Published on 10 August 2021. Downloaded by Nanjing Normal University on 10/27/2021 3:13:55 AM.

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2021,
57,8937

Received 10th July 2021,

Accepted 9th August 2021 Long-Zhang Dong,

¥ ROYAL SOCIETY
PP OF CHEMISTRY

A well-defined dual Mn-site based metal—organic
framework to promote CO, reduction/evolution
in Li—CO, batteriesf

1% Yu Zhang,

1% Yun-Feng Lu,? Lei Zhang,? Xin Huang,?

Jian-Hui Wang,? Jiang Liu,® Shun-Li Li*® and Ya-Qian Lan () *3°

DOI: 10.1039/d1cc03431f

rsc.li/chemcomm

A series of Li—CO, battery cathode materials are reported based on
metal—organic frameworks with dual-metal sites containing a
metalloporphyrin and a metal-coordinated pyrazole. MnTPzP-Mn
demonstrates a low voltage hysteresis of 1.05 V at 100 mA g+ and
good stability of 90 cycles at 200 mA g . Among them, the
Mn-coordinated pyrazole site can promote the effective decom-
position of Li,COs3, and the Mn-metalloporphyrin site contributes to
the activation of CO,. This is the first example of using a crystalline
cathode material with a well-defined structure to reveal natural
catalytic sites for CO, reduction/evolution reactions under aprotic
conditions in Li—-CO, batteries.

Due to the increasingly severe greenhouse effect and energy
crisis, many countries plan to achieve carbon neutrality."
Therefore, a considerable number of researchers have turned
their attention to recycling CO, and the development of clean
energy.” As a new type of energy storage device, the Li-CO,
battery not only provides an effective form of CO, recycling but
also has a high energy density of 1876 W h kg™', much higher
than that of the lithium-ion battery of 265 W h kg™, and thus
attracts widespread attention from researchers around the
world.> However, considering that the CO, molecule is chemi-
cally inert, and the discharge product (usually Li,COs3) is a wide
bandgap insoluble insulator, it causes sluggish kinetics of
the CO, reduction reaction and difficultly decomposing the
Li,CO;.* Furthermore, based on the above mentioned findings,
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Li-CO, batteries have problems such as low energy conversion
efficiency, slow charging and discharging rates, and short cycle
life, which essentially limits the practical application of Li-CO,
batteries.*””

The development of efficient Li-CO, battery electrode mate-
rials is the key to improving their performance in terms of
capacity, working potential, and cycling stability.**>* However,
the two main challenges of constructing high-performance
Li-CO, battery electrodes are as follows: first, the electroche-
mical inertness of Li,CO3; makes it hard to decompose into CO,
efficiently and effectively;® secondly, the chemically inert CO,
catalytic reduction kinetics are slow under aprotic conditions.”
So far, researchers have explored a variety of materials that can
work as a cathode for Li-CO, batteries, including various
carbon materials,”®® transition metal oxides,’ and precious
metal nanoparticles.’® Recently, researchers have reported that
electrode materials containing Ir'®* or Ru'®* nanoparticles
have a significant effect on boosting the decomposition of
Li,CO;, promoting the reaction kinetics, and reducing the
overpotential during charging. Besides, except for expensive
precious metals, transition metal manganese-based materials
have also been reported to promote the decomposition of
Li,C0O;.°°%'* For example, Wang et al.®® reported that the
MnO/graphene composite could enable 0.88 V voltage hyster-
esis at 50 mA g ' In addition, other Mn-based oxides
(e.g., Mn,0;,°? Mn;0,'%) have also been reported to exhibit
improved electrochemical performance. Indeed, there have
been a lot of research works to develop effective Li-CO, battery
electrode materials, and significant progress has been made to
date, but there is still a lack of electrode materials with precise
structures for exploring their complex mechanisms.

Metal-organic frameworks (MOFs), as a class of crystalline
materials with porous, well-defined, highly adjustable struc-
tures and an open-metal site, are promising candidates for
Li-CO, battery electrode materials."> Wang et al.''* found that
the open Mn-site in a MOF (Mn,dobdc) is the catalytically active
site for Li,CO; decomposition with a low charge potential
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plateau of ~3.96 V at 50 mA g~ *. In addition, Mn-TTCOF"*? has
a discharged potential plateau of 2.92 V, revealing that Mn-
metalloporphyrin is the active site for catalyzing CO, reduction.
Through the above-mentioned research, Li-CO, battery elec-
trode materials should have the following features: (1) Li-ion
transfer pathways, (2) CO, adsorption capacity, and (3) catalyz-
ing the CO, reduction/evolution reaction.

