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Electrochemical phase transitions are fundamental to the operation of battery electrodes,
electrocatalysts, and electrochromic devices. Traditionally, these transitions have been
understood through the behavior of micrometer-scale particles within the electrode, while
large-scale collective phenomena have been largely overlooked. Yet such emergent dynamics
could strongly influence electrode function—echoing Gerhard Ertl's theory of reaction
complexity. This prompts a central question: could similar forms of self-organization arise
in cycling battery electrodes? To explore this, we visualized phase transitions in nickel
(oxy)hydroxide thin film electrodes. Their color change—from pale Ni(OH), to dark NiOOH—
enabled real-time optical imaging of phase evolution. Remarkably, we found that the transition
evolves through lateral propagation of macroscopic phase front across the electrode,
perpendicular to the applied field, rather than uniformly through the material as previously
assumed. This reveals a fundamental symmetry-breaking mechanism that produces
nonuniform charging—regions that overcharge while others remain uncharged—leading to
premature oxygen evolution. The symmetry-breaking mechanism is routed in electrostatic
interactions between oppositely charged regions that amplify perturbations along the phase
front, giving rise to counter-propagating waves driven by both external and internal fields.
These insights provide a new framework for understanding dynamic electrode behavior and
guiding improved cycling strategies to enhance battery performance.
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Some battery electrodes undergo phase transitions during ion insertion and extraction in electrochemical cycling. These

transitions often limit electrode capacity, rate performance, and cycle life, making them critical in electrochemical energy
storage. Work in this area has largely centered on phase propagation dynamics at the level of individual particles, thereby
reinforcing the prevailing paradigm that macroscopic electrode behavior directly arises from the microscopic dynamics of
its constituent particles. Yet this paradigm disregards emergent macroscopic effects and self-organization that can shape
electrode behavior in complex and nontrivial ways. Here, we uncover an emergent effect that drives lateral propagation —
perpendicular to the applied driving force — of a millimeter-scale phase front between charged NiOOH and discharged
Ni(OH), during the charging of thin-film (~50 nm) nickel (oxy)hydroxide electrodes. We introduce a novel mechanistic
explanation for this counterintuitive behavior, attributing it to long-range Coulombic interactions between charged regions
at the phase front. These interactions trigger planar front instability, akin to the forces that drive phase separation and self-
organization in bulk heterojunction organic photovoltaic cells. Thus, this study challenges the fundamental understanding
of electrochemical phase transitions in ion insertion electrodes, particularly in thin-film systems, uncovering a new
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perspective on how the delicate interplay between charging rate and charging uniformity governs battery performance.

Introduction

Electrochemical phase transitions are pervasive in energy
materials such as rechargeable battery electrodes™,
electrocatalysts for water electrolysis®>, and electrochromic
windows®. They occur during electrochemical reactions in which
small ions, such as Li* or H*, are inserted (or extracted) into
(from) the electrode. The inserted ions are accompanied by
electrons that reduce transition metal cations in the electrode.
The difference in the ionic radii of the reduced vs. oxidized
cations results in a local distortion, whereby large enough
distortions trigger topochemical phase transitions3.
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The distinct electronic properties of the reduced and oxidized
phases affect functional electrode properties such as electrical
conductivity (electronic and ionic), color, electrocatalytic
activity and charge storage capacity*’. These properties depend
on the phase distribution within the electrode. Therefore, a
central challenge is to understand the spatiotemporal dynamics
of electrochemical phase transitions in order to predict and
control phase propagation through operational parameters,
such as charging rate, and thereby optimize battery
performance 78. To this end, researchers have harnessed a
broad array of operando imaging methods to visualize the
spatiotemporal progression of phase transitions during
operation®19, However, most studies have focused on phase
propagation dynamics at the level of single particles or small
particle clusters, using advanced microscopic methods with
nanometer-scale resolution!-13, For example, Lim et al. used X-
ray microscopy to visualize phase transitions in single LixFePOg4
particles over multiple lithiation and delithiation cycles!!. They
observed a shift from a spatially nonuniform biphasic transition
at low lithiation and delithiation rates to a uniform solid-
solution-like behavior at high lithiation rates, and phase
separation into biphasic domains upon spontaneous relaxation
to the equilibrium state. Their results align with earlier
hypotheses regarding the origin of voltage hysteresis and the
fast-charging capability of LixFePO4 electrodes'#15, Collectively,
these studies reinforce the prevailing paradigm that the
macroscopic behavior of electrodes during cycling directly
mirrors the microscopic dynamics of their constituent
particles?e,
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Consequently, little attention has been paid to macroscopic
emergent phenomena that could influence electrode behavior
in nontrivial ways?'’, such as in the case of catalytic CO oxidation
on Rh electrodes'®, which inspired Gerhard Ertl to develop the
theory of self-organization and complexity in catalytic reactions,
work that earned him the 2007 Nobel Prize in Chemistry.
Seeking to bridge this gap, in this work we investigate the
spatiotemporal dynamics of electrochemical phase transitions
in nickel (oxy)hydroxide electrodes at the macroscopic scale.
These electrodes are widely used in rechargeable alkaline
batteries!?, alkaline and decoupled water electrolyzers 2%21, and
supercapacitors 22, They present electrochromism, changing

(a)
Discharging <:| |:> Charging
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between Ni(OH), and NiOOH by simple optical imagjng. which
is suitable for observing macroscopic objE&ts 18rgeP a8 80T
and provides a large field of view that covers the entire
electrode area. Another useful merit of this method is fast video
recording that enables tracking the phase propagation in real
time.

Electrochemical phase transitions in nickel (oxy)hydroxide
electrodes have been studied since the 1950's. Glemser and
Einerhand reported the structure of different phases of nickel
(oxy)hydroxide?>26; Conway and Bourgault pioneered the
electrochemistry of nickel (oxy)hydroxide electrodes during
anodic polarization?’; and Bode et al. presented a diagram that
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Figure 1. Uniform vs. nonuniform charging. (a) Schematic side view illustration of a uniform phase
transition between Ni(OH), (green) and NiOOH (grey) that gives rise to planar phase front (red)
propagation through the nickel (oxy)hydroxide layer. Adapted from ref. 29. (b) Left: Side view
depiction of hypothetical gradual color changes through the layer, along the z direction, as the
phase front propagates from the substrate side towards the electrolyte side. Right: The
corresponding average color as viewed normal to the z direction (i.e., in the x-y plane), assuming
planar front propagation along the z direction. (c) Top: A typical CV cycle of Ni(OH); electrode SIL1,
with numbered points sampled along the anodic (circles) and cathodic (squares) parts of the cycle.
Bottom: Video frames, extracted from Video 1, corresponding to the times of each of the above
points, converted to gray scale images and enhanced for visual contrast.

