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BB A A8 2 T AT 2 R G 5 TR
HR AN DR FE AL BT 4 4% (1] PO, FEL AW 14 3 T 45 44
AL 2F R I o ORPASTAD 2R ) P K AR A0 A AT b R Do 77
i (0 5 ma B AR T ALE], XA B T SR PbO,
HLAR i S P R 2 7%
1 %X I
1.1 BiREE

# 150 mmx100 mmx3 mm [K5K A HEATHLBFT 8%
R e 20 A BT B i SR D A ok T B AR A %
Sn0,-Sb,05 1Al JZ . FJZ PbO, i It JZ 1 £ i %
YTARE . JEREHEDIBUECA 0.5 mol/L Pb(NOs),. 0.1
mol/L Cu(NO;),. 0.05 mol/L NaF, A& & HNO; i
TR pH (H 5 2.5~3. IANR I AP /8 JE R OB M
il 4% H A HL A GIEAE PbO) 1 Atk B, DUR AR (14
2. 3. 4 mmol/L) AI(NOs); d NPT BT 13 2] 1) — Ak
T LA CFH Y A FL A 324 1 mmol/L A1-PbO,. 2 mmol/L
Al-PbO,. 3 mmol/L Al-PbO, 1 4 mmol/L Al-PbO,) H
DAL . LT 25 B 2 LA A5 SnO,-Sb 111 12 ) £k
AR AR, AR TR RSE BB 1Ak, 4 AR i 3
50 C, MLVEEIEAN 30 mA/em?, YB3 h.
1.2 HBIRGHRES RN

ERY AL : R ISM-6390 HY 414 f T W B
(SEM) X} ifill % ) W dle R b AT M %2 SRH TR300
FRUREL A JEE 0 23O T o) 5 Fh AR R T REL RS 58 JEA T AR,
AR IEAT 4 R, 45 R A
PHI-5400 % X S ATHHML (XRD) % T il & s AR IR 2
YIAHZL 8 S AR S R AT A, JFARHE Debye-Scherrer
ARV R T PO, 15 1 2 134 b )T

FL R0 ST R RE . I ER I 100 mg/L
(A Iy AR UL 7K (LR 0.25 mol/L Na,SO,) 200 mL
THL R, DT I ERIE PbO, WREHA CH AL
IR 12 em®) S PHAR,  LUAH (W) i AR 0 kAR BH A% »
WA ] P 10~20 mm, A LPS3010 %48 Fk -5 i HL i
HYRHEATIE T (10 mA/em?®) HLf#E . A8 AL At b it
fER KPS IR AE 2542 °C, WL Pk st dEomit
fE 7. 180 min [EfE T, 4F 30 min HUFE 1 W, #EATH
Ty Fl COD 2B MR . A F XU S A4 )66 B A
TU-1901(Ab 50 B il AL 28 BR T 4T A ") 4-20 3
YRR G (GB 7490-87) KN 5E /KB Y 2K
B S5 . KR A6 24 5 S & (COoD) il WA A coD
PRI 8 A AR ORBHS A BR A 7D ZEAT IR
A8 AL PR AR 2R Y A COD 2B i B A Ko -

PEL, - PEL
nPEL:P()E:—L()IX1OO% (1)

COD, - COD,
nCOD :COO—DOXIOO% (2)

JLrfr: PELo A1 PEL, 4353l W04 R B fift ¢ 155 [ BF 1) 2K 1y
W, PR mg/L; COD, M COD, Ky ¥ 45 M B A ¢ I 1)
¥ COD W EE, A7 mg/L.

