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Studies on the Capacitance of Nickel Oxide Films: Effect of Heating
Temperature and Electrolyte Concentration

Venkat Srinivasan* and John W. Weidner**#
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

Nickel oxide films were prepared by electrochemically precipitating the hydroxide and heating it in air to form the oxide. The
resulting oxide films behave as a capacitor. The capacitance of the oxide depends on the heating temperature, showing a maximum
at 300C. The mechanism of charge storage was studied by measuring the capacitance and surface area as a function of heating
temperature, and the capacitance in different electrolytes and potential windows. The charge-storage mechanism is believed to be
a surface redox reaction involving adsorbed hydroxyl ions.

© 2000 The Electrochemical Society. S0013-4651(99)07-034-2. All rights reserved.

Manuscript submitted July 8, 1999; revised manuscript received October 26, 1999.

With the increasing interest in high-power devicesy( for 25 min, which according to these previous deposition studies should
acceleration in electric vehicles), electrochemical capacitors (ECsjesult in 350ug films with a capacity of 277 mG.¢., 790 C/g). The
have been studied extensively in recent years (see, for examplexpected capacity was confirmed by performing cyclic voltammetry
Ref. 1-3). Most commercially available ECs make use of the doublen nickel hydroxide in 3 wt % KOH and integrating the area under
layer formed at the electrode/electrolyte interface to store energy. Athe reduction peak of a stable cyclic voltammogram (CV).
the double-layer capacitance is typically less thanu&lcn?, 4 For subsequent studies in KOH, the cycled nickel hydroxide
high-surface-area materials such as activated carbon are usuafiyms were again rinsed in deionized (DI) water, heated to the desired
used. However, as much as 90% of the available surface area is riemperature at a rate ofG per min, maintained at that temperature
utilized in activated carbon due to the presence of micropores (<for 3 h, and subsequently cooled &€ Her min to room temperature.
nm), which cannot be wetted by the electroR/#nother strategy ~ The oxide films were then cycled in the electrolyte for approximate-
for increasing the energy stored in these devices is the use of farad®-25 cycles, and the steady-state capacitances were measured. Prior
ic pseudocapacitors, which exhibit current-potential responses simio conducting an experiment at a different KOH concentration, the
lar to that of double-layer capacitors. Transition metal oxides likefilms were rinsed in DI water and immersed in the new solution
RuO, %" and IrQ, 7 exhibit faradaic pseudocapacitance with capaci- where it was allowed to equilibrate for 15 min. CVs were again per-
tance reported to be as large as 76(°Kdpte that all capacitance formed to measure the capacity once steady state was reached. Stud-
values reported in this paper are for a single electrode excluding thes in SO, were conducted by heating the as-deposited film to
mass of the separator, electrolyte, and current collectors.) HoweveBOO'C as described, but without first cycling in 3 wt % KOH.
the high cost of ruthenium and iridium has stimulated research for A saturated calomel electrode (SCE) and a platinum mesh were
identifying other materials that exhibit similar behavior. used as the reference and counter electrode, respectively, in all ex-

Recently Liu and Anders8i! reported the pseudocapacitance periments. Deposition and cyclic voltammetry studies were con-
of nickel oxide {e., NiO) films that were made by heating sol-gel- ducted on a computer-controlled EG&G Princeton Applied Research
derived nickel hydroxidei.e., Ni(OH),] in air at 300C. We investi- M273 potentiostat/galvanostat using the M270 software. The capac-
gated similar nickel oxide films, the only difference being that theity of the films was estimated by integrating the area under the CVs
nickel hydroxide was produced via electrochemical deposiion. using the software.
Both groups reported a specific capacitance as high as 260 F/g. The Chemically precipitated nickel hydroxide was prepared by adding
films also maintain high utilization at high power densities and havethe nickel nitrate solution described previously into a beaker contain-
excellent cycle lifé2 Even though the specific capacitance is com- ing 3 wt % KOH using a dropper. The KOH solution was stirred con-
parable to that of activated carbdthe ability to make thin films  tinuously, thus finely dispersing the precipitated nickel hydroxide.
makes NiO attractive for high-power devices. Additional KOH was added to the solution to maintain the pH at 13.0.

