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Fig.1 Cyclic voltammograms recorded during one-step
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electrosynthesis of PANI/NiHCF nanocomposite
particles on the CNTs-modified quartz crystal sub-
strate (Inset is the last cyclic voltammetric behavior
of PANI/NIiHCF electrodes on the quartz crystal
substrate (inside) and the CNTs-modified quartz
crystal substrate (outside))

v’
v
15+ a v,v"
Y v
v
cl:’.\ vv"
E 10t e
Q v
en v ML
\\_/1 V'/' "
E v an" =
v a®
5 V/' on " b
v -
h e
A
( -=Eam® . . .
0 10 20 30

Cycle number

& 2 A[RIFELJE Hil 4 PANYNIHCFE 94K 52 & B A S e 4
- EERE 2
Fig.2 Mass growing with cycle number during the
PANI/NiHCF nanocomposite electrodes deposition
process on the CNTs-modified quartz crystal
substrate (a) and quartz crystal substrate (b)
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Fig. 3 SEM images of PANI/NiHCF nanocomposite parti-
cles deposited on a Pt substrate (A) and the CNTs-
modified Pt substrate (B)
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- 496 - W, = 2013 4
[ - L S i

< al R El 7 7%t CNTs 16 i B 51 A 3 Jig vl T

3 = SRR PANI/NiHCF 442K 5 4 HU T 0.1 mol-L" Cd(NO),

£ nf RIS R SR SR T RS s

g sl ) EDS % [&l. R L AL IR S T 9ok B A

= wir CA AR & R AR L, X Ay S

28| £ > Fe (MR BE AR ) —fLab 2, B LR (1) Fe

1000 2000 3000 4000 LR PIERIEIE , U0 — b 34 b B =5 1 L TR

Wavenumber/em’ BB, ZREE T 3.13 keV AR T Cd B

5 PANUNIHCF 44K S5 Uk I 2L/ R
Fig. 5 FTIR spectrum of PANI/NiHCF nanocomposite parti-
cles deposited on the CNTs-modified Pt substrate

L35 B T A PR BT, K NiHCF B il B T &
SR TR e RS I EH T E AR
BT AT LA B P8 2 5 v o A7, (E B T 55 4
Zii/N ARG ETEZ . T CNTs BRI IE b k45
PANUNIHCF 92K & 4 0k 6 54 5 1) b 2 i
FIZEhE, H CNTs i f—COOH 1] fy PANI 4241t
AR PERIASE | PANI 78 I3 A7 L H TR 4R,
ZHMAE 0.1 mol-L' CAINO;), AR (L 55RYE, pH ~
6.4) H A G R AR 22 il 28 B AR I AR5 B A i
LN 6 s, i BT W PANINIHCF & 4
E_MEEE C B TR IR L 4 2
PR % AR A S I FRL VDA TN PANT F) 3 Ji 245
5P AL A4 | =y FL LT N PANT A48
TS T8 AL S I 5% B L) B NiHCF (1% 4k 18 5. A
R T, EA PR iR R AR T,
R YRR P Cd B B AR, B R
B K IR, A ORI AR TR A
REHT,CA> BT RBENARD , AR ;
M4 5 i— NiHCF 78 Pb* S5 48 B TR b
B HL AL 2E AT AR LS. BRI, PR 4% PANUNIHCF &
A R F R P SR AR JECIRAS T 453 Cd 3 T
AFURERL , S5 ESIX i 2.

Cd*/Cd B E Ak I SR bR E LA FEL AV A -0.4026
V(vs. SHE)!" A 5256 o PANI/NiHCF & & Wokr H,
AR CANOs), ¥ W H A AIE SR L7 IX 1] R -0.2 ~
0.85 V(vs. SCE), 7E L IX [H] (N AT Cd LA B FIE S
RENE R . AN, T CNTs™F1 PANIPUAS £
X & B ARAEAE B E T, =R AR 2 &0 nl =2k
DRI , AL A BORIXT Cd> B T35 He , Kk

0.10F 03
’ // RN /
( . a

0.05 b\ S
102

£ 000
-0.05 /

-0.10¢ N
. . , 7400
02 00 02 04 06 08

Potential/V(vs. SCE)

10.1

Current density/(mA-cm™)
e
/
‘//
7/ \\
¢ \
R
§ \ ’
\ S
\
e
Am/(pugem”™)

&l 6 PANIUNiHCF 4Kk 5 & BAREARFI A CAINO,), I
T AOTEERR L 2 () RO o f A e 2K (b)

Fig. 6 Cyclic voltammograms of PANI/NiHCF nanocom-

posite particles deposited on the CNTs-modified

quartz crystal substrate in 0.1 mol -L' Cd (NOs),

aqueous solution (a) and the corresponding mass

change plot (b)

Cd

rk

|
erﬂ [V
ww/ \’ R

|

A

J

Fe

r’\ Ni
o B N, P
gn

Intensity/(a.u.)

