
Journal of Electrochemistry Journal of Electrochemistry 

Volume 23 
Issue 2 Special Issue in Honor of Professor 
Zhaowu Tian on His 90th Birthday 

2017-04-28 

Green Electrochemical Ozone Production via Water Splitting: Green Electrochemical Ozone Production via Water Splitting: 

Mechanism Studies Mechanism Studies 

Gregory Gibson 

Wenfeng Lin 
Department of Chemical Engineering, Loughborough University, Loughborough, Leicestershire, LE11 3TU, 
UK;, w.lin@lboro.ac.uk 

Recommended Citation Recommended Citation 
Gregory Gibson, Wenfeng Lin. Green Electrochemical Ozone Production via Water Splitting: Mechanism 
Studies[J]. Journal of Electrochemistry, 2017 , 23(2): 180-198. 
DOI: 10.13208/j.electrochem.161252 
Available at: https://jelectrochem.xmu.edu.cn/journal/vol23/iss2/8 

This Article is brought to you for free and open access by Journal of Electrochemistry. It has been accepted for 
inclusion in Journal of Electrochemistry by an authorized editor of Journal of Electrochemistry. 

https://jelectrochem.xmu.edu.cn/journal
https://jelectrochem.xmu.edu.cn/journal/vol23
https://jelectrochem.xmu.edu.cn/journal/vol23/iss2
https://jelectrochem.xmu.edu.cn/journal/vol23/iss2
https://jelectrochem.xmu.edu.cn/journal/vol23/iss2/8


!"#$% &'$()"*(+#,-(.' /0*%$ 1"*23()-*% 4-. 56)#"

78'-))-%9: ;$<+6%-=, >)32-$=

!"#$%"&'()*+%,

-./

.012,32,$04),

56

758'!"#$%&'"(& )* +,"'-.$/ 0(1-(""%-(12 3)41,5)%)41, 6(-7"%8-&92 3)41,5)%)41,2 3"-."8&"%8,-%"2 4955':;<2 6:=

/80;.,))/ )* +,"'-8&%9 <(= +,"'-.</ >(1-(""%-(12 ?4""(

!

8 6(-7"%8-&9 @"/*<8&2 A"/*$8&2 >;?@ABC2 B:D

?@=)"6<)

! ;E#0$"##,0F,G@2,2"$&H233)I)2,J@KFJ2"@+LM)JJ),$@"2NOJ)%,@P+),$@2M2OJ"%OFJFM&+)+@3%"@Q

:

@3%"RFJ)%,@L"%S)T2+@F@S2"&@FJJ"FIH

J)S2@FMJ2",FJ)S2@J%@JE2@I%,S2,J)%,FM@2,2"$&H),J2,+)S2@I%MT@I%"%,F@T)+IEF"$2@7UUVW@R2JE%T8@BR%,$@F@MF"$2@,PRX2"@%3@2M2OJ"%OFJH

FM&+J+@2YLM%"2T@3%"@JE2@2M2OJ"%OE2R)OFM@%Z%,2@L"%TPIJ)%,[@!\]XQ

/

@F,T@^,Q

/

HXF+2T@OFJFM&+J+@EFS2@L"%S2,@J%@X2@JE2@R%+J@233)O)2,J@%,2+@

FJ@"%%R@J2RL2"FJP"28@_,@JE)+@+JPT&@V2,+)J&@`P,OJ)%,NM@;E2%"&@7V`;W@ONMOPMNJ)%,+@ENS2@X22,@2RLM%&2T@J%@),S2+J)$NJ2@JE2@L%++)XM2@

R2OEN,)+R+@%3@%Z%,2@3%"RNJ)%,@%S2"@JE2+2@JK%@J&L2+@%3@ONJNM&+J+8@`%"@X%JE@JE2@!H]XQ

/

@N,T@a)b^XH^,Q

/

@7,)Oc2M@N,T@N,J)R%,&@T%L2T@

J),@%Y)T2W@ONJNM&+J+@JE2@755dW@3NO2J@KN+@3%P,T@J%@X2@JE2@R%+J@+JNXM2@%,28@;E2@L%++)XM2@KNJ2"@+LM)JJ),$@R2OEN,)+R+@K2"2@R%T2M2T@%,@X%JE@

JE2@!H]XQ

/

755dW@N,T@a)b^XH^,Q

/

755dW@+P"3NO2+@K)JE@LN"J)OPMN"@NJJ2,J)%,@$)S2,@J%@JE2@3),NM@JK%@"2NOJ)%,@+J2L+[@JE2@3%"RNJ)%,+@%3@Q

/

@

N,T@Q

:

8@`%"@JE2@!H]XQ

/

[@JE2@3%"RNJ)%,@%3@Q

:

@KN+@3%P,T@J%@%OOP"@JE"%P$E@N,@9M2&He)T2NM@+J&M2@R2OEN,)+R@N+@%LL%+2T@J%@JENJ@%,@JE2@

a)b^XH^,Q

/

[@JE2@MNJJ2"@%OOP"+@JE"%P$E@N@4N,$RP)"Hf),+E2MK%%T@+J&M2@),J2"NOJ)%,g@hE2"R%T&,NR)O@LN"NR2J2"+@+POE@N+@JE2@NT+%"LJ)%,@

2,2"$)2+ 70

NT+

W[@C)XX+@ 3"22@ 2,2"$)2+ 7!CW@ N,T@ NOJ)SNJ)%,@ 2,2"$)2+ 70

NOJ

W@ ENS2@ NM+%@ X22,@ %XJN),2T[@ O%RLN"2T@ N,T@ L"2+2,J2T[@K)JE@

!H]XQ

/

@X2),$@R%T2MM2T@L")RN")M&@N+@+%M)THM)iP)T@LEN+2+@N,T@a)b^XH^,Q

/

@R%T2MM2T@N+@$N+@LEN+2g@hE2+2@V`h@3),T),$+@ENS2@L"%S)T2T@

JE2@XN+)+@3%"@N@J%%M@J%@T2+)$,@N,T@T2S2M%L@,2K@2M2OJ"%OE2R)ONM@%Z%,2@$2,2"NJ)%,@ONJNM&+J+@ONLNXM2@%3@E)$E2"@OP""2,J@233)O)2,O)2+g@

A$B C*"2=:

%Z%,2@2S%MPJ)%,@"2NOJ)%,=@KNJ2"@+LM)JJ),$=@T2,+)J&@3P,OJ)%,NM@JE2%"&=@2M2OJ"%ONJNM&+)+=@+P"3NO2@NT+%"LJ)%,@N,T@"2NOH

J)%,=@M2NT@%Y)T2=@,)Oc2M@N,T@N,J)R%,&@T%L2T@J),@%Y)T2

DED F3,@$"

! Qjkj@@@@@@@@@@@@@@!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!G*<3,$%) D*2$

! B!!

l2O2)S2Tm@/d5nHo:Ho/[0l2S)+2Tm0/o5nHokHoj0000pU%""2+L%,T),$0NPJE%"[0h2Mm0ddkkHqdD5Ad?0///Adj[09HRF)Mm0K8M),rM*%"%8FI8Pc

电化学
sQteaB40Q`0949U;eQUf9u_^;ev

第
/:

卷 第
/

期

/d5n

年
k

月

w%Mg0/:000a%g0/

BL"g00/d5n

GHI! 5dg5:/dxbyg2M2IJ"%IE2Rg5j5/A/

0D-)$ )+-=m0Dg00/".&%).,"'g0JKLM[0EFq/Dm05xdH5?x00000000000000000000000000000000000000000

?")-<6' NG!5ddjH:kn5q/d5nDd/Hd5xdH5?0

0000000000000000000000000000000!!O))8mbb2M2IJ"%IE2RgYRPg2TPgI,

;E20 %Z%,20 2S%MPJ)%,0 "2FIJ)%,0 )+0 F0 3P,TFR2,JFM0

"2FIJ)%,0 P+2T0 ),0 KFJ2"0 LP")3)IFJ)%,0 2RLM%&),$0 FTH

SF,I2T0%Y)TFJ)%,0L"%I2++2+0K)JE0%Z%,20 qQ

:

D0F+0 JE20

L"),I)LFM0%Y)TF,J

z5HA{

g0Q

:

0)+0JE20+2O%,T0+J"%,$2+J0%Y)TF,J0

*2E),T0OEM%"),20 q%Y)TFJ)%,0L%J2,J)FM0%30/gdn0w0S+g0

^f9D[0K)JE0JE20FTSF,JF$20JEFJ0)J0T%2+0,%J0L"%TPO20JE20

+FR20 EF"R3PM0 EFM%$2,FJ2T0 *&HL"%TPOJ+0 JEFJ0 OEM%"),20

T%2+g0QZ%,20 )+0,%J0 %,M&0P+2T0 ),0KFJ2"0 J"2FJR2,J0*PJ0

EF+0F0L"2SFM2,J0"%M20),0E2FMJEOF"2

zjHn{

[0 +J2")M)ZFJ)%,

zxH?{

0

F,T0),0OE2R)OFM0+&,JE2+)+

z5d{

g0;E20OP""2,J0R2JE%T02RH

LM%&2T0 ),TP+J")FMM&0 J%0 L"%TPO20 %Z%,20 )+0 JE"%P$E0 JE20

P+20%30F0O%MT0O%"%,F0T)+OEF"$20qUUVD0"2FOJ%"

z55H5/{

g0;E20

"2FOJ)%,+0OF,0*20+22,0*2M%Km

20|0Q

/

0! /Q |02 qe5D

Q |0Q

/

0|0u0! Q

:

0|0u

p

qe/D

Q |0Q

:

0! /Q

/

qe:D

20|0Q

:

0! Q

/

0|0Q

p

0|02 qekD

_,0 JE)+0 L"%O2++0 F0 +%P"O20 %30 T"&0Q

/

0 )+0 LF++2T0 JE"%P$E0

JE20"2FOJ%"0F,T0"2FOJ+0K)JE0F,02M2OJ"%,0+%P"O20OFP+),$0

JE20Q

/

0FJ%R+0J%0T)++%O)FJ20),J%0JK%0Q0FJ%R+80;E2+20Q0

FJ%R+0,2YJ0),J2"FOJ0K)JE0Q

/

0R%M2OPM2+0JEFJ0EFS20,%JH

*22,0 T)++%O)FJ2T0 L"2S)%P+M&0 3%"R),$0Q

:

0 F+0 JE20 L"%TH

POJ80}E)M+J0 F0 "2MFJ)S2M&0 +)RLM20 L"%O2++0 ),0 L"),O)LFM[0

JE20Q

:

0 3%"RFJ)%,0 OP""2,J0 233)O)2,O)2+0 F"20 "2L%"J2T0 F+0

M%K[0K)JE0JE20233)O)2,O)2+0%30/0~@5/�

z55{

80a%J0%,M&0JE)+0

M%K0233)O)2,O&[0*PJ0FM+%0JE20Q

:

03%"R2T0)+0F0$F+[0RFcH

),$0)J0T)33)OPMJ0 J%0*20T)"2OJM&0FLLM)2T0 3%"0FiP2%P+0FLH

LM)OFJ)%,+0+POE0F+0KFJ2"0J"2FJR2,J0TP20J%0)J+0T)33)OPMJ&0

J%0T)++%MS20%,O20F0$F+80

_,0R%"20"2O2,J0J)R2[0F0T)332"2,J0R2JE%T0EF+0*22,0

),S2+J)$FJ2T0 K)JE0 JE20 L%J2,J)FM0 J%0 "2LMFO20 JE)+0 UUV0

J2OE,%M%$&80;E"%P$E0JE20P+20%302M2OJ"%OE2R)+J"&b2M2OH



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

."%/0.01&+)+23 .4#' 5"%678.)%,3 %93 :

;

3 /0,3 *<3 084)<=<63

>).434)$4387""#,.3#99)8)#,8)#+?3@4<3A0B%"36"0>*08C3%93

.4)+35"%8<++3)+3.4<38%A5<.).)%,3*<.><<,3:

-

30,63:

;

39%"D

A0.)%,+3>).43 .4<"A%6&,0A)8+3 +7$$<+.),$3 .4<3 9%"A0D

.)%,3%93:

-

3)+390=%7"<6E

:

;

3F3GH

I

'J3G<3! ;K

L

M!!

N

OP3QRSQ3T UVSW

:

L

3J3XH

J

3J3X<3! LH

L

:3!

N

3P3QRL;3T UVGW

Y+3 +<<,3 9"%A3 .4<3 +.Z,[0"[3 <1</."%[<3 5%.<,.)01+3 U!

N

W23

.4<3 9%"A0.)%,3%93:

L

3%//7"+3 0.3 03 1%><"35%.<,.)013 .40,3

.40.39%"3:

;

30,[3.4<"<9%"<3>)113\<390=%7"<[R3],3%"[<"3.%3

5"%A%.<3 .4<3 9%"A0.)%,3 %93:

;

23 :

L

3 9%"A0.)%,3A7+.3 \<3

),4)\).<[R3@4)+3 /%71[3 \<3 [%,<3 .4"%7$43 .4<3 9%11%>),$3

+.<5+^

"

_7).Z\1<O/Z.Z1&+.OAZ.<")Z1OA7+.O\<O/4%+<,?O

"

`Z.<")Z1OA7+.O\<O/4<A)/Z11&OZ,[OA</4Z,)/Z11&O

+.Z\1<OZ+OZO=<"&O4)$4OZ,%[)/O5%.<,.)Z1O)+O,<<[<[O9%"O:

;

O

9%"AZ.)%,OZ,[O.4<,O.4<O$Z+O<=%17.)%,?O

"

`Z.<")Z1O 7+<[OA7+.O 4Z=<O ZO 4)$4O %=<"5%.<,.)Z1O

9%"O%a&$<,O<=%17.)%,OZ,[O\<O"<+)+.Z,.O.%OZ,%[)/O5%1Z"D

)b0.)%,?O

"

Y[[).)=<+O.40.O50".)011&O),4)\).O.4<O9%"A0.)%,O%9O

:

L

O\&O\1%/C),$O.4<O+<1</.<[O0/.)=<O+).<+OA0&O\<O7+<[?O

],O%"[<"O.%O+0.)+9&O.4<+<O%7.1),<[O50"0A<.<"+2O.4<O

/0"<971O+<1</.)%,O%9O0O/0.01&+.OA0.<")01O)+O"<c7)"<[?O@4<O

1).<"0.7"<O $)=<+O A0,&O <a0A51<+O %9O [)99<"<,.O +&+.<A+O

.<+.<[?O:,<O%9O.4<O<0"1)<+.O<a0A51<+O"<5%".<[O<A51%&<[O

0O510.),7AO/0.01&+.

dQ;DQSe

?O`%"<O"</<,.1&2O\%"%,D [%5<[O

[)ZA%,[O UfggW

dQGDQhi

2O j\:

L

dQkDQli

O Z,[Om)n_\o_,:

L

pLNDLXi

O

/Z.Z1&+.+O4Z=<O\<<,O5"<9<""<[OZ+O.4<O<99)/)<,/&O=Z17<+O

><"<OA7/4O$"<Z.<"OZ.O "%%AO .<A5<"Z.7"<O .4Z,O .4Z.O %9O

51Z.),7A?O:9O .4<+<O .4<O !Dj\:

L

O Z,[O m)o_\D_,:

L

O +&+D

.<A+OZ"<O><11O+.7[)<[O<a5<")A<,.Z11&OZ,[O.4<OA%+.O<9D

9)/)<,.2O.4<"<9%"<2O%7"O),).)Z1O.4<%"<.)/Z1O+.7[&O>)11O9%D

/7+O%,O.4<+<O.>%O/Z.Z1&+.+?O

QWOq1</."%/4<A)/Z1O_.7[)<+O%,Oj\:

L

OfZ+<[Oq1</D

."%[<+

],OQlkL2Or%11<"OZ,[Os%\)Z+O5)%,<<"<[O .4<O +.7[&O

%9Oj\:

L

2O>).4O5Z".)/71Z"O<A54Z+)+O%,O!Dj\:

L

pQki

?OY1D

.4%7$4O!Dj\:

L

O>Z+OZO+75<")%"O/Z.Z1&+.O),O/%A5Z")+%,O

.%O_,:

L

2O 51Z.),7AOZ,[Og_YO tg)A<,+)%,Z11&O_.Z\1<O

Y,%[<W2O ).O [)[O 4Z=<O +%A<O [)+Z[=Z,.Z$<+O Z++%/)Z.<[O

>).4O).OZ,[O.4)+OA7+.O\<O<=Z17Z.<[^

"

u<Z[O )+O .%a)/?O s4)+O )+O 5"%\1<AZ.)/O <+5</)Z11&O

>4<,O /%,+)[<"<[O 9%"O ZO >Z.<"O ."<Z.A<,.O Z551)/Z.)%,D

>4<"<O1<Z/4),$O/%71[O%//7"?O

"

u<Z[O4Z+OZO+4%".O1)9<.)A<?Os4<O4)$4O"Z.<+O%9O1<Z[O

[)++%17.)%,OZ.O4)$4O5%.<,.)Z1O4Z=<O\<<,O,%.<[O),O+%A<O

/Z+<+?O

"

u<Z[O4Z+OZO 1Z"$</7""<,.O<99)/)<,/&OZ.O 1%>O.<AD

5<"Z.7"<O>).4O4)$4O<,<"$&O5<,Z1.&?OY1.4%7$4OZ.O"%%AO

.<A5<"Z.7"<O .4<O /7""<,.O <99)/)<,/&O )+O /%,+)[<"Z\1&O

$%%[OULOvOQLwW234%><=<"23.%3Z/4)<=<31Z"$<"3/7""<,.3

<99)/)<,/&3 A7/43 1%><"3 .<A5<"Z.7"<+3 Z"<3 ,<<[<[3

>4)/43),/7"+3Z34)$43<,<"$&35<,Z1.&?3

],3%"[<"3.%3/%A5<.<3>).43xxg3"<Z/.%"3.</4,%1%D

$&3>4)/43[%<+3,%.3\%Z+.34)$43<99)/)<,/)<+3 UL3v3QLy3

*&3=%17A#W

dQQe

3*7.36%#+340=#303"#10.)=#1&31%,$31)9#.)A#23

.4#3!Dj*:

