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The development of inexpensive non-precious metal materials as high-efficiency stable oxygen reduction
reaction (ORR) catalysts holds significant promise for application in metal-air batteries. Here, we
synthesized a series of nanohybrids formed from MnO nanoparticles anchored on N-doped Ketjenblack
carbon (MnO/NC) via a facile hydrothermal reaction and pyrolysis strategy. We systematically
investigated the influence of pyrolysis temperature (600 to 900 °C) on the ORR activities of the MNO/NC
samples. At the optimized pyrolysis temperature of 900 °C, the resulting MNnO/NC (referred to as MnO/
NC-900) exhibited superior ORR activity (onset potential = 0.85 V; half-wave potential = 0.74 V),
surpassing other MNO/NC samples and nitrogen-doped Ketjenblack carbon (NC). Additionally, MnO/NC-
900 demonstrated better stability than the Pt/C catalyst. The enhanced ORR activity of MnO/NC-900
was attributed to the synergy effect between MnO and NC, abundant surface carbon defects and

surface-active components (N species and oxygen vacancies). Notably, the Zinc-air battery (ZAB)
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Accepted 19th July 2024 equipped MnO/NC-900 as the cathode catalyst delivered promising performance metrics, including

a high peak power density of 146.5 mW cm™2, a large specific capacity of 795 mA h gz, %, and an

DOI: 10.1039/d4ra04237a excellent cyclability up to 360 cycles. These results underscore the potential of this nanohybrid for
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1. Introduction

High-efficiency and stable electrocatalysts for the oxygen
reduction reaction (ORR) are vital for advancing metal-air
batteries."* While Pt-based electrocatalysts are widely utilized,
their high cost and poor stability impede broader adoption.>®
Extensive research has focused on developing non-precious
metal catalysts with robust stability.”"® Recently, transition
metal oxides have drawn increasing research interests as ORR
electrocatalysts.”*** Amongst the categories, manganese oxides
(MnO,, e.g., MnO, Mn;0,, and MnO,) gradually emerged as
promising candidates due to their eco-friendliness, afford-
ability, tunable crystalline phases, and unique redox
properties.**® However, standalone manganese oxides often
exhibit inadequate ORR activities due to their low conductivity,
limited active sites, and nanoparticle aggregation during ORR."”
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applications in energy storage devices.

To address these challenges, dispersing MnO, nano-
structures (MONs) on carbon-based substrates, such as gra-
phene, hollow carbon, and three-dimensional (3D) carbon, has
emerged as a popular strategy to enhance conductivity and
prevent aggregation.'®** For instance, Wang et al. presented a -
MnO,/reduced graphene oxide sheet-like nanohybrid, which
exhibited better ORR properties compared to the reduced gra-
phene oxide.” Wu et al. reported a nanocomposite catalyst that
integrated MnO, nanofilms with N-doped hollow graphene
spheres (MnO,/N-HGSs).>® The assembled solid-state ZAB with
MnO,/N-HGSs cathode achieved a large power density of 82 mW
em™? and specific capacity of 744 mA h gz, '. Gao et al
synthesized a MnO/3D N-doped carbon nanohybrid via a two-
step pyrolysis route, demonstrating exceptional ORR activity
and durability.* However, the above carbon-based substrates
were high cost or required multistep synthetic procedures.
Amongst all the carbon-based substrates, commercial carbon
nanoparticles (CCNs), such as Carbot Vulcan and Ketjenblack,
have many advantages, e.g., low price, easily available, large
surface area, and remarkable conductivity. These merits make
CCNs an ideal carrier for supporting nanostructured ORR
electrocatalysts.**>” For instance, the Cu/CuO,-Co30,/NC
nanohybrid fabricated via a two-step hydrothermal-calcination
method demonstrated outstanding specific capacity in zinc-
air batteries.” Additionally, cubic-CoMn,0O,/Carbot Vulcan
nanocomposite exhibited ORR activity comparable to the Pt/C
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catalyst.>® Thus, engineering MONs/CCNs nanohybrids holds
promise for enhancing the performance of metal-air batteries.

Motivated by these insights, in this study, we developed Mn-
based nanohybrids of MnO nanoparticles loaded on N-doped
Ketjenblack carbon (MnO/NC) through a facile synthetic
strategy. The MnCO; anchored on NC precursor was first
synthesized using a hydrothermal method, followed by pyrol-
ysis to form a MnO/NC nanohybrid. We discussed the effect of
calcination temperature on the ORR activities of MnO/NC
samples, highlighting the optimized sample (pyrolysis temper-
ature: 900 °C) with outstanding ORR activity and durability in
alkaline media. Furthermore, as a cathode electrocatalyst for
ZAB, this sample demonstrated high-efficiency ZAB perfor-
mance, suggesting its promising application in metal-air
batteries.

