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ABSTRACT: Open-pore nickel (Ni) foams are characterized using surface
science and electrochemical techniques. A scanning electron microscopy
analysis reveals interconnected Ni struts that generate small and large pores
of ca. 50 and 500 pm in size, respectively. An X-ray photoelectron
spectroscopy (XPS) analysis of the surface-chemical composition of the Ni
foams shows that there are oxidized and metallic sections within their
surfaces despite being prepared by sintering in an oxidizing atmosphere at a
high temperature and being stored in moist air. The ratio of the areas of
oxidized and metallic sections is evaluated using XPS data. Chemical etching
of the Ni foams results in removal of the native surface oxide/hydroxide without altering the three-dimensional structure; it also
increases the roughness (R) of the surfaces of Ni struts giving rise to an increase in the electrochemically active surface area
(Aeesa)- Thermal treatment of Ni foams in an H,(g) atmosphere at S00 °C reduces the native surface oxide/hydroxide but does
not increase R or A, Electrochemical behavior of the Ni foams is examined in 0.5 M aqueous KOH solution using cyclic-
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). As-received, chemically etched, thermally reduced and
electro-oxidized Ni foams generate distinct CV profiles; their features are assigned to oxidized and metallic surface states. The
observations made on the basis of XPS measurements are corroborated by the results of CV analyses. The application of CV and
XPS or EIS allows in situ determination of A, and the specific surface area (A,) of the chemically etched and thermally reduced
Ni foams. The values of A, determined on the basis of joint CV and XPS measurements are 227 + 74 and 149 + 48 cm® ¢! for
the etched and reduced Ni foams, respectively. The values of A, determined on the basis of CV, XPS and EIS measurements are

241 + 80 and 160 + 23 cm g~ for the etched and reduced Ni foams, respectively

KEYWORDS: nickel electrode, nickel foam, nickel hydroxide, nickel oxide, chemical etching, real surface area,
electrochemically active surface area, X-ray photoelectron spectroscopy, cyclic-voltammetry

B INTRODUCTION

Porous metallic materials possessing high specific surface areas
(A, in cm* g7') and open-pore structures, namely metallic
foams, are of importance to electrochemical energy-storing and
energy-generating devices, such as batteries, electrochemical
supercapacitors and alkaline fuel cells.' ™ They can be applied
either in their native form or can be filled with an active mass;
in the latter case they act simultaneously as a current collector
and a support matrix."”” Other electrochemical applications of
porous materials include flow-through electrolyte electrodes*™®
and optically transparent electrodes.”” Nickel due to its
mechanical strength, inertness, relatively low toxicity and low
cost is one of the most important metals and stainless steels are
among the most important Ni-containing products. The above-
mentioned physical characteristics and corrosion stability in
aqueous alkaline solutions make it a suitable material for
specialized electrochemical applications. For example, Ni and
Ni-based electrodes (e.g., alloys, hydroxides, nickelates)® "¢ are
used as electrode materials in water electrolyzers, alkaline fuel
cells, electrochemical supercapacitors, electrochromic devices
(ECD) and alkaline batteries, both as an active mass (e.g,
Ni(OH),/NiOOH) and as a combined charge carrier and
active mass support (e.g, Ni foams, Ni meshes). The
preparation of open-pore Ni foams typically involves a
polyurethane matrix on which Ni or Ni-containing alloys are
deposited. The metallic deposits can be prepared using various
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methods,"”” but chemical vapor deposition (CVD)'*~** and
electrochemical deposition*>** are the most important ones.
Following the Ni deposition, the polyurethane matrix can either
be maintained unchanged, if it does not interfere with an
envisaged application," or can be removed by sintering or
pyrolysis."®"” Nickel foams prepared using CVD or electro-
deposition and subsequently sintered at an elevated temper-
ature have a pore size ranging from 450 ym to 3.2 mm."® They
can be used in statu nascendi or can be modified by depositing
noble-metal nano;)articles to accomplished a fine-tailored
catalytic property.”>>® The extended surface area and fine-
tuned three-dimensional structure makes them very attractive
materials for various electrochemical, catalytic and structural
applications. However, the actual determination of their surface
area is very difficult and often results in inaccurate results.