L

30,%6#+380,340=#3A%6#"0.#3#99)8)#,8)#+3*7.3

.4#3 0,%6#3 1)9#.)A#3 A7+.3 *#3 )A5"%=#6?3 ],3 LzQL23

T#1)84#,C%3#.301

dLSe

?39%87+#63%,3%=#"8%A),$3.4#3+4%".3

1)9#.)A#+30++%8)0.#63>).431#063%a)6#30,%6#+?3@4"%7$43

.4#35"%8#++3%93#1#8."%6#5%+).)%,23=0")%7+3%a)6#+3+7843

0+3@):

L

30,63{":

L

3><"<3066<639%"A),$38%A5%+).<3A0D

.<")01+3*0+<63%,31<063%a)6<?3@4<3066).)%,3%93.4<+<3%aD

)6<+3>0+3+0)63.%340=<3035"%,%7,8<63<99<8.3%,3.4<31<063

%a)6<3 +."78.7"<?3 Y9.<"3 80""&),$3 %7.3 088<1<"0.<63 1)9<

.)A<3.<+.),$3UYu@W3).3>0+39%7,63.40.3*&3066).)%,3%93

.4<+<3 %a)6<+3 0,63 +7*+<c7<,.3 9%"A0.)%,3 %93 .4<3 8%AD

5%+).<3A0.<")01+23.4<31)9<.)A<3%93.4<30,%6<+3),8"<0+<6?3

Y.3 03 87""<,.3 6<,+).&3 %93 Lzz3AY

"

8A

DL

3 0,63 S>.y3 %93

@):

L

23.4<3+<"=)8<31)9<3),8"<0+<639"%A3QzS343.%3Lzh3430.3

.4<3+0A<3%5<"0.),$38%,6).)%,+?3@4)+3+4%>+303.>%D9%163

),8"<0+<3),3+<"=)8<31)9<?3@4<3+0A<3),8"<0+<3),31)9<.)A<3

>0+3"<5%".<639%"3.4<3{":

L

380+<?3],3LzQX23|0%3<.301?

dLGe

3

9%11%><63%,3 .4<3>%"C3 80"")<63 %7.3 *&3T<1)84<,C%3 %,3

8%A5%+).<3 1<063 %a)6<3A0.<")01+?3 @4<3 5"<50"0.)%,+3 %93

.4<3 0,%6<+3 6)99<"23 0+3 T<1)84<,C%3 7+<63 6)"<8.3 <1<8D

."%6<5%+).)%,23>4<"<0+3|0%37+<63571+<3 <1<8."%6<5%+)

.)%,?3f&37+),$3571+<36<5%+).)%,3.4<3@0,3$"%75

dLhe

3+4%><63

.40.3 j*:

L

3 5%++<++<63 03 +."%,$<"3 %a)60.)%,3 +.0 *)1).&3

8%A50"<63>).436)"<8.36<5%+).)%,?3Yu@3>0+30$0),380"D

")<63%7.3.%3),=<+.)$0.<3.4<3+.0*)1).&3%93.4<30,%6<3>).43

.4<3j*:

L

D{":

L

38%A5%+).<3<1<8."%6<340=),$303 1)9<.)A<3

X3.)A<+31%,$<"3.40,3j*:

L

?3

],3Qllk30,63LzzQ23YA06<11)30,63T<1)84<,C%

dLkDLle

3

80"")<63 %7.3 +.76)<+3 %,3 .4<3 ),917<,8<3 %93 80.)%,+3 0+3

QkQ

! !



电 化 学 !"#$

年

%&'()*+,-./*0&120-3()4-5(*6&)+-0(78-988)- *8+*8%- 6)-

*08- '(+*:- 6;&)- ()%- 5&9(/*- 0(78- +0&<)- *08- 3&+*-

';&36+6)2- ;8+1/*+,- =08- 8/85*;&%8'&+6*6&)- &>- ?9@

!

- 6)-

*08-';8+8)58+-&>-A8BCCCD-()%-E&FCCD-';&%158+-(-%&'8%-

3(*8;6(/-*0(*-6+-+*(9/8-()%-0(+-(-0620-8/85*;&5(*(/4*65-

(5*676*4->&;-@

G

-28)8;(*6&),-.>*8;-;1))6)2-8H'8;638)*+-

6)- #- 3&/

!

I

J#

- K

!

L@

M

:- *08- @

G

- 51;;8)*- 8>>6568)568+- 6)J

5;8(+8%->;&3-/8++-*0()-#NO-1+6)2-?9@

!

-*&-!NP-1+6)2-

A8J?9@

!

-()%-Q!P-1+6)2-E&J?9@

!

,-R&*-&)/4-%&8+- *08-

%&'6)2- 63';&78+- 51;;8)*- 8>>6568)54- 7(/18+:- 91*- ';&J

76%8+-8/85*;&%8-+*(96/6*4-(2(6)+*- 5&;;&+6&):-8+'856(//4-

6)-*08-5(+8-&>-5&9(/*,-

S&;8- ;858)*/4- T(- L6/7(- 8*- (/,

UGNV

- 5&)*6)18%- *08-

6)6*6(/-<&;W-94-.3(%8//6-()%-X8/6508)W&:-50&&+6)2-*&-

>&51+-&)-A8J?9@

!

-(+-&''&+8%-*&-*08-5&9(/*-&'*6&):-(+-

*06+- +0&<8%- *08- 06208+*- '8;>&;3()58- 98*<88)- *08-

*<&,-.)&*08;-+*1%4-5(;;68%-&1*-94-Y&+8+*&/(*&-8*-(/,

UGQV

-

;8'&;*+-A8-%&'8%-()&%8+-+0&<6)2-;8+6+*()58-*&-5&;;&J

+6&)- (*- 0620- ()&%65- '&*8)*6(/+:- 08;894- 8H*8)%6)2- *08-

/6>8*638- 94- %85;8(+6)2- (3&;'06+(*6&)- &>- *08- 8/85*;&J

5(*(/4+*,- =08- 3(2)6*1%8- *&- <0650- *084- 6)5;8(+8- %8J

'8)%+- &)- *08- 6)%676%1(/- 50(;(5*8;6+*65+- +150- (+- *08-

/878/-&>-%&'6)2-()%-*08-8/85*;&/4*8-83'/&48%,-=06+-6+-

63'&;*()*- (+- *08- +*(96/6*4- &>- !J?9@

!

- 8/85*;&%8+- <(+-

&)8-&>-*08-3(Z&;-';&9/83+->&1)%-6)-A&//8;

"

+-;8+8(;50,-

=08- '&*8)*6(/- 8)76;&)38)*(/- (+'85*- ;82(;%6)2- *08-

/8(506)2-&>-/8(%-6)*&-*08-<(*8;-0(+-(/+&-988)-(%%;8++8%-

1+6)2-(-+&/6%-'&/438;-8/85*;&/4*8-FL?[D-+150-(+-R(>6&)-

##$

UGNV

,-=06+-L?[-6)0696*+-*08-+&/196/6+(*6&)-&>-?9

M\

-6&)+-

()%-;8+1/*+-6)-;8%158%-/8(506)2-6)*&-<(+*8<(*8;,-

[/85*;&508365(/ - &]&)8- ';&%15*6&)- F[@?D- 0(+-

+19+*()*6(//4- ';&2;8++8%- +6)58- *08- 6)6*6(/- <&;W- 94-

A&//8;-()%-=&96(+:- ()%- *08-3(Z&;6*4-&>- *08-';&9/83+-

8)5&1)*8;8%- 0(78- +6)58- 988)- (%%;8++8%- 94- &*08;-

2;&1'+,-./*0&120- A&//8;- 8*- (/,- 5&1/%- 28)8;(*8- &]&)8-

<6*0- 51;;8)*- 8>>6568)54- 7(/18+- &>- (;&1)%- QNP :- *08-

/8(506)2- &>- ?9

M\

- 6&)+- ()%- +0&;*- ()&%8- /6>8*638- ';8J

+8)*8%-3(Z&;-';&9/83+,-=08- /8(506)2-<(+-94-'(++8%-

94-*08-T(-+6/7(-()%-X8/6508)W&-2;&1'+-*0(*-83'/&48%-

(-L?[:-';878)*6)2-*08-+&/196/6+(*6&)-&>-?9

M\

- 6&)+-()%-

+&- ';878)*6)2- /8(506)2,- =08- 6++18- <6*0- +0&;*- ()&%8-

/6>8*638- <(+- *(5W/8%- 94- *08- X8/6508)W&- ()%- ^(&_

2;&1'+:-*0;&120-%&'6)2-&>-A8-()%-E&:-()%-*08->&;3(J

*6&)-&>-5&3'&+6*8-&H6%8+-?9@

!

J`;@

!

-()%-?9@

!

J=6@

!

,-

!D-[/85*;&508365(/-L*1%68+-&)-L)@

!

Ja(+8%-[/85J

*;&%8+

C)-!NNM-E08)2-()%-5&J<&;W8;+

UG!V

-;8'&;*8%-(-)8<-

L)@

!

- +4+*83- %&'8%-<6*0- L9,-T6++&/78%-@

G

-<(+- ';&J

%158%->;&3-*08-()&%8-6)-(-bX-58//-5&)*(6)6)2-G-3I-

&>-N,Q-3&/

!

I

JQ

-KE/@

M

,-=08-L9J%&'8%-L)@

!

-8/85*;&%8-

<(+-*08-<&;W6)2-8/85*;&%8-*0(*-<(+-'/(58%-(*-*08-9&*J

*&3- &>- *08- 58//,- .- N,c- 53

!

- '/(*6)13- 8/85*;&%8- <(+-

1+8%-(+-*08-5&1)*8;-8/85*;&%8-6)- *08-1''8;-;826&)+-&>-

*08 - 58//- 5/&+8- *&- *08- (6;,- .- ;8>8;8)58- 8/85*;&%8-

F.2d.2E/D-<(+-'/(58%-)8H*-*&-*08-L9J%&'8%-L)@

!

,-.*-

!,e-X-F7+,-.2d.2E/D-(-5&)+*()*-'&*8)*6(/-<(+-(''/68%-

*&- *08- <&;W6)2- 8/85*;&%8- (*- ;&&3- *83'8;(*1;8,- =08-

5&)58)*;(*6&)- &>- %6++&/78%- @

G

- <(+- 3&)6*&;8%- 94- !"

#!$% bX-+'85*;&+5&'4-(*-!ec-)3-<6*0-E[-7(/18+- ;8J

'&;*8%- *&- 98- fQeP ,-.55&;%6)2- *&-E08)2:- 8>>6568)54-

7(/18+-+0&1/%-98-06208;-*0()-g1&*8%-(+-+&38-@

G

-<(+-

;8/8(+8%- 6)- *08- 2(+8&1+- '0(+8- ()%- *08;8>&;8- )&*- (5J

5&1)*8%- >&;- 6)- *08- 8>>6568)54- 5(/51/(*6&)+,- =06+- <(+-

5&)>6;38%-94-*08-%6+*6)5*-&%&1;-*0(*-@

G

-2(78-&>>,-

C*- <(+- /(*8;- >&1)%- 94-h()2- ()%- 5&J<&;W8;+

U!!V

-

*0(*- *08- (%%6*6&)-&>- (- +85&)%-%&'()*- *&- *08-L9JL)@

!

-

+4+*83-0(%-()-8>>85*-&)-*08-&78;(//-'8;>&;3()58,-=08-

+85&)%- %&'()*- 1+8%- <(+- (- +3(//- (3&1)*- &>- )65W8/,-

=08- ()&%8- <(+- ';8'(;8%- 94- %&'6)2- *6*()613- 38+0-

<6*0-)65W8/:-()*63&)4-()%-*6)J&H6%8-()%-'4;&/4+8%-(*-

eNN-

&

E,- =08- %6'J5&(*6)2- ()%- '4;&/4+6+- ';&58++- <8;8-

;8'8(*8%-+878)-*638+,-C*-<(+->&1)%-*0(*-*08-98+*-(*&3J

65-;(*6&- >&;- *08+8- *0;88- 8/838)*+- <(+- QNNNiQji!-

33&/

!

I

J#

-&>-L)iL9iR6-6)-*08-';851;+&;-+&/1*6&),-=08-

(%%6*6&)-&>-*08-)65W8/-%&'()*-5(1+8%-()-6)5;8(+8-6)-@

G

-

28)8;(*6&)-8>>6568)54-*&-G!,eP-(*-(-'&*8)*6(/-&>-!,!-X-

F7+,- .2d.2 E/D,- C*- +0&1/%- 98- )&*8%- *0(*- N,#- 3&/

!

I

J#

-

K

!

L@

M

-<(+-1+8%-(+-*08-8/85*;&/4*8-6)-*06+-5(+8,-C*-<(+-

5/8(;->;&3-*08-;8+1/*+-*0(*-*08-)65W8/-<(+-5(1+6)2-*08-

8)0()5838)*- 6)- *08-&78;(//-8>>6568)568+k-0&<878;-)&-

;8(+&)-<(+-2678)-*&-8H'/(6)-*08-)65W8/-8>>85*,-

a(+6;6'(;+(-()%-.99(+6

U!NV

-';8+8)*8%-()-8H'/()(J

*6&)-*&-*08-8>>85*-*0(*-)65W8/-0(%-&)-6)5;8(+8%-51;;8)*-

8>>6568)568+,-.+-)65W8/FCCCD-0(+-(-/&<8;-7(/8)58-*0()-*6)

FCXD-()%3(4-(5*-(+-()-8/85*;&)-(558'*&;:-<0650-6+-5(J

'(9/8- &>- 6)*;&%156)2- '&+6*678/4- 50(;28%- 0&/8+- 6)- *08-

#c!

! !



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

./0#,1#2 */,32 4&2 /55678),$2 60618"%,+2 9"%:2 8;62 *<0=>2

?;6260658"%,+2 8;/82/"62@%,/86@2*&2/,8):%,&ABC2/,@2

%D&$6,2 ./1/,1)6+2 1%<032 *62 E6002 1%:76,+/8632 E)8;2

8;62;%06+21"6/8632*&2,)1=60FGGGCH206/.),$28;62,)1=602+)862

,6$/8).60&2 1;/"$6@>2 ?;62 ,6$/8).62 1;/"$62 /"%<,@2 8;62

,)1=602+)862E%<0@2;60728%2@61"6/+628;62%D&$6,2/@+%"7I

8)%,'J;6,562),;)*)82%D&$6,26.%0<8)%,2"6/58)%,KL2?;6"6M

9%"6NO /98#"2 3%,/8),$2 #0#18"%,+N2 8;#2 7%+)8).#0&2 1;/"$#32

/,8):%,&JBK2 +)8#+2 1%<032 *#2 1%,+)3#"#32P#E)+2 /1)32

+)8#+N2 ),2E;)1;2E/8#"2E/+2%D)3)Q#328%2RS 9"662 "/3)M

1/0+2 /,32 R

T

2 E%<032 ;6"6*&2 9%":2 U<)1=0&L2 ?;62 R

T

2

9%":632%,28;62/,8):%,&FBK2+)8621%<0328;6,2*628"/,+M

96""632/,32/3+%"*632%,8%28;62,)1=602+<"9/162/+2/,2),M

86":63)/86L2?;62/3+%"*632R

T

2"6/186329<"8;6"2E)8;28;62

RS 8%29%":2SR

V

"/3)1/028;/82<,36"E6,82/2U<)1=236M

7"%8%,/8)%,29%":),$2R

V

L2

W<"8;6"2+)$,)9)1/,82E%"=2E/+21/"")6@2%<82*&2 8;62

X;")+86,+6,2/,@2P),2$"%<7

YTVZ

29%00%E),$28;627"%16@<"62

6:70%&6@2*&2[/,$682 /0L2 *<82 6:70%&),$2 /2 0/"$6"2 /,M

%@62+<"9/562/"6/H2/2"6:/"=/*062;)$;25<""6,82699)5)6,5&2

%92\]^OE/+O/5;)6.6@O/8O/O5600O.%08/$6O%9OTL_OBLO?;6O

`)ab4Ib,R

T

O5c8c0&+8+O+<77%"86@O%,O?)O:6+;6+O<,@6"I

E6,8O 8;6O @)7I5%c8),$O 7"%56++O 9%"O T]O 8):6+HO E)8;O c,O

%78):c0O:%0c"O"c8)%O%9OVded\]]O9%"O8;6O`)db4db,O),O8;6O

7"65<"+%"O+%0<8)%,LO?;6O5%<,86"O60658"%@6OEc+OcO F\O!

