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Four new Zn(i) and Cd(i) coordination polymers
using two amide-like aromatic multi-carboxylate
ligands: synthesis, structures and lithium—selenium
batteries applicationt
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Four new coordination polymers, {{Zn(3-PBI)(H,O)l-2DMF},, (1), [Cd(3-PBI)(DMF)], (2), {[Zn4(ps-O)(4-PBI)s] -
3DMPF}, (3), {[Cd4(4-PBI)4(H,0)el-13H,0},, (4), have been constructed from two isomeric flexible multi-
carboxylate ligands, 3-H,PBlI = 5-(3-(pyridin-3-yllbenzamido)isophthalic acid and 4-H,PBl = 5-(3-
(pyridin-4-yl)benzamido)isophthalic acid. Structural analysis reveals that compound 1 is a one-
dimensional (1D) ladder-like chain assembled by Zn(i) ions and 3-PBI?~ ligands, which further extend
into a 3D supramolecular structure through -7 stacking and interlayer (O—H---O) hydrogen bonding
interactions. In compound 2, Cd?* metal ions are connected by carboxylate groups to form [Cd,(COO)l
secondary building units (SBUs). The whole framework possesses a quadrilateral channel and constitutes
a unique 3D (3,6)-connected rutile net with the Schlafli symbol of (42-61°-8%)(4-62),. As for 3, Zn(i) ions
are bridged by one p4-O and six carboxylate groups to form a tetranuclear [Zn4(ps-O)COO)g] cluster,
resulting in a rare (3,9)-connected 3D network. Compound 4 has an appealing 2D layered architecture
involving two distinct topologies in the crystal structure, stacking in an unusual ABBABB mode (where A
represents (4-82) topology and B denotes kgd topology). Moreover, compound 2 is prepared as
a support for active selenium through a melt-diffusion method. The obtained Cd-CP/Se electrode can
be tested for lithium—selenium batteries and shows an initial capacity of 514 mA h g~* and a reversible
capacity of 200 mA h g~ at 1C after 500 cycles. The good storage performance of Cd-CP/Se
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Introduction

Over past decades, coordination polymers (CPs), as crystalline
functional materials with intriguing network structures by self-
assembly of metal ions/clusters and organic ligands,' have
rapidly progressed due to their versatile utility in potential
applications, such as proton conductors,® heterogeneous cata-
lysts,” magnetism,® gas storage and separation,” luminescence
sensors,' and supercapacitors."* However, their crystallization

“School of Chemistry and Environment, South China Normal University, Guangzhou
Key Laboratory of Materials for Energy Conversion and Storage, 510006, P. R.
China. E-mail: linxm@scnu.edu.cn; caiyp@scnu.edu.cn

*School of Environment and Energy, South China University of Technology,
Guangzhou, Guangdong 510006, China

‘Key Laboratory of Theoretical Chemistry of Environment, Ministry of Education,
School of Chemistry and Environment, South China Normal University, Guangzhou
510006, P. R. China

State Key Laboratory of Supramolecular Structure and Materials, College of
Chemistry, Jilin University, Changchun 130012, P. R. China

T Electronic supplementary information (ESI) available. CCDC 1855125-1855130
for ligands and compounds 1-4. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/c9ra02163a

14750 | RSC Adv., 2019, 9, 14750-14757

demonstrates it to be a prospective cathode material for lithium—selenium batteries.

is a complicated process and is dependent on many experi-
mental factors, including the nature of the organic linkers, the
coordination preferences of the metal ions, the ratios of the raw
materials, the temperature and solvents, as well as the possible
inclusion of guest components within the coordination
lattice.”"* Among these factors, selection of the right ligands
with a certain functionality and flexibility could be the most
rational way to obtain predictable frameworks and proper-
ties.'** The semi-rigid multitopic organic ligands, such as
amide-connected N-heteroaromatic carboxylate ligands, meth-
ylene- or ether-linked aromatic tetracarboxylate ligands,'*™®
have attracted much attention in the formation of porous or
nonporous CPs, since the freely rotating amide/methylene/ether
groups can adopt a variety of conformations via bending,
stretching, or twisting. Despite the great achievements that have
been made, it is still a challenge for crystal engineers to ratio-
nally design and synthesize new coordination polymers with
certain characteristics.

