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Dispersed Nickel Phthalocyanine Molecules on Carbon
Nanotubes as Cathode Catalysts for Li-CO, Batteries

Hongzhi Zheng, Huan Li, Zisheng Zhang, Xiaojun Wang, Zhan Jiang, Yirong Tang,
Jibo Zhang, Benjamin Emley, Ye Zhang, Hua Zhou, Yan Yao,* and Yongye Liang*

The Li-CO, battery has great potential for both CO, utilization and energy
storage, but its practical application is limited by low energy efficiency and
short cycle life. Efficient cathode catalysts are needed to address this issue.
Herein, this work reports on molecularly dispersed electrocatalysts (MDEs) of
nickel phthalocyanine (NiPc) anchored on carbon nanotubes (CNTs) as the
cathode catalyst for Li-CO, batteries. The dispersed NiPc molecules efficiently
catalyze CO, reduction, while the conductive and porous CNTs networks
facilitate CO, evolution reaction, leading to enhanced discharging and
charging performance compared to the NiPc and CNTs mixture. Octa-cyano
substitution on NiPc (NiPc-CN) further enhances the interaction between the
molecule and CNTs, resulting in better cycling stability. The Li-CO, battery
with the NiPc-CN MDE cathode shows a high discharge voltage of 2.72 V and
a small discharging—charging potential gap of 1.4 V, and can work stably for
over 120 cycles. The reversibility of the cathode is confirmed by experimental
characterizations. This work lays a foundation for the development of

voltage (2.8 V) and high specific energy
densities (1876 Wh kg=1).57) It is advan-
tageous as the power supply on some par-
ticular occasions with high concentration
of CO,.Bl The reversible redox reactions
between CO, and Li,CO, are key for the
discharge—charge processes. Unfortunately,
the slow reaction kinetics of CO, and the
insulation nature of Li,CO; covered on
cathode surface usually result in the dis-
tressing issue of large charge—discharge
overpotential.[*>°] Besides, some parasitic
catalyst problems such as the active site
degradation or detachment from the con-
ductive substrate during charge-discharge
cycles could inevitably cause serious decay
to battery life.>19-12] Therefore, it is highly
desirable but challenging to develop effi-
cient and stable cathode catalyst materials,

molecular catalysts for Li-CO, battery cathodes.

1. Introduction

CO, capture, storage, and utilization have attracted tremen-
dous attention due to growing problems caused by excessive
utilization of fossil fuels.'*) New energy storage devices are
anticipated for the utilization of renewable energy and allevia-
tion of the greenhouse effect. Metal-CO, battery is a promis-
ing technology for the efficient conversion between chemical en-
ergy and electrical energy with CO, as an energy carrier.l*] The
Li-CO, battery is more favored because of its high discharge

which can efficiently catalyze the reduction

of CO, and the decomposition of Li,CO,.

Until now, several types of cathode cat-

alysts have been developed for Li-CO, bat-

teries. Precious metal-based catalysts, such

as RuRh,13] Ir,[1416] Ry [1517] and RuO!M®! can exhibit relatively
high catalytic activities with lower voltage gaps (<1.4 V) and long
cycling life (> 100 cycles). However, their practical applications
are limited by high cost and scarcity of precious metals. Recently,
first row transition metal-based catalysts were also reported to
show good performances. A nitrogen-doped 3D porous graphene
catalyst modified with highly dispersed Ni nanoparticles could
show strong interaction with Li* and CO,.[') Wang et al. reported
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Figure 1. Characterization of NiPc MDE and NiPc+CNTs. SEM images of a) NiPc MDE and b) NiPc+CNTs. c¢) TEM image and d) aberration-corrected
HAADF-STEM image of NiPc MDE (inset shows the schematic of NiPc molecules anchored on CNTs). e) Ni K-edge XANES and f) EXAFS of NiPc MDE,

NiPc, Ni foil and NiO.

