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ABSTRACT

Electrodeposition of Zn-Fealloy on mild steal substrate wasperformed under
galvanostatic condition from an acid chloride bath. Use of sulphanilic acid
(SA) and gelatin was found to show significant effect on homogeneity and
brightness of the deposit. Under no conditions of bath composition and
operating parameters studied, the codeposition behaviour changed from
anomalousto normal type was observed. The experimental resultsrevealed
that the corrosion resistance of electroplates depends on both wt. % Fe and
structure of the deposit. The dependency of bath composition, current
density (c.d.), pH and temperature on wt % of Fe, hardness, appearance and
corrosion resistance of deposits were studied and discussed. The corrosion
resistance of electroplates were evaluated by direct current (d. ¢.) and alter-
nate current (a. ¢.) method. Potentiodynamic cyclic polarisation technique
was used to investigate the mechanism of corrosion. The surface rough-
ness and morphology of deposits were studied by AFM and SEM analysis.
XPS analysis was carried out to investigate the state of metal in the alloy.
The electrochemical impedance spectroscopy (EIS) analysis revealed that
superior corrosion resistance of Zn-Fe coatings are due to formation of n-
type semiconductor film at theinterface of the metal and medium, confirmed
by Mott-Schottky (M-S) plot. © 2009 Trade Sciencelnc. - INDIA

KEYWORDS

Zn-Fealloy;
Chloride bath;
Sulphanilic acid and
gelatin.

INTRODUCTION

Codeposition of two meta srequiresthat their indi-
vidua reversiblepotentia sarereasonably closeto each
other in the specific bath. Thisisthe casewhen their
standard potentialsare close, when the concentration
of one of the metalsin solutionis properly tuned, or
when complexing agent that forms complexeswith dif-
ferent stability constantsisadded. Amoung thevariety

of electrodeposition, the deposition of Zn-M (where
M =Ni, Coand Fe) isof great interest because of their
high corrosionresistance compared tothat of purezinc™
3. It hasbeen shown that the corrosion potentid of the
electrodeposited Zn-Fealloy is 10% nobler and cor-
rosion current istwo times smaller than those of pure
zinc coating of equal thickness*®l. Improvementsin
corrosion resistance of Zn-M alloysarebelieved due
tointroduction of dightly nobler metd intothe crystal
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|attice. Thereforemany studieshave been attempted to
understand the deposition and characterization of Zn-
Fealloy™.

Thedectrodeposition of Zn-Fedloysisclassfied
by Brenner? asan anomal ous codeposition wherezinc
thelessnoble metal, deposits preferably with respect
tothemorenobleiron. Thereportsshow that the el ec-
trodeposition of Zn-Fealloyinagueousisclassfied as
anomal ous codeposition becausethe presence of zinc
inhibitstheelectrodeposition of the more noble metal
ironandthelessnoblezincispreferentially deposited.
Asareault, theZn/Feratioin thedeposit ishigher than
inthedectrolyte, and dloy depositswith highiron con-
tent aredifficult to produce. Because of this, iron con-
tent in Zn-Fe alloys produced from agueous plating
bathsisusualy low. Dueto such anoma ous behavior,
the codeposition of Zn-Fein these solutions does not
involveunder potentid deposition of Znon Fe, dthough
this phenomenon*¥ is known since 1907, the
codeposition mechanismsof zinc and cobalt are not
well understood*>*¥, There are some propositionsto
explain theanomal ous codeposition of theZn-Fe al -
loys. Thefirst attributestheanomal ous codepositionto
alocd pH increase, which would induce zinc hydrox-
ide precipitation and would inhibit the iron deposi-
tion+1%, 1t was, however, later that anomalous
codeposition occurred even at low current densities?®,
where hydrogen formationisunableto causelarged-
kalinization effects. Another propositionisbased onthe
under potential deposition of zinconiron-richzincal-
loysor oniron nuclei’”¥, Matlosz used atwo-step
reaction mechanisminvolving adsorbed monovdentin-
termediateionsfor both el ectrodeposition of iron and
zinc, assinglemeta's, and combinesthetwoto develop
amodel for codeposition®. Anomalous effects as-
sumed to be caused by preferential Sasaki and Tal-
bot®! proposed model extendsthe one-dimensional
diffusion modeling of Grande and Talbot!?Y asupport-
iveor interpretive, rather than apredictive, model of
electrodeposition. A main contribution of thismodel is
theinclusion of hydrogen adsorption and itseffectson
electrodeposition. Zech et. al. concluded that deposi-
tion of iron group metalsleads to areduction of the
reaction rate of the more noble component and anin-
crease of thereaction rate of thelessnoble component
compared to single metal deposition??, Eliaz and
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Gileadi'® haverecently reviewed the principlesof al-
loy codeposition and the phenomenon of anomalous
codeposition (ACD) intheframework of amore com-
prehensivereview of induced codeposition.