\O5:CO70c8),)+6@O 8)8c,)<:O:6+;LOfc8;6"O 8;c,O<+),$O cO

+:c00OgBO1#00OF1%,8/),),$OVO:PO%9O]>hO:%0

"

P

Ih

OSX0R

i

CO

/+O+66,O*69%"6HO8;)+O+8<3&O<8)0)+63O/O0/"$6OT]]O1:

V

O1600O

6:70%&),$O `/9)%,O hh_O 7"%8%,O 6D1;/,$6O :6:*"/,6O

FjklCO8%O+67/"/86O/,%@6O/,@O1/8;%@6O),O6/1;O;/09O%9O

8;6O1600O1%,8/),),$O/,O/U<6%<+O]>O\O:%0

"

P

Ih

OS

T

bR

i

O+%I

0<8)%,>Om,O):7"6++).6O0%EO"<,,),$O1%+8HOE)8;O8;6O6061I

8")1)8&O<+/$6O%9O%,0&OheO=[;O76"O=$O%9O%Q%,6O7"%@<1I

8)%,HOE/+O/1;)6.6@O/8O"%%:O86:76"/8<"6>OW<"8;6":%"6HO

8;)+O +&+86:O /0+%O 7"%@<16+O ;&@"%$6,O /8O 8;6O 1/8;%@6O

E;)1;O1/,O*6O<+6@O/+O/O 9<60O 8%O 966@O ),O/O 9<60O 1600O 8%O

$6,6"/86O60618")1)8&HOE;)1;O),O8<",O1/,O*6O<+6@O8%O%99I

+68O8;6O60618")1)8&O1%+8O),O8;6O%Q%,6O$6,6"/8)%,>O

X%,16",),$O8;6OE/86"O+70)88),$O:61;/,)+:O9%"OR

V

O

7"%@<18)%,HO /08;%<$;O@)+1<++6@O*&O./")%<+O$"%<7+O /+O

8%O8;6O/116786@O:61;/,)+:HO8;6"6O/"6O,%O0)86"/8<"6O6DI

/:706+OF%8;6"O8;/,O%<"O$"%<7CO8;/8O;/.6O),.6+8)$/86@O

8;6O:61;/,)+:O8;"%<$;O8;6O<+6O%9O@6,+)8&O9<,18)%,/0O

8;6%"&O FnW?CO 1/01<0/8)%,+

YVVIViZ

>OX%,+)@6"),$O 8;)+HO 8;6O

!Ij*R

T

O/,@O`)ob*Ib,R

T

O+&+86:+OE6"6O),)8)/00&O5;%+6,O

8%O+8<@&O;%EO8;6O:65;/,)+:O*6;/.6@>OG,O9/58O!Ij*R

T

O

E/+O%,6O%9O8;6O9)"+8O6D/:706+O%9O/O"%%:O86:76"/8<"6O

60658"%5;6:)5/0O%Q%,6O$6,6"/8)%,O+&+86:O8;/8O+;%E6@O

/O$"6/86"O699)5)6,5&O8;/,O8;/8O%9O8;6OXXnO:68;%@HO/,@O

8;6O`)ob*Ib,R

T

O+&+86:O)+O8;6O*6+8O%,6O),O86":+O%9O5<"I

"6,8O699)5)6,5&>OG,O+8<@&),$O/,@O5%:7/"),$O8;6+6O8E%O

+&+86:+O )8OE/+O 9%<,@O 8;/8OE;)0+8O 8;6O$6,6"/0O:65;/I

,)+:O%,O6/5;O5/8/0&+8O+<"9/56O5%<0@O*6O8;6O+/:6HO8;6O

+<"9/56O"6/58)%,+OE6"6O9%<,@O8%O%55<"O8;"%<$;O@)996"I

6,8O :%@6+O %9O /@+%"78)%,HO ,%8O 8%O :6,8)%,O 8;6O @)996"I

6,56O),OR

T

O/,@OR

V

O+8/*)0)8)6+HO/,@O8;6O/58)./8)%,O6,6"I

$)6+O9%"O6/5;O"6/58)%,>O

! "#$%&$'()*+ ,$'#%-.

!/! 0$1.('2 341)'(%1*+ "#$%&2

m00O@6,+)8&O9<,58)%,O8;6%"&OFnW?CO5/05<0/8)%,+O

E6"6O5/"")6@O%<8OE)8;O/O76")%@)5O+0/*O:%@60O<+),$O8;6O

B)6,,/Om*I),)8)%O+):<0/8)%,O7"%$"/::6OFBmbjC

YV\IV_Z

>O

mO5%:*),/8)%,O%9O8;6Op6,6"/0)+6@Op"/@)6,8Om77"%D)I

:/8)%,O FppmCO/,@Oj6"@6EIq<"=6Ik",Q6",%9O FjqkCO

6D5;/,$6O5%""60/8)%,O9<,58)%,/0OE/+O/770)6@

YVeZ

>O?;6O

j"%r658%"Om<$:6,86@O[/.6O Fjm[CO:68;%@

YVsIi]Z

OE/+O

<8)0)Q6@O8%O@6+5")46O8;6O60658"%,I)%,O),86"/58)%,+HO/,@O

8;6O70/,6OE/.6O4/+)+O6D7/,+)%,O5<8I%99OE/+O+68O8%O\]]O

6B>O m00O /@+%"78)%,O 6,6"$)6+O E;6"6O %78):)Q6@O <+),$O

8;6O9%"56I4/+6@O5%,r<$/86O$"/@)6,8O/0$%")8;:HOE;6"6I

/+O8;6O8"/,+)8)%,O+8/86+OF?b

#

+COE6"6O0%5/86@O<+),$O8;6O

5%,+8"/),6@O:),):)Q/8)%,O865;,)U<6

YihIiVZ

>O

G,O8;6O:%@600),$O%9O4%8;O8;6O!Ij4R

T

O/,@O`)ob4I

b,R

T

O+<"9/56+HO/O+8/406O9/568O 9%"O6/5;O:<+8O46O@686"I

:),6@>OW%<"O0%EO),@6DO9/568+HO8;6Oh]]HOhh]HOhhhO/,@O

ThhO /""/,$6:6,8+OE6"6O 86+86@HO /,@O ),O 4%8;O 5/+6+HO )8O

E/+O8;6Ohh]O9/568O8;/8OE/+O@66:6@O:%+8O+8/406>O?;)+O

)+O/,/0%$%<+O8%OE;/8OE/+O+66,O4&Oq/8Q)00O68O/0>

YiiZ

O9%"O

b,R

T

OE;)5;O )+O +8"<58<"/00&O 8;6O +/:6O/+OE)8;O!Ij4R

T

>O

q%8;O+<"9/56+OE;6"6O:%@6006@O/+O/FTO! TCO<,)8O5600O

E)8;O./")%<+O+<"9/56O5%.6"/$6+O86+86@OF]>OT\OtOhOlPC>O

?;6O 8E%I@):6,+)%,/0Oq")00%<),O ),86$"/8)%,+O 9%"O 6/5;O

E6"6O+/:706@O<+),$O=I7%),8+O9%"O8;6FTO! TCO<,)8O5600O

<+),$O/OVO! VO! hOl%,=;%"+8Ij/5=O$")@>OmO9%<"O0/&6"O

+0/*O E/+O 6:70%&6@O E)8;O 8;6O 0%E6"O 8E%O 0/&6"+O 9)D6@O

/,@O8;6O<776"O8E%O0/&6"+O"60/D6@>Ob0/*O+67/"/8)%,OE/+O

heV

! !



电 化 学 !"#$

年

%&'()*+*,-'&./0,1',12+,34&5/6+,78,+.%0'8)-9,/,:;<,-.,

(/644.,&+9)'-;,

=-0)>+, 12+, !?@7A

!

, B2)62, '-08, 2/3, '-+, .+1/0,

6'.%'-+-1C, 12+, D)EF7GF-A

!

, 34&5/6+, )3, ./*+, 4%, '5,

12&++,6'.%'-+-13C, 12+, 1)-C, /-1).'-8,/-*,-)6>+0C, /-*,

3',/**)1)'-/0,B'&>,)3,&+H4)&+*;,I2+,F-A

!

,JK)94&+,#LM,

B/3,5)&31,*'%+*,B)12,/-1).'-8,/-*,-+N1O12+,F7GF-A

!

,

34&5/6+, B/3, 54&12+&, *'%+*, B)12, -)6>+0;, A5, 12+, 5'4&,

%'33)70+, 1)-, /1'.3,'-, 12+, 34&5/6+, +/62,B/3, &+%0/6+*,

B)12,/-,/-1).'-8,/1'.C,/-*,12+-,'%1).)P+*,1',*+1+&G

.)-+,)13,%&+5+&&+*,'&)+-1/1)'-,JK)94&+,:QM;,I2)3,B/3,

&+%+/1+*,5'&,12+,D)EF7GF-A

!

,JK)94&+:RMC,B)12,+/62,'5,

12+,&+./)-)-9,12&++, 1)-,/1'.3,&+%0/6+*,B)12,/,-)6>+0,

/1'., /-*, /9/)-, 9+'.+1&8, '%1).)P/1)'-, 6/0640/1)'-3,

B+&+,&4-,B)12,12+,0'B+&,1B',0/8+&3,5)N+*,/-*,12+,4%G

%+&,1B',0/8+&3,&+0/N+*;,I2+,30/7,3+%/&/1)'-,B'40*,&+G

./)-, /1, :;<, -., 12&'492'41;, L00, 6/0640/1)'-3, 5'&,

!G@7A

!

C, F-A

!

C, F7GF-A

!

, /-*, D)EF7GF-A

!

, B+&+, %+&G

5'&.+*,/3,3%)-G'%+-;,

S)12, &+9/&*3, 1', 12+, D)EF7GF-A

!

, 34&5/6+C, 12+,

%&+3+-6+,'5,/,34&5/6+,(/6/-68,B/3,/03',6'-3)*+&+*;,T1,

)3, /, 6'..'-, %2+-'.+-'-, B2+-, 1+31)-9, 12+3+, 6/1/G

08313, 43)-9, +N%+&).+-1/0, 1+62-)H4+3, 12/1, 34&5/6+, (/G

6/-6)+3,B+&+,*+1+61+*;,K'&, 12)3, 314*8, /-, 'N89+-, (/G

6/-68, /1, 12+, 7&)*9)-9, 3)1+,B/3, )-1&'*46+*C, /3, 12)3, )3,

3/)*, 1', )-6&+/3+, 12+,/61)()18,/1, 12)3,3)1+,78,)-6&+/3)-9,

12+,U+B)3,/6)*)18;,

!"# $%&'()* +,-.&/01.2 3(4)%4(01.2-

I2+,/*3'&%1)'-,+-+&98,J!

/*3

M,'5,12+,3831+.,B/3,

6/0640/1+*,43)-9,VH4/1)'-,#W

!

/*3

,X,!

/*3'&7/1+

,

'-,34&5/6+

G!

34&5/6+

G!

9/3

JV#M

B2+&+,!

/*3'&7/1+

,

'-,34&5/6+

,)3,12+,+-+&98,'5,12+,/*3'&7/1+,/-*,

12+, 34&5/6+C,!

34&5/6+

, )3, 12+, +-+&98, '5, 12+, 60+/-, 34&5/6+,

/-*,!

9/3)3

, 12+, +-+&98, '5, 12+, 6'&&+3%'-*)-9, /*3'&7)-9,

3%+6)+3, )-, 12+, 9/3, %2/3+;, VH4/1)'-, #, 32'B3, 12/1, 12+,

.'&+, -+9/1)(+, 12+, /*3'&%1)'-, +-+&98, )3C, 12+, 9&+/1+&,

12+,/*3'&%1)'-,1',12+,34&5/6+;,V/62,1+&.,)-,VH4/1)'-,#,

.431, 6'&&+3%'-*, 1', 12+, 3/.+, 34&5/6+, 6'(+&/9+C,

B2+12+&,12)3,)3,/,%4&+,.+1/0,'&,.+1/0,'N)*+;,

# 5*-%40- (2, 61-)%--1.2

VN%+&).+-1/008C, 12+, .+12'*, 5'&, %&'*46)-9, A

Y

,

+0+61&'62+.)6/008, 2/3, 7++-, B+00, 314*)+*;, Z'B+(+&C,

12+,+N/61,.+62/-)3.,78,B2)62,A

Y

,5'&./1)'-,%&+6+*+3,

&+./)-3, 4-3'0(+*;, T1, )3, 6'..'-08, /66+%1+*, 12/1, 12+,

.+62/-)3., %&'6++*3, ()/, /, 5'4&G31+%, .+62/-)3., )-G

('0()-9,12+,3%0)11)-9,'5,Z

!

A,1',5'&.,A

Y

[:$G:\C,]<G]\^

W

Z

!

AO! AZ J/*3MO_OZ

_

O_O+ J`$M

AZ J/*3MO! A J/*3MO_OZ

_

O_O+ J`\M

!A J/*3MO! A

!

J/*3MO! A

!

J`aM

A

!

J/*3MO_OA J/*3MO! A

Y

J/*3MO! A

Y

J`:"M

L012'492O +/62O '5O 12+O 5'4&O 31+%3O )3O )-(+31)9/1+*O )-*)

()*4/008CO)1O)3O`+/61)'-3OaO/-*O:"O12/1O/&+O12+O.'31O)-

1+&+31)-9O12+&.'*8-/.)6/008O/-*O12+&+5'&+O12+O./b'&G

)18O'5O12+O&+34013O%&+3+-1+*O)-O*+1/)0OB)00O7+O6'-6+&-G

)-9O12+3+O1B'O31+%3;O

OK)9;O:OOc'*+03O32'B)-9O12+OF-A

!

J::"MO5/6+1OJLMCO12+O%&+5+&&+*O3)1+O5'&O/-1).'-8O*'%)-9O'-O12+O1'%O0/8+&OF7GF-A

!

OJQMO/-*O12+O%&+G

5+&&+*O3)1+O5'&O54&12+&O-)6>+0O*'%)-9O'-O12+O1'%O0/8+&OD)EF7GF-A

!

OJRM

[Y]^

;OI2+O9&+8O/1'.3O/&+O&+%&+3+-1/1)(+O'5O1)-CO12+O%4&%0+O

/-1).'-8O/-*O12+O704+O-)6>+0;

:\]

! !



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

!"# $%&'( )&*+,-.&' /(01,'.2+2 &3(* -1(

!!45$

!

6,-,782-

!9:": ;(-(*+.'.'< -1( /&2- =-,57( =>*?,0( ),0(-

&? -1( !!45$

!

.#/#,0),$1%,'23#14"&+2561+2"7427"#8151+7"954#15":

"5,$#;#,21 45,1 /%++#++1 5,1 #,06#++1 ,7;*#"1 %91 954#2+<'

=3>+>1 45,1 *>1 452>$%")?>01 5+1 >)23>"1 6%@:),0#A1 %"1

3)$3:),0#A1 954#2<1B%"1 23)+1 +270&1 6%@:),0#A1 954#2+15"#1

/"#9#""#01 5+1 23#&1 #A3)*)21 52%;)41 +;%%23,#++<1 C+1 ,%1

/">D)%7+1+270)#+10#25)6123#1;%+21+25*6#1954#28123#1EFF81

GGF81GGG1H,I1JGG19HK>2+1@>">1H6612>+2>I<1L92>"1$>%;>:

2"&1%/2);)?H2)%,1%91>HK319HK>28123>1GGM1I>")DH2)D>1@H+1

I>>;>I123>1;%+21+2HN6>1OB)$7">1JPQ'

R3#,16%%S),$1521B)$7"#1J1;%"#146%+#6&81)2145,1*#1

+##,123521 23#15""5,$#;#,21 )+15,56%$%7+1 2%1 23521%91"7:

2)6#1 =)T

J

1 5,01 U,T

J

81 *%231 @>66:S,%@,1 ;>2561 %A)0>+1

5,0123>">9%">123>13)$31+25*)6)2&1%9123)+1OGGFP10>")D52)D>1

)+1>A/>42>0Q1

!9:9! =>*?,0( $@.A,'- )&*+,-.&' ,'A -1( 6&'!

2-*>0-.&' &? , 41,2( ;.,<*,+

V21)+1>A/>42>0123521@3>,145""&),$1%72123>1">542)%,1

>A/>");>,2566&123>1+7"954>1%915145256&+21@)6617,0>"$%1

+%;>1 0>$">>+1 %91 %A)052)%,<1 U2"7427 "566&81 23>1 ;%0>61

+3%@+123>1+7"954>1O%"12%/165&>"P1@)2319%7"1542)D>1+)2>+81

%"1 9%7"1 6>50152%;+1@)231 23>1/%2>,2)561 2%1*>1%A)0)?>0<1

B"%;1B)$7">1J1)2145,1*>1+>>,1235212@%16>50152%;+1">:

+)0>1%,123>12%/:+)2>+15,012@%1%,123>1*")0$),$1+)2>+<1L+1

23>16>D>61%91%A)052)%,1@5+1,%21S,%@,8123>1/5"2)5614%D:

>"5$>1 5,01 97661 4%D>"5$>1 %91 23>1 +7"954>1 @>">1 2>+2>0<1

=3)+14%"">+/%,0+12%14%D>"5$>+1%91F<JW81F<W81F<XW15,I1

G1;%,%:65&>"1OYZP<1

=3>1[T\1;>K35,)+;1+3%@+12352123>1%D>"5661%A):

I52)%,1/"%K>++1)+123>1+/6)22),$1%91]

J

T19%";),$1T

^

<1=3)+1

K%7/6>I1@)231 23>1 >A/%+7">1 2%1 23>1 52;%+/3>">1@%76I1

">+7621 ),1T]15,I1T1N>),$123>1;5),1+7"95K>1%A)I5,2+<1

L+1@>661 5+1T]1 5,I1T81 23>1 /%++)N)6)2&1 %91 +7"95K>1 ]

_

1

;7+21 H6+%1 N>1 HKK%7,2>I1 9%"1 H+1 H1 /"%2%,1 @H+1 6%+21 ),1

U2>/+1G1H,I1J1O`>HK2)%,+1`X1H,I1`a1H+1+3%@,1HN%D>P<1

b3>,1/>"9%";),$1$>%;>2"&1%/2);)?H2)%,1KH6K7:

6H2)%,+17+),$1.B=8123>1">+762),$1>,>"$&1)+12>";>I123>1

2%2H61>,>"$&1%9123>1+&+2>;<1b3>,1K%,+2"7K2),$1H1/3H+>1

I)H$"H;123>1 9">>1>,>"$&1 )+1 ">c7)">I<1=3)+1@H+1KH6K7:

6H2>I17+),$1[c7H2)%,1Jd

!! e1!" _1f\[1:1#!$ O[JP

@3>">1!" )+123>12%2H61>,>"$&1%9123>1+&+2>;8123>1;%+21

+2HN6>1%/2);)?>I1+7"9HK>g1f\[1)+123>1?>"%:/%),21>,>":

$&81%"123>1$"%7,I1+2H2>1>,>"$&g1H,I1#!$ )+123>12>;/>":

H27">12);>+123>1>,2"%/&1%9123>1+&+2>;<1L623%7$31+27I:

)>+1 3HD>1 N>>,1 KH"")>I1 %721 ),1 N%231 HK)I)K1 H,I1 NH+)K1

K%,I)2)%,+81HK)I)K1K%,I)2)%,+1@>">19HD%7">I1H,I1+%1H1

/]1K%"">K2)%,19HK2%"1@H+1H6+%1K%,+)I>">I<1

L92>"1 KH6K76H2),$1 23>1 ;%+21 +2HN6>1 +7"9HK>1 H":

"H,$>;>,21 9%"1 H661 K%D>"H$>+1 23>1 9">>1 >,>"$)>+1 @>">1

KH6K76H2>I1H,I1H1/3H+>1I)H$"H;1@H+1K%,+2"7K2>I1OB)$:

7">1^P<1h%,+)I>"),$123>16>D>6+1%91%A)IH2)%,1+27I)>I81)21

@H+1 9%7,I1 23H21 M<W1 YZ1 K%D>"H$>1 %91 T]

HI+

iT

HI+

1 @H+1

K6%+>+21 2%1 23H21 %91 23>1 >A/>");>,2H61 /%2>,2)H61 H//6)>I1

OjG<1k1l1D+<1U][P1H,I1237+1/">9>"">I<1

!9:9B /(01,'.2-.0 =->A.(2 =1&C.'< -1( )&*+,-.!

