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Determination of the “NiOOH” charge and discharge mechanisms at ideal activity.

Matthew Merrill, Marcus Worsley, and Michael Stadermann.

Abstract

The cathodic deposition of “NiOOH” from nickel nitrate solutions onto graphite produced active
materials capable of being charged up to 1.84 +/- 0.02 e per Ni on and subsequently delivering 1.58 +/-
0.02 e per Niion or 462 mAhr/g. The graphite substrate caused an unusual deposition mechanism and
yielded the highly active “NiOOH” due to an overlap of nitrate reduction, hydrogen evolution, and
metallic Ni deposition reactions. The ability of the “NiOOH” to deliver an approximately ideal charge and
discharge facilitated a coulometric and thermodynamic analysis through which the previously poorly
resolved charge/discharge mechanisms were determined from known enthalpies of formation. The
mechanisms were in accordance with the pH, potential dependence, charge quantities, hysteresis, and
fluoride ion partial inhibition of the charge and discharge curves as well as Corrigan’s spectroscopic
results. The results indicated that there was little change in Ni ion valence and that the charge

predominantly resulted from oxygen redox activity.

Introduction

Nickel-zinc batteries are promising for high power density energy storage applications. While Li-
ion batteries have greater energy densities, Ni-Zn batteries are attractive in high power applications
because their active materials have fast kinetics and electrolytes have higher conductivities [1]. High
power battery performances can be further improved through the electrode’s architecture, where
porosity can be optimized for the mass transport of reactant ions though the electrolyte and for thinner
active layer thicknesses. Thinner nickel oxide hydroxide (NiOOH) active layers distributed over more

porous current collectors would have lower resistances for transporting H" though the material during



charge/discharge as well as minimize the electrical conductivity problems of the discharged Ni(OH),
state. Recent developments in architecture control of highly porous, electrically conductive, and light
weight graphitic carbon monoliths makes these materials interesting for application as current collectors
in Ni-Zn batteries [2-4]. We are therefore interested in the development of uniform, nano-scale
“NiOOH” coatings which can be applied within sub-micron sized pores of graphitic carbon current
collectors. While ultimately intended for application to highly porous graphitic carbon current collectors,
the goal of this work is to characterize the deposition process and deposited material on a flat surface of
highly oriented pyrolytic graphite (HOPG) in order to evaluate its feasibility for deposition into the more
complex, porous graphitic current collector.

NiOOH active materials are primarily made through either chemical or electrochemical
precipitation [1, 5]. Whether for use in nickel-zinc, nickel-metal hydride, nickel-hydrogen, or nickel-
cadmium batteries, industry conventionally synthesizes chemically precipitated NiOOH particles and
mechanically impregnates porous Ni foams or meshes with the particles. Industry’s NiOOH electrodes
demonstrate excellent stabilities of 1,000 — 10,000 cycles and moderate activities of 0.4 e per Ni atom
or 115 mAhr/g Ni(OH), [1, 5]. The specific energy of the NiOOH electrode is limiting for the Ni-Zn battery

as Zn activity is ~¥900 mAhr/g. Reactions (1) and (2) describe the half-cell reactions of this battery type:
NiOOH + e + H* <> Ni(OH ), (1)

Zn+2-H,0 <> Zn(OH), +2-¢ +2-H" (2)

Using industry’s methods of mechanically impregnating sub-micron pores with relatively large NiOOH
particles is not a practical means of forming uniform, active layers of sub-micron thickness, particularly if
lighter weight but more brittle carbon current collectors are used instead of metal Ni meshes. An
attractive alternative is to use either anodic or cathodic electrodeposition methods for synthesizing

uniform, nano-scale NiOOH films within a porous battery electrode current collector. The anodic

deposition of nano-scale NiOOH films in micron-sized pores has been recently demonstrated [6]



however it remains unclear whether cathodic deposition methods remain a viable alternative,
particularly when the storage of > 1 e” per Ni might be possible.