In this contribution, we report on the materials science,
surface science and electrochemical characterization of
commercial Ni foams having an open-pore structure. Because
as-received Ni foams are partially passivated, we discuss
methods of producing metallic surfaces without introducing
any structural changes. As-received, thermally reduced in an
H,(g) atmosphere, chemically etched and electro-oxidized
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foams are carefully analyzed using surface and materials science,
and electrochemical techniques. We examine the three-
dimensional structure, surface chemical composition and
specific surface area of these foams in relation to their
preparation and pretreatment. We present and apply
complementary experimental approaches to determine the
specific surface area of chemically etched and thermally reduced
Ni foams, and show that they yield consistent and accurate
results.

B EXPERIMENTAL SECTION

Electrochemical Setup and Experiments. Experiments were
conducted in an all-glass, three-compartment electrochemical cell.
Platinum gauze served as a counter electrode (CE) and a Pt/Pt black
reversible hydrogen electrode (RHE) immersed in the same
electrolyte solution was used as a reference electrode (RE); H,(g)
of ultrahigh purity (99.999%) and at a pressure of 1.0 atm was passed
through the RE compartment; the latter was electrolytically connected
to the working electrode compartment through a Luggin capillary. All
the potentials (E) applied and reported refer to an RHE scale.
Experiments were carried out at room temperature (T =298 + 1 K) in
0.5 M aqueous KOH (Sigma-Aldrich) solution that was pre-
electrolyzed and then deaerated by bubbling ultrahigh purity N,(g)
(99.999%). All solutions were prepared using deionized water
(Millipore) the resistivity of which was 18.2 MQ cm. The
electrochemical experiments were carried out using PAR 263 and
PAR 263A potentiostats. Cyclic voltammetry (CV) with various
potential limits was employed as the main electrochemical technique.
Electrochemical impedance spectroscopy (EIS) was used to measure
interfacial capacitance; the experimental setup comprised a PAR 5210
lock-in amplifier coupled with a PAR 263A potentiostat. Data were
collected using the PowerSine software and analyzed using the
Equivert data analysis software. For each type of electrode materials
and potentials applied, at least five EIS measurements were carried out.
The reported capacitance values were an average of these five
measurements. Capacitance experiments were typical EIS measure-
ments in which a frequency (f) spectrum in the 50 kHz to 0.5 Hz
range, with a 5 mV root-mean-square AC wave, was recorded at a
constant potential. Such obtained spectra were analyzed using the
Equivalent Circuit software.””

Nickel Foam Characterization. The Ni foams employed in the
course of research were several batches of commercial Ni foams
(Incofoams) manufactured by former INCO Technical Services Ltd.
(later Vale-INCO).'®*? Scanning electron microscopy (SEM) was
employed to examine their three-dimensional structure. The Ni foams
of ca. 1.0 mm in thickness were cut into squares (S + 0.5 mm in side
length) and weighed ca. 0.030 + 0.00S g each. Because it was
impossible to prepare identical Ni samples, each specimen was
weighed prior to experiments. Each Ni foam square was attached to a
Ni wire (100 ym in diameter) that was sealed in a glass tube. The
contribution of the Ni wire to electrochemical signal measured was less
than 1%. Such prepared Ni foam materials served as working
electrodes (WE).

Treatment of Nickel Foams. Several approaches were employed
to treat Ni foams in order to prepare metallic or oxidized surfaces. In
the following sections, the Ni foams denoted as “as-received” were
subjected only to cleaning that did not alter their chemical
composition. The foams were degreased with hot acetone under
reflux, rinsed with deionized water and then sonicated in deionized
water. The last step involved short sonication of Ni foams in 0.5 M
aqueous KOH solution in order to flood the pores. Nickel foams were
also either chemically etched or thermally reduced in an H,(g)
atmosphere to produce metallic surfaces. The chemical etching or
thermal reduction was preceded by cleaning as described above.
Several chemical etching solutions were employed to prepare metallic
surfaces but only one yielded the expected result; it is described in
detail in Results and Discussion. The thermal reduction was carried
out by placing a Ni foam in a quartz tube through which H,(g)
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(99.999%) at a pressure of ca. 3.0 atm was passed for 2 h and the
temperature was maintained at 500 + 10 °C. Chemically etched and
thermally reduced Ni surfaces are denoted as “etched” and “reduced”,
respectively. Some Ni foams were subjected to electrochemical
passivation that resulted in the formation of f-Ni(OH),. This was
accomplished by repetitive cycling of a Ni foam in the 1.0—1.6 V
potential range until a steady-state CV profile was obtained. This
approach required ca. 270 cycles and generated a surface that was
covered with a thick layer of Ni(OH), Such prepared Ni foam
surfaces are denoted as “passivated”.