.&' &? $

B

=3>1;>K3H,)+;1/"%/%+>I1N&1B%66>"1H,I1DH")%7+1

%23>"1$"%7/+1+3%@+123>19%";H2)%,1%91T

^

1D)H1H1+>")>+1%91

@H2>"1+/)22),$1">HK2)%,+1O`X12%1`GM1H+1+3%@,1HN%D>P81

@3>">1 T

J

1 @H+1 9%";>I1 /")%"1 2%1 23>1 9%";H2)%,1 %91 T

^

<1

=3)+1">+>H"K31),D>+2)$H2>+1>HK31%9123>+>19%7"1+2>/+1),

I)D)I7H66&1@)231 23>1;H),1 >;/3H+)+1 N>),$1%,1U2>/+1^1

1B)$<1J11Y%I>61+3%@),$123>1+2"7K27">1%91%/2);)?>I1!:\NT

J

OGGMP<1

=3>1$">&1H2%;+1">/">+>,216>HI1H,I123>1">I1H2%;+1">/:

">+>,21%A&$>,<

GaW

! !



电 化 学 !"#$

年

%&'()(*+,-%&'(+./0-12342-%56(726(895:%739&;(98(<

!

(

%&'(<

=

>-56;?6473@6ABC-

!C.C=C.--D76?-.-

!

E26-D?A3773&F-98-G

!

<-79-H95:-<G

D76?-.- 3&@9A@6;- 726-%';95?739&-98-G

!

<-9&79- 726-

IJ<

!

- ;K58%46>-12342- 3;- 726&-'6?5979&%76'- 79-<G>-G

L

-

%&'-6C-

G

!

<-! <G *%';0-L-G

L

-L-6 *+$0

M26&-4%5536'-9K7-6N?653:6&7%AAB>( 726(%??A36'(?976&O

73%A( 4%K;6;( 726(G

!

<( 79( ;?A37( %7( 726( %&9'6C(E26(<G( 3;(

A687(%';95J6'(%7(726(%&9'6(%&'(726(G

L

(?%;;6;(7259KF2(

726(P%839&(:6:J5%&6(79(56%42(%7(4%729'6(12656(37(3;(

56'K46'(79(G(726&(719(G(49:J3&6(895:3&F(G

!

C(

!C.C=C!((D76?(!(

!

E26('6?5979&%739&(98(<G(79(895:(<

Q&(D76?(!(726(<G(%';95J6'(859:(D76?(.(3;('6?59O

79&%76'(8K57265(79(895:(<(%&'(56A6%;6(G

L

(%&'(6A64759&C(

G R%';0(! < R%';0(L(G

L

L(6 R+S0

TF%3&(JB( %??AB3&F( %(?976&73%A>( %AA(<G(19KA'(J6('6O

?5979&%76'( 8K57265( 79( 895:( <C( T;( '3;4K;;6'( 3&( 726(

%J9@6(;64739&(!C.C!>(726(9?73:%A(49@65%F6(1%;(89K&'(

79(J6(/CU(VWC(E23;(19KA'( 3&@9A@6( 726( %';95?739&(98(

/CU(VW(98(<G>(12342(3;(7%X6&(859:(726(%';95?739&(98(

719(G

!

<(:9A64KA6;(859:(D76?(.(9@65(726(K&37(46AAC(YB(

'6?5979&%73&F(J972( 726(%';95J6'(<G(;?6436;>( 726( 56O

;KA73&F(719(<(%79:;(19KA'(J6(56%'B(895(D76?;(=(%&'(

)>(123A;7(719(G

L

(19KA'('388K;6(79(4%729'6(12656(726B(

19KA'(J6(56'K46'(79(895:(G

!

(A3X6(3&(726(;76?(.C(

!C.C=C=((D76?(=

!

DK58%46(<

!

(895:%739&(@3%( 726( 3&765O

%4739&(98(;K58%46(<

T8765(D76?;(.(%&'(!>(726(;K58%46(2%;(719(<(%79:;(

%';95J6'(9&( 726( 79?(;376;C(E26;6( 3&765%47(1372(J53'FO

3&F(<( 859:( 726( 953F3&%A( ;K58%46>( 895:3&F( <

!

R%';0>(

1372(;9:6(98(723;(A6%@3&F(726(;K58%46(%;(<

!

(RF%;0C(

!< R%';0(! <

!

R%';0(! <

!

R+,0

Q&(%AA(56%4739&;(72656(19KA'(J6(%&(3&373%A(;7%76(RQD0>(%(

75%&;3739&(;7%76(RED0(%&'(%( 83&%A( ;7%76( RHD0C(E26( QD( 3;(

'66:6'(726(;7%573&F(?93&7>( 726(ED( 3;( 726(?93&7(12656(

726(;K58%46(%';95J%76;(%56(23F26;7(3&(6&65FB(A6@6A(%&'(

726(HD(3;(726(?59'K47(98(726(56%4739&C(Q&(723;(4%;6(726(

QD(3;(%';95J6'(<(895:6'(859:(G

!

<(3&(D76?(.>(726(ED(

3;( %';95J6'(<( 3&( 4A9;6( ?59N3:37B( 79( J53'F3&F(<( JK7(

J68956(J9&'(895:%739&(%&'(726(HD(3;(<

!

R%';0C(<&(83&'O

3&F(;7%JA6(F69:67536;(895(726;6(72566(;7%76;(%(56%4739&(

?5983A6(895(D76?(=(49KA'(J6(49&;75K476'(RH3FK56()0C(

!C.C=C=C.((Q&373%A(D7%76(98(+6%4739&

E26(QD(98(726(56%4739&>(%;(:6&739&6'(?56@39K;AB>(

3;(719(<(%79:;(%';95J6'(9&(726( 79?(;376( A6%'(%79:;C(

E23;(49556;?9&';(79(/CU(VW(49@65%F6(98(<C(E26(J9&'(

'3;7%&46(J67166&(726(79?(;376(%&'(J53'F3&F(<(%79:;(3;(

/C!.,,( &:C( E26( :9;7( ;7%JA6( %55%&F6:6&7( 98( 726( QD(

2%;(%(797%A(6&65FB(98(O!USC,U(6ZC(Q&( 726(QD(;291&(3&(

(H3FC(=((IA97(98(!! 98(895:%739&(98(;K58%46(9N3'%&7;(R<G(%&'(<0(%F%3&;7(%??A36'(?976&73%A( R@;C(DG[0(9&(726(!OIJ<

!

R##/0(;K58%46C(

E26(JAK6(A3&6(RW3&6(T0(56?56;6&7;(726(;7%J3A37B(98(%';95J6'(<G(1372(?976&73%A(%&'(726(56'(A3&6(RW3&6(Y0(56?56;6&7;(726(;7%O

J3A37B(98(%';95J6'(<(1372(?976&73%AC(E26(12376(%56%(56?56;6&7;(726(?976&73%A(56F39&(3&(12342(&9(;K58%46(9N3'%&7;(%56(?56;6&7(

%&'(726(56'(%56%(56?56;6&7;(726(?976&73%A(56F39&(12656(726(%';95J6'(<G(%&'(<(;?6436;(%56(895:6'(1372(<(J63&F(726(?56O

'9:3&%&7(;K58%46(9N3'%&7C

#S\

! !



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

.)$/"#0 120 34#0 $"##,0 53%6+0 5"#0 34#0 37%0 ),3#"583),$090

:3%6+;0

-;<=>=>=?00@"5,+)3)%,0A353B0%C0DB583)%,0

@4B0@A0)+0EBC),BE05+034B0F%),3074)840)+04)$4#+30

),0 #,#"$&0 G#HBG;0 I,0 J3BF0 KL0 34B0 MJ0 )+0 34B"BC%"B0 34B0

F%),30),074)N4O34B037%0:EP:NB,30Q0:3%6+0R3%F0+)3B0:,E0

S")E$),$T0 :"B0 NG%+B+30 7)34%/30 S%,E0 C%"6:3)%,0 3:U),$0

FG:NB=0 V%N:3),$0 34B0 MJ0 N:,0 %C3B,0 SB0 34B06%+30 N4:GW

GB,$),$0 +3BF0 %C0 34B0 34"BB=0 X&0 /+),$0 N%6F/3:3)%,:G0

6B34%E+Y0 B6FG%&),$0 34B0 N%,+3":),BE0 6),)6)Z:3)%,0

3BN4,)[/B0 E)+N/++BE0 B:"G)B"Y0 C),E),$0 34B0 MJ0 )+0 6:EB0

B:+)B"=0\C3B"0EB3B"6),),$034B06%+30+3:SGB0:"":,$B6B,30

%C0:,0:E+%"S:3BR+T]0),034)+0N:+B034B0Q0:3%6Y0:0C"B[/B,W

N&0N:GN/G:3)%,0 )+0 "/,=0 M4B0 E)+3:,NB0 SB37BB,0 34B0 37%0

),3B":N3),$0 :3%6+0 )+0 C)^BEYO %"O N%,+3":),BEYO :,EO %F3)W

6)ZBEO7)34O"B+FBN3+O3%O:GGO"B6:),),$OEB$"BB+O%COC"BBW

E%6;O M4BO S%,EO E)+3:,NBO N%,3),/:GG&O N4:,$B+O 7)34O

B:N4O )3B":3)%,YO /,3)GO 34BO N%,E)3)%,+O C%"O 34BO MJO 4:HBO

SBB,O+:3)+C)BE;O

I,OC),E),$O34BOMJYO34BO:N3)H:3)%,OB,B"$&OR!

:N3

TON:,O

34B,OSBON:GN/G:3BE_

!

:N3

O`O!

MJ

OWO!

IJ

O`ORW?ab;cdTOWORW?ab;caTO`Od;daOBe

"

f>T

@4BO!

5N3

O75+O N5GN/G53BEO 53O %,G&O d;daO Be;O@4B"6%E&W

,56)N5GG&O34BOF"%$"B++)%,OC"%6OgAO3%O@AO7%/GEO%NN/"O

7)34OB5+B;OX%34O34BOgAO5,EO@AO5"BO+3"/N3/"5GG&O+)6)G5"YO

7)34O S%,EO E)+35,NBO 34BO %,G&O E)CCB"B,NBYO 4B,NBO 34BO

C5H%/"5SGBO6),%"O!

5N3

OS5"")B"O3%O%HB"N%6B;O

-;<;>;>;>OO.),5GOA353BO%CODB5N3)%,

@4BO.AO%CO 34BO "B5N3)%,O +4%7+O 34BO C%"653)%,O %CO

9

-

R5E+T;O@4)+O%NN/"+OH)5O34BO+56BO3%FO+)3BOS")E$),$

+)3BO),3B"5N3)%,O+4%7,O),O34BOgA;O."%6O.)$/"BO1O)3ON5,O

SBO+BB,O3453O34B"BO)+OS%34O9

-

O5E+%"SBEO%,O34BO+/"C5NBO

5,EO 9

-

O EB+%"SBE;O h%6F5"),$O 34)+O %S+B"H53)%,O 7)34O

7453O)+O+BB,O),O34BOG)3B"53/"BYO34)+O9

-

R5E+Ti9

?

R$:+TO3&FBO

+3:3BO)+O),O:$"BB6B,3O7)34OB^FB")6B,3:GOC),E),$+;O@4BO

%HB":GGON/""B,3OBCC)N)B,N&OH:G/B+OC%"O9

>

O C%"6:3)%,O%,O

!WjS9

-

O +3"/$$GB+O 3%O "B:N4O<dk

l<bm

;0@4)+0 +/$$B+3+0 34:30

C%"0 BHB"&0<dd09

?

06%GBN/GB+0 C%"6BE0%,G&0 <d07)GG0 "BW

6:),0:E+%"SBE03%034B0+/"C:NB;0@4B0%F3)6)ZBE0+3"/N3/"B0

C%"034)+0.A04:+0:03%3:G0B,B"$&0%C0W?n-;n<OBe;O

@4BOB,34:GF&ON4:,$BOR!"TO:++%N):3BEO7)34O 34BO

%HB":GGO"B:N3)%,ON:,OSBON:GN/G:3BEO/+),$Of[/:3)%,O1_

!" `O!

.A

OWO!

gA

O`ORW-n-;n<TOWORW-ab;caTO`OW>;nnOBe

Rf1T

\,OB,34:GF&ON4:,$BO%COW>;nnOBeO+/$$B+3+O:O.AO74)N4O

)+OHB"&O+3:SGBO),ON%6F:")+%,O7)34O34BOgA;O@4BO"B:N3)%,O

N:,O:G+%OSBOEBB6BEO+F%,3:,B%/+O:,EOB^%34B"6)N;O@%O

C/"34B"O),HB+3)$:3BO34BO+3:S)G)3&YO34BO:E+%"F3)%,OB,B"$&O

R!

:E+

TOC%"O9

-

ON:,OSBON:GN/G:3BE_

!

:E+

R9

-

TO`O!

R+/"C:NBO9

-

T

OWO!

RNGB:,O+/"C:NBT

OWO!R9

-

TO`

RW-a-;ncTOWORW-1-;ooTOWORWc;baTO`OWd;<<OBp RfaT

@4BO:E+%"F3)%,OB,B"$&O7:+ON:GN/G:3BEO3%OSBWd;<<O

Be;O@4)+O+/$$B+3+O:O7B:UO:E+%"F3)%,O%CO9

-

O3%O34BO+/"W

C:NB;Oq.@O6%EBGG),$O7:+ON:"")BEO%/3O),O34BO$:+OF4:+BYO

74B"B:+OB^FB")6B,3:GG&O:,O:N)E)NO:[/B%/+OBGBN3"%G&3BO

)+OB6FG%&BE

l--m

;Oh%,+)EB"),$O34)+YO34BO"B:N3)%,O)3+BGCON:,O

SBO6%EBGGBEO:+O:OG)[/)EOF4:+BO:G+%;Og3O)+O:++/6BEOC"%6O

F"BH)%/+O 7%"UO S&O r:H:,:$4O B3O :G;O 34:3O 34BO :[/B%/+O

BGBN3"%G&3BO7%/GEO4:HBO:O+3:S)G)Z:3)%,OBCCBN3O%CO:"%/,EO

Wd;KdOBp

l1cm

;OgCO34)+O)+O:EEBEO3%O34BO:E+%"F3)%,O%CO9

-

O),O

34BO $:+O F4:+BYO 34BO :E+%"F3)%,O B,B"$&O ),N"B:+B+O 3%O s

Wd;1dOBpYO6:U),$O34BO:E+%"F3)%,O6/N4O+3"%,$B"O34B"BW

C%"BO),N"B:+),$O)3+O+3:S)G)3&;O@4)+O6B34%EO)+OB6FG%&BEO

),OA3BFO1O%CO34BO6%EBGYO7)34O34BO"B+/G3+O+4%7,O),O34BO

,B^3O +BN3)%,;O @4)+O +3:S)G)Z:3)%,O BCCBN3O N%/GEO SBO B^W

FG:),BEO S&O 34BO t

-

9iBGBN3"%G&3BO +%G/ 3)%,O :N3),$O :+O :O

N:$BO%CO4&E"%$B,OS%,E),$OG%N:3BEO:S%HBO34BO+/"C:NB;O

O.)$;O1OOf,B"$&OF"%C)GBOC%"OA3BFOKO%CO34BO6BN4:,)+6OE)+N/++BE_O

34BOC%"6:3)%,O%CO+/"C:NBO9

-

OC"%6O37%O:E+%"SBEO%^&W

$B,O:3%6+;O@4BO37%O9O:3%6+O4)$4G)$43BEO),O$"BB,O:"BO

34BO ),3B":N3),$O :3%6+O ),O 34BO 6BN4:,)+6;O @4BO gAO

+4%7+O34BO:E+%"SBEO9O:,EOS")E$),$O+/"C:NBO9YO34BO@AO

+4%7+OS%34O34B+BO37%O9O:3%6+O),O:ONG%+B"OF"%^)6)3&O

3%O%,BO:,%34B"YO:,EO34BO.AO+4%7+OS%34O:3%6+OS%,EBEO

3%OC%"6O+/"C:NBO9;

<bo

! !



电 化 学 !"#$

年

%&'(') *+,'-./,*0+() /.1(') ,&') 2

!

) ,0) -'3.*+) .4(0-5'4)

60-)70+8)'+018&)(0),&.,)2

9

)*()60-3'4:)

!:#:9:;))<,'=);

!

%&')>((0/*.,*0+)06)<1-6./')2

!

).+4)

2),0)?0-3)2

9

!:@:9:;:@))@

(,

)(,'=A)%&')>4(0-=,*0+)06)B

!

2

C+)<,'=);),&')2

!

)60-3'4)*+)<,'=)9)*+,'-./,()D*,&)

(1-6./')2),0)60-3)2

9

:)%&*()2).,03)*()05,.*+'4)5E).4F

(0-=,*0+) 06)B

!

2)0+,0) .) 6-'') 7'.4) (*,') .4G./'+,) ,0)2

!

)

H.4(I:)

2

!

H.4(I)J)2 H.4(I)! 2

9

H.4(I)! 2

9

HK@"I

%&') B

!

2) /.+) 5') .4(0-5'4) 0+) '*,&'-) ,&') ,0=) (*,') 0-)

5-*48*+8)-'8*0+:)>6,'-)/.7/17.,*0+(),&')5-*48*+8)(*,')*()

4''3'4)30-')(,.57'L)D*,&) ,&')!

.4(

HB

!

2I).7(0)5'*+8)

/.7/17.,'4)1(*+8)MN1.,*0+OPA

!

.4(

HB

!

2IQ)!

H(1-6./')B

!