The storage of > 1 e” per Ni ion may be possible because the reaction indicated by (1) represents
the simplification of a poorly understood mechanism [1, 5]. The active material produced through the
oxidation of Ni(OH), will be referred to as “NiOOH” for the sake of expediency and not specifically to the
Ni,03(H,0) state, where the Ni valence is 3.00+ . The “NiOOH"” active material is known to be oxidizable
to a state comparable to Ni***~** although the included redox activity of oxygen has been well-

speculated [7-9]. Corrigan has proposed the following mechanism (3) which indicates a maximum charge
of Ni*¢7*,

Ni,(OH ),(H,0), + K +6-OH ™ <> K(NiO,),(H,0), +5-¢" +6-H,0 (3)

Corrigan et al were able to spectroscopically determine that only one adsorption band, which is both
strong and broad, changes with charge. The change of only the one adsorption band, whose intensity
was proportional to the state of charge, indicated a single mixed-valent phase change [7]. The spectra
were approximately independent of electrolyte cation composition (K, Na®, or Li*), were not consistent
with the presence of hydroxide radicals, and the absence of Ni-OH bonds in the fully charged state
indicated that all of the material’s H's were discharged when fully oxidized [7-9]. Corrigan’s thorough
evaluation of the active nickel material with multiple spectroscopic techniques was, however, not
accompanied by a thermodynamic analysis of the charge/discharge kinetics.

Cathodic deposition methods of “NiOOH” typically utilize the pH gradient generated by the
electrochemical oxidation of NO;™ through (4) to chemically precipitate Ni(OH), according to (5), which is
subsequently oxidized to “NiOOH” upon the first charge [7, 10, 11]. The further oxidation of NO, to
either N, or NH," can electrochemically generate a pH gradient with a 4 OH™ per 3 e ratio [12]. A pH
gradient can alternatively be electrochemically generated by the reduction of water to form molecular

hydrogen according to reaction (6). Note that the Ni(OH), deposit chemically precipitated from the pH



gradient is an insulator which does not become conductive until oxidation by the initial charge and that
reactions (4) and (6) are being catalyzed by the current collector [10]. The insulation of the current
collector by Ni(OH), means that the deposition process becomes self-limiting unless the Ni(OH), remains
porous enough to sustain diffusion of H,0 and NOs reactant and OH™ product through the deposit.
Unlike Pt or Ni alloys, the hydrogen evolution reaction (6) experimentally occurs at approximately the
same potential as the nitrate oxidation (4) on graphitic carbon despite the difference in equilibrium
potentials [11, 13]. The effect of the current collector’s composition further complicates the deposition
because the reduction of Ni** to the metallic state Ni° according to (7) is also a possible reaction
pathway [12]. Water is not electrochemically stable on Ni at moderate potentials and will oxidize Ni° to
Ni(OH), through (8) [14]. Methods which take advantage of combining reactions (7) and (8) involve
repetitively changing the applied potential from an extremely negative value to deposit Ni° by (6) and
then shifting the potential to a more neutral value for (7) with cyclic voltammetry or pulse techniques
[15]. While an example in the literature does exist where a uniformly thin and compact Ni(OH), was
cathodically deposited onto carbon nanotubes using extremely large pulse current densities, a value of
900 F/g over a 0.5 V window only corresponds to an activity of 0.43 e” per Niion or 125 mAhr/g [16]. It is
reported here how the deposition mechanisms can be managed to produce “NiOOH” capable of 1.58

per Ni or 462 mAhr/g.

Table 1. Equations (4) — (8): The Ni(OH), deposition mechanisms [12].

