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a b s t r a c t

Ni/Ni-oxide based supercapacitors with their excellent stability and long cycle lifetime are favorable due
to their cost effectiveness and practicality. And yet, the full picture of their cyclic charging-discharging
process is not well understood, and the influential factors on the cycle life of a supercapacitor are
complicated. Using a combined polarized neutron and X-ray reflectometry approach, we have studied
the structural evolution of a layered Ni/NiOx supercapacitor electrode, operated in an alkaline electrolyte
for cyclic charging-discharging. For the lower thousands of cycles, oxidation of Ni current-collecting
backbone and dissolution of outer Ni oxide electroactive materials contribute to a total thickness con-
sumption of 2 nm. Upon higher thousands of cycles, the two-dimensional NiOx surface-layer evolves into
a three-dimensional porous network as a result of the “hole drilling” depletion behavior of Ni oxide, i.e.,
dissolution of the “more porous” part and preservation of the “more compact” part in the NiOx layer. The
extra surface area of the Ni/NiOx supercapacitor generated after cyclic charging-discharging gives rise to
an increased capacitance. Evidenced by the increased derived density, the crystal defects of inner-layer
NiOx are also eliminated with cycling, probably through Ni atom rearrangement, filling of oxygen va-
cancies within NiOx, or both.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Ni and Ni oxide composite materials, possessing the merits of
earth-abundance, low cost, and easy processing, have been widely
studied in diverse fields, such as bio-medicine [1], bio-sensing [2],
electronics [3], energy storage [4,5], magnetics [6], and optics [7].
Ni/NiO nanocomposites in the structures of zero to three
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dimensions have been reported and the fabrication strategies are
generally divided into two categories: (a) self-conversion: building
up a nanostructured Ni followed by oxidation treatment to the
surface, or conversely, partially reducing a nanostructured Ni oxide
in a reductive environment; (b) external introduction: deposition of
nanostructured Ni oxides on Ni metal substrates (e.g., Ni foams).
Particularly in energy storage, Ni/NiO nanocomposites not only
exhibit excellent capacity, cycling stability, and rate capability as
anodes of lithium-ion batteries [5,8], but also offer superior specific
capacitance, cycling stability, power and energy densities as
supercapacitor electrodes [4,9]. Supercapacitors bridge the gap
between conventional capacitors and rechargeable batteries. They
simultaneously exhibit rapid charging-discharging and battery-like
high electrical capacitance. Typically, for a Ni/NiO supercapacitor
electrode operated in an alkaline electrolyte, fast and reversible

mailto:frank.klose@gtiit.edu.cn
mailto:yangli@cityu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2018.09.051&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2018.09.051
https://doi.org/10.1016/j.electacta.2018.09.051
https://doi.org/10.1016/j.electacta.2018.09.051


Z. Li et al. / Electrochimica Acta 290 (2018) 118e127 119
redox reactions occur via the equation: NiIIO þ OH� 4

NiIIIOOH þ e�. That is, in the charging state, OH� anions are
absorbed and intercalated in the crystal lattice of surface NiO to
temporarily form a thin layer of NiOOH and charge (electrical en-
ergy) is stored. While in the discharging state, NiOOH is reduced to
NiO with deintercalation of OH� anions and the charge (electrical
energy) is released [10]. A majority of reported Ni/NiO super-
capacitor electrodes undergo capacitance decay after large
numbers of charging-discharging cycles. It is explained by that, on
one hand, repeated intercalation-deintercalation of OH� anions
leads to a breaking of the NiO crystal structure, and on the other
hand, the Ni backbonemay be gradually oxidized and this results in
a weakened mass transport [11,12]. However, as observed in some
recent publications, capacitances of Ni/NiO supercapacitors in-
crease with continuous charging-discharging up to thousands of
cycles [9,13e17]. Therefore, influential factors for the cycle life of a
supercapacitor electrode are complicated. The full picture of the
cyclic charging-discharging process, including electrolyte-
electrode interaction and electrode structure variation, is yet to
be comprehended by experiment [9,18].

