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ABSTRACT

Li-CO;, cells provide exceptional benefit by storing considerable energy and achieving environmental carbon fixation. However, the sluggish kinetics of the Li-COy
reaction and severe cell polarization with low efficiency must be addressed. Here, we show that the manganese phthalocyanine (MnPc) molecule, a porphyrin-based
homogeneous catalyst, significantly reduces the overpotential (~50 %) and improves Li-CO; cell performance during prolonged cycling. The reversible Li-COy
reaction pathway proceeding via a LiyCO- intermediate species and catalyzed by MnPc was examined by in situ characterization and first principles calculations. We
reveal the structural changes occurring in the MnPc catalyst with metal-to-ligand charge transfer when the electrochemically reduced CO5 radical intermediate is
bound to the Mn center after discharge; consequently, the reverse reaction enables recharging. This study introduces a way to understand and design organometallic
homogeneous catalysts involving CO2 mediation of environmental energy storage systems and carbon negative.

1. Introduction

Excessive greenhouse gas (e.g., CO2) emissions arising from industry
and vehicles and consequent global warming have been recognized as
leading to a forthcoming crisis. Tremendous effort has been expended to
develop electrochemical energy conversion and storage systems to
mitigate our carbon footprint[1-11]. Li-CO cells have been highlighted
for electrochemical CO5 reduction and utilization due to their combined
benefits of energy storage and environmental CO; fixation[12-19]. Li-
COg cells with a Li metal anode and gaseous COy cathode undergo
electrochemical storage reactions with atmospheric CO5 pollutants and
spontaneously produce electrical energy. The cathodic reaction based on
transition metal-free and lightweight COy (M,, = 44) delivers a high
theoretical energy density of 1,876 Wh kg™* [17,20-25]. The cathodic
reaction between LiT and CO involves the reversible formation and
decomposition of lithium carbonate (4Li* + 3CO5 + 4e” — 2Li,CO3 + C,
(E, = 2.80 V versus Li/Li") on the cathodic electrode [26-33]. Never-
theless, because the discharged product species (i.e., LioCO3) are ther-
modynamically stable and electrically insulating, a considerable portion
of the product often remains even after reverse charging, resulting in
low efficiency and poor reversibility [17,34,35]. Catalyst materials have
been on the cathodic electrode to expedite Li-CO, reactions, yet un-
wanted covering and deactivation of catalysts on the electrode by dis-
charged products should be addressed.

To solve this problem, homogeneous catalysts for Li-CO, batteries
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have been introduced, inspired from those of Li-O5 batteries. The utili-
zation of homogeneous catalyst called redox mediator (RM) dissolved in
an electrolyte is an alternative route for catalyzing the Li-CO5 reaction
without catalyst deactivation [36-44]. Moreover, the RM provides a
reversible redox switch that couples with the electrochemistry of LioCO3
and provides an electrochemical path to lower the overpotential of the
Li-CO,, battery by directly transferring electrons instead of slow diffusion
through insulating products. Since redox mediators act as mobile cata-
lysts in the electrolyte, reactions at solid-liquid interfaces can occur
much more easily, compared to the large overpotential that occurs in
solid-solid reactions. Among various possible candidates, metal phtha-
locyanines, a family of organometallic porphyrin molecules, are based
on benzene-containing organic compounds and contain an open axial
coordination site that can actively bind CO,. Their aromatic structures
allow electron resonance in the porphyrin ring, thereby facilitating
electron withdrawal or donation from/to intermediate reaction species
(e.g., COZ' radicals), thus enhancing the kinetics of CO5 reduction and
evolution.

In this work, we present dual functions of Mn phthalocyanine (MnPc)
molecules serving as electrolyte catalysts coordinating CO5 radical an-
ions to produce high efficiency and reversibility in Li-CO, cells. As
illustrated in Fig. 1. MnPc catalysts mediate charge transfer by binding
with electrochemically reduced CO3 radical anions during discharge
and consequently promote a reaction sequence in which Li;CO3 and C
products are formed and reversibly evolved. The electrochemical
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properties of Li-CO; cells employing MnPc catalysts are evaluated to
verify the catalysis of CO3 fixation and evolution. The reversibility and
products of Li-CO cells with MnPc are investigated with ex situ char-
acterization. The MnPc-mediated reaction mechanisms of Li-CO; cells
are also verified by determining the Gibbs free energies of all interme-
diate species and conducting in situ differential electrochemical mass
spectrometry (DEMS) analyses. We further elucidate the structural and
chemical changes of the MnPc catalyst itself during Li-CO reactions by
observing reversible charge transfer and CO, binding processes through
real-time spectroelectrochemical analyses during cycling. We success-
fully confirmed the characteristics of CO5 radical anion adsorption and
the redistribution of transferred electron density in the MnPc molecule
by simulating the absorption spectra with time-dependent Hartree-Fock
(TDHF) calculations and performing charge transfer analyses.

