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Fig. 1. Schematic diagrams of low-pressure cold
plasma devices for synthesizing metal catalysts:
(a) Direct current (DC) glow discharge; (b) radio fre-
quency (RF) glow discharge.
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Fig. 2. Schematic diagrams of atmospheric-pressure dielectric barrier discharge cold plasma devices for

synthesizing metal catalysts: (a) Coaxial cylindrical dielectric barrier discharge; (b) parallel-plate dielectric

barrier discharge; (c) surface dielectric barrier discharge; (d) coplanar dielectric barrier discharge.
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Fig. 3. Photos of non-wowen fabric supported AgNO3: (a) As prepared; (b) treated by parallel-plate

dielectric barrier discharge; (c) treated by surface dielectric barrier discharge.
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Fig. 4. Schematic diagrams of atmospheric-pressure

cold plasma jet devices for synthesizing metal cata-

lysts: (a) Round nozzle; (b) flat nozzle.
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Fig. 5. (a), (b) TEM images of Pt/CNT-plasma and Pt/CNT-IMP prepared by low-pressure direct current

glow discharge cold plasma and thermal hydrogen reduction, respectively, and (c) the corresponding benzyl

alcohol oxidation activity. Reprinted from Ref. [77] with permission from Elsevier.
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metal-support interaction, SMSI). SMSI i & {F [
BB & B KR A X — 7 T A LR
JE 4 J8 9K L, ] AR T 1) 4 i A R (O
SEVAH JNL); 53— 7 THI, Rk T < AN AA 2 1A]
SRR TR, T AR ORI 1 S s R, A,
SMST ik A 222 4 Ja& [ i 3~ 1R 52, R 75 g Je i PR
T AR 43— 0 H T = ) R B B 0, 3 s A AL
FE PR FeE P, Di %5 97 R H KA AT P AR
I ot BB R A 5 A, LR SRR G
BN TAESER, FHE T Pt/ TiOo YefE AL 7 il &1t
F, FERH XS4t 7R (X-ray photoelectron

s S f
Pt/TiO,-P
2 min

Intensity/arb. units

Qéb %’f?ﬁc[)oo ..'. =
Pt/Ti0,-C

1
1
1 1 { -
80 78 76 74 72 70 68 66
Binding energy/eV

K6 1.5 wt% Pt/TiO2-C LA} 2 min 16 min #i]4 1.5 wt%
Pt/TiOo-P £t Pt 4f ) XPS i (67)

Fig. 6. Pt 4f XPS spectra of 1.5 wt% Pt/TiO2-C and 1.5 wt%
Pt/TiO2-P prepared at 2 min and 6 min. Reprinted from
Ref. [67] with permission from Springer-Verlag.

spectroscopy, XPS) X SMSIHEAT T #F 5. Pt 4f 1)
XPS ek (B 6) KB, BERKEA S E T RIE )5
BTG IN, 484 Pt & &30, Pt 190 R FE R 2
B, H Pt XPS Ren kA4 %, S KRR
B AR DL & Po ), HEES B APt ER
BN, <) - AH ELAE FHE G v,

4.2 FEREFESEHNEBARN T

IR PRIE A S5 B AR A i R, AMAfE 4
J& A KR AR A S AR KK, T 3R A3 /N R AR Y
& 8 PR, T BT 428 40Kk ok A K R AL,
B IR, Zou 25 O3] R K AE B HE
b IR R N 1 ST & B < N I v
AL R AT, TEM B F XS AT7 3 (Xoray
diffraction, XRD) &% 4 RR B, #4510 & B 4K
FLF i & e & BRI F. Xu % R K
REAAT AR S5 B TR VA S5 B A, DL AN
AR S ARy TAESUE, TP T Pd/TiO, %
fEAFRIH 9T, XRD EITE A XPS fe ik 45 5L,
i1l 4% 1) 42 J& Pd 9Kk -2 35 7 a1, AR
PAYKRT, AR T LT M TiO, S L # 2
PA SR, R T AT 88, I m
T AT G AL RCE.

(iSRS PR A R AN IS Ol N U Y
G B ANKRL T 1A A 454, Wang 5 51 R G
AR BRI A B T, DU AN TAES
i, KRB RT3, SR PA(NO;3 )2 iE i,
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JAR BT Ho PtClg IE IR, |1 74 45 18 7 MR I S5
P, BRI & 1 R 01 BL Pd % Pt AT
Pt-Pd & & 40KR 7. Di%E PR KSEFATF
WA TR LA v 5 8 1A, DAl MR &
SRR TAESAE, Hil4% T Pd-Cu W& @ AL, If
5T Pd-Culk JRF f52 0, W SR, R bt
7% 85 B TR SR 4 1) Pd-Cu 5 R 4K KL 1 B A
B OF I A e AR R XA S5 KIS T Pd X CO
WRBES, $R i 1 O CO SRR AL G AT AR E T

