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(57) ABSTRACT 

The present disclosure pertains to electrodes that include a 
nickel-based material and at least one porous region with a 
plurality of nickel hydroxide moieties on a surface of the 
nickel-based material. The nickel-based material may be a 
nickel foil in the form of a film. The porous region of the 
electrode may be directly associated with the surface of the 
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The electrodes ofthe present disclosure may be a component 
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embodiments of the present disclosure pertain to methods of 
fabricating the electrodes by anodizing a nickel-based mate
rial to form at least one porous region on a surface of the 
nickel-based material; and hydrothermally treating the 
porous region to form nickel hydroxide moieties associated 
with the porous region. 
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NI(OH)2 NANOPOROUS FILMS AS 

ELECTRODES 


CROSS-REFERENCE TO RELATED 

APPLICATIONS 


This application claims priority to U.S. Provisional Patent 
Application No. 62/184,783, filed on Jun. 25, 2015. The 
entirety of the aforementioned application is incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY 

SPONSORED RESEARCH 


This invention was made with govermnent support under 
Grant No. N00014-09-l-1066, awarded by the U.S. Depart
ment ofDefense; Grant No. FA9550-12-l-0035, awarded by 
the U.S. Department of Defense; and Grant No. FA9550
09-l-0581, awarded by the U.S. Department of Defense. 
The Govermnent has certain rights in the invention. 

BACKGROUND 

Current electrodes have numerous limitations, including 
limited energy and power densities. Moreover, current meth
ods of fabricating electrodes are inefficient. The present 
disclosure addresses the aforementioned limitations. 

SUMMARY 

In some embodiments, the present disclosure pertains to 
electrodes that include: (1) a nickel-based material; and (2) 
at least one porous region with a plurality of nickel hydrox
ide moieties on a surface of the nickel-based material. In 
some embodiments, the nickel-based material is a nickel foil 
that is in the form of a film. In some embodiments, the 
nickel-based material serves as a current collector. 

In some embodiments, the electrodes of the present dis
closure are additive-free electrodes that consist essentially of 
the nickel-based material and the at least one porous region. 
In some embodiments, the at least one porous region of the 
electrode is directly associated with the surface of the 
nickel-based material. In some embodiments, the at least one 
porous region is derived from the nickel-based material. In 
some embodiments, the at least one porous region includes 
a plurality ofporous regions scattered throughout the surface 
of the nickel-based material. In some embodiments, the at 
least one porous region includes a single porous region that 
spans an entire surface of the nickel-based material. 

In some embodiments, the nickel hydroxide moieties are 
embedded with the at least one porous region. In some 
embodiments, the nickel hydroxide moieties are in crystal
line form. In some embodiments, the nickel hydroxide 
moieties are derived from the nickel-based material. 

In some embodiments, the electrodes of the present dis
closure serve as cathodes or anodes. In some embodiments, 
the electrodes of the present disclosure have a capacitance 
ranging from about 1,000 Fig to about 2,500 Fig. 

In some embodiments, the electrodes of the present dis
closure are a component of an energy storage device. 
Additional embodiments of the present disclosure pertain to 
energy storage devices that contain the electrodes of the 
present disclosure. 

In some embodiments, the energy storage devices of the 
present disclosure include, without limitation, capacitors, 
batteries, photovoltaic devices, photovoltaic cells, transis
tors, current collectors, fuel cell devices, water-splitting 

2 
devices, two electrode systems, three electrode systems, and 
combinations thereof. In some embodiments, the energy 
storage device is a capacitor. 

In some embodiments, the energy storage devices of the 
present disclosure have a capacity ranging from about 100 
Fig to about 500 Fig. In some embodiments, the energy 
storage devices of the present disclosure retain at least 90% 
of their capacity after about 10,000 cycles. In some embodi
ments, the energy storage devices of the present disclosure 
have an energy density ranging from about of 10 µWh/cm 2 

to about 100 µ Wh/cm2
. In some embodiments, the energy 

storage devices of the present disclosure have a power 
density ranging from about 1 mW/cm2 to about 100 
mW/cm2

. 

Further embodiments of the present disclosure pertain to 
methods of fabricating the electrodes of the present disclo
sure. In some embodiments, the methods of the present 
disclosure occur by anodizing a nickel-based material to 
form at least one porous region on a surface of the nickel-
based material. Thereafter, the at least one porous region is 
hydrothermally treated to form a plurality of nickel hydrox
ide moieties associated with the at least one porous region. 
In some embodiments, the methods of the present disclosure 
also include a step ofpre-treating ( e.g., cleaning) the nickel-
based material prior to the anodizing step. In some embodi
ments, the methods of the present disclosure also include an 
etching step after the hydrothermal treatment step. In some 
embodiments, the methods of the present disclosure also 
include a step of incorporating the formed electrodes into 
energy storage devices. 

DESCRIPTION OF THE FIGURES 

FIGS. lA-D illustrate the formation of nickel-based elec
trodes (FIG. lA), structures of a formed nickel-based elec
trode (FIGS. 1B-C), and a capacitor that contains the formed 
nickel-based electrode (FIG. lD). 

FIGS. 2A-G provide schemes and data relating to the 
fabrication of nickel (Ni)-based electrodes. FIG. 2A shows 
a schematic for the fabrication process of a three-dimen
sional (3-D) nanoporous nickel hydroxide (Ni(OH)2) thin
film. Anodization is done on a Ni-foil in the presence of 
ammonium fluoride (NH4 F), followed by heating to 100° C. 
in an autoclave half-filled with aqueous sodium hydroxide 
(NaOH) (0.1 M). FIGS. 2B-C show top (FIG. 2B) and 
magnified (FIG. 2C) scanning electron microscopy (SEM) 
images of the anodically formed nanoporous layer. The scale 
bar in FIGS. 2B-C denote 200 nm. Also shown are x-ray 
diffraction (XRD) patterns (FIG. 2D) and Raman spectra 
(FIG. 2E) of the nickel fluoride/oxide nanoporous layers 
before (nickel fluoride oxide (NFO), black line) and after 
(Ni(OH)2 , red line) hydrothermal treatment. FIGS. 2F-G 
show Ni 2p X-ray photoelectron spectroscopy (XPS) spectra 
of the NFO and Ni(OH)2 , respectively. 

FIGS. 3A-C show SEM images of the 3-D nanoporous 
nickel fluoride/oxide layers. FIG. 3A shows a cross-sectional 
image of the nanoporous layer. FIGS. 3B-C show images of 
the nanoporous layer at different magnifications. 

FIGS. 4A-B show SEM images of the 3-D nanoporous 
Ni(OH)2 layers at magnifications of 20,000x (FIG. 4A) and 
100,000x (FIG. 4B). 

FIG. 5 shows XPS patterns of the nickel fluoride/oxide 
nanoporous layers before (NFO, black line) and after (Ni 
(OH)2 , red line) hydrothermal treatment. 

FIGS. 6A-F show data relating to the electrochemical 
performance of the 3-D nanoporous NFO and Ni(OH)2 

thin-film electrodes tested in a three electrode cell. FIG. 6A 
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shows cyclic voltammograms (CVs) of the NFO performed 
at different scan rates. FIG. 6B shows discharge/charge 
profiles of the NFO obtained at different current densities. 
FIG. 6C shows CVs of the Ni(OH)2 performed at different 
scan rates. FIG. 6D shows discharge/charge profiles of the 
Ni(OH)2 obtained at different current densities. FIG. 6E 
shows Nyquist plots of the NFO (black) and Ni(OH)2 (red) 
nanoporous electrodes. FIG. 6F shows variation of the 
capacitance vs scan rates (black) and current densities (red). 