Neutron reflectometry (NR), often combined with X-ray reflec-
tometry (XRR), is a mature technique for studying thin films and
multi-layer interfaces, such as in inorganic magnetic materials [19],
polymers [20], and bio-membranes [21]. The method takes
advantage of the neutrons’ strong material penetration capability,
sub-angstrom resolution in thickness, and high light-element
sensitivity. NR measures the reflectivity of a neutron beam at
small scattering angles as a function of the scattering vector Q. For a
specular reflected neutron beam, Q is directed perpendicular to the
sample surface, and its magnitude is expressed as follows:
Q¼ 4psinq/l, where q is the reflection angle and l is the wave-
length of the incident neutron beam. An analysis of a polarized
neutron reflectometry (PNR) experiment will reveal the chemical
and magnetic depth-profile of a thin film along the surface normal
direction, (i.e., in the direction of Q), by determining the depth-
dependence of the local in-plane averaged scattering length den-
sity (SLD), the latter being a measure of the material’s scattering
ability [22e24]. The nuclear SLD of a given volume-element is the
product of the bound coherent scattering length bnuc of a given
isotope and the atomic density N of that isotopewithin the volume-
element. If the material is made up of several elemental isotopes,
the total SLD is the sum of the individual isotopic SLDs. In addition,
if the volume-element carries a net magnetic moment, then a
magnetic SLDwill also result, which is proportional to themagnetic
scattering length± bmag. The “±” symbol applies when the polari-
zation direction of the incident neutron beam is oriented parallel
(spin up (Rþ)) or antiparallel (spin down (R-)) to the magnetizing
sample field. The total local neutron SLD is, therefore, given by:
SLDtotal¼ SLDtotal nuc± SLDtotal mag ¼ (bnuc 1± bmag 1)�N1 þ (bnuc
2± bmag 2)�N2 … [25,26]. X-ray reflectometry (XRR) is conceptu-
ally very similar to NR, however, because X-rays interact with the
electron clouds of atoms, X-ray SLDs scale with the local electron
density as bX-ray¼ re� f1, where re is the classical electron radius
and f1 is the real part of the atomic scattering factor [27,28]. As a
result, XRR is particularly powerful for investigating interfaces
between light and heavy materials, but lacks sensitivity to detect
interfacial details between layers which have similar electron
concentrations. In contrast to NR, magnetic scattering is very weak
in XRR and can usually be omitted [27e29]. In electrochemistry, NR
has been utilized not only for fundamental research into transition
metal oxides [30] and conducting polymers [31], but also into
lithium-ion batteries, particularly in aspects of solid electrolyte
interphase formation [32,33], lithiation of amorphous silicon
electrodes [34,35], and lithium permeation through Si [36,37].
Studies of supercapacitors using NR or XRR are limited, despite the
great potential to undertake in situ monitoring of layer changes of
electrode materials, and to reveal details of electrochemical re-
actions at interfaces [38].

