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Electrocatalytic oxygen reduction reaction (ORR) is the vital pro-
cess for next-generation electrochemical energy storage and con-
version technologies, e.g., metal—air batteries and fuel cells. During
the ORR, the O,* and O* intermediates principally combine with
protons to form OOH* and OH* species, respectively, which are the
proton-coupled electron transfer processes. Unfortunately, under
alkaline conditions, the protons are essentially generated from the
sluggish water dissociation process, which unavoidably limits the
ORR kinetics. Herein, we design and synthesize a nitrogen-doped
hierarchically porous carbon with homogeneously distributed
ultrafine a-MoC nanoparticles (x-MoC/NHPC) as a model electro-
catalyst. Theoretical investigations unveil that «-MoC on NHPC
could efficiently reduce the energy barrier of the water dissociation
process to generate protons, eventually promoting the proton-
coupled ORR kinetics. In a 0.1 M KOH aqueous solution, a-MoC/
NHPC exhibits excellent ORR performance with a high half-wave
potential of 0.88 V (vs. reversible hydrogen electrode), which out-
performs those for NHPC and commercial Pt/C. Moreover, as the air
electrode in a zinc-air battery, a-MoC/NHPC presents a large peak
power density of 200.3 mW cm~2 and long-term stability. Thereby,
our approach to engineering proton-feeding centers paves a new
avenue towards the understanding of ORR kinetics and the devel-
opment of high-performance ORR electrocatalysts.

The ever-increasing detrimental effects of traditional fuels on
energy and environment concerns have stimulated extensive
efforts for developing green and renewable energy technologies.
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Broader context

To enable large-scale commercialization of metal-air batteries, low-cost yet
high-performance cathode catalysts for the sluggish oxygen reduction reaction
(ORR) are urgently needed. During the ORR, the O,* and O* intermediates
generally react with protons for the formation of OOH* and OH* species,
respectively. Unfortunately, under alkaline conditions, the protons are
principally generated from the sluggish water dissociation process, which
unavoidably limits the ORR kinetics. In this work, by engineering the water
dissociation centers on a model ultrafine «-MoC nanoparticles on nitrogen-
doped hierarchically porous carbon electrocatalyst, we demonstrate the
significant role of the water dissociation process in proton-feeding and
enhancing ORR kinetics under alkaline environment. The viable design of
the proton-feeding centers and the profound understanding of the ORR
kinetics in this work will open up a new approach for exploring low cost and
highly-active electrocatalysts for catalytic energy conversion reactions.

Electrochemical oxygen reduction reaction (ORR) plays a sig-
nificant role in next-generation sustainable energy storage and
conversion systems, e.g., metal-air batteries and fuel cells.'”
Up to now, platinum (Pt)-based catalysts still remain as the
benchmark electrocatalysts for catalyzing the ORR.*” Unfortu-
nately, the high cost, scarcity and poor durability of Pt seriously
hinder its widespread utilization in practical energy conversion
systems.® ¢

To develop efficient and earth-abundant alternatives to the
Pt as ORR electrocatalysts, the profound understanding on the
ORR reaction mechanism is highly desirable.'’ In alkaline

“ Center for Advancing Electronics Dresden (Cfaed) and Faculty of Chemistry and Food Chemistry, Technische Universitdt Dresden, 01062 Dresden, Germany.

E-mail: xinliang.feng@tu-dresden.de

b SUNCAT Center for Interface Science and Catalysis, Department of Chemical Engineering, Stanford University, Stanford, CA 94305, USA
¢School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, 200230 Shanghai, P. R. China

 Fraunhofer Institute for Ceramic, Technologies and Systems (IKTS), 01109 Dresden, Germany

¢ Department of Materials Science and Engineering, Johns Hopkins University, Baltimore, MD 21218, USA

I Department of Applied Chemistry, School of Applied and Natural Sciences, Northwestern Polytechnical University, Xi’an, 710129, P. R. China.