color from light green (nickel hydroxide, Ni(OH),) to dark grey
(nickel oxyhydroxide, NiOOH) during charging (oxidation), and
reverses during discharging (reduction) 2324, This color change
enables monitoring the progression of the phase transition

2| J. Name., 2012, 00, 1-3

illustrates the transitions from one phase to another upon
chemical and electrochemical reactions?®. The emerging
pattern of the phase transition was examined by Briggs and
Fleischmann, who presented a cross-section photograph of a

This journal is © The Royal Society of Chemistry 20xx
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partially charged electrode that displayed a planar boundary
between the oxidized and reduced phases, based on which they
argued that "the boundary moves progressively through the
layer as it is charged, roughly parallel to the metal support'?°.
Based on these and other studies, Huggins et al. suggested that
the charge and discharge mechanism of nickel (oxy)hydroxide
electrodes involves proton diffusion through an outer layer of
Ni(OH), from/to the Ni(OH)>/NiOOH interphase boundary (aka
phase front), where the electrochemical reaction Ni(OH), =
NiOOH + H* + e~ takes place3°. The protons released/consumed
at the phase front travel to/from the surface where they react
with hydroxide ions from the alkaline electrolyte, H* + OH™ =
H,0O. As the reaction progresses, the phase front propagates
through the layer as illustrated in Figure 1(a). When it reaches
the surface (during charging), the NiOOH phase gets in contact
with the electrolyte and gives rise to oxygen evolution since
NiOOH has strong electrocatalytic activity for the oxygen
evolution reaction (OER), especially in the presence of iron
impurities3132, Once this happens, oxygen evolution competes
with further charging of the electrode33.

If the phase front propagates uniformly as a planar front
through the electrode, as illustrated in Figure 1(a), oxygen
evolution would begin after most of the electrode has been
charged, when the poorly conducting Ni(OH), phase no longer
separates the electrocatalytic NiOOH phase from the
electrolyte. However, if the phase transition occurs
nonuniformly, such that some regions in the electrode are
charged faster than other regions, premature oxygen evolution
may occur, competing with charging the remaining uncharged
regions. Thus, nonuniform charging may restrict nickel
(oxy)hydroxide electrodes from reaching their full capacity 33-35.
This may also apply to other electrodes in aqueous and non-
aqueous electrolytes, where other parasitic reactions may
occur®®. Remarkably, this phenomenon has remained largely
unexplored, even though it could significantly impair battery
performance.

To explore this hypothesis, we visualize the phase propagation
in translucent thin-film nickel (oxy)hydroxide electrodes during
cyclic voltammetry (CV) and galvanostatic charge and discharge
(GDC) cycles. Exploiting the optical contrast between Ni(OH),
and NiOOH, we use a portable digital microscope that can be
readily placed in front of the electrode to video record the
pattern of color change during CV and GDC cycling (Figure S1).
The electrodes comprise a thin layer (~50 nm) of nickel
(oxy)hydroxide on a transparent conductive substrate (ITO- or
FTO-coated glass) that enables imaging through the electrode.
If the phase transition progresses uniformly across the
electrode by a planar front that propagates through the nickel
(oxy)hydroxide layer from the substrate to the surface, as
suggested by Huggins3° (Figure 1(a)), it would result in a gradual
change in color across the entire electrode, as illustrated in
Figure 1(b). It is noted that a gradual change in color occurring
uniformly across the electrode would also be expected for an
ensemble of microscopic particles that transform
simultaneously from one phase to another, unless there are
specific interactions between the particles that give rise to self-

This journal is © The Royal Society of Chemistry 20xx

organization at a macroscopic length scale, or,some Qther
macroscopic effects that have not been d¢ebuAted¥erEB000458

Strikingly, we observed lateral propagation of the darkened,
charged phase (NiOOH) that expands as a propagating wave
characterized by a single, macroscopic interface (i.e., a phase
front) that traverses the electrode from one side to the other,
perpendicularly to the applied driving force, as demonstrated in
Figure 1(c). This characteristic feature clearly distinguishes a
front-controlled transformation governed by the propagation
of a phase front from classical phase transformations that
proceed via nucleation and growth of multiple nuclei, each
generating its own boundary. The rest of the article presents
experimental evidence of macroscopic lateral front propagation
under various conditions and across different electrodes. We
analyze the characteristics of lateral front propagation and
present a theoretical framework that can explain the symmetry-
breaking mechanism behind this counterintuitive phenomenon
— a process that could critically limit battery performance.

Results and Discussion

To observe the spread of charged (darkened) state in the whole
of the electrode by a two-dimensional image, the color change
from uncharged Ni(OH); (light) to fully charged NiOOH (dark)
should ideally match with the dynamic range of the camera.
Considering that the optical absorption coefficient () through
the nickel (oxy)hydroxide layer increases in proportion to the
amount of the material that is charged, and that the sensitivity
of most cameras is linear, the above condition would be met if
the light transmission through the electrode, e~%!z, could be
linearized. In other words, the layer thickness [, should be
smaller than the light penetration length « 1. This could be
achieved with thinfilm electrodes. This, in turn, simplifies data
analysis and requires minimal image processing. Another
requirement is layer uniformity, to avoid spurious structural
defects that could cause uneven color changes across the
electrode. Accordingly, we deposited a uniform thin layer (~50
nm) of nominally undoped Ni(OH), on transparent indium tin
oxide (ITO) coated glass substrates by successive ionic layer
adsorption and reaction (SILAR), a layer-by-layer deposition
technique that is known for producing uniform films3’. Based on
quantitative analysis of the optical properties of two electrodes,
SIL3 and SIL4, linearization of the Beer-Lambert decay of light
intensity penetrated through these samples was found to
introduce optical errors of less than 4.6% and 8.8%,
respectively, validating that the trailing error in our analysis
does not compromise the robustness of our conclusions. After
deposition, electrode formation (aka activation) was performed
by repeating 200 CV cycles between 0.2 and 0.54 V vs. Hg/HgO
at a sweep rate of 2 mV st in 1 M KOH aqueous electrolyte, to
stabilize its charge capacity.

Characterizations of microstructure and surface morphology,
layer thickness and uniformity, chemical and phase
composition, and impurity distribution using a variety of SILAR
deposited samples (SIL1-SIL4), are presented in Supplementary
Sections S2-S5. Although the electrodes were not intentionally
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doped, they were found to incorporate iron impurities from the
electrolyte. This is indicated by the early onset of OER in their
CV curves, which is associated with the presence of iron in the
electrolyte383°, and confirmed by Rutherford backscattering
spectrometry (RBS) measurements before and after electrode
formation (Supplementary Section S3).