NO, +2-¢" +H,0<> NO, +2-OH" (4)
E,(4)=0.835-0.0592- pH +0.0296- 1og([NO%OZ,])

Ni** +2-OH™ < Ni(OH), ()
log(Ni** )=12.18-2- pH

2-H,0 > H,+2-OH" (6)
E,(6)=1228-0.0592- pH +0.0592-log(" ¥, )

Ni** +2-¢” < Ni 7)



E,(7)=-0.250+0.0296-log([Ni*" )
Ni+ H,0 <> Ni(OH), +2-¢ (8)
E,(8)=0.110-0.0596- pH

Methods

Electrochemical experiments were performed in a Teflon electrochemical cell. A Teflon face
plate and corrosion-resistant silicone gasket (McMaster-Carr) exposed a circular, 1 cm diameter (0.785
cm?) working electrode surface of highly oriented pyrolytic graphite (HOPG, ZYH grade, Bruker AFM
Probes) on the bottom of the chamber. Used HOPG surfaces were removed with (Scotch) tape to expose
a new, clean surface. A coiled 30 ga platinum wire (Hauser & Miller) counter electrode and double
junction, SCE reference electrode (Radiometer Analytical) were inserted into the cell chamber from the
top. The electrochemical experiments were performed with a Biologic VSP electrochemical workstation.
Masses of the Ni(OH), active material were determined by dissolving samples in 2 ml of 10 % w/v nitric
acid under sonication for 15 minutes and then analyzing the Ni through inductively coupled plasma mass
spectrometry (ICP-MS) (Thermo_Scientific X series 2). Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) characterization were performed on a JEOL 7401-F at 5-10 keV

(20mA) in secondary electron imaging mode with a working distance of 2-8 mm.

Results and discussion

The potentials of the nitrate reduction reaction (4) and the metallic nickel deposition reaction
(7) on graphitic carbon were difficult to resolve because they occurred at the onset of hydrogen
evolution (6). All of the reactions were expected to be interdependent. For example, the deposition of
Ni® affects hydrogen evolution while the reduction of NO; by H, is thought to suppress hydrogen bubble
formation [10]. Small voltammetric peaks or shoulders of peaks occurred at the smallest current

densities (Figure 1) and likely corresponded to metallic deposition because it was observed for Ni(NOs),,
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NiCl,, and Ni(ClO,), electrolytes. The initial charges in 1 M KOH of deposits formed at -1 mA/cm? from
NiCl, and Ni(ClQ,), electrolytes initiated near -0.3 V vs SHE, which corresponded closely with the
potential of metallic nickel oxidation (6). In addition to containing 5 — 10 % Ni’, the deposits from NiCl,
and Ni(ClO,), had significant black coloration which indicated the presence of anhydrous NiO [12]. The
deposits from Ni(NOs), uniquely deposited only into the semi-transparent green characteristic of the
hydrated Ni(OH), state and the Ni° state was not detected coulometrically for < 1.25 mA/cm? deposition

current densities [12].
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Figure 1. Linear sweep voltammograms at -10 mV/s on HOPG for 0.08 M Ni(NOs),, NiCl,, and Ni(ClO,),

electrolytes.

The most active NiOOH materials could only be generated at low concentrations (0.08 M
Ni(NOs),) and relatively high current densities (-1 mA/cm?). A high reactant (Ni**) concentrations and low
deposition current density would instead be preferable for depositing active material inside a porous
current collector. These conditions would be preferable because they will minimize reactant

concentration gradients within the porous current collector as the Ni** is consumed during deposition so



that the active material is evenly distributed throughout the current collector. Low current densities
alternatively generate low interfacial OH concentrations and were expected to be less effective at
precipitating Ni(OH), at low Ni** concentrations according to equilibrium of (4). The most efficient
deposition current efficiencies and activities occurred around -1 mA/cm? for 0.08 M Ni(NO3s), solutions
(Figure 2). The dramatic decrease in electrodeposition current efficiency and/or activity for current
densities > 1.1 mA/cm? corresponded with the detection of both Ni® and anhydrous NiO according to the
charge initiation at -0.3 V vs SHE as well as the transition from green to dark colored deposits. This
optimal deposition current density was exceptionally high when evaluated by equation (9), where j is
the diffusion limited current density in A/cm?, [Ni*'] is the molar concentration, y is the Ni*"’s activity
coefficient, Dyyizs is the diffusion coefficient of 0.661 x 10~ cm?/s at infinite dilution and 25 °C ,and G is

the diffusion layer thickness [17].