IR « PRI A ¥ 55 88 7 i i & I 2, A A
M AR (0 2E e ) s AN B ) b < s AL T
il %, TR 4 5 BE kT, 8T ) 2 BT 4 E A T
(G SR AR [11:55:00.801 5 48 (0] SR AR UK B
TOHECTOR A S5 8 TR, LU O TR UK, f£A
M TR TC YA L) 2% 1 ARGURKL T, 1ZAF R 22
PR 9 P8 A7 K AT T R =2 G IO A A AT T e R
AR 3 AR B G . Wang 55 SR AR SUE B
RESC TR L v S5 B T, DL AR SR, AR
FBL T 2% 7 Pr(111) S Jm4NAKR T, AT IR ) %
Pt(111)/C A, JFH T2 TR, 35 P L
24875 1211 4% [ Pt/ C AL TTIIR vy 7 R P A,
I HARBL AL AR E 1.

FEARR PO v 55 2 T i i & I FE P, )R an
KORL7 £ M A7) A T AN A3 T R 20 e, 322852
G TR TS R A IR R T A e A
IRZm. N, SRR L IR < AT AN AR
il 6 <2 JR AN KORE 1 AN R A MR AL 77D A R T B Ah R
T AT s TR A AP < e AT ORAA 2 1, )l
KWL BT - M AL TR A 3 T ] AR EERS.
B, XARAE 3 52 <62 )8 BT SR 1A 28 1 5 3R T A
PERI s, BAR NS WERAR SR [22].

4.3 FTEIARIR N

<5 Jes A 730 R P A B A (B0 AL O A7)
TR, VAT AR TR PR Y R, —
NSNS G B BEE . SRV S5 A R A
SE AR MBI R, BRI T G i R
gl Ak, R LA S5 B P & B
FERLEAFOL T, S5 8 TR AL A 2 X 3R IS il
Wi, DT 5 1 <5 Je R A0 791 ERD i 1

e AR AR, AT AT REAE SRR R T AR T
Pifb. Xu & B SR AR AU SPATPAR A 5 BELA 8
A B TR, I MR & U TR AU,

il % Pd/Al, O AT, IFE % T PAYE (PA(NO3)2
MPACL) gz M. 58 £ B, LAPA(NO3), A Pd
TR, BT A S E PR PO KRR 5, AT7E Al,O;
AR I R 2 I AR S B AR, AT T B R R e A
AL CO IS .

Deng % 152 5% F K S A7 P AR A 5 BEL #2415
HLA S5 B TR, 200 DUR SR SO TAE SR, T
IR 5 ) 4% 1 Au/TiO, Ab B, 1] % Au/TiO,
AT, FF T 7T W64 AL CO. T Fi B, DA
AN TAE S, ATLE TiO, 34k = A T 2 A %
AL, 3% AR 20 T 52 52 A Kok T AT LG R R
A SRR T A5 B LR AR AL T, T R R
A PR 28 S, DT M8 5 T < A ) 0 5 12k
oAb Tt R IR 1 7475),

BEAh, SR FH VA 5 B AR [R] I o 46 465 J 4 Kok 7
FER AR, T 3L A R LR A el AR 3B
255, Hua 55 191 5% FH K50 [7) 4l 15 £27 4 5 BEL 24
HA SRS IR, DLAVSON TAESR, X Egiieiksk
R B NiCO3-MgCO3 #EATALHE, ] £ Ni/MgO fi 1k
), HHT COy EE CH, M. WERLRY, BEE
T ) 2% e 1 7] A% G e T o) 4% e A 77 R TR H
B PSR TR, B N 1) 4 R A KR R4S R 40 i
PE. FE 700 °C %M F, X COo BB CHy X MG PE
beAL Gl 26 TR AL 3R = 20 20%. Hu %5 B3 R H
RS 7 [ 5 ol LR A S5 8 T4, DL
N AR AR, K R -4 s v il £ 1Y) N A1 T A SR A
HBEAT AL, 1] 4% Ni/NiO/N-TiOo_, 57 A 45 e 1L
A WK, # NiO #8548 87 Ni, B
TH BRI TiO M Z A AL, 23E T AR
WF B3, R R e =S R, etk
TR 4 TiO, 1 250 1.

5 RFETHRAE SR BN EIE
k5 xR E

Vo SR A — AT B BRI L PR ORI < M
AT 58 52, ANMEAT S e 1 B < e AR
il %, 38 W] LAAS B G U7 VE A By 3R AT IR IR 46
(Ui 4% & A SRR BRI PSS, JF HoAl 4
T4 IR AL 1 ) 5 AN SR B A A, BAT E
BARWEFC R SO S PR B . AR 4308 2 B 46
TSR B TR A R ALK S N AR 45 L P B
PZANLEE, JF XS 3RAT < A A R A 5 A RS PR AT T
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AHTIT G, SRR TR SR AL % R AL TS T
KAEMIBERE, DL S5 &% S5 8 TR 5% A & R i1k
R EBUIR, 73 31 % JHe 1 ek 8y B Al R A Fi& 7 1) AT
TR E.