FIG. 7 shows the equivalent circuit used to simulate 
Nyquist plots. 

FIGS. SA-F show the electrochemical performance of the 
asymmetric supercapacitors based on the NFO and Ni(OH)2 

nanoporous electrodes. FIG. SA shows the CVs of the NFO 
performed at different scan rates. FIG. 8B shows the dis
charge/charge profiles of the NFO obtained at different 
current densities. FIG. SC shows the CVs of the Ni(OH)2 

performed at different scan rates. FIG. SD shows the dis
charge/charge profiles of the Ni(OH)2 obtained at different 
current densities. FIG. SE shows the Nyquist plots of the 
NFO (black) and Ni(OH)2 (red) nanoporous electrodes. FIG. 
SF shows the variation of the capacitance vs scan rates 
(black) and current densities (red). 

FIGS. 9A-B show additional data relating to nickel-based 
electrodes. FIG. 9A shows the Ragone plots ofNi(OH)2 and 
NFO nanoporous layers. FIG. 9B shows capacitance reten
tion of 10,000 charge/discharge cycles on the nanoporous 
Ni(OH)2 layer. 

FIGS. lOA-B show SEM images of the nanoporous 
Ni(OH)2 electrodes after 10,000 cycles of discharge/charge 
testing at magnifications of 200,000x (FIG. lOA) and 100, 
OOOx (FIG. 10B). 

DETAILED DESCRIPTION 

It is to be understood that both the foregoing general 
description and the following detailed description are illus
trative and explanatory, and are not restrictive of the subject 
matter, as claimed. In this application, the use of the singular 
includes the plural, the word "a" or "an" means "at least 
one", and the use of"or" means "and/or", unless specifically 
stated otherwise. Furthermore, the use of the term "includ
ing", as well as other forms, such as "includes" and 
"included", is not limiting. Also, terms such as "element" or 
"component" encompass both elements or components com
prising one unit and elements or components that comprise 
more than one unit unless specifically stated otherwise. 

The section headings used herein are for organizational 
purposes and are not to be construed as limiting the subject 
matter described. All documents, or portions of documents, 
cited in this application, including, but not limited to, 
patents, patent applications, articles, books, and treatises, are 
hereby expressly incorporated herein by reference in their 
entirety for any purpose. In the event that one or more of the 
incorporated literature and similar materials defines a term 
in a manner that contradicts the definition ofthat term in this 
application, this application controls. 

Energy storage devices continue to find applications in 
many fields. For instance, electrochemical capacitors (ECs) 
or supercapacitors, including carbon-based non-Faradaic 
electric double-layer capacitors (EDLCs) and transition 
metal oxide-based Faradaic pseudocapacitors, have the 
advantages of fast dynamic response, high power density 
and long-term cyclability. ECs and EDLCs are often used as 
advanced energy storage devices to bridge the gap between 
conventional capacitors and rechargeable batteries. 

To expand the potential applications of ECs and other 
energy storage devices, the design of new electrode mate
rials with both high energy densities and power densities is 
sought. Enhancement of the specific capacitance of the 
electrode materials or extending the working potential win
dow are two approaches that are based on the mathematical 
description of energy density (i.e., E=½ CU2

, where U is the 
operation potential window). 

Extension of the potential window has been most studied 
due to its quadratic relationship to the energy density. 
Moreover, organic electrolytes or ionic liquids have been 
used to replace aqueous electrolytes due to their much wider 
potential windows ( over 2 V) when compared to aqueous 
electrolytes. Unfortunately, these materials increase the cost 
of the energy storage devices. 

Recently, ECs designed in asymmetric two-electrode con
figurations by using different electrode materials with 
unmatched working potential windows have delivered a 
wider operating voltage of up to 1.6 V in aqueous electro
lytes. To that end, transition metal oxides or hydroxides are 
under consideration to construct asymmetric supercapacitors 
due to their high theoretical values for the specific capaci
tance. Among those transition metal oxides and hydroxides, 
nickel oxide (NiO) and nickel hydroxide (Ni(OH)2) have 
been studied due to their natural abundance and low cost. 

Moreover, in recent years, an approach to enhance spe
cific capacitance in energy storage devices was developed 
by fabricating hybrid electrode materials that included gra
phene and carbon nanotubes. Such hybrid electrode mate
rials were combined with electrodes that contain transition 
metal oxides or hydroxides in order to integrate advantages 
derived from both materials. 

The fabrication ofnanoporous metal oxides or hydroxides 
with high surface areas is another approach to combine 
non-Faradaic and Faradaic processes into the same material. 
This would afford improved energy storage device (e.g., 
capacitor) performance because of the greatly increased 
number of redox reaction sites in the porous structure and 
fast ion transport through the channels. 

Nonetheless, a need still exists for electrodes that contain 
high energy densities and high power densities. A need also 
exists for methods to effectively fabricate such electrodes 
directly on metal substrates. The present disclosure 
addresses these needs. 

In some embodiments, the present disclosure pertains to 
methods of fabricating nickel-based electrodes by: (1) anod
izing a nickel-based material to form at least one porous 
region on a surface of the nickel-based material; and (2) 
hydrothermally treating the at least one porous region to 
form a plurality ofnickel hydroxide moieties associated with 
the porous region. In more specific embodiments illustrated 
in FIG. lA, the methods ofthe present disclosure include the 
following steps: pre-treating a nickel-based material (step 
10); anodizing the nickel-based material (step 12) to form at 
least one porous region on a surface of the nickel-based 
material (step 14); hydrothermally treating the at least one 
porous region (step 16) to form a plurality of nickel hydrox
ide moieties associated with the porous region (step 18); and 
incorporating the formed electrode as a component of an 
energy storage device (step 20). 

In additional embodiments, the present disclosure pertains 
to nickel-based electrodes that are formed by the methods of 
the present disclosure. In some embodiments, the nickel
based electrodes include: (1) a nickel-based material; and (2) 
at least one porous region on a surface of the nickel-based 
material that contains a plurality of nickel hydroxide moi
eties. In more specific embodiments illustrated in FIGS. 
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lB-C, the nickel-based electrodes of the present disclosure 
are in the form of electrode 30. Electrode 30 includes a 
nickel-based material 34 with a first surface 32 and a second 
surface 38. First surface 32 includes a plurality of porous 
regions 36. Each of the porous regions 36 contains a 
plurality of nickel hydroxide moieties. 

In additional embodiments, the present disclosure pertains 
to energy storage devices that include the nickel-based 
electrodes of the present disclosure. In more specific 
embodiments illustrated in FIG. lD, the energy storage 
devices of the present disclosure are in the form of super
capacitor 50. In this embodiment, supercapacitor 50 includes 
electrodes 52 and 56 between electrolyte layer 54. The 
nickel-based electrodes of the present disclosure can repre
sent electrode 52, electrode 56, or both electrodes. 

As set forth in more detail herein, the present disclosure 
can have various embodiments. For instance, the electrodes 
and methods of the present disclosure can utilize various 
types of nickel-based materials. Moreover, various methods 
may be utilized to treat the nickel-based materials. Further
more, the electrodes of the present disclosure can serve as 
various components of various energy storage devices. 

Nickel-Based Materials 
The electrodes and methods of the present disclosure can 

utilize various types of nickel-based materials. For instance, 
in some embodiments, the nickel-based materials include, 
without limitation, nickel alloys, nickel foils, nickel foams, 
nickel plates, porous nickel, nickel coupons, nickel blocks, 
nickel rods, nickel cylinders, non-porous nickel, and com
binations thereof. In some embodiments, the nickel-based 
material consists essentially of nickel. In some embodi
ments, the nickel-based material is a nickel foil. In some 
embodiments, the nickel-based material is non-porous. 