2. Experimental section

2.1. Materials

Manganese(u) acetate tetrahydrate (Mn(CH;COO),-4H,0,
99.0%), zinc(u) acetate dihydrate (Zn(CH3COO),-2H,0, 99.0%),
urea (CO(NH,),, 99.5%), and nitric acid (HNOj3, 65-68%) were
procured from Guangzhou Chemical Reagent Factory. Potas-
sium hydroxide (KOH, 99.999%) was acquired from Aladdin
Reagent (Shanghai) Co., Ltd. Ketjenblack carbon was sourced
from Japan Lion Ltd (EC 600JD). Pt/C (20 wt%) was acquired
from Johnson Matthey Chemicals Ltd.

2.2. Synthesis of MnO/NC nanohybrids

Before utilization, Ketjenblack carbon (KC) nanoparticles
underwent initial pretreatment in an HNOj; solution, following
our previously published procedures.?® Typically, the MnO/NC
nanohybrid was synthesized in two sequential steps: (1) in
a hydrothermal reaction, 10 mg of Mn(CH3;COO),-4H,0,
100 mg of CO(NH,),, and 70 mg of KC were added to 15 mL
deionized water and stirred for ~30 min. The resulting
suspension was then transferred to a Teflon-lined autoclave (25
mL) for hydrothermal reaction at 140 °C for 12 h. The resulting
precursor was washed with deionized water and alcohol, and
dried overnight at 60 °C. (2) Following the hydrothermal step,
the precursor was subjected to high-temperature calcination. It
was annealed at 900 °C for 2 h under an air atmosphere,
resulting in the final MnO/NC nanohybrid (named as MnO/NC-
900). Additionally, pure N-doped KC was obtained using the
same synthesis process without adding Mn(CH3;COO),-4H,0,
designated as NC-900.

Controlled experiments were conducted with various calci-
nation temperatures (600, 700, and 800 °C) for the precursor to
optimize the electrocatalytic performance of the MnO/NC
nanohybrids. These products were labeled as MnO/NC-600,
MnO/NC-700, and MnO/NC-800, respectively.

2.3. Characterizations

The samples underwent comprehensive characterization using
various techniques, including X-ray diffraction (XRD) analysis,
field-emission scanning electron microscopy (FESEM), X-ray
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photoelectron spectroscopy (XPS), among others. Specific
details and measured parameters of the instruments used are
provided in the ESLf

3. Results and discussion

Fig. 1a illustrates the synthetic pathway for MnO/NC nano-
hybrids, prepared through a combination of hydrothermal and
post-pyrolysis methods. XRD analysis was employed to deter-
mine the crystal phase of all samples. Fig. S11 displays the XRD
pattern of the precursor, revealing six peaks at 24.0°, 31.2°,
37.4°, 41.3°, 44.9°, and 51.2°, corresponding to (012), (104),
(110), (113), (202), and (116) planes of rhombohedral R3c
MnCO; (PDF# 44-1472). Additionally, a broad peak at ~22.5°
indicates the presence of graphitic carbon (002),> suggesting
the formation of a hybrid material comprising MnCO; and NC.
Fig. 1b presents the XRD patterns of the final products obtained
after calcination at various temperatures (600-900 °C). Five
diffraction peaks at 34.8°, 40.5°, 58.4°, 69.9°, and 73.6° corre-
spond to the (111), (200), (220), (311), and (222) planes of cubic
Fm3m MnO (PDF# 75-1090), indicating the conversion of
MnCO; into MnO through pyrolysis.

Raman spectroscopy was used to assess the degree of surface
defects in carbon support after calcination at different
temperatures. The Raman spectra (Fig. 1c) reveal the presence
of a defect band (D-band) at ~1335 cm™ " and a graphite layer
(G-band) at ~1591 cm ™ for all MnO/NC samples. The Ip/I ratio
increases with higher calcination temperatures, with MnO/NC-
900 (1.38) > MnO/NC-800 (1.36) > MnO/NC-700 (1.28) > MnO/
NC-600 (1.25), indicating enhanced surface carbon defects
with increasing temperature. These results suggest that MnO/
NC-900, with more surface carbon defects, might exhibit
improved ORR performance.*®

FESEM was used to characterize the shapes of all MnO/NC
samples (Fig. 2a-d), revealing nanoparticle-like shapes with
an average diameter of ~50 nm. Further microstructural anal-
ysis of MnO/NC-900 using FETEM confirms the homogeneous
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Fig. 1 (a) Schematic of the synthetic route to MNnO/NC nanohybrids.