What is not known though is how heating temperature, electrolytelhe resulting nickel hydroxide was filtered using a vacuum arrange-
environment, or the potential range of operation affect the capaciment and repeatedly washed in order to remove the KOH from the
tance of nickel oxide. Therefore, in order to understand the mecharmaterial. The active material was dried at@@or 24 h prior to sur-
ism of charge storage in these materials, the speicificdapacitance  face area measurements using the Brunauer-Emmett-Teller (BET)
per mass of material) and intrinsie(, capacitance per surface area) technique. The material was heated to the desired temperature using
capacitance are reported as a function of heating temperature (2the same heating regime described and the surface-area measured.
450°C), electrolyte environment (3-40 wt % KOH, and 1 hS@)), The surface-area measurements were performed using a Micromerit-
and potential window of operatior-0.55 to 0.45 Ws SCE). This  ics Pulse Chemisorb 2700 analyzer using N
insight can be used to guide electrode development, which may

enable NiO to be a commercially viable electrode in ECs.
Experimental Effect of the heating temperature on nickel hydraxieleigure 1
o i P . ) . shows the CVs of three nickel hydroxide films at a sweep rate of
Thin films of nickel hydroxide were deposited on gold foils 5 my/s The CV of the as-deposited material cycled betwe@B0
masked with a sealant (Silicdit) so as to expose an area of an40.55\Ws SCE shows a set of redox peaks corresponding to the

1.0 cnt. The films studied here were deposited at room temperaturgiciel oxidation/reduction reaction, often ideally represented as
in a bath containing 1.8 M Ni(N§, and 0.075 M NaN@in a sol-

Results and Discussion

vent of 50 vol % ethanol in a procedure described in detail else- charge
where!314A cathodic current density of 5.0 mA/émvas applied for Ni(OH), + OH™ === NiOOH + H,0 + e~ [1]
discharge
* Electrochemical Society Student Member. . . . . . X
** Electrochemical Society Active Member. which involves the intercalation/deintercalation of protons. The
2 E-mail: weidner@engr.sc.edu large anodic currents positive of 0.5 V correspond to the oxygen evo-
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Figure 1 Cydic voltammety on: (---.--) an as-dposited fim of nickel
hydroxide g/cled between—0.8 and 0.5% vs SCE; (- - -) aifm heaed to
300°C and gcled betveen—0.8 and 0.50/; and ) an as-dposited fim
cycled betveen 0.0 and 0X3. The svee rate was 5 mV/sthe electolyte was
3 wt % KOH, and the ctnodic curents ae positve.

lution reaction.When the ifm is heded to 300C, the caacity
deceases signifantly and the cuent-potential esponse ltanges
from bdtery behaior to cgacitor behaior. Tha is, the peaks @& no
longer viside, and the anodic and ttedic curent-potential e
sponses @& symmetc about the ero-curent axis.This later point
is seen mar deally in the inset to ig. 1. The esponse of the as-
deposited meerial cycled between—0.80 and 0.5%/ is not sym
metiic about this axiseven in the potential winde between—0.20
to 0.20V. However, if the as-deosited megerial is ¢ycled betveen
0.0 and 0.3/, belav the potential \were the aidation of Ni(OH),
occus, the curent-potentialesponses arsymmetic about the ero-
current axis. Therefore, the as-dposited mgerial behaes as a
cgoacitor as long as Reaction 1 ioaled