We have been working on the self-assembly of crystal engi-
neering and application in the field of energy conversion and
storage.>** As a continuation of our research work, herein, we

This journal is © The Royal Society of Chemistry 2019
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chose two semirigid amide-linked aromatic polycarboxylate
ligands and successfully synthesized four new coordination
polymers, {[Zn(3-PBI)(H,0)]-2DMF},, (1), [Cd(3-PBI)(DMF)], (2),
{[Zn4(14-0)(4-PBI);]- 3DMF},, (3), {[Cd4(4-PBI)4(H,0)e]- 13H,0},
(4) by two isomeric multi-carboxylate ligands, 5-(3-(pyridin-3-yl)
benzamido)isophthalic acid and 5-(3-(pyridin-4-yl)benzamido)
isophthalic acid (Scheme 1). Compound 1 features a 1D
ladder-like chain. While compound 2 is a 2-fold inter-
penetrating (3,6)-connected rutile net. Compound 3 has a rare
(3,9)-connected 3D network. In the case of 4, it reveals
intriguing 2D layers structure involving two distinct topologies
of (4-8%) and kgd nets. Moreover, porous compound 2 was
evaluated as a host for lithium-selenium batteries. The fabri-
cated Cd-CP/Se electrode presents an initial capacity of
514 mA h g " at 1C and a reversible capacity of 200 mA h g *
after 500 cycles.

Experimental section
General information

Organic ligands 5-(3-(pyridin-3-yl)benzamido)isophthalic acid
(3-H,PBI) and 5-(3-(pyridin-4-yl)benzamido)isophthalic acid (4-
H,PBI) were synthesized according to reported methods.>**
Infrared spectra were collected with KBr pellets on a Nicolet/
Nexus-670 FT-IR spectrometer. Elemental analyses were ob-
tained by a PerkinElmer 240 elemental analyzer. Thermogravi-
metric analyses (TGA) were conducted on a Netzsch Thermo
Microbalance TG 209 F1 Libra from room temperature to 900 °C
with a heating rate of 10 °C min~ ' under N, atmosphere.
Powder X-ray diffraction patterns (PXRD) were recorded on
a Bruker D8 Advance diffractometer with a Cu target tube and
a graphite monochromator.

Preparation of compounds 1-4

Compounds 1 and 2 were synthesized as follows: a mixture of 3-
H,PBI (18 mg, 0.05 mmol), DMF (3 mL), water (3 mL),
Zn(NO3),-6H,0 (59 mg, 0.2 mmol) for 1 and Cd(NO;), 4H,0
(24 mg, 0.1 mmol) for 2 were sealed in Teflon-lined autoclaves,
respectively. Then the reactants were heated under autogenous
pressure at 110 °C for three days. After cooling to room
temperature, crystals were filtered and dried in air. For
compounds 3 and 4, the reaction procedures were similar to
those of 1 and 2 but using 4-H,PBI instead of 3-H,PBI.

N
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HN COOH HN COOH
3-H,PBI 4-H,PBI
COOH COOH

Scheme 1 Structures of 3-H,PBI and 4-H,PBI ligands.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

{[Zn(3-PBI)(H,0)]-2DMF},, (1)

Yield: 19.2 mg (65%, based on ligand). Anal. caled for
C,6H,eN,04Zn: C, 52.76; H, 5.11; N, 9.47%. Found: C, 52.73; H,
5.09; N, 9.51%. FT-IR (KBr, cm '): 3429(m), 1667(w), 1622(m),
1566(vs.), 1436(m), 1378(s), 1068(w), 756(w), 624(m).

[Cd(3-PBI)(DMF)], (2)

Yield: 16.1 mg (59%, based on ligand). Anal. caled for
C13H19N;04Cd (%): C, 50.42; H, 3.86; N, 7.67%. Found: C, 50.45;
H, 3.87; N, 7.69%. IR (KBr, cm™"): 3429(w), 1660(vs.), 1622(s),
1566(vs.), 1376(s), 1101(w), 784(w), 719(w), 615(w).