Therefore, we designed and synthesized three porphyrin-
based 2-dimensional MOFs MTPzP-M (MnTPzP-Mn, CoTPzP-Mn,
CoTPzP-Co) through self-assembly of the 5,10,15,20-tetra(1H-
pyrazol-4-yl)porphyrin** (TPzP) ligand and transition metal Mn
or Co ions. There are two metal sites in these three compounds,
of which one is the metal site of the metalloporphyrin (M-Por,
M = Mn, Co), and the other is coordinated with four pyrazole
groups of the TPzP ligands (M-Pz). We expect that between
the double Mn-site within MnTPzP-Mn, Mn-Pz can promote
the complete and effective decomposition of Li,CO3, and the
Mn-Por may contribute to the activation of CO,. The results of
Li-CO, battery tests display that MnTPzP-Mn as an electrode
material shows a low terminal potential gap of 1.05 V between
charge and discharge at 100 mA g~ '. Furthermore, the battery
can be cycled well up to 90 cycles at 200 mA g~ '. The combi-
nation of the dual Mn-sites can achieve effective CO, reduction
and Li,CO; decomposition. We designed a series of crystalline
electrode materials with well-defined crystal structures to
reveal the catalytically active sites in the aprotic Li-CO, battery
system.

MTPzP-M (M = Co, Mn) are synthesized using the solvother-
mal method with Mn or Co sulfate and TPzP or TPzP-Mn ligand
in N,N-dimethylformamide. The single-crystal X-ray diffraction
(SC-XRD) experiments proved that a series of three crystals
(MnTPzP-Mn, CoTPzP-Mn, CoTPzP-Co) crystallize in the same
orthorhombic space group Pmna (Tables S1-S3, ESIT). In addi-
tion, the structures solved by the SC-XRD experiments show
that these crystals are almost isomorphic. The asymmetric
units of their structures all contain a half Mn or Co ion, one
sulfate radical, a half TPzP-Mn or TPzP-Co, a half dimethyla-
mine cation, and a half CI~ or H,O (Fig. S1, ESIf). Take
MnTPzP-Mn as an example: the coordination environment of
TPzP is that each pyrazolyl group coordinated with Mn1 and the
porphyrin ring coordinates with Mn2; Mn1 coordinates with
four Pz groups from four TPzP ligands and two sulfate radicals
as a 4-c node (Fig. S2, ESIt). The above coordination mode
constructed a 4,4-c net sql topology 2D framework (Fig. 1a), and
thus through n-n interaction and hydrogen bonding formed a
3D stacked structure, as shown in Fig. 1a and Fig. S3 (ESIt). The
solvent surface of MnTPzP-Mn is shown in Fig. 1b, and the free
volume is calculated to be 26.9% by PLATON"® software. The
PXRD spectra of the samples synthesized are consistent with
the simulated spectra, indicating that they all have good crystal-
linity and purity (Fig. 1c). At the same time, the PXRD spectra of
the samples soaked in the electrolyte for 72 hours are also
consistent, proving that they have good chemical stability
under a battery test environment (Fig. S4, ESIf). Simulta-
neously, the Fourier transform infrared spectroscopy (FTIR)
pattern is performed to disclose the structural characteristic
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Fig. 1 (a) 2D framework of MTPzP-M constructed by the Co or Mn sulfate
and TPzP-M (M = Co, Mn) and 3D packing mode. (b) The solvent surface of
MnTPzP-Mn. (c) PXRD patterns of MTPzP-M.
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of MTPzP-M (Fig. S5, ESIt). And the thermogravimetric analysis
(TGA) indicates that MTPzP-M has good thermal stability of
ca. 300 °C (Fig. S6, ESIT).

The Li-CO, battery performances of the synthesized MTPzP-M
MOFs with different dual metal sites have been evaluated to
illustrate the impact of both metal sites on the battery reactions.