AV Vo WNRVLY SR R

A\

R VA VS AV S NV LS W
. . .

M\ a
g0
e
1

4 5 6 7 8
X-Ray energy/keV

Kl 7 PANUNiHCF 4R A ALY Fe J1—1k EDS [

Fig.7 The Fe-normalized EDS spectra for PANI/NiHCF
nanocomposite particles deposited on the CNTs-
modified Pt substrate: reduced at -0.2 V (a) and ox-
idized at 0.85 V (b) for 15 min after 10 cycles in 0.1
mol- L' Cd(NO;), solution



i 5 1

W Ras . BRORRYE /| BRSUERANOK S G 0K 9 45 S FL 4250 B Cd 119 EQCM A5 497 -

(i A 7 Hhal LI H PANI/NIHCF 48K 52 &
ORL A Cd> TEIR I 25 A R ST e ) Jd o8 T 4
AL IRRE N Y | Ui HGA IS T Cd 193
BETEASN S K, VAR R nl
PANUNIHCF 94K & A Bk R iR R A A Cd> 4
B Cd>, S8 Cd> BT 4.
3% i

F AR & — L LR IEAE CNTs &1 Pt
L 45 T PANUNIHCF 94 % &2 & Wiki . 1
CNTs 1 = 4EZfLA5 L) |, PANI A1 NiHCF A]
FEGIK RS A I 52 57 J7 (R OB B 23 B0 4
PANUNIHCF 9Kk G R TE CA(NOs), # I H %t
)R Cd B A AR R, 7E -0.2 5]
0.85 V HLNRFE R FEL AR Y SR AR IR Wl AR
B Cd &+, RUINE G THRES T
A AR (BSIX)SL BN T 48 Cd* 5 T 1A 30
2.

2 2% L ik (References) :

[1] Lilga M A, Orth R J, Sukamto J P H, et al. Metal ion sepa-
rations using electrically switched ion exchange[J]. Sepa-
ration and Purification Technology, 1997, 11(3): 147-158.

[2] Kulesza P J, Miecznikowski K, Malik M A, et al. Electro-
chemical preparation and characterization of hybrid films
composed of Prussian blue type metal hexacyanoferrate
and conducting polymer[J]. Electrochimica Acta, 2001, 46
(26/27): 4065-4073.

[3] Lin Y, Cui X. Novel hybrid materials with high stability
for electrically switched ion exchange: Carbon nan-
otube-polyaniline-nickel hexacyanoferrate nanocompos-
ites[J]. Chemical Communications, 2005, 17: 2226-2228.

[4] Pahal S, Deepa M, Bhandari S, et al. Electrochromism and
redox switching of cobalt hexacyanoferrate-polyaniline
hybrid films in a hydrophobic ionic liquid[J]. Solar Energy
Materials and Solar Cells, 2010, 94(6): 1064-1075.

[5] Chen X, Chen Z, Tian R, et al. Glucose biosensor based on

self-doped
polyaniline/Prussian blue bicomponent film[J]. Analytica
Chimica Acta, 2012, 723(0): 94-100.

[6] Zang Y(J44#%), Hao X GUIEN]), Wang Z D(F B Af), et

al. Copolymerization and capacitive performance of com-

three dimensional ordered macroporous

posite carbon nanotubes/polyaniline/nickel hexacyanofer-
rate films[J]. Acta Physico-Chimica Sinica(#) B fk 2%
), 2010, 26(2): 291-298.

[7] Huang W S, Humphrey B D, MacDiarmid A G. Polyani-

line, a novel conducting polymer. Morphology and chem-
istry of its oxidation and reduction in aqueous electrolytes
[7]. Journal of the Chemical Society, Faraday Transactions
1: Physical Chemistry in Condensed Phases, 1986, 82(8):
2385-2400.

[8] Wang Z, Sun S, Hao X, et al. A facile electrosynthesis
method for the controllable preparation of electroactive
nickel hexacyanoferrate/polyaniline hybrid films for H,O,
detection [J]. Sensors and Actuators B: Chemical, 2012,
171-172: 1073-1080.

[9] Lin Y, Cui X. Electrosynthesis, characterization, and appli-
cation of novel hybrid materials based on carbon nan-
otube-polyaniline-nickel hexacyanoferrate nanocompos-
ites[J]. Journal of Materials Chemistry, 2006, 16(6): 585-
592.