. nFD,,, 0, Y[Ni*
j= Lanias Y[ ] (9)
1000-¢

The divalent Ni** ion’s activity coefficient is low at 0.3 for 0.08 M Ni(NOs),, which corresponds to a Ni**
diffusion layer thickness of 280 um at -1 mA/cm?. Significant mass transport complications would be
expected for the deposition of active material into 1 um sized pores when the Ni** diffusion layer
thickness is over 2 orders of magnitude larger for the narrow range of deposition current densities
required for optimal activity. The mass of deposited Ni** ion was determined through ICP-MS and an
ideal current efficiency of 2 e per Ni atom deposited occurred at 1.0 mA/cm? (Figure 3). The optimal
electrodeposition current density of -1 mA/cm? corresponded to a condition where the overpotential
decreased by approximately 100 mV over 100 — 150 s and then reached a steady state condition as the
potential became constant for > 30 min. Significant losses in electrodeposition current efficiency and/or

activity occurred when the electrodeposition technique was changed from constant current to constant



potential despite the application of the same current/potential ranges, which also indicate the mass

transfer rate-dependence of the electrodeposition mechanism expected from reactions (4) — (6).
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Figure 2. Deposition activity efficiency. The fraction of e” charge storable in a Ni(OH), deposit at a 2C rate

per the number of e” passed to deposit the Ni(OH), onto HOPG as a function of the deposition current

density for a 0.08 M Ni(NOs), solution.
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Figure 3. Deposition current efficiency. The mass of Ni deposited as Ni(OH), per coulomb of deposition

charge with a -1.0 mA/cm? deposition current density from 0.08 M Ni(NOs),.

The morphology of the deposited Ni(OH), was not ideal for electrodeposition into a porous
structure sub-micron pores. In addition to the narrow current density range required for optimal
activity, the cathodic electrodeposition formed porous clumps under constant current. The 300 mC
charge passed during deposition at -1 mA/cm? was expected to form a film 0.22 pm thick, assuming the
density of 4.15 g/cm?, because the electrodeposition current efficiency was 100 %. The Ni(OH), instead
formed clumps with heights of about 1.5 um. The morphology of Figure 4A indicates that the density of
the Ni(OH), may be approximately half of the expected 4.15 g/cm®. A non-dense deposit is necessary if
OH generated on the current collector interface needs to diffuse through the insulating Ni(OH), deposit
to precipitate reactant Ni** according to (5) [10]. A non-dense and high surface area deposit from
cathodic electrodeposition was expected due to the resulting material’s proficiency for supercapacitor
applications [18-21]. Switching to a 0.3 s pulse at -1.0 mA/cm? and 2.1 s pauses resulted in a more
evenly distributed film with a significantly lower electrodeposition current efficiency and/or activity
(Figure 4B). 0.3 % Ni® was detected in the deposit from the pulse method. Ni° may deposit upon HOPG
at the initiation of current, where subsequent oxidation to Ni(OH), by NO;™ established nucleation sites

for further chemical precipitation through (4).
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Figure 4B. Ni(OH), deposited with 300 mC at -1 mA/cm?”in 0.3 s pulses and 2.1 s pauses.