2. Results and Discussion

We incorporated MnPc into the Li-CO; cell as a porphyrin-based
electrolyte catalyst to promote the reaction kinetics and evaluated the
electrochemical performance (Fig. 2). To determine electrochemical
redox information, we performed cyclic voltammetry (CV) studies on Li-
CO4, cells under Ar and CO5 atmospheres without or with MnPc (Fig. 2a
and b). In an inert atmosphere (Ar-purged), the cell exhibited a negli-
gible electrochemical signal without redox peaks, whereas in a CO; at-
mosphere, the Li ions electrochemically reacted with CO, (4Li* + 3CO,
+ 4e < 2Li,CO3 + C) to increase the current in the cathodic and anodic
regions (Fig. 2a). In the case of Li-CO; cells containing MnPc, the onset
potentials of the CO2-purged cells were 2.75 V for the CO, reduction
reaction (CRR) and 3.6 V for the CO; evolution reaction (CER) regard-
less of the purging environment, which indicated the intrinsic redox
reactions of MnPc in the cells (Fig. 2b). The currents of the cathodic
redox peaks were reinforced in the case of COs-purged cells, which
implied the operation of a COy-mediated reaction. The potential dif-
ference between the onset potentials of the CRR (3.0 V) and CER (3.5 V)
provided a low overpotential of 0.5 V for the Li-CO, cell containing
MnPc compared to 0.85 V for the Li-CO; cell without MnPc, indicating
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the enhanced reversibility for both discharge and charging reactions
provided by the MnPc catalysts (Fig. 2¢). The additional peak at 2.8 V in
the cathodic region was related to reduction reaction (4Li" + 3CO, + 4e”
— 2LipCO3 + C) accelerated by the MnPc catalyst. The peak intensity at
this position (2.8 V) is higher when MnPc is used because the reaction is
accelerated by MnPc and the reaction amount of the reduction reaction
increases. In the anodic region, the CO; evolution reaction was signifi-
cantly catalyzed and showed a higher current past 3.5 V than the pristine
system. Fig. 2d and e presents the 1st discharge/charge curves with
capacity limits of 500 mAh/g to compare the Li-CO; cells without and
with MnPc. The Li-CO; cell without MnPc showed a highly polarized
profile with a substantial overpotential of 1.8 V at the beginning of the
charging process (Fig. 2d). On the other hand, the cell with the MnPc
catalyst exhibited a significantly reduced overpotential of 0.9 V,
resulting in charge polarization reduction (Fig. 2e and f). The char-
ge—discharge profiles and the reduced overpotential remained stable
during repeated cycling (Fig. 2e). To investigate the effects of the MnPc-
mediated redox process on the full capacity, Fig. 2g shows full char-
ge—discharge curves with MnPc under Ar and CO2 atmospheres. The cell
purged with Ar exhibited a very low discharge/charge capacity of 121
mAh/g. In contrast, during purging with COj, the cell delivered a high
discharge capacity of 4,765 mAh/g and a reverse charge capacity of
3,560 mAh/g; this represents improved full capacity, even compared
with pristine Li-CO;, cells (1,825 mAh/g for discharge, 1,797 mAh/g for
charge) (Fig. 2g and Figure S1). Most RMs are directly reduced or
oxidized, thereby exhibiting capacity in the cell instead of direct Li-CO»
reaction. Interestingly, the capacity with MnPc alone was negligible for
the Ar-purged cell, implying that MnPc does not transfer electrons for
redox reactions, unlike other classes of RMs, and tends instead to adsorb
or desorb COZ’ radical anions. Therefore, the MnPc catalysts in the cell
were particularly active for coordination of CO2 intermediate species
rather than for direct redox reactions. We also examined the cycling
performance of Li-COq cells with MnPc catalysts and a limited capacity
of 500 mAh/g (Fig. 2h). The capacity of the MnPc-containing Li-CO; cell
was stably maintained for more than 80 cycles, whereas the capacity of
the pristine Li-COp cell was gradually degraded before 35 cycles,
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Fig. 1. Schematic illustration of the oxygen electrode in a MnPc-containing Li-CO, battery system. The proposed mechanism for the MnPc-containing Li-CO, battery
was consistent with our analysis. During discharge, the Mn atom located in the center of phthalocyanine combined with the electrochemically reduced CO, to
stabilize the radical ion by electron redistribution within the structure. As a result, MnPc promoted electron transfer to improve the reaction kinetics, thereby