The nickel-based materials of the present disclosure can 
have various purities. For instance, in some embodiments, 
the nickel-based material is at least 99% pure. In some 
embodiments, the nickel-based material is at least 99.9% 
pure. In some embodiments, the nickel-based material is at 
least 99.99% pure. 

The nickel-based materials of the present disclosure can 
have various shapes. For instance, in some embodiments, 
the nickel-based materials of the present disclosure may be 
circular, oval, rectangular, square-like, rolled, coiled, rod
like, cube-like, hexagonal, conformal, or irregular. In some 
embodiments, the nickel-based materials of the present 
disclosure may be rectangular. 

In some embodiments, the nickel-based materials of the 
present disclosure are in the form of a film, such as a thin 
film. In some embodiments, the nickel-based materials of 
the present disclosure are in the form of a layer. 

The nickel-based materials of the present disclosure can 
also have various sizes. For instance, in some embodiments, 
the nickel-based materials of the present disclosure may 
have dimensions that range from a few micrometers to a few 
meters. In some embodiments, the nickel-based materials of 
the present disclosure may have dimensions in the microm
eter range, the millimeter range, the centimeter range, or the 
meter range. 

The nickel-based materials of the present disclosure can 
also have various thicknesses. For instance, in some embodi
ments, the nickel based materials of the present disclosure 
have a thickness ranging from about 1 µm to about 10 mm. 
In some embodiments, the nickel based materials of the 
present disclosure have a thickness ranging from about 50 
µm to about 500 µm. In some embodiments, the nickel-based 
materials of the present disclosure have a thickness ranging 

from about 100 µm to about 200 µm. In some embodiments, 
the nickel-based materials of the present disclosure have a 
thickness of about 125 µm. 

The nickel-based materials of the present disclosure can 
serve various functions. For instance, in some embodiments, 
the nickel-based materials of the present disclosure serve as 
a current collector within an electrode. In some embodi
ments, the nickel-based materials of the present disclosure 
serve as a conducting framework within an electrode. In 
some embodiments, the nickel-based materials of the pres
ent disclosure serve as support layers for porous regions. 

Pre-Treatment of Nickel-Based Materials 
In some embodiments, the methods of the present disclo

sure include a step ofpre-treating the nickel-based materials 
prior to electrode fabrication. For instance, in some embodi
ments, the pre-treating occurs prior to anodizing the nickel-
based materials. 

Various methods may be utilized to pre-treat the nickel
based materials of the present disclosure. For instance, in 
some embodiments, the pre-treating includes a step of 
cleaning the nickel-based materials. In some embodiments, 
the cleaning occurs by exposing the nickel-based materials 
to a cleaning agent. In some embodiments, the cleaning 
agent can include, without limitation, alcohol ( e.g., ethanol 
or 2-propanol), water (e.g., deionized water), or a stream of 
gas ( e.g., an argon/oxygen gas). In some embodiments, the 
cleaning occurs by exposing the nickel-based materials to 
alcohol, such as ethanol. In some embodiments, the cleaning 
step also includes sonication. In some embodiments, the 
cleaning occurs by immersing the nickel-based materials in 
a fresh water bath several times. Additional methods by 
which to clean the nickel-based materials can also be 
envisioned. 

Anodization of Nickel-Based Materials 
Anodization ofnickel-based materials generally results in 

the formation of at least one porous region on a surface of 
the nickel-based materials. In some embodiments, the anod
izing also forms a nickel hydroxide precursor material. In 
some embodiments, the nickel hydroxide precursor material 
includes, without limitation, nickel fluoride, nickel nitride, 
nickel phosphide, nickel bromide, nickel iodide, nickel 
sulfide, nickel selenide, nickel oxide, and combinations 
thereof. 

In some embodiments, the nickel hydroxide precursor 
material includes nickel-fluoride. Examples of nickel-fluo
ride materials are described in an additional PCT application 
by Applicants, which has been published as WO 2015/179, 
035. As set forth in more detail herein, anodization can occur 
under various conditions. 

Anodization can occur at various current densities. For 
instance, in some embodiments, anodization occurs at cur
rent densities that range from about 0.1 mA to about 500 
mA. In some embodiments, anodization occurs at current 
densities that range from about 1 mA to about 100 mA. In 
some embodiment, anodization occurs at a constant current 
density, such as a constant current density of about 20 mA. 
In some embodiment, anodization occurs at an intermittent 
current density. 

Anodization can also occur at various voltages. For 
instance, in some embodiments, anodization occurs at volt
ages that range from about 1 V to about 100 V. In some 
embodiments, anodization occurs at voltages that range 
from about 5 V to about 60 V. 

Anodization can also occur for various periods of time. 
For instance, in some embodiments, anodization occurs for 
periods of time that range from about 1 minute to about 24 
hours. In some embodiments, anodization occurs for periods 
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of time that range from about 1 minute to about 60 minutes. 
In some embodiments, anodization occurs for about 20 
minutes. 

Anodization can occur in the presence of various com
positions. For instance, in some embodiments, anodization 
occurs in the presence of organic electrolytes, inorganic 
electrolytes, ionic liquids, ammonium fluoride, ethylene 
glycol, and compositions thereof. 

Hydrothermal Treatment of Porous Regions of Nickel
Based Materials 

Hydrothermal treatment ofporous regions ofnickel-based 
materials generally results in the formation of a plurality of 
nickel hydroxide moieties associated with the porous region. 
In some embodiments, the hydrothermal treatment forms the 
nickel hydroxide moieties by converting nickel hydroxide 
precursor materials ( e.g., nickel fluoride or nickel oxide) to 
nickel hydroxide. As set forth in more detail herein, hydro
thermal treatment can occur under various conditions. 

Hydrothermal treatment can occur at various tempera
tures. For instance, in some embodiments, hydrothermal 
treatment can occur at temperatures that range from about 
50° C. to about 500° C. In some embodiments, hydrothermal 
treatment can occur at temperatures that range from about 
75° C. to about 500° C. In some embodiments, hydrothermal 
treatment can occur at temperatures that range from about 
100° C. to about 500° C. In some embodiments, hydrother
mal treatment can occur at temperatures that range from 
about 100° C. to about 200° C. In some embodiments, 
hydrothermal treatment can occur at temperatures of more 
than about 100° C. In some embodiments, hydrothermal 
treatment can occur at temperatures of about 100° C. 

Hydrothermal treatment can occur in various environ
ments. For instance, in some embodiments, hydrothermal 
treatment occurs in a pressurized environment, such as an 
autoclave or a vacuum. In some embodiments, hydrothermal 
treatment occurs in the presence of a protic solvent. In some 
embodiments, the protic solvent includes, without limita
tion, sodium hydroxide, formic acid, butanol, isopropanol, 
nitromethane, ethanol, methanol, acetic acid, water, and 
combinations thereof. In some embodiments, the protic 
solvent includes sodium hydroxide. 

Etching 
In some embodiments, the methods of the present disclo

sure can also include an etching step. In some embodiment, 
the etching step can be utilized to tailor the pore size and 
thickness of the porous regions of the nickel-based materi
als. 

The etching step can occur at various times. For instance, 
in some embodiments, etching can occur during or after a 
hydrothermal treatment step. In some embodiments, etching 
can occur during or after an anodization step. 

