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stability of lithium–oxygen
batteries via introducing an oxygen pre-
coordinated vanadyl phthalocyanine catalyst†

Boran Kim,‡a Hyunji Kweon,‡bcd Yeji Lim,‡a Hyunyoung Park, bcd

Jongsoon Kim *bcd and Won-Hee Ryu *a

Since various metal phthalocyanines (MPcs) possesses the properties of transferring electrons and

spontaneously binding with oxygen species, their application as catalysts in Li–O2 batteries (LOBs) can

stabilize the highly active superoxide radical (O2−) to suppress side reactions, leading to enhanced

electrochemical performance. MPcs have usually considered common binding behavior directly with

empty metal center. However, no attempt has been made to employ MPcs with pre-coordination of the

oxygen group on the metal center, which can result in unexpected catalytic behavior. In this work, we

demonstrate that a novel oxygen-pre-coordinated MPc catalyst, vanadyl phthalocyanine (VOPc), can

facilitate the formation and decomposition of Li-containing discharge products, such as LixO2, during

charging/discharging in LOBs. This results in enhanced electrochemical performance, including

decreased polarization and stable cycling-performance. Moreover, redox mediation and reaction

pathways in the oxygen-pre-coordinated VOPc-applied LOB are confirmed through combined studies

using first-principles calculations and various experiments, clearly supporting that the effective catalytic

effect of oxygen-pre-coordinated VOPc affords the outstanding electrochemical properties of the LOB.
1. Introduction

Li–O2 batteries (LOBs), which have a high energy density
(>3500 W h kg−1), have recently been highlighted as a next-
generation energy storage system that uses lightweight
elements such as oxygen and Li.1–5 It was reported that solid-
state LixO2 is reversibly formed/decomposed on the surface of
the cathode during charging/discharging in LOBs through an
oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) (xLi+ + O2 + xe− 4 LixO2, x = 1 or 2).6,7 However, the
insulating properties of solid-state LixO2 formed aer dis-
charging can negatively inuence OER kinetics and efficiency
during charge, which can result in poor electrochemical
performance of LOBs, such as large overpotential and poor
cycling-performance.
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To solve the problems of LOBs, application of an appropriate
redox mediator (RM) by directly dissolving it in liquid electro-
lytes is considered an effective way to enable smoother
decomposition of discharge products (LixO2) during charging
and lower the overpotential through efficient liquid–solid
contact. In addition, it is known that most RMs participate in
electrochemical reactions through direct reduction or oxidation
during discharging/charging, and they can diffuse into the
discharge products to chemically donate or withdraw
electrons.8–11 Typically, one of the most commonly used redox
mediators is metal phthalocyanine (MPc). In fact, MPc is an
aromatic macrocyclic organic compound with various transi-
tion metals present at the center of the structure. The metal-N4

center, supported in microporous carbon, exhibited
outstanding OER and ORR activities, similar to those observed
in Pt-based catalysts, and the possibility of MPc as an
outstanding catalyst in actual fuel cells has already been
veried.12–15 In addition, owing to the transition metal atom in
the center of its structure, MPc is known to have high solubility
in organic solvents with auto-oxygen binding properties even in
a low O2 environment.16–21

Therefore, we used metal phthalocyanine as an electrolyte
catalyst and conrmed that MPc improves the performance of
Li–O2 batteries. According to our previous research, (1) MPcs
successfully stabilized highly active superoxide ions (O2

−) by
binding to them in LOBs, thereby suppressing side reactions,
such as electrolyte decomposition. (2) Furthermore, it was
This journal is © The Royal Society of Chemistry 2025

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta07071b&domain=pdf&date_stamp=2025-03-15
http://orcid.org/0000-0003-3593-7445
http://orcid.org/0000-0002-7651-5516
http://orcid.org/0000-0002-0203-2992
https://doi.org/10.1039/d4ta07071b
https://doi.org/10.1039/d4ta07071b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013012


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
02

5.
 D

ow
nl

oa
de

d 
by

 S
un

gk
yu

nk
w

an
 U

ni
ve

rs
ity

 o
n 

3/
21

/2
02

5 
3:

41
:5

8 
A

M
. 