E-mail: zhangjian@nwpu.edu.cn

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/d0ee01613f

1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2020

Energy Environ. Sci., 2020, 13, 2849-2855 | 2849


http://orcid.org/0000-0003-1927-3642
http://orcid.org/0000-0003-4451-2721
http://orcid.org/0000-0002-4063-9605
http://orcid.org/0000-0002-2839-0253
http://orcid.org/0000-0002-9297-136X
http://orcid.org/0000-0002-3967-6548
http://orcid.org/0000-0002-0211-0778
http://orcid.org/0000-0002-8274-3099
http://orcid.org/0000-0002-0912-1197
http://orcid.org/0000-0003-3885-2703
http://crossmark.crossref.org/dialog/?doi=10.1039/d0ee01613f&domain=pdf&date_stamp=2020-07-18
http://rsc.li/ees
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ee01613f
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE013009

Open Access Article. Published on 13 July 2020. Downloaded on 11/28/2025 10:14:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

solutions, the ORR principally proceeds according to the ever-
proposed four-electron transfer pathways: (1) O,(g) + * — O0y%;
(2) 0,* + HyO(l) + e~ — OOH* + OH; (3) OOH* + e~ — O +
OH ; (4) O* + H,0(l) + e~ — OH* + OH and (5) OH* + e~ —
OH™ + *, where * denotes the active site.'” In steps (2) and (4),
the O,* and O* intermediates combine with protons to produce
OOH* and OH*, respectively, which are the proton-coupled
electron transfer (PCET) processes.”” Under alkaline condi-
tions, protons intrinsically originate from the dissociation of
water molecules (H,O — H* + OH*)."%"> The energy barrier of
water dissociation in alkaline solutions undoubtedly deter-
mines the proton-feeding rates and overall ORR kinetics. Lately,
nitrogen-doped hierarchically porous carbons (NHPCs) has
emerged as appealing ORR catalysts alternative to the Pt owing
to their low cost, earth abundance, and good electrochemical
stability.'®™*® Unfortunately, the water dissociation kinetic bar-
rier on such NHPCs is extremely high,'>?° resulting in sluggish
proton-feeding ability and low ORR activity in alkaline media
(half-wave potential (E;,): <0.85 V vs. reversible hydrogen
electrode (RHE)).>'">* Recently, reported theoretical and experi-
mental results disclose that a-MoC has superior water dissocia-
tion ability.>***

In this work, by engineering the water dissociation centers
on a model ultrafine o-MoC nanoparticles (NPs) on NHPC
(a-MoC/NHPC) electrocatalyst, we demonstrate the significant
role of water dissociation process in proton-feeding and enhan-
cing ORR kinetics under alkaline environment. The a-MoC NPs
with a diameter of ~3 nm were in situ synthesized on NHPC by
pyrolyzing a mixture of NaCl and phosphomolybdic acid/zeo-
litic imidazolate framework-8 (Mo12/ZIF-8) precursors. Density
functional theory (DFT) calculations reveal that the a-MoC NPs
in «-MoC/NHPC could effectively reduce the kinetic energy
barrier of water dissociation and thereby provide plentiful
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protons for accelerating the PCET steps, eventually promoting
the ORR kinetics in alkaline solutions (Scheme 1). As a result,
a-MoC/NHPC electrocatalyst exhibits excellent ORR activity
with an E;,, of as high as 0.88 V in a 0.1 M KOH aqueous
solution, which surpasses those values for NHPC (E;,, = 0.84 V),
Pt/C catalyst (E;,, = 0.85 V) and previously reported metal-free
electrocatalysts. Moreover, as the air electrode in an as-
assembled Zn-air battery, --MoC/NHPC demonstrates an extre-
mely high peak power density of 200.3 mW cm™?, which is
much higher than that for Pt/C (154.1 mW cm ?).

As schematically illustrated in Fig. 1a, a-MoC/NHPC electro-
catalyst was synthesized by using a NaCl-assisted pyrolysis of
Mo12/ZIF-8 precursors. First, the Mo12/ZIF-8 was prepared via
co-precipitation of Zn(NO;),-6H,0 (2.97 g), 2-methylimidazole
(3.28 g) in a methanol solution (160 mL) containing phospho-
molybdic acid (Mo12, 60 mg) at room temperature for 24 h
(Fig. S1 and S2, ESIf). Second, the achieved Mo12/ZIF-8
(100 mg) was physically mixed with NaCl (35 mg) and then
heated at 900 °C for 2 hours under nitrogen atmosphere. Here,
NaCl served as templates and intercalating agents for the
formation of hierarchically porous carbon nanostructures.”®
After washing and drying, «-MoC/NHPC with an o-MoC loading
amount of 5.0 wt% was obtained. For comparison, a-MoC/
NHPCs with different loading amounts of a-MoC (o-MoC: 1.4,
2.4, 5.0, 6.8 and 8.1 wt%) while with a similar NP size (~3 nm)
were fabricated by changing the dosage of Mo12 (Fig. S3-S8,
ESI{). Moreover, NHPC was prepared without the utilization of
Mo12 (Fig. S9, ESIY).