Mn organic frameworks for Li-CO, batteries which showed re-
markable discharge capacity.[?! Cheng et al. reported a series of
metal-N, functionalized graphene electrocatalysts and found that
the SACr@NG/PCF catalyst had a small voltage gap of 1.39 V.21

As a kind of promising electrocatalyst with the metal-N, ac-
tive center, metal phthalocyanines (MPcs) have many advantages
such as well-defined structure, easy tunability, good stability, etc.
They have shown good electrocatalytic performance for the CO,
reduction reaction (CO,RR) in aqueous solutions.[?>%] Recently,
cobalt polyphthalocyanine (CoPPc) was prepared as the cathode
catalyst for Li-CO, batteries, showing a discharge capacity of
13 600 mAh g~! and operation of 50 cycles.!?*) However, phthalo-
cyanine molecules are not conductive and tend to aggregate in
heterogeneous conditions, resulting in ineffective electron trans-
port and limited diffusion of CO, and electrolytes to active sites.

Herein, we introduced molecularly dispersed electrocatalysts
(MDEs) for Li-CO, battery cathode. These MDEs are constructed
by anchoring nickel phthalocyanine (NiPc) (Figure S1, Sup-
porting Information) on multiwalled carbon nanotubes (CNTs),
which were used as carbon substrates in Li-CO, batteries due to
their excellent conductivity, large specific surface area and porous
network structure.[%?”28] NiPc MDE can fully display the intrinsic
activity of NiPc for CO,RR, and CNTs provide a high surface area
and porous network, facilitating the decomposition of Li,CO;,.
Thus, the NiPc MDE cathode exhibits higher discharge voltage,
lower charge voltage, and larger discharge capacity than those of
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the battery with the physical mixture of NiPc and CNTs (denoted
as NiPc+CNTs). However, NiPc MDE battery shows inferior cy-
cling stability due to the dissolution of NiPc from the cathode.
To solve this problem, CN groups are introduced to NiPc (Figure
S1, Supporting Information) to enhance the interaction between
molecules and CNTs. The afforded NiPc-CN MDE cathode shows
better activity and stability. Further, the reversibility of the whole
battery system is verified by a series of experimental characteri-
zations.

2. Results and Discussion

NiPc MDE was prepared via a solution sonication approach (Ex-
perimental Section). The Ni content in NiPc MDE hybrid is
~0.7 wt% (Table S1, Supporting Information). The deposition of
NiPc MDE on the substrate shows a nanoporous network con-
nected with ~15 nm diameter nanotubes (Figure 1a). In contrast,
the physical mixture, NiPc+CNTs shows obvious molecular ag-
gregation at the sub-micron size scale (Figure 1b). The image of
transmission electron microscopy (TEM) shows the 1D morphol-
ogy of NiPc MDE without aggregation of nanoparticles, which
validates the SEM results (Figure 1c). The aberration-corrected
high-angle annular dark-field scanning (HAADF) TEM further
shows the presence of isolated bright spots (surrounded by red
circles) on CNTs (Figure 1d), suggesting the modification of heav-
ier atoms on the carbon framework. As Ni is the only substantially
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heavier element in NiPc MDE, the result suggests that NiPc
molecules are distributed on the surface of multi-walled CNTs
without significant molecular aggregation. The EDS mappings
show that C, N, and Ni are located in the carbon nanotubes skele-
ton region, suggesting that NiPc molecules are distributed on the
surface of CNTs in NiPc MDE (Figure S2, Supporting Informa-
tion). In Figure le, the K-edge X-ray absorption near-edge struc-
ture spectrum (XANES) of NiPc MDE is highly similar to that
of neat NiPc molecule, showing an apparent pre-edge peak at
8342 eV corresponds to the typical Ni-N, configuration.??! In the
corresponding extended X-ray absorption fine structure (EXAFS)
spectrum (Figure 1f), NiPc MDE displays a dominant peak at 1.45
A arising from Ni-N bond coordination, consistent with the def-
inite NiPc structure.>®3!l The Ni-Ni coordination peak at 2.15 A
is not found in NiPc MDE, suggesting Ni atoms on NiPc MDE
are isolated, agreeing well with the TEM results.