View Article Online
conrmed that different MPcs, such as CoPc, CuPc, MnPc, and
ZnPc, exhibit distinct binding properties and active sites with
superoxide ions depending on their metal type. In addition, it
was discovered that there are different stabilization tendencies
depending on the metal type in the MPc molecule. Until
recently, various related studies on MPcs, including ours, have
considered the catalytic effects of binding directly to empty
metal centers. Nevertheless, there have been no attempts to use
pre-coordinated MPc with an oxygen group on the metal center,
which can result in unexpected catalytic effects for the
enhanced electrochemical performance of LOBs.

Herein, we investigated whether vanadyl phthalocyanine
(VOPc), a novel oxygen-pre-coordinated MPc catalyst, delivered
outstanding catalytic effects to enhance the electrochemical
performance of LOBs, such as decreased polarization and stable
cycle performance, by facilitating the formation and decompo-
sition reaction of Li-containing discharge products (LixO2)
during charging/discharging (Fig. 1). Through UV-visible
spectra, it was veried that oxygen-pre-coordinated VOPc can
effectively bind oxygen ions in the pre-oxygenated central metal
in the MPc-type molecule. The outstanding catalytic effect of
oxygen-pre-coordinated VOPc in LOBs was also conrmed
through rst-principles calculations, showing successful redox
mediation and enhanced OER kinetics by easier decomposition
of solid-state LixO2 during charging.
2. Experimental
2.1 Materials

High purity multi-walled carbon nanotubes (MWCNTs) were
donated by SouthWest Nanotechnologies. Vanadyl phthalocya-
nine (VOPc), tetraethylene glycol dimethyl ether (TEGDME,
99%), bis(triuoromethane)sulfonimide lithium salt (LiTFSI,
99.95%), poly(vinylidene uoride) (PVdF, Mw z 180 000), N-
methyl-2-pyrrolidone (NMP, anhydrous, 99.5%), and potassium
dioxide (KO2) were purchased from Sigma–Aldrich (Korea). We
removed residual moisture from TEGDME by dipping freshly
activated molecular sieves (4 Å) into the solvent for two weeks.
Fig. 1 Catalytic reaction properties of oxygen-pre-coordinated
vanadyl phthalocyanine (VOPc) and schematic of reaction intermedi-
ates and mechanisms in Li–O2 cells.

This journal is © The Royal Society of Chemistry 2025
2.2 Material characterization

The crystalline properties were investigated using X-ray
diffraction (XRD). Raman, Fourier transform infrared (FT-IR),
and X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo
U.K.) were performed to characterize and analyse the electrode
surface aer discharging/charging. Additionally, using eld-
emission scanning electron microscopy (FE-SEM), we
observed MWCNT-loaded Ni-foam electrodes. The time-course
ultraviolet-visible spectra (UV-vis, UV-2550, Shimadzu) were
used to investigate the oxygen binding effect of vanadyl
phthalocyanine.
2.3 Preparation of Li–O2 cells

The oxygen electrode was prepared using multi-walled carbon
nanotubes (MWCNTs, 90 wt%) and PVdF (10 wt%) dissolved in
NMP. The slurry was pasted onto a f 12 mm Ni-foam and dried
overnight at 80 °C under vacuum conditions. For the oxygen-
pre-coordinated VOPc-containing electrolyte, vanadyl phthalo-
cyanine (0.1 g) and LiTFSI (1 M) were diluted in TEGDME (0.5
mL) and stirred for 24 h in an Ar-lled glovebox to saturate the
oxygen-pre-coordinated VOPc-containing solution. In the cyclic
voltammetry (CV) cycling test, a coin cell including several holes
was used. All the cells were assembled in a glove box lled with
pure Ar. Aer assembly, the cells were purged with O2 (99.999%)
before the electrochemical test.
2.4 Calculational details