The etching step can occur by various methods. For 
instance, in some embodiments, the etching occurs by at 
least one of reactive ion etching, physical sputtering, gas 
phase chemical etching, and combinations thereof. In some 
embodiments, the etching occurs by reactive ion etching. In 
some embodiments, the etching occurs by electrochemical 
etching. 

In some embodiments, etching occurs under the flow of 
one or more gases. In some embodiments, the gases may 
include, without limitation, CF 4 , CHF3 , SF6 , Cl2 , BC13 , 

oxygen, argon, hydrogen, nitrogen, and combinations 
thereof. 

Etching can occur for various periods of time. For 
instance, in some embodiments, the etching lasts from about 
5 seconds to about 48 hours. In some embodiments, the 

etching lasts from about 5 seconds to about 60 seconds. 
Additional etching times can also be envisioned. 

Electrode Compositions 
The methods of the present disclosure can be utilized to 

form various types of electrodes. In general, the electrodes 
of the present disclosure include a nickel-based material; 
and at least one porous region on a surface of the nickel
based material that includes a plurality of nickel hydroxide 
moieties. In some embodiments, the electrodes of the pres
ent disclosure consist essentially of the nickel-based mate
rial and the porous region. For instance, in some embodi
ments, the electrodes of the present disclosure lack any 
additives. In some embodiments, the electrodes of the pres
ent disclosure lack any binders. In some embodiments, the 
electrodes of the present disclosure lack any additional 
current collectors or conducting carbon. 

Porous Regions 
The electrodes of the present disclosure can include 

various porous regions with various arrangements on a 
surface of a nickel-based material. In some embodiments, 
the porous regions are derived directly from the nickel-based 
material, such as through hydrothermal formation. In some 
embodiments, the porous region is directly associated with 
a surface of a nickel-based material. In some embodiments, 
the porous region includes a plurality of porous regions that 
are scattered throughout an entire surface of a nickel-based 
material (e.g., porous regions 36 on surface 32, as illustrated 
in FIGS. 1B-C). In some embodiments, a single porous 
region spans an entire surface of a nickel-based material. 

In some embodiments, porous regions are only located on 
a single surface of a nickel-based material ( e.g., first surface 
32, as illustrated in FIGS. 1B-C). In other embodiments, 
porous regions are located on multiple surfaces of a nickel
based material. In some embodiments, porous regions are 
located on opposite surfaces ofa nickel-based material ( e.g., 
opposite surfaces 32 and 38, as illustrated in FIGS. 1B-C). 

The porous regions ofthe present disclosure can also have 
various structures. For instance, in some embodiments, the 
porous regions have a three-dimensional structure. In some 
embodiments, the porous regions have a foam-like structure. 
In some embodiments, the porous regions have a sponge
like structure. In some embodiments, the porous regions 
have a flake-like structure. In some embodiments, the porous 
regions have a conformal structure. 

In some embodiments, porous regions are free-standing 
without the nickel-based material. In some embodiments, 
porous regions are in the form of layers on a surface of a 
nickel-based material. In some embodiments, porous 
regions are embedded with the nickel nickel-based material. 
In some embodiments, porous regions are inseparable from 
the nickel-based material. 

The porous regions ofthe present disclosure can also have 
various pore sizes. For instance, in some embodiments, the 
porous regions include pores with sizes that range from 
about 1 nm in diameter to about 1 µm in diameter. In some 
embodiments, the porous regions include pores with sizes 
ranging from about 1 nm in diameter to about 500 nm in 
diameter. In some embodiments, the porous regions include 
pores with sizes ranging from about 5 nm in diameter to 
about 100 nm in diameter. In some embodiments, the porous 
regions include pores with sizes ranging from about 2 nm in 
diameter to about 100 nm in diameter. In some embodi
ments, the porous regions include pores with sizes ranging 
from about 4 nm in diameter to about 50 nm in diameter. In 
some embodiments, the porous regions include pores with 
sizes of about 10 nm in diameter. In some embodiments, the 
porous regions include pores with sizes of about 5 nm in 
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diameter. In some embodiments, the porous regions include 
pores with sizes of less than about 5 nm in diameter. 

The porous regions ofthe present disclosure can also have 
various thicknesses. For instance, in some embodiments, the 
porous regions include a thickness ranging from about 50 
nm to about 500 µm. In some embodiments, the porous 
regions have a thickness ranging from about 50 nm to about 
100 µm. In some embodiments, the porous regions have a 
thickness ranging from about 100 nm to about 50 µm. In 
some embodiments, the porous regions have a thickness 
ranging from about 150 nm to about 200 nm. 

Nickel Hydroxide Moieties 
The porous regions of the present disclosure can be 

associated with nickel hydroxide moieties in various man
ners. In some embodiments, the nickel hydroxide moieties 
are derived from the nickel-based material. In some embodi
ments, the nickel hydroxide moieties are embedded with the 
porous regions. In some embodiments, the nickel hydroxide 
moieties are on the porous regions. In some embodiments, 
the nickel hydroxide moieties are within the porous regions. 
In some embodiments, the nickel hydroxide moieties are 
inseparable from the porous regions. 

The nickel hydroxide moieties may be in various forms. 
For instance, in some embodiments, the nickel hydroxide 
moieties are in at least one of crystalline form, semi-
crystalline form, amorphous form, lattice form, and combi
nations of such forms. In some embodiments, the nickel 
hydroxide moieties are in a crystalline form. In some 
embodiments, the nickel hydroxide moieties are in the form 
of a lattice. In some embodiments, the nickel hydroxide 
moieties are in a semi-crystalline form. In some embodi
ments, the nickel hydroxide moieties are in an amorphous 
form. 

Electrode Structures 
The electrodes of the present disclosure can have various 

structures. For instance, in some embodiments, the elec
trodes of the present disclosure are in the form of films, 
sheets, papers, mats, scrolls, conformal coatings, foams, 
sponges, blocks, coupons, rods, cylinders, and combinations 
thereof. In some embodiments, the electrodes of the present 
disclosure have a three-dimensional structure ( e.g., foams 
and sponges). In some embodiments, the electrodes of the 
present disclosure have a two-dimensional structure ( e.g., 
films, sheets and papers). In some embodiments, the elec
trodes of the present disclosure are in the form of flexible 
electrodes. 

Electrode Functions 
The electrodes of the present disclosure can serve various 

functions. For instance, in some embodiments, the elec
trodes of the present disclosure can serve as an anode. In 
some embodiments, the electrodes of the present disclosure 
can serve as a cathode. In some embodiments, the electrodes 
of the present disclosure serve as a cathode and an anode. In 
some embodiments, the electrodes of the present disclosure 
can be used as binder-free and additive-free electrodes. 

Electrode Properties 
The electrodes of the present disclosure can have various 

advantageous properties. For instance, in some embodi
ments, the electrodes of the present disclosure have a 
capacitance ranging from about 1,000 Fig to about 2,500 
Fig. In some embodiments, the electrodes of the present 
disclosure have a capacitance ranging from about 1,500 Fig 
to about 2,000 Fig. In some embodiments, the electrodes of 
the present disclosure have a capacitance ranging from about 
1,500 Fig to about 1,800 Fig. In some embodiments, the 
electrodes of the present disclosure have a capacitance of 
about 1,800 Fig. 

Energy Storage Devices 
The methods of the present disclosure can also include a 

step of incorporating the electrodes of the present disclosure 
as a component of an energy storage device. Additional 
embodiments of the present disclosure pertain to energy 
storage devices that contain the electrodes of the present 
disclosure. 