In order to quantify the geacitance of the ac mderial as a
function of tempeature, CVs were perbrmed in a potential windo
where Reaction 1 as aoided For maerials heded to 275C or less,
the flms were g/cled betveen 0 and 0.¥, and br maerials heded
to 300C and &ove, the ilms were g/cled betveen 0.0 and 0.38.
Four of these stegestae CVs ae shovn in Fg. 2 in oder to con
firm tha the cacitor behaior is adieved for maerals heded
between 25 and 40C. Although the curent-potential @sponse is
reldively symmetic about the ero-curent axisthe cgacitance of
ead film is potential dpendent. Br example in the maerial head-
ed to 300C, the curent,and hence the pacitanceat 0.30V is
twice thd at 0.10V. An ideal cgacitor on the other handvould e-
hibit a potential-indgendent cuent {.e., capacitance)Also evident
from Hg. 2 is tha the cgacitance inaases Wwen the mteral is
heaed from 25 to 300C hut deceases Wwen heted &ove 300C.
Therefore, Fig. 2 indicdes thathere is an optimal hemg tempea-
ture. However, plotting the cpacitance ather than the spedaif
cgoacitancevs tempeature mg be misleadingsince the mass of
the ilm is also dlandng with tempeature. Therefore, the dang in
structure, and hence the mass, the actve mderial upon heting is
discussed so thahe specit cgpacitance can be estited

The electochemically deposited ni&el hydroxide flms are \ery
defective, with 25% of the nikel lattice sites containing ptons
rather than nikel ions1®16 This maerial can be epresented stei
chiometically as’

Ni(2H)g 3305 67H2 67 X yH20 = Ni(OH), %Hzo X,H,0 [2]

where X, is the moles of ater. This weter can be strcturally bound
to the cystal® or in the fim between the grstallites. In contst,the
H,0O in the*2/3 H,0O” is not molecular ater kut rather two protons
sitting on a nikel vacang with an cygen dom associged with it1”

0 0.05
Potential (V) vs. SCE
Figure 2 Cydic voltammety on nidel hydroxide films tha were pevious:
ly heded to diferent tempeatures. The svee rate was 20 mV/sthe elee
trolyte was 3 wt % KOH, and the cthodic curents ae positve. (---) Zero
cument.

The redoa behaior of this maeral is well studied as it is the pesi
tive electode in nikel-based bideries and is epresented in Reac
tion 1. Pevious studies on h&ag this maerial have indicded a
three-st@ weight-loss melganism based on thmogravimetric
anaysis (TGA) and diferential scanning caloneter (DSC) e
sults?®19The irst two occur vihen nidel hydroxide is heted to &
least 200C. At this tempeature, molecular veter is lost fom the
active mderial accoding to the dllowing reaction

delydration
Ni(2H)g 302 6267 XwH20 ——= Ni(2H)g 340, 6H2 67

+ X,H0 [3]

As shavn previously, the delydrated maerials retained the elec
trochemical signtures of the as-gmsited meerial.1? Studies on the
defect naure of nikel hydroxide hare shevn tha the water content
of these ifms (X,,) is gproximately 1 mol of water per mole NF°
which coresponds to a 16% loss in mass via Reactidrh8twefore,
films heded to 200C have 84% of the mass of the agsdsited mee-
rial. Note tha as X, contains both stictural water and the \ater
between cystallites,one would realisticall expect two weight losses,
one 4 ~10C°C and the otherta-200°C as obsefted by previous e
seachers 1819 However, due to dificulty in separting the tvo phe
nomenonit is assumed tha single wight loss occuw & 200°C.

When the ifm is heded to~300°C or dove, the hydroxide is
corverted to the mide'®1®accoding to the eaction

Ni(2H)o 380, 62,67~ NiO + 1.67H0 [4]

and the ifm becomes stoliometic NiO. The cowersion &
~300°C has been sk previously to lead to a signifant impove-
ment in the gcle lifel21° of these mierials and a deease in the
optical esponsé?® The assumption th#he maerial at 300C is stoi
chiometic NiO is reasonble consideing the epid decease in the
level of dekcts in NiO gen @ modest heatreament conditiong?!
Reaction 4 indid@s a futher loss of 24% of the masEherefore, at
or ébove 300C the mass of thélin is 60% of the as-gmsited mass.
The specit cgacitance of the aseé mderal as a function of
heaing tempegture is plotted in ig. 3. The specit cgacitance of
the maerial was estimted from the CVs  integrating the aea under
the curent-potential cure and then diding by the svee rate, the
mass of theilim, and the potential windo accoding to the equ#on

R S L PV 5
C= (v — Vo) VaI(V) \v [5]

For reasons discussedepiously, films heded to 200C were talen
to have the mass of the asmlisited meernial. HIms heded dove
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Figure 3 Specifc cgpacitance of nikel hydroxide films tha were previous
ly heded to diferent tempeatures. The cgacitances ere measwed using
CVs, four of which ae shavn in Fg. 2. () A curve fit through the d&a
points.

