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ABSTRACT The semiconductor properties of the passive film on Ni201 formed by anodic passivation
in pH=8.4 buffer solution and the oxide film on Ni201 formed by thermally grown in air at 500 �
were investigated by photoelectrochemical response and Mott–Schottky response analysis. The Mott–
Schottky plots for both the passive film and the thermal oxide film on Ni201 demonstrated that the
two films exhibited p–type semiconductors with different values of flat band potential: 0.40 V for the
passive film and 0.15 V for the thermally grown NiO. The photocurrent spectra of the passive film on
Ni201 were derived into two peaks for inner NiO and outer Ni(OH)2 layers, respectively. The band gap
energy Eg for the inner NiO was 2.8 eV and the Eg for outer Ni(OH)2 was 1.6 eV, respectively. The
Eg of the inner NiO of the passive film on Ni201 (2.8 eV) was closed to that of the thermally grown
oxide of Ni201 (2.4 eV), indicating that the inner NiO in the passive film is crystalline structure. An
electronic energy band model of both p–type semiconductors of inner NiO and outer Ni(OH)2 layers
was proposed to explain the photocurrent and Mott–Schottky plots for the passive film on Ni201.
KEY WORDS Ni201, passive film, Mott–Schottky plot, photoelectrochemical response, semicon-

ductor property
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�� [7] $0� [8,9]  .",1$#*'/#*�Æ&�

!('(.
Mott–Schottky "#$�"#2%Æ&��3)�

*-�&.�+�'�((, �,.,"#)+ Ni �
,%�#�0"�$#*�Æ&�!( [10−13]. Sikora
$ Macdonald[10] �� Ni 14)-/*2<3+/#
�"�$#*1$#$.$#56,+ p 4Æ&�!(.
Darowicki  [11] 0+ Mott–Schottky "#17� Ni
�$#*�Æ&�!(.178-'(. Da  [12] $

Hakiki  [13] �� Ni �/#,-� p 4Æ&�, 2
"3)�*-50�&9!(.3:17�. �%/0<
(# Ni $#*Æ&�!(� ;43%6, :<&# Ni
�$#*0"1/�32'7"05�32.

=>?, 3"1�#8+,24$#*�Æ&�!
(67,.09 [14−18]. $#*15:861;7��
"1��:, �:1�+�'="�@<$#*,1'%
�, ,+=<'3<1�@+,, 9:46$#*�Æ&
�!(, %;<.>851$#*Æ&�!(�%>A6
;<. Fujimoto  [19] 9= Ni 1 0.1 mol/L H2SO4

*2<�"�? NiO $ Ni(OH)2 ?"�$#*, ">
:B5 Eg 2?� 3.7 $ 2.5 eV; Sunseri  [20] )+

C Ni 1 pH @� 8.5 $ 8.9 �-/*2$ 1 mol/L
KOH *2<�"�$#*)';- !, �D-7<�
� NiO $=-<�� NiO, " Eg 2?� (3.45±0.1)$
(3.00±0.05) eV; Wilhelm $ Hackerman[21] @AC Ni
1 pH @� 8.4 �-/*2<0"�#"*, "@A"2
� NiO, ,+ p 4Æ&�!(, Eg � 3.1 eV. �%/0
(# Ni �$#*Æ&�!(< Eg �32, :8 �>
?1�@1@<$.1�@+,�A@6= Eg BBAE

C19D�3CE! (�1@:AEBBA9FB)C4
61�@+,�>E@, �C;D,1*1*2<�A?
G#, F<469D�AEH) $D?1�@1@<$#
*1G/1 (?EIH – EFJDH<G46 [22]) �"
A?3>E (�G/1BFF� ms =BEFJDH>I
�1;K�B�1�@+,:<H7�%?1; IB

�1�@@A>A?BJ) F"�. �%, B��% 2 >
;<, L/C$.86GK��861$.MJ�DKH
;71$#*� (IEKJ<1:<7.KH�), $.F
�8G (CK25 fA =) 46"1�@+,, 9:469
B1:<7��KH1�@L, J:)+$#*�Æ&�
!(.