In order to evaluate the comprehensive performance of NiPc
MDE in Li-CO, battery, we assembled the battery as shown in
Figure 2a (Experimental Section). NiPc MDE was coated on the
carbon fiber paper substrate as the cathode. Glass fiber was
used as the separator. Lithium bis(trifluoromethane)sulfonimide
(LiTFSI) in tetramethylene glycol dimethyl ether (TEGDME) (G4)
was used as the electrolyte. The electrochemical behavior of NiPc
MDE was first studied by cyclic voltammetry (CV) (Figure 2b).
Negligible currents are observed for NiPc MDE under an Ar at-
mosphere within the range of 2.2-4.5 V. Under CO, conditions,
NiPc MDE exhibits obvious cathodic currents below ~2.85 V and
anodic currents above x3.51 V, showing good electrochemical
catalytic performance for the CO, reduction and evolution reac-
tions. In contrast, the control sample of NiPc+CNTs shows lower
reduction and oxidation currents. There are aggregated nanopar-
ticles of NiPc molecules in NiPc+CNTs (Figure 1b), which causes
fewer exposed active sites and poorer electron transport, conse-
quently resulting in much inferior electrocatalytic activity. The
CNTs sample shows much smaller reduction currents than those
of NiPc MDE, indicating that dispersed NiPc molecules on CNTs
are in charge of the reduction catalytic activity in NiPc MDE.
It is noteworthy to note that in the voltage window range of
3.5-4.5 V, CNTs exhibit a slightly higher oxidation current than
NiPc+CNTs, which indicates that CN'Ts have a certain oxidation
performance. This also indicates that the aggregated phthalocya-
nine molecules could not only mask their own active centers but
also weaken the oxidation performance of CNTs. Without the in-
fluence of NiPc aggregation, NiPc MDE also shows a larger oxi-
dation current, possibly due to more reduction products for oxi-
dation.

The discharge—charge profiles displayed in Figure 2c indi-
cate that NiPc MDE delivers a discharge voltage platform of
~2.67 V, substantially higher than NiPc+CNTs (2.58 V) and CNTs
(2.54 V). The charge profiles of NiPc MDE and CNTs are simi-
lar, both are lower than that of NiPc+CNTs, indicating the im-
portance of CNTs conductive network for CO, evolution reac-
tion (CO,ER). The deep discharge measurement indicates that
the NiPc MDE cathode exhibits the highest discharge capacity
of 10 800 mAh g~! at the current density of 200 mA g~!, while
the CNTs and NiPc+CNTs only reach ~6000 and 8000 mAh g™,
respectively (Figure 2d). Although the CNTs, NiPc MDE, and
NiPc+CNTs samples show similar pore distribution and approx-
imate Brunauer—-Emmett-Teller (BET) surface area of 155, 146,
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and 130 m? g7, respectively, their battery performance varies
greatly (Figures S3 and S4, Supporting Information). It suggests
that the fully exposed Ni-N, sites could effectively enhance the
CO, catalysis during the discharge process. The cycling perfor-
mance was investigated and the results are shown in Figure 2e.
The CNTs and NiPc+CNTs cathodes show poor stability with a
significant voltage gap increase from 1.8 to 2.8 V within the first
8 cycles. Although NiPc MDE with higher electrocatalytic activity
shows better battery stability when compared with NiPc+CNTs
and CNT, its voltage gap increases from 1.48 to 1.86 V in the first
8 cycles.

To explore the reasons for the poor battery stability, we dis-
assembled the battery after 20 cycles of operation. The separa-
tor shows obvious blue color, which is the characteristic color
of NiPc in organic solvent (Figure 3a(i)). The Ultraviolet-visible
spectrum measurement proves that the blue particles on the sep-
arator are NiPc molecules (Figure S5, Supporting Information).
It implies that the NiPc molecules were detached from CNTs side
walls from NiPc MDE and deposited on the separator, due to the
solvation ability of TEGDME in the electrolyte, resulting in the
instability issue of the NiPc MDE cathode. We undertook DFT
calculations for the interaction between NiPc and CNTs side wall
and found that the adsorption energy of NiPc on CNTs surface is
—2.47 eV (Figure 3b).3? Interestingly, it is further found that the
p-octa cyano-substituted NiPc (NiPc-CN) (Figure S1, Supporting
Information) can afford stronger interaction with CNTs side wall
with the adsorption energy of —3.52 eV (Figure 3c). To verify our
anticipation, NiPc-CN MDE was synthesized and a series of char-
acterizations confirm its similar structure to NiPc MDE (Figures
S6 and S7, Supporting Information). Then NiPc-CN MDE was
investigated as a cathode catalyst. After 100 cycles of operation,
we disassembled the battery and found no characteristic color of
phthalocyanine on the separator (Figure 3a(ii)). The weaker inter-
action between NiPc and CNTs could result in the dissolution of
NiPc molecules in the TEGDME solvent during the battery oper-
ation, leading to the loss of catalytic activity (Figure 3d). In con-
trast, the stronger interactions between NiPc-CN and CNTs en-
sure the firm anchoring of molecules on CNTs, affording stable
operation (Figure 3e).

