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Low-cost and efficient oxygen reduction reaction (ORR) electrocatalysts are the key to developing Zn-air
batteries for renewable energy storage. Herein, the Mn-N-P doped carbon sphere was prepared through
polymerization of hexachlorotripolyphosphazene (HCCP) and phloroglucinol, and then followed the cal-
cination at 900 °C. Theory calculations demonstrated the introduction of Mn in N-P doped carbon could
lower the dissociation barrier of O, into O* and promote the ORR through a 4e~ pathway. The as-
prepared catalysts exhibited a half-wave potential of 0.82V vs. RHE and limiting current density of
5.2mA/cm? toward ORR, which was comparable to those of the commercial Pt/C catalysts. In addition,
Zn-air batteries with 0.05 Mn-N-P-C catalysts showed a high specific capacity of 830 mAh/gz, and ex-
cellent cycle stability. This facile approach demonstrated herein could be a solution to develop optimum
non-precious metal catalysts for the application in cathodes of proton exchange membrane fuel cells.
This study also provides new insight to design the catalysts of multi-heteroatom coordinated metal in

the carbon matrix for both fundamental researches and practical applications.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ever-increasing energy consumption and environmental pollu-
tion have stimulated the development of renewable energy tech-
nology [1-4]. Recently, Zn-air batteries have become promising
owing to their high efficiencies in renewable energy storage [5-
8]. However, the sluggish oxygen reduction reaction that occurs at
the cathode side significantly limits their energy conversion effi-
ciency [9-11]. Therefore, it is necessary to develop efficient electro-
catalysts for ORR [12-14]. Although precious metals (Pt, Ru and Ir)
have been demonstrated to show high catalytic activity, their high
cost and low stability restrain their practical applications [15-17].
The investigation on low-cost and efficient ORR electrocatalysts is
therefore important to develop high performance Zn-air batteries
[18-20].

Many efforts have been devoted to developing highly-active
ORR catalysts with different compositions and structures, such as
carbon materials [21-24], perovskites [25-27], and transition metal
nitrides/phosphides [28-30]. Among them, carbon materials have
received extensive attention due to their low-cost, large specific
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surface area, and good electrical conductivity [31-33]. It has been
demonstrated that N-doing could change the electrochemical prop-
erties of carbon materials and thereby enhance ORR catalytic ac-
tivity, due to the formation of adjacency between carbon atoms
and pyridine nitrogen [34-36]. However, the ORR catalytic activ-
ity of N-doped carbon is still lower than commercial Pt/C cata-
lysts [37,38]. Introducing transition metals (Fe, Co, Mn etc.) to N-
doped carbon could change the bonding of carbon matrix and ex-
pose more active sites, and thus further enhance the ORR activ-
ity [39-44]. Among all the transition-metal-doped carbon materi-
als, Fe-N-C catalysts present high catalytic activity for ORR. How-
ever, the loss of Fe species into electrolytes under electrochemi-
cal oxidation conditions leads to the degradation in activity, thus
improving the stability is still challenging [45]. Compared to Fe-N
doped carbon materials, Mn-N doped carbon materials have been
demonstrated to show better stability, [46] however, relatively in-
ferior activity towards ORR, due to the electronic configuration
and p-band structure of Mn atoms [47]. Theoretical results demon-
strated that the strong interaction between Mn-N active sites and
the ORR intermediate (e.g., O*, OH*) would lead to a 2e~ ORR to
produce H,0, [48,49]. Recent studies have revealed that the ORR
performance of such M-N-C catalysts could be further improved
by introducing the third kind of heteroatoms [50,51]. For example,
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Fig. 1. (a) The schematic diagram for synthesizing Mn-N-P doped carbon spheres
(xMn-N-P-C) electrocatalysts, (b, c¢) FESEM images, (d-f) TEM images and (g) ele-
mental mapping of C, N, P and Mn in 0.05 Mn-N-P-C spheres.

