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Hysteresis during Cycling of Nickel Hydroxide Active Material

Venkat Srinivasan?*¢ John W. Weidner®* and John Newmar?**

aDepartment of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA
PDepartment of Chemical Engineering, University of California, Berkeley, California 94720, USA

The nickel hydroxide electrode is known to exhibit a stable hysteresis loop, with the potential on charge being higher than that on
discharge at every state-of-chaf@OC). What we show here is that this loop created during a complete charge and didtlearge
boundary curvess not sufficient to define the state of the system. Rather, internal paths within the boundary(icenseanning

curves can be generated that access potentials between the boundary curves. The potential obtained at any SOC, as well as how
the material charges and discharges from that point, depends on the cycling history of the material. The implication of this
phenomenon is that the potential of nickel-based batteries cannot be used as an indication of the SOC of the cell. Analysis of the
boundary and scanning curves suggest that the electrode consists of a number of individual units or domains, each of which
exhibits two or more metastable states. The cycling behavior of the nickel hydroxide electrode is discussed within the context of
previously developed theoretical arguments regarding domain theory. Although the specific cause for the metastability in each
domain is not understood, considerable insights are provided into the history-dependent behavior of the nickel hydroxide elec-
trode. Finally, an empirical procedure is developed to predict the scanning curves based on the boundary curves.

© 2001 The Electrochemical Society.DOI: 10.1149/1.1385846All rights reserved.
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Hysteresis is a characteristic of a system in which a change in theluring the exchange of protons in nickel hydroxide. This is achieved
direction of the independent variable leads to the dependent variablby first measuring and comparing the boundary curves from films of
failing to retrace the path it passed in the forward directiemother different structurgpure Ni, cobalt doped Ni, and aged filmSub-
words, the dependent variable lags behind in an attempt to track theequently, the “permanent” nature of the hysteresis effect in nickel
changes in the independent variable. Consequently, the system ekydroxide is confirmed by conducting experiments as a function of
hibits “history dependence,” with the path of the system dictated by time. Following this, various theories that have been proposed to
its previous history. The phenomenon is manifested as a closed loopxplain hysteresis are examined, which illustrate the importance of
with two values of the dependent variable for each independenthe scanning curves in understanding the material’s history depen-
variable, one in the forward direction, and the other in the reversedence. The extent of applicability of these theories to the nickel
Most often, the size of the loop changes depending on the rate witthydroxide electrode is discussed by comparing them to experimental
which the independent variable is changed. A common electro-data. Finally, an empirical approach to predict the scanning curves
chemical example of such a time-dependent hysteresis is cyclic volbased on the boundary curves is illustrated. It should be noted that
tammetry. The anodic and cathodic paths do not overlap due tdhe history or memory that is described in this paper is not the oft
kinetic, mass-transfer, and ohmic resistances, and therefore the§fescribed “memory effect” in nickel batteri€s While the memory
move closer together as the rates are lowered. However, in a fe@ffect is exhibited as an inability to discharge fully the electrode
systems, the loops generated are stable, reproducible, and rat@fter it has been partially discharged repeatedly, the memory in this
independent. Such loops are termed permanent hystérasisthey ~ Paper deals with the potential being dependent on the proton inter-
are the focus of this paper. From this point forward, the term hys_calatlon history. The electrodes described here do not exhibit the
teresis refers only to this rate-independent phenomenon. memory effect seen in nickel batteries.

Hysteresis is well-studied in adsorpt?oanq magnetisrﬁ,put Equilibrium Potential of the Nickel Electrode
there are only a few documented examples in electrochemical sys- o . .
tems. This includes the history-dependent equilibrium potential ob- 1€ measurement of the equilibrium potential of the nickel elec-
served during the intercalation of lithium ions into carbbrand  trode as a function of the state-of-cha@00 (2) is complicated
LIMnO, electrode$:® hydrogen in LaNj,” and protons into nickel by three properties of the material. The first complication arises
hydroxide®1° In the latter example, the “equilibrium potential” from the complex nature of the nickel hydroxide redox reaction,
measured during chargée. proton extractionis 40 to 90 my  Which leads to ambiguity in relating the measured potential to the
higher than that measured during dischafge. proton intercala- activity of the oxidized and reduced species. The charge and dis-

tion) at room temperatur&l The potential offset between charge charge process in the nickel hydroxide electrode involves the extrac-

and discharge decreases approximately 0.5 mV for every 1°C in:[lon and intercalation of protons, respectively, into the solid crystal

crease in temperatufeand at room temperature the offset decreases!attice. Ideally, this has been representetf as

by 40 mV with the addition of cobalt to the active matefiaf. charge
The hysteresis loop generated during a complete charge and dis- Ni(OH), = NiOOH,_, + zH" + ze~
charge reveals that such loops are stable, reproducible, and rate- discharge

independgnt. However, it P:as been shown in”adsorption and. magne- g — 029V (in 3% KOH atz = 0.5 vs. Ag/AgCl) [1]
tism studies that these boundar}r/I curves” reveal only limited

aspects of the hysteresis phenomen@urves generated on partial
cycling of the independent variabl@e., “scanning curves) are
required to analyze the system completely. To date, no thoroug

study of the hysteresis in an electrochemical system has been peﬁi(OH)z and NIOOH*15 Therefore 7 is equal to the ratio of Ni

formed. . . . ; .

: ; P : . to the total nickel concentration. The problem with this approach is
Th r f th r n insight into the h r ; f ; : .

€ purpose of this paper is to gain insight into the hyste es'sthat Reaction 1 is only an idealized representation of the redox be-

havior of the electrode, as the material is thought to havé Mithe
Cctrochomical S ] lattice 1618 Spectroscopic evidence and chemical analyses suggest

* Electrochemical Society Active Member. + i Al f _

** Electrochemical Society Fellow, that the Nf* is a consequence of the material’s considerable non

¢ Present address: Department of Mechanical and Nuclear Engineering, PennsylvaStOif:hiometry(i-e-r.pres_ence of Ni defegtvSWith some Ni sites oc- )
nia State University, University Park, Pennsylvania 16802. cupied by potassium ions or protons in addition to the protons in-

Using Reaction 1, previous investigators have defined the standard
equilibrium potential as the point where there are equal quantities of
i and NP* by assuming that the electrode is a solid solution of
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tercalated in reaction £ These variations result in the number of 500 [
electrons transferred per mole of nickel not necessarily being 1.0, a: : X
implied by Reaction 1. Rather, this number depends on the chang(@, 400 '\ ;,_/_’_X 7
. . . & L=
in defect structure during charge or dischatye. 5 <

The second complication in measuring the equilibrium potential < 3% [
is that the potential measured when the material is charged to 50% =
of its total capacity £ = 0.5) is 40 to 90 mV higher than when it is
discharged to that poifit'° This hysteresis has often been dismissed
when reporting equilibrium potentials. It has been assumed that the 5
potential measured on discharge is the true equilibrium of the sys-€ o | cycle
tem, with the potential on charge representing some unexplainec (| ... 2% cycle
departure from equilibriurft® ‘ — ‘ ' '