(b) XRD patterns and (c) Raman spectra of MNO/NC nanohybrids.
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Fig.2 FESEM images of (a) MnO/NC-600, (b) MNnO/NC-700, (c) MnO/
NC-800, and (d) MnO/NC-900.

deposition of MnO nanoparticles on the NC surface (Fig. 3a),
with a mean nanoparticle size of 15.6 nm (Fig. S21). High-
resolution FETEM image (Fig. 3b) demonstrates a d-spacing of
0.256 nm, consistent with the (111) plane of MnO, and a d-
spacing of 0.330 nm, corresponding to the graphite carbon (002)
plane. The carbon support plays a crucial role in preventing
MnO nanoparticles agglomeration, which is conducive to
maintaining the high ORR stability for the MnO/NC
nanohybrids.**

The composition and bonding characteristics of all samples
were further elucidated using XPS. In the wide XPS spectra
(Fig. S37), four peaks attributed to C 1s, N 1s, O 1s, and Mn 2p
are observed, confirming the presence of C, N, O, and Mn
elements in all samples. Additionally, the total amounts of
Mn, N, and O elements are summarized in Table S1.7 The Mn
2p spectra (Fig. 4a) demonstrate the existence of Mn** (640.2/
651.6 €V) and Mn*" (642.7/654.0 €V), matching well with those
of reported MnO-based nanocomposites.*” This Mn 2p result
reveals that Mn>" and Mn>" species both existed in MnO for all
the nanohybrids. Moreover, a satellite peak at 640.2 eV further
demonstrates the presence of MnO.*® Fig. 4b shows the C 1 s
spectra, which are well deconvoluted into four peaks. That is,
four types of C species exist in NC for all the samples. According
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Fig. 3 (a) FETEM and (b) HR-FETEM images of MnO/NC-900.
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Fig. 4 High-resolution XPS spectra of MNnO-NC nanohybrids: (a) Mn
2p, (b) C1s, (c) N 1s, and (d) O 1s.

to the literature,>* the peaks at 284.8, 285.4, 287.6, and
290.8 eV are ascribed to C-C, C-N, C-O, and m-7*, respectively.
The presence of C-N verifies that N atoms were successfully
doped into the carbon substrate. The doped N atoms were
derived from urea hydrolysis during the hydrothermal reaction.

The high-resolution spectra for the N 1s region (Fig. 4c)
reveal four types of N species: pyridinic-N (397.2 eV), pyrrolic-N
(399.1 eV), graphitic-N (400.8 eV), and oxidized-N (403.5 eV).***’
Results from Table S21 indicate that the calcination tempera-
ture significantly influences the content of N species. Notably,
the content of pyrrolic-N gradually decreases with increasing
temperature. As the temperature rises, pyrrolic-N is converted to
graphitic-N and pyridinic-N, consistent with previous
studies.®®** Consequently, the contents of pyridinic-N and
graphitic-N follow the order: MnO/NC-900 > MnO/NC-800 >
MnO/NC-700 > MnO/NC-600. Pyridinic-N and graphitic-N play
crucial roles in enhancing the ORR activities of electrocatalysts
due to the following aspects: (a) pyridinic-N could activate
adjacent C atoms as the potential reactive sites for ORR;**** (b)
graphite-N is an excellent electron carrier, which could boost
the adsorption rate of oxygen under the ORR process.*>** The O
1s spectra (Fig. 4d) exhibit three distinct peaks labeled as O,,
Og, and O,, centered at 530.3, 531.8, and 534.0 eV, respectively.
These peaks correspond to metal-oxygen, surface oxygen
vacancy, and surface adsorbed ~OH, respectively.** The relative
proportions of Og, calculated based on the Og peak area (Table
S37), show the trend: MnO/NC-900 > MnO/NC-800 > MnO/NC-
700 > MnO/NC-600. Generally, increased surface oxygen
vacancies enhance the hydrophilicity of the electrocatalyst,
facilitating the three-phase interface reaction for ORR.**