Comparative electrochemical measurements were conducted using
bulk Ni. A Ni rod of 5.0 mm in diameter (AlfaAesar Puratronic) was
sealed in a Teflon sleeve and an electrical contact was made using a
threaded stainless steel wire that was screwed into the Ni rod. The Ni
rod-wire connection was carefully sealed using a Teflon sleeve (tight
fit) and was never exposed to the electrolyte. Prior to each experiment,
the Ni rod was mechanically polished with alumina pastes of different
grades down to 0.0S ym (Buehler Micropolish Alumina) to obtain a
mirror-like surface finish. After the polishing, the electrode was rinsed
with deionized water (Millipore) and immediately introduced into the
electrochemical cell. In order to avoid any contact with air that could
contaminate the electrode surface, the latter was protected during the
transfer into the cell with a droplet of deionized water. The surface
roughness (R) of such a prepared Ni rod electrode was examined by
measuring the charge associated with the formation of a@-Ni(OH), and
was R = 2.10 + 0.74.>° The surface roughness is defined by eq 1

R= Aecsa/Ag (1)
where A, is the electrochemically active surface area and Ay is the
geometric surface area. The electrochemically active surface area is the
area accessible to electrolyte at which electron transfer takes place and
the geometric surface area is a two-dimensional projection of the
electrode surface. The Ni rod was also subjected to the same chemical
etching as the Ni foam (thermal reduction in an H,(g) atmosphere
was impossible due to the presence of Teflon sleeve). This allowed us
to evaluate changes in A, brought about by the chemical etching.

SEM and XPS Characterization. Scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) analyses were
carried out using a VG Scientific Microlab 310 ultrahigh vacuum
(UHV) surface analysis system. SEM micrographs were acquired using
a LEO 43SVP scanning electron microscope in the Department of
Chemistry, Warsaw University. In the XPS measurements, an Al X-ray
source was employed and an area of ca. 12 mm?® was analyzed; an XPS
signal from such a large surface area was representative of the entire
sample. Since all the Ni samples studies were good electronic
conductors, no charge compensation was required. Depth profile
analyses were performed using an EXO0S argon-ion (VG Scientific

Instruments) and Ar(g) of ultrahigh purity Ar (99.999%).

B RESULTS AND DISCUSSION

Characterization of Nickel Foams. Figure 1 shows an
SEM micrograph of a Ni foam which reveals the existence of
interconnected struts that generate small and large open pores,
mainly pentagonal in shape and ca. 50 + 10 ym and 500 + 100
pum in size, respectively. The large pores dominate the three-
dimensional structure and the small pores are observed mostly
in the regions where struts interconnect; not all strut
interconnections create small pores. Paserin et al. showed
that the interior of struts is hollow.'®!® However, the hollow
internal structure does not affect the exterior morphology and
the struts are found to be mostly compact and fairly uniform,
and their surfaces do not show any openings or voids.