The comprehensive performance of the NiPc-CN MDE cath-
ode was further evaluated. As shown in Figure S8, Supporting
Information, the cathode current of NiPc-CN MDE is higher than
that of NiPc MDE, while the anode current is very similar to that
of NiPc MDE. These results indicate that cyano substitution can
promote the CO,RR activity of NiPc, while the CO,ER perfor-
mance of CNTs is not affected by the change of molecular struc-
ture. Figure 4a shows the discharge—charge curves of the NiPc-
CN MDE cathode. Impressively, it exhibits a higher discharge
voltage of 2.72 V and a low charge voltage of 4.11 V, which are
superior to those of NiPc MDE (2.67 and 4.18 V, respectively).
In addition, the Li-CO, batteries of the NiPc-CN MDE cathode
with different Ni amounts were investigated (Figure S9, Support-
ing Information). Among them, the 0.7 wt% sample exhibits the
smallest potential gap of 1.39 V with the highest discharge po-
tential (2.72 V). NiPc-CN MDE demonstrates a high discharge
capacity of 18 000 mA hg™', which is among the highest for the
reported non-noble transition metal-based catalysts (Figure 4b,
Table S1, Supporting Information). In Figure 4c, the discharge
terminal voltages of NiPc-CN MDE are 2.72, 2.65,2.52,and 2.50 V
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Figure 2. The cathode of Li-CO, batteries performance. a) Structures of the battery with NiPc MDE cathode. b) CV curves of the batteries with NiPc
MDE, CNTs, and NiPc+CNTs cathode catalysts at a scan rate of 0.1 mV s~ c) The discharge—charge profiles of NiPc MDE, CNTs, and NiPc+CNTs
cathode at 50 mA g~'. d) Deep discharge curves of NiPc MDE, NiPc+CNTs, and CNTs cathode catalysts tested at 200 mA g~'. e) Cycling performance

tested at 50 mA g~! of NiPc MDE catalyst.

at a current density of 50, 100, 200, and 400 mA g~!, respectively,
showing good rate performance and fast reaction kinetics due to
the high conductivity and 3D network. Whereas NiPc MDE cath-
ode could only run for 20 cycles, and the voltage gap enlarged
quickly up to 2.30 V, the £ NiPc-CN MDE cathode could work
stably for over 120 cycles with a voltage gap of 1.40 V at a current
density of 50 mA g~! (Figure 4d). Moreover, the stability of NiPc-
CN MDE can be further proved by XANES measurements. The
Ni L-edge (Figure S10, Supporting Information) exhibits negli-
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gible change during battery operation. The comparison with the
reported cathode catalysts illustrates the advantages of NiPc-CN
MDE with enhanced activity and stability (Figures S11 and S12,
and Table S2, Supporting Information).