{[Zn,(14-0)(4-PBI);]- 3DMF},, (3)

Yield: 16.0 mg (61%, based on ligand). Anal. caled for
CeoHs,NoOy0Zn,: C, 52.32; H, 4.01; N, 7.96%. Found: C, 52.39;
H, 3.99; N, 7.93%. IR (KBr, cm ™ %): 3391(m), 1658(vs.), 1619(s),
1557(vs.), 1369(vs.), 1104(w), 779(s), 725(s), 601(w).

{[Cd4(4'PBI)4(H20)6] : 13H20}n (4

Yield: 17.6 mg (63%, based on ligand). Anal. caled for
CgoHgeNgO30Cd,: C, 42.87; H, 4.23; N, 5.00%. Found: C, 42.88;
H, 4.27; N, 5.03%. IR (KBr, cm™"): 3429(m), 1612(m), 1557(vs.),
1386(vs.), 1058(w), 855(w), 780(w), 723(w), 624(w).

X-ray structure determination

X-ray diffraction data were collected with a Bruker APEX II
diffractometer (Mo-Ka radiation, A = 0.71073 A) at 296 K.
Absorption correction and space group determination were
performed by a multi-scan method implemented in SADABS
and XPREP implemented in APEX II, respectively. Structures
were solved and refined using direct methods and full-matrix
least-squares on F° (SHELXL-2014).® Hydrogen atoms on
carbon were calculated with isotropic placement parameters
used to calculate hydrogen atoms on carbon in ideal positions.
The lattice solvent molecules were highly disordered in the
structures of 1, 3, and 4, and their contributions to scattering
were removed using the SQUEEZE routine of PLATON.*® Then
the generated data was further used to refine the final struc-
tures. Crystallographic data and selected bond lengths are
summarized in Tables 1 and S1.}

Preparation of Cd-CP/Se

Selenium powder was thoroughly mixed and ground with the
prepared compound 2 (Cd-CP) with a mass ratio of 4 : 1. Then
the mixture was calcined at 260 °C in a tube furnace for 6 hours
to generate Cd-CP/Se.

Electrochemical measurement

The electrochemical behavior of the as-prepared Cd-CP/Se was
performed using coin-type half cells (2032 type) with an Li
counter electrode. The working electrode consisted of the active
material, super P carbon black, and La'*? binder in a weight
ratio of 8:1:1. The slurry was then coated onto a piece of
aluminum current collector, which was dried at 55 °C for 12 h. A
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Table 1 Crystallographic data and structure refinement summary for 3-H,PBI, 4-H,PBI ligands and 1 to 4

Compound 3-H,PBI 4-H,PBI 1 2 3 4
Empirical formula CyoH14N,05 CyoH14N,05 C,6Hsg N,OgZn C,3H1oN306,Cd CeoH5,NgO19Zn, CgoHgeNgO3Cd,
Formula weight 362.33 362.33 589.93 545.81 1577.88 2233.17
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P24/c P2,/c P2,/c P24/c Cc C2/c

a (&) 7.402(2) 8.688(3) 15.0740(9) 10.025(3) 22.1033(4) 31.546(4)

b (&) 22.549(7) 14.484(5) 16.3655(8) 21.289(6) 22.4179(3) 34.778(5)

c (&) 9.801(3) 13.227(4) 10.0160(4) 10.318(3) 17.5597(3) 17.965(2)
a° 90 90 90 90 90 90

8 101.137(5) 99.333(6) 94.591(4) 104.201(5) 125.335(2) 119.169(2)
v () 90 90 90 90 90 90

Vv (A% 1605.0(9) 1642.5(9) 2463.0(2) 2134.9(11) 7098.1(2) 17 210(4)