200 hut less than 30C were talen to hae 84% of the mass of the
as-deosited meerial, and fims heded d or ebove 300C were talen
to have 60% of the mass of the agpdsited meerial.

Although an as-deosited ni&el hydroxide film exhibits a cpac
itor-like response Wwen gcled between 0 and 0.39 vs SCE (see
Fig. 2), it does not hee a signiicant specit cgpacitance (4.7 F/g).
As the méernal is he#ed the specit cgpacitance emains &irly
constant until the tempature reades 300C. At this tempeature,
the specit cgpacitance in@ases 22 time#y 104 F/gThis dama-
ic increase in gaacitance ®8300°C coresponds to the cearsion of
the hydroxide to the a@ide accoding to Reaction 4As the flm is
heaed futher, the specit cgpacitance of thexade reduces until &
450°C the elecnde does not sterary useful caacity

The signifcant dang in the speci€ cgpacitance on héag can
be causedybeither () the brmation of a high-sudce-aea maerial
a ~300°C or (i) pseudocpacitance due toxade formation. In
order to asceain the cause of the aindic increase in ggacitance
at 300C, BET studies wre conducted onubk precipitated hydrox-
ides & 150, 200, 275, 300, 350, and 400C. The pecipitaion was
conducted lsemically as opposed to eleothemically since it is dif
ficult to deposit electochemicaly the lequisite quantity of ntarial
needed dr BET anasis.This is not to ague tha the ciemical and
electochemical methods yield identical tedals, but rather to
detemine qualitéively how the suréce aea d@ends on the héag
tempesture.

The esulting surdice aea and ininsic cgacitancei(e., specifc
cgpacitance diided ty the surfice aea) ae shavn in Hg. 4. The
results shey tha heding the méerial from 150 to 200C has a ng
ligible efect on the sudce aea and ininsic cgacitance of the
maerial. The intinsic cgacitance gthese tw heding tempeatures
was estimeed to be 4.QuF/cn?, a value consistent withhaige stor
age acpss a doule layer® As the mégerial is heged from 200 to
300°C, a 12% incease in sudce aea is obseted, but the intinsic
cepacitance in@ases Y a factor of 17 o 68 uF/cn?. Futher heg
ing from 300 to 40fC causes the sate aea to de@ase fom 153
to 86 nt/g (a 44% de@ase) and the intisic cgacitance to deease
from 68 to 31uF/cn? (a 57% deaase).

The efect of the heting tempeature on the sueice aea and the
intrinsic cgacitance sugests thathe damdic cgpacitance lbange
at 300C is due to thedrmation of NiO. Since the intnsic cgack
tance of the NiO is too Ige to be gplained ly enegy stoed acoss
the doutte layer, its cgpacitance rast aise from the Nf™ to Ni*
redo reaction @gven by

chage
NiO + ZOH™ =—= 2ZNiOOH + (1 — 2 NiO + ze~ [6]
dischaige
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Figure 4 Specifc surface aea and ininsic cgacitance of niel hydroxide
that was peviously heded to diferent tempestures. The surbice aea was
measued from chemicaly precipitaed maerial using BET The lines a& a
curve fit through the de points.

Reaction 6 sugests thaonly a fraction of the nikel sites,z, are
involved in the edo reaction {.e., whenz equals 1.0 all the rkel
sites hae been ridized/reduced eversibly).

The \alue ofz can be estintad fom the specif cgpacitance of
the ocide film by the bllowing relaionship

e Y
= [7]

Using Eq. 7,a potential winder of 0.30V, a molecular wight of
74.7 g/mol,and the spedif cgpacitance fom FHg. 3 gves az value
of 0.024 and 0.0062 800 and 40T, respectiely. In other vords,
at these espectie tempeatures ony 2.5 and 0.62% of the rkel
atoms paticipate in the eaction thaproduces the cuents in kg. 2.