For the MPc-type molecules, the geometry was optimized and
the energy was evaluated using the Gaussian 16 soware
package. For all the calculations, spin-unrestricted density
functional theory (DFT) was performed based on the Becke–
Lee–Yang–Parr (B3LYP) hybrid exchange–correlation functional
and the triple-zeta valence polarization (TZVP) basis set.22–28 The
calculated molecular structure of MPc was visualized using
Avogadro soware.29 The TEGDME solvation was considered by
applying a dielectric constant of 7.9, as used in previous
studies.22,23
2.5 Electrochemical characterization

The catalytic activity of the oxygen-pre-coordinated VOPc-
containing Li–O2 cells was analyzed using cyclic voltammetry
(Biologic VSP potentiostat with an impedance function) in the
range of 2.0–4.5 V at 5 mV s−1. The charging/discharging tests
were performed using a potentiostat/galvanostat (WonATech,
Co., Ltd, WBCS3000, Korea) at 100 mA g−1 in the range of 2.3–
4.5 V vs. Li/Li+. For the cycling tests, a potentiostat/galvanostat
(WonATech, Co., Ltd, WBCS3000L, Korea) was used at
100mA g−1 with a limited capacity of 1000 mA h g−1 in the same
voltage range as the charging/discharging tests. Before the
electrochemical tests, the cells were purged with O2 gas, and the
tests were performed at room temperature.
J. Mater. Chem. A, 2025, 13, 8466–8473 | 8467
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3. Results and discussion
3.1 Electrochemical properties of oxygen-pre-coordinated
VOPc-applied LOB cells

To conrm the catalytic activities of oxygen-pre-coordinated
VOPc in LOBs, we compared the cyclic voltammetry (CV)
results of the pristine and the oxygen-pre-coordinated VOPc-
based electrolytes (Fig. 2a). In the case of the cathodic reac-
tion, the ORR onset potential was increased by applying the
oxygen-pre-coordinated VOPc (z2.80 V) than the pristine cell
(z2.72 V), and the ORR current in the oxygen-pre-coordinated
VOPc-applied cell tremendously increased than in the pristine
cell. Through the reaction process, it was veried that the ORR
rate in the oxygen-pre-coordinated VOPc-applied cell that can
bind with O2 and shuttle it to the electrode is faster than that in
the pristine cell.21,30,31 In the case of the anodic reaction, we
conrmed that the onset potential of the oxygen-pre-
Fig. 2 Electrochemical properties. (a) Cyclic voltammetry (CV) curves o
measured in the 2.3–4.5 V window for Li–O2 cells fabricated using pristin
the pristine and VOPc-applied Li–O2 cells in the range of 2.3–4.5 V. (e and
oxidation)” and “direct oxidation” during charging of VOPc-containing c

8468 | J. Mater. Chem. A, 2025, 13, 8466–8473
coordinated VOPc-applied cell decreased (z2.98 V) compared
to that of the pristine (z3.09 V) cell, and the reaction current of
the oxygen-pre-coordinated VOPc-applied cell dramatically
increased. With these results, the cell overpotential with oxygen-
pre-coordinated VOPc was decreased by half that of the pristine
cell. The most obvious difference according to the existence of
oxygen-pre-coordinated VOPc was the peak formation at the
3.45 V region. This voltage region is where one Li+ is delithiated
from Li2O2 to the outer side to form LiO2 (Li2O2 / Li+ + e− +
LiO2); then, two LiO2 disproportionate to chemically evolve O2

(2LiO2 / Li2O2 + O2).32,33 As the center metal of MPc can
stabilize O2− by binding it, MPc can mediate the charge process
and induce a disproportionation reaction than direct oxidation
reaction, which can operate at a much higher voltage range.31,34

To evaluate the cell performance on the actual operation of
LOBs, the discharge–charge curves between the pristine and the
oxygen-pre-coordinated VOPc-applied cells were compared
btained for Li–O2 cells employing VOPc. (b) Discharge–charge curves
e and VOPc containing electrolytes. (c and d) Cycling performance of
f) Ratios of “metal phthalocyanine-mediated oxidation (MPc-mediated
ells.