5.1 TMEIERIPEEL

Vo 55 BT A 26 < TR AL TR T i 1 22 B,
FEATAZE LT P 5 T

1) RO A 7 ] 7t

HEAE AR A0 A 7 1] RBURE e SE — OB oK e
T ) T 4 (R OB 1) L. 4 48 B 1 1) 5 < A AL
FRIREME T2 ORI T O Zh AR AR A, AR
B IR R A T BB ORI, BB T R IEAN
i, B L RO R LA Bz E). BeAh, AR AR
B BAER B L= T RO 18], T HRCR R
A, PR R A B, M2 T, Mgt
B 07 1 EACI TR e i R G I R, [RIRE 7 ZLE N
R, HIHIE AN R RF B R B AR BOR, — A
TR, REFERE. B, REFEI AR EH
T B < PR AT P

Vo 5 B 2 TR R AL AR, 2 LA
Gy STV AR A (0 — AN D5 1. R A A B ) 5
& S HEAL TR T4 55 B TR XK, #e sl i
JRTT CASRELE 57 DRIg AR TR T V4 S5 B T A ) A
ARIRTORER <82 s fHE A 750 A7 AE — 5 1) R L, DAPAT
SRR 5 BEL T L A, RS2 BT S e 184560,
BT B L s Ab BB — IR SE 20, TR M e 5 A R
I B TEOK T L (571

2) Gl by ] 7 ) 5 ) A

BT R & R AL TR K W BE AL B AT L
SEALER UL K < Je M A 771 405 A6 A0 v 45 88 1 AT FL
PEZ B )R R BT IT, C2BUS TIRKEERE. anmi i
R, BTN GRS B AR BRI Sl 4 TARZ
e PR RE B R R AL AR, JF AN T I R i #6 < J fRE AL 771
(IR AT, (HLV 55 B TR SRS B R STk, IF
A RE 4% e ERE M S B A AL TR 01 A, v
SRR TR R AR, EER CA il
AR U 74 55 28 14 10 R 38 SR ML) DA S KU
7 55 B T ORI S TED AR I JE AL, (EXA S5 T
A AT 4 ] 2 < AL TTULER A AR ATS IR BB
S B AT A ) 25 P B R M A T e e S 56 A
BIRTB, 078 55 B 10 SC B s VE A R AN S
SR S RN TRE (ARLAE 7 B A <Al

I Zo

A iy Al JBE A5 ) R AR e (a8 4 2 T 7 b R 45 4y
AL ) HIRZ AL

5.2 &ZEHIE

1) REE B TIREARI T 5 K

XA A TR BOR il 26 S R AL R, BRI K
FEHARS, IF OGN A L, SCELBOAR A A .
AR TRFRE SRR IR A E 8%, Hi
TREREB, AR %A SRS TR 8 AR
SR, Bl JE AL IR B 2. R, DRI
R R AR, R DAANTI AR Dy 3800 1 <o HE 151
P RA RN RS, KRR SR TR & &
JRMEA T, R B AR R AER 5, AR YR
PRI JFG b 7 A S SRR SR BT RN 2
Gy & B AR HE AR SO IEE A )8 B T, R AE
Phegz S PR O AR UK, AR RS
7 S TR 3 SR BIL AR S < R AR B )
e B EE B AL S L. ANAD ik b 45 7 50
PRI RS S B TR, BRI TR
JE, FE R v 55 88 1k v 0 Tl 6 < A7)
Jiii, BRI TATE. AN, S5 SEBR TR EIE
i AT TSR 75 3, B AN A e o A ) 25
SR AL, WT R 2R A 5 BEA T A S A 5
B4 78 L 25 5 3K

2) )R AL TR SR mT A AR %

FI R E 74 85 88 1A 2% < e A7) g i, 3 2
i 2 I P A0 4 i DR R A R Kk 2R
A7 B T, TS ¥ 55 8 1 MR SR AL ) s P BT AL 2 L
BRIV, BB AL AR R K
FHE R SIEAE, T TR R O R
A5 B TR S HEE BT IS, S5 & AR R
AR MR, TR 5 B TR 25 e R AR 52
BL, BT B 2 8 9RO O RLAR . X BT &
J& - TLAE S AL . & SRR B i, i
22 B v T B < R AL TR 454 1R 55 T T AR R 4%
il %