The Ni(OH), deposited at -1.0 mA/ became fully charged when oxidized by 1.79 +/- 0.02 e per
Ni ion and could subsequently deliver 1.58 +/- 0.02 e per Ni ion. The maximum charge was
experimentally limited by oxygen evolution from water and was slightly larger than the commonly
reported maximum value of 1.7 +/- 0.1 e [7]. The ability to discharge 1.58 e” per Ni was much larger than
the rare 1 e per Ni and the more typical 0.4 e [6, 22]. The Ni(OH), needed to be initially charged at a
rate = 20 C (Figure 5). This extremely fast initial charge required an overpotential of 80 — 100 mV and
may indicate that active material needs to be oxidized quickly enough that the transport of H" product
from bulk Ni(OH), to the electrolyte was rate-limiting. The initial discharge rate had to be < 2C, where

slower discharge rates did not release more charge. Assuming a molecular weight of 92.7 g/mol, the
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deposit needed to be < 0.15 mg of Ni(OH), distributed over 1 cm? of flat HOPG surface or £ 0.22 um

thick assuming a density of 4.15 g/cm”.
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Figure 5. The dependence of the discharge activity at 2 C upon the initial charge C rate for a 0.25 mg/cm?

loading deposited from 0.08 M Ni(NOs), at -1 mA/cm”.

The cathodic deposition of Ni(OH), onto HOPG and its uniquely large activity offered a novel
opportunity to thermodynamically explore the nickel oxide’s charge and discharge mechanisms in what
may be the maximum activity. Precipitated Ni(OH), is typically characterized as a more ordered [3-
Ni(OH), or a more disordered and hydrated active a- Ni(OH), [10, 11, 23-25]. The more active but less
stable a- Ni(OH), can transfer almost 2 e per active Ni atom where only one phase change occurs as
changes in only the one, broad spectroscopic peak were observed in situ [7-9]. Corrigan argued that this
indicated a homogeneous distribution of valence states, such as Ni%*, Ni**, and Ni**, and that discreet
states do not exist [7, 9]. Several issues arise with Corrigan’s mechanism (3) and conclusions in the
context of a thermodynamic analysis. A homogenous distribution of valence states would produce
symmetrical charge and discharge curves. However, it is known experimentally that there is substantial

asymmetry or hysteresis between charge and discharge curves that occurs even when the rates
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approach steady state conditions [5, 26]. The product of (3) doesn’t actually correspond with the known
oxidation states indicated in Table 2, it can not be corroborated by known free enthalpies of formation,
and an evaluation of the pH and potential-dependence of the charge/discharge curves could not
indicate support of that mechanism. Corrigan also did not actually detect Ni** spectroscopically [7, 9].
The Ni*" oxidation state in (13) should additionally be considered kinetically unlikely because of the large
number of H,0 species which would require transport through the solid bulk material as well as a
corresponding large volume change [12]. Exchange between (10) — (12) should be relatively facile

because they only require the transport of the small H" within the bulk phase of “NiOOH”.

Table 2. Equations (10a) — (14a): Known nickel and oxygen redox reactions [12].

Ni,0,(H,0), +2-H" +2-¢” <> 3- NiO(H,0) (10)
E,(10a)=0.897-0.05916- pH
E,(10p)=0.837-0.05916- pH

Ni,O,(H,0)+2-H" +2-¢” <> 2-NiO(H,0) (11)
E,(11a)=1.032-0.05916- pH
E,(115)=0.912-0.05916- pH

3-Ni,0,(H,0)+2-H" +2-¢” <>2-Ni,0,(H,0), (12)
E,(12a)=1.305-0.05916- pH
E,(12p)=1.184-0.05916- pH

2-NiO,(H,0), +2-H" +2-¢" <> Ni,O,(H,0)+4-H,0 (13)
E,(13)=1.434-0.05916- pH
%O, +2-H +2-¢ <> H,0 (14)

E,(142)=1.228-0.05916- pH
E,(14p)=1.288-0.05916- pH

The problem with using equations (10a) — (14a) in an agueous environment is how to treat the
hydrating H,0 indicated in Pourbaix’s enthalpy of formation. The thermodynamic difference between
liquid and solid water at 25 °C is that H,O, has a standard entropy, ASmO, of 69.9 J/K/mol while H,0,) has