The morphologies of resultant o-MoC/NHPC were firstly
investigated using transmission electron microscopy (TEM).
As shown in Fig. 1b and c, the a-MoC NPs with a mean diameter
of 3.0 nm are uniformly decorated on the NHPC. The high-angle
annular dark field-scanning transmission electron microscopy

OcC @0
ON o H

a-MoC

Y

Overall: O, (g) + 2H,0 (I) + 4e- —> 40H-

g

Scheme 1 Schematic illustration for water dissociation step and the subsequent elementary processes for ORR in alkaline solutions over an a-MoC/

NHPC electrocatalyst.
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(a) Schematic illustration of the synthesis of a-MoC/NHPC. (b) HAADF-STEM image of a-MoC/NHPC and (c) the corresponding a.-MoC NPs size

distribution. (d) Elemental mapping images showing the distribution of C (red), N (yellow), and Mo (green) elements. (e) HRTEM image of a-MoC/NHPC.
(f) XRD patterns, (g) high-resolution Mo 3d XPS spectra, (h) N, adsorption/desorption isotherms of NHPC and a-MoC/NHPC.

(HAADF-STEM) and corresponding energy-dispersive X-ray
spectroscopy (EDX) elemental mapping images reveal the distri-
butions of C, N and Mo elements over the a-MoC/NHPC (Fig. 1d).
The NPs show a homogeneous distribution of Mo element. High-
resolution TEM (HRTEM) image displays clear lattice fringes with
an interplanar spacing of 0.246 nm, corresponding to the (111)
lattice plane of o-MoC (Fig. 1e and Fig. S10, ESIT). The crystalline
structure of the achieved «-MoC/NHPC was further confirmed by
X-ray diffraction (XRD) analysis. As disclosed in Fig. 1f, the
diffraction peaks at 36.4°, 42.3° 61.3°, 73.4° and 77.3° are indexed
to the characteristic (111), (200), (220), (311) and (222) facets of the
o-MoC (JCPDS No. 65-0280), respectively.***> The Raman spec-
trum of o-MoC/NHPC shows two peaks at 1350 and 1590 cm *
(Fig. S11, ESIt), which are assigned to disordered sp® carbon (D
band) and graphitic sp* carbon (G band) of NHPC, respectively.”

To gain insights into the surface chemical composition and
elemental bonding configurations of the achieved o-MoC/NHPC

This journal is © The Royal Society of Chemistry 2020

and NHPC, X-ray photoelectron spectroscopy (XPS) analyses
were conducted. As illustrated in Fig. S12 (ESIf), the survey
spectrum of o-MoC/NHPC confirms the presence of C, N and
Mo. High-resolution N 1s spectra of a-MoC/NHPC and NHPC
can be well fitted into four characteristic peaks of pyridinic N
(398.5 €V), pyrrolic N (400.3 €V), graphitic N (401.2 eV) and
oxidized N (402.7 eV)*®*° (Fig. S13, ESIt). The pyridinic N
content in o-MoC/NHPC is approximately 4.8 at%, which is
lower than 5.5 at% for NHPC (Table S1, ESIf). In the high-
resolution Mo 3d XPS spectrum of o-MoC/NHPC, the binding
energies of Mo 3ds, and Mo 3d;, located at 228.4 eV and
231.6 eV are attributed to Mo** (Fig. 1g).**** The a-MoC content
in o-MoC/NHPC was determined to be 5.0 wt% based on
the inductively coupled plasma mass spectrometry (ICP-MS)
analysis. The elemental analysis results reveal that the C and N
contents in o-MoC/NHPC are 81.6 at% and 6.7 at%, respec-
tively. (Table S1, ESIt). Next, N, sorption analysis was carried

Energy Environ. Sci., 2020, 13, 2849-2855 | 2851
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out to assess the textural properties of the achieved NHPC and
o-MoC/NHPC. The Barrett-Emmett-Teller (BET) surface area of
0-MoC/NHPC was measured to be 733 m* g~ *, which was much
smaller than 1714 m?® g~* for NHPC (Fig. 1h). A detailed pore
structure analysis reveals that o-MoC/NHPC shows a less
microporous/mesoporous structure in comparison with that
of NHPC, attributable to the partial blockage of pores by the
o-MoC NPs (Fig. S14, ESIt). The specific micropore and mesopore
surface areas of o-MoC/NHPC are 526 m> ¢~ and 143 m* g ',
respectively.