Hu et al. reported that the introduction of cobalt atoms into the N-
P-C system improved the ORR catalytic performance by promoting
the oxygen absorption with the interaction between cobalt atoms
and P-N-C [50]. Li et al. introduced Fe into the N-P-C system to
improve ORR catalytic performance and found out that dispersed
Fe-N-P-C-O complex was the dominant active sites [51]. Zhu et al.
found out that introducing phosphorus atoms into the Mn-N sys-
tem to form N, P co-coordinated Mn sites (MnNxPy) also could
promote the ORR process [47]. However, to achieve the rational
design of high-performance Mn-N-P doped carbon catalysts and
the understandings on inherent ORR kinetics, more efforts are still
needed from both experimental and theoretical aspects.

Herein, Mn-N-P doped carbon spheres were synthesized
through a two-step strategy involving the adsorption of Mn ele-
ments during polymerization process and then the carbonization
with a pyrolysis process. The as-prepared catalysts exhibited high
electrocatalytic activity and outstanding stability for ORR. The-
ory calculations demonstrated the Mn-N-P doped carbon showed
lower energy toward 4e~ ORR. In addition, Zn-air batteries with
0.05 Mn-N-P-C catalysts as the cathode showed a high specific ca-
pacity of 830 mAh/gz, and good cycle stability.

The Mn-N-P doped carbon spheres were synthesized by
the polymerization of hexachlorotripolyphosphazene (HCCP) and
phloroglucinol under the presence of Mn?t, followed by a car-
bonization process, as shown in Fig. 1a. The morphology of the as-
synthesized catalysts was characterized by scanning electron mi-
croscope (SEM) and transmission electron microscopy (TEM). As
shown in Fig. 1b and Fig. S1 (Supporting information), the syn-
thesized Mn-doped phosphosphazene microsphere (Mn-PPH) pre-
cursors exhibit a sphere morphology with an average diameter of
~700nm, which is similar to that of the PPH without Mn, sug-
gesting the addition of Mn2* in the polymerization will not sig-
nificantly affect the morphology. After carbonization, the sphere
morphology was well preserved (Fig. 1c and Fig. S1 in Supporting
information) while the diameter was reduced to ~500nm. Note-
worthily, the 0.05 Mn-N-P-C catalyst exhibited a smooth surface
(Fig. 1d and inset) without metal-related particles on it and the
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Fig. 2. Analyses on the structure and surface chemical valence state of 0.05 Mn-N-
P-C. (a) XRD patterns of 0.05 Mn-PPH, PPH, 0.05 Mn-N-P-C and N-P-C. (b) N 1s and
(c) P 2p XPS survey spectra of 0.05 Mn-N-P-C and N-P-C. (d) Mn 2p XPS spectra of
the 0.05 Mn-N-P-C.

respective selected area electron diffraction (SAED, Fig. S2 in Sup-
porting information) pattern implies its amorphous state. High-
resolution TEM image (Fig. 1e) also demonstrated that amorphous
carbon structures were dominant in the sphere. Furthermore, el-
emental mappings of 0.05 Mn-N-P-C catalyst in Figs. 1f and g
showed that the Mn, N and P are distributed uniformly through-
out the carbon spheres, suggesting that Mn, N and P were doped
into the carbon matrix successfully.