IR PARSTAT-4000A 74 i 4k 2% T AF 3 %t BT 761
o AT e E I RN BHBTEE (EIS) Wk, LAAS )k
FE AV I BT 1 4 16 PbO, FEAR A T 4F HE AR (48 2% i o
[ 1 emX 1 em), A5t o, WRTH K Bk 2Lt
AR, Zi (25 C) Fillik. ZetEH#i7E 0.5 mol/L
HoSO4 ¥ IR, FH5E A 508 20 mV/s. X LAk
Mrdod B AT A W B BT i Mk, DLIE 28, &k
PRME A 5 mV, $HEJEH 100 kHz~10 mHz, 13K H 47
0 1.95V, WHREWHA 0.5 mol/L HySO, 1 i

AL A IR s R P R A R, I H A (1 em
X2 em) NPMHM, KHEHR (1 cmX2 cm) B,
£ 1.0 mol/L H,SO, HLfE i ', #EHL 20 000 A/m® {H ¢
HL 2 P AT A, SRR A s B BT R AR 4E, DA R
SR BRI T DA A Ay FA R I 1

2 ZREVE

2.1 AP'HITEI &89 PO, R B ARG MR &0

K 1a Frs B AR I AL LRS00 P BE B 0B BTl
RS B, RmEA FREREEA, H3 h K
I [ UAR A5 21 1Y) A R TRORRE 3 oK, JLal &4y (1
HELAE) AR “4im 7 % GR)ZR MR
M, BE KT ED, XN %S TR AR TR TR
“CH 17 AR R S R0 S TR R e R T 3 AR
KRB o (HST I AP BIDUR W0 a5 i
WS CHPE” M, B 1a BRI 3 mmol/L AP
JIT ol 46 e LR R B OV 1 B IH B . R,
W AP PbO, MM RS K, BB K
PbO, HIFK, (HEUR A KT B A/, (FERA, R
RE AR B 1b R R TR) AP 3 1 A 3 1
FEURE 5 (0 b D s e At AIE 52 13— P05 40 W o iy L
A LLE AP R IS 15 PbO, ¥4 J2 i A 3 1 ot 5 B 2 ik
E, HEZ RN agl kRS, B AP I R
THDHEL AR 82 16 5% ) 52 S PR R (3 mmol/L AI-PbO,
HL I 2 T REL RS 82 35 /N D

B 2 Fiasf 5 Bl PO, H AR 2 i HOW T 3 ) )
o, ARAEFEH: (1) B0 AP IR A i i 2 i
HLGE BRI B AN . BEAE AL IR B 3K, 4n
AE Y Se i e o, IR B B KAE RO G, R BE 4k 4k
o, Bam SO IUBURE AR K )&% (2) PbO, LAk
DUAR HEIR SL R TS0, I AR “BiAn 7 R “ 2 Rar”
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Fig.1 Influence of AI’" addition on macromorphology (a) and

surface roughness (b) of electrodes
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T+ PO, FLUTRR A I A% rp 45 de OB il A X — I %,
SCAE AN R RE R K FUR I PbO,
FLYLR 4% 16 S M 7 h A R IE . TR A R A )
THIX L E R AR DO R I R AR R B, 3 DA
FARCHL )2 4, BE s T gk I R v i o RN
KO, Hrh s A g B igm, Mims, K
RELFE R A2, Brek, SEs: W Banth. &
WM, RFUORR BRI AP S, B RS B A
DU R AR PEWR I, (H AT BB AL RR 5 DRad 7
LR ST LT e AL(OH)s, MUAETR N AP FR BH AR HEL Ak 2
JE R PbO, L FE T, S PRidiih 2 AP S HE K Ak 2
IRFEE OH L& K AI(OH);, M5 Pb(OH),
A B e 4 CAL(OH); it Pb(OH), 1) Ksp 43 il ok
1.3x107° F1 1.2x107), BrLA, [AIFE A6 Rl B
g i 1R T B RO R OR R T ) & i K I R R
Wi S, AR AT A A9 A ORI i Ak . AR I AL
5| (¥ oL AR 2 T 50 M RAT PR S I IR S, XA
T Xia”f Xu'E PbO, LTI 45 2% Niv Fe
Ag 0 LB BHOW &5 4 () s ma A . iE & (3 mmol/L) (1)
APTHRINELAE T PbO, HLGE SRl FE, {13 Sn0,-Sb,0;
HrlE) J2 1 PO, fh A% 2E K IR 35 A 43 A1 56 ¥ 57, 38
H AU )2 2 1T 3850 B8 RS8035 8, TR AT PR M 3 T A R 8
B “4508” % . Hid&E (A% 4 mmol/L)
(6 AV, R4 DR Ok e s R R R, i
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Fig.2 Surface morphologies of different electrodes: (a) PbO,, (b) 1 mmol/L Al-PbO,, (¢) 2 mmol/L Al-PbO», (d) 3 mmol/L Al-PbO»,