Z 4 4 4 4 4 4

p (cald.) (mg m?) 1.499 1.465 1.197 1.698 1.390 1.724

T (K) 296 296 296 296 296 296

I (mmfl) 0.110 0.107 1.667 1.070 2.176 1.075
F(000) 752 752 904 1096 3028 9008

Rint 0.1334 0.0548 0.0675 0.0508 0.0857 0.1135
GOF 1.015 1.055 1.016 1.018 1.034 1.010

Ry [I>20(D)]" 0.0453 0.0491 0.0740 0.0444 0.0477 0.0713

WR, (all data)b 0.1049 0.1197 0.1967 0.1124 0.1312 0.2039

2Ry = S \IFo| = |Fell/SS|Fo|- 2 WRy = {S[W(Fo? — F2Y S (Fo?)??, where w = 1/(0°(F,2) + (aP)? + bP), P = (F,>+ 2F.%)/3. ° Distorted solvent molecules
were calculated by the PLATON/SQUEEZE program and confirmed by EA, which is not shown in final formula in CIF files.

Celgard 2300 membrane was used as a separator. 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in a mixture of 1,3-
dioxolane (DOL) and 1,2-dimethoxyethane (DME) (v/v = 1:1)
was used as the electrolyte. The electrode coating thickness was
about 250 pm, whereas the Se mass loadings were approxi-
mately 1.5-2 mg cm ™2, The galvanostatic charge/discharge tests
were performed between 1.7 V and 2.7 V by using the LAND
CT2001A multichannel battery testing system at room temper-
ature. Cyclic voltammetry (CV) measurements were taken on
a CHI660C Electrochemical Workstation at a scan rate of 0.1 mV
s~ ' in a potential range of 1.7-2.7 V (vs. Li*/Li).

Results and discussion
Syntheses and structural description and characterization

Compounds 1-4 were synthesized under similar solvothermal
systems at 110 °C by using two isomeric semi-rigid N-containing
multi-carboxylate ligands (3-H,PBI and 4-H,PBI). Fortunately,
crystals of the two ligands were obtained by recrystallization in
DMF solvent at ambient temperature and then allowed to stand
for one week, which was confirmed by X-ray crystallography
(Fig. S1 and S21). Reaction of the above-mentioned ligands with
Zn(u) and Cd(u) salts in DMF/H,O mixed solvents at 110 °C
under autogenous pressure in an autoclave formed crystals 1 to
4, respectively. The FT-IR spectra of crystals 1 to 4 are shown in
Fig. S3.1 The consistent PXRD patterns between experimental
products and simulation confirmed the successful preparation
and good phase purity of these compounds (Fig. S47). Structural
analysis shows that 1 crystallizes in a monoclinic system with
space group P2,/c. The asymmetric unit consists of a Zn(u) ion,
one 3-PBI’” ligand, one coordinated water molecule and two
DMF molecules in the lattice. The central Zn(u) is five-
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coordinated by four oxygen atoms, three of which (014, 024,
03B) are from two equivalent 3-PBI*~ ligands, (O1W) is from
a coordinated water molecule, and one nitrogen atom (N2) from
another 3-PBI*~ ligands to furnish a distorted trigonal bipyra-
midal geometry. The Zn-O bond lengths are in the range of
1.956(4)—2.043(5) A, which are consistent with the range of Zn-
based coordination polymers reported previously.**** As shown
in Fig. 1a, adjacent Zn>" ion sites are linked by 3-PBI* ligands
to generate a one-dimensional (1D) chain with a Zn---Zn
distance of 10.016(1) A (Fig. 1b). If the organic 3-PBI*~ ligand
and Zn atoms act as trinodal geometry, this 1D chain could be
described as a ladder-like chain (Fig. 1c). Moreover, the

Fig.1 Crystal structure of 1. (a) Coordination environment of Zn(i) ion.
Symmetry code, (A)2 —x,2—y,1—2z;(B)2—x,2 —y, 2 — z. AllH atoms
are omitted for clarity. (b) 1D inorganic Zn-chain connected through
3-PBI?~ ligands. (c) View of 1D coordination polymer ladders along b-
axis. (d) 3D supramolecular architecture.