[10] YuH, He J, Sun L, et al. Influence of the electrochemical
reduction process on the performance of graphene-based
capacitors[J]. Carbon, 2013, 51(1): 94-101.

[11] Zhang X, Sui C, Gong J, et al. Preparation, characteriza-
tion, and property of polyaniline/Prussian blue mi-
cro-composites in a low-temperature hydrothermal pro-
cess[J]. Applied Surface Science, 2007, 253(22): 9030-
9034.

[12] Chen W, Xia X H. Highly stable nickel hexacyanoferrate
nanotubes for electrically switched ion exchange[J]. Ad-
vanced Functional Materials, 2007, 17(15): 2943-2948.

[13] Sedenkova I, Trchovda M, Stejskal J. Thermal degrada-
tion of polyaniline films prepared in solutions of strong
and weak acids and in water - FTIR and Raman spectro-
scopic studies[J]. Polymer Degradation and Stability,
2008, 93(12): 2147-2157.

[14] Gribkova O L, Nekrasov A A, Trchova M, et al. Chemi-
cal synthesis of polyaniline in the presence of poly (ami-
dosulfonic acids) with different rigidity of the polymer
chain[J]. Polymer, 2011, 52(12): 2474-2484.

[15] Li Y, Zhao K, Du X, et al. Capacitance behaviors of
nanorod polyaniline films controllably synthesized by us-
ing a novel unipolar pulse electro-polymerization method
[J]. Synthetic Metals, 2012, 162(1/2): 107-113.

[16] Li Y(Z=#%), Hao X GIENI), W Z DT 1H), et al. U-
nipolar pulse electrochemical polymerization of polyani-
line nanofiber films for supercapacitor applications [J].
Journal of Chemical Industry and Engineering (4t T. %
), 2010, 61(S1): 120-125.

[17] Hu Z A, Xie Y L, Wang Y X, et al. Polyaniline/SnO,
nanocomposite for supercapacitor applications[J]. Materi-
als Chemistry and Physics, 2009, 114(2/3): 990-995.

[18] Xiao J Q (B f25k), Hao X G (FfflERI), Wang Z D(FE i



- 498 - W ¥ 2013 4F

%), Ton exchange performances of electroactive nickel [20] LiY H, Ding J, Luan Z, et al. Competitive adsorption of
hexacyanoferrate thin films in aqueous solutions contain- Pb*, Cu* and Cd* ions from aqueous solutions by multi-
ing Pb*[J]. The Chinese Journal of Nonferrous Metals( walled carbon nanotubes[J]. Carbon, 2003, 41(14): 2787-
A (.4 27 41), 2010, 20(9): 1802-1808. 2792.

[19] Liu C QX% %), Guan L X(e&HE), Yin Z LG ), [21] Mansour M S, Ossman M E, Farag H A. Removal of Cd
et al. Engineering chemistry [M]. Changsha: Hunan Edu- (1) ion from waste water by adsorption onto polyaniline
cational Publishing House (] i #L & ) it 41 ), 2002: coated on sawdust[J]. Desalination, 2011, 272(1/3): 301-
469-469. 305.

Synthesis of PANI/NiHCF Nanocomposite Particles and EQCM
Measurement of Ion Exchange Properties in
Solutions Containing Cd*

YANG Yu-jiao, ZHENG Jun-lan, HAO Xiao-gang’, MA Xu-li, WANG Zhong-de, ZHANG
Zhong-lin, HAN Nian-chen
(Department of Chemical Engineering, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: The PANUNiHCF nanocomposite particles were synthesized on the CNTs-modified Pt substrate by one-step
co-polymerization using cyclic voltammetry. Electrochemical quartz crystal microbalance (EQCM) technique was adopted to
investigate the polymerization process of the nanocomposite particles and the mechanism of ion exchange in aqueous solution
containing Cd*. The morphology and structure of the as-prepared composite particles were characterized by scanning electron
microscope (SEM), transmission electron microscope (TEM), and Fourier transform infrared spectroscopy (FTIR). Combined with
cyclic voltammetry (CV) and energy dispersive spectroscopy (EDS), the electrochemical behavior and the mechanism of ion
exchange was also investigated in electrolytes of Cd*. Experimental results indicated that the cubic nanocomposite particles of
PANI/NiHCF were formed and distributed uniformly on the CNTs substrate. The particles exhibited good electroactivity and
reversible electrochemical behavior in aqueous solution containing Cd*, and the Cd*" ions could be separated from aqueous

solutions by ESIX processes.
Key words: polyaniline; nickel hexacyanoferrate; multi-walled carbon nanotubes; composite particles; electrochemical

co-polymerization; Cd ; electrochemically switched ion exchange
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