exhibiting a catalytic effect.
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Fig. 2. Li-CO, cell performance with the MnPc-containing electrolyte. Cyclic voltammetry (CV) curves generated with a scan rate of 0.1 mVs™! for Li-CO, with
electrolytes containing 1 M LiFTSI + TEGDME (a) and 1 M LiTFSI + TEGDME + MnPc (b) after purging with Ar and CO,. ¢, CV curves for Li-CO4 cells with and
without MnPc in LiTFSI + TEGDME solutions. d, e, Cycling behaviors of Li-CO, batteries without MnPc (d) and with MnPc (e) in the electrolyte, measured at 50 mA

carbon with a limited capacity of 500 mAh/g carbon. f, Discharge—charge curves of the first cycles measured over the window 2.3-4.5 V for Li-CO;, cells. g, Initial

-1 . P .
g -1
charge/discharge curves of the MWCNT electrode in LiTFSI + TEGDME + MnPc solutions under an Ar or CO, atmosphere over a voltage window of 2.3 Vto 4.5V ata
current density of 100 mA g~*. (h) Cycling performance of Li-CO cells with and without MnPc in LiTFSI + TEGDME solutions under a specific capacity limit of 500

mAh/g with cycling between 2.3 and 4.5 V at a current density of 50 mA g~'. (i) Electrochemical impedance spectroscopy (EIS) data for the MWCNT electrode in 1 M

LiTFSI + TEGDME and 1 M LiTFSI + TEGDME + MnPc solutions after the 10th discharge cycle

confirming the enhanced reversibility with the MnPc catalyst. Fig. 2i
presents electrochemical impedance spectroscopy (EIS) data for the Li-
CO4, cells to elucidate the kinetics of charge transfer facilitated by the
MnPc catalyst. The semicircles in the Nyquist plot at high frequencies
represent the charge transfer resistance at the electrode/electrolyte
interface (Rc). Remarkably, the R; (142 Q) of the MnPc-containing Li-
CO;, cell was lower than that (240 Q) of the pristine Li-CO cell, verifying
facile charge transfer at the electrode/electrolyte interface upon intro-
duction of the MnPc. The electrochemical results clearly demonstrated
that inclusion of MnPc in the electrolyte of a Li-CO4 cell significantly
improved the electrochemical reaction kinetics and cell reversibility and
provided a reduction in overpotential.
Some RMs are known to diffuse through a separator and undergo
chemical reduction at the Li anode. This process is caused by self-
discharge of the RM, which is electrochemically oxidized. To demon-
strate whether MnPc self-discharge occurred, the electrochemical
behavior of the Li/Li symmetric cell was examined (Figure S2). In an Ar
atmosphere, the pristine cell showed unstable voltage profiles after 150
h, whereas the cell with MnPc showed a more stable profile after 300 h
(Figure S2a). It was more pronounced in a COy atmosphere that the

pristine Li/Li symmetric cell underwent a short circuit after 39 h
however, the use of MnPc in the Li/Li symmetric cell provided a
significantly stable cycling profile lasting 250 h (Figure S2b). This im-
plies that MnPc transfers electrons without causing a side reaction with
Li metal during cycling. As a result, with MnPc, the negative effects of
the Li metal anode were overcome by avoiding the coulombic efficiency
degradation caused by self-discharge of the RM.
Li ions and atmospheric CO5 reactants were converted to LioCO3 and
C products in the Li-CO; cell during discharge, and the products were
reversely decomposed during charging. To gather structural and
chemical information on the discharge products, we conducted Fourier

transform infrared spectroscopy (FT-IR) at the electrode for different
1 related to COO™

electrochemical states (Fig. 3a). A peak at 1420 cm
was observed after the discharge process (CO, reduction reaction), and
the peak disappeared after recharging. To further examine the crystal-
line features of the discharge products, Fig. 3b shows ex situ XRD results
for the electrode collected during different electrochemical states.
Distinct peaks associated with a crystalline LioCO3 phase were observed
at the discharged electrode, which is consistent with the typical Li;CO3
product generated for the Li-CO5 reaction. The product peaks
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Fig. 3. Ex situ measurements on oxygen electrodes in Li-CO cells. (a) FT-IR results, (b)XRD diffraction patterns of electrodes charged and discharged in Li-CO; cells
fabricated with and without MnPc in the electrolyte solution. (¢) Raman spectra obtained from pristine, once discharged, and once charged electrodes in a Li-CO5 cell
purged with 3CO,. Ex situ X-ray photoelectron spectra obtained from pristine, once discharged, and once charged electrodes indicating (d) C 1's, (e) Li 1 s, and (f) O