This journal is © The Royal Society of Chemistry 2025
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(Fig. 2b). During the discharge reaction, all cells showed
a plateau at around 2.72 V, which is known as the region on the
formation of Li2O2.21,35 In the charge curve, a bump was formed
at around 3.45 V in all cells, which indicates the region where
oxygen is evolved by the disproportionation reaction.32,33 In the
pristine cell, the operation voltage rapidly increased aer the
bump formation. However, the operation voltage of the oxygen-
pre-coordinated VOPc-applied cell was slowly polarized aer the
bump formation, and it showed much lower cell overpotential
during charging than the pristine cell. To evaluate the lifetime
of the oxygen-pre-coordinated VOPc activity and the improve-
ment of the cell cycling life by applying oxygen-pre-coordinated
VOPc, the discharge–charge curves in various cycle numbers of
pristine and oxygen-pre-coordinated VOPc-applied cells were
compared, as shown in Fig. 2c and d. The ORR overpotential of
both cells gradually increased as the cycle number increased.
However, the OER operation trend showed a distinguishing
difference between the pristine and oxygen-pre-coordinated
VOPc-applied cells. In the pristine cell, the charge curves in
the early cycles showed a typical disproportionation reaction
and direct oxidation reaction trend. The bump formation
voltage continuously increased, resulting in cell polarization,
and most of the reaction occurred above 4.0 V, where the direct
oxidation reaction is dominant. Moreover, the reversibility of
the cell deteriorated aer the 40th cycle. However, in the case of
the oxygen-pre-coordinated VOPc-applied cell, the bump
formation voltage was relatively well maintained until the 80th
cycle. Additionally, the coulombic efficiency of the VOPc-
applied cell was evaluated, and it was observed to maintain
100% efficiency up to 80 cycles (Fig. S1†). Through the
comparison of electrochemical performances in the pristine
and oxygen-pre-coordinated VOPc-applied cells, it was veried
that applying oxygen-pre-coordinated VOPc in LOBs can stabi-
lize the O2− and induce the disproportionation reaction
reducing the cell overpotential. However, if pre-occupied oxygen
exists with the central metal, the access and adsorption of
reactants can be inhibited, declining the catalytic effect.
Therefore, we compared the electrochemical performances
between the oxygen-pre-coordinated VOPc and various types of
MPc without pre-coordinated oxygen, such as CuPc and NiPc, to
objectively evaluate the activity of oxygen-pre-coordinated VOPc
(Fig. S2 and S3†). In the CV curve, all MPc-applied cells showed
lower overpotential and higher reactivity than pristine cells in
ORR/OER, and distinct O2− peaks were formed at around 3.45 V
when MPc was introduced. Moreover, by evaluating the activity
between the MPcs, we found that oxygen-pre-coordinated VOPc
showed the highest activity in the cathodic reaction, and
oxygen-pre-coordinated VOPC and NiPc showed similar activity
in the anodic reaction. CuPc showed the lowest activity among
them. In the discharge–charge cycle curve, which represents the
cell performance under actual cell operation conditions, the
activity of each MPc was more clearly evaluated. In the
discharge curve, all cells showed a similar operation voltage
(z2.72 V), demonstrating that additional polarization was not
required for the reactant absorption on oxygen-pre-coordinated
VOPc. In the charge reaction, the disproportionation reaction
continued most stably in the oxygen-pre-coordinated VOPc-
This journal is © The Royal Society of Chemistry 2025
applied cell, and the polarization rate was also lowest with
oxygen-pre-coordinated VOPc. Based on these results, we veri-
ed the strong catalytic effect of oxygen-pre-coordinated VOPc
and whether there was a blocking effect by pre-occupied oxygen
or not.