and (e) 4 mmol/L AI-PbO,
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BT AR 2 . IR BT TRUS R I 3 S kAT
I asn AV T YIRS R, I T Atk R,
HEEA PR, i 803 mmor RS B 00 B RS, R
JZ HRR LS R IR K, A A AU 2 .

B 3 Fios AT AP0 B 4 46 s AR (1 XRD i
K. MWEFR T BLE (1) AP ET 64 10 5% H kR
%1% B-PbO, A, HLAR L DY T7 B 5 H R AR B, (R
I AP 5 4 ORI B B AN A1 S A i BT 3R
1310 p-PbO,, RILHHEM (2000 J7 ALK,
i S AP INEE NS 3 mmol/L I (310) Al
(301) J7mh BAT M se A Kt . Rl e Y
AP INEIL 4 mmol/L i, DR R T HLURE 5 350RT 5 5 %
SR, BAZRARE BRI (2000, (3100 F1(301)
3ANRTERE . BUR L, APTSINGHE T (1100 i
KA A3 & KT 2 mmol/L 1, 25.4°(110) Al 32.0°
(101D FHIHEEN &), {28k T PAT TR (200D
J5 ) SR EK . XA R TSR, R
IRUF M7 s AE AP )2 L, WRJE PR bE s n, HRE
JERRAR s i FLAR JLARBE 5035 O T e, Ak ootk
(1) PbO, LB AT (2000 FEALHL 17 1 e AR 11 H (i A0 1
BEH 2 15, K 2 I 0] U SRk 1A LA S IR = 2
Bt (2) M TEERE AW P TR 41 PO,
HLB, 0 AP 4 i BB E (2000, (310) FI1 (301)
TS 0 1 S T O S ) SR AR E o AR BRI ) AN A
BRI Z2 IR e A, 3K 32 B e T 4 ot UKL (1 40 AL R AE
s Debye-Scherrer A X iFH H PbO,. 1 mmol/L
Al-PbO,. 2 mmol/L Al-PbO,. 3 mmol/L Al-PbO, il 4
mmol/L Al-PbO, HLHK 125 ki R~f 20 il ol 32,5,
27.1.21.7.17.4 } 19.2 nm. fi Lk, %0 AP i 43 PbO,
B 45 S R4 4k, LBl 3 mmol/L A8 i, 41
PO et X5 SEM 5% K 3 T R RS J3¢ 003K 1) 4%
M8 W R 4 A A R A A B S AR T R
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Fig.3 XRD patterns of different electrodes

I, RN E AT ARG 2, AT AE Y 5 H R L A
PGB EE > TER A, BT APTRI
IR, WAE PbO, UMEVRJZ T AR il i EDS A1 XRD
BME, X5 Bi B2%ER PO, R, i
I AP g% otk e ARG B o BT KT AL(OH); Hh ] 7
W R RE 25 ] W U AR A8 AL T B PO, (1 T FE—FF, A8
NS LB R T N3N PO, )2 AR SE I
e, FHERAR IR THEN PbO, Ak 2 B i > Pb
JiF, MR T Z2RVA T, SRR ET
&5 K 72 Al 1 3 B LA 2 S T U

