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Preparation of a High Surface Area Nickel Electrode by
Alloying and Dealloying in a ZnCl,-NaCl Melt
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An electrochemical method of preparing a high surface area nickel electrode by NiZn alloy formation and subsequent dealloying

in ZnCl,-NaCl (60-40 mol %)at 450°C was studied. A nickel electrode was kept at 0.22\MZn in ZnCh-NaCl(sat)where

v-NiZn alloy was formed, and then at 0.5 V where partial dealloying occurred to wieliZn alloy. Scanning electron micro-

scope observation showed that the microporous structure was formed on the surface. The roughness factor of a sample was
determined to be 240 from the double layer capacitance obtained in the ac impedance measurement. Thickness, porosity, and pore
size of the surface layer were estimated.
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Zinc chloride-sodium chloride melts have relatively low liquids were referred to this electrode. The equilibrium potential of zinc in
temperatures and exhibit characteristic properties due to the LewignCl,-NaCl (60-40 mol %)at 450°C was 0.23 Ws. RE.
acidity of ZnCl,. We studied the electrochemical behavior of the  Zinc chloride was made as an aqueous solution from zinc car-
nickel electrode in ZnGkNaCl (60-40 mol %)melt at 450°C by  bonate and hydrochloric acid, and freed from heavy metal impuri-
cyclic voltammetry(CV) and constant potential electrolysis, and ties. The solution was concentrated by heating, and the solidified
reported that different types of Nizn alloys were formed depending material was vacuum dried at 200°C. The zinc chloride was further
upon the potential. Equilibrium potentials of NiZn alloys of differ-  purified by sublimation at 450°C under vacuum. Sodium chloride
ent structures and compositions were calculated from the thermodywas dried at 350°C under vacuum. ZgdaCl melt(60-40 mol %)
namic data of zinc activity in alloyS.CV revealed that the anodic was prepared from the thus obtained Zn@&hd NaCl.
dissolution of zinc from NiZn alloys occurred on the potential scan  Characterization of produced materials was performed by using a
in the positive direction. Formation of crevices and pores, and thereShimadzu model XRD-6000 X-ray diffractometer with the Ca K
fore the increase of surface area, were expected in the dealloyingadiation, a Shimadzu model XRF-1500 X-ray fluorescence spec-
process. Preliminary experiments were performed in whidtiZn trometer. Microscopic observation was conducted with JEOL model
alloy was formed and then dealloyed ¢aeNiZn alloy, and the for- ~ JSM-T100, Hitachi S-3500H, and Hitachi X-900 SEMs. Electron
mation of a porous surface was verified by a scanning electron miprobe microanalysiSEPMA) was carried out with a Shimadzu
croscope(SEM)2 The present paper describes an electrochemicaimodel EPMA-1600 instrument. AC impedance was measured with
study of such alloying and dealloying, and presents some results ofin NF Corporation model 5020 frequency response analfERA)
X-ray diffraction (XRD), X-ray fluorescence analysis, SEM obser- and a Hokuto Denko HA-501 potentiostat.
vation, and electrochemical impedance measurements. Properties of
the porous layer are also discussed.

High surface area nickel can be used as the cathode material for
hydrogen evolution in water electrolysis and in chlor-alkali Cathodic and anodic treatments of nickel electroges order
proces$:® Several methods of preparing Raney nickel electrodesto establish appropriate conditions for cathodic and anodic treat-
from NiAl and NiZn alloys have been propos&d* For example, — ments, it is helpful to reinvestigate the voltammetric behavior of
Nizn alloy coatings are made by electrodeposition in aqueousnickel. Figure 1 reproduces a cyclic voltammogram of a nickel wire
solutiond® and by reaction of nickel with zinc vapor e€lectrode in ZnGHNaCl (60-40 mol %)melt at 450°C" The Figure
(sherardizing}:>*? Zinc is then leached out in hot concentrated al- also shows the regions in which metallic zine, 8-, anda-Nizn
kali hydroxide solutions to form high surface area nickel electrodes.alloys are thermodynamically stabié A cathodic current observed
The method proposed in this paper has an advantage; alloying anat potentials below 0.28 V on the leftward scan is due to the forma-
dealloying can be made by controlling the potential in the sametion of y-NiZn alloy. An anodic current observed around 0.36 V on
electrolytic bath. Also the obtained product may have propertiesthe rightward scan corresponds to the dissolution of zinc from
different from those made in aqueous solutions. v-NiZn to yield B;-NiZn alloy. At potentials above 0.49 V an an-
odic reaction ofB4-NizZn to form «-NiZn alloy occurs, and the
dissolution of zinc fromx-NizZn follows. Although the deposition of
zinc can occur at potentials below the equilibrium potential of zinc
stationary ZnGJ-NaCl (60-40 mol %)melt at 450°C in a Pyrex the rightward scan indicates that metallic zinc, if any, reacts imme-
glass cell. Nickel plates(Nilaco, 99.7%, 0.1 mm thick, 5 diately with the nickel substrate to yietgNiZn alloy.