The structural properties of the as-prepared spheres were re-
vealed by X-ray diffractometer (XRD). As shown in Fig. 2a and
Fig. S3 (Supporting information), 0.05 Mn-PPH showed a similar
XRD pattern as the PPH. After carbonization process, both the 0.05
Mn-N-P-C and N-P-C catalysts exhibited one broad peak at around
24.6°, which could be indexed to graphitic carbon. In XRD pat-
terns of Mn-N-P doped sphere, Mn-related characteristic diffrac-
tion peaks were not observed, which was consistent with the TEM
results. Raman spectra of the N-P-C and Mn-N-P-C catalysts (Fig.
S4 in Supporting information) has two characteristic peaks cor-
responding to the D (1327.7 cm~!) and G (1587.6 cm~!) bans of
graphite carbon which consisted with the XRD results [52]. Fur-
thermore, the Ip/I; ratios of Mn-N-P doped samples lower than
that of N-P-C, suggesting that the Mn doped samples have higher
graphitization degree and favors the electron transfer [53]. The sur-
face chemical structure of the as-prepared Mn-N-P-C catalysts was
investigated by X-ray photoelectron spectroscopy (XPS). As shown
in Table S1 (Supporting information), Mn-N-P-C catalysts showed
the presence of Mn, N and P elements, well matching with the el-
emental mapping analysis. Inductively coupled plasma mass spec-
trometry (ICP-MS, Table S2 in Supporting information) confirms
the Mn and P content in the as synthesized samples. The load-
ing amount of Mn was about 1.02 wt%, 1.54 wt% and 2.43 wt% for
0.025 Mn-N-P-C, 0.05 Mn-N-P-C and 0.1 Mn-N-P-C, respectively.
The contents of Mn element were increased along with the in-
crease of Mn precursors, indicating the Mn content could be well
controlled.

High resolution N 1s XPS spectra could be deconvoluted
into four main peaks, namely pyridinic N (398.3eV), pyrrolic N
(400.1 eV), graphitic N (400.7 eV) and oxidized N (404.1 eV) (Fig. 2b
and Fig. S5 in Supporting information) [45,54]. These peaks con-
firmed the successful integration of N into the carbon matrix. No-
tably, for Mn doped catalysts, an obvious Mn-N peak at 399.5eV
was detected [45,55]. It has been reported that the formation of
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Fig. 3. ORR and primary Zn-air battery performance of 0.05 Mn-N-P-C catalyst. (a) LSV curves for Pt/C, Mn-N-P-C and N-P-C catalysts, (b) LSV curves of 0.05 Mn-N-P-C at
various rotating speeds, (c) long-term durability test of the 0.05 Mn-N-P-C and commercial Pt/C catalysts in the 0.1 mol/L O,-saturated KOH solution under the potential of
0.5V vs. RHE, (d) discharging polarization curves and power density plots of primary Zn-air batteries, (e) specific capacity plots of the primary Zn-air batteries at 5 mA/cm?,

(f) long-term durability tests of the Zn-air battery at the current density of 10 mA/cm?.

an Mn—N bond could improve the ORR catalytic activity [56,57].
P 2p spectra of the catalysts (Fig. 2c and Fig. S6 in Supporting
information) showed two different peaks at 132.4eV (P-C) and
133.7eV (P-0), suggesting that the P were introduced into the car-
bon matrix [58-60]. In Mn doped catalysts, the Mn 2p XPS spec-
trum (Fig. 2d and Fig. S7 in Supporting information) displayed two
peaks at 641.8 and 653.4eV, which should be attributed to Mn
2p3; and Mn 2py,, respectively [45]. These results revealed that
Mn, N, and P elements were successfully doped into the carbon
matrix. Specifically, the Mn were bound to the N in the catalyst,
which was demonstrated by the formation of Mn—N bond in the
as-synthesized carbon sphere.

