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�Ehªí ��� �¡¢H.�z�µsthj7

�2�qrCD- COD���»}z{�b 

0

PEL

0

PEL PEL

100%

PEL

t

η

−

= ×

                ´1µ 

0

COD

0

COD COD

100%

COD

t

η

−

= ×

               ´2µ 

nQbPEL

0

- PEL

t

�£�±~-qr t®V®uCD

@¿�¤¥ mg/LÄCOD

0

- COD

t

�±~-qr t®V

®u COD@¿�¤¥ mg/L7 

wR' PARSTAT-4000A c�����¦�êD

E��stq�de-§¨©´EISµhj7:�ï@

¿ Al

3+

¡¢êDEu PbO

2

�������́ ªY¹¤

Á 1 cm«1 cmµ�¬K�����-®¯���Ii

���°^´25 _µ±hj7q�deL 0.5 mol/L 

H

2

SO

4

ùîQhj�deE�²ª� 20 mV/s7���

�2��st³�§¨©hj�:´µ¶�·�°�

¸¹� 5 mV�º�»¼ 100 kHz~10 mHz�hj�¥

� 1.95 V�hjùî� 0.5 mol/L H

2

SO

4

½c7 

����hjbR'¾��u)�%h��́ 1 cm

«2 cmµ����R';W´1 cm«2 cmµ����

L 1.0 mol/L H

2

SO

4

�rcQ�8n 20 000 A/m

2

�ª

��`¿sthj�¿Àí�×®VuÀ��:í�

ÁJÂÃÄ�vª���Å¨®P7 

������	
�

�����Al

3+

����	
 PbO

2

�����
�� 

Æ 1aêÇuÞ¡¢ Al

3+

<XùîQ��=>êD

Eu��_tÈ`�aÁÉu�ñõÊô�} 3 h Ë

®V=>ÔÅu��aÁ[\¿��nXYÌ�´Æ

QÍqÎµ�L!�u5_`7�8´TÏaÁÏÌ

ÐV�!���Ñ¼µ�H&Òß�=>Q�c0 L

5
�Ó7�'-XY�Ó�&Ôï%&±Kû¹¸

Ë�çÕ.�7}Ö¡¢ Al

3+

Å=>ùîQÆW!�

Õ�×5çØ7��Æ 1a

2

êÇu¡¢ 3 mmol/L Al

3+

êDEVu��5_`7�8"ÔÅ!�¤27ï®�

¡¢ Al

3+

u PbO

2

��aÁñõÙô�vÊô¿�æ

PbO

2

���}/0¸ËÚ�1Û�ôÜÝ-�aÁ[

\¿Þ�7Æ 1bêÇu�ï Al

3+

¡¢d±u��aÁ

[\¿Z�iWªd�C¥M×H¦üýßà7Kg�

A:áVAl

3+

¡¢·Ô PbO

2

TÏ��aÁcd!�¤

2�}�.u¡¢âÐ²�ã��ä Al

3+

¡¢�na

Á[\¿u%&ñå¤¼�FG´3 mmol/L Al-PbO

2

��aÁ[\¿Z°Ûµ7 

¯Æ 2 êÇu 5 § PbO

2

��aÁfbâæu�

i��páVb́ 1µ¡¢ Al

3+

�=>DEu��aÁ

�_t/0!�1�7×	 Al

3+

¡¢@¿uÕ��1

��'çèéÕ��êÅ°��'�3Æ�@¿ë�

Õ¢�àKâV�/0À�uì|Ä́ 2µPbO

2

��ñ

�íîïðcâæ���Vh�5ñò7-5.óô7 



� 6�                                 ������	
��� PbO

2

������                              �1911� 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 1  Al

3+

��� PbO

2

��������� !"#$% 

Fig.1  Influence of Al

3+

 addition on macromorphology (a) and 

surface roughness (b) of electrodes 
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Fig.2  Surface morphologies of different electrodes: (a) PbO
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DEu��Ĺ 200µ�́ 310µ-́ 301µ

rp����V!�u���a7L��&�-²E

ëËu%&��HG>à ×_t/0u1��a7

xy Debye-Scherrer z{»}V PbO

2

�1 mmol/L 

Al-PbO

2

�2 mmol/L Al-PbO

2

�3 mmol/L Al-PbO
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Fig.3  XRD patterns of different electrodes 
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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 

 

�áTÏE�Þ��ë<�Nyquist©Æ�G>�Çu

FTÏ��ßùî�Áu�6�7��u5¨:�n

5¨:;¬h��ÛWà × PbO

2

TÏ�¸�2��

�à&upz�¿�5¨:<Û�=!��2���

��{Z�à&E���H-a!Ò��u����

�����Jw.��u><?�<¸¹���¯K

��./#$áM���qr7¯Æ 5 Qu5¨:;

¬A:�bCáV��d�j£¤�u PbO

2

��w.

Ú�u�����7Ç' ZsimpWin@AB����0

u�Ì�Id�_3B�a 17¯h&uId"ZA:

áV�Þx�j£¤� PbO

2

��u�2à&�§ R
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f

�£� 21.54 - 21.76 Ω·cm

2
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2
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Table 1  EIS fitting parameters of different electrodes 

Electrode R

s

/Ω·cm

2

 

R

ct

/Ω·cm

2

 Q

dl

/F·cm

-2

 n

1

 R

f

/Ω·cm

2

 Q

f

/F·cm

-2

 n

2

 

PbO

2

 4.38 21.54 0.00052 0.77 21.76 0.0013 0.73 

1 mmol/L Al-PbO

2

 3.85 18.07 0.00067 0.78 16.34 0.0021 0.75 

2 mmol/L Al-PbO

2

 3.25 15.84 0.00076 0.76 12.58 0.0036 1.000 

3 mmol/L Al-PbO

2

 2.68 12.55 0.00084 0.79 7.69 0.0054 1.000 

4 mmol/L Al-PbO

2

 2.94 13.67 0.00080 0.78 9.72 0.0049 0.86 
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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 