X 10 mm, total area 1 cfpwere used as the starting material. Prior  Based on the voltammetric results, cathodic treatmenEat
to use they were electropolisheu 1 M HCI at 0.5 A/cnf for 30 s. = .22V and anodic treatment Bt, = 0.50 V were tried. The al-
The counter electrode was a glassy carbon(fiakai Carbon, GC- oy phases expected weseNiZn at 0.22 V anda-NizZn at 0.50 V.
20, 3 mm diam)separated from the main compartment by a glassThus, a nickel platgl cnf), which had been electropolished in
frit. The reference electrodéRE) was molten zinc in ZnGtNacCl advance, was cathodically treated at 0.22 V until a quantity of elec-
(saturated with Na@lwhich was separated from the main compart- tricity Q. = 35 C/cnf passed. During this proceésa. 19 min), the
ment by a small piece of sodiu@’-alumina. All potential values color of the electrode was silver white. As shown in Fig. 2, the
initial current of 70 mA/crf dropped quickly to 40 mA/cfafter 2
min, and further decreased to 20 mAfcafter 19 min. When the
* Electrochemical Society Active Member. circuit was opened, the rest potential of the electrode was 0.27 V.
Z E-mail: katagiri.akira@a0016857.mbox.media.kyoto-u.ac.jp Subsequent anodic treatment was conducted at 0.50 V until the cur-
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Figure 1. Cyclic voltammogram of a nickel wire electrode in a Zp@®aCl (b)
(60-40 mol %)melt at 450°C. Scan rate, 0.2 V/s. The alloy phases and
metallic zinc are thermodynamically stable in the regions divided by the
broken lines.
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rent dropped to zero. The surface of the electrode turned black im-
mediately after the start of anodic treatment. As shown in Fig. 2, the
anodic current changed in two steps. Thus the initial current of 200
mA/cn? decreased sharply, but a plateawcaf40 mA/cnt appeared 20 30 40 50 60 70 80 90 100
after 2 min, which gradually decreased to zero. Such change in the

anodic current suggests that two different processes occurred ir 20(CuKa) [deg]

dealloying. The quantity of electricity wasQ,= (26

+ 0.1) Clend. Figure 3. XRD patterns of(a) Sample | obtained by cathodic treatment
(E. = 0.22V, Q. = 35Clcn?) and (b) Sample Il obtained by cathodic
(Ec=0.22V, Q,=35Clenf) and anodic E,= 050V, Q,

= 26 C/cnf) treatments in ZnGFNaCl (60-40 mol %)at 450°C.(®) Ni,

l i T (O) a-Nizn alloy, and(0)) v-Nizn alloy.

| ] | | | 1 I
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In order to investigate structural and property changes in ca-
thodic and anodic treatments, two samples were prepared. Sample |
was a nickel electrode treated only cathodically, & 0.22 V,Q.
= 35 Clcnf); sample Il was another one treated cathodicalfy (
= 0.22V,Q. = 35Clcnf) and then anodically &, = 0.50 V,Q,
= 26 C/cnf). Both samples were rinsed with water and dried.
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XRD.—XRD measurements were performed to investigate the
crystallographic change in cathodic and anodic treatments. Figure 3a
and b show the results of sample | and sample Il, respectively.
Sample | exhibits the diffraction patternspiNiZn alloy and nickel,
whereas sample Il exhibits those @iNizZn alloy and nickel. These
0 i results confirm thaty-NizZn alloy is formed by the cathodic treat-
ment at 0.22 V, and anodic dissolution of zinc fropNiZn alloy
occurs at 0.50 V leaving-NizZn alloy. Table | summarizes the ob-
tained lattice parameters which are in good agreement with the cor-
responding literature valué&®

In our previous work, y-NiZn alloy was formed on a nickel
100 LI ! 1 electrode in the constant potential electrolysis at 0.20 and 0.25 V,

0 10 20 30 whereas the formation @f-NiZn alloy was not confirmed at 0.50 V.