The electrodes of the present disclosure can be utilized as 
components ofvarious energy storage devices. For instance, 
in some embodiments, the energy storage device includes, 
without limitation, capacitors, batteries, photovoltaic 
devices, photovoltaic cells, transistors, current collectors, 
fuel cell devices, water-splitting devices, two electrode 
systems, three electrode systems, and combinations thereof. 

In some embodiments, the energy storage device is a 
capacitor (e.g., capacitor 50 in FIG. lD). In some embodi
ments, the capacitor includes, without limitation, lithium-ion 
capacitors, supercapacitors, asymmetric supercapacitors, 
asymmetric two electrode supercapacitors, additive-free 
electrode supercapacitors, micro supercapacitors, pseudo 
capacitors, electrochemical capacitors, two-electrode elec
tric double-layer capacitors (EDLC), non-Faradaic electric 
double-material capacitors (EDLCs ), Faradaic pseudoca
pacitors, and combinations thereof. In some embodiments, 
the capacitor is a lithium-ion capacitor. 

In some embodiments, the energy storage device is a 
battery. In some embodiments, the battery includes, without 
limitation, rechargeable batteries, non-rechargeable batter
ies, micro batteries, lithium-ion batteries, lithium-sulfur 
batteries, lithium-air batteries, sodium-ion batteries, 
sodium-sulfur batteries, sodium-air batteries, magnesium-
ion batteries, magnesium-sulfur batteries, magnesium-air 
batteries, aluminum-ion batteries, aluminum-sulfur batter
ies, aluminum-air batteries, calcium-ion batteries, calcium-
sulfur batteries, calcium-air batteries, zinc-ion batteries, 
zinc-sulfur batteries, zinc-air batteries, and combinations 
thereof. In some embodiments, the energy storage device is 
a lithium-ion battery. 

In some embodiments, the energy storage devices that 
contain the electrodes of the present disclosure may also 
contain electrolytes (e.g., electrolytes 54 in capacitor 50, as 
illustrated in FIG. lD). In some embodiments, the electro
lytes include, without limitation, non-aqueous solutions, 
aqueous solutions, salts, solvents, ionic liquids, additives, 
composite materials, and combinations thereof. In some 
embodiments, the electrolytes include, without limitation, 
lithium hexafluorophosphate (LiPF 6), lithium (trimethyl
fluorosulfonyl) imide (LITFSI), lithium (fluorosulfonyl) 
imide (LIFSI), lithium bis(oxalate)borate (LiBOB), hexam
ethylphosphoustriamide (HMPA), and combinations 
thereof. In some embodiments, the electrolytes are in the 
form of a composite material. In some embodiments, the 
electrolytes include solvents, such as ethylene carbonate, 
diethyl carbonate, dimethyl carbonate, ethyl methyl carbon
ate, 1,2-dimethoxyl methane, and combinations thereof. 

The electrodes of the present disclosure can provide 
various advantageous properties in energy storage devices. 
For instance, in some embodiments, the energy storage 
devices of the present disclosure have a capacity ranging 
from about 100 Fig to about 500 Fig. In some embodiments, 
the energy storage devices of the present disclosure have a 
capacity ranging from about 100 Fig to about 200 Fig. In 
some embodiments, the energy storage devices of the pres
ent disclosure have a capacity ranging from about 175 Fig to 
about 200 Fig. 

The energy storage devices of the present disclosure can 
also have advantageous capacity retention properties. For 
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instance, in some embodiments, the energy storage devices 
of the present disclosure retain at least 90% of their capacity 
after about 10,000 cycles. In some embodiments, the energy 
storage devices of the present disclosure retain at least 95% 
of their capacity after about 10,000 cycles. 

The energy storage devices of the present disclosure can 
also have advantageous energy densities. For instance, in 
some embodiments, the energy storage devices of the pres
ent disclosure have energy densities ranging from about 10 
µWh/cm2 to about 100 µWh/cm2 

. In some embodiments, the 
energy storage devices of the present disclosure have energy 
densities ranging from about 25 µWh/cm 2 to about 50 
µ Wh/cm2

. In some embodiments, the energy storage devices 
of the present disclosure have energy densities ranging from 
about 40 µWh/cm2 to about 50 µWh/cm 2

. 15 

The energy storage devices of the present disclosure can 
also have advantageous power densities. For instance, in 
some embodiments, the energy storage devices of the pres
ent disclosure have power densities ranging from about 1 
mW/cm2 to about 100 mW/cm2 

. In some embodiments, the 
energy storage devices of the present disclosure have power 
densities ranging from about 10 mW/cm2 to about 100 
mW/cm2

. In some embodiments, the energy storage devices 
of the present disclosure have power densities ranging from 
about 10 mW/cm2 to about 50 mW/cm2 

. In some embodi 25 

ments, the energy storage devices of the present disclosure 
have power densities ranging from about 25 m W/cm2 to 
about 50 mW/cm2

. 

Additional Embodiments 

Reference will now be made to more specific embodi
ments of the present disclosure and experimental results that 
provide support for such embodiments. However, Appli
cants note that the disclosure below is for illustrative pur 35 

poses only and is not intended to limit the scope of the 
claimed subject matter in any way. 

Example 1. Hydrothermally Formed 

Three-Dimensional Nanoporous Ni(OH)2 Thin-Film 


Supercapacitors 


In this Example, a three-dimensional (3-D) nanoporous 
nickel hydroxide (Ni(OH)2) thin-film was hydrothermally 
converted from an anodically formed porous layer of nickel 45 

fluoride/oxide. The nanoporous Ni(OH)2 thin-films can be 
used as additive-free electrodes for energy storage. The 
nanoporous layer delivers a high capacitance of 1765 F g- 1 

under three electrode testing. After assembly with porous 
activated carbon in asymmetric supercapacitor configura
tions, the devices delivered optimal supercapacitive perfor
mances, with capacitances of 192 F g-1, energy densities of 
68 Wh kg- 1 and power density of 44 kW kg- 1 

. The wide 
working potential window (up to 1.6 Vin 6 M aq KOH) and 
stable cyclability (-90% capacitance retention over 10,000 55 

cycles) make the thin-films ideal for practical supercapacitor 
devices. 

As illustrated in FIG. 2A, electrochemical anodic treat
ments on nickel (Ni) foils were used to form a 3-D nanop
orous Ni-based thin-film. Microscopy analysis (FIGS. 2B-C 
and 3) show that the as-prepared anodic thin-film has a 3-D 
nanoporous structure throughout the entire layer with a pore 
size of about 10 nm. 

A thinner porous layer can, to some extent, reduce the 
electrode resistance and enhance the electrochemical capaci 65 

tor (EC) performances. A thin-film with a thickness of 150 
to 200 nm (FIG. 3A) was fabricated and investigated in this 

Example. After hydrothermal treatment, the 3-D nanoporous 
thin-film still maintains its porous morphology without 
observable damage or blocking of the nanopores (FIGS. 
4A-B). 

The crystalline structure and chemical composition of the 
3-D nanoporous thin-film were investigated by X-ray dif
fraction (XRD, FIG. 2D), Raman spectrum (FIG. 2E) and 
X-ray photoelectron spectroscopy (XPS, FIGS. 2F-G and 5). 
The anodically formednanoporous thin-film shows an amor
phous phase, which is composed of Ni, F and O (nickel 
fluoride/oxide composite, NFO). The amorphous NFO was 
converted to highly crystalline Ni(OH)2 (PDF #00-014
0117) after the hydrothermal treatment. From Raman analy
ses, typical bands for Ni(OH)2 at 315, 453 and 535 cm- 1 

were identified after hydrothermal treatment. The conver
sion from NFO to Ni(OH)2 was also supported by fitting the 
XPS Ni 2p spectra (FIGS. 2F-G). The peak at 854.4 eV in 
FIG. 2F is attributed to NiO, while the peak at 857.6 eV is 
from NiF2 . The peak at 855.2 eV in the XPS spectrum of the 
hydrothermally treated sample is attributed to Ni(OH)2 . 