2I

R)!

H/7'.+)(1-6./'I

R)!

HB

!

2I

)Q

HR9!P:;SIRHR9##:PSIRHR#;:!!I)Q)RT:US)'V HMPI

!:#:9:;:!)) !

+4

) (,'=)

!

%&') W'=-0,0+.,*0+) 06) B

!

2) ,0)

2B).+4)2

>6,'-)6*+4*+8).)(,.57').--.+8'3'+,)06)B

!

2)0+),&')

(1-6./'X),&')!

+4

)(,'=)*+),&')60-3.,*0+)06)(1-6./')2)/.+)

0//1-:)%0)40),&*(),&')B

!

2)31(,)1+4'-80).)40157')4'R

=-0,0+.,*0+:) %&') 5'(,)D.E) ,0) 40) ,&*() *() ,0) /.--E) 01,)

'./&)06),&')4'=-0,0+.,*0+()*+4*Y*41.77EX)':8:)4'=-0,0R

+.,'),0)2B)6*-(,X).+4),&'+),0)2:)>6,'-),&')30(,)(,.57')

2B).--.+8'3'+,)&.() 5''+) 4','-3*+'4X) .) ('/0+4)4'R

=-0,0+.,*0+),0)2)/.+)0//1-:)M./&)06),&'(')4'=-0,0+.R

,*0+()D*77)&.Y').)Z*55()6-'')'+'-8E)H!"

-[+

I)4','-3*+'4)

5E)1(*+8)MN1.,*0+)$)5'70DA

""

-[+

)Q)"H2BI)J!"HB

J

)J)'I)R)"HB

!

2I)Q

HR9!#:!SI)J)HR9:;;I)R)HR9!U:STIQ#:#$)'V HM$I

>//0-4*+8),0),&')/.7/17.,'4)#"

-[+

X).)3*+*313)=0,'+R

,*.7)06)#:#$)V)D0174)5') -'N1*-'4) 60-) ,&*()4'=-0,0+.R

,*0+),0)0//1-

\UT]

:)%&*()*()*+).8-''3'+,)D*,&),&')'[='-*R

3'+,.7) 0+(',) D&*/&) *() .-01+4) #:^"O VO 0-O .50Y'O 4'R

='+4*+8O0+O,&'O-'7'Y.+,O/0+4*,*0+(:O

%&'O('/0+4O4'=-0,0+.,*0+OD*77ON1*/_7EO60770DO.(O

,&'O2BO *(O 61-,&'-O 4'=-0,0+.,'4O ,0O (1-6./'O 2:O >8.*+O

,&'OZ*55(O6-''O'+'-8EOH$"

-[+

IOD.(O/.7/17.,'4O1(*+8OMR

N1.,*0+O$O(&0D+O.50Y'A

QOHR9@P:!"IOJOHR9:;;IOROHR9!@:!SIOQO@:PUO'V HM^I

%&'O %"

-[+

O 60-O ,&*(O 4'=-0,0+.,*0+O D.(O /.7/17.,'4O .,O

@:PUO 'V:O%&*(O (188'(, (O ,&.,O .O3*+*313O=0,'+,*.7O 06O

@:PUO VO *(O -'N1*-'4O 60-O ,&'O ('/0+4O 4'=-0,0+.,*0+O ,0O

,._'O=7./':O>8.*+O,&*(O*(O5'70DO,&'O'[='-*3'+,.7O0+(',O

06O@:^OV:OC,O(&0174O5'O+0,'4O,&.,O,&'O('/0+4O4'=-0,0R

+.,*0+O-'N1*-'(O.O&*8&'-O=0,'+,*.7O,&.+O,&'O6*-(,:O>(O.O

-'(17,O,&'O('/0+4O4'=-0,0+.,*0+O*(O30-'O4*66*/17,O,&.+O

,&'O6*-(,:O%&*(O*(O5'/.1('O,&.,O.6,'-O,&'O6*-(,O4'=-0,0+.R

,*0+XO ,&'O.4(0-5.,'OD0174O&.Y'O/&.+8'4O.+4O.(O (1/&O

,&'O=0,'+,*.7OD0174O/&.+8':O

!:@:9:;:9OO%&'O?0-3.,*0+O06O2

9

OY*.O2O.+4O2

!

O`01=7*+8

a*_'O<,'=O9XO<,'=O;OD0174O&.Y'OC<XO%<O.+4O?<:O

%&'OC<O*(O2

!

H.4(IO.+4O2H.4(IXO,&'O%<O(&0D(O2

!

H.4(IO

.+4O2H.4(IO*+O/70('O=-0[*3*,EOD*,&O0+'O.+0,&'-O51,O

5'60-'O50+4*+8O60-3.,*0+XO.+4O,&'O?<O*(O2

9

H.4(I:O

!:@:9:;:9:@OOC+*,*.7O<,.,'O06OK'./,*0+

%&'OC<O06O,&'O-'./,*0+O*+Y07Y'(O2

!

H.4(IO.+4O2H.4(I:O

%&'O 50+4O 4*(,.+/'O 5',D''+O ,&'('O ,D0O *(O ":99;O +3:O

%&'O30(,O(,.57'O8'03',-EO06O,&*(OC<O&.(O.O,0,.7O'+'-8EO

06OR9@P:!!O'V:O

!:@:9:;:9:!OO%-.+(*,*0+O<,.,'O06O,&'OK'./,*0+

C+O<,'=O;XO,&'O%<O*(O,&'O=0*+,O*+OD&*/&O,&'O2

!

O.+4O

2O .-'O /70('(,O D*,&01,O 50+4O 60-3.,*0+O ,._*+8O =7./':O

>6,'-O(.,*(6E*+8O,&'O=.-.3','-(O-'N1*-'4O,0O4','-3*+'O

.O(1*,.57'O%<XO,&'O./,*Y.,*0+O'+'-8EOH!

./,

IO/.+O5'O/.7/1R

7.,'4A

!

./,

OQO!

%<

RO!

C<

OQOHR9@U:^@IROHR9@P:!!IQO":;@O'V

HMSI

%&'O 5.--*'-O 06O ":;@O 'VO (188'(,(O ,&.,O ,&'O -'./,*0+O

D0174O=-'/'4'O6.Y01-.57EO.,O-003O,'3='-.,1-':O`0+R

(*4'-*+8O,&'OY.71'O60-O2

!

O.4(0-=,*0+O/.7/17.,'4O'.-7*'-O

HMN:OUIXO*,O*(O.((13'4O,&.,O,&*(O7.-8'O4*66'-'+/'O*+O'+'-R

8EOD0174O=-'Y'+,O ,&'O -'./,*0+OD*,&O(1-6./'O2O(&0D+O

*+O <,'=O ;:O %&'O D.,'-O (,.5*7*b.,*0+O '66'/,O 4*(/1(('4O

=-'Y*01(7EO -'(17,(O *+O ,&'O .4(0-=,*0+O 06O 2

!

O 5'/03*+8O

30-'O(15(,.+,*.7OHcOR":;"O'VIXO,&1(XO*+/-'.(*+8O,&'O,*3'O

60-O(1-6./'O2

!

O,0O-'./,OD*,&O(1-6./'O2O5'60-'O4'(0-=R

,*0+:O%&'O/1--'+,O'66*/*'+/EOHcO@"dI)60-),&*()(E(,'3)*()

70DX),&'-'60-')0+7E).)(3.77)=0-,*0+)06)2

!

)D*77)(,.E).4R

(0-5'4)70+8)'+018&),0)-'./,).+4)60-3)2

9

:)

!:#:9:;:9:9))?*+.7)<,.,')06),&')K'./,*0+

%&')?<)06),&')-'./,*0+)*+Y07Y'(),&')60-3.,*0+)06)

2

9

H.4(I:)%&*()0//1-(),&-018&),&')/01=7*+8)06)2

!

).+4)2:

%&')'+,&.7=E)5',D''+),&')C<).+4)?<)/.+)5')/.7/17.,R

'4)1(*+8)MN1.,*0+)#TA

&# Q)!

?<

R)!

C<

)QHR9#P:!SIR)HR9#P:!!IQ)RT:T$)'V

HM#TI

#^^

! !



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

./#0!! 1/2,$3045+0 6%7,80 9%0 *30 :7)9#0 +;5<<=0 >?@AB0

3C=0+7$$3+9),$020+<)$/9<&062D%7"3E0FG0HF)$7"30IJ@0./)+0

+;5<<08)66#"#,1#0 ),0#,#"$)#+05$"##+04)9/0 9/#0 9/#";%>

8&,5;)1+=0 5+0 K

L

0 )+0 9/3";%8&,5;)15<<&0 ;%"30 +95*<30

9/5,0K

M

=0;35,),$0 9/590 9/30 "3D3"+30N"%13++O 15,0%117"0

<35E),$09%09/30E31%;N%+)9)%,09%0K

L

@0

./30"

5E+

PK

M

Q'45+'9/3,'15<17<593E'9%'E393";),3'9/3'

+9"3,$9/'%6'5E+%"N9)%,'5,E'9/7+'9/3'+95*)<)9&'%6'9/3'K

M

'

;%<317<3R

"

5E+

PK

M

QS"

P+7"65T30K

M

Q

U0"

PT<35,0+7"6V0J

0U0"PK

M

J0S0PUMWXVLYJU

0PUMAWVIIJ0U0PUWMVIAJS0UWVLZ03[ P\WWJ

./30 D2<730 %60 >WVLZ0 3[0 +7$$3+9+0 20 "29/3"0 +9"%,$0 2E>

+%"N9)%,09%09/30+7"62T3=02,E0+%0)90)+0<)]3<&09/2909/30+)$>

,)6)T2,90 2;%7,90%60 +7"62T30%^%,3O;2&O,%9O E3+%"_O 9%O

3<3T9"%<&93O +%<79)%,O 9/3,O $2+O N/2+3=O _79O ),+932EO;2&O

7,E3"$%OE)++%T)29)%,`E3T%;N%+)9)%,O_2T]O9%OK

L

@O

a/3,O<%%]),$O;%"3OT<%+3<&O29OF)$7"3OI=O)9OT2,O_3O

+33,O 9/29O 9/3O 6%";29)%,O %6OK

M

O %TT7"+O %,O 9/3O +7"62T3O

9/"%7$/O2,O\<3&>b)E32<O9&N3O;3T/2,)+;O),O4/)T/O9/3O

K

L

O 6%";3EO%,O 9/3O +7"62T3O 6"%;OG93NOMO4%7<EOE3+%"_O

2,EO9/3,O2992T]O+7"62T3OKO6%";),$OK

M

O2E+%"_3EO%,O9/3O

+7"62T3@O

!"! #$%&' (%)*+,-%& %.') ,/' 0-123!2&#

!

4+,+567,

c)9/O "3$2"E+O 9%O 9/3Od)`G_>G,K

L

=O 9/3O +2;3O 6%7"O

4293"O+N<)99),$O"32T9)%,O+93N+O43"3O3;N<%&3EO2+O+33,O

),O2_%D3O+3T9)%,OL@WO%,O!>e_K

L

@O./3"36%"3O9/3OT2<T7<29>

),$O%6O2O+92_<3O+7"62T3O62T39=O9/3O+7"62T3ON/2+3OE)2$"2;O

2,EO 9/3O 4293"O +N<)99),$O ;3T/2,)+;O 6%"O d)`G_>G,K

L

O

T292<&+9O2"3O2<<OE)+T7++3EO),O9/)+O+3T9)%,@O./3"3O)+OT%,>

6<)T9O ),O 9/3O <)93"297"3O4)9/O "3$2"E+O 9%O 9/3O4293"O +N<)9>

9),$O;3T/2,)+;OE)+T7++3EON"3D)%7+<&O6%"O!>e_K

L

@O./3O

;2f%")9&O%6O <)93"297"3O "3N%"9+O +7$$3+9O 9/29O 9/3O 6%";2>

9)%,O%6OK

M

O4%7<EO %TT7"O 9/"%7$/OK

L

gO 2,EOK

M

gO ),93">

;3E)293+O2+O%NN%+3EO9%OE)"3T9OK

M

O6%";29)%,@O./)+O+3T>

9)%,O4)<<OE)+T7++O_%9/O),OE392)<O4)9/O2O$"3293"O3;N/2>

+)+O%,O 9/3)"OE)"3T9O 6%";29)%,O%6OK

M

O2+O%NN%+3EO 9%O 9/3O

),93";3E)293O+9293+@O

!8!"9 :%7, 2,+35' 2;)<+=' (+=',

h,O2$"33;3,9O4)9/O 9/3O+97E&O"3N%"93EO_&Oi29^)<<O

39O2<@

jZZk

=O9/3OG,K

L

PWW?JO62T39O42+OT2<T7<293EO9%O_3O9/3O

;%+9O+92_<3O%,3O2,EO9/7+O 9/3OE%N),$O4)9/OG_O2,EOd)O

42+OT2"")3EO%79O%,O9/)+O62T39OPF)$7"3OXlJ@Oi29^)<<O39O2<@O

2<+%OE)+T7++3EO9/3ON%++)_)<)9&O%6O+7"62T3OD2T2,T)3+O%"O

E363T9+=O4/3"3O)9O42+O+7$$3+93EO9/29O9/3OG,K

L

O42+O3+>

N3T)2<<&O +7+T3N9)_<3O 9%O 9/3O N"3+3,T3O %6 O 2,O %m&$3, O

D2T2,T&OPF)$7"3OXiJ@Oi&OT"329),$O9/)+OD2T2,T&=O94%O

T29)%,)TOG,O+)93+O6%";O4/)T/O2T9O2+On34)+O2T)E)TO+)93+O

2,EOT%,+3:73,9<&O9/)+O+)93O93,E+O9%O_3ON2"9)T7<2"<&O"3>

2T9)D3@O

F)$7"3OXlO+/%4+O9/3O;%+9O+92_<3O2""2,$3;3,9O%6O

d)oG_>G,K

L

HWW?J=O4)9/OG_O%TT7N&),$O9/3O_")E$3EO"3>

$)%,O2,EOd)O%TT7N&),$O 9/3O 9%NO+)93O "3$)%,@O./3O%m&>

$3,O D2T2,T&O42+O;%E3<<3EO 29O E)663"3,9O %m&$3,O +)93+O

2,EO )9O42+O 6%7,EO 9/29O 9/3ON"363""3EOD2T2,T&O42+O 9/3O

_")E$3EO %m&$3,O T<%+3O 9%O 9/3O G_O 2+O +/%4,O ),O F)$7"3O

Xi@

!"!"! 4%&7,);=,-%& %< >/+7' ?-+@)+* <%) 0-123!

2&#

!

p+),$O9/3O+2;3O;39/%EO+/%4,O),O+3T9)%,OL@W=O2O

N/2+3O E)2$"2;O HF)$7"3O BJO T%7<EO _3O T%,+9"7T93EO 6%"O

d)oG_>G,K

L

@Ol$2),O9/3O$3%;39"&O%N9);)^29)%,O&)3<E3EO

2O 9%92<O 3,3"$&O 4/)T/O 42+O ),N7993EO ),9%O 3:729)%,O LO

&)3<E),$O9/3O6"33O3,3"$&O4/)T/O),O97",OT%7<EO_3O7+3EO

9%ON<%9O2ON/2+3OE)2$"2;@O h9O T2,O_3O +33,O T<32"<&O 6"%;O

9/3OF)$7"3OBO9/29O2E+%"_3EOKgOT%7<EO_3O6%";3EO29ON%>

93,9)2<+O2_%D3OW@IBO[OHD+@OGg\JO2,EO4%7<EO_3O9/3OE%>

;),2,9O%m)E2,9O +N3T)3+O4/)<+9OKOT%7<EO_3O 6%";3EO29O

N%93,9)2<+O2_%D3OW@YLO[@O

l693"OE393";),),$O9/3O6"33O3,3"$)3+O 6%"OKgO2,EO

OF)$@OIOO\,3"$&ON"%6)<3O6%"OG93NOZO%6O9/3O;3T/2,)+;OE)+T7++3ERO

9/3O9"2,+6%";29)%,O6"%;OK

L

O2,EOKO9%OK

M

@O./3OKO29%;+O

/)$/<)$/93EO),O$"33,O2"3O 9/3O ),93"2T9),$O29%;+O ),O 9/3O

;3T/2,)+;@O./3OhGO+/%4+O+7"62T3OK

L

O2,EOK=O9/3O.GO

+/%4+O9/3OK

L

OE3+%"_3EO4)9/OKO+9)<<O2E+%"_3E=O2,EO9/3O

FGO+/%4+OK

M

O2E+%"_3EO%,O9/3O+7"62T3@

WqY

! !



电 化 学 !"#$

年

%&'()')*+',+-+.)+/',012'(3/'45352-(6+7'89:;'.5<+7(=2

+,&' >*(,+' /?(=7(4,' .(3' 1+' .53,)70.)+/@' A53,?/+7?3='

)*+'-+<+-,'5B'5C?/()?53',)0/?+/&'?)'D(,'B503/')*()',?4?2

-(7')5'!2E1%

!

&')*+'F@G'9:'.5<+7(=+'D(,')*+'5>)?404'

53+'(,'?)'D(,'B574+/'D?)*?3')*+'+C>+7?4+3)(-'(>>-?+/'

>5)+3)?(-'D?3/5D'B57')*+'H?IJ12J3%

!

',6,)+4'8K'!@$'L;@'

!"!"# $%&'()*+,*& -,./*%+ 01 2

#

3045(,*0) 06%4

7*8-9!-)2

!

:;;<=

J)+>,'#'(3/'!'87+(.)?53,'M$'(3/'MN;'*(<+'(-7+(/6'

1++3'/+)(?-+/'(15<+'?3',+.)?53'!@#@O&'(3/'(,',*5D3'?3'

)*+'>*(,+'/?(=7(4'8P?=@'$;')*+,+'D50-/'5..07'D?)*'+(,+'

(B)+7'('>5)+3)?(-'8(15<+'#@G$'L'<,@'JQR'B57',)+>'#'(3/'

#@S!'L'B57',)+>'!;'1+?3='(>>-?+/'(.75,,')*+',07B(.+'5B'

(35/+&')*+7+B57+')*+'4(?3'B5.0,'5B')*?,',+.)?53'D?--'1+'

)*+',)+>,'O'(3/'T&')*+'B574()?53'5B'%

!