These lav values ofz suggest th& Reaction 6 is occung only a
the suréice of NiQ with little bulk interaction. Unlile nidel hydrox-
ide, where H™ intercaldion into the actie mderial is the mebanism
of chaige storege, the mebanism in the xide seems to irolve
adsoption and eaction of OH ions d the suréce Consideing the
difference in sig of H" and OH, it is not suprising thd thee is lit-
tle bulk interaction due to the difsion of OH" ions into the mier-
ial. This is consistent with studies on cobattde?® and anodicayl
deposited NiG?2 which conduded tha these meerials involve pre-
domindely surface edo sites. In contist,a stugy conducted on
hydrous uthenium aide® has conluded tha this maerial exhibits
significant lulk interactions,with az value of @proximately 0.85.

If, however, the decease in spedi cgpacitance lbove 300C is
only a BET suréce-aea phenomendhen the intinsic cgacitance
shavn in Hg. 4 would level off. Since this quantity is also deass
ing, the fraction of suréce sites p#cipating in Reaction 6 mst also
be deceasing In order to quantify this ééct,the fraction of nidkel
atoms thareside on the suate of the acte maerial, &, can be cal
culated from the bllowing formula?®

M
- 8]
¢ h2L,

For NiO, the length of the gistal latice, h, is 4.137 A24At 300 and
400°C, s = 153 and 86 g (see . 4) resulting iné = 0.11 and
0.062,respectiely. Therefore, at 300 and 40T, only 11 and 6.2%
of the nikel aoms,respectiely, are & the suréce and of those ogl
23 and 10%/fespectrely, are accessed ding the CVs shan in
Fig. 2 (.e., Z& = 0.23 and 0.10respectiely). Tha the decease is
the pecentaye of surfice sites accessed with tengbere means tha
the electochemically active surfce aea deceases taa geder rate
than the BET sudce aea.This is pobéebly due to the isol@on of
micropores tha are no lon@r accessie to the electlyte.

The optinum heding tempeature of 300C seen in K. 3 occus
when all the fadroxide is conerted to xide hut bebre the electr-
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chemicaly actve surfice aea can beeduced due to sinieg of the
oxide paticles. This optinum is indgendent of the subsequent ¢
cling conditions é.g., KOH concentation, potential winda) since
the pedominant bangs in micostiucture occur dung the heting
process itself The heéing ervironment or heing rate, however,
could influence the meased cgacitance of the nteial by affect
ing the sur&ce aea or the ®ent of conersion of the lgdroxide to
the «ide. Liu and Anderson studied the gacitance of sol-g-
deiived NiO flms heded in diferent amosphee$ and contuded
that air-fired samples shwonly a slighty higher cpacitance com
pared to heting in pue nitrogen or xygen.We perbrmed selected
expetiments & a hedéing rate of 15C/min, and no measable dif-
ference in the gaacitances or suate aeas vas detectedin adli-
tion, incomplete coversion of the lgdroxide to the aide is easy to
detect ly the pesence ofedox peaks in the CV due to Reaction 1.
No sut peaks were obseved a heding tempeatures of 300C and
above, indicaiing complete ride comversion.

Effect of the electiyte concentition on the cpacitance—The
speculdéion tha the dhamge-stoege mehanism of the niel-oxide
film is due to edox Reaction 6 indidas thathe signifcant cgack
tance should»ast only in basic electlytes.To confrm this typoth
esis, expeliments vere conducted in sulfiz acid and theesults
compaed to those conducted in potassiuydioxide. Figure 5
shavs the CVs of tw nidkel hydroxide films headed to 300C, one
cycled in 3 wt % KOH and the other in 1 NJ30,. The gaph dear
ly indicaes the enhancedage-stoage metanism in basic elec
trolytes.The caacitance of the nterial cycled in sulfuic acid (16
F/g) was estimted to be one-sixth thealue of the oneyxled in
KOH (155 F/g). Based on the sack aea 4 300C (.e., 153 nf/g),
an intinsic cgacitance of 10.;F/cn? is obtained in sulfic acid
a walue consistent with doleslayer cacitance' Although pevi-
ous studies onycling single cystals of NiO in HSO, have been
reported to ehibit redox peaks due to thexmation of Ni2™ to Ni®™
and N**,2526no suh peaks a evident in Fg. 5. On longr g/cles
(~50 g/cles),a redox peak gows in the CV shan in Fg. 5, con
sistent with the esults ofTendh andYeager?® Note tha the as-
deposited ilm rapidly dissohes in sulfuic acid while the flm hea-
ed to 300C has no ppaent dgradaion, consistent with theesults
of Yoheet al?®