The discharge/charge curves of different cathodes cycled at a
current density of 100 mA g~ ' with a limited capacity of 1000
mA h g~ were recorded first. As shown in Fig. 2a, CoTPzP-Co
exhibits the worst performance among the three samples with a
high charge potential of 4.56 V and a low potential of 2.65 V. In
comparison, both MnTPzP-Mn and CoTPzP-Mn show similar
discharge potential plateaus at the first cycle with relatively
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Fig. 2 (a) The first cycle charge/discharge curve of MTPzP-M cathodes
with a limited capacity of 1000 mA h g~* at 100 mA g~ (b) Charge/
discharge cycling curves of MnTPzP-Mn with the limited capacity of 1000
mA h g~ at 100 mA g~ (c) The overpotentials of MTPzP-M cathodes
under current densities of 100 mA g% 200 mA g~ and 300 mA g~
(d) Long-term cycling of the MnTPzP-Mn cathode at the current density
of 200 mA g%,
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high terminal potentials of 2.95 V and 2.82 V, respectively. This
implies that the presence of the Mn-Por site in MTPzP-Mn
MOFs is beneficial to the aprotic CO, reduction during the
discharge process, which is consistent with the previous
research.”*"'* However, the charge potential of CoTPzP-Mn
(4.56 V) is much higher than that of MnTPzP-Mn (4.00 V),
suggesting that it is Mn-Pz rather than Co-Pz that works for
Li,CO; decomposition during the charging process. Further-
more, the cyclic voltammogram (CV) curve under CO, shows
more obvious redox peaks and higher polarization current than
the one tested under Ar, demonstrating the CO, reduction and
evolution reaction activity on the MnTPzP-Mn cathode (Fig. S7,
ESIt). Additionally, the cycling tests at 100 mA g~ " are pre-
sented in Fig. 2b, Fig. S8 and S9 (ESI}), in which MnTPzP-Mn
shows discharge and charge potential plateaus of 2.72 V and
4.22 V after 50 cycles. On the contrary, the CoTPzP-Co cathode
even discharged down to 2.43 V at the 20th cycle, indicating
intensified battery polarization (Fig. S9, ESIf). Preliminarily,
according to these battery test results, it could be speculated
that Mn-Por and Mn-Pz sites may play positive roles in activat-
ing CO, reduction and Li,COj, respectively.

The Li-CO, battery performances of MTPzP-M MOFs at differ-
ent current densities have also been assessed (Fig. S10-S12, ESIT).
The MnTPzP-Mn cathode shows high discharge potentials
(> 2.80 V) and low charge potentials (< 4.32 V) at all current
densities, which mainly originates from the catalytic activity of
the dual Mn-sites. The calculated overpotentials, the voltage
gaps between the terminal discharge potentials and charge
potentials, are summarized in Fig. 2c. Impressively, the over-
potential of the first cycle on the MnTPzP-Mn cathode is only
~1.05 V, which is comparable to the best Li-CO, battery
cathode catalysts so far (Table S4, ESIt). And it also shows
low overpotentials of 1.39 V and 1.48 V at 200 mA g~ ' and 300
mA g, respectively. In comparison, CoTPzP-Co hardly exhibits
Li-CO, battery activity at all current densities, and the charge
terminal potential even reaches up to 4.76 V at a large current
density of 300 mA g~ '. The long-term cycling of MnTPzP-Mn
was further carried out at 200 mA g~ *. As shown in Fig. 2d, the
battery is able to continuously work for 90 cycles with a stable
discharge potential, exhibiting excellent cycling performance.

The full discharge/charge curves obtained at 100 mA g *
from 2.0 to 4.5 V vs. Li/Li" are presented to investigate the
reversibility of the synthesized MOF cathodes. As shown in
Fig. 3a, MnTPzP-Mn and CoTPzP-Mn reached full discharge
capacities of 14025 mA h g " and 12 884 mA h g™, respectively,
much higher than that of CoTPzP-Co (8456 mA h g~"). In
addition, it also demonstrates that only the MnTPzP-Mn
assembled battery is reversible and could be fully recharged
back after the deep discharge process, which further verifies
that the Mn-Pz site plays a key role in activating the charge
reaction. Moreover, the electrochemical impedance spectro-
scopy (EIS) also proves the reversibility of the MnTPzP-Mn
based Li-CO, battery. As shown in Fig. S13 (ESIT), the cell
impedance substantially increased, accompanied by discharge
proceeding due to the generation of insulated discharge pro-
ducts. And when the cell recharged back, the EIS plots show
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Fig. 3 (a) The full discharge/charge curves of MTPzP-M MOF cathodes
recorded within 2.0-4.5 V vs. Li/Li*. (b) The XRD patterns of MnTPzP-Mn
cathodes at different discharge or charge stages and the PDF card of
Li,CO3. SEM images of MnTPzP-Mn cathodes at different discharge or
charge stages, scale bar: 2 um. (c) pristine, (d) discharge to 4000 mA h g%,
(e) full discharge to 2.0 V vs. Li/Li*, and (f) recharge back from (e).