This journal is © The Royal Society of Chemistry 2019
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neighboring ladder moieties are further connected to each
other via face-to-face m-- -7 stacking interactions with a distance
of 3.784 A between the parallel benzene rings of the 3-PBI*~
ligand, resulting in 2D layers in the ab plane (Fig. S51). Finally,
the adjacent 2D layers are further extended into a 3D supra-
molecular structure through the interlayer (O-H---O) hydrogen-
bonding interactions (Fig. 1d).

Compound 2 also crystallizes in the monoclinic space group
P2,4/c. As illustrated in Fig. 2a, the coordination environment of
Cd(u) shows a distorted octahedral geometry, defined by four
oxygen atoms (01, 02, 03A, O4B) of three carboxylate groups,
one nitrogen (N2C) of the pyridine ring from the 3-PBI*~ ligands
and one oxygen atom (06) from one coordinated DMF molecule.
Two adjacent Cd(u) ions are linked through the isophthalate
groups of the 3-PBI*>~ ligand, leading to the formation of 1D
infinite linear chains along the g-axis with classical binuclear
[Cd,(COO0),] secondary building units (SBUs). Additionally, the
adjacent [Cd,(COO),] SBUs are also combined with the pyridyl
group of the ligands to constitute a unique 3D framework with
a quadrilateral channel (Fig. 2b). After omitting DMF solvent
molecules, PLATON analysis exhibits that the solvent accessible
volume is 24.6% per unit cell volume [524.9/2134.9 A®]. The
network topological approach by reducing a complicated
structure to simple node-and-connector nets has been used
extensively in the analyses of structures. Topologically, each 3-
PBI*~ ligand acts as a 3-connector and each Cd(n) unit plays the
role of a 6-connecting node (Fig. 2¢), resulting in the configu-
ration of a (3,6)-connected rutile (rtl) net with the Schlifli
symbol of (4>-6'°-8%)(4-6%), simplified by the TOPOS program.*
In particular, it should be noted that compound 2 retains its

Fig. 2 Crystal structure of 2. (a) The coordination environment of the
Cd(i) ion. Symmetry code, (A)1 —x, 1 —y, —z; B) x,y, =1+ z; (C) 2 — x,
—0.5+y, 0.5 — z. (b) Polyhedral view of 3D network along the ab plane.
(c) Schematic representation of the 3D rutile topology. (d) Schematic
representation of the 2-fold interpenetrating rutile topology. All
hydrogen atoms are omitted for clarity.
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self-interpenetrating structure by interweaving two identical
structures with each other to form a rutile array (Fig. 2d).
Compound 3 features a 3D framework and crystallizes in the
monoclinic space group Cc. As shown in Fig. 3a, the Zn1, Zn2,
Zn3 and Zn4 ions are bridged by one p,-O atom and six
carboxylate groups to form a tetranuclear [Zny(p,-O)(COO)s]
cluster. In this moiety, Zn1(u), which is similar to Zn2(u) and
Zn4(u) in its coordination environment, is five-coordinated with
a distorted square pyramid geometry involving three oxygen
atoms from two carboxylate groups, one p,-O atom and one
nitrogen atom. While the remaining Zn3(u) employs a four-
coordinated mode, showing a tetrahedral coordination envi-
ronment with three oxygen atoms from carboxylate groups and
one 1,-O atom. The adjacent [Zn,(},-0)(COO),] cluster is con-
nected through the isophthalate groups of the 4-PBI* ligand,
leading to the formation of a 3D framework with a one-
dimensional (1D) channel (Fig. 3b). Topologically, the connec-
tion of the centrosymmetric tetranuclear Zn cluster [Zn,(p,-
0)(CO0),] serving as the hexatopic basic SBU and the ligand 4-
PBI’>" acting as a trinodal building block result in a three-
dimensional (3D) (3,6)-connected network topology, which can
be described as a diamond net (Fig. 3c). On the other hand, it is
interesting to find that each 4-PBI*~ ligand further links three
the SBUs using its isophthalate groups and pyridine in the ps-

Fig. 3 Crystal structure of 3. (a) Coordination environment of Zn(i)
ions. (b) View of the 3D framework. (c) Topological view of the 3D
diamond structure. (d) Coordination environment of the 4-PBI*~
ligand. (e) View of the intricate 3D structure constructed from zinc
clusters and 4-PBI?~ ligands. (f) Topological view of the 3D (3,9)-
connected network with the Schlafli  symbol of (4-6),
(4-2°-2%.819),(6%).