Without being bound by theory, it is envisioned that the 
conversion from amorphous NFO to highly crystalline 
Ni(OH)2 is based on the in situ hydrothermal formation 
mechanism under a high pressure/temperature atmosphere. 
Possible reactions to form Ni(OH)2 include: NiF2 + 
2NaOH-Ni(OH)2 +2NaF. 

To test the EC performances of the nanoporous NFO and 
Ni(OH)2 , three electrode testing (FIGS. 6A-F) was per
formed in 6 M aq KOH electrolyte with Pt and Hg/HgO as 
counter and reference electrodes, respectively. From the 
cyclic voltanrmograms (CVs) ofNFO (FIG. 6A), the anodic 
peak at 0.39 V (vs Hg/HgO) and the cathodic peak at 0.27 
V (vs Hg/HgO) can be assigned to the following redox 
reaction: NiO+OH-~NiOOH+e-. Another cathodic peak at 
0.33 V (vs Hg/HgO) is likely from NiF2 in the nanoporous 
layer. The calculated capacitance of the NFO calculated 
from the CV at 2 mV s- 1 is 1280 F g- 1

. 

Galvanostatic discharge/charge (GDC, FIG. 6B) curves of 
the NFO at different current densities from 7 to 170 A g- 1 

show deviation from the typical triangular shape of EDLCs 
that indicates the Faradaic characteristics of the charge 
storage. The shoulders in the GDC graphs at 0.4 V (vs 
Hg/HgO) during charging and 0.3 V (vs Hg/HgO) during 
discharging indicate the redox reactions which are consistent 
with the CVs. 

The capacitance of the NFO calculated from GDC curves 
at a current density of 7 A g- 1 is 1215 F g- 1

. From CVs of 
the Ni(OH)2 nanoporous layer (FIG. 6C), a pair of redox 
reaction peaks at 0.45 V (vs Hg/HgO) and 0.29 V (vs 
Hg/HgO) is evident, which represents the following redox 
reaction: Ni(OH)2 +OH-~NiOOH+H2 O+e-. 

The capacitance ofthe Ni(OH)2 calculated from the CV at 
2 mV s- 1 is 1765 F g- 1

. Compared with the CVs ofthe NFO, 
the redox reaction peaks of the Ni(OH)2 shift positively, 
which indicates that a wider potential window can be 
anticipated without water electrolysis. The GDC curves of 
the Ni(OH)2 show similar shape to the NFO but with a 
slightly elevated discharge/charge plateau, which is consis
tent with CVs. The capacitance of the Ni(OH)2 calculated 
from GDC curves at a current density of 7 A g- 1 is 1519 F 
g-1_ 

Further investigations on the EC performance of the 3-D 
nanoporous layers in three electrode cells were performed 
using electrochemical impedance spectroscopy (EIS). By 
simulating EIS data according to the equivalent circuit in 
FIG. 7, the Nyquist plots of the nanoporous layers (FIG. 6E) 
can be divided into two portions. First, at high frequency, the 
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intercept at the real axis represents the equivalent series 
resistance (REsR), which is a combination of ionic resistance 
of the electrolytes, electronic resistance of the electrode 
materials and interface resistance. Second, the semicircle 
observed at the high-to-medium frequency region corre- 5 

sponds to the charge-transfer resistance (Re,), which is 
related to the Faradaic reactions and the electric double
layer capacitance (CPEd1) at the electrode/electrolyte inter
faces. For pseudocapacitors, REsR and Re, are more infor
mative because they reflect the electrical characteristics of 10 

the electrodes. 
Both nanoporous NFO and Ni(OH)2 have low REsR on the 

same order of magnitude, 1.28±0.02Q and 3.13±0.02Q, 
respectively, which indicates less internal resistance in the 
EC devices. Furthermore, Re, for NFO and Ni(OH)2 were 15 

calculated to be 28.56±0.008Q and 1.63±0.006 kQ, respec
tively. The greatly reduced Re, in the nanoporous Ni(OH)2 

indicates its improved electrical conductivity and fast Fara
daic/redox reactions after the hydrothermal treatment. The 
capacitance of the Ni(OH)2 is enhanced at different dis 20 

charge/charge rates (FIG. 6F), which also indicates an 
improved EC performance after hydrothermal treatment. 

To access the practical supercapacitor device performance 
of the fabricated nanoporous layers, asymmetric two elec
trode cells were assembled using 6 M aq KOH as the 25 

electrolyte and porous activated carbon as the negative 
electrodes. The EC behavior of the samples was evaluated 
by calculating the specific capacitance of the entire device, 
including both positive and negative electrodes from CVs 
and GDCs. Electrochemical characterizations were per 30 

formed within a potential window between O and 1.6 V. 
From the CVs of NFO at different scan rates from 10 m V 

s- 1 to 500 mV s- 1 (FIG. SA), an anodic peak at 1.2 Vanda 
cathodic peak at 1.0 V can be assigned to the following 
redox reaction: NiO+oH-"=J;NiOOH+e-. The capacitance 35 

calculated from the CV at a scan rate of 10 mV s- 1 is 114 F 
g- 1 

. GDC tests on the NFO were performed at current 
densities from 0.9 to 18 A g- 1 (FIG. SB). The shoulders at 
1.2 V during the charging and 1.0 V during the discharging 
indicate the redox reactions which are consistent with the 40 

CVs. The discharge capacitance at 0.9 A g- 1 is calculated to 

be 135 F g- 1
. After hydrothermal treatment to Ni(OH)2 , the 

measured CVs (FIG. SC) and GDC curves (FIG. SD) of the 
nanoporous Ni(OH)2 show positively shifted redox reactions 
compared with NFO. 

Redox reactions occurred at 1 .4 V (anodic) and 1.1 V 
(cathodic), representing the following formula: Ni(OH)2 + 
OH-"=J;NiOOH+H2 O+e-. Furthermore, the capacitance of 
the Ni(OH)2 calculated from the CV at 10 mV s- 1 and GDC 
curve at 0.9 A g- 1 are 174 and 192 F g- 1

, respectively. To 
have a better understanding of the EC performances of the 
nanoporous layers, EIS was also performed on the asym
metric supercapacitor devices (FIG. SE). 

In the supercapacitor devices based on both nanoporous 
NFO and Ni(OH)2 , low REsR-0.64±0.03Q and 0.57±0.04Q, 
respectively, are obtained. Furthermore, Re, for NFO and 
Ni(OH)2 were calculated to be 833.5±0.6Q and 175.9±0.4Q, 
respectively. Even after assembly into asymmetric superca
pacitors, the Ni(OH)2 still has greatly reduced resistance 
when compared with NFO. Furthermore, at different dis
charge/charge rates (FIG. SF), Ni(OH)2 also delivers 
enhanced EC performance after hydrothermal treatment. 

The advanced ECs performance of the fabricated devices 
that use the nanoporous NFO and Ni(OH)2 as electrodes are 
also reflected by their energy and power densities, as shown 
in the Ragone plot (FIG. 9A). The maximum energy density 
(Emax) and power density (P max) of the nanoporous NFO 
were calculated to be 48 Wh kg- 1 and 14 kW kg- 1 

, respec
tively. The nanoporous Ni(OH)2 gave values for Emax of 68 
Wh kg- 1 and P max of 44 kW kg- 1

. 