It seems that the formation @f-NiZn alloy occurs more easily in
Time (min) dealloying ofy-Nizn than in alloying of nickel at the same poten-

tial. As discussed previouslythe diffusion coefficient of zinc is

Figure 2. Variation of current during cathodic and anodic treatments of a Ni larger in alloys of higher zinc concentratibhand therefore zinc
electrode in ZnGFNaCl (60-40 mol %)at 450°C. Cathodic treatmeriE, atoms diffuse out from thg-NiZn alloy more easily than they dif-

= 0.22V, Q.= 35C/cnf; anodic treatment, E,= 0.50V, Q, fuse into the nickel metal. Another point is the difference in the

= 26 Clcnt. surface area. In the case of dealloyingyelliZn, crevices and pores

Anodic current [mA/cm?]

Cathodic current [mA/cm?]
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Table I. Lattice parameters of Ni, a-NiZn, and y-NizZn alloys.

o N
Crystal (present work (Ref. 15, 16)
Substance structure A A)
~v-Nizn bcc 8.931 8.919
a-NiZn foc® 3.574 3.551
Ni fcc 3.529 3.527

2bcc is body-centered cubic.
bfcc is face-centered cubic.

develop due to the shrinking, and therefore the surface area infg
creases, which accelerates the dealloying process. In the case &
alloying of nickel, such mechanism does not work.

X-ray fluorescence (XRF) analysisTable Il shows the results
of XRF analysis of samples | and Il. The intensity of the Zn K S
signal was much larger in sample | than in sample Il, whereas in-
tensities of Ni Kaand Ni K signals were larger in sample 1l than
in sample I. It is apparent that the zinc content of sample | was much 100 “m
larger than that of sample Il, although quantitative interpretation is
difficult for these layered materials because the observed X-ray in-
tensity is the sum of signals from different depths. The results are
consistent with the XRD data that sample | contajnlliZn alloy
and sample Il containa-NizZn alloy.

SEM observation and EPMA-In order to reveal microscopic
morphology of samples | and Il, SEM observation was performed.
Figures 4 and 5 show SEM photographs of the surfaces of sample #%
and sample Il. While the surface of sample | seems compact with
sparse microcracks, the surface of sample Il has many crevices an 5
pores, suggesting that the surface has a large internal area. Figure e
shows SEM images of the surface of sample Il in higher magnifica- &g
tions. The pore structure consists of interpenetrating phases of solif=
and void. Figure 7 shows the cross section of sample Il. A porousEse & =5
layer of the thickness of about 30m can be noticed on the top of
the nickel substrate.

Distributions of nickel and zinc contents in the direction perpen-
dicular to the electrode surface were measured by EPMA using:
cross-sectional samples. Figure 8 shows a backscattering electrof, <%
image(BEI) of a cross section of sample I, together with the inten-

sity profiles of Ni Ka and Zn Ka X-rays along a selected line T T
indicated on BEI. X-ray signals provide information on local nickel ,—,
and zinc contents with a resolution ofudn. BEI of sample | exhib- 10 4m

its a surface layer of 10-18m in which intensity ratio of the Zn K

to Ni Ka signal is about 2. Judging from XRD and XRF data, the
surface layer is considered to beNizn alloy. It is noticed that
another type of NiZn alloysuch as3; anda) does not exists in a
thickness larger than the limit of resolution of EPMA.