38.0 J/K/mol [27]. The NiO(H,0) is notably the only oxidation state which dehydrates and it is
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thermodynamically more favorable for the oxidation state to dehydrate prior to oxidation. Are all of the
hydrating water species the same for all of the different oxidation states and should they be treated
with liquid phase thermodynamic values? Pourbaix considered all of the hydrating H,0 to have
entropies equivalent to that of H,Oy, and this affected the redox values reported. A comparison between
NiO and NiO(H,0) values indicates that the hydrating water can have a more liquid-like AS,.’ as high as
68.6 J/K/mol or a lower value of 65.5 J/K/mol, which may correspond the a- and 3- phases, respectively
[12, 28]. It will be assumed here that the water associated with each Ni**, H,O(, has the liquid-like
entropy while the water associated with Ni*, H,O, has the solid phase entropy so that the states
considered are NiO(H,0y)), Ni3O4(H,0))(H20()) and Ni,O3(H,O5). The distinction in hydrating water
species means that the redox potentials need to be recalculated as the beta form in Table 2. The
oxidation of H,0( hydrating the metal oxide is 60 mV less favorable than H,0y,.

A “NiOOH” mechanism consistent with the experimental data can be constructed using the beta
equilibria of Table 2. The key to modeling the “NiOOH” mechanism with distinct local domains is the
known hypothesis that oxygen undergoes redox chemistry in addition to the Ni ions, which is necessary
when almost 2 e per Ni ion are storable while Ni** isn’t spectroscopically detectable [7, 9]. The active
material’s charge occurred above the oxygen evolution equilibrium (14), where a water molecule can be
oxidized into an oxygen atom, %:0,. The mechanism is centered around the Ni**, Ni*®”* and Ni**, valence
states, where the hydrating H,0) are oxidized into %0, plus 2 H and 2 e". The disproportionation and
amphoterization involved with the local domain state interactions governed by (10) — (14) can cause
differentiation in the charge and discharge mechanisms so that there is asymmetry or hysteresis
between the charge and discharge curves. The -120 mV/pH dependence of the charge curve asymptotes
and the -60 mV/pH dependence of the discharge curve asymptotes at steady state conditions indicated
asymmetry or hysteresis and that the charge and discharge mechanisms were not the reverse of each

other. The asymptotes of charge and discharge curves of Figure 6 are illustrated in Figure 7 and should
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correspond to rational equilibria in an approximately ideal system. The slight deviations of the

experimentally determined asymptotes in kinetic curves from the theoretical equilibria at the highest

KOH concentrations was likely due to the significant deviation of the solvent water’s activity or osmotic

coefficients from the ideal condition assumed in the thermodynamic calculations [12, 29].
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Figure 6. The potential dependence of the 2" charge/discharge curves with respect to KOH
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Figure 7. The correlation of experimental kinetic asymptotes of Figure 6 with electrochemical equilibria.

The redox activity of oxygen through (14b) must involve the Niz;O4(H,0), oxidation state because
the oxidation of Ni(OH), through (10b) or (11b) is thermodynamically more favorable than (14b). The
application of the overcharge required to oxidize the initial Ni(OH), deposit at a rate of 30 C may have
helped select for reaction (15) over (10b) or (11b). The thermodynamics indicate that %20, is stabilized in
the H,0, position so that the product is Ni3O4( %50,)(H,0y)) and the charging asymptote correlated with
(15) (Figure 7). The potential during charge surpasses the disproportionation reaction of (16) so that
Ni304(H,0)(H,O0()) can spontaneously transition into separate NiO(H,O) and Ni,O3(H,0,) states. The
degeneracy of (16) provides a means for all of the Niion in Ni3O4( %50,)(H,0y)) to reach the Ni,03(%:0,)
state as the latter becomes stable according to (17). The “NiOOH” therefore oxidizes through (18) at the
potential of (17), which corresponded with the experimental charging curve asymptotes caused by
oxygen evolution. The proposed fully charged state is absent of both H,0() and H,0, and in accordance
with Corrigan’s inability to detect OH interactions with Ni ions in the fully charged condition. The
intermediate state of Ni;04( %20,)(H,0()) has released 1.67 e per Ni ion, the ideal charged state of
Ni,05(%0,) has released 2.00 e per Niion, and the equilibrium condition between the two states
corresponded to the experimental limit of oxygen evolution where the “NiOOH” was oxidized by 1.84

+/-0.02 e per Niion.