Reaction 6 also sggsts thaithe haige-stoage caacity of the
film would increase with an inease in the conceation of OH™
ions in solutionTo test this kipothesisCVs from —0.05 to 0.2/ vs
SCE vere recoded wer a wide ange of KOH concentations mang
ing from 0.5 wt % (0.09 M) to 40 wt % (7.1 M)3H. The limit of

Potential (V) vs. SCE

0.7 09 10 11

08 T T

1.2 13

0.8

— T

3 w/o KOH

Current Density (mA/cm®)

L L _— 1 L

0.0 0.1 0.2 0.4 0.5

Potential (V) vs. SCE

0.3

Figure 5 Cydic voltammety on nidel oxide films in: (—) 3 wt % KOH and
(- - - -) 1 N H,SO,. The «ide films were formed ty heding nickel hydrox-
ide to 300C. The sveq rate was 5 mV/sand the cthodic curents ae pos
itive. (+-) Zer curent.

0.2V was dosen based on thadt tha the ocygen evolution reac
tion accoding to

4 OH -0, + 2H,0 + 4e 9]

occus & ~0.25V in 40 wt % KOH (see k. 8). Note thather is a
50 mV decease in the equilibrm potential of the xygen evolution
reaction vinen the KOH concentation increases fsm 0.5 to 40 wt %,
as pedicted using the Nest equ#on for Reaction 9.

Figure 6 shavs the specit cgpacitance as a function of théK
concentation calculded from the CVs in conjunction with Eq. 5. In
Fig. 6,the open ciles epresent theifst set of gpeliments,where
the caacity of the im was estimeed d successiely increasing
concentations from 0.5 to 40 wt % KH. The tiangles epresent the
data when the concerdtion was succesgely deceased fom 40 to
0.5 wt % KOH on the samdli. The daa points shan in the fg-
ure ae an &erage of four expetiments on éur different flms. A
clear tysteesis is obseed betveen the tw sets of dia, indicating
tha some ireversible changes occured in the ifm as the concerar
tion was inceased However, subsequentx@eiiments, involving
both inceasing and deeasing the concertion on the samalin,
resulted in cpacities within 5% of thiaobtained in the secondtda
set (.e, triangles in kg. 6). Therfore, the second da set alsoap-
resents theeversible cgacity vs. concentation daa. Note thathe
cgoacitance 83 wt % KOH (i.e, 0.54 M) reported in Rg. 6 is lover
than the 30TC daa reported in Rg. 3 due to the potential-gendent
cgpacitance of the nterial. The smaller potential windo used to
geneste the d&a in Ag. 6 results in a small gacitance

From Reaction 6pne can érmulate a ete epression of the
form?”

r = k[NiO]JOH 1P — k[NiOOH]® [10]

Assuming thathe rumber of &ailable nidkel sites is indeendent
of the OH™ concentation, differentiding the ete with respect to
[OH™] yields

dr
d[OH]
Since the spedd cgpacitance da in Hg. 7 were obtained wer a

fixed time inteval (i.e., potential windav divided ly the sveep rate),
they are relaed to the ate of reaction ly the expression

= kb[NIOJF[OH P2 [11]

70 [

Specific Capacitance (F/g)

60 [

—o— 1! Data Set

50 f --a--- 2™ Daga Set

4 5567 ]0{] 2 3
Concentration of KOH (M)