Considering the capacitance of NFO and Ni(OH)2 

obtained both in three electrode and two electrode testing, 
the fabricated nanoporous layers deliver optimal EC perfor
mances compared to carbonaceous materials and most other 
state-of-the-art nanostructured supercapacitors based on 
NiO and Ni(OH)2 (Table 1). Moreover, the devices were 
tested at 18 A g- 1 for cyclability by running them through 
10,000 discharge/charge cycles. More than 90% retention 
was obtained (FIG. 9B) without apparent changes in the 3-D 
nanoporous structure of Ni(OH)2 after testing (FIGS. lOA
B). 

TABLE 1 

Supercapacitor performance comparison between the current work and 

some recent reports (Sl: Angew. Chem. 2011, 123, 6979-6982; S2: 


ACS Appl. Mater. Interfaces 2013, 5, 1596-1603; S3: Chem. Commun. 

2008, 35, 4213-4215; S4: Nano Lett. 2010, 10, 4099-4104; S5: Adv. 


Energy Mater. 2012, 10, 1188-1192; S6: J. Am. Chem. Soc. 2010, 132, 

7472-7477; S7: Adv. Funct. Mater. 2012, 22, 2632-2641; S8: ACS Nano 


2013, 7, 6237-6243; S9: ACS Appl. Mater. Interfaces 2013, 5, 2446-2454; 

SlO: J. Mater. Chem. A 2013, 1, 4793-4803). 


Capacitance- Capacitance
three electrode two electrode Emax pmax 

Electrodes (F g-1) (F g-1) (Wh kg-1) (kW kg-1) Reference 

NiO/NiF2 1280 135 48 14 This Example 
nanoporous layer 
Ni(OH)2 1765 192 68 44 This Example 
nanoporous layer 

NiO/Ni 900 60 10 Sl 
nanocomposites 

NiO nanonetwork 480 S2 
NiO nano-flakes 942 S3 
NiO-TiO2 nanotubes 120-300 S4 

NiO nanobelts 600 S5 
Ni(OH)2 nanoplates 1335 37 10 S6 

Ni(OH)iGraphene 1735 218.4 77.8 15.2 S7 
Ni(OH)2 thin film 1560 119 13.4 85 S8 

http:175.9�0.4Q
http:833.5�0.6Q
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TABLE I-continued 

Supercapacitor performance comparison between the current work and 

some recent reports (Sl: Angew. Chem. 2011, 123, 6979-6982; S2: 


ACS Appl. Mater. Interfaces 2013, 5, 1596-1603; S3: Chem. Commun. 

2008, 35, 4213-4215; S4: Nano Lett. 2010, 10, 4099-4104; S5: Adv. 


Energy Mater. 2012, 10, 1188-1192; S6: J. Am. Chem. Soc. 2010, 132, 

7472-7477; S7: Adv. Fune/. Mater. 2012, 22, 2632-2641; S8: ACS Nano 


2013, 7, 6237-6243; S9: ACS Appl. Mater. Interfaces 2013, 5, 2446-2454; 

SlO: J. Mater. Chem. A 2013, 1, 4793-4803). 


Capacitance Capacitance
three electrode two electrode 

Electrodes (F g-1) (F g-1) Reference 

Ni(OH)o 1537 S9 
nanoparticles 
Ni(OH)o thin films 357 Sl0 

The aforementioned results suggest the utility of the 
devices in practical EC applications. The 3-D open channel 
in the nanoporous structure, with its high resulting surface 20 

area, provides more electrochemically active sites for redox 
reactions and fast ion transport. It is envisioned that the 
aforementioned attributes contribute to the obtained high 
capacitances. 

In summary, the 3-D nanoporous nickel fluoride/oxide 25 

thin-film was anodically fabricated and hydrothermally 
treated to form a highly crystalline Ni(OH)2 nanoporous 
layer. The nanoporous Ni(OH)2 thin-film on nickel foils can 
be directly used as an additive-free electrode supercapacitor. 
The Ni(OH)2 nanoporous layer delivers a high capacitance 30 

of about 1765 F g- 1 
. When assembled into asymmetric 

capacitor devices with porous activated carbon as the nega
tive electrode, the entire device provides a capacitance of 
about 192 F g- 1 with energy and power density of about 68 
Wh kg- 1 and 44 kW kg- 1 

, respectively. 35 

Example 1.1. Fabrication 

Nickel foils (0.125 mm, 99.9%, Sigma-Aldrich) were 
sonicated in ethanol for 1 hour before being used as sub 40 

strates. Nanoporous nickel fluoride/oxide thin films were 
anodically grown in a solution of 0.2 M NH4 F (;;,;98%, 
Sigma-Aldrich, USA) with 2 M deionized water in ethylene 
glycol (Fisher Scientific, USA) at constant current of 20 mA 
for 20 minutes in a two-electrode set-up at room tempera 45 

ture. After anodization, the samples were rinsed with H20 
followed by drying under nitrogen gas flow. 

Hydrothermal treatments on the as-prepared 3D nanop
orous nickel fluoride/oxide thin film were conducted in an 
aqueous solution of 0.1 M NaOH at 100° C. for 4 hours to 50 

form highly crystalline Ni(OH)2 . The autoclave (Parr Instru
ment Company, Model 4744, 45 mL capacity) was filled to 
-50% volume capacity with 0.1 M NaOH during the hydro
thermal treatment (Caution: never fill an autoclave to more 
than 50% ). Afterward, the samples were washed several 55 

times with H20 and dried under nitrogen gas flow. The mass 
loading of the NFO and Ni(OH)2 films are approximately 
0.06 and 0.04 mg cm2

, respectively. 

Example 1.2. Characterization 60 

A JEOL 6500F scanning electron microscope (SEM) was 
used to investigate the morphology of the samples. The 
crystal structure of the thin film was evaluated using X-ray 
diffraction (XRD) analysis on a Rigaku D/Max Ultima II 65 

(Rigaku Corporation, Japan) configured with CuKa radia
tion, graphite monoichrometer, and scintillation counter. 

Raman spectra were recorded with a Renishaw Raman REOl 
scope (Renishaw Inc., USA) using a 514 nm excitation 
argon laser. Investigation of the chemical composition ofthe 
nanoporous layers was performed using X-ray photoelectron 
spectroscopy (PHI Quantera XPS, Physical Electronics, 
USA). An Al anode at 25 W was used as the X-ray source 
with a pass energy of 26.00 eV, 45° take off angle, and a 100 
µm beam size. A pass energy of 140 e V was used for survey 
spectra and 26 eV for atomic concentration spectra. 

Example 1.3. Electrochemical Measurements 

The nanoporous layers on nickel foils were directly used 
as additive-free electrodes (without binder, additional cur
rent collector or conducting carbon). Three electrode testing 
was performed in 6 M aq KOH using Pt foil and Hg/HgO as 
the counter and reference electrodes, respectively. The CVs 
were measured at different scan rates from 2 to 100 mV s- 1 

in a potential window from 0 to 0.5 V (vs Hg/HgO). The 
galvanostatic discharge/charge curves were recorded at dif
ferent current densities from 7 to 170 A g- 1 

. For the two 
electrode testing, the samples were assembled in an asym
metric cell with porous activated carbon film (mixed with 
10% PTFE) as the negative electrode and glass microfiber 
filters (Whatman GF/F) as separators immersed in 6 M aq 
KOH. The mass ratio between the positive and negative 
electrodes is estimated according to the charge balance: 
q+=q_. The CVs were measured at different scan rates from 
10 m V s- 1 to 500 m V s- 1 in a potential window from Oto 1.6 
V. The galvanostatic discharge/charge curves were recorded 
at different current densities from 0.9 to 18 A g- 1 (based on 
total mass of the two electrodes). The EIS were carried out 
on the fresh cells at open circuit potentials with a frequency 
range from 10-2 to lxl05 Hz with ac signal amplitude of 5 
mV. The CVs, galvanostatic discharge/charge curves and 
EIS measurements were carried out with an electrochemical 
analyzer (CHI 608D, CH Instruments, USA). The discharge/ 
charge cycling tests were performed on a multichannel 
battery analyzer (BST8-WA, MTI Corporation, USA). 