The third complication involves establishing equilibrium condi- 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
tions. For convenience, low-rate, galvanostatic experiments, where Time (s)
potential losses due to kinetic, mass-transfer, and ohmic effects ar
negligible, have been used to determine the equilibrium potential as
a function ofz. This approach is convenient because a continuousg
potentialvs. zcurve can be generated in a single experiment. How- &
ever, such measurements are complicated in the nickel electrode b2 40 +
the oxygen evolution reaction according to

200

100

tial (mV

(a)

lst

500 T T T T T T T T T T

s
£
4 OH — O, + 2H,0 + 4e” =gl |
g
Eox = 0.22 V(in 3% KOH vs Ag/AgCl) [2] &
200
Since the equilibrium potential for Reaction 2 is less than that for 00 01 02 03 04 05 06 07 08 09 10

Reaction 1, oxygen evolution occurs simultaneously with the nickel
hydroxide redox reaction under normal operating conditions. Thisgijgure 1. Equilibrium potential of a fresh pure Ni film over the first two
coulombic inefficiency means that not all the current going into, andcycles generated using a constant current experin@nghows the signifi-
removed from, the system is that due to Reaction 1. Therefore, exeantly greater electron transfer in the first char®. Was generated by
periments designed to track the progress of Reaction 1, by relatingonverting the abscissa by correcting 1a) for the oxygen evolution
current toz, have to account for this reaction. One method of achiev-reaction using Eq. 3-6.

ing this is to use a mathematical model that corrects for oxygen

evolution during the charge or discharg¥:'%2°

The use of a galvanostatic experiment, which results in an oxi-referred to as fresh pure-Ni films were deposited using these same
dation current flowing during charge and a reduction current duringgeposition conditions and with solutions of the same composition,
discharge, led Timmermaat al?! to speculate that the potential but devoid of cobalt.
offset did not arise because of a difference in history associated with  Following the deposition, the films were rinsed in deionized wa-
charge and discharge, but rather the direction of the current. Theiter (resistivity 18.2 M) cm), and the cell was filled with a solution
argument was that the Schottky barrier formed between the metabf 3 wt % KOH. The films were conditioned by charging at a con-
current collector and the semiconducting nickel hydroxide causedstant current of 1 mA/cfhuntil oxygen evolution, cycling 25 times
the potential offset! This barrier would behave as a rectifier, with a at a sweep rate of 5 mV/s between 0.5 and 0.2s\Ag/AgCl, and
current-invariant potential offset when forward biased. In other discharging at a constant current of 1@/cm? until 0.0 V vs.
words, a constant-potential offset would be established when ag/AgCl. Experiments to study the effect of the first charge or the
charging current is passed, with no effect when a discharging currenéffect of aging in the KOH solution were conducted prior to this
is passed. The potentiostatic experiments performed by Ta andonditioning step. Aged films, termed aged Ni-Co films, were pre-
Newmari"*®should dispel this theory. They showed that the capacity pared by soaking a freshly deposited film in 3% KOH for 40 h.
of the electrode depended on whether it was stepped to the particulaiVhile most experiments were conducted using a three-electrode
potential from the discharged state or from the charged state. Fosetup with a platinum counter electrode and a Ag/AgCI reference
either potential step, only a small oxidation current flowed onceelectrode, experimental sets that were estimated to last more than 5
steady state was reached, corresponding to Reaction 2. Therefork,were conducted using a Hg/Hg@% KOH) reference electrode
they established two different equilibrium conditions that differed immersed in a Luggin capillary in order to minimize drifts in poten-

only by their past historyi.e., a hysteresis tial due to the diffusion of OH ions into the reference electrode
solution. The potentials were then corrected by subtracting 70 mV to
Experimental match the Ag/AgCl reference electrode. An EG&G M263 A

apotentiostat/galvanostat was used to perform the experiments. The

Films of nickel hydroxide were deposited electrochemically on . S . :
0.2 cn? gold substrate sputtered on a quartz crystal using a IC)rocegequment control and data acquisition were achieved using the

dure described in detail elsewhéfe?® Cobalt-doped nickel hydrox- M270 software. All constant curreznt experiments repprte_d n this
ide films were deposited at room temperature in a bath containin ;ﬁ;er W@Leef:nfﬁgte%gerﬁgﬁlcg ' :;]he's Zlfgcﬁpé dc‘ieeni\'gs's IcTJrarlent
1.8 M Ni(NOy),, 0.175 M CdNO3),, and 0.075 M NaN@in a . 5 . X
solvent of 50 volume percerft/o) ethanol using a cathodic current :ndependen{. Ilr_1 _cl;tlhe_r \;\;lords, k'net'ﬁ‘ ma_sst-tt_]ransfer, and ohmic
of 1.0 mA (5.0 mA/cnT). The deposition was conducted for 690 s, 0SSes are negligivle In the curves shown in the paper.

which was found to correspond to a film of mass approximately 35
pg (175 pg/en?) as measured using an electrochemical quartz-
crystal microbalancéEQCM). Films deposited under these condi- Boundary curves for the nickel hydroxide electred€igure l1a
tions were determined to have a nickel to cobalt ratio in the film of shows the first two constant current charges/discharges of a fresh
88:12%4 These films are referred to as fresh Ni-Co films. Films pure-Ni film. The figure illustrates the differing electron transfer that

Results and Discussion
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occurs between the first charge and the subsequent charge: " 500 [— .
discharges. While the capacity on the first chafgerrected for
oxygen evolutionis ~0.30 C/cnf, the capacity on the second cycle
is only ~0.18 C/cni. This differing capacity is attributed to differ-
ences in the exchange of protons and potassium ions from the N <400
vacancies between the two cycf@Shese variations in the structure %
cause the first charge to show an oxidation state change from 2.0 t<:§>5
3.67 (a 1.67 electron transfgrwhile the discharge results in the =
2

T T T
Fresh Ni-Co film

....... Fresh pure-Ni film

g/AgCl

oxidation state change from 3.67 to 2.6v1.0 electron transfef® 300 1 i
Figure la can be rescaled by converting the abscissa from time t(s
z, wherez is the SOC defined as
200
Q
z2=2+ — [3]
| Qmax
. . 500 - T T T T T T
and z° is the value ofz at the start of the experimerte. z° Fresh Ni-Co film /
= 0.0 on charge and 1.0 on dischakgEhe currents, and hene@ R Aged Ni-Co film
are positive on charge and negative on discharge. The@atQ ., é}
is given by < 400 1
Q IEldt’ z
= 4 %
|Qmax| UolNidt | =300 i
=
wherer is the time required to either fully charge or fully discharge 2
the film. These times are indicated by the symbolin Fig. 1a.
Although the total imposed current is constant, the current going to  2g¢ .

the nickel reaction is not because some of it goes to the oxyger 00 01 02 03 04 05 06 07 08 09 10
evolution reaction. Therefore

[5] Figure 2. Equilibrium potentialvs. zfor a fresh pure-Ni film and a fresh
Ni-Co film (a) and a fresh Ni-Co film and an aged Ni-Co filf). The film

) ) ) ) _was aged in 3% KOH for 40 h. All curves correspond to the second cycle.
The oxygen evolution reaction varies with voltage, and hence time.