Figure 9 shows EPMA results of a cross section of sample II. A
porous layer is recognized in which the intensity ratio of the zn K
to Ni Ka signal is about 1/8. This porous layer apparently consists
of a-NiZn alloy. Beneath this porous layer, there is no other alloy
layer such as3;- and y-NiZn. Comparing the surface layers of

Figure 4. SEM photographs of the surface of sample |. See the captions of

sample | and sample I, the intensity ratio of Zix Ko Ni Ka signal
has decreased by a factorad. 16. This change is due to the trans-
formation ofy-NiZn to «-NiZn alloy.

Impedance measurementsThe roughness factor, which is the
ratio of the true surface area to the geometric surface area, was
— determined from the double layédl) capacitance. Thus a piece of
Table 1. Results of XRF analysis sample was soldered to a copper wire, and fabricated to the working
electrode using a glass tube and Teflon seal tape. AC impedance of

Specimen Fluorescent X-ray Intensity (keps) the electrode was measured in 1 M NaOH solution at 30 °C at the
Sample | Ni Kaw 10.9 potential of—0.1 V vs. the reversible hydrogen electrode. The am-
Ni Kp 2.0 plitude of AC signal was 10 mV, and the frequency was varied from
Zn Ka 21.0 20 kHz to 100 mHz. The dI capacitan€q was determined from the
Sample Il Ni Ka 30.5 Cc_)le-CoIe plot of imp_edance data. Table 1 sum_marizes t_he ob-
Ni KB 51 tained results. Assuming that the dl capacitance is proportional to
7n Ka 21 the true surface area and taking the smooth nickel pladé elec-
tropolished)as the reference, the roughness factor of sample Il is
#Target= Rh; crystal= LiF. calculated to be 240.
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Figure 5. SEM photographs of the surface of sample Il. See the captions of "'_—'
Fig. 3. 1 4m

Figure 6. SEM photographs of the surface of sample Il in high magnifica-
tions. See the captions of Fig. 3.
Discussion on the characteristics of porous layeirhe results
obtained so far indicate that a single layerneNiZn alloy is formed
by the cathodic treatment at 0.22 V and subsequently a porous layer
Of OL-NiZn a||0y iS formed by the anodiC treatment at 0.50 V. ThUS, According to Faraday’s |aW, the experimental data qc
the two-layer(a- andv-NiZn) model proposed in a previous repSrt  — 35 c/cn? gives the thickness of 18.am of the y-Nizn alloy.
is inadequate at least under stationary conditions. Now, processes @fjith this model, however, the percentage of dissolved zinc calcu-
a!loying and _dealloyiqg, and characteristk_:s of the porous Iayc_ar arQated from the compositions of anda-NiZn alloys does not agree
discussed with the single layer model. Since the rest poterifial ( with that obtained from the quantities of electricity in cathodic and
= 0.27 V) observed after the cathodic treatment is regarded as th@nodic treatments. Thus, on the one hand, the percentage of dis-
equilibrium potential of they-NiZn alloy, its composition can be  solved zinc,A, is expressed in terms of the mole ratios of zinc to

estimated from Nernst equation nickel in y- anda-alloys as
E=E°— (RT/2Plnay,, E°= 023V (1] A Xzn(YIXni(y) = Xzn(@)/ Xyi(a) % 100 (%)  [2]
Xzn(V) Xni(y)

Using the zinc activity data of thg-NiZn alloy,? the mole fraction
of zinc is obtained aX,,(y) = 0.81: therefore the mole fraction of ; §
nickel is Xx;(y) = 0.19. Similarly, mole fractions of Zn and Ni in other hand, the percentage of dissolved zinc should be expressed as
the a-NiZn alloy after the anodic treatment at 0.50 V are estimated 0

to be Xzn(a) = 0.12 andXyi(a) = 0.88. Table IV summarizes A= =2 x 100 (%) [3]
compositions of they- and «-NiZn alloys and related quantities. c

Introducing the above-mentioned values yiefds= 96.8%. On the

Downloaded on 2014-07-01 to IP 128.252.67.66 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Socigtys0 (9) C585-C590(2003) C589

a -NiZn Nickel ) "~ Image 3 : pU30Z14c. BEI
alloy substrate
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line analysis
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10 Figure 9. BEI of the cross section of sample Il and NiaKand Zn Ka
“m signals as functions of depth in EPMA.