1 s binding energies.

disappeared after charging, indicating reversible decomposition without
residual crystalline products. The reaction mechanism of the Li-CO» cell
is still debated, and Li;CO3 products could possibly be formed from
unexpected side reactions with other carbon sources, such as carbon
electrodes or electrolytes[45-51]. To prove that the Li;CO3 was pro-
duced from the added CO; gaseous reactant, we employed isotopically-
labelled CO, (13C0O,) as the purge gas and performed Raman spectros-
copy at the electrode during different electrochemical states (Fig. 3c,
Figure $3). Broad peaks typically appear at 1350 and 1580 cm ™! for the
D and G bands for carbon, respectively [52-55]. Peaks originating from
the '3C species clearly appeared after discharge, and these were assigned
to specific vibrations of 13CO§' (1100 em™), 3¢ (1240 cm’l), and
13c0o, (1420 ecm™Y) for the case of the Li-CO; cell purged with Bco,
[56,57]. On the other hand, the Li-CO; cell purged with 12COz gas did
not show peaks related to '3C, which strongly supports our hypothesis
that the Li-COg reaction mainly occurs with atmospheric CO; rather than
in side reactions with other carbon sources. Furthermore, these peaks
completely disappeared, confirming reversible decomposition of the
discharge products without a residue. Consequently, based on the
reversible formation and decomposition of the products (Li3>CO5 and

13¢), we conclude that the CO, reduction reaction is 4Li* + 3 COy + 4 €
— 2 LiyCO3 + C, with Eg = 2.8 V vs. Li/Li". Ex situ X-ray photoelectron
spectroscopy (XPS) was used to elucidate chemical bonding and phase
changes occurring during cycling (Fig. 3d-f). In the C 1 s XPS spectrum,
the pristine, discharged, and charged electrodes showed common peaks
corresponding to C-C and C-O bonds (Fig. 3d). The intensities of the C-C
peak (284.8 eV) and PVdF binder (288.9 eV) decreased after discharge
because discharge products covered the electrode. A peak corresponding
to the Li,CO3 product on the discharged electrode was detected at 289.5
eV. The Li»CO3 product was confirmed by a peak at 55.6 eV (Li,COs3) in
the Li 1 s spectrum and peaks at 532.5 eV (O-C = O) and 531.7 eV
(LizCO3) in the O 1 s spectrum (Fig. 3e and f). After charging, the peaks
related to the LioCOs product entirely disappeared, implying that the
reversible Li-CO; reaction is mediated by MnPc. Morphological changes
of the electrode surface occurring due to product formation and
decomposition were studied by ex situ scanning electron microscopy
(SEM) (Figure S4). The discharged electrode was covered by the planar
products formed in LiTFSI-added TEGDME electrolyte and were
reversibly removed to recover the original surface after recharging.

To confirm the experimental findings indicating improved perfor-
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mance of Li-CO, cells with the MnPc electrolyte catalyst, density func-
tional theory (DFT) calculations were used to study the MnPc-mediated
reaction mechanism and the catalytic effect of MnPc for the CRR and
CER (Fig. 4). In these calculations, we assumed that MnPc would
participate in electrochemical reactions by changing the binding en-
ergies of intermediates. We first considered reaction pathways based on
the possible intermediates shown in Equations (1) to (14) and Fig. 4a, as
in our previous work [46]. The fastest reaction pathway catalyzed by
MnPc in the Li-CO; cell is drawn with the onset potential Upc for
possible intermediate states. In Fig. 4a, the most promising reaction
pathways are highlighted in red. Interestingly, the best reaction
pathway estimated in this study differed from previously reported re-
action pathways seen with an electrocatalyst loaded on the electrode
surface[46]. The Li-CO; reaction with MnPc generated the LioCO; in-
termediate preferentially (AGo) rather than catalyzing direct conversion
to LizCp04 from LiCO; (AG11). Even though the reaction pathways were
slightly different, the rate-determining step (RDS) remained the same for
the two different pathways. The biggest problem in determining the
reaction mechanisms of Li-CO cells is the high charging overpotential
caused by the high stability of the LioCO3 product. There are substantial
energy drops for the last step (formation of LipCOs, AGj3) of the
discharge process (red color) stemming from the stability of Li;CO3
(Fig. 4b and c).

