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Fig. 1. Low-pressure non-equilibrium plasmas: (a) Glow discharge ['¥l; (b) capacitively coupled radio-frequency plasmal'¥); (c) dielec-

tric barrier discharge plasmal'®l.
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Table 1.  Typical plasma parameters in different low temperature non-equilibrium plasma.
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Fig. 2. (a) IV curve of double Langmuir probel*

(c) in suit optical emission spectra of plasma of P Ar-H, and Ar-CH,BY;

; (b) comparison of Langmuir probe non-invasive impedance plasma density!®;

(d) optical emission spectroscopy of O, atmospherel*;

(e) discharge images of DBD at different pressures?®; (f) emission intensities of N, at different pressures/*.
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Fig. 3. (a), (b) Schematic illustration for the formation and SEM images of L-Co NSsP7; (¢) SEM images of Co,P-Ni,P/CCPs);
(d) TEM images of oxygen-enriched NiFe-LDHP; (¢) BET and pore diameter distribution of oxygen-enriched NiFe-LDH nanosheets/*]
(f) schematic illustration of the fabrication process of porous P-Ni MOF/ POM™; (g) SEM image of Ni MOF/POMM: (h) SEM
images of P-Ni MOF/ POMM; (i) SEM image of NizN/NFM; (j) schematic illustration of the synthesis of NisN/NF under Ny-H,

plasmal*!l.
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Fig. 4. (a)—(c) Synthesis process of NiFeP/NF and SEM images of NiFeMOF/NF and NiFeP/NF*; (d) synthesis process of CoPOM;
(e), (f) SEM image of ZIF-67 and CoPO™; (g), (h) SEM image of P-NiMoP and T-NiMoP!; (i) SEM image of Co,NH7.,
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Fig. 5. (a), (b) SEM images of NiCo-LDHs and NiCo-LDHs/Arf; (c), (d) SEM images of m-Ni(OH),NASs and 3-Ni(OH),/Ni NSAsP!;
(e) TEM images of MoS, after plasma treatment*; (f), (g) SEM images of MXene@GO and MXene@rGOP?; (h), (i) SEM images

of MXene and MXene-DBDP3.,
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Fig. 6. (a)—(c) HRTEM image showing lattice spacing of the nanoparticle, XPS spectra of the O 1s, bandgap determination of the
nanoparticles™; (d)-(f) EPR spectra by N, plasma for different periods, XPS spectra of the O 1s and HRTEM image of NiMoO,
under N, plasma treated?); (g) Fourier transform infrared spectra of plasma treated under different conditions; (h) solid electron
spin resonance spectra of PBA-raw and PBA-3h-A; (i) water contact angle (WCA) of plasma treated PBAP.
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Fig. 7. (a), (b) Raman spectra and Thermogravimetry (TGA) curves before and after Plasma treatment!®; (c), (d) Raman spectra

and N, adsorption-desorptionisotherms of cobalt oxide heterojunctions before and after oxygen plasma treatment/’); (e), (f) Raman

spectra and XPS spectra of the C 1s of nitrogen-doped nanotubes before and after Ar plasma treatment!6%.

322 #HFMEET

LB TR AR R — i i R e A R T
FNEME A 2, g e m s R R
A Al B I B F A R B 1, B S TR 5 AR
FE BT )2 X, MRS AR AL 2 20 23 R
TEERE ) R TR AR 7, HALHAE T H A T
R AMR (AN2rm N, ff B it A 2t (n
P, PH, N, NH %), XS5 RAEARIR T BT Ak
PHOFARTIRA A% b, ST ek Lk ).
PR TAL S e A, S5 B R rh Y e I B I
AR, O HLAEE A 3t (A0 PH, NH) 1958
WM T RRAR R N BE 22, PT7EARIR A5 T Bk s ik
SN, G A A5 A DR e 2 T e IR 1691,

s 8(a), (b) FizR, KH Ar-H, S8R
AITE 280 °C HRIR A& T s NiFe MOF %1k
h NiFeP #b#). X 52 fi7 58 40 Mt i Ab # 5 B
LT A B R AR AT I, A S
BEWEEHE—HAESE T NiFeP #ik¥) (111) F1 (120)
Al T B AR B 28 R, 3% B R i 3 i
NiCo-LDH [a] NiCoP %44k, &l 8(c) s, 1
Ar-Hy IR ASHUET, A 54545 B 714 280 C
TR, SEE T NiCo-LDH JEA#EfLAL NiCoP, Jf H.

TREE T HORERIRGS 1. SR FREIS AT R P
2p PLEFE 129—130 eV AbH L T HH 2 A P-M RF1iE
U, ESE T BRI U A E Ak A (18] 8(d))T.
XSG 28 SR I T A B AR B A R e S
PRGN S5 v ] A ek U 4 iR WAk A T
FROLE, S BB A AR T il A P it T i
FORBEAR. 2R B IAAE T R ol e 4 5
B RSE () ARG SRR B R 45, ]
DA S5 B 18 A 0 2 o 245 ) R e o YR B2 %) K oA 9
¥, IR R AL PERE.
RAFEEE TRELE AR TR EE
BNARFROL S, Xl A& T B =
L BTt A RTIRAA A A1) dit s RS, AT ok
WIS R A ZEAE . ) S A U R et ) b 2
PSR, XA A LR T RETE 1 2 )2 &
e EACZ. A RS (K 8(e)) 43
BT No-H, 255 Ttk R n] g 3], AL T4l N, 45
B AR SRS T B A U AR AR U, TR A RUARTE
336.0 nm 40 B T BB A NH B i JERRAE g X
— UGS T 55 IR RE i B A 7, IRRETE
I R R S A4S 648 NH A
. WP SRR, SR No-H, %8 FR7E 250 °C