To evaluate the ORR performance of all synthesized samples,
cyclic voltammetry (CV) test was initially conducted in O,-
saturated KOH solution (0.1 M). As depicted in Fig. S4,} the
reduction peak position for MnO/NC-900 is observed at 0.75 V,
which is higher than that of other MnO/NC samples and NC-
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900. The more positive peak potential of MnO/NC-900 indicates
its enhanced ORR performance. Subsequently, linear sweep
voltammetry (LSV) of all samples at 1600 rpm were measured
using a rotating disk electrode (RDE). Noticeably, MnO/NC-900
exhibits preferable onset potential (Eonser = 0.85 V) and half-
wave potential (E;;, = 0.74 V), which are much more positive
than those of MnO/NC-800, MnO/NC-700, MnO/NC-600, and
NC-900 (Fig. 5a and b), and even exceed the E;,, values of many
reported Mn-based catalysts (Table S4t). Furthermore, the
limiting current density (J.) at MnO/NC-900 (5.89 mA cm ™ ?) is
substantially higher than that at MnO/NC-800 (4.97 mA cm ™ ?),
MnO/NC-700 (4.99 mA cm2), MnO/NC-600 (4.43 mA cm 2),
and NC-900 (4.72 mA cm ?). The Pt/C catalyst was also
employed as the reference sample. As presented in Fig. S5, the
Ji. of MnO/NC-900 is close to that of Pt/C. The ORR kinetics for
all samples were also evaluated by the corresponding Tafel
slopes (Fig. 5¢). As expected, the MnO/NC-900 sample exhibits
the smallest Tafel slope of 90.5 mV dec™ ", indicating its fastest
electrocatalytic kinetics. These findings demonstrate the
significant role played by both MnO and NC in synergistically
enhancing the ORR activities of MnO/NC nanohybrids.

LSV curves were conducted at various rotating speeds (400-
2500 rpm) to investigate the electron transfer mechanism.
Clearly, the current density increases with higher rotational
speed (Fig. S61). In Fig. 5d, the Koutecky-Levich (K-L) curves
show excellent linearity for both MnO/NC-900 and Pt/C.
Furthermore, the K-L curve of MnO/NC-900 exhibits a slope
quite similar to that of Pt/C, suggesting that MnO/NC-900
undergoes a quasi-4e” ORR mechanism. The rotating ring-
disk electrode (RRDE) technique was additionally employed to
understand the ORR process. Fig. S7{ presents the corre-
sponding LSV curves obtained from the RRDE. The calculated
values of H,O, yield and electron transfer number (r) are
depicted in Fig. 5e. From 0.69 to 0.78 V, the H,O, yield of MnO/
NC-900 (~14.6%) is much lower than the other samples, again
confirming its enhanced ORR performance. Furthermore, the
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corresponding n values for MnO/NC-900, MnO/NC-800, MnO/
NC-700, MnO/NC-600, and NC-900 are 3.71, 3.49, 3.30, 3.33,
and 2.81, respectively, verifying the quasi-4e” pathway of MnO/
NC-900. Besides, the stabilities of MnO/NC-900 and Pt/C were
evaluated using chronoamperometry (i-t). As depicted in Fig. 5f,
a noticeable current change of 22.0% is observed for Pt/C after
a 10 h test. In contrast, only a minor current decrease of 7.5% is
noted for MnO/NC-900, indicating its superior stability. This
suggests a protective effect of the carbon support on the MnO
nanoparticles during the ORR process.

The aforementioned ORR results suggest that the MnO/NC-
900 nanohybrid demonstrates outstanding electrocatalytic
performance and durability. This is likely attributed to the
optimal hybrid structure of MnO/NC-900, along with abundant
electrocatalytically active sites (EASs), such as surface carbon
defects and surface-active components (pyridinic- and
graphitic- nitrogen species and oxygen vacancies). Generally,
the EASs number of electrocatalysts can be reflected by its
electrochemical surface area (ECSA), which is linearly correlated
with the double-layer capacitance (Cyq;) from CV tests at diverse
rotational speeds (Fig. S8t). As revealed in Fig. S9, MnO/NC-
900 has a larger Cq4 value (14.2 mF cm ?) compared with
MnO/NC-800 (9.5 mF cm™ %), MnO/NC-700 (11.2 mF cm ™), and
MnO/NC-600 (11.5 mF cm ™ ?). This indicates that MnO/NC-900
possesses the most EASs among all the MnO/NC nanohybrids,
leading to its superior ORR activity.