similar interfacial, charge transfer, and ion diffusion resis-
tances to the pristine one, suggesting that most of the gener-
ated discharge products were decomposed upon being charged.
In addition, the discharge products on MTPzP-M MOF cathodes
are all crystalline Li,CO; (PDF# 22-1141), according to the XRD
patterns shown in Fig. 3b and Fig. S14 and S15 (ESIf). For
all the three cathode materials, the diffraction peaks intensity
of Li,CO; increased with the discharge capacity rising from
4000 mA h g to the full discharge state. However, only the
MnTPzP-Mn cathode no longer exhibited Li,CO; peaks after
recharge, indicating that the Mn-Pz site is essential to the
decomposition of Li,CO; upon charge. The scanning electron
microscope (SEM) images of the corresponding electrodes with
different states were taken to observe the morphology change
on the cathode surface. As shown in Fig. 3c-f, plate-like
MnTPzP-Mn surrounded by small KB particles could be seen
on the pristine cathode. And MnTPzP-Mn was coated with
Li,COj; particles when discharged to 4000 mA h g~' and even
covered up when the cell was fully discharged. MnTPzP-Mn
with a plate-like shape appeared again after recharge and the
cathode surface was loose without obvious Li,CO; particles. On
the contrary, according to the SEM images shown in Fig. S14c
and S15c (ESIt), the CoTPzP-Mn and CoTPzP-Co cathode
surfaces were dense after recharge and small Li,CO; particles
were covered on the cathode catalysts, indicating incomplete
decomposition of Li,CO3.
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Fig. 4 (a) ATR-FIIR spectra of the discharged and recharged MnTPzP-Mn
cathode. (b) In situ DEMS during charging over the MnTPzP-Mn based
Li-CO, battery.

Based on the attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectra collected from the cathode at
discharged and recharged stages during cycling, the asymme-
trical stretching vibration of CO;>” in Li,COj; significantly
weakened, indicating almost complete decomposition of
Li,CO;. In order to further study the charge reaction products
of the proposed MnTPzP-Mn based Li-CO, system, an in situ
differential electrochemical mass spectrometry (DEMS) test was
carried out to monitor the generated gas products during the
charging process. It can be observed from Fig. 4b that a CO,
signal appears during the charging process, and there is almost
no change in the O, signal, suggesting that only CO, is
generated during the charging reaction. In addition, according
to the CO, yield and capacity of charge in the DEMS test, the
calculated charge-to-mass ratio over the MnTPzP-Mn based
Li-CO, system is determined to be 4.04e /3CO,. Therefore,
combined with the results of XRD, in situ DEMS, and the battery
performance evaluation, it could be inferred that the reversible
discharge/charge reaction on the MnTPzP-Mn cathode should
be 4Li* + 3CO, + 4~ — 2Li,CO; + C (E° = 2.80 V vs. Li/Li*)."°

In summary, we designed a series of dual-metal-site MOF-
based (MTPzP-M) Li-CO, battery cathode catalysts. Herein, the
MnTPzP-Mn cathode exhibits the lowest voltage hysteresis of
1.05 V and excellent stability of 90 cycles at 200 mA g~ ', which
is comparable to the current state-of-the-art Li-CO, battery
cathode materials. The Li-CO, battery performance evaluation
together with the characterizations including XRD, SEM and
ATR-FTIR tests suggest that the dual Mn-sites of the Mn-Por site
and Mn-Pz site in the MnTPzP-Mn cathode catalyst are the
intrinsic active sites for promoting aprotic CO, reduction
reaction during discharging and facilitating the complete
decomposition of Li,CO; during charging, respectively. In
addition, the in situ DEMS test was employed to investigate
the battery reaction mechanism of the MnTPzP-Mn cathode by
monitoring CO, evolution and charge capacity. The crystalline
cathode materials we designed with well-defined crystal struc-
tures provide new insights for revealing the catalytically active
sites in the aprotic Li-CO, battery system.
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