In the present study, we simplify the Ni/NiO supercapacitor
electrode into a layered Ni/NiOx model, and study its cyclic
charging-discharging properties in a deuteroxide (D2O)-based so-
dium hydroxide (NaOH) solution electrolyte, via the combination of
in situ PNR and ex situ XRR techniques. Owing to the great pene-
tration capability of neutron beams (here through the Si substrate),
PNR measurements can be performed in situ, which is not possible
using a comparable X-ray based reflectometry experimental setup.
The electrolyte-electrode interaction and associated structural and
compositional changes at the electrode, can therefore bemonitored
directly, while unnecessary adverse effects resulting from sample
cleaning procedures, electrolytic cell assembly, etc. are eliminated.
For the particular case of Ni/NiO, it is difficult to pinpoint possible
charging-discharging induced layer and interface changes by XRR
or standard unpolarized NR, because bulk Ni and NiO have very
similar structural SLD values for both X-rays and neutrons (Ni:
9.414� 10�6 Å�2 for NR and 6.44� 10�5 Å�2 for XRR; NiO:
8.66� 10�6 Å�2 for NR and 4.82� 10�5 Å�2 for XRR). Therefore,
PNR is applied in our study. Since Ni is ferromagnetic (bulk: 0.60 mB
per Ni atom at 298 K resulting in a total SLD of 10.87� 10�6 Å�2 for
spin up neutrons and 7.94� 10�6 Å�2 for spin down neutrons), and
NiO is antiferromagnetic (nil net magnetic moment resulting in nil
magnetic SLD), distinctly different PNR patterns can be expected for
spin-up (Rþ) and spin-down (R�) polarized neutron beams. The
ferromagnetism of the Ni layer induces neutron spin up/down
scattering contrast to identify not only the density of the Ni layer,
but also its net magnetization. Consistent refinement of PNR and
XRR data allows to identify the density and composition profiles of
the layered systemwith higher precision. This allows, for the case of
PNR, the extraction of both chemical (nuclear) SLD and magnetic
SLD profiles as a function of sample depth, and, using the same set
of structural parameters in the analysis of the XRR data, the
chemical (electronic) SLD depth profile is extracted. As such, during
the charging-discharging process, the degradation of the Ni/NiOx
electrode is measured; moreover, the structural and compositional
variations within the NiOx layer are monitored.
2. Experimental details

2.1. Sample fabrication and morphology characterization

A dual ion-beam sputtering deposition systemwas employed to
grow a NiOx layer on top of a Ni layer, on a p-type low-resistivity
naturally-oxidized Si wafer substrate [39]. A Kaufman source was
used to focus an Arþ beam onto the Ni sputtering target
(Commonwealth Scientific Corp.); while an End-Hall source was
used to either clean the Si substrate (prior to deposition) or in situ
bombard the sample during NiO layer deposition. The voltage of the
End-Hall source was fixed at 70 V throughout the deposition to
ensure a constant ion energy with an estimated flux of 2.1� 1018

Arþ cm�2 s�1. The O2
þ/Arþ ratio in the End-Hall source was fixed to

15%. No external magnetic fields were applied during the deposi-
tion process.

The original and eventual morphologies of the as-prepared Ni/
NiOx sample were examined with a transmission electron micro-
scope (TEM, JEOL-2100F), and a scanning electron microscope
(SEM, Philips XL 30FEG), respectively. The high-angle XRD patterns
were collected using an X-ray diffractometer (Bruker, D2phaser)
with a radiation source of Cu Ka (l¼ 0.15406 nm). The scan range
was between 30� and 70� at a scan rate of 0.2� s�1.
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2.2. Cyclic charging-discharging test

A sealed three-electrode system controlled by a potentiostat
(Autolab, PG302N) was employed for the cyclic voltammetry (CV)
charging-discharging measurements (Fig. 1 a). The Ni/NiOx sample
was assigned as the working electrode, a Au sputtered low-
resistivity p-type Si wafer as the counter electrode, a saturated
calomel electrode (SCE) as the reference electrode, and a 1M D2O-
based NaOH solution was the electrolyte. CV charging-discharging
measurements were carried out in the potential range from 0 to
0.65 V at a scan rate of 0.1 V s�1, and tested for up to 20,000 cycles.
2.3. PNR, XRR measurement, and data analysis