A good amount of seriouswork hasalready been
documented pertaining to production and properties of
Zn-M aloyswith detail ed mechanism of anomal ous
codeposition. It hasalso been shown that the corrosion
resistanceof Zn-M alloysishighly dependent on bath
constituents and operating parameters employed for
plating. Thusby proper modulation of [Fe**], ¢.d. and
temperaturethe corrosion resistance of Zn-Feeectro-
plates can beimproved significantly. The present work
illustrates the optimization of stable chloride bath for
el ectrodeposition of Zn-Fedloy over mild stedl for its
peak performance againgt corrosion.

EXPERIMENTAL

Pating solutionswere prepared from reagent grade
chemicalsand digtilled water. Thecomposition of elec-
trolytic bathwasoptimized by sandard Hull cdl method.
All deposition was carried out 303K, except during
temperaturevariation. Thebath was maintained at pH
4.0 and monitored frequently. Polished mild stedl pan-
els having an exposed area of 7.5 cm? were used as
cathode and pure zinc as anode with same exposed
area. Mild stedl panelswere polished with emery pa
per (grit 600), degreased in an ultrasonic UM-2 bath,
el ectro cleaned, treated with 10% HCI and then rinsed
withdistilled water beforedippingintotheeectrolyte.
Electroplating wascarried out at different current den-
sity to study the effect of latter on deposit character.
After deposition, the cathode was washed with tap
water and rinsed with distilled water thendried. APVC
cell of 250 cm?® capacity was used for electroplating
with cathode-anode space of about 5cm. The corro-
sion behaviorsof depositswerestudied by d. c. anda.
c. electrochemical techniquesusing Electrochemical
Work Station (Metronm PGSTAT 30) usngthreedec-
trodesystem. Thepol ari zation messurementsweremade
at 298K in aerated 5% NaCl solution maintained at
6.0 pH. The saturated calomel electrode (SCE) was
used asreference and pure platinum as counter. The
potenti odynamic polarization was carried out at ascan
rateof 1 mVs?.Potentiodynamic cyclic polarizationwas
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carried out over the potentia rangeof -1.6V to—0.4V
at the scan rate of 1 mVs?* (Gamry Instruments) and
impedance behavior of electroplateswere studied by
Nyquist plotinthefrequency rangefrom 10MHzto 10
mHz. The composition of coatings was anayzed by
colorimetric method by stripping the el ectrodeposits
into dilute HCI™®4, and was cross verified with EDX
analysis. Thethickness of the depositswas calculated
from Faraday’s equation:

t=ExI_xC.E.xAt/(d.F)

Wheret isthethickness of the deposit, E isan elec-
trodeposit coating equivaent, | _isafilm deposition
current dengity, C.E. isacurrent efficiency, Atisatime
interval, and d is the density of the deposit and Fis
Faradays constant (96, 500 Coulombs). Thevalidity
of measured thicknesswas checked using digital thick-
nesstester (Coat measure M& C, 1SO-17025/2005).
The hardness of the deposit (~15um thickness) was
measured by Vickersmethod using Micro Hardness
Meter (CLEMEX). The cathode current efficiency of
deposition was determined by knowing the massand
composition of thedeposit!*d. The surface roughness
of the deposit was found out by AFM. The surface
morphology of e ectroplateswere studied by Scanning
Electron Micrascopy (SEM, JEOL 6380 LA) withEDX
link. X-ray Photoel ectron Spectroscopy (XPS) mea-
surementswere performedin UHV (2.5x10™° Torr base
pressure) using 5600 Multi-Technique System (PHI,
USA).