Recognizing that the overpotential for the reaction is large, the fol-

Ini =1 = lox

lowing Tafel expression is used to describe the process cling the fresh pure Ni films results in a steady decrease in the
aF(V - E' number of electrons tre_tnsferré%l,but plotting the potentials. z
lox = iooxew( £ ox ) [6] results in overlapping discharge curves.
' RT The same qualitative trends seen in Fig. 1a and 1b for fresh pure

Ni films are also seen in Fig. 2 for fresh and aged Ni-Co films.

The parameters in Eq. 6.e., i anda,) are obtained by recog- However, the potential needed to charge and discharge the electrode
nizing that on the second charge platéu= 0.443V in Fig. 13, does depend on the type_ o_f film cycled. Figure 2a shows the second
all the current goes to Reaction 2 and none to the nickel reaction¢ycle for a fresh pure Ni film compared to the second cycle for a
Assuming that , o, is more sensitive to the film properties thag, ~ fresh Ni-Co film. The potential of the fresh Ni-Co film is low®t)
the value for the latter parameter obtained from previous work wasand the potential offset between charge and discharge is 53 and 43
used(i.e, ay = 0.7528 andi, ., was calculated for each film. This MV for the fresh pure-Ni film and fresh Ni-Co film, respectively. In
was done by setting,, = | in Eq. 6,V equal to the potential on the COmparison, Ta and Newmiaff report an offset of 92 mV for pure
second plateau, and solving foy.,. This value ofi, . was then Ni f||ms_and 20 mv fo_r Co-doped films. The_ differences may be dl.Je

. ’ 10X gox " . to the different film thicknesses employed in the two studies. While
used in Eqg. 6 to calculatk,,, and hencel,;, as a function oV

th hout ch Thi lUe i | d b ¢ the films deposited in this study are estimated te<fe5 wm based
roughout charge. This value 8fo, was also used on subsequent . yha pickel hydroxide density of 3.5 g/&f Ta and Newman
discharge boundary curves and scanning curves. When a series

i L - P port a thickness of 20 to 40 nm.
experiments were performed on the same film, ithg was esti-

o ! > . ) > A similar shape for the potentiafs. zcurve seen in Fig. 1a and
mated periodically in order to ensure its invariance with cycling. o4 is also obtained when the fresh Ni-Co films are aged in 3% KOH

The procedure detailed above, in conjunction with Eq. 3-6, WaStor 40 h as shown in Fig. 2b. Although the potential of the aged film
used to convert Fig. 1a into a plot of potential zas shown in Fig. g higher by~37 mV, the shape of the curves and the offset between

1b. The efficiency of the nickel reaction was found to be approxi- e charge and dischargé3 mV in the fresh film and 45 mV in the
mately 67% in the first charge and 73% on the second when chargegged film az = 0.5 are similar. Spectroscopic studies indicate that

until the cutoff time, marked by. The comparable efficiencies dur- o qing the film leads to a material with a lower defect contéfthe
ing the first two charges mean that the number of coloumbs going WQower defect content results in material that cycles between an oxi-

the first charge is nearly 70% more than the sedaed the first and dation state of 2.33 to 3.33, compared to 2.67 and 3.67 oxidation
second charges give a 1.67 and 1.0 electrons transfer i

tively®). The effici disch v 98 SIrange for fresh materidP In summary, the curves in Fig. 1 and 2
respectively”). The etficiency on discharge was nearly 987, OWING gpqy that although the equilibrium potentials depend on the struc-
to the lower potential of the discharge boundary curve compared t

Qure of the material, the sh f th hen plott 1St
the charge boundary curve. Adding cobalt to the nickel lattice in-SLilrrne”gr e material, the shape of the curves when plotted ageims

creases the efficiency, especially on charge, because the voltage is

lower. Constant-potential experimemtsHaving established the effect
The most striking effect of rescaling from time zmccurs when  of the structure of the active material on the hysteresis boundary

comparing the first and second charges. Even though the first chargeurves, we now show that the constant current and constant-

lasts nearly 70% longer than the second, the curves are very similgpotential experiments are comparable. In other words, the hysteresis

to one another when the potential is plottesl z In addition, cy- curves are shown to be independent of what variable is controlled
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Figure 3. Equilibrium potentialvs. zfor a fresh Ni-Co film. The lines were Figure 4. Effect of time on the history-dependent behavior of fresh Ni-Co
generated using a constant current experiment and the symbols were genefims. The curves were generated by maintaining the electrode at 31@smV
ated using a constant potential experiment. The electrode was held at a POxg/AgCl for different times from the charged and discharged states. The
tential for 1 h, andz was determined at the end of the experiment. The solid y5|ye ofz was then evaluated by correcting for the oxygen evolution reaction
circles show the data for an electrode initially at the fully charged state, andusing Eq. 3-6. The curves show that two stable oxidation states can exist at

the open circles are those for electrodes initially at the fully discharged statethe same potential depending only on the previous history of the electrode.
The inset plot shows the offset potential as a functiom. of

Further, to confirm that the offset shown in Fig. 1-3 is indeed a
ermanent hysteresis, the potentiostatic experiments were conducted
on a different film where the potential was maintained for various
imes. Here the electrode was set at a constant-potential on both the
harge and discharge for four time perigd#, 3, 6, and 10 h and
was determined at the end of each experiment. Figure 4 plags
a function of the time, when the electrode is held at 319 usV
Ag/AgCl. There is a negligible difference betweemeasured after
S ) 7 5 1/2 h and that measured after 10 h, on both the charge and discharge.
the solid lines. The hysteresis between charge and discharge is alsq oy that, in the constant current experiment, the whole experiment
seen in the inset in Fig. 3, where the offset potential is plotted as g5 ,mpjeted in~1500 s, and yet, Fig. 3 shows that even this short
function of z. The |n§et shows_that the offset is constant through a time is enough to reach equilibrium. Therefore, there exist at least
most of the charge/discharge with a value of 43 m¥ at 0.5, with 1y stable equilibrium states. Which state is achieved is dictated by
the loop closing az = 1. The constant-potential experiment was the history of the material. Furthermore, these equilibrium states can

conducted by first charging the electrode from the completely dis-ne measured from a convenient galvanostatic charge/discharge ex-
charged state to the desired potential, using a constant current, angbriment.

then holding at that potential for 1 h. The current decayed exponen-

tially to reach a steady-state oxidation current~f w.A/cm?, cor- Domain theory—The similarity of the hysteresis in nickel hy-
responding to the oxygen evolution reaction, after approximatelydroxide to those observed in gas/solid adsorption and magnetism
5-10 min. Once this experiment was completedyas determined leads us to examine domain theory, which has been offered as the
from Eq. 3 following a galvanostatic discharge to 0.0 V. The result- description for hysteresis in these systems. For example, experimen-
ing z and potential are plotted as the open circles in Fig. 3. Thetal evidence suggests that magnetic hysteresis is caused by the loss
constant-potential experiments yield a potendisl zsimilar to that ~ of energy due to movement of the domain walls, which can be
estimated using the constant current experiments. The highest devigneasured in the form of sound intensitye, the Barkhausen

and independent of the direction of current flowing through the ma-
terial. Subsequently, we show that the hysteresis is indeed perm
nent by conducting the experiments as a function of time. All thet
results shown in the rest of the paper are from fresh Ni-Co films tha
are conditioned using the procedure described in the experiment
section.