PNR measurements were in situ conducted on the PLATYPUS
neutron reflectometer located at the Australian Nuclear Science and
Technology Organization (ANSTO) [40,41]. All PNR measurements
were recorded at room temperature, directly after the cyclic
charging-discharging of the Ni/NiOx sample. Prior to measurement
the samplewasmagnetically saturated in a ca.1000 Oe field. During
measurement, a 20 Oe guide field was used to keep the Ni layer
magnetically saturated and to prevent depolarization of the spin-
polarized neutron beam traversing the sample region. The
neutron beam entered the Si substrate of the Ni/NiOx sample, and
was partially reflected, successively by the Ni layer, NiOx layer, and
NaOH/D2O electrolyte surfaces (Fig. 1 a). XRR measurements were
ex situ conducted on an X-ray reflectometer (Rigaku, D/
MAX2500V2) equipped with a Cu Ka source (l¼ 0.15406 nm). The
Fig. 1. Schematic diagrams of the Ni/NiOx sample layout and beam paths for the (a) C
measurements.
Ni/NiOx sample was taken out of the electrolyte, cleaned with
distilledwater, and dried under N2 gas, beforemeasurement. The X-
ray beam entered the NiOx surface-layer of the sample, and was
partially reflected, successively by the NiOx layer, Ni layer and Si
substrate surfaces (Fig.1 b). The fitting and analyses of PNR and XRR
data were carried out with the SimulReflec software [42]. Since the
PNR and XRR experiments could not be conducted simultaneously
in the same experimental set-up using the exact same sample
piece, two different sample pieces (produced in the same film
manufacturing run) were used in individual set-ups.
3. Results and discussion

The as-prepared Ni/NiOx sample consists of crystalline Ni and
NiO, confirmed by the XRD patterns (Fig. 2 a). Despite a nominal
bilayer of Ni/NiO being deposited, the NiO layer usually consists of a
mixture of NiO and unoxidized Ni, resulting in an actual layer of
NiOx [43]. Additionally, sputter-deposited thin films, particularly
when not deposited at elevated temperatures, generally possesses
an actual density lower than its bulk counterparts, and samples of
nanocrystalline and intrinsic porosity are to be expected. (Note the
“intrinsic pores” are merely closed pores generated by imperfect Ni
atom arrangement and do not allow electrolyte penetration.) By
cross-sectional TEM image (Fig. 2 b), the Ni and NiOx layers are
approximately 75 and 25 nm in thickness, respectively, and a
distinct interface between Ni and NiOx is visible.

CV curves of the Ni/NiOx sample after completion of up to
20,000 cycles of charging-discharging are plotted (Fig. 3). Since the
V cyclic charging-discharging with in situ PNR measurements and (b) ex situ XRR



Fig. 2. As-prepared Ni/NiOx sample: (a) XRD patterns and (b) cross-sectional TEM
image.
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number of OH� anions from the NaOH are negligible compared to
that of OD� anions from the D2O electrolyte, Ni deutroxides (i.e.
NiII(OD)2 and NiIIIOOD) are considered to form as the reaction
products in the electrochemical redox reactions. For the lower
thousands of cycles, the oxidation-peak, indicating the charge
storage process, is observed at ca. 0.5 V, where NiIIIOOD forms
through electrochemical oxidation of NiIIO. While the reduction-
peak, indicating the charge release process, is observed at ca.
0.3 V, where NiIIIOOD is converted to NiIIO through electrochemical
reduction. As the cycle number reaches 20,000, the oxidation-peak
gradually shifts to higher voltage (ca. 0.55 V), while the reduction-
peak gradually shifts to lower voltage (ca. 0.15 V). Meanwhile, the
current of the oxidation-peak rises from 5mA to 14mA, and the
reduction-peak increases from �5mA to �12mA. Note that at
lower thousands of cycles, the CV curves display symmetrical redox
peak shapes and heights (current intensity), which, however,
become asymmetric at higher cycle numbers. This reflects that the
irreversible redox reactions occurring on the Ni/NiOx electrode are
more prominent at higher thousands of cycles, which is related to
structural changes, compositional changes, or both. The shape of
the oxidation peak abruptly changes from a rounded peak shape
(below 6000 cycles) to a sharp peak shape (above 9000 cycles). The
peak shape (width) is related to the number of electrons involved in
the reaction at each stage of the cycling process. In the case of Ni/
NiOx, oxidation of Ni to NiIIO and NiIIO to NiIIIOOH co-exist in the
regime up to 6000 cycles with multiple electrons involved in the
reaction, leading to broad and rounded oxidation peaks. Above
9000 cycles the oxidation of NiIIO to NiIIIOOH dominates which
involves only a single electron, leading to sharper oxidation peak
shapes. The capacitances (C, mF) of the Ni/NiOx sample are calcu-
lated by integrating CV curves via equation:¼ d 000, 6000, 10000
and 20000 cycles C ¼ ðR I DvÞ=ð2DVSÞ n where DV is the potential
window of 0.65 V, and S is the scan rate of 0.1 V s�1. The capacitance
of the Ni/NiOx electrode increases from 14.7mF (1000 cycles),
15.2mF (3000 cycles), 16.8mF (6000 cycles), 17.4mF (9000 cycles),
17.8mF (10,000 cycles), 20.1mF (13,000 cycles), 22.5mF (16,000
cycles), 22.7mF (19,000 cycles) up to 24.4mF (20,000 cycles).