'(3/'%

O

@'

!@!@O@#''J)+>'O'

!

U*+'P574()?53'5B'%

!

U*+'-?)+7()07+'7+>57),'.53B-?.)+/')*+57?+,'53'*5D'

,)+>'O'.50-/'5..07@'V)'*(,'1++3',0==+,)+/')*()')*+'B572

4()?53'5B'%

!

'.50-/'5..07'<?(')*+'/?7+.)'?3)+7(.)?53'5B'

)D5' %' ()54,&' D*+7+(,' <(7?50,' =750>,' ,)0/6?3=' )*+'

H?IJ12J3%

!

',6,)+4',0==+,)'%

!

'B574()?53')*750=*')*+'

B574()?53'5B' (3'%

!

Q' ?3)+74+/?()+@'U*+,+' .53B-?.)?3='

7+(.)?53,'.50-/'1+',++3'1+-5DW

!% ! %

!

8(/,;'! %

!

8=(,; 8MXX;

!%Q ! %

!

'Y'!Q

Y

'Y'+ 8M#!;

Z5)*' 5B' )*+,+' >()*D(6,' D+7+' )+,)+/' )5' /+)+74?3+'

D*?.*'>()*D(6'D50-/'1+'B(<57+/@'[>53'/+)+74?3?3='

)*+' VJ&' UJ' (3/' PJ' 5B' +(.*' >()*D(6&' +3+7=6' >75B?-+,'

B57' (--' >()*D(6,' ,)0/?+/'D+7+' .53,)70.)+/' (3/' .542

>(7+/' )5' /+)+74?3+' D*?.*' >()*D(6' D50-/' 1+' >7+2

B+77+/' )*+745/63(4?.(--6@' M+(.)?53,' XX' (3/' X!' (7+'

/?,.0,,+/'?3')D5',+>(7()+',+.)?53,'8!@!@O@!'(3/'!@!@O@'O;@

!@!@O@!''U*+'P574()?53'5B'%

!

'<?('(3'%

!

Q'V3)+74+/?()+

V3')*?,',+.)?53&')*+'B574()?53'5B'%

!

' ?,'/?,.0,,+/'

(,'=5?3=' )*750=*'(3'%Q' ?3)+74+/?()+' (, '5>>5,+/' )5'

)*+'/?7+.)' .541?3()?53' 5B' )D5'%' ()54,'/?,.0,,+/' ?3'

)*+ ' 3+C) ' ,+.)?53' 8! @! @O @O; @ '\B)+7 'Q

!

%'D50-/' *(, '

'P?=@']''95/+-,',*5D?3=')*+'J3%

!

8XX";'B(.+)'/5>+/'D?)*'H?'

(3/'J1'8\;'(3/')*+',(4+',07B(.+'10)'D?)*'(3'5C6=+3'

<(.(3.6'8Z;@U*+'=7+6'()54,'(7+'J3&')*+'>07>-+'?,'J1&'

)*+'1-0+'?,'H?'(3/')*+'=7++3'.?7.-+'7+>7+,+3),')*+'<(2

.(3)',?)+

^OT_

@

'P?=@'$''E-5)'5B'!! 5B'B574()?53'5B',07B(.+'5C?/(3),'(=(?3,)'(>>-?+/'>5)+3)?(-'8<,@'JQR;'53')*+'H?IJ12J3%

!

',07B(.+@'U*+'1-0+'-?3+'

8-?3+'\;'7+>7+,+3),')*+',)(1?-?)6'5B'(/,571+/'%Q'D?)*'>5)+3)?(-'(3/')*+'7+/'-?3+'8-?3+'Z;'7+>7+,+3),')*+',)(1?-?)6'5B'(/,571+/'

%'D?)*'>5)+3)?(-@'U*+'D*?)+'(7+('7+>7+,+3),')*+'>5)+3)?(-'7+=?53'?3'D*?.*'35',07B(.+'5C?/(3),'(7+'>7+,+3)'(3/')*+'1-0+'(7+('

7+>7+,+3),')*+'>5)+3)?(-'7+=?53'D*+7+'%Q'(3/'%'.50-/'1+'B574+/'D?)*')*+'%Q'1+?3=')*+'>7+/54?3(3)',07B(.+'5C?/(3)'()'

(15<+'X@G$'L@

XSF

! !



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

./+%"0123%,4%34513+6"7.813.,23*11,3219"%4%,.41234%

:;<3 ".451"3 45.,36,21"$%),$3 76"451"3219"%4%,.4)%,<3 )43

=%6>23),41".843=)453:37"%?34513+6"7.813&)1>2),$3:

-

;3

.+3.,3),41"?12).41@3

A513 BC3%73 "1.84)%,3=%6>23 *13 .2+%"*123:;3.,23

:<34513AC3=%6>23*13=51"134513:;3.,23:3*1),$38>%+D

1+43*17%"13*%,237%"?.4)%,3 4.E),$39>.81<3 4513 B,41"?1D

2).413FBGH3=%6>2301345137%"?.4)%,3%73:

-

;3.,234513IJ3

=%6>2301345137%"?K4)%,3%73:

-

LK2+MNO

PNPNQNPNR33B,)4).>3C4.413%73B,41"?1/).41

A513BC3),345137%"?.4)%,3%73:

P

;3=%6>/3*13:;3./S

+%"*123%,345134%93+)413"1$)%,3.,23.,3:3.4%?3.2+%"*123

),3 4513 +6"7.813 T.U.,U&3 "17%"?),$3 4513:3 *")2$1N3 A513

%94)?)V1/3*%,/3/)+4.,U13*14=11,345134=%3),41".U4),$3

:3 .,/3 :;3=.+3 WNQXW3 ,?3=)453 .3 4%4.> 3 1,1"$&3 %7 3

SQWRNRY31ZN3

PNPNQNPNP33A".,+)4)%,3C4.413%73B,41"?12).41

A513 $1%?14"&3 %73 4513AC3=.+3 +)?)>."3 4%3 45.43 %73

4513BC<3=)4534513:;3.,23:3*1),$3.2+%"*123%,34513+6"D

7.813L[)$6"13\HN3A513AC3=.+3211?12345135)$51+439%),43

),3 1,1"$&3 014=11,3 4513 4=%3 .2+%"0.41+3 017%"13 0%,23

7%"?.4)%,3%886""),$N3]741"37),2),$34513AC<34513K84)TKD

4)%,31,1"$&38%6>230138K>86>K41236+),$3^_6K4)%,ORP`

!

K84

OaO!

AC

ODO!

BC

OaOLDQWW@RYHODOLDQWR@RbHaR@WRO1c

L^RPH

A51O!

K84

O=K+O8K>86>K412O4%O01OR@OWRO1c@OB,O41"?+O%7O451O

451"?%2&,K?)8+<O 451O 9"%$"1++)%,O 7"%?O BCO 4%O ACO

=%6>2O %886"O +>%=>&<O K+O 451O 5)$51"O 451O 0K"")1"O )+O 451O

+>%=1"O451O"1K84)%,O=)>>O%886"@O

P@P@Q@P@QOO[),K>OC4K41O%7OB,41"?12)K41

A51O[CO)+O451O7%"?K4)%,O%7O:

P

;O),O=5)85O+6"7K81O

:;OK,2O:O7"%?O451OBCO ),41"K84O=)45O1K85O%451"@OA51O

1,1"$&OK++%8)K412O=)45O 45)+O[CO=K+O DQWW@bdO1cO=)45O

451O1,45K>9&O8K>86>K412O6+),$O^_6K4)%,ORQ`

!" aO!

[C

ODO!

BC

aOLDQWW@bdHODOLDQWR@RbHaW@OXPO1c

L^RQH

A5)+O 1,45K>9&O 85K,$1O %7O W@XPO 1cO +6$$1+4+O K,O 1,D

2%451"?)8O"1K84)%,@O[)$6"1O\O+5%=+O45K4O451O[CO=%6>2O

01O>1++O+4K0>1O45K,O451OBC@OB,O%"21"O4%O01O?%"1O+4K0>1O

451O[CO+5%6>2O01O>%=1"O),O1,1"$&O45K,O451OBC@OA51OK"D

"K,$1?1,4O%7O451OBCO)+O:;OK,2O:<O=51"1K+O451O[CO)+O

:

P

;@Oe&O8%?9K"),$O0%45O+4K41+<O451O9%+)4)T1O85K,$1O),O

1,45K>9&O)+O,%4O+6"9")+),$<OK+O451OBCO01),$O?K21O69O%7O

:;OK,2O:O=5)85O K"1O=1>>O E,%=,O ),41"?12)K41+O 45K4O

K"1O"1>K4)T1>&O?%"1O+4K0>1O45K,O451O:

P

;O8%,+)21"12O),O

451O[C<O451O>K441"O=%6>2O01O1f918412O4%O01O>1++O+4K0>1O

),O8%?9K")+%,@O

P@OP@OQ@OP@OXOOA51Og19"%4%,K4)%,O%7O:

P

;

]741"O451O7%"?K4)%,O%7O451O:

P

;O),41"?12)K41O2)+D

86++12O9"1T)%6+>&O),O451OK0%T1O+184)%,<O451O7),K>O+419O

%7O 451O "1K84)%,O =%6>2O 01O 451O 219"%4%,K4)%,O 4%O 7%"?O

:

P

@Oh51O2)771"1,81O ),O1,1"$&O014=11,O 451+1O=K+O8K>D

86>K412<OK,2O),O7K84O)4O=K+O+)?9>&O451O1,1"$&O"1_6)"12O

4%O "1?%T1O KO 9"%4%,O 7"%?O 451O K2+%"0K41@O A51O 1,1"$&O

7%"O451O:

P

;OK+O?1,4)%,12O9"1T)%6+>&O=K+ODQii@bdO1cO

K,2O 451O 1,1"$&O 7%"O :

P

O =K+O 8K>86>K412O 4%O 01O DPjd@X\O

1c@Oh5)+O$)T1+OK,O1,1"$&O2)771"1,81O%7Od@PbO1cO=5)85O

)+O8%,+)21"12O_6)41O>K"$1@Ok9%,O219"%4%,K4),$<O451OK2D

+%"94)%,O1,1"$&OL!

K2+

HO7%"O:

P

OLK2+HO8K,O01O2141"?),12`

!

K2+

L:

P

HaO!

L+6"7K81O:

P

H

DO!

L8>1K,O+6"7K81H

D!!L:

P

HOa

LDPjd@djHDOLDP\X@jYHDOLDj@\dHaODi@b\O1c L^RXH

h51O !

K2+

O =K+O 8K>86>K412O K4O Di@b\O 1c@O h5)+O +5%=+O KO

+4"%,$O),41"K84)%,O014=11,O451O+6"7K81OK,2O451OK2+%"D

0K41<O"1+6>4),$O),OKO+4K0>1O:

P

OK2+%"0K41@O]741"O8K>86>K4D

),$O 451O "1K84)%,O +419O +5%=,O ),O^_6K4)%,O RP<O KO 8%?D

9K")+%,O=)45O451O2)"184O7%"?K4)%,O%7O:

P

O=K+O8K>86>K4D

12<OK,2O)+O2)+86++12O),O451O,1f4O+184)%,@O

O[)$@O\OO^,1"$&O9"%7)>1O7%"OC419OQO%7O451O?185K,)+?O2)+86++12`O

451O7%"?K4)%,O%7OK,O:

P

;O),41"?12)K41O7"%?O:;OLK2+HO

K,2O:LK2+H@Oh51O:OK4%?+O5)$5>)$5412O),O$"11,OK"1O451O

),41"K84),$O K4%?+O ),O 451O ?185K,)+?@O h51O BCO +5%=+O

451O K2+%"012O :;O K,2O :<O 451O hCO +5%=+O 0%45O 451+1O

K4%?+O ),O KO 8>%+1"O9"%f)?)4&O 4%O %,1O K,%451"<O K,2O 451O

[CO+5%=+O0%45OK4%?+O0%,212O 4%O 7%"?OK,O:

P

;O ),41"D

?12)K41@

RjR

! !



电 化 学 !"#$

年

%&'()#)*+,,-'./)0

!

)&11&23/4/25,)&26)57/-1)&,,+8-&5/6)/2/13-/,

)9-3():));2/13<)=1+>-./)>+1)?5/=)@)+>)57/)4/87&2-,4)6-,8A,,/6B)

57/)>+14&5-+2)+>),A1>&8/)0

!

)>1+4)5C+)&6,+1'/6)+D<E

3/2)&5+4,()%7/)0)&5+4,)7-37.-375/6)-2)31//2)&1/)57/)

-25/1&85-23) &5+4,) -2) 57/) 4/87&2-,4() %7/) F?) ,7+C,)

57/)&6,+1'/6)0)&26)'1-63-23),A1>&8/)0G)57/)%?),7+C,)

'+57)57/,/)&5+4,)-2)&)8.+,/1)=1+D-4-5<)5+)+2/)&2+57H

/1G)&26)57/)9?),7+C,)'+57)&5+4,)'+26/6)5+)>+14),A1H

>&8/)0

!

I@JK

(

!(!(@(@))L-1/85)9+14&5-+2)+>)0

!

)M-&)57/)F25/1&85-+2)+>)

%C+)0)N5+4,

F2O 57-,) 8&,/) 57/) F?) C+A.6) '/) 5C+) ,A1>&8/) &6H

,+1'/6)0)&5+4,G)57/)%?)C+A.6)'/)57/)5C+)&6,+1'/6)0)

&5+4,)-2)8.+,/1)=1+D-4-5<)5+)+2/)&2+57/1)'/>+1/)'+26)

>+14&5-+2G)&26)57/)9?)C+A.6)'/)0

!

P&6,Q()N>5/1)8&.8AH

.&5-23) ,5&'./) 8+2>-3A1&5-+2,) >+1) /&87) +>) 57/,/) 571//)

,5&5/,G)&2)/2/13<)=1+>-./)C&,)8+2,51A85/6)P9-3A1/):Q()

!(!(@(@(#))F2-5-&.)?5&5/)+>)R/&85-+2

%7/) F?)+>) 1/&85-+2)C&,) 5C+)0)&5+4,)&6,+1'/6G)

C-57)+2/)+2)57/)5+=),-5/)&26)57/)+57/1)+2)57/)+D<3/2)

M&8&28<) ,-5/() %7/) '+26) 6-,5&28/) '/5C//2) 57/,/) 5C+)

&5+4,) C&,) S(@@T) 24() %7/) 4+,5) ,5&'./) &11&23/4/25)

7&6)&)5+5&.)/2/13<)+>)H!:U()SV)/W()

!(!(@(@(!))%1&2,-5-+2)?5&5/)+>)R/&85-+2

%7/) %?) +>) 1/&85-+2) -2M+.M/6) 57/) 5C+) 0) &5+4,)

>1+4) 57/) F?) 3/55-23) 8.+,/1) -2) /2/13<) 5+) +2/) &2+57/1)

'/>+1/) '+26) >+14&5-+2() %7/) =1+31/,,-+2) >1+4) F?) 5+)

%?)C&,)6//4/6)57/)&85-M&5-+2)/2/13<)P!

&85

Q)&26)C&,)

8&.8A.&5/6)'/.+CB

!

&85

)X)!

%?

H)!

F?

XPH!:J(Y$QH)PH!:U(S#QXS()@J)/W

P;#UQ

%7/)!

&85

)8&.8A.&5/6)C&,)+2.<)S(@J)/W()%7/14+6<2&4-H

8&..<)57/)=1+31/,,-+2)>1+4)F?)5+)%?),7+A.6)+88A1)C-57)

/&,/()Z7/2)8+2,-6/1-23)57/)7-37)=+5/25-&.)P!($)WQ)A,/6)

/D=/1-4/25&..<G)57-,),7+C,)>A157/1)&31//4/25)57&5)57/)

1/&85-+2)C+A.6)=1+8//6)/&,-.<()

!(!(@(@(@))9-2&.)?5&5/)+>)R/&85-+2

%7/) 9?) +>) 57/) 1/&85-+2) C&,) 57/) >+14&5-+2) +> )

0

!

P&6,Q()%7-,)+88A11/6)M-&)57/)-25/1&85-+2)+>)57/)5+=)

,-5/)&26)'1-63-23)0)&5+4,)>1+4)57/)F?()%7/)3/+4/51<)

+1),A1>&8/)&11&23/4/25)+>)57-,)0

!

)C&,)+>)=&15-8A.&1)-2H

5/1/,5)-2)57-,),5/=()%7/)6->>/1/25)0

!

)&11&23/4/25,)5/,5H

/6)&1/),7+C2)-2)%&'./)VB

0A5)+>)57/,/)>-M/)8+44+2),A1>&8/)&11&23/4/25,G)

+2.<)57/)'1-63-23)&26)/26H+2)&11&23/4/25,)C/1/)6//H

4/6) ,A-5&'./) &,)=+,,-'./)9?

!

,) >+1)?5/=) @) &,) 57/) 1/,5)

C+A.6)7&M/)6/,+1'/6()

%7/)/257&.=<)>+1)/&87)+>)57/,/)8&2)'/)8&.8A.&5/6)

A,-23);[A&5-+2) VYG)C-57) 57/) 6&5&) '/-23) =1/,/25/6) -2)

%&'./)!B

!" X)!

9?

)H)!

F?

P;VYQ

%&'./)!),7+C,)57&5)57/)/26H+2)&11&23/4/25)C&,)

4+1/) ,5&'./) 57&2) 57/) '1-63-23) &2&.+3A/G) -5) -,G) 57/1/H

>+1/G)-4=+15&25)5+)&661/,,)C7<)57/)'1-63-23)&2&.+3A/)

C&,)A,/6()F2)?5/=)JG)&>5/1)8+A=.-23)57/,/)5C+)&11&23/

4/25,)C-57),A1>&8/)0\0]G) -5)C&,) >+A26) 57&5) 57/) >+1H

4&5-+2) +>)0

@

)C+A.6) +2.<) +88A1) 571+A37) 57/) -25/1&8H

0

!