Figure 7. SEM photograph of the cross section of sample Il. See the caption
of Fig. 3.

wherep is the porosityWy;(y) andW,;(«) are the weight fractions

of nickel in+y- anda-NiZn alloys, respectively, and(y) andd(«)
IntroducingQ, = 35 Clent andQ, = 26 Clcnt yields A = 74%. are the corresponding crystallographic densities. Equation 4 gives
In order to clarify the reason for such disagreement, experimental
data are r}e.edeq on the com.position of glloys formed and on the p=1— Wy(y)d(y)/Wyi(y)d(a) [5]
current efficiencies for cathodic and anodic processes.

Although there are some uncertainties, it seems worth doing to

estimate the porosity and pore size in the porous layer. Assumingntroducing the values of Table IV, the porosity is calculated to be
that the thickness of the surface alloy layer does not change duringg = 0.82, that is, 82%. This calculation seems fair judged by the
dealloying, simple mass balance calculation yields the porosity ofSEM images in Fig. 6.
the a-NiZn alloy layer. Thus the nickel content in a unit volume of Assuming a simple model of cylindrical pores of diamddeand
the original y-Nizn alloy layer must be equal to that in the unit lengthL and perpendicular to the geometric surface of the electrode,

apparent volume of the porousNiZn alloy layer. Therefore, the pore size can be estimated from the porosity and the roughness
factor. If the number of pores per unit geometric area,ithen the
Wyi(v)d(y) = (1 = p)Wyi(a)d(a) (4] porosityp and the roughness fact&are expressed as
p = m(D/2)%n (6]
BT : 800020 MR IEL

R = wDLn [7]

Eliminating n from Eq. 6 and 7

D = 4Lp/R [8]

Position of
line analysis

IntroducingL = 18.5um, p = 0.82, andR = 240, the diameter of
i(l) g pores is calculated to b = 0.25u.m. Although actual pores are
i(?) 2 not cylindrical, this estimation seems reasonable in comparison with
the SEM photographs of Fig. 6.

Table Ill. Double layer capacitance Cy and estimated roughness

factor R.
Cq
. e o Specimen (wF/cm?) Roughness factoR
Ni (not electropolished 30 1
Figure 8. BEI of the cross section of sample | and Nixkand Zn Kasignals Ni (electropolished 39 13
as functions of depth in EPMA. Sample Il 7.3% 10° 240
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Table IV. Compositions and densities ofy- and a-NiZn alloys.

Alloy composition M

Crystallographic

Mole fraction density’
Alloy of nickel? Weight fraction d to
phase Xni of nickel Wy; (g/cn?) of
v-NiZn 0.1 0.174 7.78
a-Nizn 0.8¢ 0.868 8.66

aEstimated from the Nernst equation and the Zn activity data.

P Calculated from alloy compositions and lattice parametesg ( L

= 8.931 A fory-NiZn anda, = 3.574 A fora-NiZn; see Table I). g
¢ Equilibrium composition at 0.27 Vs. RE.

4 Equilibrium composition at 0.50 Vs. RE. 4

5.

6.

Conclusions

In order to obtain a high surface area nickel electrode, cathodic 7.

and subsequent anodic treatments of nickel were conducted in & ! N ;
9. J. Balej, J. Divisek, H. Schmitz, and J. Mergél, Appl. Electrochem.22, 705

ZnCl,-NaCl (60-40 mol %)melt at 450°C, and the following con-
clusions have been derived.
1. The cathodic treatment at 0.22Wg. Zn in ZnCh-NaCl(sat)

yields y-Nizn alloy, which is dealloyed in the anodic treatment at 11.
12. Th. Borucinsky, S. Rausch, and H. Wen#tAppl. Electrochem27, 762(1997).

0.50 V to givea-NizZn alloy.

2. The obtained material exhibits a porous surface with rough-13'

ness factor ok.g., 240.
3. The thicknes&, porosityp, and pore sizédiameter)D of the
porous layer can be estimated from the compositions of relevant

alloys and the quantities of electricity in cathodic and anodic treat-16.

%

ments. The values obtained under the conditions of the present stu
are:L = 185um; p = 0.82; andD = 0.25pum.
4. The present method may be useful for producing high surface

area electrodes, although further study is necessary on their perfors.

mance in specified applications.

10.
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