2

10_1 2 3 4 5(\7‘8]0[

Figure 6 Specifc cgpacitance of nikel oxide flms as a function of RH
concentation. The oide films were formed ty heding nidkel hydroxide to
300°C. The daa points a& an &erage of four expeliments on éur different
films. The frst dda set is the spe@fcgpacitance onilins when the concen
tration was inceased consecutly from 0.5 to 40 wt % RH (.e., 0.09-
7.1M KOH). The second da set is the spedifcgpacitance Wwen the con
centetion was deceased fom 40 to 0.5 wt % KH on the saméli. Sub
sequent epeiiments,involving both inceasing and deeasing the concen
tration on the samaelim, resulted in cpacities within 5% of tharepresented
by the tiangles.The lines a a cuve fit through the d& points.
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Figure 7. The deivative in the ni&el redox reaction ate with respect to the
KOH concentation as a function of RH concentation. The rte dda were
derived ty combining the gaacitance da in Fg. 6 with Eq. 12The deiv-
ative was calculted & eatn KOH concentation using fnite differencesThe
daa points a& an aerage of four dda setsThe line is the besttfof Eq. 11
through the second tiaset.The slope of the lineigesb = 0.2.

Cvm

r =

F
with the assumption thane elecwn is tansktmred for every mole
of nickel reacted Therefore, the specit cgacitance in kg. 6 is
converted to ete using Eq. 12and the slopedr/d[OH 7], is calcu
lated & eat KOH concentation using fnite differences’® A plot of
the lagarithm of dr/d[OH™] vs the Igyaiithm of the KOH concen
tration is shavn in Fg. 7.The circles and tiangles carespond to the
first and second ¢tk sets shon in Fg. 6. The line is the besitf
through the tiangular déa points.The slope of the line isb{1),
which gves the eaction oder with espect to the OH concenta-
tion of 0.2.The intecept is relaed to the ate constant of theofward
reaction the oder with espect to the NiO siteth)e rumber of sites,
and the ader with espect to OH.

The bestif of Eg. 11 though the d& is the sameof both d&a
sets as long as the &er highest concerations for the frst dda ae
ignored The staight line though the d&a in Ag. 7 sugests thathe
total rumber of Ni sites\ailable for reaction is indpendent of the
OH™ concentation. It is possite tha a high KOH concentations
the rumber of Ni sites in@asesdr the frst dda setwhich results
in the deiation of the points fom the staight line Sud an incease
in the rumber of Ni sites couldesult flom an incease in the suate
area of theifm at high KOH concentations,a chang thd can be g-
pected to be feversible. However, this ireversible chang in stuc-
ture has no ééct on the ader of the eactionwhich is evzident from
the elaively constant slope beten the tw expeliments. Once the
maerial has beenycled in high KOH concentitions, the cgack
tance vs concentation gopeas to be eversible and bllows a
straight line epresented Y the tiangles.

(12]

Effect of the potential windw on electode opeation.—The fact
that only 23% of the sudce sites & used wen the mterial is he&
ed to 300C and gcled in 3 wt % KOH is due in pdrto the limited
potential windav used If the anodic limit of the potential windois
increased fom 0.30 to 0.45/, the specit cgacitance in@ases
from 103 to 132 F/gThis transldes into an in@ase in the peent
age of surfice sites accessesiin 23 to 30%. If the anodic limit of
the potential windw is deceased to 0.20, the specit cgacitance
deceases to 62 F/g (seéatngle 4 0.54 M KOH in FHg. 6),and ony
14% of the sudce sites @& accessedTherefore, increasing the
anodic potential limitholding the elecblyte concenttion con
stant,increases the pacitance

In addition, the dda in Hg. 6 indicdes tha& increasing the OH
concentation, holding the anodic potential limit constairigcreases

the cgacitance In practice however, these tw variables ae cou
pled Lower KOH concentitions esult in an inaase in the anodic
potential limit of the electde since aygen evolution occus &
more positve potentialsThis inciease wuld enhance the erggr
storage caability of the positve electode since the gaacitance
increases with potential and the egeof a cgacitor scales as the
squae of the potential. In der to demons#éte hav the KOH con
centetion and potential winde are coupled CVs were genested
with a fixed cahodic limit of —0.55V but with an anodic limit
adjusted to limit the xygen &olution curent & ~1 mA/cn?. Fg-
ure 8 shavs the CVs athree diferent concenttions on aifm hed-
ed to 300C. By placing a limit on the amount okygen gneeted,
an incease in the BH concentation results in a deease in the
anodic potential limit and a@sulting deagase in the spedfcagpac
itance For example using ony the most positie 0.30V in Fig. 8,a
specifc cgpacitance of 142 F/g is obtained in 3 wt %K compaed
to 130 F/g in 40 wt % RH. The lover KOH concentations enale
us to access the higherpegitances thiaare seen higher poten
tials. Hgure 8 also demonsties tha NiO is best suited as a posgéi
electode For example in 3 wt % KOH the caacitance of NiO is
five times lager in the potential winde 0.0 to 0.45/ vs SCE com
pared to the potential windo —0.5 to 0.0V vs SCE.

