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of Ni, Fe-doped d-MnO2 derived
from Prussian blue analogues as an efficient
catalyst for stable Li–CO2 batteries†

Xiaoyang Chen,‡a Jian Chen, ‡a Yun Qiao, *a Yun Gao,b Siwei Fan,a Yijie Liu,a

Li Li,a Yang Liu*a and Shulei Chou *b

Rechargeable Li–CO2 batteries are regarded as an ideal new-generation energy storage system, owing to

their high energy density and extraordinary CO2 capture capability. Developing a suitable cathode to

improve the electrochemical performance of Li–CO2 batteries has always been a research hotspot.

Herein, Ni–Fe-d-MnO2 nano-flower composites are designed and synthesized by in situ etching a Ni–Fe

PBA precursor as the cathode for Li–CO2 batteries. Ni–Fe-d-MnO2 nanoflowers composed of ultra-thin

nanosheets possess considerable surface spaces, which can not only provide abundant catalytic active

sites, but also facilitate the nucleation of discharge products and promote the CO2 reduction reaction.

On the one hand, the introduction of Ni and Fe elements can improve the electrical conductivity of d-

MnO2. On the other hand, the synergistic catalytic effect between Ni, Fe elements and d-MnO2 will

greatly enhance the cycling performance and reduce the overpotential of Li–CO2 batteries.

Consequently, the Li–CO2 battery based on the Ni–Fe-d-MnO2 cathode shows a high discharge

capacity of 8287 mA h g−1 and can stabilize over 100 cycles at a current density of 100 mA g−1. The

work offers a promising guideline to design efficient manganese-based catalysts for Li–CO2 batteries.
Introduction

Nowadays, the over-dependence on traditional fossil fuels and
the continuous release of greenhouse gases (CO2) have led to
serious environmental problems and hindered the sustainable
development of the world.1,2 To reduce carbon emissions or
repurpose CO2, various chemical processes have been adopted
to convert CO2 into value-added carbon compounds, such as
methanol, organic materials and plastics.3–7 However, the
conventional CO2 reduction system usually shows less energy
conversion efficiency than the ideal value, due to the complex
multi-electron reaction on the surface of the electrode.8–10

Therefore, direct electrochemical reduction of CO2 through
a new energy storage device is an ideal strategy. Currently,
metal–CO2 batteries, especially Li–CO2 batteries, show great
potential in novel electrochemical CO2 reduction energy storage
systems, due to their high energy density and reversible CO2

drive.11,12 Unfortunately, the development and exploration of Li–
CO2 batteries are still in the early stage, and their practical
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application is restricted by large polarization, poor cycle
stability and low coulombic efficiency.13–15

Typically, the widely recognized electrochemical reaction of
Li–CO2 batteries is conrmed to be 4Li + 3CO2 = 2Li2CO3 + C (E
= 2.80 V vs. Li/Li+).16,17 However, it is found that Li2CO3, the
discharge product of Li–CO2 batteries, is a kind of insulator
with a wide band gap, and its decomposition kinetics is slow. As
a result, Li2CO3, which is difficult to decompose, gradually
accumulates on the surface of the cathode during cycling,
inducing the coverage on the active sites of the catalyst and thus
causing the cell deactivation.18,19 Therefore, the study of cath-
odes with high catalytic activity to achieve reversible decom-
position of Li2CO3 is a key strategy to improve the performance
of Li–CO2 batteries. Noble metal catalysts have been shown to
promote the reversible formation and decomposition of Li2CO3

at lower potentials, greatly improving the electrochemical
performance of Li–CO2 batteries.20–24 Nevertheless, their large-
scale application is limited due to the high price and scarce
reserves of noble metal catalysts.