RESULTSAND DISCUSSIONS

Hull cell studies

Adidbath containing ZnCl,,, FeCl,,, sulphanilicacid,
and gdatin hasbeen optimized by conventiona Hull cell
method a 1A cdl current, pH 4.0 and temperature 303K.
Ascorbic acid wasused to prevent the oxidation of Fe**
toFe** Vaietiesof depositshaving grayishwhite/bright/
semi-bright/porous/black powdery appearance were
obtained over thewidec.d. of 1.0-5.0A dm2. Effect of
each bath condtituentson Hull cdll pand swereexamined
intermsof their gppearance, brightnessand surfacemor-
phology. NH,Cl and KCI were used asconducting sdts
forimproving the homogeneity and brightnessof thede-
posit. Bath congtituentsand operating parametersof the

—= Fyl] Paper
optimized batharegivenin TABLE 1.

TABLE 1: Compostion and operating parameter of optimized
bath for eectrodepostion of bright Zn-Fealloy

Bath composition AT'\(A)l;m Operating parameters

Zinc chloride 0.37 pH: 4.0
Ferrous chloride 0.04 Temperature : 303 K
Ammonium chloride 224 Anode : Pure zinc
Potassium chloride 161 current density: 3.0 A dm™
Sulphanilic acid 0.03
Gelatin 7g/lit
Ascorbic acid 10g/lit

Effect of current density

Wt. % Feinthedeposit

Factorswhich enhancethewt. %Fein e ectrode-
posited alloyswere studied by varying c.d., pH, and
temperature. The dependency of c.d. and pH of the
bath on wt. %Fe, hardness, thicknessand appearance
of the deposit are shown inthe TABLE 2. The bath
produced semi-bright deposit with about 1.31 wt. %
Feat low c.d. and produces a grayish bright porous
deposit at high c.d. with about 4.99 wt% Fe. A good
deposit of Zn-Fewasfound at 3.0 A dm2with about
3.16 wt. % Fe. Theincrease of wt. % Feinthe deposit
with c.d. isattributed to preferential deposition of Iron
dueto rapid depletion of Zn*2ionsat cathodefilm.
TABLE 2: Effect of current density and pH on wt. %Fe,

hardness, thickness, CCE and deposit patterns of
eectroplatesat 303K

Current pH Wt.%Fe Vickers Thickness

CCE Appearance

(‘i\eﬂﬂ% bg];h de;l)r;sit harvdz;%S o Iiiqpmt (%) of deposit
10 40 131 145 515 9326 Semi bright
20 40 218 171 1047 9210 Bright
30 40 316 175 1508 9143  Bright
40 40 379 177 1990 9057  Bright
50 40 499 189 2420 8827 Grayishbright
30 20 298 . - Semi bright
30 30 316 175 15.08 Bright
30 50 324 Bright

Thicknessof deposit

Thethicknessof thedeposit wasfound toincrease
with c. d. asshown in TABLE 2. The linear depen-
dency of thicknessof the deposit with c.d. asper the
Faraday’s equation, and also increase in the metal % in
thedeposit withthecurrent density.

——, P otrioly Seience

Hn Tndéan g%wumé



292

Electrodeposition of bright Zn-Fe alloy

MSAIJ, 5(4) December 2009

FPull Paper ==
Hardnessof deposit

Thehardnessof deposit wasfound to increasewith
wt. % Fe in the deposit as shown in TABLE 2. In-
creaseinthewt % of Feisobserved withc. d. It may
ascribed by theinherent high density Iron(d,, =7.149
cm®and d_,.=7.86 g cm®) in the deposit.

Effect of pH

Generdly, during Zn-Fegroup metd aloy deposi-
tiontherewill beasmdl changeinpH after platingif the
bath containssmplemetallicions. But inthe bath under
study, therewasasignificant increaseinthepH of the
bath after plating at |low pH and remained d most same
at high pH. To understand the effect of pH on deposi-
tion patterns, the pH of thebathwasvariedfrom2to 5
and corresponding dataaregivenin TABLE 2. At low
pH, the deposit was semi-bright and powdery and no
much changeinthe gppearance of thedeposit wasfound
at high pH. Increase of wt. % Feinthedeposit with pH
indicatesthat themetal ionsarein complex form dueto
additive (sulphanilic acidwith NH*ions).