Example 1 .4. Calculation of Specific Capacitance 

The specific capacitance (C) of the devices were calcu
lated from the CVs based on eq 1: 

1 (1)
C= ---JI(V)dV

2mv(Ll.V) 

In the aforementioned equation, mis the total mass of the 
electrodes, v is the scan rates (V s- 1

), ti.V is the working 
potential window (V), and l(V) is the response current (A). 
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The C of the devices calculated from discharge curves is 3. The electrode of claim 1, wherein the nickel-based 
based on eq 2: material is a nickel foil. 

4. The electrode of claim 1, wherein the nickel-based 
material consists essentially of nickel. 

I (2)
C=-- 5. The electrode of claim 1, wherein the nickel-based 

material is in the form of a film. (~~)m 
6. The electrode of claim 1, wherein the nickel-based 

material serves as a current collector. 
In the aforementioned equation, 1 is the discharge current 7. The electrode of claim 1, wherein the at least one 

(A), dVldt represents the slope of the discharge curve, and porous region is directly associated with the surface. 
m is the total mass of the electrodes. 8. The electrode of claim 1, wherein the at least one 

porous region is derived from the nickel-based material. 
Example 1.5. Calculation of Energy Density 9. The electrode of claim 1, wherein the at least one 

porous region comprises a plurality of porous regions scat
The energy density (E) ofthe devices is calculated accord- 15 

tered throughout the surface. 
ing to eq 3: 10. The electrode of claim 1, wherein the at least one 

porous region comprises single porous region. 
( ) 11. The electrode of claim 1, wherein the at least one 
3

porous region spans an entire surface of the nickel-based 
material. 

12. The electrode of claim 1, wherein the at least one 
In the aforementioned equation, C is the capacitance and porous region comprises pores with sizes ranging from 

ti.V is the working potential window. about 1 nm in diameter to about 1 µm in diameter. 
25 13. The electrode of claim 1, wherein the at least one 

Example 1.6. Calculation of Power Density porous region comprises pores with sizes ranging from 
about 1 nm in diameter to about 500 nm in diameter. 

The power density (P) of the devices is calculated accord 14. The electrode of claim 1, wherein the at least one 
ing to eq 4: porous region has a thickness ranging from about 50 nm to 

about 500 µm. 
15. The electrode ofclaim 1, wherein the nickel hydroxide 

E (4)
P= - moieties are embedded with the at least one porous region. 

t 
16. The electrode ofclaim 1, wherein the nickel hydroxide 

moieties are in at least one of crystalline form, semi-
In the aforementioned equation, E is the energy density, 35 crystalline form, amorphous form, lattice form, and combi

and tis discharge time (h). nations thereof. 
Without further elaboration, it is believed that one skilled 17. The electrode ofclaim 1, wherein the nickel hydroxide 

in the art can, using the description herein, utilize the present moieties are in crystalline form. 
disclosure to its fullest extent. The embodiments described 18. The electrode of claim 1, wherein the electrode 
herein are to be construed as illustrative and not as con- consists essentially of the nickel-based material and the at 
straining the remainder of the disclosure in any way what least one porous region. 
soever. While the embodiments have been shown and 19. The electrode of claim 1, wherein the electrode is an 
described, many variations and modifications thereof can be anode. 
made by one skilled in the art without departing from the 20. The electrode of claim 1, wherein the electrode is a 
spirit and teachings of the invention. Accordingly, the scope 45 cathode. 
of protection is not limited by the description set out above, 21. The electrode of claim 1, wherein the electrode has a 
but is only limited by the claims, including all equivalents of capacitance ranging from about 1,000 Fig to about 2,500 
the subject matter of the claims. The disclosures of all Fig. 
patents, patent applications and publications cited herein are 22. The electrode of claim 1, wherein the electrode has a 
hereby incorporated herein by reference, to the extent that capacitance ranging from about 1,500 Fig to about 2,000 
they provide procedural or other details consistent with and Fig. 
supplementary to those set forth herein. 23. The electrode of claim 1, wherein the electrode is a 

component of an energy storage device. 
What is claimed is: 24. The electrode of claim 23, wherein the energy storage 
1. An electrode comprising: 55 device is selected from the group consisting of capacitors, 
a nickel-based material; and batteries, photovoltaic devices, photovoltaic cells, transis
at least one porous region on a surface of the nickel-based tors, current collectors, fuel cell devices, water-splitting 

material, devices, two electrode systems, three electrode systems, and 
wherein the at least one porous region comprises a combinations thereof. 

plurality of nickel hydroxide moieties, 25. The electrode of claim 23, wherein the energy storage 
wherein the nickel hydroxide moieties are derived from device is a capacitor. 

the nickel-based material. 26. The electrode of claim 25, wherein the capacitor is 
2. The electrode of claim 1, wherein the nickel-based selected from the group consisting oflithium-ion capacitors, 

material is selected from the group consisting of nickel supercapacitors, asymmetric supercapacitors, asymmetric 
alloys, nickel foils, nickel foams, nickel plates, porous 65 two electrode supercapacitors, additive-free electrode super
nickel, nickel coupons, nickel blocks, nickel rods, nickel capacitors, micro supercapacitors, pseudo capacitors, elec
cylinders, non-porous nickel, and combinations thereof. trochemical capacitors, two-electrode electric double-layer 
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capacitors (EDLC), non-Faradaic electric double-material 
capacitors (EDLCs), Faradaic pseudocapacitors, and com
binations thereof. 

27. The electrode of claim 23, wherein the energy storage 
device has a capacity ranging from about 100 Fig to about 5 
500 Fig. 

28. The electrode of claim 23, wherein the energy storage 
device has a capacity ranging from about 100 Fig to about 
200 Fig. 

29. The electrode of claim 23, wherein the energy storage 
device has an energy density ranging from about of 10 

10 

µWh/cm2 to about 100 µWh/cm2
. 

30. The electrode of claim 23, wherein the energy storage 
device has an energy density ranging from about of 25 
µ Wh/cm2 to about 50 µ Wh/cm2 

. 

31. The electrode of claim 23, wherein the energy storage 15 

device has a power density ranging from about 1 mWlcm2 

to about 100 mWlcm2
. 

32. The electrode of claim 23, wherein the energy storage 
device has a power density ranging from about 10 mWlcm2 

to about 50 mWlcm2
. 

20 
33. An electrode comprising: 
a nickel-based material; and 
at least one porous region on a surface of the nickel-based 

material, wherein the at least one porous region has a 
thickness ranging from about 100 nm to about 50 µm, 
and 

wherein the 	 at least one porous region comprises a 
plurality of nickel hydroxide moieties. 

34. An electrode comprising: 
a nickel-based material; and 
at least one porous region on a surface of the nickel-based 

material, 
wherein the at least one porous region comprises a 

plurality of nickel hydroxide moieties, 
wherein the electrode is a component ofan energy storage 

device, and 
wherein the energy storage device retains at least 90% of 

its capacity after about 10,000 cycles. 

* * * * * 
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