Transition metal catalysts are considered as good substitutes
for noble metal catalysts because of their excellent catalytic
activity and relatively low cost.25–27 Numerous studies have
proved that MnO2 catalyst can effectively promote the CO2

reduction reaction (CO2RR) and CO2 evolution reaction (CO2ER)
processes.28 In previous studies, Lei et al. reported that the a-
MnO2/CNT electrode could provide sufficient active sites for
Li2CO3 nucleation and CO2 capture, and the cathode structure
Chem. Sci., 2024, 15, 2473–2479 | 2473
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could be tuned.29 Similarly, Wang et al. successfully synthesized
the CNT@MnO2 (Birnessite d-MnO2) cathode; the as-assembled
Li–CO2 batteries exhibited low overpotential and excellent cycle
stability with the synergistic effect of d-MnO2 and CNTs.30

However, further improvement of MnO2 catalytic activity is
restricted by its poor conductivity and limited active sites.
Previous results have shown that the electrical conductivity of
MnO2 can be improved by modifying its band level and elec-
tronic structure through the introduction of atomic doping.
Based on these inspirations, Peng et al. rst applied Co-doped
a-MnO2 nanowires for Li–CO2 batteries, achieving a low over-
potential of 0.73 V and long cycle performance (500 cycles at
100 mA g−1). They attributed the excellent electrochemical
performance to the high conductivity of Co-a-MnO2 nanowires,
enhanced specic surface area, and synergistic catalysis of
doped Co atoms.31 However, its irregular pore size and low
active specic surface area lead to non-uniform deposition of
Li2CO3 and low discharge capacity, which will limit its practical
application.

Herein, Ni, Fe co-doped d-MnO2 (Ni–Fe-d-MnO2) nanoowers
as a cathode for Li–CO2 batteries were synthesized by in situ
etching the Ni–Fe PBA precursors via a sacricing-template
strategy. Ni–Fe-d-MnO2 nanoowers can signicantly promote
the CO2RR and CO2ER processes and improve the cycle stability
of Li–CO2 batteries. These excellent electrochemical properties
are attributed to the unique nanoower structure, abundant
exposed surfaces, and a large number of oxygen vacancy defects
of Ni–Fe-d-MnO2. Furthermore, the introduction of Ni and Fe
elements can not only improve the conductivity of d-MnO2, but
also signicantly promote the reversible formation and
decomposition of Li2CO3. Therefore, this work will provide an
ideal guidance for the design of efficient Li–CO2 battery cath-
odes in the future.

Results and discussion

Highly crystalline three-dimensional nanocubes with a uniform
diameter of 50 nm were synthesized by the co-precipitation
method, and are denoted as Ni–Fe-PBA (Fig. S1a and b†). As
shown in Fig. 1, nanoowers with a diameter of 170 nm are
grown vertically and uniformly on the Ni–Fe-PBA template aer
the hydrothermal process, denoted as the Ni–Fe-d-MnO2

precursor (Fig. S1c and d†). Subsequently, Ni–Fe-d-MnO2 was
obtained by calcining the Ni–Fe-d-MnO2 precursor in an Ar
atmosphere at 300 °C for 2 h. The X-ray diffraction (XRD)
characteristic peaks of Ni–Fe-d-MnO2 at 12.5°, 25.2°, 37.3°, and
65.6° can be well attributed to the (001), (002), (1 1�1), and (020)
crystal faces of d-MnO2 (JCPDS no. 80-1098), as shown in Fig. 2a.
Scanning electron microscopy (Fig. 2b and c) revealed that the
morphology of Ni–Fe-d-MnO2 is well maintained compared with
that of the Fe-d-MnO2 precursor, which means that these
nanoowers possess superior stability. Interestingly, the nano-
ower structure exposes a large surface, which can provide
a large space and rich active sites for the deposition and
decomposition of discharge products. Meanwhile, no residues
of other PBA-derived precursors are observed in the SEM
images, which further indicates that Ni–Fe PBA has been
2474 | Chem. Sci., 2024, 15, 2473–2479
completely etched during the hydrothermal process. Trans-
mission electron microscopy (TEM) was performed to further
demonstrate the cubic nanoower morphology of Ni–Fe-d-
MnO2 (Fig. 2d). It is worth noting that the ultra-thin nanosheets
tend to bend and fold, and their thickness can be determined by
measuring the folded area. The high-resolution transmission
electron microscopy (HRTEM) image displays a lattice spacing
of 0.67 nm, corresponding to the (001) plane of Ni–Fe-d-MnO2

(Fig. 2e). Furthermore, the thickness of the nanosheet is about
2.7 nm, corresponding to Ni–Fe-d-MnO2 (001) crystal surfaces.32