After electrode formation, the electrodes were video recorded
by a portable digital microscope during CV and GDC cycles, with
the microscope positioned to image the sample as depicted in
Figure S1, as it underwent electrochemical oxidation (charging)
and reduction (discharging). The apparatus and procedure are
described in the Experimental section. Contrary to the expected
uniform gradual color change indicative of laterally uniform
charging, as envisioned in Figure 1(b), the charging evolved
nonuniformly as a laterally propagating wave with a continuous
front between the pale Ni(OH), and dark Ni(OOH) phases on a
scale of millimeters, as shown in Figure 1(c) for electrode SIL1.
The discharge was observed to occur uniformly. While our focus
here is on SILAR-deposited Ni(OH), electrodes as discussed
above, we also observed qualitatively similar behavior in
electrodes fabricated by electrochemical deposition, see ED1
sample featured in Figure S2, and ED2 sample in Figure S3, and
corresponding Videos 2 and 3. To rule out possible edge effects
arising from the O-ring seal of the electrochemical cell (Figure
S1), we repeated the measurement with electrode SIL2,
prepared by the same SILAR method, which was freely
immersed in a glass beaker, with the result that it likewise
exhibited lateral front propagation, shown in Figure S4 and
corresponding Video 4. This relatively large-size sample was
used for phase analysis by XRD, microstructure
characterizations by TEM and position-dependent thickness
measurements by optical reflectometry and impurity
distribution by ToF-SIMS, see Supplementary Sections S2-S5. As
can be seen in Figure S17, the thickness variations across the
sample did not correlate with the darkness variations as the
phase front propagated during CV cycling. Likewise, iron
impurity variations did not correlate with the phase front
propagation (Supplementary Section S5).

Both CV, as shown above, and GDC measurements can drive
lateral front propagation. GDC allows precise control of the
amount of charge passed per unit time, i.e., the current, and is
thus convenient for analysis and modelling the spatiotemporal
characteristics of the nonuniform charging. In addition, the
transition between the charging regimes of sole electrode
oxidation and mixed oxidation with competing OER can be more
clearly detected by monitoring the potential profile at a
constant current.3? Figures 2(a),(b) show potential versus time
curve and video frames (from Video 5) during galvanostatic
charging of electrode SIL3. The time range between the initial
transient (point 1 in Figure 2(a)) and the onset of the potential
plateau (point 4) corresponds to a process of ideal charging
without competing oxygen evolution33. As the electrode
continues to charge, the potential will reach a level sufficient to
initiate the OER, diverting a portion of the current from charging
Ni(OH). to NiOOH to oxidizing water and evolving oxygen, thus
slowing down the charging, and ultimately saturating the

4| J. Name., 2012, 00, 1-3
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potential®340. This latter region, so-called the potentjal plateay
region, corresponds to oxygen evolutiont/aledASPAMEEORERE
for the most part. In Figure 2(a) we marked the onset of oxygen
evolution between points 3 and 4. The video frames captured
at times corresponding to the labelled points in the charging
curve are shown in Figure 2(b), after subtracting the initial
frame from the images. The transition between frames 1 and 2
shows initial nucleation and further charging of the top region
of the electrode (Video 5), where much of the charging takes
the form of increased darkening of an already-darkened region
that has been established relatively soon in the process, which
we assign to filling out’ of remaining uncharged local spots. The
next stage of the charging process is expansion of the charged
region like a propagating wave, as observed in frames 2-5 in
Figure 2(b), which is largely complete in frame 6, where the
whole area is charged and subsequently does not darken
further.

To analyze the spatiotemporal dynamics of the phase front
propagation, we take several cuts along the observed
propagation directions shown as colored lines on frame 3 in
Figure 2(b). These include a vertical (red) cut and horizontal
(cyan) cut which are perpendicular to their respective local
phase fronts, as well as a diagonal cut (magenta) crossing a
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Figure 2. Galvanostatic charging. (a) Potential vs. time
chronopotentiometry curve for galvanostatic charging of
Ni(OH), electrode SIL3 at a constant current of 20 pA (71.4 pA
cm2), with numbered points sampled in panel (b). (b) Gray
scale video frames (from Video 5) corresponding to the
numbered points in panel (a), after subtraction of the first
frame, with display enhanced for optimal contrast without
oversaturation.

This journal is © The Royal Society of Chemistry 20xx
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rounded corner. Charge profile progression along the
respective cuts, extracted from the locally-averaged darkening
of the gray scale pixels along the cut relative to the discharged
state, (Ab)where b is the darkness of the pixel (see
Supplementary Section S6 and Experimental section for
details), are plotted in Figures 3(a)-(c) for charging times
corresponding to frames 2-4 in Figure 2(b). A salient feature in
these profiles is that the width of the phase fronts, over which
the darkness drops continuously from its high value to its low
value, is of the order of 1 mm. Remarkably, these widths are
maintained as the phase front propagates along the respective
cuts.

The front propagation velocity in these directions is obtained by
plotting the central position of the respective phase fronts as a
function of time in Figure 3(d). The approximate time of the
onset of oxygen evolution, marked by the red dot in Figure 2(a),
isindicated as a vertical grey line in Figure 3(d). The phase fronts
along all directions propagate at very similar velocities of about
10to 11 um s1. After some of the current is diverted to the OER,
the front propagation velocities decrease to about 3 um s?,
indicating a mixed current with a decreased actual charging
current. Intriguingly, the reduced front propagation velocities
post-OER are also the same, regardless of the phase front
position or direction of propagation. That the phase front shape
and width seamlessly translate along the sample, and the front
propagates at similar velocities for multiple sections and
directions, shows that far from being affected by local
variations, the phase front dynamics is rather governed by the
effective media of the electrochemical system, and points to a
degree of self-organizing behavior on a macroscopic scale far
larger than the size of the particles within the electrode.

With time, both the charged and uncharged parts become
gradually darker, revealing a small but observable uniform
charging component*'. Indeed, the near-uncharged sides,
shown on the right side of the transition regions, become darker
by similar amounts for all three cuts in Figures 3(a)-(c). Such
uniform charging component, superimposed with nonuniform
charging by front propagation, was observed for several
electrodes, thus ruling out spurious artifacts associated with
specific samples. Supplementary Section S7 shows another
example demonstrating all the key results described above,
based on a different sample (SIL4) and more quantitative fitting-
based time-resolved analysis of the front propagation and
uniform charging components.

To our knowledge, lateral phase front propagation along the x-
y plane of the electrode, perpendicularly to the z direction of
the applied electric field, has never been reported before in a
charging electrode. We observed lateral front propagation in 6
different electrodes (summarized in Table 1), deposited by
SILAR and electrodeposition methods (4 and 2 electrodes,
respectively), with Ni(OH); thickness ranging from ca. 50 to 450
nm, during CV at scan rates of 0.33 to 5 mV s! and galvanostatic
charging at current densities of 36 to 360 pA cm??
(corresponding to C-rates of 8 to 80 h'}, respectively). Examples
of lateral front propagation in additional samples (to samples

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Front propagation velocity. Spatial profiles of pixel
darkness change in SIL3 electrode, plotted at times of 60, 80,
and 110 s during galvanostatic charging at a constant current of
20 WA (71.4 pA cm?), along the (a) horizontal, (b) vertical, and
(c) diagonal cuts, respectively, drawn in Figure 2(b). (d) Central
position of the phase front vs. time, for the different
propagation directions, with matching colors to panels (a)-(c).
The approximate time of the onset of oxygen evolution is
indicated by the vertical grey line.