ORR performance of the catalysts was investigated in N, or O,
saturated 0.1 mol/L KOH. As shown in Fig. S8 (Supporting infor-
mation), no peak was detected in the CV curves of Mn-N-P-C un-
der N, saturation solution. On the contrary, an obvious reduction
peak at 0.78V vs. RHE was observed for 0.05 Mn-N-P-C catalyst
in O,-saturated solutions, suggesting ORR process was conducted
over the catalysts in the presence of 0,. Additionally, the reduction
peak of 0.05 Mn-N-P-C catalyst present a positive shift of 60 mV
compared to the N-P doped carbon catalyst (Fig. S8 in Support-
ing information), which indicated the introduction of Mn can en-
hance the ORR performance. Fig. 3a showed the LSV curves of the
N-P, Mn-N-P-C and commercial Pt/C catalysts at the rotation rate
of 1600 rpm. As expected, compared to the N-P doped sample, the
limiting current density and half-wave potential were improved
obviously after the introduction of Mn. The 0.05 Mn-N-P-C catalyst
showed a limiting current density of 5.2 mA/cm? with a half-wave
potential of 0.82V vs. RHE, which was the highest ORR catalytic
activity compared to other Mn-N-P and N-P doped carbon cata-
lysts. Moreover, 0.05 Mn-N-P-C catalyst showed comparable ORR
performance with commercial Pt/C catalysts and a higher ORR per-
formance to some recently-reported Metal-N-P doped carbon cata-
lysts (Table S3 in Supporting information). According to the above
results, the N, P co-doped samples have poor ORR activity [50].
In comparation, after introduction Mn element in those samples,
the ORR performance has a significant improvement. It can be con-
cluded that the introduction of Mn could increase the intrinsic ac-
tive sites of the catalysts, which led to a lower over-potential and
a higher current density during the ORR. To further reveal the ORR

kinetics of all catalysts, LSV curves (Fig. 3b and Fig. S9 in Sup-
porting information) were collected at different rotation speeds.
The limiting current density of 0.05 Mn-N-P-C catalyst increased
steadily with the rotational speed. Koutecky-Levich (K-L) equation
was used to determine the electron transfer number per oxygen
molecule (n) for the ORR (Fig. S10 in Supporting information). The
n for 0.05 Mn-N-P-C was ~3.9, indicating that the ORR was majorly
conducted through a 4e~ ORR pathway. As shown in Fig. S11 (Sup-
porting information), the corresponding kinetic parameters were
analyzed with the K-L equation and the 0.05 Mn-N-P-C catalyst ex-
hibited the highest J, (17.4mA/cm? at 0.4V vs. RHE) among other
N-P and Mn-P-N doped catalysts. Moreover, during the long-term
i-t-test, the current density of 0.05 Mn-N-P-C was maintained at
about 93.8% (versus 88% for commercial Pt/C catalysts, Fig. 3¢) and
the LSV curves has a slightly decrease (Fig. S12 in Supporting in-
formation) which indicated that the as-synthesized Mn-N-P doped
carbon sphere had better stability towards ORR compared to com-
mercial Pt/C. The structure of 0.05 Mn-N-P-C catalysts after stabil-
ity test was characterized as shown in Fig. S13 (Supporting infor-
mation) which maintains a stable spherical structure. More impor-
tantly, after long-term test, the Mn, N and P are still distributed
uniformly throughout the carbon spheres (Fig. S14 in Supporting
information) demonstrated that the 0.05 Mn-N-P-C catalyst was
stable during ORR process. All the above results indicated that the
as-synthesized 0.05 Mn-N-P-C catalyst has high ORR activity and
good stability.

The high ORR performance of 0.05 Mn-N-P-C catalyst was fur-
ther tested in primary Zn-air batteries. The Zn-air battery was as-
sembled by using 0.05 Mn-N-P-C catalyst (commercial Pt/C cata-
lyst was also used for comparison) as air cathode catalyst and a
Zn sheet as an anode in a special battery case filled with 6 mol/L
KOH electrolyte. As shown in Fig. 3d, Zn-air batteries with 0.05
Mn-N-P-C catalyst exhibited a higher open circuit voltage (OCV) of
1.45V and maximum power density of 133 mW/cm? compared to
those of commercial Pt/C catalysts (1.28 V and 98 mW/cm?2), which
were also higher than those recently reported in literature (Table
S4 in Supporting information). To further study the capacity perfor-
mance of the Zn-air batteries, discharge tests were performed (Fig.
3e). When normalized to the consumption mass of Zn, the battery
with 0.05 Mn-N-P-C catalyst had a specific capacity of about 830