Additionally, considerable micropores can be seen in Fig. 2f,
which can provide more nucleation regions and oxygen vacan-
cies, conducive to electron transport and nucleation of Li2CO3.
The high-angle annular dark eld-scanning transmission
microscope (HAADF-STEM) image of Ni–Fe-d-MnO2 in Fig. 2g
and the corresponding energy dispersive spectrometer (EDS)
elemental mapping in Fig. 2h–l clearly prove the presence of Ni,
Fe, Mn, and O elements in the catalyst, which are evenly
distributed in Ni–Fe-d-MnO2 nanoowers. It is worth noting
that the presence of K element was also detected in the EDS
spectrum, which was also veried by inductively coupled
plasma mass spectrometry (ICP-MS) (Table S1†). This indicates
that Ni–Fe-d-MnO2 contains a certain amount of K+. The pres-
ence of K+ can not only improve the structural stability and
charge balance of MnO2, but also promote the octahedral effect
of MnO6 and the diffusion rate of Li+, which will further
enhance the catalytic activities of the CO2RR and CO2ER.33 The
contents of Ni and Fe in Ni–Fe-d-MnO2 are 7.57 and 4.22 wt%,
respectively, whichmeans that Ni and Fe with amass ratio of 2 :
1 occupy the surroundings of the MnO6 octahedron. Thus, more
oxygen vacancies are formed and can enhance the CO2RR.

X-Ray photoelectron spectroscopy (XPS) was used to detect
the valence state and electronic structure of Ni–Fe-d-MnO2, Ni–
Fe-d-MnO2 precursor and d-MnO2. The XPS full spectra show
obvious characteristic peaks of Fe, Ni, Mn, O and K elements
(Fig. 3a), which are consistent with the EDS analysis results. As
shown in Fig. 3b, the high-resolution Mn 2p XPS spectra exhibit
three peaks, which can be divided into Mn4+ from MnO2 at
642.2 eV, and the Mn3+ peaks at 654.0 and 645.4 eV due to the
oxygen defects induced by Mn4+ transformation. The high-
resolution O 1s XPS spectra of Ni–Fe-d-MnO2 were deconvo-
luted into three spin-orbital peaks at 529.46, 530.03, and
531.32 eV, corresponding to the lattice oxygen (O1), oxygen
vacancy (O2), and hydroxyl or adsorbed water molecules (O3) of
Mn–O bonds (Fig. 3c). Ni–Fe-d-MnO2 has the highest O2 ratio
(45.97%), which further proves abundant oxygen vacancy
defects in its structure.34,35 As shown in Fig. 3d, the main peak of
Ni 2p3/2 and its satellites at 854.9 and 861.4 eV, and the main
peak of Ni 2p1/2 and its satellites at 872.2 and 879.3 eV are
attributed to nickel in its oxides.36 Similarly, the Fe 2p spectra
(Fig. 3e) can be deconvoluted into ve peaks at 710.4/723.5 eV
(Fe3+), 712.8/725.8 eV (Fe2+) and 769.2 eV (satellite peaks).37 The
result can further conrm the successful synthesis of Ni–Fe-d-
MnO2. As shown in Fig. 3d and e, both Ni 2p and Fe 2p peaks of
Ni–Fe-d-MnO2 move to the lower binding energy in contrast to
that of the Ni–Fe-d-MnO2 precursor, which can increase the
density of the surrounding electron cloud. This phenomenon
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration for the fabrication of the Ni–Fe-d-MnO2 cathode.
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can be attributed to the co-coordination between Ni/Fe and O
atoms in the center of Mn. In this case, this structure can
inhibit Jahn–Teller distortion, stabilize the MnO2 structure and
expose more active sites. In addition, increasing the electron
density of the metal center can enhance the adsorption between
the metal center and the intermediate and change the coordi-
nation around MnO2 to form more oxygen vacancies. Electron
paramagnetic resonance (EPR) spectroscopy was employed to
Fig. 2 (a) XRD patterns of d-MnO2, Ni–Fe-d-MnO2 precursor and Ni–F
images and corresponding EDS elemental mapping results of (h) Ni, (i) F