SIL1, SIL3 shown above) are presented in Figures S2-S5 and the
corresponding Videos 2-4, 6. Therefore, we conclude that this
phenomenon is reproducible across different samples, at least
for thin-film electrodes deposited on ITO- and FTO-coated glass
substrates, as the ones studied in this work. We also note that
the phenomenon may be dependent on sample conditioning
and electrochemical cycling history. Lateral front propagation
did not appear immediately for as-deposited samples (see
Video 7), but rather after formation by
electrochemical cycling (Videos 1-6). The fact that it was
observed for different samples suggests that it plays an
important role in the lifecycle of nickel (oxy)hydroxide
electrodes, encompassing their complex properties.

extensive

While the initial nucleation of the phase front may be
influenced by elusive electrode heterogeneities or system
boundaries, the subsequent lateral front propagation and
pattern evolution cannot be accounted for by an inherent, static
heterogeneity in the electrode. Instead, the observed dynamics
are consistent with nonlinear kinetic feedback that amplifies
local fluctuations and leads to spontaneous symmetry breaking.
Understanding the fundamental mechanism and key elements
that promote lateral, macroscopic front propagation is essential
for practical applications, since this phenomenon can induce
premature oxygen evolution and thereby constrain the
electrode’s ability to reach its full charging capacity. To this end,
we examine a potential root cause of phase front instability
responsible for the observed macroscopic behavior.

J. Name., 2013, 00, 1-3 | 5
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Table 1. Survey table for Ni(OH), electrodes showing lateral front propagation.

Substrate and Sample Electrochemical Electrochemical A Other
Sample . L. Featured in L.
deposition method conditioning cell measurements characterizations
i . CV, 0.2-0.6 V vs. Figure 1(c),
ITO substrate After formation Cappuccino cell i
Hg/HgO, 5 mV s! Video 1 .
SiL1 SILAR Figure S15
50 cycles As-deposited* Cappuccino cell €V,0.2-06Vvs. Video 7*
Hg/HgO, 5 mV st
ITO substrate . Figures S8 —S11,
X CV, 0.2-0.54 V vs. Figures S4,
SiL2 SILAR After formation Beaker cell i S14, 516-S21,
Hg/HgO, 1 mV st Video 4
50 cycles Tables $3-S5
ITO substrate i
i . GCD, 20 pA Figures 2 and 3,
SIL3 SILAR After formation Cappuccino cell i -
(71.4 pA cm??) Video 5
50 cycles
ITO substrate Figures S7, 512,
, , GCD, 100 pA Figure S5, &
siL4 SILAR As deposited Cappuccino cell 8 $13, S22 —S25,
(357.1 pAcm??) Video 6
50 cycles Tables S1-S2
FTO substrate
Electrodeposition . . CV, 0.2-0.55 V vs. Figure S2*%*,
ED1 As deposited Cappuccino cell i -
0.4 mA cm? Hg/HgO, 0.33 mV s! Video 2**
15 min
FTO substrate
Electrodeposition After one GCD . GCD, 10 pA Figure S3,
ED2 Cappuccino cell i -
0.36 mA cm? cycle (35.7 pA cm??) Video 3
5 min

* Uniform charging without lateral front propagation

** Imaged in reflection mode, with the microscope facing the front of the sample (unlike the other electrodes that were imaged in transmission

mode, with the microscope facing the backside of the sample)

Theory of Phase Front Instability

The prevailing paradigm of electrochemical phase transitions in
battery electrodes*?>43, like LixFePO, and Ni(OH),'%30, is that
they occur via phase displacement, where the front between
charged and discharged phases propagates in the direction of
the electrical driving force, as illustrated in Figures 1(a),(b). This
paradigm emerged from observations within individual
particles during cycling®®. In stark contrast, our findings show a
phase front that propagates laterally—perpendicularly to the
applied electrical field (Figures 1(c), 2(b)). This unexpected
behavior highlights an unknown void in the perception of these
transitions. Here, we propose that the lateral symmetry-
breaking of the phase front as it propagates through the
electrode emerges from the interplay between the energy of
mixing (which promotes phase separation) and long-range
Coulombic forces, a mechanism analogous to that seen in other
systems, such as polymers*4. To reveal the involved
mechanism, we devise a continuum phase-field model and

numerically investigate the key principles leading to such a
symmetry-breaking instability.

The model accounts for the distinct electrical properties of the
Ni(OH)2 and NiOOH phases as proton conductor and semi-
metallic phases, respectively,394! supported by surface
photovoltage measurements of unoxidized and oxidized
electrodes (Supplementary Section 8, Figure $27)%¢47. Upon
charging, proton and electron fluxes are generated at the phase
front and extracted at the electrode boundaries, as illustrated
in Figure 4. The choice of a continuum framework is justified by
the optically visible millimeter scale of the phase front (Figures
1(c), 2(b)), far larger than the size of the individual particles
within the electrode. The millimeter scale of the phase front
indicates that the forces governing its dynamics act on a
macroscopic scale, in contrast to previous studies that looked at
phase front dynamics in the microscopic scale of the individual
particles within the electrode 12134849 Seeking a macroscopic
force that could govern the phase front dynamics in our system,
we conjecture that Coulomb's force is responsible for
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macroscopic attraction or repulsion between locally charged
regions along the Ni(OH),/NiOOH phase front.

We note that the proposed model is not intended to reproduce
the experimental results, but rather to reveal a general
mechanism that can explain the root cause of lateral front
propagation. Complete modeling is considerably more
complicated, as it would have to include specific processes at

the electrode/electrolyte interface (e.g.,, double layer
effects®®>!, the OER side reaction etc.) and at the
electrode/current collector interface; additional phase

transformations (e.g., overcharging to the y — NiOOH phase);
dissolution-precipitation processes; spatial non-uniformities
within the electrode (e.g., thickness variations, impurity
distribution etc.); edge effects that may influence the local ionic
and electronic fluxes at the external boundaries of the
electrode; iron accumulation that may influence the OER, and
other effects. These effects are not accounted for in our model,
and it should not be taken as a multiparameter complete
system model but rather as a minimalistic—and thus robust—
physical model that focuses on one key aspect of the phase
transition, aiming to uncover the symmetry-breaking
mechanism that drives lateral front propagation.