Using the results calculated for the preferred reaction pathway, the
reaction energy diagrams for both CRR and CER are represented in

Chemical Engineering Journal 477 (2023) 147141

Fig. 4b and c. In this figure, red colored graphs indicate the discharging
process forming the LioCO3 product, and blue colored graphs show the
charging process evolving CO gas from the stable Li;CO3 product. We
also considered another reaction pathway involving the C,0% inter-
mediate, and this is shown in gray for comparison. However, formation
of the CZO?{ was more difficult than formation of LiCO5 from CO5 even
though they occurred at the same applied potential. Potential differ-
ences (AV) between the charging and discharging processes were used to
determine the catalytic activity. If the specific system has a small AV,
which means it only required a small overpotential to charge the Li-CO»
cell, the small AV indicates a better cell performance. While there was
not much difference in Upc for both cases, Uc showed an enormous
potential difference due to the first evolution step from Li,CO3 to LiCO»
(reverse of AGp3) (Fig. 4b and c). Considering the Li;COs bonding
configuration shown in Fig. 4a and ¢, the Mn metal center in MnPc
bonded a single O atom in LipCO3, which generated a weak binding
energy. We believe that numerous MnPc molecules in the electrolyte
actively bonded the COZ‘ radical anions to form LioCO3 and that weak
bonding eventually caused ready oxidation of Li;CO3 with an over-
potential significantly lower than those seen for Li-CO; cells without
MnPec. The facilitated evolution of LioCO3 was directly confirmed with in
situ differential electrochemical mass spectrometry (DEMS) by moni-
toring the CO evolution rates of cells employing MnPc catalysts (Fig. 4d
and e). The CO; gas evolved from Li;CO3, and C products should be
detected during recharging, based on the CER reaction (2Li,CO3 + C —
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Fig. 4. Reaction pathways and energy diagrams obtained from DFT calculations. (a) Scheme of possible reaction pathways for the CO, reduction process; the most
promising pathway is highlighted in red; Reaction energy diagram for discharging (red) and charging (blue) with a potential gap (AV) (b) without MnPc and (c) with
the MnPc complex; In situ DEMS results for the rate of CO5 and O, evolution during charging in cells (d) without and (e) with MnPc. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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4Li* 4 3CO, + 4e’). The rate of CO, evolution for the MnPc-containing
Li-COxz cell (0.5 nmol/s) was significantly higher than that seen without
the MnPc (0.35 nmol/s), which demonstrated excellent CER activity.
Interestingly, no Oz evolution reaction occurred for either Li-CO; cell,
suggesting that no side reaction except for those of CO4 species occurred
for the CER reaction. These results can be interpreted to indicate that the
CER can be achieved with a reduced overpotential by introducing the
MnPc electrolyte catalyst.

We successfully demonstrated that the MnPc catalyst dissolved in the
electrolyte activated the Li-CO2 cell reaction with a reduced over-
potential and enhanced reversibility. Nevertheless, monitoring the
structural and chemical changes of the MnPc catalyst in real time was
required to understand the exact role and function of MnPc itself.
Therefore, we conducted in situ spectroelectrochemical analysis (Fig. 5a,
b and Figure S5). Fig. 5a shows the in situ ultraviolet-visible (UV-Vis)
spectra of MnPc generated during CV scans in 1 M LiTFSi + TEGDME
solution under a CO;, atmosphere, and the spectra were measured over
the range 200 nm to 800 nm. MnPc exhibits typical Soret (B) and Q
bands in the ranges 300—400 nm and 600—800 nm, respectively, and
the Q band absorption of MnPc is related to a © —n" transition. The &
orbital refers to the highest occupied molecular orbital (HOMO), and the
1" orbital refers to the lowest unoccupied molecular orbital (LUMO)
[58,59]. To clearly demonstrate peak changes, a 2D contour plot
generated from the 3D profile is shown in Fig. 5b. Before the CRR, the
measured spectrum showed the absorption signal for pristine MnPc.
During the CRR (discharging) generated by scanning from 3.3 Vto 2V, a
new significant peak near 670 nm appeared. This blue-shifted band was
associated with a metal-to-ligand charge transfer (MLCT) transition in
MnPc. As the discharge reaction occurred, COE’ was bound to the Mn
atom located in the center of the phthalocyanine ring, and this was
accompanied by electron transfer [60-68]. With increasing numbers of
COs-coordinated MnPc molecules, the intensity of the peak located at
715 nm decreased, and the MLCT band intensity simultaneously
increased. As the structure of MnPc reversibly returned to its original
state during the CER reaction, the CT band disappeared, and the in-
tensity of the peak for pristine MnPc increased. To test our hypothesis
that electrochemically generated CO5 radical anions were bound with
MnPc, we performed a real-time UV-vis spectrophotometry analysis of
the MnPc and monitored the changes in absorbance by simply supplying
CO4, to the electrolyte without applying a reducing potential (Figure S6).
There was no significant peak for the CT band after CO, purging, veri-
fying that atmospheric CO; did not adhere to the transition metal. MnPc
tended to bind the electrochemically reduced CO5 intermediate gener-
ated during electrochemical Li-CO; cell reactions. We confirmed these
experimental observations with studies of CO; (g) and COZ’ radical anion
adsorption on the MnPc complex (Figure S7). CO; (g) stayed perfectly
flat and exhibited a longer Mn-C bond length (3.5 f\) than the bent COZ’
radical anion (2.4 A). From the calculations, we found that COy(g) did
not change the electronic structure of MnPc due to the weak interaction
and claim that only electrochemically reduced CO3 radical anions were
bound to the MnPc complex to initiate the CRR and change the elec-
tronic structure.