)&11&23/4/25 ;2/13<\/W

^1-63-23 H!:U(JT

%+=O,-5/ L/,+1'/6

;26H+2 H!:U(Y"

L-,-34& L/,+1'/6

_1->>-57, L/,+1'/6

%&'(O!O%7/O/257&.=<O87&23/,O-2O'+57O57/O'1-63-23O&26

/26H+2O3/+4/51-/,

0

!

O&11&23/4/25 ;257&.=<O87&23/P!"Q\/W

^1-63-23

;26H+2

H"(J$

H"(Y"

V:!

! !



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

.)%,/%0'*")1$),$'2

-

/3).4/+5"067#/2829:/;,/.4</=>+</%0/

<, ?@%,A' B

C

' 0%"D>.)%,' ?%<+' ,%.' %==5"E' 4)$4F)$4.),$/

.4>./.4<+</=>.>F&+.+/=%5F?/G</+<F<=.)H<I/

J,/<,.4>FK&/%0/LMI/NOP<Q/0%"/G")?$),$/B

R

/=%""<L

+K%,?+/ .%/>/ST/ .46./ )+/D%"#/ +.6*F#/ ),/ 7%DK6")+%,/ .%/

.4#/ UTI/ V4</ "<67.)%,/ 7%5F1/ *</ 1<<D<1/ +K%,.6,<%5+/

6,1/ <W%.4<"D)7:/J+/2

R

/ )+/ 6/ +.6*F</D%F<75F<A/ .4</!

61+

X2

R

Y/76,/6F+%/*</76F75F6.<?Z

!

6?+

/X2

R

Y[/!

X+5"06=</2

R

Y

L/!

X=F<6,/+5"06=<Y

L/!X2

R

Y/[

XLR\]IN^YLPXLR^N:\_YLPXL\:^]YP[PLM:_^P<Q X`aOY

b4<P>?+%"K.)%,P<,<"$&P3>+P=>F=5F>.<?P>.P Lc:P _^P

<Q:P b4)+P +5$$<+.+P >P +)$,)0)=>,.P ),.<">=.)%,P 3).4P .4<P

+5"0>=<AP05".4<"P4)$4F)$4.),$P.4<P+.>G)F).&P%0P2

R

:PJ+P.4<P

!

>=.

P )+P ),P0>=.PF%3<"P.4>,P.4<P>?+%"K.)%,P%0P2

R

PX<++<,L

.)>FF&P.4<P>=.)H>.)%,P<,<"$&P0%"P2

R

P?<+%"K.)%,YAP.4<P2

R

P

=%5F?P "<D>),P >?+%"G<?P F%,$P <,%5$4P .%P ),.<">=.P3).4P

2X>?+YP),PT.<KPNPX+<<PG<F%3Y:P

R:PR:Pd:PNPPT.<KPNP

"

e%DK>"),$Pf>.43>&+P0%"P.4<PS%"L

D>.)%,P%0P2

d

U.P)+P),PT.<KPNP34<"<P>$>),PF)g<PT.<KPdP.4<P0%"D>L

.)%,P%0P2

d

P=%5F?P%==5"P.4"%5$4P<).4<"P>,P29P),.<"D<L

?)>.<P%"P>,P2P>.%DP>+P+4%3,P),Ph<>=.)%,+PadP>,?PaNZ

2

R

PiP2 ! 2

d

XhadY

29 iP2

R

! 2

d

9P! 2

d

XhaNY

j.<KPNAP .4<P0%"D>.)%,P%0P2

d

P )+P .4<PD%+.P?)00)=5F.P +.<KP

),P.4<P"<>=.)%,P+<")<+:P2

R

P )+P .4<"D%?&,>D)=>FF&PD%"<P

+.>GF<P.4>,P2

d

P>,?P.4<P"<>=.)%,PD5+.P4>H<P>P4)$4P%H<"L

K%.<,.)>FP 0%"P2

R

P 0%"D>.)%,P .%P %H<"=%D<P .4)+P .4<"D%L

?&,>D)=PG>"")<":Pk%.4Ph<>=.)%,+PadP>,?PaNP+4%3P?)0L

0<"<,.PK>.43>&+P),P.4<P0%"D>.)%,P%0P2

d

:Pj<=.)%,PR:R:d:]P

3)FFP 0%=5+P%,P <WKF>),),$P .4<P "<+5F.+P 0%5,?P 0%"Ph<>=L

.)%,P adP >,?P j<=.)%,P R:R:d:_P 4)$4F)$4.+P .4<P "<+5F.+P

0%5,?P0%"Ph<>=.)%,PaN:P

R:R:d:]PPb4<Pl)"<=.PS%"D>.)%,P%0P2

d

PH)>P.4<Pe%5KF),$P

%0P2

R

P>,?P2

R:R:d:]:aPPj.<KPa

"

b4<PJ?+%"K.)%,P%0P29

U,Pj.<KPNAP2

R

P),.<">=.+P3).4P2X>?+YP.%P0%"DP2

d

P

Xh<>=.)%,PhadY:P b4<P2P )+P +%5"=<?P 0"%DP .4<P >?+%"KL

.)%,P%0P29PX0"%DP<F<=."%F&.<YP>,?P).+P?<K"%.%,>.)%,P.%P

2:P

b4)+P29P=%5F?PG<P>?+%"G<?P%,P<).4<"P.4<P.%KP+).<P

%"P G")?$),$P "<$)%,:PmK%,P=>F=5F>.)%,P%0P G%.4AP ).P3>+P

0%5,?P.4>.P.4<P29PK"<0<""<?P.%P>"">,$<P%,P.4<P.%KP+).<P

3).4P >P .%.> FP <,<"$&P %0P LdcN:\\P <QP >+P %KK%+<?P .%P

LdcN:^cP<QP34<,PG")?$<?:P

R:R:d:]:RPPj.<KPR

"

b4<Pl<K"%.%,>.)%,P%0P29P.%PS%"DP

2

J0.<"P+5==<++05FP>?+%"K.)%,P%0P29P.%P.4<P+5"0>=<AP

.4<P29PD5+.P5,?<"$%P?<K"%.%,>.)%,P .%P 0%"DP +5"0>=<P

2:Pn).4P <>=4P ?<K"%.%,>.)%,P .4<"<P 3>+P >P o)GG+P 0"<<P

<,<"$&Pp!"

"W,

YP.4>.P=%5F?PG<P=>F=5F>.<?:Pb4)+P3>+P5+<?P

.%P?<.<"D),<P.4<PD),)D5DP>KKF)<?PK%.<,.)>FP"<q5)"<?P

0%"P.4<P?<K"%.%,>.)%,P.%P%==5"Z

!"

"W,

P[P"X2YPiP"X9

i

iP<YPLP"X29YP[PXLR\\:a^YPi

XLd:NNYLPXLdcN:]^Y[Pa:\_P<Q X`a^Y

`q5>.)%,Pa^P+4%3+P.4<Po)GG+P0"<<P<,<"$&P=>F=5L

F>.<?P0%"P.4<P?<K"%.%,>.)%,P%0P29PG<),$Pa:\_P<Q:Pb4)+P

+5$$<+.+P.4>.P>PD),)D5DP>KKF)<?PK%.<,.)>FP%0Pa:\_PQP

3%5F?P G<P "<q5)"<?P 0%"P .4<P +<=%,?P ?<K"%.%,>.)%,P .%P

.>g<PKF>=<:Pb4)+P+<<D+P+F)$4.F&P4)$4<"P.4>,P.4<P<WK<")L

D<,.>FP%,+<.PK%.<,.)>FAPG5.P+.)FFP3<FFP3).4),P .4<P<F<=L

."%=4<D)=>FP3),?%3P%0P+.5?&PXR:OPQYP0%"Pr)8jGLj,2

R

:P

R:R:d:]:dPPj.<KPd

"

b4<Ph<>=.)%,P%0P2

R

X>?+YP>,?P2

X>?+YPS%"D),$P2

d

X>?+Y

b4<PUjP)+P2

R

X>?+YP>,?P2X>?+YAP.4<PbjP)+P.4<PK%),.P

),P34)=4P2

R

X>?+YP>,?P2X>?+YP)+P4)$4<+.P),P<,<"$&PF<H<FP

G<0%"<PG%,?P0%"D>.)%,P.>g),$PKF>=<P>,?P.4<PSjP)+P2

d

X>?+Y:P

R:R:d:]:d:sPPU,).)>FPj.>.<P%0Pt<>=.)%,

b4<PUjP%0P.4<P"<>=.)%,P)+P2

R

PX>?+YP>,?P2PX>?+Y:Pb4<P

%K.)D)u<?PG%,?P?)+.>,=<PG<.3<<,P .4<+<P .3%P )+Pc:dd]P

,DP>,?P.4<P.%.>FP<,<"$&P%0P.4<P+&+.<DP)+PLR\\:R\P<Q:P

R:R:d:]:d:RPPb">,+).)%,Pj.>.<P%0Ph<>=.)%,

U,P .4)+P +.<KAP .4<PbjP3%5F?P G<P +)D)F>"P .%P .4<P UjP

3).4P2

R

P>,?P2PG%.4P+.)FFP>?+%"G<?P.%P.4<P+5"0>=<AP3).4P

>P+.>.<P.4>.P3>+PF%3<"P),P<,<"$&P.4>,P.4<PUjP34)F+.P,%.P

G<),$PG%,?<?:PJ0.<"P=>F=5F>.),$P>P+.>GF<P$<%D<."&P0%"P

bjP.4<P>=.)H>.)%,P<,<"$&P0"%DPUjP.%PbjP=>,PG<P=>F=5L

F>.<?Z

!

>=.

P[P!

bj

LP!

Uj

P[PXLR\^:]RYLPXLR\\:R\Y[Pc:POOP<Q

X`a\Y

`q5>.)%,Pa\P+4%3+P .4>.P .4<P!

>=.

P3>+P=>F=5F>.<?P .%PG<P

c:OOP <Q:P b4)+P +5$$<+.+P .4>.P .4<P "<>=.)%,P 3%5F?P G<P

+F%3P >.P "%%DP .<DK<">.5"<AP >+P .4<P 4)$4<"P .4<P!

>=.

P .4<P

+F%3<" P .4<P"<>=.)%,: Pb>g),$P),.%P=%,+)?<">.)%,P.4>.

.4<P<WK<")D<,.>FF&P>KKF)<?PK%.<,.)>FP3>+PR:OPQAP.4)+

a\d

! !



电 化 学 !"#$

年

%&'()*+ *,-./+ 0&/+ ,/120-'3+ 0'+ 2'45)/0-'367 895/,-4/3

01)):;+ 0&-%+ ,/120-'3+ <1%+ ,(3+ -3+ 1=(/'(%+ /)/20,'):0/;+

0&/,/>',/;7 0&/7<10/,7 %01?-)-@10-'37 />>/207 *-%2(%%/*7 ?:7

A1.131B&7/071)C7

DEFG

7<'()*7)'</,70&-%7?1,,-/,7>(,0&/,C7H07

%&'()*7 ?/7 3'0/*7 0&107 0&/7 120-.10-'37 ?1,,-/,7 >',7 B1%7

5&1%/7I

J

7>',410-'37<1%7'3):7%)-B&0):7&-B&/,70&1370&/7

1*%',50-'37/3/,B:7-37K0/57J7L0&/7/3/,B:7 >',7*/%',5M

0-'37 '>7I

!

N;O ->+ 01P-3B+0&/+&-B&+155)-/*+5'0/30-1)+13*+

0&/+<10/,+%01?-)-@-3B+/>>/20;+0&/+?1,,-/,+<'()*+?/+2'3M

%-*/,1?):+ )'</,+ ->+ 4'*/))/*+ 1%+ 1+ )-=(-*+ 5&1%/+ ,/12M

0-'3;+ %(BB/%0-3B+ 1+ >/1%-?)/+ 5,'2/%%+ 0'+ '22(,+ 10+ ,''4+

0/45/,10(,/C+

!C!CJCQCJCJ++R-31)+K010/+'>+S/120-'3

T&/+ RK+ '>+ K0/5+ E + -3.')./%+ 0&/+ >',410-'3+ '> +

I

J

U1*%VC7T&-%701P/%75)12/70&,'(B&70&/72'(5)-3B7'>7I

!

7

13*7I7 U,/120-'37S#JVC7T&/7/30&1)5:7'>7,/120-'37>,'47

HK70'7RK72137?/721)2()10/*7(%-3B7/=(10-'37!WX

!! Y7"

RK

M7"

HK

7Y7UM!FFCJEVM7UM!FFC!FVY7M"C"Q7/Z

U8!WV

T&/7/30&1)5:72&13B/7<1%7'3):7107MWCWQ7/Z;7%(BB/%0-3B7

17%)-B&0):74',/7>1.',1?)/7RK7 UR-B(,/7#WVC7T&-%7-%73'07

%(,5,-%-3B7 1%;7 I

!

7 -%7 0&/,4'*:314-21)):7 4',/7 %01?)/7

0&137I

J

;713*7 0&/,/>',/7 0&/7I

J

7 -%7 )-P/):7 0'7*/2'45'%/7

?12P70'7I

!

713*7I7.-170&/7,/./,%/75,'2/%%C7T&-%7-%7<&:7

17&-B&7'./,5'0/30-1)7-%7,/=(-,/*7/95/,-4/301)):7>',7I

J

7

>',410-'3C7 T&,'(B&7 0&-%7 &-B&7 './,5'0/30-1);7 0&/7 I

!

7

%-0/%7<'()*7 ?/7 -3&-?-0/*7 13*7 &/32/7 5,'4'0/7I

J

7 >',M

410-'3;70&/,/>',/7%0'55-3B70&-%7*/2'45'%-0-'3C7

H371**-0-'370'70&/7!!;70&/7"

1*%

UI

J

V72137?/721)2(M

)10/*7 0'7 */0/,4-3/7 -0%7 %01?-)-0:7 '37 0&/7 %(,>12/C7 T&-%7

<1%712&-/./*7?:74/1%(,-3B70&/7%0,/3B0&7'>71*%',50-'37

'>7I

J

70'70&/7%(,>12/X

"

1*%

UI

J

V7Y7"

U%(,>12/7I

J

V

M7"

U2)/137%(,>12/V

M7"UI

J

V7Y7UM!FFCJEVM7

UM![ECF\VM7UM#JCQWVY7MWC[[7/Z U8!#V

]37"

1*%

UI

J

V7.1)(/7'>7 MWC[[7/Z7%(BB/%0%717%0,'3B71*

%',50-'37 0'7 0&/7 %(,>12/7 13*7 2'3%/=(/30):7 %01?)/7 1*M

%',50-'37'370&/7%(,>12/C7^'</./,;O->O0&/O2'./,1B/O13*O

/30,'5:O2&13B/%O>',O 0&/O1*%',50-'3O</,/O2'3%-*/,/*;O

0&/O.1)(/O<'()*O?/O,/*(2/*O0'O1,'(3*OMWC_QO/ZO10O0&/O

%013*1,*O%010/%

DJEG

;O:-/)*-3BO1O4(2&O</1P/,O1*%',50-'3O

0'O0&/O%(,>12/CO

`&/3O)''P-3BO4',/O2)'%/):O10OR-B(,/O_W;O-0O213O

?/O%//3O0&10O0&/O%(,>12/O4/2&13-%4O>',OI

J

O>',410-'3O

'22(,%O 0&,'(B&O 1O a13B4(-,M^-3%&/)<''*O -30/,120-'3O

-3O<&-2&O?'0&OI

!

O13*OIO1,/O%(,>12/O1*%',?/*O%5/2-/%CO

T&/%/O 1*%',?/*O %5/2-/%O -30/,120O <-0&O /12&O '0&/,O

>',4-3BO I

J

O '3O 0&/O %(,>12/O ?/>',/O */%',?-3BO 1%O

B1%/'(%OI

J

CO

!C!CJC\OOT&/OR',410-'3O'>OI

J

O.-1O13OI

J

^OH30/,4/*-10/

H3O 0&-%O 4/2&13-%0-2O %0/5O 13O I

J

^O -30/,4/*-10/O

<'()*O?/O>',4/*O?/>',/O*/5,'0'310-3BO0'O5,'*(2/OI

J

CO

T&/O ,10-'31)/O >',O 21)2()10-3BO 0&-%O <1%O 0'O */0/,4-3/O

<&/0&/,O',O3'0O 0&/O5'-30O10O<&-2&O*/5,'0'310-'3O'2M

2(,%O &1%O 13O />>/20O '3O 0&/O ,/120-'3O P-3/0-2%O 0&,'(B&O

21)2()10-3BO0&/O120-.10-'3O?1,,-/,O'>O0&-%OI

J

^O-30/,4/M

*-10/COT&,'(B&O 0&/O1*%',50-'3O'>OI^;O 1%O*-%2(%%/*-3O

K/20-'3O!C!CJCQC_;O0&/O%(,>12/O1*%',?10/%O5,/%/30O</,/O

I

!

L1*%VO13*OI^L1*%VCOb,/.-'(%):;O0&-%OI^O<1%O>(,0&/,O

*/5,'0'310/*O0'OIL1*%V;O&'</./,;O-3O0&-%O21%/O*-,/20O

-30/,120-'3O'>OI

!

O13*OI^O</,/O0/%0/*O<-0&'(0O*/5,'M

0'310-'3CO

!C!CJC\C_OOT&/OH30/,120-'3O'>OI

!

L1*%VO13*OI^L1*%VOR',M

4-3BO13OI

J

^OH30/,4/*-10/

T&-%O510&<1:O-3.')./%O0&/O-30/,120-'3O'>OI

!

L1*%VO

>,'4OK0/5O JO 13*OI^O B/3/,10/*O >,'4O 1*%',?/*O^

!

ICO

T&/O 5,/.-'(%):O *-%2(%%/*O 510&<1:O %&'<%O 0&/O *-,/20O

>',410-'3O'>OI

J

O0&,'(B&O0&/O*/5,'0'310-'3O'>OI^O13*O

%(?%/=(/30O -30/,120-'3O <-0&O I

!

O >',4-3BO I

J

CO H3O 0&-%O

OR-BCO_WOO83/,B:O5,'>-)/O>',OK0/5OEO'>O0&/O4/2&13-%4O*-%2(%%/*XO

0&/O 0,13%>',410-'3O >,'4O I

!