Before diving into the model, we first illustrate its key principles
in Figure 4. Galvanostatic charging drives the flux of electrons
and protons from the Ni(OH),/NiOOH phase front to the ITO
current collector and to the electrolyte, respectively. As a result,
the NiOOH phase grows and the phase front propagates from
the current collector towards the electrolyte. Like space charge
regions in pn junctions at the boundary between p- and n-type
semiconductors, as well as interfaces between ionic and
electronic conductors °2, here, too, a space charge region (SCR)
is formed at the phase front between Ni(OH);, a proton
conductor, and NiOOH, an electron conductor3!. The SCR acts
as a source of protons and electrons, generated by the charging
reaction, and the rate of their generation depends on the
external forces applied to the electrode (i.e., the current) and
on the intrinsic properties of those regions, akin to electron-
hole generation in semiconductor pn junctions, a la the
Shockley diode equation®3. Consequently, the front propagation
speed depends on the generation rate of protons and electrons
(at the phase front) and on their transit times to the surface and
current collector, respectively. The transit times depend on the
proton and electron mobilities in the Ni(OH), and NiOOH
phases, respectively, the electric field, and the distance from
the phase front to the surface (for the protons) and to the
current collector (for the electrons). Since protons are much
slower than electrons, we consider their transit time to the
surface as the rate limiting step, and thus also as a major
component in the symmetry breaking mechanism. If the proton
transit time remains invariant on the location of the phase front,
the front propagation would be insensitive to transverse
perturbations, and the phase front would remain planar.
However, if this is not the case, local perturbations in the charge
density at the SCR along the phase front will be enhanced by
Coulombic forces between them, leading to instability of the
planar phase front that may result in the formation of ‘finger'-

This journal is © The Royal Society of Chemistry 20xx

like features. This phenomenological mechanism,, reveals;@
general origin of the symmetry breaking Rfech@nisi RRgt¢es

Ni(0H),

Ele ctrolyte

0 z

Figure 2. Schematic illustration of the phase front instability through
formation of a ‘finger’-like feature during charging by an external
current I, where the arrows indicate flux directions of electrons (left
hand side) and protons (right hand side). The inset depicts typical
electron and proton concentrations across the planar region of the
phase front. The electrons and protons are created by the Ni(OH), —
NiOOH + H* + e~ reaction at the phase front. The corresponding model
equations (eq (1)) account for the spatiotemporal dynamics of the
phase transition in the presence of Coulombic forces, in a domain Q

€ [lznlx].

lateral front propagation, rooted solely in the physics of charged
interfaces in semiconductors and mixed ionic—electronic
conductors, and robust across a wide range of materials and

model parameters.

The basic formulation of the model equations exploits the
analogy between the donor-acceptor properties in bulk
heterojunction organic photovoltaic (OPV) cells*>, and the
electron and proton conductivities of the NiOOH and Ni(OH).
phases in our system3® These phases are prescribed by a
standard Chan-Hilliard-type order parameter,
XNi(oH), — Xnioow, Where Xniom), and Xnioon are the volume
fractions of the respective phases. The order parameter obeys
a double well potential so that u = 1 corresponds to a fully
discharged (reduced) Ni(OH), electrode and u = —1 to a fully
charged (oxidized) NiOOH electrode. The mobile charge carriers
are protons (p) and electrons (n), generated at the
NiOOH/Ni(OH), phase front by the electrochemical charging
reaction, Ni(OH), — NiOOH + H* + e~; akin to the dissociation of
excitons at donor-acceptor interfaces in OPV cells®*. Finally, the
system is complemented by Poisson’s equation, and presented
here in the form of dimensionless equations while referring the
reader to Supplementary Section S9 for the detailed derivation:

u =

d 1+ 11—

= DY Ju— (1 — w2k (mp 15t = 2 15Y), (1a)

d 1+ 11—

= DY — (1w (mp 5 - 2 15Y), (1b)

d, _

B —DpY Iy — (1 —ut)kp(mp 11, (10)
TNi(OR), SNOOH T H e

eV =p—n. (1d)
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Where nn and p are the electron and proton concentrations, and
@ is the electrical potential. The respective fluxes are:

Ju(x,2) = =Dy[Vu
+¢(1—u?) (Vp(1 +w) —Vn(1l —u)
+ (P +)Vw) + (1 —u?) (BW"'Vu — AV3u))],

Jn(x,2) = — Dy [Vn—nVe — {n(1 —u)Vu],
Jp(x,2) = — Dy[Vp + pVe + {p(1 + u)Vu].

These fluxes are associated with the free energy of the system,
where the transport coefficients satisfy D,, < Dy < Dy, and kg
& K are the forward and equilibrium rates of the charging
reaction, respectively. For other parameters see
Supplementary Section S9. We note that electron-proton
generation, modeled by the 1 — u? term in eq (1), is localized at
the phase front, and is negligible elsewhere.

The model equations
conditions prescribing constant charge flux at the system
boundaries at z = 0 and [, (Figure 4),

are complemented by boundary

Uudnd 099|120 = (0, — 1,0,0), (2a)

Uwdnd @)=, = (0,0, — 1,0,0).

where I represents the external current. In the lateral x
direction the boundary conditions are periodic,

Wnp,@)lx=0 = WNP,Q)|x=1,, (2b)

The potential at z = [, is pinned to preclude the translational
invariance arising in Poisson’s equation, as reported elsewhere
4535, We emphasize that while the model is semi-
phenomenological, it is not limited to specific functional forms,
i.e., the formulation is flexible and allows physical refinement
by demand. The above formulation provides a generic
description of the basic physics through which the phase front
instability mechanism can be uncovered (mathematically
referred to phase fronts as heteroclinic connections in space).
In what follows, we utilize numerical analysis since model
complexity precludes analytical explorations.

We start by numerically solving eq (1) for equilibrium conditions
(I = 0), in which a steady front is formed near z = 0, as shown
in Figure 5(a) by profile t = t; = 0. Next, we compare the phase
front propagation at two charging currents I = 10~3 and 102
(presented by dashed and solid lines, respectively). The results,
presented in Figure 5(a), show that the space charge p=p —n
(the corresponding proton and electron density profiles are
shown in Figure S28) is localized at the phase front, for both
currents. For the faster charging (I = 10~2), the space charge
decays during charging (profile t = t,, solid line red curve),
whereas for the slower charging (I = 10~3) the space charge is
preserved during charging (profile t = t,, dotted line red curve).
Since the average front propagation speed, s, depends on the
flux of protons and electrons from the phase front region
towards the surface (z =1[,) and current collector (z = 0),
respectively (see inset in Figure 5(a)), we find it informative to
perform the comparison in terms of state-of-charge (SoC, the
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integrated charge Q =1-tnormalized by the,.glectrode:s
charge capacity) that is relative to the initigl state3HPeE=00)45B

S0C(t) = 3|1 + Jfu(®) — u(0)}dr], where 0 € [L,,L,] is the
integration domain.