We also tried to simulate the absorption spectra via TDHF calcula-
tions to compare the simulation and experimental observations and
understand the chemical state of the MnPc catalyst corresponding to the
blue-shifted absorption peak. As discussed above, we assumed that
adsorption of the CO5 radical anion would change the absorption
spectrum since a shift was observed during the discharge process only;
thus, we calculated the absorbance spectra of bare MnPc and MnPc with
the CO5 radical anion adsorbed to see the differences and prove that our
assumption that the absorption spectrum would be changed by CT be-
tween the CO5 radical anion and the MnPc complex. As a result, we
found a blueshift of 30 nm for CO3 radical anion adsorption on MnPc
(Fig. 5¢), which was identical to the experimental observation (Fig. 5a
and b). We performed a Bader charge analysis to study CT between the

Chemical Engineering Journal 477 (2023) 147141

COy5 radical anion and the MnPc complex (Fig. 5d) and further analyzed
how the excess charge was redistributed onto MnPc on a 2D scale
(Fig. 5f) [69-72]. Each color map featuring red and blue colors was
exactly matched with the atomic arrangement of the MnPc structure in
Fig. 5e. First, 0.56 electrons were transferred to the MnPc complex from
the COZ‘ radical anion, and then the excess electron density on the MnPc
were redistributed to the ring (red color) near the Mn metal center (blue
color). We believe that this charge transfer placed electrons into the
HOMO level and induced the blueshift in the absorption spectrum. The
bent geometry of the COy radical anion, which showed an angle of
142.8°, was close to that of the CO5 radical anion. The C atom of the
asymmetric COy radical anion was preferentially bonded at the axial
coordination site of the Mn center in the MnPc molecule.

3. Conclusions

In summary, we demonstrated the use of MnPc as a homogeneous
porphyrin catalysts enabling axial coordination of a CO5 radical inter-
mediate in the electrolyte of a Li-COy cell. The Li-CO; cell employing
MnPc exhibited a 50 % reduction in the overpotential (0.9 V) and long-
lasting cycling ability over 80 cycles, which compared favorably to
characteristics of the pristine cell (1.8 V, < 30 cycles). A detailed
mechanism for charging of the Li-CO; cell with the MnPc catalyst pro-
ceeded via the sequence CO2 — LiCO3 — LisCO2 — LiyCy04 — LiaCO3 +
C, and the backward reaction was facilitated by the MnPc catalyst,
which enabled smaller overpotentials and higher amounts of CO;
evolved from Li;CO3. We examined the real-time structural changes of
MnPc molecules during the electrochemical reaction by simulating the
absorption spectra and performing charge transfer calculations. The
CO5 radical anion bent to 142.8°, which was generated during dis-
charging, exhibited bonding to the central Mn atom within the phtha-
locyanine, and this resulted in charge transfer from the CO3 radical
anion to the porphyrin ring of MnPc and reversion to the original
structure after recharging. Our discovery of the reaction mechanism and
the role of the catalyst offers useful information with which to further
understand and develop environmental Li-CO, battery technology.