RSC Adv., 2019, 9, 14750-14757 | 14753
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n“n'm*n'in' bridging mode to form a more intricate (3,9)-
connected 3D network with the unusual Schléfli symbol of
(4-6%),(4-2°-2*-8"),(6%) (Fig. 3d-1).

Compound 4 is classified as monoclinic with C2/c space
group. The metal Cd1(u), which is similar to Cd2(u), possesses
a slightly distorted pentagonal bipyramidal geometry, in which
four oxygen atoms (01, 02, O3A, O4A) from bidentate chelating
carboxyl groups, one nitrogen atom (N4) from pyridine located
in the equatorial plane and two water molecules occupy the
axial positions (Fig. 4a). The seven-coordinated Cd1(u) and
Cd2(u) anions are linked together by a 4-PBI*>” ligand to
generate a 2D layered structure (Fig. 4c), which can be seen as
having (4-8%) topology by simplifying the ligand as a 3-con-
nected node and the Cd atom as a 3-connected node (Fig. 4d).
However, there exists another distinct coordination mode in the
structure. Both Cd3(u) and Cd4(u) are six-coordinated, sur-
rounded by one pyridine nitrogen atom, four carboxylate oxygen
atoms of four individual ligands and one water molecule
(Fig. 4b). The two adjacent Cd3(u) and Cd4(u) atoms are linked

(a) 073014v>)sa
03 o8
) " Cp=o 04
a~ b 4 b—’ 02w )\>~4 EF"!'
—.ﬂ‘\‘) —\%i }NL“} ‘) (:go:w "
o1 [
O‘Aowv 03A
0

\»—&2":’3 1 )‘3—\7‘?.‘

Fig. 4 Crystal structure of 4. (a) Coordination environment of Cd1()
and Cd2(i) ions; symmetry code: (A)x, 1 —y, 05+ z (B) 3 — x, -y, —z.
(b) Coordination environment of Cd3(1) and Cd4(i) ions; symmetry
code: (A)1.5—x,05—-y,2 -z (B)x,1—y, 0.5+ z. (c) Polyhedral view
of the 2D network constructed from Cdl(i) and Cd2(i). (d) (4-8?)
topology for the 2D layer constructed from Cd1(i) and Cd2(i). (e) View
of the 2D layered structure constructed from Cd3(i) and Cd4(i) SBUs.
(f) (3,6)-connected kgd topology 2D layer topology from Cd3(i) and
Cd4(i). (g) 2D layer stacked with ABBABB modes.
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by an isophthalic acid group to generate binuclear [Cd,(COO),]
SBU and each SBU is further connected by 4-PBI*~ to yield a 2D
layered network (Fig. 4e). From the perspective of topological
analysis, the layer can be described as a 2D (3,6)-connected kgd
topology with the Schlifli symbol of (4%),(4°-6°-8) (Fig. 4f). An
appealing structural feature in compound 4 is that the 2D layers
are stacked in the unusual ABBABB mode with two distinct
topological structures (Fig. 4g, where A represents (4-8%)
topology and B denotes kgd topology) in the crystal structure.