The experimental and fitting results of in situ PNR, before and
after cycling the Ni/NiOx sample through 3000 charging-
discharging cycles, are shown in Fig. 4(a). In the PNR patterns, the
clear splitting of the spin-up (Rþ) and spin-down (R�) polarized
beam reflectivities indicates a strong Ni magnetization. The peri-
odic oscillation in the reflectivity intensity, observed in the Q range
from 0.2 to 0.4 nm�1 results from the total Ni þ NiOx layer thick-
ness, which can be estimated by 2p/DQ, where DQ is the width of a
single period in Q space. The experimental spin asymmetry (ASY)
data and corresponding fits are shown in Fig. 4(b), which result
solely from a magnetic effect. The quality of the modeled magnetic
depth profile can be evaluated in detail, as it has to fit the measured
ASY data: ASY ¼ (Rþ - R�)/(Rþ þ R�) as a function of the scattering
vector Q. As can be seen from Fig. 4(a), the difference between
before cycling and after 3000 cycles is quite small. However, ac-
cording to analysis, two variations can be credibly determined: (1)
the overall thickness of Ni þ NiOx is slightly reduced (ca. 2 nm) and
(2) the SLD contrast around the Ni/NiOx interface is prominently
reduced. Note the prominent change in reflectivity after 3000 cy-
cles appearing around 0.5e0.6 nm�1, especially in the ASY curves
(red box in Fig. 4 b). The latter is related to the modified magnetic
contrast between the Ni and NiOx near the interface with increased
cycling.

Due to the limited available beam time for PNR measurement,
the structural and compositional changes of the Ni/NiOx sample
upon larger numbers of cycles are investigated by ex situ XRR. The
experimental and fitted reflectivities as a function of Q before
cycling, and after 3,000, 6,000, 10,000 and 20,000 cycles of
charging-discharging are plotted (Fig. 5). The very pronounced
layer thickness oscillations, visible between the total reflectivity
edge and Q¼ 2 nm�1, result from a periodicity of about 25 nm that
corresponds to the NiOx layer. There is also a long wavenumber
oscillation, with a first maximum located midway between the
critical edge and the minimum at about Q¼ 4.5 nm�1, and a second
maximum at about Q¼ 5.5 nm�1. This oscillation is attributed to a
2 nm layer at the outer surface of the NiOx layer, which was also
found when analyzing the PNR data. The zoom-in of the 10,000
cycles at lowQ range (Fig. 5 inset) reveals that a characteristic high-
frequency oscillation periodicity is superimposed on the major
oscillation patterns after 10,000 cycles, which is related to the total
thickness of the NiþNiOx bilayer (ca.104 nm). The amplitude of the
thickness oscillations becomes more and more damped with
increasing cycle numbers. This is due to a reduced interfacial
scattering contrast in real space, i.e., a more pronounced roughness
of the interface profiles with increasing cycle numbers. The fitting
of the Q-dependent primary intensity oscillation features of PNR



Fig. 3. CV curves of the Ni/NiOx sample after charging-discharging in a 1M NaOH D2O solution for up to 20,000 cycles at a scan rate of 0.1 V s�1. Inset: magnified oxidation-peak
profiles in the positive scan.