0 500 1000 1500 2000 2500 3000

0

100

200

300

400

500

600

700

800

PbO

2

1  mmol/L Al-PbO

2

2  mmol/L Al-PbO

2

3  mmol/L Al-PbO

2

4  mmol/L Al-PbO

2

Z

i
m

 

/
Ω
·
c
m

2

Z

re 

/Ω·cm

2

 

 

R

s 

R

ct 

R

f 

Q

dl 

Q

f 

0 40 80 120 160 200

0

20

40

60

80

100

 

 

Time/min

 PbO

2

 1 mmol/L Zn-PbO

2

 2 mmol/L Zn-PbO

2

 3 mmol/L Zn-PbO

2

 4 mmol/L Zn-PbO

2

a

P
h

e
n

o
l
 
R

e
m

o
v
a
l
/
%

 

0 40 80 120 160 200

0.0

0.5

1.0

1.5

2.0

2.5

3.0

�

�

 PbO

�

 1 mmol/L Zn-PbO

�

 2 mmol/L Zn-PbO

�

 3 mmol/L Zn-PbO

�

 4 mmol/L Zn-PbO

�

Time/min 

l
n

(
P

E
L

0

/
P

E
L

t

)
 

0 30 60 90 120 150 180

0

10

20

30

40

50

60

70

80

90

100

  PbO

2

  1 mmol/L Al-PbO

2

  2 mmol/L Al-PbO

2

  3 mmol/L Al-PbO

2

  4 mmol/L Al-PbO

2

C
O

D
 
R

e
m

o
v

a
l
/
%

Time/min

b



�1914�                                          �������	
                                           � 48� 

��������	
������������

��������� !"# 6a �$%#&'$�

()*+��,-./�	
��$01234-

567�89�� !�-�	:�;�$<=>5?

@A234B��C ln(PEL

0

/PEL

1

)=kt�D� t E�	

:��k E01F�G�Hmin

-1

I"234-5JKL

MN 2"D���OPQRST$ PbO

2

)*01F�

G�UVH0.011 35 min

-1

I��QRPSTW$)*0

1234F�G� k XYZ[\�D� 3 mmol/L 

Al-PbO

2

)*]YU^$01F�G�H0.015 16 

min

-1

I�C_\ 3 mmol/L Al

3+

ST`ab)*]YUc

$defT�ghM PbO

2

)*$���	F�ijk

34%"�1blmn Al

3+

_\`aJopqre�Ns

tusv[^�)defTwx[yY<

[17]

z{|�

}MPQR+ PbO

2

)*$)~J�$��`a)*)

deT�YZ[�z�|�j$��
)w`a�g

�$)���������01Z��$�����

�����M���}�$��01���y���

����k���}��e�	�����$ ¡" 

���������	 PbO

2


��	�� 

# 7Z'E_\¢�� Al

3+

£¤$QRST)*

¥¦�e§¨©ª:«¬:�$®e¯7"�#�

8°�3 h±:�²vZ£¤$ PbO

2

)*�\F§¨

ª³�Y 360 h$§¨�OPQRST$)*§¨�

&´±�D�Uc$ 3 mmol/L Al-PbO

2

)*�e§¨

8µ 460 h¶·�ghM�QRST$ PbO

2

)*\F

§¨´±k 27.8%�´± 100 h"¸¹��$����

e§¨©ª
���º»¼½¾¿À)ÁÂÃ�Ä}

M©ª
���Å01ÆÇ��È:ÉÊË�ÌuÍ

ÌÃ¿À��Î�ÏÐÑÒÅÌÓ�Y@À�$Ô

��ÕÈ}MÖ×TØÑÒ�Ù�/ÚÛÏÐÑÒ��

Î�«¬VÜÃÝ2"Þ�ßà+M)*áfâ£$

ãä

[18]

�3 mmol/L Al-PbO

2

)*]Y±§¨$å¹æ

Å1n±:�²vaçè^éÃêreëÂ$ PbO

2

ìíY¡ËîïkfT�È)	Òðñìí�òók

ìí�ô�õNs��ö÷T$ TiO

2

øY<"{|�

PQR PbO

2

)*ìí�)~ùúû)T[��`a�

�

� ���������	
�����
���

Table 2  Kinetics parameters of different electrodes 

for phenol electrochemical degradation 

Electrode K/min

-1

 R

2

 

PbO

2

 0.01135 0.9987 

1 mmol/L Al-PbO

2

 0.01182 0.9986 

2 mmol/L Al-PbO

2

 0.01261 0.9993 

3 mmol/L Al-PbO

2

 0.01516 0.9952 

4 mmol/L Al-PbO

2

 0.01397 0.9907 
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Fig.7  Cell voltage variation curves of different electrodes in 

accelerated life test 
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Abstract: Al-doped Ti/PbO

2

 electrodes were prepared by anodic deposition from solution containing Al (III) cation. Influence of 

Al-doping on the physicochemical properties of modified PbO

2

 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

2 

electrodes for phenol simulation 

wastewater was compared. The results show that PbO

2 

coatings with smaller grain size, uniform and dense surface, lower surface roughness 

and less nodulation defect are obtained when a certain amount of Al

3+

 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

2

 

electrodes. Nevertheless, these properties do not uniformly vary with increase of Al

3+ 

addition amount. When deposited for 3 h in the bath 

solution containing 3 mmol/L Al

3+

, 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

2

 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

2

 electrodes; electrochemical oxidation; phenol degradation 
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