LKJM" Ni201 1 pH @� 8.4 �<!-/*
2<�"$#*� Iph +,$ Mott–Schottky "#)+
C Ni201 ,1�"$#*�Æ&�!(, GNC Ni201
1<!-/*2<�"$#*��:<> !O4, 24
C 2 >FLÆ&�!(�/#,?"$#*��: !
!(.

1 DEFG
1.1 HI

KJM"�HL=N Ni201 �"2� ((72A,
%): C 0.011, Si 0.12, Mn 0.23, P 0.002, S 0.001,
Fe 0.16, Ni M7. !(P#QI� 3 mm×10 mm×
12 mm @NJ, P SiC NOJ=ORP 2000 K, JP
0.5 μm Al2O3 S1, 1QP$&N<<PQOITPJ
R#BSQ<R".
1.2 KLMNOP

Ni201 @N1 500 S Muffle U<LR 2 h.
1.3 QPRST

�#8+,1@1UT�>'SUTVU� 0.5 L
�MV<�T�V�JÆ, WW*2� pH @� 8.4
�4)-/*2 (0.15 mol/L H3BO3+0.0375 mol/L
Na2B4O7·10H2O), @NP PTFE N>OVJXW=
0.28 cm2 �H=1P, 4?@NQRE#�MV<SU
UJRE8R�; XXYS�Y$TU�+ (SCE) =�
Z[�+, Pt �+=�VW�+. KJZWW*2<$Æ
&N N2 \ O2 1 h. X] (450 W, λ >200 nm) =�
1&, 0=�1PV' 2.4 mm UW� CT110 86G
(1/8 m) 21J, $.�MV��SUTVU;77@
N,1, 1^1P 2.4 mm×3.0 mm. U 200 nm C

1.33 nm/s  -KHMJP 800 nm. &T/#J�@
N, C�%;VR#�MV<4WL%=L�V E J,
_"�@;KP%E@J[XJÆ2��1�@1@. ?
Parstat2273 F�8G>I%Y�+�(�1�@+,.
Ni201 ,13+/#0"$#*�.`�: @N1WW*
2<Y++# (–1.0 V) 10 min, ZJWL%8#$#5
�"*�V Ef Z 10 h, _"�0">E$#*J132
E �171�@+,.

Mott–Schottky "#1@1�%*2<JÆ, &T
/#J�@N'�T$# 2 h J�@N, ?$#5P�8
3<JÆ%KJ, Ja�V� 10 mV, 8- 1000 Hz, X
[�V 20 mV.

/#*�"23" ESCALAB 250 4 X 7#1�
:<LG (XPS) 24,  �<C C1s � 284.8 eV �%
Y\=, [524C Ar+ Y7.

2 DEZ[
2.1 \Q]^_

\ 1 ]=C Ni201 1 pH @� 8.4 �-/*2<
�a�8^2"#, ^2 -� 1 mV/s. Ni201 ���
�8� –0.28 V. $#5Z9���8P 0.8 V, ,"#
Ni201 ,1$#*Æ&�!(�)+61$#5DJÆ.

2.2 Mott–Schottky ST
Mott–Schottky "#:C9Z$#*�\C]_,

`Æ&�]4)W@^5 ND 'H@^5 NA C�_>



� 8 � a ^b : [�\�b_]c Ni201 ``adb`ccd`e\afghead 973*

�8 Efb. \ 2 ]=C Ni201 1 pH @� 8.4 �<!
*2<)Ef=0.4 V �1/�$# 2 h J�"$#*$
Ni201 1 500 S3b</# 2 h J�"/#*� Mott–
Schottky "#, 2 >#"*6,+e-�3�#!5f,
"6� p 4Æ&�.

'# p 4Æ&�, Efb $ NA :C$.�V46

1
C 2

sc

= − 2
εε0eNA

(E − Efb +
kT

e
) (1)

V<, Csc �KJ16�&9@; F'�&- ε=15.6; g
3c��A ε0=8.85×10−8 μF/cm; e ��:�7; E �

�+�8 (=L�V); k � Boltzmann �A; T �R.