The electrocatalytic ORR performances of o-MoC/NHPC
were investigated by linear sweep voltammetry (LSV) in an O,-
saturated 0.1 M KOH aqueous solution. By contrast, a commer-
cial Pt/C (20% Pt, Fuelcellstore) and NHPC were also evaluated.
All potentials were referenced to the RHE. As shown in Fig. 2a,
the a-MoC/NHPC demonstrated excellent ORR activity with an
onset potential of 0.98 V. The E;,, of a-MoC/NHPC reached
0.88 V, which was higher than those for Pt/C (0.85 V), NHPC
(0.84 V) and the previously reported ORR electrocatalysts, such
as, nitrogen-doped three-dimensional graphene nanoribbon
networks (N-GRW, Ey, = 0.84 V),*® three-dimensional nitrogen
and phosphorus co-doped mesoporous carbon (NPMC, E;/, =
0.85),>" single-atom Co supported by porous nitrogen-doped
carbon nanospheres (Co-ISAS/p-CN, E;;, = 0.838 V),*> single
atomic Cu in ultrathin nitrogenated carbon nanosheets (Cu-N-
C, Ey» = 0.85 V),** atomically dispersed Fe atoms anchored on
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porous N- and S-codoped carbon framework (Fe SAs/NSC, E;), =
0.87 V).** Meanwhile, the kinetic current density (i) of a-MoC/
NHPC was up to 33.8 mA cm ™2 at 0.80 V, which was considerably
larger than those of NHPC (17.8 mA cm™ ) and Pt/C (21.4 mA cm ™ ?)
(Fig. 2b and Table S2, ESIf). The corresponding Tafel slope
of a-MoC/NHPC was determined to be ~47.8 mV decade™?,
which was much lower than 83.2 mV decade ' for Pt/C and
56.1 mV decade ™" for NHPC, demonstrating an accelerated ORR
kinetics on a-MoC/NHPC electrocatalyst (Fig. 2c). Moreover, the
a-MoC/NHPC electrocatalyst also reveals superior selectivity
toward OH™ formation via a four-electron dominant transfer
pathway and superb stability (Fig. S15-S19, ESIT).

In order to reveal the key role of a-MoC NPs during the
alkaline ORR process, we investigated the ORR performance of
a series of «-MoC/NHPCs with different «-MoC loading con-
tents (1.4, 2.4, 5.0, 6.8 and 8.1 wt%) in a 0.1 M KOH aqueous
solution. As shown in Fig. S20 (ESIt) and Fig. 2d, the E,, of
a-MoC/NHPCs increased accompanied by larger o-MoC con-
tents. When the weight content of a-MoC was 5.0 wt%, the
o-MoC/NHPC showed the highest E;, (0.88 V). Then, the E;, of
o-MoC/NHPC decreased when increasing the o-MoC content
(6.8 wt%, 0.85 V), which was probably due to the blockage of
the intrinsic ORR active site of NHPC by the high coverage
of a-MoC NPs, as indicated by the reduced electrochemically
active surface area (ECSA) and ORR kinetics (Fig. S21 and
S22, ESIt).
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(a) ORR polarization curves, (b) Ji at 0.80 V and Ey,, and (c) corresponding Tafel slopes of NHPC, a-MoC/NHPC and Pt/C. (d) Ey/, of a-MoC/
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Fig. 3 Adsorption configurations of water on (a) NC, (b) a-MoC(111) and (c) a-MoC/NC surfaces. (d) Schematic energy diagrams for water dissociation
and (e) free energy diagrams for ORR on NC, a-MoC(111) and a-MoC/NC catalysts at the overpotential of O V.

To further elucidate the fundamental mechanism of the
outstanding ORR activity of a-MoC/NHPC, the kinetic energy
barrier of the water dissociation step and the subsequent ORR
elementary processes were studied using DFT calculations
based on the as-built electrocatalyst models including nitrogen
doped carbon (NC), a-MoC(111) and a-MoC/NC (Fig. S23, ESIY).
Fig. 3a-c present the water adsorption configurations on the
as-constructed models. As illustrated in Fig. 3a, H,O can be only
physically adsorbed on the NC and is hard to be dissociated,
indicating an extremely sluggish water dissociation kinetics for
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the generation of protons.”® On the o-MoC(111), water is
chemically adsorbed and can be dissociated into H* and OH*
with an energy barrier of only 0.6 eV (Fig. 3b and Fig. S24, ESIt),
suggesting an excellent water dissociation kinetics, which is
consistent with the reported results.>® Surprisingly, water mole-
cule demonstrates dissociative adsorption on the o-MoC/NC
that can be spontaneously dissociated for the formation of H*
and OH*,*® implying a superior property of water dissociation
for proton feeding in comparison with those on NC and o-MoC
(Fig. 3c and d). Fig. 3e displays the free energy diagram for the
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Fig. 4 (a) Schematic illustration of an as-assembled Zn-air battery. (b) Discharge polarization curves and corresponding power density plots of the