Figure 3 shows the experimental equilibrium potential as a func-
tion of SOC,z, for galvanostatic charge and dischafgenoted by

tion occurs at the low proton Concentra’[ioﬁsrc|e atz = 075)’ effeclz). In this theory, a System that exhibits hySteresiS is thought to
where the contribution of the oxygen evolution reaction becomesP€ made up of a large number of small regions or domains, each of
significant, possibly inducing errors in the estimatezof which takes up two or more metastable states for a single value of

The same experiment was repeated during discharge at the thrdB€ external independent variable. The actual cause for the metasta-
potentials used in the charge. In other words, the electrode wa¥ility is immaterial at this stage; however, it is important that the
discharged from the completely charged state to the desired potentiglomains exhibit such an effect. The metastability in a generic do-
and then held at that potential for 1 h. Once again, a steady-stat1ain was explained by Everett and Whittdiin terms of a switch
oxidation current of~5 pA/cm? was observed after 5-10 min. The that consists of a bimetallic strip with one end connected to a per-
electrode was then discharged to 0.0 V, andlas determined from manent magnet. The other end of the strip is connected to another
Eq. 3 (denoted by the solid circles in Fig).3Again, the constant- Permanent magnet through a battery. The magnets are arranged such
potential experiment shows a hysteresis similar to that in a constarfihat, at a temperaturg,, the distance between them reaches a criti-
current experiment. The results shown in Fig. 3 confirm the conclu-cal value, the contact shuts, and a current flows. On cooling, the
sion by Ta and Newman that the Schottky barrier cannot be thecircuit is not broken aff,, but the strip has to be cooled further to
cause for the hysteresis, as the constant-potential experiment woull, where the stress in the strip overcomes the attraction between the
have resulted in an identical irrespective of the history of the magnets. This gives rise to a hysteresis in the system independent of
electrode. In addition, the similarity between the two experimentsthe heating and cooling rate. An analogous example is described
suggests that determination of the equilibrium state of the systenhere to explain domain theory in nickel hydroxide.
can be achieved by either controlling the current, which is equiva- Consider a hypothetical domain of nickel hydroxide, which con-
lent to controllingz, or by controlling the potential. sists of a finite number of Ni sites, with two interlamellar protons
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associated with each site. Analogous to the switch, assume that athough each domain has a flat potential profile given in Fig. 5a, a
interlamellar proton deintercalates from each of the Ni sites at thedistribution of critical potentials where intercalation/extraction oc-
same potentiaV,, whereby the electrode is transformed from the curs results in an S-shaped profile, which more closely resembles
fully discharged to the fully charged statiee., z goes from O to L the experimental curves. The asymmetry in the experimental bound-
The resulting potentials. zis plotted in Fig. 5a. However, if some  ary curves can be accounted for by having abnormal distribution of
irreversibility were to exist in the domain, such that the proton is domains or by assuming a distribution wheresaries between the
reintercalated at a lower potential, for examplg, then, hysteresis ~ different domains. . .
would occur between intercalation and extraction. This form of ir- I order to generate a scanning cuive., curves generated on
reversibility is comparable to the theory of accommodation de-partial cycling, the distributionV; in Fig. 5¢ is used until the point
scribed by Everett,where the material is thought to undergo an A. Integrating this partial distribution yields the forward scan in Fig.
irreversible step that involves “prying open” of the layers of the 5d (solid line). If the distributionV; does not depend on the charge
host material(e.g, NiOOH) to accommodate the guest atdmg, history, then on reversing the direction of the scan the system reverts
H™).! Once intercalation occurs, the expanded solid adopts a newo the distributionV; at the point C. Integratiny; from C results
position of minimum energy, so that extraction occurs under a dif-in the reverse scanning curve as shown in Fig. 5d. The resulting
ferent path. This accommodation effect was proposed by Zhengcanning curve has a vertical liG&C) from the forward path to the
et al® as the cause for the hysteresis during lithium intercalation inreverse path indicating that intermediate potentials cannot be at-
hydrogen-containing carborisThey argued that, once intercalation tained at thaz. An asymmetric boundary curve would also result in
occurs, the lithium binds on the hydrogen-terminating edges of hexan immediate drop from the charge to the discharge boundary curve
agonal carbon fragments, causing a change in thé@pd to an sp as soon as the current is reversed. Ta and NewWr?Papeculate that
bond. Therefore, extraction occurs at a different driving force, hencethe scanning curve for nickel hydroxide would follow such a path.
resulting in hysteresis. The authors assumed that the bonding is an However, if the discharge dlgtrlbutlon changes as the electrode is
activated process, whereby the hysteresis described in their paper #1arged, then the solidy; curve is reached only after the electrode
time dependent. However, the time constants were argued to be lonig fully charged. When the electrode is charged te 0.5, theV;
enough such that hysteresis is seen under rates that are experimegistribution has only reached the dotted line in Fig. 5c. Reversing
tally practical. the current at this point causes the domains to discharge along a
Another form of metastability in each domain could be due to the different path from that of the fully charged electrode. A changing
occurrence of first-order phase transitions. This approach has beefistribution suggests that the domains do not act independently, but
used by Everett and Nord&hto explain hysteresis in hydrogen are dependent on the nature of the surrounding domains. The result
absorbing alloys and has been proposed as a possible cause for tiethe S-shaped dotted line AO. For the same set of boundary curves,
hysteresis in the nickel electrode by Milner and Thofrasd Bar-  there could be an infinite number of scanning curves, depending on
nard et al3! Consider a domain in the nickel hydroxide electrode the degree to which the domains interact. Therefore, the scanning
which consists of a solid solution of {@H), and NiOOH. Assume  Curves, not just the boundary curves, are essential to characterize the
the Gibbs free energy of the solid solution has the form depicted byYSteresis completely. This implies that in electrochemical systems
the curve AEGD in Fig. 5b. If the system followed a reversible path, that exhibit hysteresis, the potential cannot be used as a means of
then phase separation would occur at points B and C on charge arfgftimating the SOC. In addition, relatizdo the ratio of the activi-
discharge, respectively. The resulting potential profile would be!'es Of the oxidized and reduced specieand in turn relating them
ABKCD., and no hysteresis would be observed. However, if on 1© the potential using Nernstian thermodynantit$> would not be
charge the solid solution became supersaturated with NiOOH, théPPropriate for such systems.
material would be metastable from points B to E. Phase separation Scanning curves for the nickel hydroxide electredBigure 6
would not occur until the potentidd. (i.e., point B, and the charge  shows the boundary curves and the discharge scanning curves for
curve would be AEFD. On discharge, the solid solution could be the nickel hydroxide electrode. The boundary curves were generated
supersaturated with KDH),, and the material would be metastable by correcting the potential-time charge/discharge curves for oxygen
from points C to G. AtV (i.e., point G, phase separation would evolution as detailed previously. To generate the scanning curves,
occur, and the discharge curve would be DGHA, leading to hysterthe electrode was charged until a known amount of coulombs was
esis. passed; the current was reversed, and the electrode was discharged
There are two discrepancies between the experimental hysteresto a cutoff potential of 0.0 V. The curves were then converted to
curves shown in Fig. 1-3 and the schematics in Fig. 5a and bpotentialvs. zby correcting for oxygen evolution using
Namely, the experimental curves are not horizontal at intermediate ¢
(i.e., the curves are S-shapednd they are asymmetrig.e., the _ Qud + Jolnidt [7]
potential drops off sharply at close to 0.0, but it changes more | Qmmasd
gradually atz close to 1.0. One explanation for these discrepancies
can be obtained by considering the electrode to consist of a largéQ,,,J is equal to the denominator in Eq. Ky is given by Eqg. 5,
number of domains, with each domain consisting of a finite numberand|Q.{ is the capacity of the scanning curve, evaluated using
of Ni sites. Although this explanation applies whether the hysteresis
is due to intercalation effectig. 53 or phase separatigffrig. 5b), 10 = fTscl dt
the former will be used for illustrative purposes. We assume that the s 0 Ni
characteristic of each domain is similar to that seen in Fig. 5a, and