4. Experimental Section

Computational Details: GGA-level, spin-polarized density functional
theory (DFT) calculations were performed with the Vienna ab initio
simulation package (VASP) using a plane wave basis set with a cutoff
energy of 400 eV. The revised-Perdew-Burke-Ernzerhof (RPBE) func-
tional was employed to treat the electron exchange and correlation
energy [73-75] with the DFT-D3 dispersion correction developed by
Grimme [76,77] to consider van der Waals interactions. Since we dealt
with inorganic molecules, the Brillouin zone was sampled at the gamma
point. The convergence criteria for the electronic and geometric opti-
mizations were 10” eV and 10”2 eV/A, respectively. We used an isolated
manganese phthalocyanine complex (MnPc) molecule structure in this
study, in which molecules were centered in a box with a 5 A gap in all
directions. For calculations of the optical absorption spectra, we per-
formed a time-dependent Hartree-Fock (TDHF) calculation [78,79] via a
two-step process. First, we calculated the exact band structure with a
screened-hybrid exchange functional (HSE06) [80-83] and then evalu-
ated the dielectric function by solving the Casida equation [84].

To calculate the CO; reduction (CRR, or discharging) and CO; evo-
lution reactions (CER, or charging) for the Li-CO, battery, the following
reaction steps and intermediates were considered[85-88]:

AG| =*+C0,”—CO,’ @
AG, = CO,(g) +CO," = C,0," (2
AG; = CO," + (Lit + ¢ )= LiCO,” 3
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Fig. 5. In situ observation of the Mn phthalocyanine molecule in different electrochemical states. Spectroelectrochemical data for 1 M LiTFSI + TEGDME -+ MnPc; (a)
ultraviolet-visible spectrum of 1 M LiTFSI + TEGDME + MnPc; (b) Contour plot showing the absorbance changes of Mn ions during cycling. The spectroelec-
trochemical tests were performed with a commercial Au honeycomb working electrode and Pt counter electrode over the voltage range —0.97 to 1.23 V versus a Ag
pseudoreference electrode in a CO, atmosphere. Voltages were converted to reflect a Li/Li" reference; (c) Simulated absorption spectra with TDHF on the MnPc
complex alone (red) and MnPc with CO5 (black); (d) Bending angle of CO5 and electron transfer between adsorbed CO5 and MnPc; (e) Illustration of the MnPc
molecular structure and its atomic positions; (f) 2D mapping of electron redistribution on the MnPc complex after CO5 adsorption. The red color represents electron

gain, and the blue color represents electron loss. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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AG, = *+ (Li* + ¢ )=Li" @)
AGs = Li" + CO,(g)~LiCO," (5)
AGg = *+ CO,(g) + (Li* + ¢ )=LiCO," (6)
AG, = LiCO," 4 CO,(g)—~LiC,0, (7
AGs = C,0," + (Li* + ¢7)=LiC,0," (8)
AGy = LiCO," + (Li* + ¢ )= Li,CO," 9
AGyy = LiCO," 4 COy(g)—~Li G0, (10)
AGy;, = LiCO," +CO,(g) + (Li* 4+ ¢ )=»Li,C,04" 11)
AG), = LiC,04" + (Li* + ¢”)=Li,C,0," (12)
AGy3 = LiyG,0," + LiCO," + (Lit + €7)=2(LiCO3") + C” 13)
AGyy = Li,G,0," + Li,CO," »2(Li,CO3™) + C” a4

The discharging (Upc) and charging (Uc) potentials were calculated
from the reaction energy diagrams drawn with the following equation
[85-88].

AG(U) = AE + AZPE — TAS + neU (15)

where AE is the reaction energy obtained from the DFT calculation,
AZPE is the zero-point energy correction, TAS is the change in entropy,
and U is the applied potential. The chemical potential of the lithium
cation and the electron pair (Li" + e) under standard conditions was
calculated as ygi<5) —eU by assuming equilibrium at the electrode po-

tential of lithium (0 V vs. Li/Li") [89-91]. We calculated the equilibrium
potential based on our assumption as 2.7 V (vs. Li/Li1), and it was 2.8 V
(vs. Li/Li") in the experiment [12]. There was approximately a 0.1 V
deviation from the experiment, which was small enough to predict the
activity without any concerns. More importantly, the potential gap be-
tween the discharging and charging reactions was a crucial part of
determining the performance of the Li-CO, battery.