Compounds 1-4 are synthesized via self-assembly with two
isomeric polycarboxylate ligands under identical solvothermal
conditions. However, these compounds possess totally different
topologies and structures. Despite the carboxyl groups both
being deprotonated and participating in coordination, different
coordination modes of 3-PBI>~ and 4-PBI”~ ligands are a main
factor in the structural diversity. For 1, the 3-PBI>~ ligand
adopts a p;n'in'im'in' mode (Mode I, Scheme 2), connecting
with three Zn(u) ions to produce a 1D ladder-like chain. In
compound 2, each 3-PBI”~ ligand attaches four Cd(u) with p,-
ntm'nn'in' coordination mode (Mode II), resulting in the
formation of a (3,6)-connected rutile net. It is noteworthy that
one 3D net interweaves with another identical one to construct
a self-interpenetrating structure. In compound 3, each 4-PBI*>~
ligand adopts ps-nm*m'm'in' (Mode III) to link Zn(m) ions via
the bridging of a p,-O group, leading to an infinite (3,9)-con-
nected 3D network based on a tetranuclear [Zn,(,-O)(COO)4]
cluster. For compound 4, there are two different coordination
modes of the 4-PBI*” ligand. On one hand, a 2D layer with (4.8%)
topology is obtained by the assembly of each 4-PBI*~ ligand
with pz-n"m*mm'in' (Mode IV). On the other hand, another
2D layer with (3,6)-connected kgd topology is attained by the
construction of a 4-PBI*~ ligand with pzn'n*:m"n' (Mode V). It
is also attractive and unusual that there are two distinct topol-
ogies stacked in one crystal structure with a remarkable
ABBABB mode. A comparison of the structural features for these
complexes suggests that the coordination preferences of the
metals, the connectivity of the metal nodes as well as the
binding modes and protonation behavior of 3-PBI*>~ and 4-
PBI*” are responsible for the interesting architectural
variations.

Thermal analysis

Thermal gravimetric analysis (TGA) under an N, atmosphere
was carried out to examine the thermal stabilities of
compounds 1-4 (Fig. S61). According to the TGA curve of 1, the
first loss caused by the removal of two DMF and one water
molecule is 27.83% (caled 27.74%) and the second loss starting

« . ] Py = L
+1 Y hY :\ T\\ l‘t
g o £ 9!
< - \1 ‘x . e
S T T f
Y A -\o f f )
/ 4 A
LT AC A U
Mode | Mode Il Mode IlI Mode IV Mode V

Scheme 2 Coordination modes of 3-PBI>~ and 4-PBI?~ ligands in
compounds 1-4.
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spectra (EIS) before and after the cycling test.

from 450 °C can be attributed to the decomposition of the whole
framework. Compound 2 undergoes weight loss in the range of
120-260 °C (the loss of a coordinated guest DMF molecule, exp
13.26%, caled 13.34%) and 350-600 °C, respectively. As for 3,
the removal of three DMF molecules (exp 13.14%, calcd 13.84%)
corresponds to the slope from 100 to 250 °C. Compound 4
releases nineteen water molecules (six coordinated and thirteen
lattice H,O molecules) in the range of 30 to 150 °C (exp 15.08%,
caled 15.27%); then a sharp weight loss emerges at 300 °C due
to framework disintegration.

Electrochemical performance for lithium storage

Over past decades, porous coordination polymers, such as ZIF8
and MIL-101, have been developed as cathode hosts for Li-S, Li-
Se and Li-ion batteries due to their structural porosity and

This journal is © The Royal Society of Chemistry 2019

150 200 250
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100 300

curves of the initial three cycles. (b) Charge—discharge voltage profiles.
ent current densities from 0.1C to 4C. (e) Electrochemical impedance

functional = modifiability.*>** N, adsorption/desorption
isotherms of compound 2 show typical type-I microporous
characteristics with a surface area of 514 m”> g~' (Fig. S77).
Owing to the porosity of compound 2 (donated as Cd-CP),
herein, we mixed and ground selenium powder with Cd-CP
samples under thermal treatment to generate Cd-CP/Se, which
was then evaluated as a cathode material.