8T5. Ni201 1 pH @� 8.4 �<!*2<0"�$#
*� Efb Z� 0.4 V. P&T3b/#�"� NiO � Efb

Z� 0.15 V. 9Æ&�* Efb �^5f;, Ni201 ,1$
#*��&+,@A?=-� Ni(OH)2 -_0.

a 1 Ni201 
 pH �� 8.4 ����#�i��gd��
Fig.1 Potentiodynamic polarization of Ni201 in deaerated

buffer solution with pH=8.4 at room temperature

with 1 mV/s scan rate

a 2 Ni201 
 500 

�#��������
 pH �� 8.4

�#��# Ef=0.4 V h`i�� 2 h ������
Mott–Schottky ��

Fig.2 Mott–Schottky plots for NiO thermally grown in air

for 2 h at 500j and passive film formed on Ni201 at

form potential Ef=0.4 V for 2 h in deaerated buffer

solution with pH=8.4 (Csc indicates the capacity of

space charge layer)

Ni201 1 pH @� 8.4 �<!*2<0"�$#*
� NA,PajZ� 5.99×1020 cm−3,. Ni2011 500S
3b<LR 2 h �"/#* NA(1.76×1019 cm−3) � 34
k, ,e$#*�kl9&T/#*A&. bEHklO
4, $#*DHkl1�l="�ha, $#*�"F$
fc.Hkl'(, #�$#*<d'im�/3j'#
�g:3j, k$#*<�W@'H@^5iD, "1%
E�Æ�mÆ."Fn�*�g:im, 1d'h�!g
: (` Cl−) �Æ<, $#*i&lH7fc.
2.3 bQPRcd

\ 3 ]=C1 E=–0.2 V B46� Ni201 ,1$
#*�1�@ (Iph) L. \ 3a � Ni201 1&T3b<
/#0"/#*� Iph L, Y+�@U 300 nm [X, 1
370—400 nm 0"3e, m%/#*1/0 [23] <nP
��E� NiO. \ 3b � Ni201 1 pH @� 8.4 �<!
-/*2< Ef=0.4 V 1/�0"�$#*� Iph L, Y
+�@U 260 nm [XoLP 340 nm 0"o%?3e,
"Jn;� 0, U 470 nm [XoLP 510 nm 0"op
?3e. f Ni201 �$#*� Iph L.? 2 ?qN��
:[iM_0�, Ef$#*?;- !!", '8- 
!<rd 2 ?32/#F. [9\ 3a $ b :p, Iph L

< 370—400 $ 340 nm s�e', Ni201 ,1�/#
, (NiO), "oKtj:<?U#/#.`< O gh`
532. :\ 3b < 510 nm s�e',=- Ni(OH)2
'<� NiO.

�CkuC1:<7�88i7�Æ&�!(32
F� Eg, $�bE�Vaj$#*<:F� Eg @:

(Iphhν)1/n = A(hν − Eg) (2)

a 3 Ni201 
 500 

�#������ pH �� 8.4 �#
��# Ef=0.4 V h`i�� 10 h ��������
���

Fig.3 Photocurrent (Iph) spectra for NiO thermally

grown on Ni201 for 2 h in air at 500 j (a) and

passive film formed on Ni201 at Ef=0.4 V for 10 h

in deaerated buffer solution with pH=8.4 (b) (Iph

spectra were measured at applied potential E=

–0.2 V)
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V<, hν �1:<7, A ��A, n=2 $�p"#$#
*. \ 4 ]=C (Iphhν)1/2 .1:<7�((. $�,
C1L<Y+1�@ee-�3%v�Q#qFP.j
e�kHE:46%F� Eg. lm, \ 4a < Ni 1&
T/#<0"/#*� Eg Z� 2.4 eV, E NiO � Eg=
2.4 eV. ';\ 4b, :C��, Ni 1 pH @� 8.4 �-/
*2<0"�$#*, "D-� NiO,  !.&T/#�
"�lnS?� NiO]L, Eg=2.8 eV;=-� Ni(OH)2
'7<� NiO, Eg=1.6 eV.

%(��, $#*�1�@+,�o5$;<."3
)�*-<��l'(. %�lH7=L�V�*+, w
E &#'x# Efb B, $#*,+32�1�@+,. n
'�KJ m,e, Fe ��$#*� n 4 [24], Cr ��
$#*� p 4 [25], 132=L�V�6:,+3+'Y
+�1�@+,.