Table 3. Equations (15) — (): relevant charge and discharge mechanisms.

3-NiO(H,0,)) > Ni,O, (140, \H,0 )+ 4- H' +4-¢ (15)
E,(15)=1.288+0.837-2-0.05916- pH

Ni,O,(H,0,)\H,0,,) <> NiOlH,0,, )+ Ni,O,(H,0,,)) (16)
E,(16)=0.837+1.184—2-0.05916- pH

2-NiO(H,0,,)) <> Ni,O,(140,)+2-H' +2-¢ (17)

15



E,(17)=1.288+0.912-2-0.05916- pH

2-Ni,0,(140, H,0,)) >3- NiO,(50,)+2- H* +2-¢” (18)
Ni,0,(/40,) <> 2- NiO( 0,) (19)
NiO(}40,)+2-H* +2-¢” < +NiO(H,0,,)) (20)

E,(18)=1.288-0.05916- pH
3-NiO(H,0)+2-F~ <> NiO,(H,0, ) \H,0,)JF, + H,0+2-¢
2-NiyO,(H,0,) \H,0,))F, <>3-Ni,O,()0,)+4-H" +4-¢” +4-F

(21)

(22)

charge discharge

de + 4H* 3'Ni203{y202)
Ni*3
(18) (19)

2'Ni304{ HzO){yZ{)z) E'NiO{yloz)
Ni*267 Ni*2

kNlS} {zny(
8e +8H° E'NiO{HEO) > E:_+

Ni+2

Figure 8. The ideal “NiOOH” active cycle.

The proposed charging process indicates that the fully charged condition was composed of
predominantly Ni,O5(%0,) plus a fraction of Ni** whose %0, is absent due to oxygen evolution. The Ni**
constitutes 20 — 22 % of the nickel in the charged condition and was inert during the discharge process
because the “NiOOH” finished discharging before approaching the potential of (12b). The “NiOOH” has
been commonly assumed to discharge though (12) because of the similarity of the inaccurate potential
of (12a) with the experimental discharge asymptote. The ability to only discharge a maximum 0.33 of

the stored 1.58 e per Ni ion in combination with an absence of discharge through the distinct potentials
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of (10a/b), (11a/b), or (12b) means that the discharge of the Ni** unassociated with %0, to Ni**’* cannot
be a predominant mechanism if it’s active at all. Discharge through (12b) only appeared after significant
(> 50 %) deactivation of the “NiOOH” through repetitive cycling. The absence of any nickel discharge
mechanisms in addition to the discharge of 1.58 e” per Ni ion meant that all of the Ni,03(}%:0,) must relax
into NiO(}20,) according to (19) and all of the discharge must occur through (14b)/(20). The 7-9 %
charge loss due to the inability to completely charge the “NiOOH” because of oxygen evolution plus a 4
—5 % charge loss due to instability with cycling causes the “NiOOH” to only be able to discharge by 1.58
+/-0.02 e per Niion to an average Ni valence of +2.25 +/- 0.02. The potential overlap of the initial
charging mechanism of (15) with the discharging mechanism of (20) at pH 14.1 caused an oxygen
evolution short circuit which prohibited charging the “NiOOH” without the overpotential of a fast
charging C rate of > 20.