2.2 RBLWIER PbO, AR B F AR RN

W, AT AR P A T DA R R e A S A T
TN AR RO I R AR, A A WL RE T BT T - OH,
W A A B A LS B, LA, AT AR 2
S AR R ERE I B S . K] 4 WA B
SCPE LR AE 0.5 mol/L H,SO, VA HH 1 26 PE R AL ith
2. bk b I R B A R AL LA S AR I AL R B
AT RN . HE 4 aTUES, KRB It
) PbO, HLF AT A Ak (1.86 V), s A [A] =
BB e U I F AN PR T A H A B8 R AN )R ) T o
(1 F1 2 mmol/L Al-PbO, HLHK HIHT 4 HEA 4331 24 1.89.
1.91 V, 1 3 mmol/L Al-PbO, FiH% EL A5 5t i b7 45 A7
2.09 V, {H 44593 0k ) 4 mmol/L i AL AR AT 4 R4
WINPT, h1.93 V).

Kl 5 o A RSB 2 0t i R AE 1.95 V (s,
SCE) N3 M8 i BT Nyquist 1% &l o IR 1 ) 25
R RN, RARE S L R PO, HE
PRI HLBH s ReQp AR I X H T Il S AL B (3
& & AR JE RSB R R 1R VLR, Re
FoRFAML I, O RIRBEHLE ; RoQa WA MNY 5
WS IR FLART A I R, Re TR 480 R NV s 5 F
BH, Qu#/nXUHLJZH LAY . H T s X i 7l i 4 e 4

e
=
=

— Pbo,
o —— 1 mmol/L AFPbO,
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Fig.4 Linear polarization curves of different electrodes
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Fig.5 EIS plots of different electrodes and their equivalent

circuit

W A, HE, Nyquist 358 F 32081
FER = HUAR L W VR T 1) PO A A R AR R T, 3
FPUICEARAR N BB T PO, ¥ J= A AN A R
RN AE SRR, ARPTIGEN, B Hr S A
PEREDL R, SOV AR R, XK WA AL A
eERE s, R AT R AR B R AR e T, AT
BEXTAT LTS Qe SC Bl R R B . N 5 R A Tl
e LH MM, SR B A S PO, R B AT
B e (R HLE AL R B o R ZsimpWin P2 55 24 L

=N
Za, 4

ORI RUITFR 1. WAHN S EHAE 7] LA
Ei, RGEBIRME PbO, B AIHTE RN HLFHL R,
DAKAAR BB LB Ry 20591l 21.54 A1 21.76 Q-em?, 15
FAN A B A EPE ) PbO, HIAR KT Re AT Re 3855980/ )i
Bk, HrPR IR 3 mmol/L 45 2% MR (BT 48 S
HLFH (12,55 Q-em®) KAAALIEALBE (7.96 Q-em®) ¥5;
sy R U LA S O AT M R L R . X R
e ER35 20 F BUE U S A 2E TR PO, (R B Y
s DT T PR AR Tl 225 ) AR H, - A s R e 1) A5 P vk 2R 1
P, WKL T A g K 5 A A A I R ) B
2.3 $REBZME PbO, EBARIT IR I ER I K B BE iR

TA

Kl 6 25 th T A 5 A2 2P PbO, HI BN 1540 2K 1y
JRIK B BEARAT J X L B 6a mI 1, 45 4% 0 oiobE Ha
AHLE T PO, HIAR NS AR My v B 1) 22 B e 2504 P i o
[ A% 180 min, H:rh 3 mmol/L Al-PbO, HiH B A % i 1Y
My 2 %, 1k 94%, 2 mmol/L Al-PbO, Hi# . 1 mmol/L
Al-PbO, HLHZ 1 4 mmol/L Al-PbO, HLHZAH HL T K15 24
MCPEF) PbO, HURK (86%) AT $2 5, AH N AR 1y 2%
KRN 91.3%. 87.6%F1 86.9%. [FIF, MK 6b nf
A1, 3 mmol/L Al-PbO, i F X A5 FU 25 8y & /K ) COD 2%
Bt s, &M% 180 min Ji5 3 mmol/L Al-PbO, i 1
COD £ FRZIEH] 73.6%, =1 T K45 228U PO, AR 1)
65.4% . PbO, FLAR N 48 ) 23 B 6 £ v T % COD 22