\ 5 ]=C32 E ' Ni201 1 Ef=0.4 V 0"�
$#*�1�@+,�*+. 1 E=Ef=0.4 V B, 1�
@,+ 2 ?93e��3+�@e, e@2?1 2.0 $
3.8 eV ', Ni(OH)2 $ NiO. qÆ E <3;<haP

0.2 V B, �% 2 ?Fnore�1�@+,, m%�V
. Mott–Schottky "#<16� Ni201 1&T3b<�
"� NiO � Efb 9S=, 2x# Ni201 1<!*2<�
"$#*� Efb. E=0 V B, $#*,+ 2 ?Y+�@
e, e@=+�1:<7.�%f;<3+�@e=+�
1:<7F=. E pxP –0.2 V B, Y+�@eqLe
�, Iph @q3. m%F'qN�1�@+,. E �((

reC Ni201 ,10"�;-$#*D-� NiO =-�
Ni(OH)2.

a 4 Ni201 
 500 

�#������� pH �� 8.4

�#��#s���t 0.4 V �� 10 h ����
(Iphhν)1/2 ��%�p�rs

Fig.4 (Iphhν)1/2 vs photon energy plots to determine the

Eg for NiO thermally grown in air for 2 h at 500 j
(a) and passive film formed on Ni201 at Ef=0.4 V for

10 h in deaerated buffer solution with pH=8.4 (b),

tested at E=–0.2 V

a 5 Ni201 
 pH �� 8.4 �#��#s 0.4 V �t��
10 h ������������ E �rs

Fig.5 Effects of applied potential E on the photocurrent

spectra for the passive film formed on Ni201 at

Ef=0.4 V for 10 h in buffer solution with pH=8.4

2.4 fSST
\ 6 ]=C Ni201 1 500 S3b<�"�/#*$

1 pH@� 8.4�<!*2<C$#�V 0.4 V$# 10 h
�"$#*� XPSL. :s, Ni2011 500S3b<�"
�/#*"@A"2� NiO, 05Z 6—8 nm; Ni201 1
pH @� 8.4 �<!*2<C$#�V 0.4 V $# 10 h
�$#*, "=-@A"2� Ni(OH)2, 05Z 1.5 nm,
D-� NiO, 05Z 2 nm. .1�#8+,24 m
%6.

3 ghij
?�%KJ m$f;:p, Ni201 1 pH @�

8.4 �-/*2<0"�$#*, D-� NiO $=-�

Ni(OH)2 6� p 4Æ&�, ',� Eg 2?� (2.8±0.1)
$ (1.6±0.1) eV, "1�@+,61 E=0.2 V B� 0.
Mott–Schottky "#,e Ni201 ,1$#*� Efb Z�

0.4 V. �%, ' Ni201 ,13+/#�"�$#*<�
2. p 4Æ&�2"2C1e�t �/#,=`��
�:<7O4tt.

\ 7a ]=C Ni201 ,1$#*1R_i?B��
:<>]u\. $���, #�$$#*v)C1 Ohm
k9, 4q Ni(OH)2 . NiO ��:r$<F=. '#%
O4, Ni201 ,13+/#0"�$#*u,+ 3 -3)
�*-, 2?.: 1 NiO . Ni(OH)2 v1 NiO %v0
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a 6 Ni201 
 500 

�#������� pH �� 8.4

�#��#s���t 0.4 V �� 10 h �����
�� XPS �

Fig.6 XPS plots of thermally grown oxide film on Ni201 in

air for 2 h at 500 j (a) and passive film formed on

Ni201 with Ef=0.4 V for 10 h in buffer solution with

pH=8.4 (b)

"�3)�*- I, NiO . Ni(OH)2 �v1 Ni(OH)2 %
v0"�3)�*- II $ Ni(OH)2 .*2)�3)�
*- III.