that each has a critical potentialc;, where the proton is released \yherer . is the time taken to reach 0.0 V in the scanning curve.
from domaini on charge, and a potentiaV,y;, where the proton  Figure 6 shows that the discharge scanning curves lie in the separa-
reintercalates into domainon discharge. tion between the charge and discharge boundary curves, confirming
If all the domains have the same critical potentials,and Vg, that states within the hysteresis loop are accessible.

then the boundary curve would be identical to Fig. 5a. Therefore, let  Figure 7 shows the charge scanning curves on the same elec-
us assume tha¥; and Vy; vary among the domains as shown in trode, where again the existence of the intermediate states is con-
Fig. 5¢. For simplicity,V.; (shaded circlegsand Vg; (open circlep firmed. The curves were generated by fully charging an electrode
are taken to be normal distributions with the difference between thefrom the fully discharged state, following which the electrode was
two potentials,A, the same for each domain. The boundary curvesdischarged until a known amount of coulombs were passed, and the
can then be constructed by integrating the distributignand V; current reversed. The curves were then corrected for the oxygen
to give OAB and BCO, respectively, in Fig. 5d. Therefore, even evolution reaction using Eq. 3-6 witt? taken to be the at the start

(8]
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Figure 6. Discharge scanning curves for fresh Ni-Co films. The curves were
generated by discharging the electrode after a partial charge. The curves were
then converted ta@ by correcting for the oxygen evolution reaction, as de-
tailed in the text, and forcing the end of discharge to occur &t 0.

of the scan and using the discharge boundary curve to evaluate the
denominator in Eq. 4. The confidence in the estimate adcreases

asz = 1.0 (i.e, the fully charged stajeis approached, due to the
large fraction of oxygen evolution in this region. The shape of the
scanning curves in Fig. 6 and 7, when interpreted using domain
theory, suggests two aspects of the nature of the domains, namely,
(i) there is a distribution of critical potentials where metastability
occurs over the domains an(d) the behavior of each domain is
history dependent within the range of metastability.

Figures 6 and 7 show that small changeszion the boundary
curves result in the potential of the material changing to values
between the boundary curves. Alternatively, when the potential is
the independent variable, this result can be reinterpreted to mean
that even small changes in potential within the boundary curves will
lead to proton intercalation/extractigine. changes inz), with a
finite current passing through the system, a result that was observed
experimentally. Hence, techniques that involve perturbations of the
potential within the boundary curve®.g, potential step*° and
electrochemical impedance spectrosédp) would involve
intercalation/extraction of protons. This is in contrast to Ta and
Newman’s speculation that such experiments would have little

500 : . , . . ; [

400

Potential (mV) vs. Ag/AgCl

200 *
00 01 02 03 04 05 06 07 08 09 1.0

Figure 5. Schematic representation of the domain concept applied to the z

nickel hydroxide electrode(a) Shows the boundary curves in a domain
which exhibits metastability due to an intercalation effect &bddue to
phase separatiolic) Shows a distribution of the potentials defined @ for

the different domains, an@) is the corresponding response of the system.
Two possible scanning curves are showridnand(d), one by the solid line,
and the other by the dotted line.

Figure 7. Charge scanning curves for fresh Ni-Co films. The curves were
generated by charging the electrode after a partial discharge. The curves were
then converted ta by correcting for the oxygen evolution reaction, as de-
tailed in the text, and forcing the value afat the start of the charge to
correspond to the value afat the end of the previous discharge.
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Figure 8. Rescaled discharge scanning curves for fresh Ni-Co films. The re- ?0400 | |
scaling was accomplished by stretching the scanning curves in Figure 6 untii
they touch the boundary curve as illustrated in the inset. =
>
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. . . . Té 300 1 Increasing z.., i
meaning, as the authors assumed that intermediate potentials beg
tween the boundary curves would not result in proton &~
intercalation/extractioft’® However, Fig. 6 and 7 show that, at any N
z, the slope of potentials. zon the scanning curve is different from 200 = " == == F T T T T T Y 09 1 o
that on the boundary curve. This suggests that the amount of protoi ' ’ ' ’ ' ’ ' ’ ’ ’ )
intercalated on the positive potential step from the boundary curve 7= m[lfzm ](1,2)
would be different from that on a negative step. Therefore, a more -z

detailed understanding of the role of the domains is needed in order

to estimate parametefg.g, diffusion coefficient based on these Fig“rel.g' g{%sc?'ed. Chi[]ge sctanrtl_inlg ‘;“trr‘]’es {Ortfr‘?st';] Ni-Co fitltn)sl_vvas "
perturbation teChniqueS. normalize Yy Torcing e potental a e start O e scan to lle on e

Not onl ltiol tentials attained at boundary curve(b) Was generated by forcing it to lie on the longest scan-
ot only are mullipie potentals attained a eacfe.g, one on ning curve. The solid line indicates the boundary curve, and the dotted lines
the charge, a second on the discharge, and another for eadh scaghe scanning curves.