F1 TEBRBRHZRERELESHNEHER
Table 1 EIS fitting parameters of different electrodes
Electrode R/Q-cm?® R./Q-cm’ le/F-cm'2 n Ri/Q-cm’ Qf/F-cm'2 ns
PbO, 4.38 21.54 0.00052 0.77 21.76 0.0013 0.73
1 mmol/L Al-PbO, 3.85 18.07 0.00067 0.78 16.34 0.0021 0.75
2 mmol/L AI-PbO, 3.25 15.84 0.00076 0.76 12.58 0.0036 1.000
3 mmol/L AI-PbO; 2.68 12.55 0.00084 0.79 7.69 0.0054 1.000
4 mmol/L Al-PbO, 2.94 13.67 0.00080 0.78 9.72 0.0049 0.86
1007 0 a 100 | —=— PO, b
—e— 1 mmol/L Zn-PbO, 90 [ —e— 1 mmol/L AI-PbO,
—a— 2 mmol/L Zn-PbO, [ —&— 2mmol/L AIPbO
N L 2 o 80F 2
= 80T 3 ot Zn-PbO, § 70 [ —v— 3mmollL AlPbO,
Z 60 | —*— 4mmol/L Zn-PbO; g GO [~ 4mmolL ALPbO,
§ 5 sof
— 40+ ~ 40l
o)
= 2 30k
£ o VT
£ 20f O 20k
0 0 40 T‘gs“(:e/mlizno 160200 10 _
0 40 80 120 160 200 0 30 60 90 120 150 180
Time/min Time/min
Bl 6 AN T Fi B e AL R g S K PR R A P e 0 1 5 SR e Bl g 2 a0 M

Fig.6 Degradation test results and kinetic analysis of simulated phenol wastewater using different electrodes:

(a) phenol removal rates and kinetic analysis and (b) COD removal rates
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BB, X U B B Ik R P AR R a0 2R SR AR
6] P2 0 AR 22 B 6a 1 R4 B B R R &
5 HL AR R 2 Ty S 400 B 7K At o A o 1) S Y B ) 24U
B, N IR 2 B - AR I TR) 2 TR 1R OC R AT v
— B S5 E TR, B In(PELY/PEL )=k, b ¢ Dy B fif
A, & Ay SO R AL (min™). B )2 R4
T3k 2. W, REFEB IR PbO, FML S N 2
W (0.011 35 min), 1745 Z440 B S R HI R S
NEB) )l Ak A, b 3 mmol/L
Al-PbO, HiL A H A f K0 s W 38 %5 £ (0.015 16
min™), BIZ N 3 mmol/L AV g A £ 1% FE A FLAT Bl
M HEAGTE Y, AH LG T PO, HBK 1 2R ) i Rt iy T
34%. X NIZE LS AP INAETS 45 S ki 4k, KT
FLSCTH R OR, fE A e PR A 2 A7 KT i 4h,
HH T ER 4B 220 PbO, HIA 1) LT 45 440 P U 42 A 1 FEL AT
AL TR REE Friam; LA, m TS A AR A AR
[l LSBT, BT 40 BN BT o 48 1) e B T FE 4
ik, TR A R B N R 2, T
FOFRPET FRHE B e B A R RS B D
2.4 $BBZMYE PO, BIRFE EMENT L