The efect of the KOH concentation on the werall potential wir
dow of the deice dgends on thelmice of the ngative electode
and subsequentlthe sensitiity of hydrogen eolution kinetics to
KOH concentation. Another fictor tha must be consided when
detemining the optinnm KOH concenttion for a deice is the
power density Higher KOH concentations hae geder conductii-
ty (the conductiity of KOH is a maximmm & 33 wt %) and hence
lead to higher pmer densities.

Condusion

Nickel axide films were fabricated by electochemically precipi
tating the lydroxide and heting it to form the «ide. While nickel
hydroxide g/cled to 0.45/ vs. SCE behees as a litery maerial due
to the poton intecaldion reaction,the tydroxide g/cled to 0.30v
or the xide gscled to 0.45V behaes as a qaacitor The specit
cgoacitance (gaacitance per unit mass) of thikns was measwed
as a function of the heag tempeature in 3 wt % KOH and eer a
potential windev where no poton intecaldion occus. A negligible
increase in spedi cgpacitance \&s obsared as the heimg temper
ature was inceased fom 25 to 200C. Hawever, when the heing
tempeeture was inceased to 30C, the specit cgacitance in
creased ¥ a factor of 22.

The lage lise in c@acitance 8300C coresponds to the tem
pemature & which the tydroxide is conerted to the mide. Heding to

08 T T T T — T T T T

06 [ 3 w/o KCH

02}

0.0 [

02 f NG b I

-04

Current Density (mA/cm?)

-06 [ 20 w/o KOH g———= & 1
AN

-08 [ .
40 w/o KOH <l—\_ .‘\E
Y

-1.0 T

. . . L

-06 -05 -04 -03 -02 -01 -00 01 02 03 04 05
Potential (V) vs. SCE

Figure 8 Cydic voltammety on a ni&el axide film in different KOH con
centations.The oide film was brmed ly heding nidkel hydroxide to 300C.
The wltamma@rams vere reversed &the anodic potential limit iaen the cur
rent eahied~1 mA/cn?. The sveep rate was 20 mV/s.(+) Zem curent.
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tempeatures dove 300C results in a deease in the BET swate
area and a deease in the ininsic caacitance (gaacitance per unit
BET surfice aea) of the nikel axide. Since the intnsic cgacitance
deceases with hemg tempeature, electiochemicaly actve surbice
area is dearasing aster than the BET sade aea.This is pobaly
due to the isokéon of miciopores thaare no longr accessie to the
electolyte.

The lage intiinsic cgacitance dr the xide sugests thathe
chaige stoege is due to a swuate edox reaction {.e., pseudocpac
itance),probably involving the adsgation of hydroxyls rather than
from a doule layer. This was conifmed ly cycling the maerial in
different electolyte ewvironments. In 1 N 550, pseudocpack
tance vas not obseed In KOH, the pseudogeacitance in&ased
with concentation with an estimid eaction oder of 0.2,while
holding the potential winde constant.

Finally, the cgacitance of nikel axide was bund to be a stng
function of the potential windwe of opeetion. Its cgacitance &s
five times lager in the potential wind® 0.0 to 0.45/ vs SCE com
pared to the potential windo —0.5 to 0.0V vs SCE,thus making
the maerial best suited as a positi electode in deices.The poten
tial-dependent cpacitance alsoesulted in a gaacitance thade
creased with IOH concentation when a ixed ocygen eolution rate
was used to deterine the anodic potential limiather than aiked
potential.
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