but also a similar S-shape is observed when comparing the boundary
curves to the scanning curves, as mentioned previously. The simi-
larity between the boundary and scanning curves is especially strik-
ing when the abscissa of the scanning curves are res@alpB and 4 nqary curvez,, were used for the rescaling, which is shown in
9). The rescaling in Fig. 8 is accomplished by stretching each dis—ig ‘g Although, differences are still evident between the scanning
charge scanning curve in Fig. 6 until it touches the discharge bo“ndburves, the overlap is better than that in Fig. 9a, especially at low
ary curve. For example, the boundary curves and one of the scanyyes ofz It is known that when the nickel hydroxide electrode is
ning curves from Fig. 6 are reproduced as an inset in Fig. 8. The;ompetely discharged, the conductivity of the material is very low
figure defines two values af namely,z.,, denoting thezat which  4nq the material behaves as a semicondd@t®his low conductiv-
the scan is reversed amg, denoting thez on the discharge bound- ity could be the cause for such differences between the boundary
ary curve that has the same potential as dggs The abscissa is  and scanning curves.
then rescaled using = (z4/z,,)Z to generate Fig. 8. Note that for As mentioned earlier, there can be an infinite number of scanning
a boundary curvezy = z,, and thereforez’ = z. Although no curves for the same set of boundary curves depending on the distri-
physical basis exists for the rescaling, it is seen from Fig. 8 that thebution of the domains and their interaction with the adjacent do-
scanning curves overlap on the boundary curve, and only the end afhains. However, independent of these interactions, Everett and
the very short scanning curve deviates from the boundary curve. Smitt*"*8argue that the boundary and scanning curves obey certain
A similar analysis was undertaken for the charge scanning curvesheorems. Using various distributions to describe the boundary and
as shown in Fig. 9a, where the scanning curves were rescaled tscanning curves, Everett and SmiftA® outline seven theorems that
touch the charge boundary curve using an equivalent procedure bglescribe the relationship between the boundary and scanning curves.
defining a reversal poing,.,, and an equivalent point on the charge These theorems also govern the trajectories of the system inside the
curve,z.. Although the quantitative overlap in Fig. 9a is not as good hysteresis loop. Any system that exhibits a true hysteresis due to the
as in Fig. 8, the qualitative shapes are similar. The major qualitativeexistence of domains should follow theorems 3 to 7 and either theo-
difference is that the boundary curve has a very sharp rise in potenl:em 1 or 2. We first describe the theorems in electrochemical terms,
tial at the beginning of charge, where the scanning curves show @&nd then compare them to the nickel hydroxide electrode to see their
more gradual increase. This gradual increase is seen even when tf@plicability. For details of the derivation of t8he theorems %r)g their
current is reversed at the knee at the end of discharge where limits of applicability see Everett and Smitt*®and Enderby™
— 0. Only when the discharge is continued until the potential Theorem 1—If the discharge scanning curves meet the discharge
reaches 0.0 Ws.Ag/AgCl is the sharp rise in potential at the be- boundary curves before the electrode is fully discharged, then the
ginning of charge seen. Hence, the rescaling was changed so that tharge scanning curves will meet the charge boundary curves before
scanning curves touch the longest charge scanning curve by assurthe electrode is fully charged. The scanning curve from A to C in
ing that it was representative of the charge boundary curve. AgainFig. 5d is an extreme case of theorem 1 where the scanning curve
the reversal pointz,,, and an equivalent point on this charge meets the boundary curve, but with no change.in
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Figure 10. Test of the validity of theorem 4 and 5 for fresh Ni-Co films. The Figure 11. Test of the validity of theorem 6 for fresh Ni-Co fims. The
scanning curves were generated by reversing(toastant current at the  cyrves were generated by cycling the current over two different ranges of
potentials shown by the light dotted lines. The left loop starts from chargingfrom the charge boundary curve. As predicted by theorem 6, the path of the
beginning aiz = 0, and the right loop starts from discharging beginning at system after it crosses point P is dependent on its history.
z = 1. Note that the system continues along the boundary curve after expe-
riencing one current reversal ¥f (for the initially charging curve For the
initially discharging curve, the first current reversal occursvatand the Theorem 5—If, when the systems returns ¥, as envisioned in
second av, . theorem 4,z is allowed to increase by continuing the charge, the
system will move along the same curve as that which would have
. . been followed if no loop had been traversed frofy (i.e., on the
Theorem 2—If the discharge scanning curves converge on the lowerp,,ndary curve To test this prediction, the electrode that was used
intersection point of the boundary curves< 0), the charge scan- test for theorem 4 was chargedze= 1 after the loop returned to
ning curve will converge on the upper intersection pomt( 1). In v/ The resulting potential is also shown in Fig. 10, although it is
other words, the scanning curves meet the boundary cune at not evident as it overlaps with the boundary curve. The proximity of
= 0 orz = 1 only, and not at any intermediateThe dotted scan-  the two curves confirms the applicability of this theorem. A similar
ning CUrVe. from Ato O in Flg 5d Corresponds to theorem 2, Whereeffect is seen on Continuing the discharge past the pﬁmto Z
the scanning curve meets the boundary curve ony-at0. Figures = 0, with the curve approximately overlapping on the discharge
6 and 7 reveal that the scanning curves in the nickel hydroxidepoundary curve. Theorem 5 is also called the wiping-out property of
electrode closely resemble curve AO in Fig. 5d, and therefore, cary system exhibiting hysteresis, as the memory of the systems excur-
be said to follow theorem 2. sion atV, is wiped out as soon as it returns to this point and the

Theorem 3—The slope of the discharge scanning curve must alwayssystem behaves as if there was no excursiovisat'*

be more than that of the discharge boundary curve at the ame rq46m 6—Any point P within the hysteresis loop can be reached
similarly, the slope of the charge scanning curve should be MOr&y, a number of ways, some from lowey others from higher. Al-

than that of the charge boundary curve at the sam&le can see . . .
. g ; - though the system can be described by its potential and @&V

from Fig. 6 and 7 that this is true for the nickel hydroxide electrode. and 2), its state will not be completely defined since its behavior
Theorem 4—The first part of this theorem predicts that if the path of when it moves away from P depends on its route by which this point
the system is reversed at a particular potendgl, with a corre- ~ Was approached. The importance of this theorem is that the path of
spondingz = z,, and the potential scanned ¥ and back tov,, , the system within the hysteresis loop depends on its history, or in
thenz will return to z, . The experimental data in Fig. 10 show the ©Other words, the shape of the scanning curves is related to a history-
results as envisioned in this theorem. Here. the electrode wadeépendent distribution. This theorem has been the argument behind
charged from the completely discharged state/’Lo: 335 mV Vs using the domain concept and is fundamental to the description of

Ag/AgCl, which corresponds ta, = 0.52. The current was re- the scanning curves.

versed to generate a discharge scanning curve until the potenti% In addition, experimental evidence of this theorem disproves the
. ry for h resis pr Duhem, ri Ever
reachedvVg = 285 mV. The current was reversed again to generate eory for hysteresis proposed by Duhem, as described by Everett

. 7 . .
a charge scanning curve, where it returned to the paigt and Smith®” Duhem describes the scanning curves to be one of two

- = . families of curves, the ascending series and the descending series,
= 335 m_V andz, = 0.52 as pred|cted_by the theoref“- The second such that only one of each family passes through each point. The
part of this theorem predicts that cycling the potential betwégn