B 7 BT R s INAS /) e AT 5146 7 8 2% 3otk Al
HEAT 50 77 i 003 IS Al s B ) ) (0 AR A i 2 . TR
AT, 3 h A TR 6 45 1 PbO, HLBK AR N i 75 iy
I H AT 360 h (751, L5045 4200 1) H R 73 A 1
BIEK, A HEMA 3 mmol/L Al-PbO, HLH 5 4k 7 iy
AJIA 460 h ZiAi, AHEL T AR 4B 2 PE ) PbO, FaAR
T e T 27.8%, ZEK 100 ho 75 ZEL WKL, 7650
AR FE v, BRI e IR, (H
TR R, DR NG A A fi A AR B b ok 512 B0
R 1T A PR Y R R T T A R 2R
B CA B H T S I 0 R 7/ B 0 RV M T
T SR /NI BE B A o AR H AT T R v AL
RIS, 3 mmol/L A1-PbO, HiLBK AT K 75 fir I B
BRI N 5 IR TR AR 43 B KR 4L BU% 1) PbO,
WA B BE b T R A A AR B R ), T
W E NI R AR A G T TiO, B . A,
BB PbO, HHIRZ T T AL S HL k3 o, A4S

*2 TEIRRHBLUEEBEBINZESH
Table 2 Kinetics parameters of different electrodes
for phenol electrochemical degradation

Electrode K/min' R’
PbO, 0.01135 0.9987
1 mmol/L Al-PbO, 0.01182 0.9986
2 mmol/L Al-PbO, 0.01261 0.9993
3 mmol/L Al-PbO, 0.01516 0.9952
4 mmol/L Al-PbO, 0.01397 0.9907

48 %
20 —=— PbO,

—e— | mmol/L Al-PbO,
> [ —— 2 mmol/L Al-PbO,
c}ﬁ —v— 3 mmol/L Al—PbOZ
é 15 F—— 4 mmol/L Al-PbO,
2
]
=¥
i
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(=]
T

B 7 AT R bR i A 5 i 0 3£ R s A2 Al i 26
Fig.7 Cell voltage variation curves of different electrodes in

accelerated life test
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B LRI R T RS S 1K, N2 U2 P A7 A KT (I 2e),
IR R R Dy B LR Z A <R, R
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Properties of Al-doped Titanium Based PbO, Electrodes

Tang Changbin', Li Chenguang', Yu Lihua', Xue Juangin', Kang Xuanqi’, Feng Qing’
(1. Xi’an University of Architecture and Technology, Xi’an 710055, China)
(2. Xi’an Taijin Industrial Electrochemical Technology Co. Ltd, Xi’an 710016, China)

Abstract: Al-doped Ti/PbO, electrodes were prepared by anodic deposition from solution containing Al (III) cation. Influence of
Al-doping on the physicochemical properties of modified PbO, coating electrodes was characterized by surface roughometer, scanning
electron microscope (SEM), X-ray diffraction (XRD), linear polarization and electrochemical impedance spectroscopy (EIS) techniques,
and accelerated life test. The electrocatalytic oxidation degradation behavior of Al-doping PbO, electrodes for phenol simulation
wastewater was compared. The results show that PbO; coatings with smaller grain size, uniform and dense surface, lower surface roughness
and less nodulation defect are obtained when a certain amount of AI’* is added into the electrodeposition solution. Al-doping results in the
increase of oxygen evolution potential, improvement of charge transfer capacity and enhancement of electrocatalytic performance for PbO,

13+

electrodes. Nevertheless, these properties do not uniformly vary with increase of Al addition amount. When deposited for 3 h in the bath

solution containing 3 mmol/L AI**

, the prepared electrode has maximum oxygen evolution potential 2.09 V, excellent electrical
conductivity, the best electrocatalytic property and the longest accelerated life of 460 h. The Al-doped Ti/PbO, electrodes show excellent
electrochemical oxidation degradation capacity for phenol simulated wastewater. After treatment for 180 min the removal rate of phenol is
up to 94%, and the maximum removal rate of COD can reach 73.6%.

Key words: aluminum doping; PbO, electrodes; electrochemical oxidation; phenol degradation
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