Chemical Etching. Nickel foams were chemically etched
to: (i) generate a metallic surface by removing a native oxide/
hydroxide layer that developed on the foam surface during
sintering'®'? and prolonged exposure to moist air;>' >* (i)
increase the surface roughness of Ni foams (rough surfaces are
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Figure 1. SEM micrograph of a Ni foam obtained at a magnification
200X.

known to be more active than smooth ones); and (iii) modify
the electrocatalytic activity of Ni foams (a metallic surface has
different electrocatalytic properties than an oxidized one).
Table 1 presents the chemical compositions of four etching

Table 1. Composition of etching solutions and procedures
employed to chemically etch Ni materials.

etching etching solution literature
solution composition etching procedure source
1 30 cm® conc. HNO; T =18-19 °C 52, 62—64
10 cm® conc. H,SO, etching time =
2 min
10 cm® conc. H;PO, no stirring
50 cm® glacial
CH;COOH
2 25 cm® conc. HNO, T =18-19 °C 65
10 cm® H,SO, etching time
< 10 min
25 em® glacial no stirring
CH;COOH
40 cm® H,0
3 75 g L™ KMnO, T = 75-100 °C 65
75 g L' Na,CO4 etching time
< 10 min
H,OtolL no stirring
4 120 cm® conc. H,SO, T =85 °C 65
90 g L™ KNO, etching time
< 2 min
90 g L™" NaCl stirring
H,Oto1lL

solutions and the description of experimental procedure
employed. The etching solution 4 was found to be unsuitable
for treating Ni foams because it resulted in their total
dissolution within less than 1 min. On the other hand,
chemical etching in the etching solutions 1 through 3
maintained the integrity of Ni foams. Consequently, we
performed CV measurements using Ni foams treated in the
etching solutions 1 through 3 with the objective of obtaining a
profile characteristic of a metallic Ni electrode. The Ni foams
treated in the etching solutions 2 and 3 generated CV profiles
(not shown) that did not resemble at all that expected for
metallic Ni. However, Ni foams treated in the etching solution
1 generated a CV profile characteristic of a metallic Ni surface
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(see next section), and, consequently, this etching solution was
employed in further research.

Because chemical etching resulted in an irreversible loss of
Nij, it became necessary to examine changes in the mass of Ni
foams as a function of etching duration. This was done by
applying different etching times in the 35—180 s range and
examining the percentage of mass loss as compared to the mass
of Ni foam prior to chemical etching (Figure 2). The results
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Figure 2. Relationship between the percentage of mass loss and the
etching time for Ni foams treated in the etching solution 1. The

etching solution composition and the etching procedure are presented
in Table 1.

demonstrate that there is a linear relationship between the
percentage of mass loss and the etching time, for etching times
up to 180 s. They also show that the etching for 30 — 40 s
results in a 10% mass loss while the etching for 180 s results in
a 26% mass loss. It is important to add that mass losses are not
only due to dissolution of Ni but possibly also due to
detachment of small sections of foams as a result of etching-
induced breakup of the structure in areas where struts become
thin.

Scanning Electron Microscopy and X-ray Photo-
electron Spectroscopy Characterization of Ni Foams.
Figure 3 presents three SEM micrographs for: (i) the “as-
received” Ni foam (A); (i) the “etched” Ni foam for 120 s (B);
and (iii) the “etched” Ni foam for 180 s (C). The image A
reveals a compact structure with well-defined grains and narrow
grain boundaries. The image B demonstrates that chemical
etching for 120 s increases the surface roughness within local
surface regions but without altering the three-dimensional
structure. The image C reveals that chemical etching for 180 s
damages the three-dimensional structure by developing small
and large voids, which expose the internal foam structure. The
enhancement of surface features (image B) and structural
changes (image C) can be related to the mass losses reported in
Figure 2.

We conducted X-ray photoelectron spectroscopy (XPS)
measurements in order to examine the surface chemical
composition of untreated and pretreated Ni foams. Figure 4
presents XPS spectra of the Ni(2p;/,) and Ni(2p, ;) bands and
their satellites for the following Ni samples: (i) the “as-
received” Ni foam (A); (ii) the “passivated” Ni foam by cycling
270 times in the 1.0 — 1.6 V range (B); (iii) the “etched” Ni
foam for 70 s (C); (iv) the “etched” Ni foam for 120 s (D); (v)
the “reduced” Ni foam (E); and (vi) the Ni foil sputtered with
Ar* jons under ultrahigh vacuum (UHV) conditions (F); the

dx.doi.org/10.1021/am300380m | ACS Appl. Mater. Interfaces 2012, 4, 3012—3021



ACS Applied Materials & Interfaces

Research Article

Figure 3. SEM micrographs at a magnification 1000X for (A) the “as-
received” Ni foam, (B) the “etched” Ni foam treated in the etching
solution 1 for 120 s, and (C) the “etched” Ni foam treated in the
etching solution 1 for 180 s. The etching solution composition and the
etching procedure are presented in Table 1.