To quantitatively evaluate the catalytic effect of oxygen-pre-
coordinated VOPc to stabilize O2− by mediating the charge
reaction, we divided the OER curve into two sections, ‘MPc-
mediated oxidation’ and ‘direct oxidation’, and compared the
fraction of two parts in the charging process (Fig. 2e). As the
beginning of the OER is related to LiO2 formation and Li2O2 can
be directly decomposed at over 4.0 V, the 4.0 V was set as the
standard. The capacity region where the operation voltage was
lower than the standard was labeled as ‘MPc-mediated oxida-
tion’, and the region higher than it was labeled as ‘Direct
oxidation’.21,32,34 This standard can be supported by the bumps
formed around 3.4 V and 4.0 V in all cells, as illustrated in
Fig. 2b, indicating the reaction method change. We compared
the MPc-mediated reaction fractions among the pristine cell
and oxygen-pre-coordinated VOPc- and other MPc-applied cells
(Fig. S4 and S5†). In the pristine cell, the OER activity was 100%
caused by direct oxidation because MPc was not included in the
electrolyte. When MPc was applied in LOBs, the fractions of
MPc-mediated oxidation with NiPc, CuPc and oxygen-pre-
coordinated VOPc were ∼41.36%, ∼44.95%, and ∼52.78%,
respectively, implying that oxygen-pre-coordinated VOPc
induces stronger redox mediation during OER in LOBs than in
NiPc and CuPc. In addition, we compared the proportion of the
MPc-mediated and direct oxidation reaction in various cycles of
oxygen-pre-coordinated VOPc-applied cells and conrmed the
maintenance of the oxygen-pre-coordinated VOPc-mediated
oxidation reaction (Fig. 2f). In the rst cycle, the ratio of
oxygen-pre-coordinated VOPc-mediated oxidation was about
70%, which demonstrated that the catalytic effect was effec-
tively exhibited by binding superoxide radical ion (O2−) to
oxygen pre-coordinated VOPc during the charge reaction.
Moreover, although the ratios decreased in the 5th and 10th
cycles as the reaction continued, the superoxide radical ion
(O2−) stabilization effect of oxygen-pre-coordinated VOPc was
clearly shown and tended to converge to some extent, indicating
that the O2− stabilization effect of oxygen-pre-coordinated VOPc
was maintained even if the cycle continued.
3.2 Catalytic reaction reversibility by applying oxygen-pre-
coordinated VOPc

To evaluate the reaction reversibility and the structural changes
during charging/discharging, the ex situ analysis of pristine,
discharged and charged oxygen electrodes with oxygen-pre-
coordinated VOPc was conducted (Fig. 3). The morphology
change in the oxygen electrode during the cycling was estimated
with the magnied scanning electron microscopy (SEM) images
(Fig. 3a–c). For the pristine electrode, the CNT active material
was well loaded on the nickel foam, and a lm-like discharge
product was formed around the active material aer discharg-
ing (Fig. 3a and b). In the charge electrode image in Fig. 3c, the
discharge product was reversibly decomposed, and there was no
J. Mater. Chem. A, 2025, 13, 8466–8473 | 8469
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Fig. 3 Morphologies, crystal information and chemical composition of electrode applying VOPc. SEM image of (a) the pristine electrode, (b)
discharge electrode and (c) charge electrode. Ex situ XPS spectra of the pristine, discharge, and charge electrodes with the VOPc applied
electrolyte: (d) C 1s, (e) Li 1s, and (f) O 1s spectra. (g) Ex situ XRD patterns and (h) ex situ FT-IR patterns of the pristine, discharge, and charge
electrodes with the VOPc applied electrolyte.
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collapse of the electrode structure. For the comparison of the
carbon-based electrode surface involving material changes
during the cell operation, the C 1s X-ray photoelectron spec-
troscopy (XPS) spectra were estimated (Fig. 3d). As oxygen was
purged on all three cells, including pristine, O2 was absorbed on
the CNT electrode, and the C–O peak with high intensity
appeared at the 286.6 eV position. This peak was slightly
increased aer discharging, demonstrating that the discharge
product (Li2O2) chemically reacted with a carbon-based oxygen