© 2024 The Author(s). Published by the Royal Society of Chemistry
detect the unpaired electrons in Ni–Fe-d-MnO2. The EPR signal
for Ni–Fe-d-MnO2 is dramatically enhanced in contrast to that of
d-MnO2 and Ni–Fe-d-MnO2 precursor, which suggests its
enhanced oxygen vacancy density (Fig. 3f).38 Interestingly, the
co-doping of Ni and Fe makes Ni–Fe-d-MnO2 expose more active
sites and enhance the oxygen vacancy density through the
coordination of adjacent O atoms around Mn, and thus
promotes the activities of the CO2RR and CO2ER. Brunauer–
e-d-MnO2, (b and c) SEM, (d) TEM, (e and f) HRTEM, (g) HAADF-STEM
e, (j) Mn, (k) O and (l) K elements for Ni–Fe-d-MnO2.

Chem. Sci., 2024, 15, 2473–2479 | 2475
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Fig. 3 (a) The survey XPS spectra, high-resolution XPS spectra of (b) Mn 2p, (c) O 1s of Ni–Fe-d-MnO2, Ni–Fe-d-MnO2 precursor and d-MnO2.
High-resolution XPS spectra of (d) Ni 2p and (e) Fe 2p of Ni–Fe-d-MnO2 and Ni–Fe-d-MnO2 precursor. (f) EPR curves of Ni–Fe-d-MnO2, Ni–Fe-
d-MnO2 precursor and d-MnO2.
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Emmett–Teller (BET) analysis was applied to investigate the
specic surface area of the as-prepared Ni–Fe-d-MnO2. The
nitrogen adsorption and desorption curve (Fig. S2a†) shows that
its specic surface area is up to 154.99 m2 g−1 for Ni–Fe-d-MnO2,
meaning that the catalyst can expose considerable active sites
and provide sufficient space for the CO2RR process. The pore
size distribution results reveal that Ni–Fe-d-MnO2 possesses
a large number of mesoporous structures with pore size in the
range of 5.0–33.0 nm (Fig. S2b†). These mesoporous structures
can accommodate more deposition of discharge products,
enhance the diffusion of CO2 and electrolyte, and expose more
active sites. Based on the above analysis, we can conclude that
Ni–Fe-d-MnO2 nanoowers are successfully prepared. The
presence of Ni and Fe elements can improve the electrical
conductivity of d-MnO2. Moreover, their synergistic effect with
Mn atoms will further improve the catalytic activity of the
cathode. In addition, the large surface area and abundant
oxygen vacancy defects for Ni–Fe-d-MnO2 can greatly enhance
the reactivity of the CO2RR and CO2ER. Therefore, Ni–Fe-d-
MnO2 nanoowers are expected to be an ideal cathode for Li–
CO2 batteries.

The electrochemical performance of the Ni–Fe-d-MnO2

cathode in Li–CO2 batteries was systematically evaluated. As
shown in Fig. S3a,† the Ni–Fe-d-MnO2 cathode shows more
obvious reduction and oxidation peaks in a CO2 atmosphere
than in an Ar atmosphere. In addition, Fig. S3b† reveals that the
discharge capacity of the Ni–Fe-d-MnO2 cathode is
8287 mA h g−1, which is 2.1 times that of the d-MnO2 cathode
(3923 mA h g−1), suggesting that the Ni–Fe-d-MnO2 cathode
possesses a relatively better catalytic activity for the CO2RR. In
order to investigate the stability of the Li–CO2 battery based on
the Ni–Fe-d-MnO2 cathode, charge–discharge tests were
2476 | Chem. Sci., 2024, 15, 2473–2479
conducted at a current density of 100 mA g−1 with a cutoff
capacity of 1000 mA h g−1. Fig. 4a and b display the charge and
discharge cycles of Ni–Fe-d-MnO2 and d-MnO2 cathodes. The Li–
CO2 battery with Ni–Fe-d-MnO2 as the cathode can stabilize for
100 cycles, and its overpotential drops to 1.32 V (Fig. 4a). The
charge terminal voltage remains below 4.2 V despite a slight
increase aer 100 cycles. As a contrast, we also investigated the
cycle performance of d-MnO2 under the same test conditions, as
shown in Fig. 4b. It is obvious that d-MnO2 exhibits extremely
poor cycle stability. Aer 60 cycles, the voltage of its charging
platform begins to gradually decrease. Unfortunately, both the
terminal charge and discharge voltages reach the cut-off voltage
(2.0 and 4.5 V) aer 90 cycles. By comparing the discharge and
charge terminal voltages of d-MnO2 and Ni–Fe-d-MnO2 (Fig. 4c),
it can be clearly seen that the Ni–Fe-d-MnO2 exhibits much
better cycle stability than d-MnO2. In addition, the overpotential
of the Ni–Fe-d-MnO2 cathode is always lower than that of d-
MnO2. Furthermore, we compared the overpotentials of the two
cathodes at the 10th cycle (Fig. 4d). Compared with d-MnO2, the
overpotential of the Ni–Fe-d-MnO2 is decreased by 0.23 V,
further indicating that the introduction of Ni and Fe elements
can signicantly improve the catalytic activity of d-MnO2.