To better understand the reversible CO, reduction and evo-
lution reaction on the NiPc-CN MDE cathode, ex situ analysis
techniques including SEM, XRD, EIS, and XPS were utilized to
analyze the cathode at different stages (pristine, discharged, and
charged). In Figure 5a(i), the pristine cathode exhibits unique

© 2023 Wiley-VCH GmbH
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Figure 3. Optimization of molecular electrocatalysts. a) The images of i) NiPc-MDE cathode after 20 cycles and ii) NiPc-CN MDE cathode after 100
cycles of operation at a current density of 50 mA g~'. Charge density difference plot of b) NiPc and c) NiPc-CN supported on CNTs surface (single-layer
graphene in modeling) with an isovalue of 0.0001. The absorption energy values are labeled below the corresponding plot. Schematic illustration of d)
NiPc-MDE and e) NiPc-CN MDE in action as a Li-CO, battery cathode (the highlighted molecules indicate that they can be stabilized on the surface of
CNTs).
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NiPc MDE and NiPc-CN MDE cathode within a limiting capacity of 800 mAh g~ at various current densities. d) Long-term cycling curves of NiPc and
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Figure 5. Reversibility of the NiPc-CN MDE cathode in Li—-CO, batteries. a) SEM images of NiPc-CN MDE at different states: i) pristine, ii) after dis-
charging, and iii) after charging. b) XRD patterns and c) Nyquist plots of Li—~CO, batteries with NiPc-CN MDE cathodes at different stages (the inset is
the equivalent circuit model for fitting the Nyquist plots). The XPS spectra of C1s at different states: d) discharged and e) charged.

3D porous morphology, ensuring sufficient space and sites for
containing discharge products. After discharging, the particles
of products were uniformly covered on the cathode surface, and
the size of the particles is about 50-150 nm (Figure 5a(ii)). As
the discharge depth increases, the amount of particles covered
on the electrode gradually increases, also accompanied by the in-
crease in size (Figure S13, Supporting Information). After sub-
sequent charging to 4.2V, the particles were almost decomposed
to recover the porous nanotube network (Figure 5a(iii)). The re-
versible reaction is further confirmed by the XRD analysis, as
shown in Figure 5b. New peaks at 21.2°, 30.5°, 31.6°, and 37.0°
were detected after discharging, which are corresponding to the
characteristic peaks of Li,CO, crystals (PDF #22-1141). The dis-
charge products at different discharge depths are all confirmed to
be crystalline Li, CO, (Figure S14, Supporting Information). And
these peaks disappeared upon recharging. Notably, the reversible
formation and decomposition of Li,CO; on the cathode caused a
significant change in battery impedance. As shown in Figure 5¢
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and Table S3, Supporting Information, the charge transfer resis-
tance (R,) of the pristine NiPc-CN MDE electrode (178 Q) ex-
periences a significant increase after discharging (809 Q). And
then the conductivity of the electrode could be recovered and R,
returns to its original value during the charging process, accom-
panied by the gradual decomposition of Li,CO;. The discharge—
charge products were also analyzed by X-ray photoelectron spec-
troscopy (XPS), and the corresponding C 1s fine spectra were il-
lustrated in Figures 5d,e. The peak at 290.7 eV can be assigned
to the C=0 of Li,CO,, formed during the discharge process.
And this peak was significantly reduced after recharge due to
the decomposing of Li,CO,. These investigations reveal that the
NiPc-CN MDE has high activity in electron transfer, which can
substantially facilitate the Li, CO, formation and decomposition,
thus effectively improving stability. To identify the composition
of charge products during cycling, gas chromatography (GC) was
carried out to determine the gases produced during the charging
process in the Li-CO, battery with NiPc-CN MDE cathode. The
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experiments were performed by keeping Ar gas continuously tak-
ing into the GC detection during the charging process. It was
observed that CO, is the only gas that evolved throughout the
charging process (Figure S15, Supporting Information), and no
evidence of other evolved gases (such as O,, CO, and H,) was
observed. This qualitatively proved the reversibility of the Li-CO,
battery.

3. Conclusion

In summary, this study investigates the performance of NiPc-
based electrocatalysts as cathodes for Li-CO, batteries. By an-
choring NiPc molecules on CNTs, the resulting MDE structure
can efficiently catalyze CO, reduction and facilitate charging ox-
idation of Li,CO; with the conductive and porous CNTs net-
works. The NiPc MDE demonstrates superior performance com-
pared to aggregated NiPc. However, the weak molecule/CNTs
interaction leads to NiPc detachment from CNTs in TEGDME
electrolyte, reducing the stability of NiPc MDE in Li-CO, batter-
ies. To address this, the molecule/CNTs interaction is enhanced
through CN group modification, resulting in a stable NiPc-CN
MDE cathode with high discharge voltage of 2.72 V and a small
discharge—charge potential gap of 1.4 V. Experimental characteri-
zations confirm the reversibility of Li, CO, formation and decom-
position during battery operation. This work demonstrates the
potential of CNTs supported molecular catalysts for Li-CO, bat-
teries.