electrode to form Li2CO3

�
Li2O2 þ Cþ 1

2
O2/Li2CO3

�
or the

occurrence of the side reaction with the organic electrolyte.24,35

Thus, evidence of the formation of Li2CO3 was observed
through the peak at 289.8 eV, while the coverage of discharge
products and byproducts on the discharge electrode led to
a decrease in the C–C peak at 284.7 eV. However, during the
charge process, the Li2CO3 peak disappeared as it electro-
chemically decomposed (2Li2CO3 / 4Li+ + 2CO2 + O2 + 4e−).8

Moreover, signicant change was not observed in the C–C peak
as the evolved O2 bonded with the neighboring carbon elec-
trode. The CF3 peak with the same intensity appeared on all
three electrodes, which represents LiTFSI salts remaining on
the electrode surface, and was detected at 292.8 eV. In Li 1s
spectra, the LiTFSI peak (55.6 eV), which indicates the residual
salt in the electrolyte, was observed in all three electrodes
(Fig. 3e). Aer discharging, the discharge product (Li2O2) and
byproduct (LiCO3) peak were presented at 54.8 eV and 55.2 eV,
respectively. In the charge electrode, the byproduct was entirely
decomposed, and the discharge product peak intensity
8470 | J. Mater. Chem. A, 2025, 13, 8466–8473
decreased. The reaction reversibility of the LOB cell with
oxygen-pre-coordinated VOPc can also be conrmed with the O
1s spectra (Fig. 3f). Similar to the C 1s spectra analysis, the C–O
peak (532.9 eV) slightly increased aer discharging and was
maintained aer recharge. The Li2O2 peak (531.6 eV) was
observed on the discharge electrode surface, but its intensity
decreased on the charge electrode. The Li2CO3 peak (533.3 eV)
was formed and disappeared aer discharging and charging,
respectively. Moreover, the V–O peak was detected at 531.3 eV
on the O 1s spectra, which is a peak for pre-coordinated oxygen
binding to the oxygen-pre-coordinated VOPc central metal
remaining on the electrode surface. As the discharge electrode
was covered with the discharge products and the byproduct, the
V–O peak did not appear predominantly on it. However, on the
charge electrode, a clear V–O peak reappeared with a similar
intensity to the pristine one. Through these results, we
conrmed that the oxygen attached to oxygen-pre-coordinated
VOPc was well maintained during cycling, and oxygen-pre-
coordinated VOPc only mediated the LOB cell reaction
without the structural change.

To identify the crystallinity of the discharge product, the X-
ray diffraction (XRD) patterns of pristine, discharge and
charge electrodes were obtained (Fig. 3g). In the XRD pattern on
all the three electrodes, only the CNT lattice peak was detected,
and the Li2O2 lattice peak was not observed. Based on this
result, we conclude that the Li2O2 was formed in an amorphous
phase. This result is consistent with the lm-like morphology of
the discharge electrode discussed in the SEM image. Formation
of amorphous phase Li2O2 is a common result when the LOB
This journal is © The Royal Society of Chemistry 2025
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cell is operated with a low donor number solvent, such as tet-
raethylene glycol dimethyl ether (TEGDME).33,36 The reaction
reversibility of LOB cells was also demonstrated by the Fourier
Transform Infrared Spectroscopy (FT-IR) pattern (Fig. 3h). The
Li2O2 peak (574.7 cm−1) was generated aer discharging and
disappeared aer charging.
3.3 Specic reaction mechanism of oxygen-pre-coordinated
VOPc