3) 5 AT I A A

HUR T TS, R T R A 22
I ERRIEFE 34 R, A R OR A 7 1) 5 10 A J T
[F]. SR FH VA S5 8 Al B et B0 i1 e AR A
i %, S B e A7 R N e A R M BRI TR 7R 4
Fry FEARNRV B B TR e R AL Y — N EL
RIETT I,
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TS5BS TR A GRS, e ar bt
(K DNA 45) MU T (<6 )@ A HLE 226K, 4741
i A B < R g K RE 1, AT BL S RA® G 0T VR AN
RESEE . HLAR 7 vk (WDGIE R ) kB R 25 4.

e B AL RIS E MR &, AR R I I —
JE R e AT, Y 5RE R KL 1 =R SR T
MRS E I, i Jm AR ) & ) — N EE T AL oK
R &b (B2 CO &) 9 AR % “4a H AL
U, I ARV 55 B 7R AR R P AR BT PR A
SCH R B L R R S R AR AE S S A
YRR R 725 BRI BR 0t S0 o 6 1) < Ja 90 KL 1
BEAT ORGP, R VISERIAT H B A BRI SO
SRR N AN BB ARG HT. RIS, R AL AT LLi
TR R A T IR BSOS B <6 R N KR T Y A
B AR U Ar EL thAh, XFER AT B, O
FRR BB IRTRARL, 7555 B TR 4 b A 2N
F [88,89]
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Abstract

Cold plasma is a kind of non-thermal plasma, and characterized by high electron temperature (1-10 eV) and low gas
temperature, which can be close to room temperature. It has been proved to be a fast, facile and environmentally friendly
new method for synthesizing supported metal catalysts. Enhanced synthesis of metal catalysts by cold plasma consists
of complex physical and chemical reactions. On the one hand, the active environment provided by cold plasma, can not
only speed up the chemical reactions, shorten the reaction time from a few hours to several minutes, but also realize the
kinetically or thermodynamically infeasible chemical reactions to achieve unconventional preparation. On the other hand,
the phase contact behavior on a mesoscopic scale is influenced during cold plasma enhanced preparation, thereby the
metal catalysts with structure different from that synthesized by traditional method. This review summarizes the reactor
structure, physical and chemical mechanism for synthesizing metal catalysts by cold plasma, as well as the structure
characteristics of the obtained metal catalysts. According to the working pressure, cold plasma can be categorized into
low-pressure (LP) cold plasma and atmospheric-pressure (AP) cold plasma. The LP cold plasma is often generated by
radio frequency glow discharge or direct current glow discharge, while the AP cold plasma is generally generated by
dielectric barrier discharge and AP cold plasma jet. Energetic electrons are deemed to be the reducing agents for LP
cold plasma. However, due to the frequent collisions among the electrons and gas molecules at atmospheric pressure, the
electron energy in AP cold plasma is not high enough to reduce the metal ions directly. Therefore, hydrogen-containing
gases are often adopted to generate active hydrogen species to reduce the metal ions. The process of synthesizing the
metal catalysts by using the cold plasma is a fast, low-temperature process, and in the preparation process there exists a
strong Coulomb repulsion. Therefore, metal catalysts with small size and high dispersion of metal nanoparticles, strong
metal-support interaction, as well as specific metal structures (alloying degree and crystallinity) and modified supports
can be obtained. Correspondingly, metal catalysts with high catalytic activity and stability can be synthesized. In

addition, the challenges of preparing the cold plasma are discussed, and the future development is also prospected.
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PACS: 52.77.—j, 82.33.Xj, 52.40.Hf, 94.20.Fg DOI: 10.7498/aps.67.20181451

* Project supported by the National Natural Science Foundation of China (Grant Nos. 21773020, 21673026), the Young
Scientists Fund of the National Natural Science Foundation of China (Grant No. 11505019), the Liaoning Innovative
Talents in University, China (Grant No. LR2017025), and the Natural Science Foundation of Liaoning Province, China
(Grant No. 20180550085).

1 Corresponding author. E-mail: dilanbo@163.com

i Corresponding author. E-mail: xiulz@sina.com

215202-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20181451

	1引    言
	2冷等离子体制备金属催化剂反应器 结构
	2.1 低气压冷等离子体
	Fig 1

	2.2 大气压冷等离子体
	Fig 2
	Fig 3
	Fig 4


	3冷等离子体作用机理
	3.1 物理机理
	3.2 化学机理

	4冷等离子体对金属催化剂结构的 影响
	4.1 金属粒径小、分散性好,金属-载体相互作用强
	Fig 5
	Fig 6

	4.2 形成特定结构的金属纳米粒子
	4.3 对载体的影响

	5冷等离子体制备金属催化剂面临的挑战与发展方向
	5.1 面临的挑战
	5.2 发展方向

	References
	Abstract