The salient difference between the space charge profiles at
different charging rates (I = 10~3 and 10~2) is a direct result
of the competition between the kinetics of the charging
reaction at the phase front and the rate of charge transport of
electrons and protons to the external boundaries (at z = 0 and
l,, respectively), similarly to the mechanism in OPV cells*>. To
validate the robustness of this behavior, we plot in Figure 5(b)
the progressive space charge decay for systems of different
electrode thicknesses (I, = 20 and 40, black and magenta
curves, respectively) and see qualitatively similar results: stable
space charge during fast charging and space charge decay
during slow charging, presented by the dotted and solid line
curves, respectively. We also note that similar results are
obtained for other parameter variations.

(a)

1.0

0.6

10 20 30

0.2 SoC, [%]

-0.2

-0.6

SoC, [%]

Figure 3. Phase front dynamics and charge decay. Direct numerical
integration of our model system equations (eq 1) and boundary
conditions (eq 2) in one dimension (1D), showing the decay of
generated charge at the NiOOH/Ni(OH), phase front. (a) Selected
profiles for the order parameter u (left y-axis, black curves) and the
space charge p (right y-axis, red curves) for [, = 20, and I = 1073 (solid
line) and I = 10~2 (dotted line), where t;=0 corresponds to SoC=0%,
and t;to SoC=15% (t, = 3168 forI = 103 and 409 for I = 102). The
inset shows the average front propagation speed, s, as a function of
SoC. (b) Demonstration of qualitatively similar charge decay, plotted in
terms of maximal peak charge, | p|max, as a function of SoC, for [, = 20
and 40 (blue and magenta curves, respectively), and I = 103 and 102
(solid and dotted lines, respectively). The blue and magenta dotted line
curves overlap with each other.

After uncovering the difference between slow and fast charging
in 1D, we proceed to 2D simulations and examine the phase
front instability to transverse perturbations. An initial sinusoidal
perturbation is imposed to the phase frontatt =t; = 0 (SoC =
0%), in common to both charging rates, I = 10~3 and 102, as
shown in the order parameter maps in Figures 6(a) and 6(e),
respectively. The progression of this initial perturbation during

This journal is © The Royal Society of Chemistry 20xx
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charging is presented in Figures 6(b),(c) and 6(f),(g) for different
charging times that correspond to equal SoC values of 11% and
26% for slow and fast charging (I = 103 and 1072, respectively).
The planar phase front (i.e., the interface between the green
and black regions in the color maps) shows an instability in case
of slow charging (Figure 6(c)), whereas in case of fast charging
it remains intact (Figure 6(g)). As expected from the phase
separation process, the instability favors the formation of large
domains, as opposed to finite wavelength fingers in dissipative
systems>®,

(a)

(b) (o) (d)
120 50C=0% SoC=11% SoC=26%

8
100
4
80
Q 0+—— —_———
*x 60
40 g .
20 -8
0 5 10 15 20
0 v . z
(e) () (8) (h)
120
2
100
1
80 ‘
< 60 % 0
40 -1
20 -2 .
0 5 10 15 20
0 z
0 10 20 0O 10 20 O 10 20

z z

Figure 4. Transverse phase front instability. Direct numerical
integration of model system (eq 1) and boundary conditions (eq 2)
in two dimensions (2D), demonstrating the transverse instability of
the NiOOH/Ni(OH), phase front for slow charging. (a) - (c) and
(e)-(g) Color maps of the order parameter, u (green: u = 1, Ni(OH)3;
black: u = -1, NiOOH), at different times but identical SoC (0%, 11%,
and 26%) for I = 1073 and I = 1072, respectively. (d), (h) Profiles
of the space charge p along selected cross-sections corresponding
to local apex and valley points (cyan and red, respectively) of the
black colored phase (NiOOH, u = -1) in the order parameter maps
in panels (c), (g), respectively: (d) I = 10~3; x = 70 and 78 (red and
cyan curves); and (h) I = 1072; x = 30 and 90 (red and cyan curves).

From these model simulations, we deduce that the phase front
instability is rooted in positive feedback caused by the
sensitivity of interfacial space charge perturbations at the phase
front region to the distance from the external boundaries, i.e.,
the electrode surface and the ITO current collector, that extract
the protons and electrons generated at the phase front. Thus,
segments along the phase front that are closer to the surface
become depleted of protons faster than other segments that
are closer to the current collector, and vice versa for the
electrons. This depletion results in the formation of regions with
net negative and positive space charges, along the phase front,
illustrated by — and + signs in Figure 6(c). This asymmetry leads
to counter-propagating phase fronts in the transverse and
lateral directions, induced by the external field applied to the
electrode and internal local fields that emerge from the charged
regions along the phase front, respectively. As a result, the
initial perturbation is enhanced, as shown in Figure 6(c). The
instability that forms negative and positive charged regions

This journal is © The Royal Society of Chemistry 20xx

along the phase front diminishes at fast charging rates.(Eigure
6(g)) whereby both protons and electrons¥te Extraeteeraoegtial
rates from everywhere along the phase front.

To illustrate the symmetry-breaking by the above positive
feedback mechanism, we take two vertical cross-sections (along
the z direction) at the apex and valley points of the black colored
NiOOH phase, marked by the cyan and red vertical lines in
Figures 6(c),(g), and plot the space charge profiles along these
line scans in Figures 6(d),(h), respectively. For the slower
charging case (I = 1073, Figure 6(d)) we see that the space charge
regions across the phase front are not balanced, resulting in a
net negatively charged region at the apex point and a net
positively charged region at the valley point. These electrically
charged regions, along the phase front, result in macroscopic
Coulombic forces that give rise to flow of electrons and protons
in different directions other than the direction of the external
field applied to the electrode, enhancing the initial perturbation
and eventually leading to symmetry-breaking and lateral front
propagation. In contrast to the slow charging case, the space
charge regions are balanced in the fast-charging case (I = 102,
Figure 6(h)) and charge neutrality is preserved along the phase
front. Overall, we show that electrically charged regions along
the phase front can provide a generic mechanism that plausibly
leads to lateral symmetry-breaking of the Ni(OH)2/NiOOH phase
front as it propagates through the electrode during slow
charging. This mechanism diminishes during fast charging.

Conclusions

Unprecedented lateral propagation, orthogonal to the applied
electrical driving force, of a millimeter-scale phase front
between charged NiOOH and discharged Ni(OH), was observed
by operando optical imaging during the charging of nickel
(oxy)hydroxide thin-film electrodes. It led to nonuniform
charging of the electrodes and premature oxygen evolution that
constrains the ability to charge them to full capacity. The
phenomenon was observed in both structurally uniform and
nonuniform electrodes prepared by SILAR and electrochemical
deposition methods, respectively, without any evidence
relating it to possible structural or iron impurity nonuniformity
in the electrode, suggesting a general phenomenon rather than
sample-specific behavior.