We performed real-time ultraviolet-visible (UV-vis) spectropho-
tometry analysis to conrm the auto-oxygen binding properties
of oxygen-pre-coordinated VOPc aer injecting KO2 solution in
the electrolyte and monitored the changes in absorbance at
different times aer oxygen binding (Fig. 4a). Additionally, we
found out why the performance of oxygen-pre-coordinated
Fig. 4 (a) Ultraviolet-visible (UV–vis) spectra of vanadyl phthalocyanine
Wavelength range of 350–850 nmwas applied to detect the state of VOP
would shift or change in that range. (b) Molecular structure of pristine VO
for cell-reaction intermediates in the oxygen-pre-coordinated VOPc-co
(HOMO) and lowest unoccupied molecular orbital (LUMO) energies of p
orbital energies of pristine VOPc and oxidized VOPc+ adjusted for oxida

This journal is © The Royal Society of Chemistry 2025
VOPc can be well expressed even in pre-coordinated with the
oxygen group through UV-vis analysis data. Research has
already been conducted on the binding properties of phthalo-
cyanines with an empty metal centers (CoPc, CuPc, MnPc, and
ZnPc) through the US-vis spectra of four MPcs (Fig. S6†).21 It was
conrmed that the binding properties of various metal phtha-
locyanines vary according to the d-orbital occupation of the
central metal, and ‘side-on’, ‘end-on’, and ‘side group’ binding
congurations are formed. In the case of oxygen-pre-
coordinated VOPc to which oxygen is already bonded, it may
be observed that the intensity of the peak increased compared
to pristine immediately aer KO2 was injected. However,
because the d-orbital of vanadium is unoccupied, and only the
intensity of the peak has changed without peak shiing, it can
be observed that superoxide ions bound to the central metal of
(VOPc) at different times after superoxide injection using KO2 solution.
c central metal atoms. If states of central metals are altered, some peaks
Pc and (VOPc-O2)

–. (c) Relative Gibbs free-energy diagrams generated
ntaining Li–O2 cell. (d) DFT-based highest occupied molecular orbital
ristine VOPc and oxidized VOPc+ in TEGDME. (e) Predicted molecular
tion potential (vs. Li+/Li).
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oxygen-pre-coordinated VOPc and form an ‘end-on’
conguration.

In addition, similar results were obtained through rst-
principles calculations. As shown in Fig. 4b, the oxygen-pre-
coordinated VOPc molecule is bonded with the oxygen group
in the pristine state. Subsequently, calculations were carried out
by assuming that the superoxide ion binds to the central metal
site of oxygen-pre-coordinated VOPc. By comparing the Gibbs
free energies of pristine structure and superoxide-bonded
structure, we conrmed that the oxygen-pre-coordinated VOPc
molecule prefers to form an ‘end-on’ conguration, lowering
the total free energy by−1.24 eV. Furthermore, we predicted the
detailed reaction mechanism of oxygen-pre-coordinated VOPc
in the LOB cell by analyzing the free energies of each reaction
intermediate and product (Fig. 4c). During the ORR process, the
highly reactive superoxide is effectively stabilized by the oxygen-
pre-coordinated VOPc molecule, which captures it in the form
of (VOPc-O2)

–. Subsequently, the (VOPc-O2)
– complexes react

with neighboring Li+ to form LixO2 products. Throughout
a series of reactions, the total free energy continuously
decreased, indicating that spontaneous catalytic reactions
occurred. Moreover, we demonstrated the outstanding catalytic
effect of VOPc as the effective RM for LOBs using rst-principles
calculation. As shown in Fig. 4d and e, we compared the theo-
retical highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels of
pristine VOPc and oxidized VOPc+ using the TEGDME dielectric
constant (7.9) considering the TEGDME-based electrolyte. The
blue and red bars indicate the relative values of pristine VOPc
and oxidized VOPc+ vs. absolute vacuum scale (AVS), respec-
tively. It was reported that the AVS is −4.44 V vs. standard
hydrogen electrode (SHE). Thus, the 0 V vs. Li+/Li corresponds
to −1.39 eV vs. AVS, and the formation redox potential of Li2O2