Materials and chemicals: High purity multiwalled carbon nanotubes
(SMW100) were donated by Southwest Nanotechnologies. Manganese
phthalocyanine, tetraethylene glycol dimethyl ether (TEGDME, 99 %),
bis(trifluoromethane) sulfonimide lithium salt (LiTFSI, 99.95 %), poly
(vinylidene fluoride) (PVdF, Mw ~ 180000) and N-methyl-2-pyrroli-
done (NMP, anhydrous, 99.5 %) were purchased from Sigma-Aldrich
(Korea). Residual moisture was removed from the TEGDME by adding
freshly activated molecular sieves (4 A) into the solvent for 2 weeks.

Preparation of Li-CO2 Cells: The oxygen electrode was fabricated
using multiwalled carbon nanotubes (MWCNTs, 90 wt%) and PVdF (10
wt%) dissolved in NMP. The slurry was pasted onto a @ 12-mm Ni foam
current collector and dried overnight at 80 °C under vacuum conditions.
The average slurry mass loading was 0.4 mg per @ 12-mm Ni foam. The
pristine electrolyte was fabricated using LiTFSI dissolved in TEGDME (1
m) and stirred for 24 h at room temperature. For the MnPc-containing
electrolyte, phthalocyanine (0.1 g) and LiTFSI (1 m) were diluted in
TEGDME (0.5 mL) and stirred for 24 h in an Ar-filled glovebox to
saturate the precursor solution. The supernatant of the saturated MPc
electrolyte was used in the single electrolytes. A @ 12-mm Li-metal foil
was used as the anode, and a glass fiber (Whatman GF/A microfiber
filter paper) was used as the separator. Coin cells containing several
holes were used for cyclic voltammetry (CV), full discharging—charging,
and cycling tests. All cells were assembled in an Ar-filled glovebox. The
cells were purged with CO, before testing.

Electrochemical characterization: The catalytic activities of the MnPc-
containing Li-CO2 cells were analyzed using cyclic voltammetry
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(Biologic VSP potentiostat with an impedance function) over the range
2.0-4.5 V and at increasing scan rates up to 100 mV s~ '. The char-
ging—discharging tests were performed using a potentiostat/galvanostat
(WonATech, Co., Ltd., WBCS3000, Korea) operating at 50 mA g’1 in the
range 2.3-4.5 V versus Li/Li". For the cycling tests, a potentiostat/gal-
vanostat (WonATech, Co., Ltd., WBCS3000 L, Korea) was used at 100
mA g~ ! with a limiting capacity of 1000 mAh g! in the same voltage
range as the charging-discharging tests. Before the electrochemical
tests, the cells were purged with CO; gas, and the tests were performed
at room temperature.

In situ spectroelectrochemical measurements: Spectroelectrochemical
measurements were carried out to monitor the chemical changes of the
Mn phthalocyanine molecule occurring during discharge and charge.
The electrolytes were transferred into a quartz cuvette with a commer-
cial Au honeycomb electrode (Pine Research Instrumentation, NC, USA).
The working electrode was perforated with a honeycomb pattern of
holes that allowed light to pass through the electrode. The active surface
of the working electrode included a Au coating along the inner walls of
the holes. As the light beam from the spectrometer passed through the
holes, the beam grazed the walls of each hole. A Pt counter electrode and
Pt pseudoreference electrode were used to construct the 3-electrode cell.
The electrode potential was controlled with a potentiostat (-0.97-1.23 V
vs. SHE) and ultraviolet-vis spectra were collected on a Varian Cary 50
at varying potentials. The electrolytes were purged with dry CO, for at
least 20 min before each experiment. All potential CV values were
calibrated to the Li/Li* couple (E® = — 3.04 V).

Time-course ultraviolet-visible spectroscopy: The concentration of Mn
phthalocyanine was diluted in LiTFSI/TEGDME (1 M) to generate
UV-vis spectra. The CO2 gas was dissolved by direct purging into the
electrolyte for 5 min. Electrolyte solutions (2.5 mL) were added to
quartz cuvettes, which were tightly sealed with parafilm, and the UV-vis
spectra were measured for 2 h.

Ex situ characterization: The crystal structures and bonding within the
electrode samples after cycling were analyzed by X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and X-ray diffraction (XRD).

The surface morphologies for cycled electrodes were observed using
SEM. The samples were cycled by galvanostatic discharging and
charging at 50 mA g1, and each electrode was collected after the initial
discharging and charging cycles conducted with no capacity limit. A
pristine electrode was dipped into the electrolyte to prepare a control
sample. Similar to the pristine electrode, the discharged and charged
cells were disassembled in an Ar-filled glovebox.
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