocatalysis property of a Pb(Il) coordi-
nated polymer [Pb(ox)(phen),]-5H,0 1. Based on the infor-
mation obtained, several conclusions have been drawn: (i)
through the analysis of UV-Vis diffuse reflectance and band
gap calculation results, it is found that the catalyst has a
photoresponse at visible light; (ii) compound 1 was found
to be a potential visible photocatalyst based on the photo-
catalytic analysis. Photocatalytic degradation efficiency
is as high as 95.69% under the irradiation of visible light
and xenon lamp. Meanwhile, the photocatalytic results are
consistent with first-order kinetics; (iii) it is worth noting
that cycle effect of compound 1 is also excellent. After five
cycles, the photocatalytic efficiency with and without H,0,
decreased by only 1.46% and 1.08%, respectively; (iv) it is
also discussed which free radical plays the dominant role
in the photocatalytic process. (v) Meanwhile, we speculated
the possible reaction mechanism based on the Mott-Schottky
curve. Therefore, the photocatalytic analysis suggests that
compound 1 is a potential visible photocatalyst.
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Fig. S1. Coordination environment of Pb* center in com-
pound 1 (symmetric code a: —x+1, —y+1, —z+1; b: x, y, —z+1; c

-x+1, —y+1, z). Fig. S2. Infrared spectrogram of compound 1, phen and H,ox.
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Bond precision: C-C=0.0180 A Wavelength=1.54184
Cell: a=19.3535(10) b=6.8144(4) c=9.6731(10)
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Calculated Reported
Volume 1,275.71(17) 1,275.71(17)
Space group o o
Hall group -C22 -C22
Moiety formula C,,H,N,O,Pb [+ solvent] C,,HN,O,Pb
Sum formula C,,H,N,O,Pb [+ solvent] C,,HN,O,Pb
Mr 647.56 647.55
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F000 605.50
Bk, 1. 23,8,11 23,8, 11
ot 743 735

T . T.. 0.795, 1.000
T ’

min
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The following ALERTS were generated. Each ALERT has the format
test-name_ALERT _alert-type_alert-level.

Click on the hyperlinks for more details of the test.

@ Alert level B
PLAT241_ALERT_2_B High "‘MainMol’ Ueq as Compared to Neighbors of 01 Check

o Alert level C
PLATO053_ALERT_1_C Minimum Crystal Dimension Missing (or Error) ... Please Check
PLAT054_ALERT_1_C Medium Crystal Dimension Missing (or Error) ... Please Check
PLATO055_ALERT_1_C Maximum Crystal Dimension Missing (or Error) ... Please Check
PLAT242_ALERT_2_C Low ‘MainMol’ Ueq as Compared to Neighbors of ... Pb1 Check
PLAT342_ALERT_3_C Low Bond Precision on C-C Bonds ... 0.018 Ang.
PLAT975_ALERT_2_C Check Calcd Resid. Dens. 0.82Ang From C6 0.68 eA-3
And 4 other PLAT975 Alerts
More ...
PLAT976_ALERT_2_C Check Calcd Resid. Dens. 0.89Ang From O1 -0.49 eA-3

o Alert level G
PLAT004_ALERT_5_G Polymeric Structure Found with Maximum Dimension 1 Info
PLAT199_ALERT_1_G Reported _cell_measurement_temperature ... (K) 293 Check
PLAT200_ALERT_1_G Reported _diffrn_ambient_temperature ... (K) 293 Check
PLAT300_ALERT_4_G Atom Site Occupancy of N1 Constrained at 0.5 Check
And 6 other PLAT300 Alerts
More ...
PLAT301_ALERT_3_G Main Residue Disorder ... (Resd 1) 52% Note
PLAT605_ALERT_4_G Largest Solvent Accessible VOID in the Structure 104 A**3
PLAT789_ALERT_4_G Atoms with Negative _atom_site_disorder_group # 7
Check
PLAT811_ALERT_5_G No ADDSYM Analysis: Too Many Excluded Atoms ...! Info
PLAT869_ALERT_4_G ALERTS Related to the Use of SQUEEZE Suppressed ! Info
PLAT912_ALERT_4_G Missing # of FCF Reflections Above STh/L = 0.600 8 Note
PLAT941_ALERT_3_G Average HKL Measurement Multiplicity ... 2.0 Low
PLAT961_ALERT_5_G Dataset Contains no Negative Intensities ... Please Check
PLAT978_ALERT_2_G Number C-C Bonds with Positive Residual Density 0 Info
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