For the purpose of understanding the redox reaction of
selenium in the electrode, cyclic voltammetry profiles of Cd-CP/
Se electrodes were first recorded in a voltage window from 1.7 to
2.7 V at a sweep rate of 0.1 mV s~ '. As depicted in Fig. 5a, two
pairs of redox peaks can be observed in the CV curves, indi-
cating two-step phase transitions during the charge/discharge
processes. This phenomenon could be observed in other
ether-based electrolytes reported previously.***” The reduction
peaks, which appeared at 2.13 and 1.97 V, unambiguously attest

RSC Adv., 2019, 9, 14750-14757 | 14755
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to the reactions between selenium and lithium in the dis-
charging procedure. Se reduces to polyselenide Li,Se, (n = 4),
then further reduces to Li,Se in the lithiation process. Cathodic
peaks of the first cycle located at 2.25 V and 2.30 V show that
Li,Se converts to Li,Se, and Se in the delithiation process,
respectively.®®?° Then, the cathodic peaks move slightly to 2.23
and 2.28 V and run similarly in subsequent cycles, suggesting
that reversible reactions occur stably in the Cd-CP/Se electrode
and the porous structure can provide a good cycling stability
and improved coulombic efficiency during the subsequent
cycles.

Galvanostatic discharge-charge measurements were carried
out at 1C in the voltage range between 1.7 Vand 2.7 V at 25 °C to
estimate the lithium storage properties of Cd-CP/Se. Fig. 5b
shows the charge-discharge voltage profiles for different cycles
at the 1st, 2nd, 3rd, 10th, 50th, 100th, 250th, and 500th cycles of
the Cd-CP/Se cathode. Two representative plateaus of selenium
at 2.14 V and 1.99 V were observed in the discharge curves,
which is perfectly consistent with the result of the CV test. The
cycling performance and the coulombic efficiency of Cd-CP/Se
composite were tested. As presented in Fig. 5c, the Cd-CP/Se
cathode delivers an initial discharge capacity of 514 mA h g~*
at 1C (1C = 675 mA g '), demonstrating a relatively high utili-
zation of active materials. As the number of cycles increases, the
specific capacity decays slowly and remains at 200 mA h g *
after 500 cycles with a coulombic efficiency of 98%, indicating
the stability of the cycle life performance.

To investigate the current density endurance of the Cd-CP/Se
cathode, rate performances were evaluated to gain further
insight into its electrochemical performance (Fig. 5d). The coin-
type cells were charged and discharged at 0.1, 0.5, 1, 2, and 4C
for 10 cycles each. Correspondingly, the cathode delivers
reversible capacities of 352, 326, 286, 234, 190 mA h g,
respectively. When the current density is reduced to 0.1C again,
the reversible capacity of 351 mA h g~' can be recovered,
showing that the structure of the Cd-CP/Se cathode is not
destroyed in high rate cycling. Moreover, the effect of Cd-CP/Se
electrode kinetics was investigated by electrochemical imped-
ance spectroscopy (EIS). As shown in Fig. 5e, the spectra have
overlapped semicircles in the medium-frequency regions and
straight lines in the low-frequency zone. Semicircles of the plot
are commonly used to define electrode charge transfer resis-
tance (R.).**** Significantly, the Cd-CP/Se electrode after 100
cycles showed lower R values than those before cycling, indi-
cating the enhanced charge transfer ability and electron trans-
fer kinetics of the Cd-CP/Se electrode.*

Conclusions

In summary, four new coordination polymers, {{Zn(3-PBI)(H,-
0)]-2DMF},, (1), [Cd(3-PBI)(DMF)], (2), {[Zns(ps-O)(4-PBI);]-
3DMF}, (3), {[Cd4(4-PBI)4(H;0)e]-13H,0}, (4), sol-
vothermally synthesized by Zn(u), Cd(u) metal ions and two
isomeric ligands (3-H,PBI, 4-H,PBI), respectively. Differences in
coordination abilities among metal ions and ligands result in
distinct topological structures among these compounds. 1
features a 1D ladder-like chain, 2 possesses two interweaved

were

14756 | RSC Adv., 2019, 9, 14750-14757
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structures making a (3,6)-connected rutile net, 3 exhibits a rare
(3,9)-connected 3D network, while 4 has 2D (4-8%) topology and
2D (3,6)-connected kgd topology in the same crystal structure.
In addition, compound 2 has the potential to be a cathode host
for Li-Se cells, showing advanced storage performance.
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