Fig. 4. PNR measurement before cycling and after 3000 charging-discharging cycles, with experimental data (symbols) and fits (lines): (a) spin-up (Rþ) and spin down (R-)
reflectivity as a function of Q; (b) spin ASY as a function of Q. For 3000 cycles, the reflectivity plots are shifted by a factor of 10 and the spin ASY by �0.5 for clarity.
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Fig. 5. XRR reflectivity of the Ni/NiOx sample as a function of Q before cycling and after 3,000, 10,000, and 20,000 charging-discharging cycles, with experimental data (symbols)
and fits (lines). The plots are shifted by factors of 10 respectively for clarity. Inset: zoom-in of the 10,000 cycles plot at the low Q range.
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and XRR data allows to determine fine details of the layer thickness
and interface changes of the Ni, NiOx and the newly-formed layers
upon cyclic charging-discharging.

A true co-refinement of PNR and XRR data sets using the exact
same set of structural parameters remained out of scope for our
investigation, because minor parameter differences (i.e., individual
layer thicknesses) in as-prepared sample pieces were expected.
However, the analyses of the XRR and PNR data sets (Fig. 6 and
Table 1) are very consistent. For all fitted parameters numerically
displayed in Table 1, consistently the same numbers are used and
fixed when analyzing PNR and XRR SLD profiles for the as-prepared
samples and the state of the samples after certain cycling numbers.
Theoretical chemical SLD values for the Si substrate are used, as
well as for the D2O-based electrolyte as the concentration of NaOH
in D2O is extremely low and the deviation can be neglected. The
relevant fitting parameters of the Ni/NiOx sample, such as thick-
ness, atomic density, stoichiometry of the sub-layers, and the
magnetic moment within the Ni sub-layer as a function of sample
depth, are varied. In regard to the as-prepared sample, the derived
density of the Ni layer (6.85 g cm�3) is about 77% of the theoretical
value (8.89 g cm�3). The magnetic moments within the Ni layer
correspond to 0.60 mB per Ni atom, i.e., the same value as bulk Ni at
room temperature. The Ni layer is 76.6 nm thick and the NiOx layer
is 25.0 nm thick by PNR fitting results. While the Ni layer is deter-
mined to be 77.2 nm thick and the NiOx is 24.1 nm thick by XRR
fitting results. Both PNR and XRR thickness fitting results are in
good agreement with our observations using TEM.

The chemical and magnetic SLD profiles obtained by PNR and
XRR analyses, before and after cycling the Ni/NiOx sample through
3000 cycles, are compared, together with the chemical SLD profiles
for the nominal Ni(75 nm)/NiO(25 nm) bilayer (Fig. 6). Additional
chemical SLD profiles obtained from extended 10,000 and 20,000
cycling are also shown (XRR analysis only). The fitting parameters
which were obtained by independently fitting the PNR and XRR
data sets are consistent and within the error bars of the data. Ac-
cording to the PNR SLD profiles, the outer part of the NiOx layer near
the interface to the electrolyte contains a ferromagnetic volume
about 5 nm in depth. This indicates a local presence of Ni particles.
Another important finding is that the outer ferromagnetic volume
basically remains unchanged, while its location and the Ni/NiOx
interface are shifted towards the Ni layer after 3000 cycles. This
thickness consumption may be ascribed to two processes occurring
in parallel during the lower thousands of cycles: (1) The con-
sumption of oxide within the NiOx layer. The Ni oxide dissolves
during cycling, because of anion intercalation-deintercalation and
the resultant breaking of crystal structure [44]. This process re-
duces the thickness of the NiOx layer. (2) The consumption of Ni at
the Ni/NiOx interface. The Ni is oxidized into oxide at the Ni/NiOx
interface by the anodic voltage during cycling [38,45,46]. This re-
duces the thickness of the Ni layer but increases that of the NiOx
layer. The observed ca. 2 nm total thickness depletion is a conse-
quence of both effects. Note that, despite the PNR SLD of NiOx being
low at the interface to the Ni layer, it increases steeply towards the
outer film surface. XRR results show a systematic evolution that in
larger cycle numbers, the top of the NiOx layer at the interface to the
electrolyte shows a first decreased and then increased SLD, while
the SLD of NiOx deeper below at the interface to the Ni layer in-
creases monotonously to higher values than within the Ni layer.
Moreover, the total thickness of the sample hardly changes in the
XRR measurements. These characteristics of the NiOx layer repre-
sents the variation of the interior structure and composition upon
higher thousands of cycles: (1) For the top of the NiOx layer, as also