235217-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235217
(2) | _ NiFeP/NF (©) [« coNiP — CoNiP@C/NF
w | — NiFeMOF/NF . | v Ni M
£ | —NiFeLDH/NF 2
=] 1L =]
£ i : £ (111)](120)(030)
v
~ — s J o ~
> iy 5 0 >
£, | | - oS £ v
2 - i e g2 o B
2 2 |
= =] -
— v e p———
1CSD#00-049-0018 1CSD#98-063-2038 | |
, | . \l. I ‘ ||.' P! —tl , , | 'I | 1
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20/(°) 20/(°)
(d) (e)
P 2p P " 336.0 nm NH — Hy+N, ) Ni(OH),
4p3/2 =z
z , : Ao
g P1/2 . =
g ) P—O g = -~ r—
P CoNiP@C i 8 Ni(OH)2-N; plasma
z > g
3 £ —x 3
9 - Nz (BIL-A%E) o} 3 I " NizN-Hy+ N; plasma
E | coNiP " 336.5 nm Ny "} ] 3 2+ N2 p
A A S
®) A A A
1 1 i n
140 138 136 134 132 130 128 200 400 800 1000 30 40 50 60 70 80
Binding energy/eV Wavelength /nm 20/(°)
(&) | Ni 2ps/ (h) @)
3 ‘ £ xﬂ”‘ £
E SEievES E M"J\J \wf E
] 5 Wit Wit 5
g 855.7 eV £ £
s s T T T T <
= = [PDF#04-0850 Ni =
= = | I =
0 I T T T T T T a
g o |PDF#44-1159 NiO =]
5} 9 1 1 [
< < T T T T T T <
| 5 |PDF#36-1300 Ni,N | =
1 I
PDF#04-0836 Cu 'I ' '
!
865 860 855 850 10 20 30 40 50 60 70 80 402 400 398 396 394

Binding energy/eV

20/(%)

Binding energy/eV

K 8 (a) NiFeP/NF, NiFe MOF/NF fil NiFe LDH/NF #J X $£6fi75114; (b) NiFeP/NF R85 /395 S i 85 EIZR 1; (c) CoNiP@C/
NF /9 X A7 41 67; (d) CoNiP@C Ml CoNiP Y P 2p B i X 45t B F AE 1% 167, (e)—(g) No-H, Fl4ll Ny A6 & 63 L AR
LB T L BT S SE AL B X R AT | No-H, 258 7R 4L BUS Ni 2p B9 XPS J6i BY; (h), (i) No-H, 2535 7K 40 B NiV LDH )

X SFEAT A Ni 1s PUE R X 200 T AE % 5

Fig. 8. (a) X-ray diffraction (XRD) of NiFeP/NF, NiFeMOF/NF, and NiFeLDH/NF*; (b) HR-TEM images of NiFeP/NF*
(c) XRD patterns of CoNiP@C/NFM; (d) XPS spectra of P 2p of CoNiP@C and CoNiP"; (e)—(g) optical emission spectra of
N,-H, and N,, XRD of Ni(OH), after different plasma treatment and XPS spectra of Ni 2p after N,-H, plasma treatments!*!);
(h), (i) XRD pattern and Ni 1s XPS spectra of the NiV LDH after N,-H, plasma treatment!®.
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Fig. 9. (a) High-resolution transmission electron microscopy images of Co,P and Ni,PP¥; (b) schematic diagram of electron transfer

based on BEF in Co,P-Ni,P/CCP®; (c) high-resolution transmission electron microscopy images of plasma phosphorus-nitrogen
doped NiCo foam®; (d) the HRTEM of CoO/Co [@; (e¢) DOS and d-band centers of -CoO/Co(111), Co(111), v-CoO%3]; (f) the
HRTEM images of heterostructure of IrO,/CoCHI™; (g) the DOS of CoCH, IrO, and IrO,/CoCH!™; (h) the TEM images of the
heterostructure of Ni;,P5/ZnP,["'l; (i) N, adsorption—desorption isotherms (BJH).
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

Applications of low-temperature non-equilibrium plasmas in
preparation and modification of high-efficiency water
electrolysis catalysts”

LI Yongjian? LI GuolingVt LIU Xiao? ZHENG Jie?3)?
1) (College of Materials Science and Engineering, Qingdao University, Qingdao 266071, China)
2) (Sunan Institute for Molecular Engineering, Peking University, Suzhou 215500, China)
3) (College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China)

( Received 9 October 2025; revised manuscript received 30 November 2025 )

Abstract

Hydrogen energy, as one of the most promising clean and renewable energy sources, has received much
attention due to its green production technology. Electrolytic water splitting is regarded as a critical pathway
for large-scale green hydrogen production due to its environmentally friendly reaction process, high product
purity, and operational simplicity, However, electrocatalysts for water electrolysis commonly face challenges
such as high costs and complex synthesis processes, thereby severely hindering the industrial application. Low-
temperature plasma (LTP) technology, with its advantages of mild processing conditions, high reactivity, and
unique electromagnetic field effects, has demonstrated remarkable potential in the surface modification of
materials. This review systematically summarizes the applications of LTP in the preparation and modification
of electrocatalytic materials for water splitting, focusing on the mechanism of plasma-induced enhancement in
electrocatalytic efficiency. First, the physical characteristics and fundamental principle of typical non-
equilibrium low-temperature plasma are elucidated. Subsequently, recent advances in plasma-assisted
modification strategies for catalytic materials are categorized and critically discussed, including surface
microstructure modulation, surface property regulation and interface optimization. Finally, based on the current
limitations in mechanistic understanding and practical applications, future research directions for LTP

technology in catalyst design are proposed.
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