To understand the spatiotemporal symmetry-breaking
mechanism of this phenomenon, we devise a continuum model
and uncover generic positive feedback by long-range Coulomb
forces between electrically charged regions along the phase
front that drive planar front instability, akin to the governing
mechanisms in bulk heterojunction organic photovoltaic (OPV)
solar cells**. We exploit the model to explore rate dependence
of the front instability, which may inform the design of dynamic
cycling to improve electrode performance®’.

The proposed mechanism is expected to advance the
fundamental understanding of electrochemical phase
transitions in battery electrodes by offering a fresh view on the
role of long- and short- range forces on phase transitions during
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electrochemical cycling. Further studies will be needed to
generalize these results from nickel (oxy)hydroxide thin-film
electrodes on transparent conductive glass substrates, serving
in this study as a model system for optical visualization of the
phase transitions through the electrode, to other thin-film
electrodes that are employed in solid state batteries®® and to
examine whether lateral instability persists in thick electrodes
on porous substrates in conventional batteries.

Experimental
Chemicals

Double-distilled water (DDW) from a Direct-Q3 UV water
purification system (Merck Millipore) was used for all solutions
and cleaning processes (resistivity > 18.2 MQ-cm). Nickel sulfate
heptahydrate (AR; Thermo Fisher Scientific) was used to
prepare the NiSO4 solution. 25% ammonium hydroxide (AR,
Biolab) was used to prepare all NH,OH-containing solutions.
Ni(NOs), solutions were prepared with nickel nitrate
hexahydrate powder 99.9% pure (Strem Chemicals). The
electrolyte was prepared using AR-grade potassium hydroxide
pearls (Gadot Chemicals). Detergent ES 7X (MP Company),
acetone (AR; Biolab) and ethanol (AR; Biolab) were used for
cleaning substrates before deposition.

Substrates

Indium tin oxide (ITO, 90 wt% In and 10 wt% Sn) coated float
glass (sheet resistance of 8-12 ohms per square; Delta
technologies), was used as transparent conductive substrates
for preparing electrodes by SILAR deposition. Prior to Ni(OH);
deposition, the substrates were soaked in an ultrasonic bath for
10 min in each of the following solutions: detergent, DDW,
ethanol and acetone. Then they were purged by N, gas
(99.995%; Maxima), and plasma cleaned (Femto plasma
cleaner, Diener Electronic) for 30 min at 100W, 40 kHz, with O,
gas (99.5%; Maxima) at a pressure of 0.4-0.6 mbar right before
deposition.

Fluorinated tin oxide (FTO) coated soda-lime glass (TEC15 with
sheet resistance of 12-15 ohms per square; Pilkington) was used
as transparent conductive substrates for preparing electrodes
by electrodeposition. Substrate cleaning and preparation prior
to electrodeposition followed the procedure reported in ref. 59.

Successive lonic Layer Adsorption and Reaction (SILAR)
deposition

SILAR is a four-part deposition cycle which is repeated until the
target thickness is achieved. It allows for the growth of uniform
thin films, where the thickness is linearly correlated with the
number of cycles3’. Most of the electrodes reported in this
study (Figures 1, 2, 3, S4, S5, S17, Videos 1, 4-7) were prepared
by SILAR deposition on ITO substrates by the following
sequence (adapted from ref. 37):

I. 10 s immersion in the adsorption solution (1.55wt.% NiSO4
and 4.05wt.% NH;OH in DDW) to adsorb the [Ni(NH3),]?*
complex.
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Il. 5 s immersion in the rinsing solution (1.05 wt,%, NH4OH,in
DDW) to remove weakly adsorbed cati6f¥ FPIR¥YREESOFAHES
leaving only a monolayer of chemically adsorbed [Ni(NH3)n]%*
cations.

11l. 10 s immersion in the reaction solution (DDW) to react the
[Ni(NH3)n]?* cations with hydroxide ions to produce the Ni(OH),
deposit (and NHs gas): [Ni(NHs),]**(ads) + 20H(aq) -
Ni(OH)z(S)+ nNHg(g).

IV. 5 s immersion in the rinsing solution (1.05 wt.% NH4OH in
DDW) to remove excess water.

10 to 50 of such SILAR cycles were repeated to yield Ni(OH),
layers of different thickness ranging from 3 to 51.7 nm (Table
S3).

Electrodeposition

Electrodeposition of Ni(OH), on FTO substrate was done in 0.1M
Ni(NOs), electrolyte at a temperature of 40°C using a constant
current of 4 mA over a submerged area of ~ 2.5 x 4 cm? (current
density of 0.4 mA cm-2) for 15 minutes for the sample shown in
Figure S2 and Video 2. Another sample was prepared by 5 min
deposition at a current density of 0.36 mA cm2 for the sample
shown in Figure S3 and Video 3.

Scanning electron microscopy (SEM)

The surface morphology of SILAR deposited Ni(OH), electrode
was examined before (bare ITO substrate) and after Ni(OH),
deposition (100 SILAR deposition cycles) by high-resolution
scanning electron microscopy (HRSEM), using a Zeiss Ultra Plus
field emission SEM. In the micrographs shown (Figure S6),
secondary electrons SE2 detector was used, the accelerating
voltage was 3 kV and the beam current was 4 nA.

Atomic Force Microscopy (AFM)

The surface roughness of electrode SIL4 which showed lateral
front propagation (Figure S5 and Video 6) was measured by
AFM before (bare ITO substrate) and after Ni(OH), deposition
(50 SILAR deposition cycles), and after formation by 200 CV
cycles (0.2-0.54 V vs. Hg/HgO at 2 mV s1) in 1M KOH electrolyte
(Figure S7, Table S1), using Park Systems' XE 70 AFM operated
in tapping mode with a 10 nm tip diameter AFM tip.