Motivated by its promising ORR activity, we utilized the MnO/
NC-900 catalyst as the air cathode for an aqueous alkaline ZAB
denoted as MnO/NC-900-ZAB. Fig. S107 illustrates the schematic
model of an aqueous alkaline ZAB, with a zinc plate serving as
the anode and a mixed solution (0.2 M Zn(AC), + 6 M KOH) as the
electrolyte. For comparison, we also fabricated a controlled ZAB
based on the MnO/NC-600 catalyst, denoted as MnO/NC-600-
ZAB. As depicted in Fig. 6a, MnO/NC-900-ZAB exhibits a higher
open-circuit voltage (1.39 V) compared to MnO/NC-600-ZAB (1.37
V), indicating its enhanced discharge capability. Fig. 6b presents
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Fig. 5 ORR performance of MNO/NC nanohybrids and NC-900: (a) LSV curves in O,-saturated 0.1 M KOH at 5 mV s™%; (b) Egnset, E1/2 and Jp
values; (c) Tafel plots derived from the corresponding LSVs. (d) K-L plots of MNnO/NC-900 and Pt/C at 0.4 V. (e) H,O, yield and n of MNO/NC
nanohybrids and NC-900. (f) Chronoamperometric tests of MNO/NC-900 and Pt/C in O,-saturated KOH (0.1 M).
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Fig. 6 Electrochemical performance of MNO/NC-600-ZAB and MnO/NC-900-ZAB. (a) Open-circuit voltage plot (inset shows the photograph
of an LED screen powered by three MNO/NC-900-ZAB cells in series); (b) discharge polarization curves and corresponding power density

curves; (c) discharge voltage retention at various current densities; (d) discharge curves at 10 mA cm™*.

the discharge polarization curves and corresponding power
density for these two ZABs. Clearly, MnO/NC-900-ZAB shows
higher voltage output than MnO/NC-600-ZAB under the same
density. Additionally, MnO/NC-900-ZAB achieves
a maximum power density of 146.5 mW cm™ >, surpassing that of
MnO/NC-600-ZAB (110.0 mW cm 2). The discharge voltage
retention at diverse current densities (2-30 mA cm %) was eval-
uated (Fig. 6¢). As shown, the potentials of MnO/NC-900-ZAB and
MnO/NC-600-ZAB recover well but slightly decrease when the
current density is reset to 5 mA cm ™. Moreover, all discharge
voltages of MnO/NC-900-ZAB are larger than those of MnO/NC-
600-ZAB. At a current density of 10 mA ecm ™2, MnO/NC-900-ZAB
delivers a specific capacity of 795 mA h g, " (Fig. 6d), signifi-
cantly outperforming MnO/NC-600-ZAB (729 mA h gz, ). More
importantly, MnO/NC-900-ZAB achieves an excellent high-rate
discharge performance: it retains large specific capacity values
when increasing the current density from 10 to 100 mA cm >
(Fig. S11%). The cycling performance of MnO/NC-900-ZAB was
measured by galvanostatic charge-discharge with per cycle being

current

10 min at a current density of 5 mA cm > As revealed in
Fig. 512, the MnO/NC-900-ZAB initially shows a small charge-
discharge gap (0.75 V) and unobvious voltage variation after 360
cycles (60 h) run, indicating its robust cycle life. The corre-
sponding voltage efficiency is 61.5% initially and then drop to
58.2% at the 360th cycle. Furthermore, three MnO/NC-900-ZAB
devices connected in series can light up a 3.0 V LED screen
(inset of Fig. 6a). The superior electrochemical performance of
MnO/NC-900-ZAB indicates MnO/NC-900 electrode exhibits the
reduced mass diffusion barrier, thus effectively improving the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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accessibility of electrolyte and O, to the three-phase reaction
region in the cathode.*>*** Based on the above discussion, the
MnO/NC-900 has the great potential to be applied in the metal-
air batteries field.

4. Conclusion

We have developed a series of ORR catalysts by anchoring MnO
nanoparticles on NC via a facile hydrothermal and pyrolytic
process. The pyrolysis temperature had a great influence on the
ORR activities of MnO/NC samples. Among them, the optimized
catalyst, MnO/NC-900, demonstrated exceptional ORR perfor-
mance in KOH electrolyte, surpassing other MnO/NC samples
and NC-900. Furthermore, MnO/NC-900 exhibited the excellent
ORR stability that was even superior to Pt/C. This heightened
activity was primarily owing to the synergistic effect between
MnO and NC, along with plentiful of surface carbon defects and
surface-active compositions. When employed as the cathodic
catalyst in ZAB, our designed MnO/NC-900 electrode exhibited
an efficient ZAB behavior, including a high peak power density
(146.5 mW cm ™ ?) and a large specific capacity (795 mA h g, "),
and a long cycling performance up to 60 h. Our study offers
a pathway for the rational design of hybrid structures of non-
precious metal materials to enhance ORR performance in
metal-air batteries.
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