is approximately −4.35 eV (vs. AVS). As the decomposition of
Li2O2 occurs at approximately 2.96 V (vs. Li+/Li; shown by the
dotted blue line) and the redox potential of the pristine VOPc is
higher than 2.96 V, Li2O2 can decompose in the electrolyte
containing TEGDME and oxygen-pre-coordinated VOPc. More-
over, it was veried that the HOMO energies of the oxidized
VOPc+ were higher than those of the TEGDME (∼5.71 V vs. Li+/
Li; shown by the dotted red line), indicating that there is no
decomposition of TEGDME during charging. These calculation
results showed that oxygen-pre-coordinated VOPc can be used
as an outstanding and effective RM catalyst with the stable
redox operation of LOBs.

We monitored the structural changes in VOPc added to the
Li–O2 system as the voltage decreased from 3.3 V to 2.0 V
(discharge) and then increased from 2.0 V to 4.0 V (charge),
conrming the reaction facilitation mechanism of VOPc based
on these results and previous experiments (Fig. S7 and S8†).
First, according to the UV-vis results, an intensity peak related
to the vanadiummetal was observed around 300 nm at an initial
voltage of 3.3 V. During the oxygen reduction reaction (ORR), as
the voltage decreased to 2.0 V, oxygen was reduced to form
reactive oxygen radicals (O2

−), which were stabilized by VOPc
through the formation of VOPc-O2 complexes, preventing
undesirable side reactions. These complexes subsequently
8472 | J. Mater. Chem. A, 2025, 13, 8466–8473
reacted with Li+ to form lithium oxides (e.g., LiO2 and Li2O2),
and VOPc was regenerated to its original state in the process.
Simultaneously, the UV-vis results revealed structural changes
indicated by a decrease in the intensity of the peak. During the
oxygen evolution reaction (OER), as the voltage increased from
2.0 V to 4.0 V, VOPc was oxidized to VOPc+ (2VOPc / 2VOPc+ +
2e−). VOPc+ reacted with Li2O2 (2VOPc

+ + Li2O2 / 2VOPc + 2Li+

+ O2), or in a direct OER pathway, Li2O2 decomposed (Li2O2 /

2Li+ + O2
− + e−). The resulting oxygen radicals were stabilized by

VOPc-O2 complexes. In this process, the intensity peak related
to the vanadium central metal reappeared reversibly, as
conrmed by the UV-vis results.

4. Conclusions

In summary, the oxygen binding effect and catalytic effect of
oxygen-pre-coordinated VOPc, in which oxygen has been pre-
coordinated to the vanadium center metal, are conrmed. In
addition, the binding properties of oxygen-pre-coordinated
VOPc and superoxide ions follow the tendency of empty metal
center phthalocyanines (Co, Cu, Mn, and Zn), which show
various tendencies depending on the d-orbital occupation. In
addition, even in the case of oxygen-pre-coordinated VOPc in
which oxygen is already coordinated to the center metal,
superoxide ions can bind to the center metal, which means that
oxygen-pre-coordinated VOPc can promote the reaction of
transferring oxygen to the oxygen electrode in Li–O2 cell. This
result is supported by the rst-principles calculation results,
which show that oxygen-pre-coordinated VOPc has the most
stable energy when the superoxide ion binds to the center
metal. In this case, it is preferred to bind the superoxide to the
opposite side of the site where the oxygen is pre-coordinated.
Moreover, the improved reversibility of the discharge product
was conrmed by the ex situ characterization results fabricated
using oxygen-pre-coordinated VOPc. This study presents the
applicability of a new material, ‘oxygen pre-coordinated metal
phthalocyanine’, which can improve the cell performance of Li–
O2 cells, and conrms its potential as an appropriate catalyst
that can enhance the cycle performance and reversibility by
suppressing side reactions during redox reactions.
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