Transmission electron microscopy (TEM)

The microstructure of electrode SIL2 (50 SILAR deposition
cycles) which showed lateral front propagation (Figure S4 and
Video 4) was examined, postmortem, by transmission electron
microscopy (TEM). A cross-sectional lamella (Figure S8) was cut
out of the electrode by the standard lift out process using dual-
beam focused ion beam (FEI Helios NanolLab G3 FIB) and placed
on a molybdenum TEM grid. Prior to cutting the lamella, the
electrode was coated with GIS deposited tungsten to preserve
the Ni(OH); layer from possible ion milling damage in the FIB.
The cross-sectional lamella was gently milled (Technoorg
Linda's model 1V8) and plasma cleaned (Fischione instruments'
model 1020) before TEM measurements. High angle annular
dark field scanning transmission electron microscopy (HAADF-

This journal is © The Royal Society of Chemistry 20xx
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STEM) imaging and energy dispersive spectroscopy (EDS)
elemental mapping (Figure S9), and high-resolution TEM
(HRTEM) lattice imaging (Figure S10) were carried out in a
monochromated and double aberration-corrected (CEOS) Titan
Cubed Themis G2 300 (FEI / Thermo Fisher) microscope
operated at 300 kV. The resulting TEM images were analyzed
with ImagelJ software. Electron Energy Loss Spectroscopy (EELS)
was performed in the 510- 585 eV range (Figure S11).
Rutherford backscattering spectrometry (RBS)

Chemical composition analysis and thickness estimation of
SILAR electrodes, including SIL4 sample, were performed,
postmortem, by RBS in a 1.7 MV tandem Pelletron particle
accelerator (model 5SDH) using “He* ion beam accelerated at
2.011 MV £1KeV (Figures S12, S13, and Table S2). The scattering
angle was 169°. The RBS spectra were analyzed using Survey IBA
DataFurnace software.

X-ray diffraction (XRD) and X-ray reflectometry (XRR)

Grazing incidence X-ray diffraction (GiXRD), at an angle of
incidence of 0.2°, was used to probe the structure of sample
SIL2 (Figure S14), postmortem. The average thickness of sample
SIL1 was measured using X-ray reflectometry (XRR) at an
approximately 1° grazing angle (Figure S15), with a beam
footprint on the sample of > 2x2 mm2. A Rigaku Smartlab
diffractometer, operating with a Cu source at 9 kW, was used
for the GiXRD and XRR measurements.

Spectroscopic reflectometry

The thickness of the Ni(OH), layer in electrode SIL2 was
measured, postmortem, at various spots (Figure S16, Table S3)
using an S neox 3D optical profilometer (Sensofar Metrology).
The spot size (diameter) was ~1 mm. To extract the Ni(OH);
layer thickness from the reflectometry spectra, a refractive
index of 1.46 was assumed® within the wavelength
measurement range of 600-700 nm. The undeposited bare ITO-
coated glass substrate was used as the reference sample.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

The impurity (particularly iron) distribution in electrode SIL2
was measured, postmortem, at various spots (Figure S18, Table
S5) using IONTOF's ToF SIMS 5. At each spot, the composition
was analyzed using 25 keV Bi* primary ions in positive ion mode
over 50 x 50 um?2. Depth profiling was performed by sputtering
using 1 keV O,* ions over an area of 400x400 um? (cation
analysis).

Operando optical imaging during electrochemical cycling

Most of the results were obtained using a "Cappuccino cell"
designed for photoelectrochemical measurements®® and used
here for imaging the phase transition during electrochemical
cycling. An 0.28 cm? round orifice defines the area of the
working electrode in contact with the electrolyte, in front of a
glass window that enables optical imaging through the nearly
transparent electrode. The front and the back of the cell is
optically transparent, with the sample acting as part of the back

This journal is © The Royal Society of Chemistry 20xx

wall of the cell. The samples were sealed with a nitrjlg butadiene
rubber (NBR) O-ring to prevent electrolyBleHkHgd/ M FIGiti6RA
to the Ni(OH), working electrode, a 5.0 cm long, 0.5 mm
diameter platinum coil electrode (002233; ALS Co.) was used as
a counter electrode, and an Hg/HgO electrode (RE-61AP; ALS
Co.) was used as a reference electrode The cell was filled with
1M KOH aqueous electrolyte (~10 ml).

A larger cell was used to characterize the larger SIL2 sample.
This three-electrode cell comprises a 400 ml glass beaker with a
Teflon cap holding the SIL2 working electrode, the platinum coil
counter electrode (002233; ALS Co.) and the Hg/HgO reference
electrode (RE-61AP; ALS Co.). All three electrodes are immersed
in the beaker containing ~300 ml of 1M KOH aqueous
electrolyte.

Optical imaging through the electrode was video recorded by a
Dino Light digital microscope (Model AM73915MZTL) operating
at 20 frames per second at 1280x720 resolution. In most cases,
the microscope was placed at the back of the cell (on the
substrate side, not the electrolyte side), imaging the light being
transmitted through the sample (electrodes SIL1-4, ED2). One
sample, the thicker ED1 electrode, non-translucent in the
oxidized state, was recorded in reflective mode with the
microscope placed in the front of the cell. A white LED (GCS-
6500-15; Mightex, operated at a current of 10 mA), diffused off
of a white screen, provided illumination. The imaging setup is
shown in Figure S1. The optical data was recorded with
DinoCapture 2.0 software (no gamma correction, default white
balance, manual exposure, no back-illumination, WMV1 codec,
Decoded format - Planar YUV 4:2:0) while the Ni(OH); electrode
was subjected to electrochemical cycling by cyclic voltammetry
(CV) and galvanostatic charge and discharge (GCD) cycling using
Ivium CompactStat potentiostat and lviumSoft software. Prior
to operando imaging under electrochemical cycling, the
electrode underwent formation with 200 CV cycles between 0.2
and 0.54 V vs. Hg/HgO to stabilize its capacity.

Optical data processing and analysis was performed with
Python or MATLAB. For quantitative data analysis
(Supplementary Sections S7, S8), the recorded video was
converted to 8bit grayscale format, with averaging each 10
frames to increase signal-to-noise ratio and then used to get a
difference frame with respect to the discharged state of the
electrode. The 20 pixel-width stripes, centered at the lines
shown at Figure 2(b) frame 3, were extracted from the
difference video frames using the cubic spline interpolation. The
1D profiles were then extracted by averaging stripes along the
normal-to-cut direction. The front position was evaluated as the
maximum of the power spectrum for the orthogonal 1D
Legendre polynomials basis functions of the degree 1-3 at pixel-
centered kernel of size 71 pixel, mimicking the maxima of
“noise-tolerant derivative”.

Surface photovoltage spectroscopy (SPV)

SPV measurements were carried out to determine the
electronic conductivity type of unoxidized and oxidized
electrodes. The electrode was electrodposited on a metallic Ni
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substrate and aged, and subsequently electrochemically
oxidized as described in more detail in Supplemental Section
S8. A Kelvin probe (KP Technologies) with a 5 mm Ti probe and
a hand held violet laser pointer were used for SPV
measurements under ambient conditions in a dark enclosure.
The probe was lowered until the gradient value in the software
reached a value of 93 (arbitrary units, but qualitatively a
measure of voltage amplitude per change in distance, which
indicates how close to the sample the tip is). Although the tip
could be brought closer, a sufficient gap between the tip and
sample was required so that light could get through to the
sample surface. After waiting several minutes for the contact
potential difference (CPD) between tip and sample to
reasonably stabilize, a hand held violet laser pointer (A = 405110
nm, P ~ 5 mW) was directed to the sample position and turned
on for about 6 minutes, holding it there before being turned off.
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