. ‘ ascending curves are the possible paths of the system when the
andVg will lead to a loop of constant shape and area independent ofystential is increasing, and the descending curves when the potential
the position ofz In order to test this part of the theorem, the elec- s gecreasing. This is in contrast to what is described in theorem 6,
trode was completely charged and then discharged Vip  \hich states that each point in the loop can be reached by an infinite
= 285mV, corresponding to @ = 0.44. The current was re- number of paths. Figure 11 shows experimental data that support
versed to generate a charge scanning curve until the potentiaheorem 6 and thereby disprove the theory of Duhem in the nickel
reachedv, = 335mV. The current was again reversed to generatehydroxide electrode. Here, the electrode was charged using a con-
a discharge scanning curve, where it returned to the pdit  stant current untiz ~ 0.8, when the current was reversed to gener-
= 285mV andzg = 0.44. As predicted, the two scanning loops ate a discharge scanning curve umtit~ 0.15, at which point the
have the same shape and area. These two internal loops are repretectrode was charged again to complete the loop. The electrode was
ducible, and one can cycle between the pois and Vg with then completely charged and then discharged, after which a second
negligible change in the shape of the loops. Such reproducible infoop was traversed, but over a shoriecompared to the first, as
ternal loops also have been seen in adsorption hystéresis. indicated in the figure. Due to theorem 4, the system tries to return
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z the theorem. In addition, the curves appear to approach the midpoint

i . . ) between the boundary curves.
Figure 12. Test of the validity of theorem 7 for fresh Ni-Co film@) Was The close agreement of the predictions of these theorems with
generated by cycling the current over two successively smaller ranges of

from the charge boundary curve. Note that the path of the system after a{he exper_lmental datr;} on the n'Ck?I eIeCtr(_)de_ leads us to andUde
reversal approaches the point of previous reversal, thereby wiping the historyn@t the nickel hydroxide electrode’s behavior is consistent with the
of both the primary and secondary excursiém. lllustrates the path of the  €xistence of a number of individual units or domains, each of which
system whem\z was decreased in each cycle, where the curves appear t(ﬁxhlblts two or more metastable states. While domain hysteresis is
approach the midpoint between the boundary curves. commonly studied in adsorption and magnetism, the effect seems to
have been studied in only one electrochemical energy storage sys-
tem, namely, the Li/LiMn@ cells. In attempting to explain the pro-
) ) ) _ duction of heat in these cells, Murray al> conclude that a part of
to the point where the excursion from the main loop began. Thisthe heat is produced by the hysteresis effect. Although, the potential
property ensures that the charge scanning curve in the shorter l00gf the material appears to represent that of a “solid solutiéfthe
crosses the one in the longer loop at the point P. Notice that, aguthors suggest that in reality the material could be exhibiting a
predicted by theorem 6, the path of the system beyond point P igjrst-order phase transition, the signatures of which are modified by
different and depends on the route by which the point was resthed. the disorder in the material. Therefore, the system can be thought to
Theorem 7—If the system is taken through a series of oscillations have domains of coexisting phases. The authors also suggest that the

of Az of decreasing amplitude, after tah reversal, the system memory of the system is stored in the position of the phase.bound-
moves toward the point where the  1)th reversal occurred; if ary, and movement of the phase boundary causes hysteresis.

h . ied th h thi I d th In a subsequent paper, Sleighal® attempt to understand this
the system is carried through this point, it moves toward the ( psteresis effect by analyzing data on short cycles within the hys-

— 3)rd reversal point, and so on. This theorem is an extension ofgesis loop and comparing their behavior to the general theorems of
theorem 4, in that it describes the wiping out of the memory when hysteresis as described above. Loops similar to those shown in Fig.
the system _|s_taken on an excursion on the internal loops. In order tQ0, where the electrode is cycled between two points, were gener-
test the validity of this theorem, the system was charged from the;ieq. However, the authors note that the potential within the loop is
completely discharged state until~ 0.55, at which point the di-  parallel to that of the discharge boundary curve, contrary to what is
rection was reversed. This discharge scan was maintainedzintil expected in theorem 3. In addition, the graph does not seem to
~ 0.25, when the direction was again reversed, as shown in Figsatisfy the wiping-out property that is expected in systems that ex-
12a. An internal loop to this excursion was executed by reversinghibit domains. Nevertheless, the effect of the history on the materi-
this scan az ~ 0.4 and again ar ~ 0.3. The system was then al's potential and heat profile is evident, and some similarities are
allowed to charge completely to= 1. As stated by the theorem, seen with this study.
the system returns to the point where the secondary excursion oc- As mentioned earlier, the material can be made to cycle repro-
curred, thereby wiping out the secondary history. Charging the elecducibly within the hysteresis loop. For example, the loop generated
trode further results in the system wiping out the primary history. in Fig. 10, where the reversal points touch the boundary curves, can
In order to observe the path of the system whien was de- be cycled repeatedly with negligible change in the shape or area. In
creased in each cycle, an experiment was conducted as shown prder to test if the stability is maintained when the loops are small,
Fig. 12b. Here the system was charged from the completely dissuch t_hat the reversals occur well before the_ boundary curves, the
charged state untit ~ 0.6, at which point the direction was re- Scanning curves shown in Fig. 13 were obtained. In one set of ex-
versed. This discharge scan was maintained antil 0.2, when the ~ Periments, a completely discharged film was charged to 0.5,
direction was again reversed. This reversal was continued at succegnd then continuously discharged and charged to approximately
sively lower intervals. As seen from Fig. 12b, a reversal results in= 0.49 and 0.51, respectively, 50 times. Similarly, a completely
the curve approaching the previous reversal point, as predicted bgharged film was discharge = 0.5, and then cycled between
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Figure 14. Midpoint potential as a function of cycle number when the elec- Figure 15. Simulated discharge scanning curves for fresh Ni-Co films. The
trode is oxidized and reduced over a small range, @s shown in Fig. 13. curves were generated using the procedure outlined in the text. Also shown
The plot shows drift in the potential of the curves in the charge boundaryare the fits of Eq. 9 to the discharge boundary curve and the longest charge
curve toward the discharge curve. scanning curvésolid lines.

— 0.5and 0.52. Figure 13 shows the first and fiftieth loops forthesebefore the electrode is fully charged. Now that is has been estab-

experiments. In Fig. 10, the small loops were not corrected for OXy_Ilshed that the scanning curves follow the form represented by the

gen evolution as its effect was estimated to be negligible based orqg;tr?girl:nec'ﬂr\':é% SNglrﬁeblourgdarr)égcu;ﬁﬁs Ct?]g bsecgﬁﬁ?nto (F:)[l?\(/jé(:st tr;es
Eq. 6. For example, assuming that the side reaction occurs at itS 9 ' Y, by 9 9 '

maximum ratg(i.e., at 343 mV, the potential of the charge boundary shown in Fig. B and 9, it is possible to collapse the scanning curves
curve az = 0.5) c;ver the dur:ation of the 50 cycles, the decrease in on the boundary curves with reasonable accuracy. In the absence of

zis estimated to be less than 3%. Even a 3% change finough, a clear understanding of the underlying phenomenon behind the hys-