J. Li, S. Zou, J. Huang et al.

64 —_— —
' —— MnN,
4 A MoN,P
= —_—
L2 :
Bl :
- Y B —
§° T A
8.2 :
£  40H"|
=4 g 205H,0 O #H, 0+ 20H" -
6 O'FOHeOH OHHIOH
Reaction co-ordinate
()
6 s— =N
4 . - MNP
g, 5
' B g
g o ;
; o | 4OH
L i O HOF 2O ——s
v *OH+30H
IS ‘4 e
A MnN,P 5 200 orsorsOH™

Reaction co-ordinate

Chinese Chemical Letters 34 (2023) 107222

@ Mn
“p
a N
®0
»H

; :
40H S~~~ HO+30H-

Fig. 4. DFT calculation. (a) The schematic atomic structures of PN3, MnN4 and MnN3;P used for the DFT calculations and the calculated free energy evolution diagrams of
ORR at (b) U=1.23V and (c) U=0.45V, (d) the schematic illustration for the ORR pathway as predicted from the calculation.

mAh/gz,, which was superior to that of the commercial Pt/C cata-
lysts (700 mAh/gz,). Furthermore, discharges at different current
densities showed no significant potential drop, suggesting good
stability of the 0.05 Mn-N-P-C cathode catalyst (Fig. S15 in Sup-
porting information). Fig. 3f indicated that the battery could be
mechanically recharged multiple times without obvious degrada-
tion on potential. Finally, two Zn-air batteries were connected in
series to produce an OCV of ~2.5V, which was able to power the
light emitting diodes (Fig. 3f, inset).

From the above results, Mn-N-P doped catalyst showed higher
ORR activity compared to that of N-P doped sample. XPS results in-
dicated that the formation of Mn—N and P—C bonds in the catalyst.
To elucidate the active sites and reaction mechanism for ORR, den-
sity functional theory (DFT) calculations were carried out. The opti-
mized atomic structures for PN3, MnN4 and MnN3P were schemat-
ically illustrated in Fig. 4a. The free-energy profiles of ORR pro-
cess were then calculated at U=0.45 and 1.23V respectively. As
shown in Figs. 4b and c, oxygen adsorption step of PN3, MnN,4 and
MnNsP required high activation energies both at 1.23V and 0.45V.
In all the atomic structures, PN3 has the highest oxygen adsorp-
tion energy (about 6.05eV) thus the ORR is difficult to occur. For
MnNy, it has the lowest adsorption energy of about 1.25eV for the
reaction of O, into O,*. However, the free energy of hydrogena-
tion of adsorbed *OH to OH™ needs an activation barrier of 2.43 eV
and 1.65eV at 1.23V and 0.45V, respectively (Figs. 4b-d). In all
the optimized atomic structures, MnN3P has the intermediate ad-
sorption energy of about 2.65eV. Compared to the MnN, structure,
MnN;3P has lower activation barriers of 0.78 eV and OeV at 1.23V
and 0.45V respectively (Figs. 4b-d), which suggest the MnNsP has
appropriate reaction energy to promote the ORR along the 4e~ as-
sociative pathway. The experimental and calculated results indi-
cated that the introduction of Mn element in N-P doped carbon
can lower the dissociation barrier of O, into O* and promote the
ORR to follow a 4e~ associative pathway.

In conclusion, Mn-N-P doped carbon spheres were prepared
through the polymerization followed by calcination at 900 °C. The
as-prepared Mn-N-P doped carbon catalysts exhibited high electro-
catalytic activity and good stability for ORR. Zn-air batteries with
0.05 Mn-N-P-C catalysts showed a higher specific capacity and
good cycle stability compared to those of Pt/C. Theoretical calcu-
lations demonstrated the introduction of Mn in N-P doped carbon
can lower the dissociation barrier of O, into O* and benefit the

reaction coordinate to follow the 4e~ ORR pathway. Therefore, the
Mn-N-P-C catalyst developed in this study can be the promising
alternative to commercial Pt/C catalysts in Zn-air batteries.
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