O 13*O IO 0'O I

J

CO T&/O IO

10'4%O&-B&)-B&0/*O-3OB,//3O1,/O0&/O-30/,120-3BO10'4%O

-3O0&/O4/2&13-%4CT&/OHKO%&'<%O0&/OI

!

L1*%VO13*OI

L1*%V;O 0&/O TKO %&'<%O ?'0&O 0&/%/O 10'4%O -3O 1O 2)'%/,O

5,'9-4-0:O 0'O '3/O 13'0&/,;O 13*O 0&/O RKO %&'<%O ?'0&O

10'4%O?'3*/*O0'O>',4O%(,>12/OI

J

DJEG

C

_FE

! !



!"#$%"&'()*+%,

等! 绿色电化学水分解法制备臭氧!机理研究第
-

期

+#./)%,01,'2//345/061+0417301/0 81""&),$0%9/0 /:3073;

5"%/%,1/)%,0 1</3"0 /:30 ),/3"18/)%,0 %<0 =

-

0 1,70 =>0 /%0

<%"401,0=

?

>0),/3"437)1/3@0

A5%,0 81B.9B1/)%,0 )/0 61+0 <%9,70 /:1/0 ),0 31.:0 ),;

+/1,.30 /:30=

?

>07)++%.)1/370*1.C0 /%0=>01,70=

-

D0 +9$;

$3+/),$0/:1/0/:3+3017+%"*1/3+05%++3++010$"31/3"0+/1*)B);

/&06:3,0.%451"3706)/:0=

?

>@0E93'/%'/:3'),+/1*)B)/&'%<'

/:3'=

F

>0),/3"437)1/301,70/:309,B)C3B):%%70/:1/0/:30"3

18/)%,06%9B70 5"383730 G)10 /:)+0 51/:61&H' ,%' <9"/:3" '

81B89B1/)%,+' 63"3' 81"")37' %9/I' J:30 <32+)K)B)/&0 %<0 2,0

=

F

>0 ),/3"437)2/30 +:%9B70K308%,+)73"370K&0 ),8B97),$0

+%4303L53")43,/1B051"143/3"+0M/3453"2/9"3NO3B38/"%BP

&/3' <B%6' "2/3N' 5%/3,/)2BQI' >%6#G#"N' 1+' /:#+#' .1B.9B1P

/)%,+'5"%G#R0#L/#,+)G#0 1,R0*#&%,R0 /:#0 +.%5#0%<0 /:)+0

515#"N0/:#&06#"#0,%0B%,$#"0B%%C#R01/0),0R#/1)B06)/:0"#P

$1"R+0 /%0 /:)+0 +/9R&0 1,R0 <9"/:#"0 "#+9B/+0 6)BB0 *#0 R)+P

.9++#R0),0<9/9"#059*B).1/)%,+I0

!" # $%&%'()& *+&,-,&(. /0'0+&,-,&(. 1,20&,30

%45 6070408%&,94

J%0 R#G#B%50 1,0 #<<).)#,/0 .1/1B&+/N0 ),0 1RR)/)%,0 /%0

:)$:0 1./)G)/&0 1,R0 $%%R0 +#B#./)G)/&N0 /:#0 B)<#/)4#049+/0

1B+%0*#0.%,+)R#"#RI0S%"010.1/1B&+/0/%0:1G3010B%,$0B)<3P

/)43N0 )/049+/0 *30 1*B30 /%0 "3$3,3"1/30 )/+3B<I0 J:)+0 )+0 1,0

1"310/:1/0"3T9)"#+0<9"/:#"0"#+#1".:06)/:0"#$1"R+0/%0/:#0

#B#./"%.:#4).1B0%U%,#05"%R9./)%,0 MV=WX0 345B%&),$0

/:30 Y)Z[*P[,=

\

0 1,%73+0 6:)8:0 :1G30 *33,0 <%9,70 /%0

5%++3++0104%73"1/30B)<3/)43I0]%%C),$01/0VT91/)%,0\^HO

6:)8:O +:%6+O /:3O!

17+

M=

F

X H O )/ O 81,O *3O +33,O /:1/ O /:3O

81B89B1/37OG1B93O%<O17+%"5/)%,O3,3"$&O<%"O=

F

OM1/OB%63"O

8%G3"1$3HO*3<%"3O /1C),$O188%9,/O%<O8%G3"1$3O1,7O3,P

/"%5&O3<<38/+XO61+OP_IO``O3aHO+9$$3+/),$O2O+/"%,$O27P

+%"5/)%,O/%O /:3O+9"<283IOJ:)+O )+O5"%KB342/)8O2+O ),O%"P

73"O/%O),8"32+3O/:3OB)<3/)43HO:3"3K&O42C),$O/:3O2,%73O

"3$3,3"2KB3HO /:)+O 27+%"K37O =

F

O 49+/O K3O 32+)B&O 7)+P

5B2837O<"%4O/:3O+9"<283HO<"33),$O95O/:3O28/)G3O+)/3+O<%"O

8%,/),9),$OV=WIOb:3,O/"&),$O/%O73+%"KO/:3O=

F

O9+),$O

cSJO4%73BB),$HO)/O62+O<%9,7O/:2/O/:3O=

F

O5"3<3""37O/%O

"327+%"KO %,/%O /:3O +9"<283HO "32<<)"4),$O )/+O +/2K)B)/&IO

J:)+O<),7),$O+9$$3+/+O/:2/O5"28/)82BB&HO63O42&O,337O/%O

),8"32+3O /:3O42++O /"2,+5%"/O /%O "34%G3O /:3O 5"%79837O

+9"<283O%U%,3HOK&O345B%&),$O<B%6),$O3B38/"%B&/3O%"OK&O

),8"32+),$O/:3O<B%6O"2/3O%<O8)"89B2/37O3B38/"%B&/3O+%B9;

/)%,IO J:)+O cSJO +/97&O 7%3+O :)$:B)$:/O /:3O "328/)%,O

438:2,)+4+HO 2,7O $)G3+O 2,O ),+)$:/O ),/%O /:3O "328/)%,O

K2"")3"+O2,7O+/2K)B)/&O%<O27+%"K37O+538)3+O/:"%9$:O/:3O

82B89B2/)%,O %<O !

28/

O 2,7O !

27+

IO >%63G3"HO 4%"3O +538)<)8O

3L53")43,/2BO <28/ %"+O +98:O 2+O 255B)37O 5%/3,/)2BO 2,7O

<B%6O"2/3O:2G3,%/OK33,O3L24),37O),O73/2)B+O6)/:),O/:3O

+8%53O%<O/:)+O+/97&IOY3G3"/:3B3++HO=

\

O)+O/:3"4%7&,24;

)82BB&O4%"3O+/2KB3O/:2,O=

F

HO2,7O/:3"3<%"3HO=

F

O)+OB)C3B&O

/%O738%45%+3OK28CO /%O=

\

O2,7O=OG)2O /:3O "3G3"+3O5"%;

83++IOJ:)+O)+O6:&O2O:)$:O%G3"5%/3,/)2BO M3I$IOHOd\I_OaO

G%B/2$3XO)+O"3T9)"37O3L53")43,/2BB&O<%"O=

F

O<%"42/)%,IO

J:"%9$:O/:)+O:)$:O%G3"5%/3,/)2BHO/:3O=

\

O+)/3+O6%9B7OK3O

),:)K)/37O 2,7O :3,83O =

F

O <%"42/)%,O 6%9B7O 5"%4%/3HO

/:3"3<%"3HO +/%55),$O /:)+O 738%45%+)/)%,O 2,7O &)3B7),$O

:)$:O=

F

O+3B38/)G)/&OM89""3,/O3<<)8)3,8&XIOeB/:%9$:O:)$:;

3"OG%B/2$3+O6)BBO:2G3O2O5%+)/)G3O3<<38/O%,O/:3O=

F

O+3B38;

/)G)/&HO/:3O+/2K)B)/&O%<O/:3O82/2B&+/O42&O+9<<3"HO2+O2O"3;

+9B/HO /:3O %5/)494O%53"2/)%,O G%B/2$3O M3I$IHO \IfOaXO )+O

8%,+)73"37O+9)/2KB3O/%OK2B2,83OK%/:O+)73+O),O/:3O255B);

82/)%,+@Og/O+:%9B7O2B+%OK3O,%/37O/:2/O/:)+O+/97&O8%,+)7;

3"+O/:3O$2+O5:2+3O"328/)%,HO6:3"32+O3L53")43,/2BB&O2,O

2T93%9+O 28)7)8O 3B38/"%B&/3O )+O 345B%&37@O =,3O <),2BO

/:),$O /%O K3O 8%,+)73"37O )+O /:2/O /:)+O +/97&O +:%6+O /:3O

+9883++<9BO <%"42/)%,O %<O 2O +),$B3O=

F

O4%B389B3O %,O /:3O

Y)Z[K;[,=

\

HO6:3"32+O6:3,O "9,O 3L53")43,/2BB&O /:3"3O

42&OK3O49B/)5B3O=

\

O2,7O=

F

O4%B389B3+O2B%,$O6)/:O%/:;

3"O=>O2,7O=O),/3"437)2/3+O%,O/:3O+9"<283O2/O /:3O%,3O

/)43@Oe+O2O"3+9B/O /:3"3O6)BBOK3O3B38/"%+/2/)8O"359B+)%,O

K3/633,O/:3O8%453/),$O27+%"K2/3+O:3"3),O632C3,),$O

/:3O=

F

O 27+%"5/)%,O 2,7O B327),$O /%O /:3O +9883++<9BO 73+;

%"5/)%,O%<O=

F

@OJ2C),$O2BBO%<O/:3+3O),/%O288%9,/O2,7O/:3O

:)$:O89""3,/O3<<)8)3,8&OM3@$@HOh_iX0G1B9#+0"#5%"/#RH0/:#0

%5/)4940 Y)Z[*;[,=

\

0 .1/1B&+/0 .1,0 .B#1"B&0 "#5"#+#,/0

%,#0 /:1/0 )+0 "#$#,#"1*B#01,R061""1,/+0 <9"/:#"06%"C0 /%0

*#0R%,#0*%/:0#L5#")4#,/1BB&01,R0/:#%"#/).1BB&0/%0R)+;

.%G#"0,#604#/:%R+0%<0),."#1+),$0/:#0%G#"1BB0B)<#/)4#I0

# $94+':),94)

J:#0#B#./"%.:#4).1B0%U%,#05"%R9./)%,0MV=WX0G)10

61/#"0 +5B)//),$0 "#1./)%,+0 :1+0 1//"1./#R0 ),."#1+),$0 ),;

/#"#+/+H0/:1,C+0/%0/:#05"%4)+),$05%/#,/)1B0%<0%U%,#01+0

10$"##,0%L)R1,/0<%"041,&09+#<9B0155B).1/)%,+0+9.:01+0

1RG1,.#R0 %L)R1/)%,0 5"%.#++#+0 <%"0 61/#"0 /"#1/4#,/H0

6)/:0 /:#0 4%+/0 #<<).)#,/0 .1/1B&+/+0 R#G#B%5#R0 #L5#");

4#,/1BB&0 *#),$0 !;W*=

\

0 1,R0 Y)Z[*;[,=

\

I0 =9"0 ),)/)1B0

^jh

! !



电 化 学 !"#$

年

%&'()*+),+*-./01(/0(-2313(141-35167*1(*(8.91-(*--35:-(

89/5(*(-23/93-.)*+(:391:3)-.;3<(:9/;.=3=(*0(.01.>2-7.0-/7

-237 )/5:+3?.-47 /87 3+3)-9/)*-*+41.17 .0;/+;3=@7 -237 :93A

83993=71,98*)378*)3-7*17*78,0)-./07/87.-171-*B.+.-472*;37

B330712/C0<7-2373?:3)-3=7+3;3+17/871,98*)37/?.=*-./07

*17=35/01-9*-3=7-29/,>27-237)/01-9,)-./07/87:2*137=.A

*>9*51<7 -237 *)-.;*-./07 B*99.3917 *0=7 *=1/9:-./07 3039A

>.317 8/97 D

!

7 *0=7 D

E

7 8/95*-./07 93;3*+3=7 -2*-7

F.GHBAH0D

!

7)*-*+41-7.175,)275/937*)-.;37-2*07!AIBD

!

7

C2.)27 3?:+*.03=7 -237 3?:39.530-*+7 931,+-1J7 '237 8.0*+7

-2.0>7/87.0-3931-7C*17-2371,98*)3793*)-./0753)2*0.157

8/97 -237 8/95*-./07 /87 D

E

J7 D07 -237 !AIBD

!

7 )*-*+41-7 -237

8/95*-./07/87D

E

7/)),917 -29/,>27*07K+34AL.=3*+7 1-4+37

53)2*0.157C2393*178/97F.GHBAH0D

!

7-2371,98*)3793*)A

-./017 /)),993=7 -29/,>27 *7 M*0>5,.9AN.0123+C//=(

1-4+3(.0-39*)-./0J('2.1(*>*.0(2.>2+.>2-1(-23()/5:+3?.-4(

*11/).*-3=(C.-2( -23( KDI(53)2*0.15( *0=( *1( -/( C24(

5/93(=3-*.+3=(8,0=*530-*+(1-,=.31(033=(-/(B3()*99.3=(

/,-(-23/93-.)*++4(.0(,0=391-*0=.0>(-23(3+3)-9/)*-*+41.1(

*0=( 5/93( >3039*+( 1,98*)3( 3+3)-9/)235.1-94( *-( -23(

O,*0-,5(+3;3+J(

!"#$%&'()*(+($,-

P3(>9*-38,++4( *)Q0/C+3=>3( -23(%3:*9-530-( /8(

K=,)*-./0(*0=(M3*90.0>(R%KMS(/8(F/9-2390(T93+*0=<(

F/9-2390( T93+*0=(P*-39(M.5.-3=<(U/=390(P*-39(:+)<(

VW( KIHLX( *0=( M/,>2B/9/,>2( V0.;391.-4( 8/9( -23.9(

1,::/9-1J(

.(/(0($"(-1

Y#Z(([.++3>*1(M(\(X<(U*122*=.(F<(X230(U<(3-(*+J(](12/9-(93A

;.3C( /8( -3)20.O,31( 8/9( :230/+( 935/;*+( 89/5( C*1-3C*-39

Y^ZJ7X,9930-7I/++,-./07L3:/9-1<7!_`a<7!RES@`b$A`a$J7

Y!Z77H,c,Q.7N<7]9*Q.7H<7d*5*5/-/7NJ7K;*+,*-./07/87*=;*0)3=7

/?.=*-./07:9/)311317R]DIS7,1.0>7D

E

<7V[<7*0=7'.D

!

78/97-237

=3>9*=*-./07/87:230/+7.07C*-39Y^ZJ7^/,90*+7/87P*-397I9/)3117

K0>.0339.0><7!"`b<7$R`S@7beAa"J7

YEZ77W/;*+/;*7M<7H.3>9.1-7M7N<7;/07\,0-307V<73-7*+J7K+.5.0*-./07

/87 5.)9/:/++,-*0-17 =,9.0>7 :/1-A-93*-530-7 /87 2/1:.-*+7

C*1-3C*-397 C.-27 :/C=393=7 *)-.;*-3=7 )*9B/0<7 /c/03<7 *0=7

V[Y^ZJ7K0;.9/0530-*+7H).30)37f('3)20/+/>4<(!"`E<(e$

R`eS@($ghhA$h"gJ(

YeZ((M,4-30(^<(H0.3>/C1Q.(W<([*0(K4)Q(W<(3-(*+J(]Di(935/;*+(

89/5(.0=,1-9.*+(C*1-3C*-391(,1.0>(*=;*0)3=(/?.=*-./0(:9/A

)31131@(]11311530-(/8(*()/5B.03=()235.)*+AB./+/>.)*+(/?A

.=*-./0Y^ZJ(P*-39(H).30)3(*0=('3)20/+/>4<(!"`E<(agRhS@

!"egA!"beJ(

YbZ((X2.0(]<(j!9,B! I(LJ(L35/;*+(/8(=.1.083)-./0(B4A:9/=,)-(

:93),91/91(C.-2(/c/03AV[(*=;*0)3=(/?.=*-./0(:9/)311Y^ZJ(

P*-39(L313*9)2<(!__b<(EhR`_S@(!`EaA!`eeJ(

YaZ((T+.*=.1(%<(U.++*9(j(^J(Dc/03(*0=(.-1(,13(.0(:39./=/0-*+(-93*-A

530-Y^ZJ(D:30(^/,90*+(/8(H-/5*-/+/>4<(!_`E<(ER!S@(`h$A!_!J(

Y$Z((%/5B(PXJ(Dc/03(-239*:4(.0(=30-.1-94Y^ZJ(T0-39;30-./0*+(

F3,9/9*=./+/>4<(!_`e<(!_RbS@(aE!AaEaJ(

YgZ((H/,1*(X(H<('/9931(M(U<(]c3;3=/(U(I(&<(3-(*+J(Dc!0./(0*(

31-39.+.c*"#/(=3(:9/=,-/1(:*9*(*11.1-"0).*(# 1*$=3@(L3;.1$/(
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摘要! 采用电催化剂通过水分解反应形成臭氧的绿色节能方法为常规耗能量大的冷电晕放电提供了非常具有

吸引力的替代方法
FO

在大量研究的用于电化学合成臭氧的电催化剂中"

!D

氧化铅%

!D2aQ

!

&和氧化锡%

6*Q

!

&基催

化剂在室温下最有效
F

本工作通过密度泛函理论计算"研究了上述两种催化剂作用下臭氧的形成机制
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两种催化

剂
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晶面最稳定"故作者特别关注
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和
k)@6aD6*Q

!

V##<B

表面发生的最后两步反应"即氧气和臭氧的形成"模拟了可能的水分解机理
FO

结果表明"在
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催化剂的作用

下"臭氧是遵循
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机理形成"与在
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表面臭氧的形成机理相反"后者是通过
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机理形成
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将
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主要模拟为气相"计算得到吸附能
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'吉布斯自由能
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和活化能
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89(
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等热力学参数值"并进行了分析与比较
FO

这些结果为设计和研发新型的高电流效率电化学制臭

氧用催化剂提供了依据
FO
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