) . ; o teresis, this empirical approach is used to predict the scanning
would result in a decrease in potential of less than 2 mV. Negl|g|ble§urves based on the boundary curves. This approach can be used in

self-disc;hayge was confirmed further by discharging the .material ahickel-based battery models to predict the voltage during partial
the beginning and end of the 50 cycles, where the capacity remove harge/discharge cycles. The first step in the methodology is to fit

did not change. tre experimental discharge boundary curves to an empirical equa-

The experiment on charge appears unstable in that the potentigly “A nonlinear least-squares package, DataFit, was used to fit Eq.
of the system decreases until it approaches that of the discharg to the discharge boundar Ve W i oy
boundary curve. On the other hand, the cycles on discharge wer o the discharge boundary curve, wih; set equal

fairly reproducible, with little change in the potential. This is seen RT 2

more clearly in Fig. 14, where the potential of the midpoint of the Ey = ES + — In(—)

oxidation and reduction experiments are plotted as a function of the ' NI F 1-7

cycle number for both the loogge., loops generated after a partial RT

charge and after a partial discharg&€he midpoint on oxidation is + ——[2A4(1 — 22') + B4(1 — 32'?)] [9]

higher than that on reduction in both cases. This is because extrac- 2F ° ¢

tion occurs at a greater driving force compared to intercalation be-

cause of the metastability in the domains. However, the midpointThe parameter#, and B, in Eq. 9 arise from the use of a two-

potentials shift downward as the electrode is cycled. Asztaethe  parameter Margules expression to correct for activiieSin Eq. 9,

end of the 50 cycles is the same as that at the start of the experimen}; is the normalized used to generate Fig. 8 and 9 and is equal to

the oxygen evolution reaction can be eliminated as the cause of thi§ for the boundary curve. An adequate fit yieIcEEj- — 0.2985V

drift. This drift is in contrast with the result in Fig. 4, where the _ - Lo Ll

system was found to be stable over tens of hours. In addition, it is éA‘O_* 3.9745, and, = _4'6795' The second ste_p Is to identify the

deviation from theorem 4, where the potential of the system is ex-POiNt Zey Where the scan is reversed and the pajnon the bound-
ary curve, which has the same potential as the start of the scanning

pected to return to the same point from where the excursion oc . > L
curred. While Fig. 12b shows that the system approaches the midSurve (see Fig. 8 For example, the scanning curve originating at

point between the boundary curves when a few cycles of0-48would yieldz., = 0.48 andzq = 0.85. Equation 9 is then used
successively smaller amplitude are imposed, Fig. 13 and 14 shofor 0 < z' < 0.85 to obtainE, as shown in Fig. 15. Comparison
that when numerous small loops of the same amplitude are imposeWith Fig. 6 shows that the predictions of the scanning curves are
they approach the discharge boundary curve. This would suggestdequate. ) ]
that the memory of the system’s excursion is not completely wiped, A similar procedure can be used to predict the charge scanning
resulting in the memory building up over the cycles, thus causingcurves as shown in Fig. 16. In keeping with the observation in Fig.
the effect seen in Fig. 13 and 14. The cause for this memory buildug?@ and b that the shapes of the scanning curves are qualitatively
needs to be explored further to understand better the hysteresis igimilar to each other but different from that of the boundary curve,
the system. the longest charge scanning curve was taken to be representative of
the charge boundary curve. A fit of this curve to Eq. 9 yielﬁ%‘d

Empirical procedure to predict the scanning curves from the = 0.3398 V,A, = 2.2139, and, = —2.053. The subsequent pro-
boundary curves—Figure 5 illustrates that in order to characterize cedure is similar to that described above. While the predictions are
the hysteresis in a system, the boundary curves alone are not suffadequate at low and intermediatethe deviations are clear a
cient. That is, scanning curves are needed in order to determinepproaches 1. This may be the result of the greater contribution of
whether the dotted or solid curve results when discharge occurshe oxygen evolution side reaction at high
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Figure 16. Simulated charge scanning curves for fresh Ni-Co films. The
curves were generated using the procedure outlined in the text. Also shown
are the fits of Eqg. 9 to the discharge boundary curve and the longest charge
scanning curvésolid lines.

Conclusions

We confirmed that the nickel hydroxide electrode exhibits a
stable hysteresis loop, with the potential on charge being higher than
that on discharge at every state-of-charge. We also showed that the
charge and discharge potentials vary depending upon the number of
electrons transferre@.e., 1.67 and 1.9) the compositiongpure Ni
and Ni-Co, and the defect content, but the shape of the hysteresis
loop does not. Furthermore, we showed that the hysteresis loop cre-
ated during a complete charge and dischdrge boundary curves
is not sufficient to define the state of the system. Rather, internal
loops within the boundary curvése., scanning curvescan be gen-
erated that access potentials between the boundary curves. The po-
tential obtained at any SOC, as well as how the material charges anﬁiTal
discharges from that point, depends on the cycling history of the;_
material.

As little information is available on electrochemical hysteresis,
theories proposed in magnetism and adsorption were examined. The.
theory of domains, where the system is thought to be made up of
many small units each of which exhibits two or more metastable %
states, was found to be applicable in explaining the behavior of the 5
system. The qualitative shape of the boundary and scanning curves
suggests that the domains in nickel hydroxide are characterized by4.
two features, namely(j) there is a distribution of critical potentials
where metastability occurs over the domains éndhe behavior of
each domain is history dependent within the range of metastability.
Although the actual cause for the metastability in each domain is not 7.
clear, previous research suggests either energy changes during intef:

calation or phase separation as possible causes for the phenomenon.

The close adherence of the system to the seven theorems outlined by.

Everett and Smitf{**®indicates the applicability of domain theory in  10.

explaining hysteresis in nickel hydroxide. Although the system fol- E

lows the path predicted by the theorems closely, deviations fromg’
domain theory were seen when the electrode was cycled using a.
15.

constant current over a smallz for over 50 cycles. The potential of
the electrode was seen to shift from the charge boundary curve t
the discharge boundary curve, in deviation from what is expecte

from theorem 4. This suggests that the experiment did not result in7.

the complete wiping out of the system’s memory.

Based on the observation that intermediate potentials between®

the boundary curves can be obtained by partial charging or discharg-

ing (i.e., scanning curvesan empirical procedure was developed to 19.

predict the scanning curves based on the boundary curves. The pro-
cedure was shown to be adequate to predict the discharge scanning

curves, but yielded only qualitative agreement in predicting the g
21.

charge scanning curves.
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List of Symbols

constants in Eqg. 9
Eni equilibrium potential for the nickel reaction, V
Eox equilibrium potential for the oxygen evolution reaction, V
F Faradays constant, 96487 Clequiv
| total impressed current, A
current to the nickel reaction, A
current to the oxygen evolution reaction, A
exchange current for the oxygen evolution reaction, A
universal gas constant, 8.314 J/Kmol
coulombs exchanged to the nickel reaction, C
absolute value of coulombs exchanged to the Ni reaction, C
absolute capacity of the scanning curve, C
state-of-chargéSOQ
SOC at the start of an experiment
SOC on the charge boundary curve
SOC on the discharge boundary
SOC at which the scan is reversed
z' normalized SOQz' = (z4/z,,)z for discharge scanning curves and
z' = (1 - 2)(1 - ze)/(1 — zJ) for charge scanning curves
T temperature, K
t time, s
V  measured voltages. Ag/AgCI, V

Greek

anodic transfer coefficient
time required to fully charge or discharge the nickel electrode, s
time required to reach 0.0 V for a discharge scanning curve, s
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