Effect of Temperature

Temperature has prominent role on the composi-
tion and gppearance of the deposit asexhibited by other
Zn-M dloys Thedeposit wasfound to begrayishwhite
at high temperature with moreiron compared to semi
bright at low temperaturewith lesswt.% Fe. Thevaria-
tion of wt. % Fewithtemperatureisasshownin TABLE
3. At elevated temperature, morereadily depositable
metal (zinc) ionsarefavored to bereplenished fast at
the cathode and hence decrease theiron content inthe
aloywasfound.

TABLE 3: Effect of temperatureonwt. % Feinthedeposit at
3.0Adm2andpH 4.0

wt. % Fe

Temp. in the Appearance
(K) deposit of the deposit
283 4,17 Semi Bright
293 3.94 Bright
303 3.16 Bright
313 3.08 Bright
323 3.00 Grayish white

Cathodecurrent efficiency (CCE)
Cathode current efficiency isgiven by,

Weight of the alloy

% Current _ deposited x 100
efficiency =  Theoretical weight obtained
from Faraday'slaws
Mx100
€alloyXQ

WhereM isthemassof thealoy deposit, Qisthequan-
tity of the electricity passed and e oy isthe electro-
chemicd equivalent. The CCE of thebath remainsal-
most constant at low c.d. and was found to decrease
slightly at high c.d. dueto hydrogen evolution at the
cathodeasshownin TABLE 2.

Corrosion study
Tafel plots

Corrosionresistance of Zn-Fe el ectroplateswere
determined using 5% NaCl solution by Tafdl’s extrapo-
lation method and dataaregiveninthe TABLE 4. Po-
larization studies have been made at ascan rate of 1
mV/sinapotential ramp of + 0.5V cathodicand -1.0V
anodic from open circuit potential (OCP) asshownin
Figure 1. Theanodic polarization was studied up to -
1.0V from OCPto check thepossibility of passivefilm
formationwhichislikely toinhibit the corrosion under
certain conditionsof applied potentid.
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Current density / & em™
Figurel: Tafel plotsfor Zn-Fe alloy deposits obtained at

different c.d.’sfrom theoptimized bath at scan rateof 1 mV/
secvs. SCE

E_.and Tafel’s slopes for electroplates at different
c.d.’s are shown in TABLE 4. Tafel slope indicates that
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the corrosion of Zn-Feelectroplates are cathodic con-
trolled and deposit at 3.0 Adm2isfound to be very
smooth and uniform with peak performance against
corrosion.

TABLE 4 : Corrosion properties of Zn-Fe alloy deposits

obtained under different current densitiesusing 5% NaCl at
301K

Current ) Corrosion

d:ﬂgty Wt~ % Fe Ecorr in Volts Ba BC I corr " rate

(A dm?) in deposit Vs, SCE (V/dec) (V/dec) (pA.cm™) (mm y?)
1.0 1.31 -1.134 0.083 0.233 38.80 0.559
20 2.18 -1.164 0.085 0.163 26.39 0.380
30 3.16 -1.144 0.088 0.165 22.58 0.325
40 3.79 -1.231 0.146 0.167 28.71 0.414
5.0 4,99 -1.127 0.179 0.190 34.88 0.502

Cyclic potentiodynamic polarization (CPP)
measur ements

The peak corrosionresistance exhibited by Zn-Fe
coating may be better understood by investigating the
CPP study over apotentia rangeof -1.6V to—0.2V as
shownin Figure 2. Intherangeof -0.2t0-0.60V, the
current density of backward scanningishigher than of
theforward scanning, indicating that the dissolving of
oxides had occurred in the process of forward scan-
ning, so salf-repairing occurred in the process of back-
ward scanning and the increased anodic current ap-
peared. Intherange of -0.65t0-0.95V, current den-
sity of backward scanning waslower than that of for-
ward scanning, which showsthat meta could form pro-

—s—Zn-Fe deposit{optimized)

-

1E6 1E|5 1%-@1 1E-3

Current density / A cm™
Figure2: Potentiodynamiccyclic polarization curvefor Zn-
Fealloy deposit obtained at optimized cur rent density of 3.0

Adm2from optimized bath at scan rateof 1 mV/secvs. SCE
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tective passivation filmwhen the potentid fallsdownto
acertainvaue. But current density of backward scan-
ning waslower than forward scanning at the same po-
tentia, which indicated that the passivationfilmhad a
more compact structure after been anodic polarized.
The constancy of current density towards higher po-
tential duringforward scanning clearly indicatesthefor-
mation of passvefilm.

Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is
avery versatilee ectrochemical tool to characterizein-
trindgcdectrica propertiesof any materid anditsinter-
face. Thebasisof EISistheanayssof theimpedance
(resistanceof dternating current) of the observed sys-
tem in subject to the applied frequency and exciting
signd. Thisanalysisprovidesquantitativeinformation
about the conductance, the dielectric coefficient, the
static properties of theinterfaces of asystem, and its
dynamic change dueto adsorption or charge-transfer-
phenomena. EIS usesalternating current with low am-
plitude. Thisfacilitatesanon-invasive observation of
any samplewithout any or lessinfluenceon thed ectro-
chemical state. Nyquist responsesof Zn-Feadloy de-
positsunder different conditionsof c.d. wereshownin
Figure 3. The sol ution resi stanceremainsthe samefor
all depositssincethe studieswere done under similar
conditions. The capacitiveloop with bigger semicircle
indicatesthat the Zn-Fedeposit at 3.0 Amp/dm? (opti-
mized c.d.) showsmaximum polarizationres stance(Rp).
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Figure3: Electrochemical impedance spectroscopic cur vesof

Zn-Fealloy coatingsproduced at different current densities

from optimized bath with ECE (insst)
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Theincrease and then decrease of imaginary compo-
nent of impedance (Z°) with frequency indicates that
resistance (R), capacitance (C) and inductance (L) of
electrochemical circuit arein parallel combination its
electrochemica equivdent circuit (EEC) isasshownin
theFigure 3 (inset). Theincreased corrosion resistance
of Zn-Fedloy a optimized bath condition (3.0A dn?)
may be attributed to theincreased reactance caused by
theformation of semiconductor film at theinterface.

M ott-schottky plot of Zn-Fealloy coatings

Increased of corrosion resistance of coatingsat op-
timi zed bath condition may be attributed to theforma-
tion of semiconductor filmat theinterface of metal and
themedium during corroson. Thesemiconductor prop-
erty of thepassivation film can bedescribed with Mott-
Schottky equation.

n-type : = = 2 E-E KT
ype cz - e eeNg fb o
t ! 2 E-E kT
p-type = - - ——
2 e epeN, fb

where Cisthe capacitance of space chargelayer of the
passivefilm, Ethegiven potentid, € the dielectric con-
stant of the passivation film, ¢ thevacuum dielectric
congtant, ethe electronic quatity, N and N, stand for
the donor and acceptor electron density, E, istheflat
band potential, k the Boltzmann constant, T the abso-
|utetemperature.

When adopted Eq (1)and Eq(2) to describe the
electronic property of metal surfacepassivation film,
the key point is to determine the capacitance of the
space chargel ayer, and the space chargeamount of the
passivation filmisrelated to the capacitance measured
from experiment. Therefore, whentherangeof thegiven
potentia changed widdly, the space chargeamount of
the passivation film may changelargely, it should be
divided todifferent potentia during theanaysis. The
type of semiconductor can be determined fromthe 1/
C?versusE plot. Figure4 showsthe C? versusE pro-
filefor Zn-Fe coating at optimized processing param-
eter isalinear plot with positivedope, indicatesthat n-
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type semiconductor film formed during corrosionisre-
sponsiblefor itsimproved resistance.

18010 /-’
N v
1 Ex10° /
ranir . /
1 -
.. a_| i 1 A 5 0 ol
EREL /,/
[
1ot /,—"/
[} ]
T Tl /
" . A
&.0x10° S

4.0x10° /

2.0x10" 5 . T T T
-1.16 -1.14 -1.12

T T
-1.10 -1.03

Potential ws. SCE /W
Figure4: M ott-schottky plot showing n-type semiconductor
behavior of ternary Zn-Fe alloy deposit obtained from
optimized current density

X-ray fluorescence spectral (XPS) study

The samples were irradiated with an Al Ka
monochromated source (1486.6 V) and the outcome
el ectronswereanayzed by aSphericd Capacitor Ana
lyzer using the slit aperture of 0.8 mm. The samples
wereanalyzed at the surface and after sputter cleaning
with4kV Ar*iongun (sputter ratewas~43A/minon
thereference SIO,/Si sample). All the sampleswere
charged at the surface, before sputter cleaning. Neu-
tralizer wasused for charge compensation. Additional
mathematical shift wasused when necessary, torefer-
encedl thepeaksto C _at 285€V.