primary Zn-air batteries using a-MoC/NHPC and Pt/C as air electrode, respectively. (c) Long-time galvanostatic discharge curves of a Zn—-air battery with
a-MoC/NHPC as cathode catalyst until complete consumption of Zn anode. The specific capacity was normalized to the mass of consumed Zn. (d)
Discharge plot of the Zn—air battery with a-MoC/NHPC as cathode catalyst by replenishing Zn anode and electrolyte. (e) Photograph of red LEDs in series

powered by two tandem Zn-air batteries.
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elementary steps of ORR at the overpotential of 0 V. For a-MoC,
the formation of OOH* and O* species are all exothermic and
downhill, evidencing thermodynamically favorable processes
(Fig. S25, ESIt). However, the reduction of O* to OH* and the
release of OH from the active sites on o-MoC are uphill
processes with energy barriers of 1.45 eV and 2.27 eV, respec-
tively, indicating that the pure a-MoC can be easily poisoned by
O* and OH* intermediates that block the ORR kinetics. On NC
and 0-MoC/NC, the C atoms neighboring to N in NC are the real
active site due to they demonstrate the most stable adsorption
for reaction intermediates (OOH*, O* and OH*), according to
the systematic DFT calculations (Fig. S26 and S27, ESI{). On NC,
the energy barriers for O* to OOH* and O* to OH* are as high as
1.09 eV and 0.57 eV, respectively, which undoubtedly limit the
overall ORR kinetics. Notably, on a-MoC/NC, the energy barriers
for O* to OOH* and O* to OH* considerably decrease to 0.17 eV
and 0.00 eV, respectively, indicating promoted PECT processes,
as a result of an accelerated water dissociation kinetics for
proton feeding.*”

To investigate the practical applicability of the as-developed
a-MoC/NHPC electrocatalyst in energy devices, a primary
Zn-air battery was assembled utilizing o-MoC/NHPC as the
oxygen electrocatalyst on air electrode in a 6.0 M KOH electro-
lyte containing 0.2 M Zn(OAc), (Fig. 4a).*® As depicted in
Fig. 528 (ESIY), the open-circuit voltage of the o-MoC/NHPC
was 1.44 V. The maximum power density of o-MoC/NHPC was
up to 200.3 mW cm ™ (Fig. 4b), which substantially exceeded
154.1 mW cm > for Pt/C and those for the previously reported
ORR electrocatalysts, e.g., N-GRW (65 mW cm >),>° NMPC
(55 mW cm?),*" metal-free mesoporous N-doped carbons
(192.7 mW cm™?),*® Mn/Fe-HIB-MOF (195 mW cm™2),*® MnO/
Co in porous graphitic carbon (172 mW cm™?)*' and PdMo
bimetallene (154.2 mW cm ™ %)** (Table S3, ESIt). Meanwhile,
the o-MoC/NHPC catalyst-based Zn-air battery delivered a
specific capacity of 783.9 mA h g, " at 10 mA cm 2, corres-
ponding to a ~95.6% utilization efficiency of the theoretical
capacity (~820 mA h gz, ') (Fig. 4c). Furthermore, a-MoC/
NHPC electrocatalyst could stably work in a mechanically
rechargeable battery by only refueling the consumed zinc anode
and electrolyte at the end of each discharge. No noticeable
degradation was observed after 10 cycles over a period of
240 hours at a current density of 20 mA cm ™, highlighting
the superior durability of a-MoC/NHPC electrocatalyst (Fig. 4d).
Such two tandem Zn-air batteries steadily lighted up red light-
emitting diodes (LEDs) in series more than ten days, promising
their potential utilization for powering electronic devices (Fig. 4e).

Conclusions

In conclusion, we demonstrate that the water dissociation plays
an essential role for proton-feeding and eventually accelerating
the ORR kinetics in alkaline solutions by engineering the water
dissociation centers on a model a-MoC/NHPC electrocatalyst.
As a result, the as-constructed a-MoC/NHPC exhibits excellent
ORR activity in alkaline solutions, which is superior to those of

2854 | Energy Environ. Sci., 2020, 13, 2849-2855
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the noble metal Pt/C and the state-of-art noble metal-free
electrocatalysts. Therefore, the viable design of the proton-
feeding centers and the profound understanding of the ORR
kinetics not only provide a promising alternative ORR catalyst
to the Pt, but also open up a new window for exploring low cost
and high-activity electrocatalysts for energy-conversion-related
catalytic reactions including oxygen reduction, CO, reduction,
water splitting, and nitrogen reduction reaction, etc.
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