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Abstract: By using renewable electricity proton exchange membrane (PEM), water electrolysis can produce
“green hydrogen” of which the rate-determining step is oxygen evolution reaction. Considering the problems of
stability, activity and cost, manganese oxides (MnO,) doped with transition metals as a kind of electrocatalysts
(Fe-MnO,, Co-MnO,, and Ni-MnO,) were directly synthesized in one-step by gliding arc warm plasma.
Complementary characterizations of the crystal structure, morphology, element composition, and surface valence
state on this kind of synthetic catalysts were conducted. The results show that MnO, mostly consists of crystalline
Mn,0; and amorphous Mn;0O,4. Although the transition metal doped catalysts possess the very approximate
crystalline compositions to MnO,, they showed a remarkable decrease in particle size and an increase in specific

surface area are achieved. Introducing Co to form Co-MnO, can increase surface density of electrons as compared
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to pure MnO,. We further reveal a unique current step of MnO,-based catalysts in acidic medium which appears in

three consecutive potential regions (low I: 1.4-1.8 V, low II: 1.8-2.4 V, and high III: 2.4-2.7 V) under cyclic

voltammetry (CV) measurements. This current step process is quite consistent with the electrode dynamics curve

(as reference) which is reduced by a simplified version of Bulter-Volmer equation, during which the electrocatalytic

behavior involves manganese at multi-valence states. At low potential regions Fe-MnO, achieves the highest

activity among all catalysts, while at high potential region only Co-MnO, achieves. Furthermore, Co-MnO, onset

potential is 160 mV lower than that of pure MnO,, and three times of the ending current density of pure MnO, during

bulk electrolysis under potentiostat. Consistent with the trend in activity, at low potential regions Fe-MnO, is the most

stable, while at high potential region Co-MnO, is. Consequently, the significant increase in oxygen evolution

reaction activity and stability of manganese oxides doped with transition metals is attributed to transition metal

doping, which obviously optimizes the particle size, specific surface area, and electronic structure of MnO,.

K ey wor ds: MnO,; transition metal doping; current step; oxygen evolution reaction; gliding arc warm plasma
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Ni-MnO,, Co-MnO,, and Fe-MnO, catalysts
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SBET/ DXRD / DTEM /

Doping element

Catalyst content/% (in atomic) (m*g')  nm nm
MnO, - 35.7 32.7 37.9
Ni-MnO, 1.23 57.5 27.4 37.5
Co-MnO, 1.41 51.1 26.9 20.1
Fe-MnO, 1.22 54.8 28.1 19.1
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Fig. 1 XRD patterns of MnO,, Ni-MnO,, Co-MnO,, and
Fe-MnO, catalysts

Colorful figure is available on website
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with insets in (a-d) showing corresponding histograms of particle size distributions
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Fig. 4 Cyclic voltammetric curves of MnO,, Ni-MnO,, Co-MnO,,
and Fe-MnO, catalysts

Colorful figure is available on website
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Fig. S4 Cyclic voltammetry of MnO, catalyst synthesized by gliding arc warm plasma at ending potentials of
(a) 1.3, (b) 1.4, (c) 1.6, (d) 1.8, (e) 2.0, (f) 2.1, (g) 2.2, (h) 2.4, and (i) 2.5V
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TableS1 Electrochemical performancesfor MnO,, I IZ(l 4~1.8V)

Ni-MnO, Co-MnOy, and Fe-MnOjy catalysts from Fig. 6

Mn* +e- =Mn>" E® =154V

Catalyst Potential/V’ Slope/ﬁ1 Star‘tmg Tafel . . o
(mV-dec))  (E, )(V, mA) Mn,O;+6H +e~ = 2Mn~ +2H,0 E®=1.49V
1.27-1.75' 153 (1.33,0.02) 11X (1.8~2.4 V)

MnO, 1.75-2.42" 359 (1.82, 0.64) MO +4H" 426~ — Mn2 +2H.0 E°— 122V
2.42-2.65" 893 (2.55, 1.86) % ¢ =Mn 2 -
1.27-1.74 186 (1.33,0.51) MnO} +4H"+2¢” = MnO,+2H,0 E®=1.12V

. 1
Ni-MnO, ;.Zi_i.zim Zig (1.82,0.71) X (2.4~2.7 V)
42-2. (2.52,1.98)
1.27-1.74' 131 (1.31,0.18) MnOi_+8H++4e_ = Mn2++4H20 E®=0.95V
I

Co-MnO, 1.74—2.26III 423 (1.82, 0.80) MnO; +¢~ = MnO>™ E®=0.56 V
2.26-2.65 806 (2.44,2.41)
1.25-1.74 144 (1.30, 0.04) Hor, 5% & i R B0, +4H" +4e” = 2H,0

Fe-MnO 1.74-2.36" 363 (1.82,1.03) o = fL s = o

* ’ E~¥=1.23V )X M7 A AL
2.36-2.65'" 874 (2.50,2.52) ( VR L ACSR A B 82 (BT 38 B ) T

=/ 4
Note: I, II, and III represent three piecewise continuous potentials 25 = A X .
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0.41 kQ, 0.33 V-dec ', 0.72 V, —0.16 mA ™" (% \ il %
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8x10° mA ™).
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Fig. S5 Comparison of onset potentials on Co-MnO, catalyst
in this work with manganese oxides based electrocatalysts in
literatures(®'-%
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