Fig. 6. (a) PNR spin-up (Rþ) and spin-down (R-) SLD profiles of sample obtained before cycling and after 3000 charging-discharging cycles; (b) PNR chemical/magnetic SLD profiles
of the Ni/NiOx sample obtained before cycling and after 3000 charging-discharging cycles; (c) XRR chemical SLD profiles of sample obtained before cycling and after 3,000, 10,000,
and 20,000 charging-discharging cycles. Dashed lines: PNR and XRR chemical SLD profiles of the nominal Ni(75 nm)/NiO(25mn) bilayer.
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addressed in the CV results (Fig. 3), the dissolution of NiO within
the NiOx layer (and also the later Ni(OD)2 layer) always exists in the
course of cycling. However, from the perspective of high cycle
numbers, the dissolution of NiO is via a dominant “hole drilling”
behavior other than “flat grinding”, i.e. the “more porous” part
dissolves through crystal structure breaking and the “more
compact” part is preserved. (2) For the bottom of the NiOx layer, the
increase of derived density reflects the electrochemical redox



Table 1
Theoretical and fitted density and SLD values for materials involved. The fitted spin-
up (Rþ) and spin-down (R-) PNR SLD correspond to 0.60mB per Ni atom (identical to
bulk Ni at room temperature).

Layer Density (g cm�3) PNR SLD
(� 10�6 Å�2)

XRR SLD
(� 10�5 Å�2)

Theoretical Fitted Theoretical Fitted Theoretical Fitted

Si 2.33 2.33 2.07 2.07 2.00 2.00
Ni 8.89 6.85 9.40 7.24 6.43 5.26
Ni (Rþ) 8.89 6.85 10.87 8.37 N/A N/A
Ni (R-) 8.89 6.85 7.94 6.11 N/A N/A
NiO 6.67 variable 8.66 variable 5.01 variable
Ni(OD)2 4.10 variable 9.19 variable 3.24 variable
D2O 1.11 1.11 6.39 6.39 N/A N/A