The H,0(y and H,O() was experimentally distinguishable because of the exchange of H,0) with
the aqueous solvent. Water’s self-diffusion is exceptionally fast because it involves the dissociation into
H*+ OH in an intermediate state [30, 31]. This solvent exchange mechanism can be inhibited in a
condition when an F ion (133 pm) can thermodynamically outcompete OH™ (133 pm). Solution phase
calculations supported by experimental results indicated that the electronegative F is competitive with
OH for Ni*"ina 1 M KF : 0.01 M KOH solution [32]. The inhibition by F caused oxidation by 0.67 € per Ni
ion to the Ni3053(H20))(H,0))F2 according to (21) and the coulometric charge indicated in Figure 10.
Elemental analysis after the first charge step at the point marked by & indicated that there was 0.59 of
the 0.67 F per Ni predicted in the product of (21). The asymptote of this initial charge mechanism was
approximately +120 mV greater (12b) as expected from the thermodynamics of the 100X difference in
concentrations indicated by the solution phase equilibria calculations. The subsequent oxidation of
Ni303(H,0()(H20))F, to Ni,05(%:0,) by (22) was limited halfway through the reaction by oxygen

evolution just like (18) was limited halfway by oxygen evolution. The limitation of charging halfway
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through (22) correlated with the second step where the “NiOOH” was oxidized by another 0.67 e” per Ni
ion (Figure 10) as well as 0.31 of the expected 0.33 F per Ni measured at the point marked by B. The
potential-dependence demonstrated by the effects of KF in the electrolyte suggests that the number of
hydrating H,0 which can exchange with the solution phase could change with activity, cycling, or

exchange with KOH and may explain the potential shifts which occur with aging [5].

1.2 - -3 M KF + 0.001 M KOH
T =1 M KOH
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Figure 10. The partial inhibition of the charging mechanism with F- for 0.25 mg/cm? loadings deposited
from 0.08 M Ni(NO;)? at -1 mA/cm?. The symbols B and & indicate where the “NiOOH” charged in KF was

sampled for elemental analysis.

The highly active nickel material was unstable throughout repeated charge and discharge cycles
(Figure 11). The film thickness, charge and discharge rates, depth of discharge, overcharge, electrolyte
KOH concentration, or the addition of LiOH to the electrolyte did not improve the stability significantly
enough (data not shown) to be useful in practical rechargeable battery applications as charge storage

capability degenerated with a ~ 5 % loss with each successive charge or discharge. Despite the new
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insight into the charge/discharge mechanism, it is not yet clear whether highly active “NiOOH” materials

can have competitive stabilities or if the deactivation by changes in the hydrated states are unavoidable.
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Figure 11. Cycle stability at a 2 C rate in 1 M KOH for a 0.25 mg/cm? loading deposited from 0.08 M

Ni(NO;)* at -1 mA/cm?>.

Conclusion

Graphite caused the nitrate reduction reaction, the hydrogen evolution reaction, and the
metallic Ni deposition reactions to all initiate at approximately the same potential. The interactions of
multiple electrochemical reactions during the cathodic electrodeposition of Ni(OH)? onto graphite
attained an ideal electrodeposition current efficiency at an exceptionally high current density. Highly
active “NiOOH” materials of modest thicknesses were generated which could be initially oxidized up to
store up to 1.84 e per Ni ion and could subsequently store a charge of 1.58 e” per Niion. The
approximately ideal charge capacity of the “NiOOH” facilitated a thermodynamic analysis through which
the specific charge and discharge mechanisms could be resolved from the enthalpies of formation for

known states. The mechanisms and were in accordance with the pH, potential dependence, charge
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guantities, hysteresis, and fluoride ion partial inhibition of the charge and discharge curves as well as
Corrigan’s spectroscopic results. The valence of the Ni ion changes between 2+ and 3+ during the charge
and discharge processes however the redox activity of oxygen allows the charge storage of a second e

per Niion. Poor morphology and stability with cycling however would limit practical application.

Prepared by LLNL under Contract DE-AC52-07NA27344.
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