Ni201 ,1$#*132 E ��1�@+,Æ�:

C"\ 7b—e ��:<>O4Mu. 1 E=0.4 V B, �
V.\ 2 < Ni201 ,1$#*� Efb F2, 3)�*-
III wv, 3+1�@?3)�*- I .3)�*- II K
�, 1�V="�s-)�1��:<#�vha, 1�
3j<*2ha, `\ 7b M]. �%, 11:<7?&
Px^2.`<:C46? NiO $ Ni(OH)2 sF_0
�323+1�@. w E=0.2 V B, $#*,1�1�
@+,3e� (\ 5b), .?#13)�*- II �0"3
+1�@+,:2B13)�*- III �0"Y+1�@
+,. ��F�8G>ICY�+�(<@PH=�+�
yt�@z, 1m%�V�$#*<� Ni(OH)2 Fu'1
�@+,, 2B% E 9 Ni201 1&T3b/#�"/#
*� Efb v&, 3)�*-wx, $#*< NiO F�1
�@I7�w, "�:<> !`\ 7c M]. w E=0 V
B, Ni201 ,1$#*,+ 2 ?Y+1�@e, "?&�
3)�*- I, II $ III <��: – 3j', `\ 7d M
]. w E xHpx, Y+1�@+,�3)�*-1�

a 7 Ni201 ������%��
�xyy, �� EC, y

� EV, �w�z EF ���{z�z Eredox �
|�
t E �rs

Fig.7 Electronic energy band model at equilibrium (a) and

the relationship of the electronic energy level of the

conduction band EC, valance band EV, Fermi level

EF of each compound, redox potential Eredox of the

electrolyte and different E (b—e) of the passive film

formed on Ni201 at Ef=0.4 V (SCL indicats the

space charge layer in the passive film)

V="�{"G6qD:qo, "�:<> !`\ 7e
M].

$#*� Mott–Schottky "#I:C" Ni201 ,
1$#*��:<>O4?Mu, %B��$#*C=-
�3)�*- III@A,+�&9!(. w E &# Efb B,
3)�*- III 47s#}x?, Mott–Schottky "#<
C −2

sc .�V@{7#!((. '#\ 2 <]= Ni201
,1$#*� Mott–Schottky "#, w E x# Efb B

�3)�*- III �}x"#,+�#!, ,e Ni(OH)2
-. p 4Æ&�. [9\ 2 <s"#, w E x# Efb

B, $#*�3e-oF9&T�"/#*�3e-oF
-y, m:<.?#$#*< NiO $ Ni(OH)2 v1'
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|=�3)�*-5z�. w E K# –0.4 V B, ?#3
)�*- III <<>�o{{", Fermi <=S=>:�
<), lm<>s#nl?. m%o{�<>{", &6
Ni201 ,1�"�$#*1 Mott–Schottky "# E K

# –0.4 V B3{{+#!, IEm%/#*3.?8%
FM!".

/0 [25] ��, Fe–Cr �#1)!*2<�"�D
-� p 4=-� n 4Æ&� !�$#*, 3<k|*
L|�{�F, 2)'}T��="; :"1<!*2<
�"�D-� n 4=-� n 4Æ&� !$#*, '�
�r}T=". LKJ< Ni201 1<!*2<�"�D-
� p 4=-� p 4Æ&� !�$#*, bEHklO
4, ,1-'Yg:mÆ'%E}T=", :C;-��
0��:<!.

4 Zj
(1) Ni201 ,1$#*?D- NiO $=- Ni(OH)2

?", ">:B5 Eg 2?� (2.8±0.1)$ (1.6±0.1) eV.
(2) Ni201 ,1 Eg � 2.8 eV �D-/#, NiO

. Ni201 ,1&T3b/#�"� NiO (Eg=(2.4±
0.1) eV) )'F=�>:B5, ,e$#*<� NiO )

'.&T/#�"� NiO F=�n� !.
(3) Mott–Schottky "# m,e Ni201 ,1�$

#*$"1&T3b<0"�/#*6,+e-�3�
#!5), E 2 >*6,+ p 4Æ&�!(.

(4)bE1�@+,$Mott–Schottky"# m, G
N Ni201 ,1D- NiO =- Ni(OH)2  !��:<>
O4, 24C 2 >2� p 4Æ&�?"�$#*��:
 !.
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