Fig. 4e exhibits the charge–discharge curves of the Li–CO2

battery with Ni–Fe-d-MnO2 as the cathode at different current
densities. When the current density increases from 400 to
1000 mA g−1, the charge terminal voltage increases by only 0.13 V.
The charge terminal voltage of Ni–Fe-d-MnO2 is only 4.43 V (<4.5
V) even at the current density of 1000 mA g−1, indicating that the
Ni–Fe-d-MnO2 electrode can still maintain excellent CO2ER
activity even at a higher current density. Furthermore, the elec-
trochemical performance of the Ni–Fe-d-MnO2 cathode was
compared with that of other Mn-based and related transition
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The discharge and charge curves of (a) Ni–Fe-d-MnO2 and (b) d-MnO2 at 100 mA g−1 with a limited capacity of 1000 mA g−1. (c) The
discharge and charge terminal voltages of Ni–Fe-d-MnO2 and d-MnO2 upon cycling, (d) the overpotential comparison for the two cathodes at
the 10th cycle. (e) The discharge and charge profiles of the Ni–Fe-d-MnO2 cathode at different current densities. (f) Comparison of the elec-
trochemical properties of the Ni–Fe-d-MnO2 cathode and manganese based or other transition metal oxides.
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metal catalysts. The radar diagram in Fig. 4f demonstrates that the
Ni–Fe-d-MnO2 cathode endows obvious advantages in terms of
cycle time, overpotential and charge terminal voltage.39–42 These
results indicate that Ni–Fe-d-MnO2 can improve the catalytic
activities of the CO2RR and CO2ER, and thus signicantly enhance
the cycle stability of Li–CO2 batteries.

In order to further explore the mechanism of the excellent
electrochemical performance of the Ni–Fe-d-MnO2 cathode in
a Li–CO2 battery, SEM, XPS, in situ Raman and Fourier trans-
form infrared (FTIR) spectroscopies were performed to
systematically characterize the formation and decomposition of
discharge products during the cycling processes. Fig. S6†
displays the morphologies and structures of the Ni–Fe-d-MnO2

cathode at the discharged and recharged states. As shown in
Fig. S6a,† discharge products with a ake morphology densely
cover on the surface of the entire electrode aer the rst
discharge process. Fortunately, the electrode returns to its
pristine morphology, and the carbon nanotubes wrapped
around its surface are also exposed aer recharging (Fig. S6b†),
indicating the reversible formation and decomposition of the
discharge products. This result proves that the Ni–Fe-d-MnO2

electrode possesses excellent reversibility for the formation and
decomposition of discharge products. In order to further verify
the composition of the discharge products and the reversibility
of the Ni–Fe-d-MnO2 electrode, the XPS spectrum was recorded.
As shown in Fig. 5a, the high-resolution C 1s spectra can be
deconvoluted into four distinct characteristic peaks at 284.96,
286.78, 290.45 and 293.53 eV aer discharge, wherein the
characteristic peak at 290.45 eV corresponds to the O–C]O
bond of Li2CO3, indicating the existence of Li2CO3 as the
discharge product. Importantly, this characteristic peak almost
completely disappears aer the subsequent recharging
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. 5b), demonstrating the reversibility of the discharge
product. Fig. 5c shows the FTIR spectra of the pristine, dis-
charged and recharged Ni–Fe-d-MnO2 cathodes. The discharged
electrode exhibits three new peaks at 865, 1408 and 1476 cm−1,
compared with the pristine electrode, which are consistent with
the standard spectrum of commercial Li2CO3.43 Similarly, the
characteristic peaks of Li2CO3 almost completely disappear in
the subsequent recharging process, which is consistent with the
XPS results. Moreover, we further investigated the electro-
chemical behaviour of the discharge product Li2CO3 in the
whole charge and discharge processes by in situ Raman spec-
troscopy. As shown in Fig. 5d, the characteristic peaks of MnO2