4. Experimental Section

Materials Preparation: All the chemicals were bought commercially
and used without purification, except when specified. NiPc was obtained
from Alfa Aesar. NiPc-CN was synthesized using a slightly modified pre-
viously reported procedure.[?*] Carbon paper (CFP, TGP-H-060) was ob-
tained from Fuel Cell Store. The aqueous solutions were all prepared using
Millipore water with a measured conductivity of 18.2 MQ cm. CNTs from
C-Nano (FT 9000) were purified by calcining in air at 500 °C for 5 h then
washing with a 5 wt% HCl aqueous solution.

Preparation of MDE: To fabricate hybrid materials, 60 mg of purified
CNTs was sonicated for 1h in 60 mL DMF to disperse them. Subsequently,
a specific amount of NiPc or NiPc-CN dissolved in DMF was added to the
CNTs dispersion and mixed thoroughly by sonication for 45 min. To guar-
antee the uniform dispersion of the mixture, it was stirred at room temper-
ature for 24 h. Thereafter, the precipitates were obtained by centrifugation
of the mixture followed by washing three times with DMF and twice with
ethanol. Finally, the precipitate was lyophilized to obtain the final product.

Material Characterizations: A range of analytical techniques were uti-
lized to investigate the samples. TEM was conducted using an FEI Tec-
nai G2 F30 instrument. ICP-MS analyses were performed using an Agilent
Technologies 7700 series instrument. XRD patterns were measured with a
Rigaku MiniFlex-600 diffractometer using Cu Ka radiation (1= 1.5406 A) in
an angle range of 10-60 (20) with a scanning rate of 2° min~'. SEM images
were obtained using a Gemini LEO 1525 microscope and spectral analy-
ses were conducted using a JEOL JSM 6400 SEM. EDS mappings were ob-
tained using FEI Talos F200X instrument. Ultraviolet-visible spectrometry
was performed with a Shimadzu UV3600 spectrometer. XPS was collected
using a Physical Electronics Model 5700 instrument with a monochro-
matic Mg Ka X-ray source and calibrated with a C 1s peak (284.8 eV).
XAS was collected using synchrotron radiation at Beamline 12 BM of the
Advanced Photon Source in Argonne National Laboratory. Energy calibra-
tion was done through a reference nickel foil simultaneously measured.
Athena and Artemis software packages were used to fit EXAFS spectra.
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The Brunauer—Emmett—Teller (BET) surface areas were determined by N,
adsorption isotherms at 77 K (Micromeritics ASAP 2460).

Electrode Preparation and Coin Cell Assembly: The Li-CO, bat-
tery assembly was constructed using CR2032 type (with holes) coin
cells inside an argon-filled glovebox that had O, and H,O levels
below 1 ppm. Lithium metal served as the anode whereas 1 ™m
lithium bis(trifluoromethane)sulfonimide (LiTFSI) in tetramethylene gly-
col dimethyl ether (TEGDME) (G4) was used as the electrolyte. Prior to
the formation of the catalyst layer, the catalyst powder was dispersed uni-
formly in a mixture of NMP/EtOH (V:V = 4:1) to form a solution of 2.25
mg mL~". Next, sonication was carried out for 30 min as a means of as-
sisting with the preparation of the solution. After this process, the solution
was cast and dropped onto a circular carbon paper (1.12 cm?, 0.2 mg) and
was subsequently dried fully in a vacuum oven at 80 °C for 15 h. The coin
cell was then connected to the battery tester for electrochemical testing,
after being sealed inside a custom-built chamber filled with CO, at a pres-
sure level of 1 atm.

Energy Density Calculation:

capacity (mAh)

energy density (mAhg’]) = M)

mass of cathode material (g)

where the mass of cathode material includes catalyst molecules and car-
bon nanotubes loaded on the substrate.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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