XPS and surface etching by ionized argon were
applied to analyze the metals within the corrosion
product layer (Figure5). Thediscrimination of Znand
ZnO are not possible as the Zn 2p3/2 spectra are
similar for both the non-oxidized and the oxidized
metals (1021.6 eV and 1021.7 eV, respectively). To
solve this problem, Auger spectrum of
Zn(L3M45M45) wasrecorded (thekinetic energy for
Znis992.3 eV, while the energy for ZnO is 987.6
eV). Accordingto the el ectron energy pesks, ironwas
found withinthe outer layer in thenon oxidized form,
whilezincwasintheoxidized one. Figure (6a). After
sputtering in deeper levels, Zn appearsasindicated
by the energy peak at 992 eV (Figure 6b). Iron, how-
ever, was found to be non-oxidized within the con-
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centration profilestudied. Thisresult impliesthat the
corrosion of zinc, asaless noble component, ispre-
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vailing during thefirst corrosion stages, whereasmore
nobleiron remains non-corroded.
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Figure5: X-ray fluor escence spectroscopic curvesof Zn-Fealloy coatingsat theoptimized current density 3.0A dm2before

and after sputtering
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Figure6: X-ray fluor escence spectr oscopic curvesof Zn
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Surfacestudy

TheAFM study reveal ed that the surface rough-
ness of the deposit were in the order of ~10-80 nm
(Figure 7). The photomicrograph of the showed that
c.d. playsasignificant role on the phase structure of the
deposit. Thevariation inthe surface morphol ogy of the
depositwithc.d. isshowninFigure8. It wasfound that
surface homogeneity increasewith c.d. asshowninFig-
ures8aand 8b. At optimized c.d. of 3.0A dnr?thegranu-
lar uniform structurewas observed. At highc.d. 4.0A
dmr2thick and porous depositswasfound (Figure 8d).
The composition of the Zn-Feall oy coatings obtained
fromtheoptimized bathwasconfirmed by EDX andyss
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peak of Zn-Fealloy depositsat optimized current density of

asshowninFigure9.
CONCLUSIONS

A stablebath for e ectroplating of bright Zn-Feal-
loy over mild steel hasbeen proposed. Under condi-
tions of investigations, the bath followed anomal ous
codeposition with preferentia deposition of Zinc. The
temperature on the plating process showed that the
codeposition of metadsisdiffusion controlled. Thecor-
rosion resistance of € ectroplateswere not direct func-
tion of itswt. % Fe but a so surface morphology. The
el ectrodeposits having about 3.16 wt. % Fewasfound
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to bevery smooth and uniform showing good perfor-
mance against corrosion. The XPS study impliesthat
the corrosion of zinc, as aless noble component, is
prevailing during thefirst corrosion stages, whereas
more noble cobalt remains non-corroded. The use of
the sulphanilicacid hassignificant roleinimproving ho-
mogeneity and grain size of the deposit. AFM study
showed that the surface roughness of the deposit ob-

Height [rirn]

0

tained at optimized c.d. isof the order of 10-80 nm.
CPP study confirmed that theformation of passivefilm,
responsi blefor improved corrosion resistance of coat-
ings. Thethicknessand porosity of depositsincreased
with current density. EIS study reveal ed that superior
corrosion resistance of Zn-Fe coatingsisdueto n-type
semiconductor film at theinterface, asevidenced by
theM-Splots.

Irege TnFe[C, Topacreph,0 OO V]Bles, roften

sk = 802 rm

Sph = 1.0 nm

vk = 102 nem
Soci 5 = 875 nm
Soh_ 10 = 4 B9 rm
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Figure7: AFM micrographsand surfaceroughnessof Zn-Fealloy deposit produced at optimised current density of 3.0A dmr

2from optimised bath
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Figure8: SEM micrographsof Zn-Fealloy deposit produced at different current densties(a) 1.0A dm?, (b) 2.0A dm2(c) 3.0A
dmr?(d) 4.0A dm2from theoptimised bath
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Figure9: EDX diagram of Zn-Fealloy at theoptimized cur rent density of 3.0 Adm2from optimized bath
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