Fig. 7. Top view SEM images of the Ni/NiOx sample after 20,000 cycles of charging-
discharging at: (a) low magnification (inset: as-prepared sample) and (b) high
magnification.
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reactions and anion intercalation-deintercalation causes a repair of
crystal defects, probably bymeans of Ni atom rearrangement, filling
of oxygen vacancies within NiOx, or both. As already discussed in
Figs. 4 and 5, a characteristic low-SLD layer of 2 nm is refined be-
tween the NiOx layer and the electrolyte. Because NiO is readily
hydrated by aqueous electrolytes, we believe that this layer volume
consists of Ni(OD)2 and the derived density of Ni(OD)2 equals to 47%
of its bulk value. The diffuse slope of the SLD into the D2O layer
indicates a large surface roughness of the Ni(OD)2. The sensitivity
for the Ni(OD)2 layer is weak in the PNR measurements due to the
similar SLD values of the porous NiOx and D2O, the rough outer
surface and the limited Q range, while it is much more pronounced
through the well-defined characteristic feature appearing at
4.5 nm�1 in the XRR measurement (Fig. 5). The Ni(OD)2 layer re-
tains a basically unchanged thickness of 2 nm irrespective of the
charging-discharging cycle number, indicating that the 2 nm thick
Ni(OD)2 layer we observed is a result of dynamic equilibrium be-
tween NiO-to-Ni(OD)2 and Ni(OD)2 dissolution. Since Ni(OD)2 is
also involved in the redox reactions and undergoes the anion
intercalation-deintercalation, the crystal structure of Ni(OD)2 can
also be broken, which leads to the dissolving of Ni(OD)2. However,
the thickness of the Ni(OD)2 layer will be almost constant, because
the newly exposed NiO underneath the dissolving Ni(OD)2 will be
immediately hydrated into Ni(OD)2 in the electrolyte. A notable dip
in the XRR SLD is observed at the Si/Ni interface, which exists
already before cycling and does not change with increasing cycle
numbers. This is likely caused by a residual hydrocarbon layer left-
over from the sample preparation process, rather than a SiO2 layer.
Despite that the naturally oxidized SiO2 (likely a few monolayers)
on the surface of the Si substrate is not removed prior to sample
deposition, the presence of such layer is unable to be detected
during the XRR measurements. This is because the XRR SLD values
of Si and SiO2 are very similar (e.g., the XRR SLD of
Si¼ 2.00� 10�5 Å�2 and SiO2¼ 2.27� 10�5 Å�2). Also, a distinct
SiO2 layer cannot be distinguished from the Si/Ni interface during
the PNR measurements because SiO2 has a PNR SLD half-way be-
tween the PNR SLDs of Si and the Ni layer (e.g., the PNR SLD of
Si¼ 2.07� 10�6 Å�2 and SiO2¼ 4.19� 10�6 Å�2, and the PNR SLD of
the Ni layer is¼ 7.24� 10�6 Å�2), which essentially means this thin
SiO2 layer will “blend” into the interfacial SLD region and will not
stand out as a prominent feature in the PNR SLD profiles.

Top-view SEM images of the Ni/NiOx sample before cycling and
after the completion of 20,000 charging-discharging cycles shows
an eventual porous network structure is obtained at the sample
surface (Fig. 7), in contrast to the as-prepared layered structure
(Fig. 2 b). The upper NiOx layer consists of ligament-connected
spherical particles ranging in size from 50 to 100 nm (the “more
porous” part), supported by a mesh-like film (the “more compact”
part), and the deeper planar Ni layer is partially exposed.
Combining the SEM results with the PNR and XRR analyses, it can
be inferred that the structural evolution starts at the NiOx surface-
layer, where nanochannels gradually formwithin the NiOx layer via
the dissolution of the “more porous” part, leaving the “more
compact” part to form a porous network. The transition from a
layered to a porous structure increases the specific surface area of
the sample, leading to altered CV characteristics and an enhanced
capacitance of the Ni/NiOx supercapacitor after extensive cyclic
charging-discharging processes.
4. Conclusion

In summary, using a combination of PNR, XRR, CV, and TEM/
SEM, we studied the structural evolution and compositional
changes of a layered Ni/NiOx supercapacitor during cyclic charging-
discharging experiments in an alkaline electrolyte for up to 20,000
cycles. The results provide an experimental support that both the
current-collecting framework (Ni) and the electroactive material
(NiO) of the Ni/NiOx supercapacitor are consumed in the process of
charging-discharging: (1) In the lower thousands of cycles, elec-
trochemical oxidation of the inner Ni and dissolution of the outer Ni
oxide contribute to an overall thickness depletion of 2 nm. (2) Upon
higher thousands of cycles, the “more porous” part of the NiOx layer
at the sample surface dissolves to form nanochannels, while the
“more compact” part is unaffected, and this “hole drilling”
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depletion behavior of Ni oxide results in a structural evolution of
the film from a layered two-dimensional, into a porous three-
dimensional structure. The additional surface area of the Ni/NiOx
supercapacitor generated after charging-discharging cycles gives
rise to its increased capacitance. (3) Again in the higher cycle
numbers, the crystal defects of inner NiOx layer are probably
eliminated gradually by, for example, Ni atom rearrangement,
filling of oxygen vacancies within NiOx, or both.
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