(633 cm−1), D band (1343 cm−1) and G band (1574 cm−1) of
carbon can be observed in the Raman spectra at the initial
discharge stage. As the discharge progresses, the peak intensi-
ties of Li2CO3 (1081 cm−1), D and G bands continuously
increase, which can be attributed to the formation of discharge
products (Li2CO3 and C).44,45 In addition, the ID/IG ratio gradu-
ally decreases with the continuous discharge process, indi-
cating that the C product possesses a high degree of
graphitization. Noteworthily, higher graphitization is conducive
to electron transfer and decomposition of discharge products,
as the gradual weakening and eventual disappearance of Li2-
CO3 and C in the in situ Raman spectra during the subsequent
charging process proves the complete decomposition of
discharge products.46 The corresponding 2D contour map in
Fig. 5e further intuitively reects this trend of evolution. These
results fully demonstrate the reversible formation and decom-
position of Li2CO3 during the cycling processes and the excel-
lent catalytic activity of the Ni–Fe-d-MnO2 electrode for the
CO2RR and CO2ER processes.47 Besides, we can also notice that
the characteristic peak of MnO2 gradually disappears during the
Chem. Sci., 2024, 15, 2473–2479 | 2477
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Fig. 5 The ex situ and in situ characterizations of the Ni–Fe-d-MnO2 cathode in Li–CO2 batteries. XPS spectra of C 1s after (a) discharge and (b)
charge processes. (c) FTIR spectra of the pristine, discharged and charged cathodes. (d) In situ Raman spectra and (e) the corresponding 2D
contour plots of the Ni–Fe-d-MnO2 cathode.
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discharge stage, which may be due to the coverage of Li2CO3 on
the surface of the Ni–Fe-d-MnO2 electrode, which affects the
detected signal of MnO2. It is worth noting that the character-
istic peak of MnO2 appears with the gradual disappearance of
Li2CO3, which is exactly opposite to the evolution trend of
Li2CO3 aer recharging. Furthermore, the existence of the
MnO2 signal aer charging also indicates the stability of the Ni–
Fe-d-MnO2 electrode. Based on the above results, we can
conclude that Ni–Fe-d-MnO2 can promote not only the transport
of electrons and Li+ via the four-electron interaction but also the
nucleation and reversible decomposition of Li2CO3, which
could improve its catalytic performance.
Conclusions

In summary, Ni–Fe-doped d-MnO2 nanoowers (Ni–Fe-d-MnO2)
are designed and synthesized by etching a Ni–Fe-d-MnO2

precursor using the sacricial template method. The Ni–Fe-d-
MnO2 nanoowers composed of ultra-thin nanosheets possess
considerable surface spaces, which can not only provide abun-
dant catalytic active sites, but also facilitate the nucleation of
discharge products and promote the CO2 reduction reaction. In
addition, the introduction of Ni and Fe elements could improve
the electrical conductivity of d-MnO2. It is worth noting that
their synergistic catalytic effect with d-MnO2 could greatly
enhance the cycling performance and reduce the overpotential
of the Li–CO2 battery. Due to these advantages, the Li–CO2

battery with the Ni–Fe-d-MnO2 cathode delivers the highest
discharge capacity of 8287 mA h g−1 at the current density of
100 mA g−1, which is 2.1 times that of the bare d-MnO2. Addi-
tionally, the Li–CO2 battery based on the Ni–Fe-d-MnO2 cathode
2478 | Chem. Sci., 2024, 15, 2473–2479
can achieve a low overpotential of 1.32 V and outstanding cycle
performance of 100 cycles. This work provides a reference
direction for the design of highly efficient multi-atom co-
catalysts in the future.
Data availability
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