sputtering produced in situ an oxide-free Ni surface that served
as a reference. XPS spectra for two etching times are presented
in order to examine the impact of the etching duration on the
surface chemical composition of Ni foams. We observe that the
XPS spectra for Ni foams generate less-sharp XPS peaks than in
the case of low roughness, bulk Ni because the electrons
entering the hemispherical electron energy analyzer have a
broad range of takeoff angles. This behavior is characteristic of
rough and porous materials, and nanoparticles. Detailed
discussion and interpretation of Ni XPS spectra, such as the
number of peaks produced by deconvolution, is well-
documented and can be found elsewhere.>>™* Here, we
focus our analysis only on the Ni(2p;/,) peak and its satellite,
which are easily distinguishable and allow examination of the
oxidation state of Ni in the surface region of Ni foams.
According to the literature, the binding energy (BE) of the
Ni(2p;,,) peak is 852.7 eV for Ni(0), 854 eV for Ni(2+) in the
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Figure 4. XPS spectra of the Ni(2p;/,) and Ni(2p,/,) bands and their
satellites for: (A) the “as-received” Ni foam, (B) the “passivated” Ni
foam by cycling 270 times in the 1.0—1.6 V potential range, (C) the
“etched” Ni foam for an etching time of 70 s, (D) the “etched” Ni
foam for an etching time of 120 s, (E) the “reduced” Ni foam, and (F)
the Ni foil sputtered with Ar* ions under ultrahigh vacuum (UHV)
conditions.

880 890

form of NiO, and 856 €V for Ni(2+) in the form of Ni(OH),.
The binding energy of the satellite peak is 858 eV in the case of
Ni(0), 860.7 eV in the case of NiO, and 861.2 eV in the case of
Ni(OH),.>**** The “as-received” Ni foam (A) reveals a weak
peak for Ni(0) and a prevailing peak for Ni(2+) as well as their
satellites. The “passivated” Ni foam (B) shows a well-defined
peak at 856 eV characteristic of Ni(2+) and its satellite. The
lack of peak at 852.7 eV characteristic of Ni(0) indicates that
the entire “passivated” Ni foam surface is oxidized, as expected.
It is interesting to observe that the degree of passivation of the
“as-received” Ni foam is significantly smaller than that of the
“passivated” one. The “etched” Ni foams for 70 and 120 s
etching times (C and D, respectively) display two peaks at
852.7 and 856 eV, respectively, and their satellites; they point
to the presence of Ni(0) and Ni(2+). The increase in etching
time from 70 to 120 s enhances the intensity of the Ni(0) peak
and decreases the intensity of the Ni(2+) peak. The “reduced”
Ni foam (E) shows a well-defined peak at 852.7 eV and a small
one at 856 eV, and their satellites; they indicate that a majority
of the surface is reduced to metallic Ni but there are still some
oxidized sections. Finally, the Ni foil sputtered with Ar* ions
reveals a well-defined peak at 852.7 eV and its satellite
indicating that the Ni foam surface is metallic; there are no
spectral features that could be assigned to Ni(2+). An analysis
of the XPS spectra shows that the degree of oxidation of the
“as-received” Ni foam is greater than that of the “etched” or
“reduced” Ni foams and lower than that of the “passivated” Ni
foam. It also shows that the XPS spectra for the “etched” and
“reduced” Ni foams are very similar, thus indicating that these
two procedures generated surfaces that possessed both metallic
and oxidized sections, with the metallic state being prevalent. It
is important to observe that an XPS analysis of the “etched” Ni
foam always reveals the presence of a small peak and its satellite
characteristic of Ni(2+). At this stage, we assign this behavior to
partial oxidation of an active Ni foam surface by molecular
oxygen dissolved in the deionized water used for sample
rinsing.

General Electrochemical Behavior of Ni Foams. Figure
5 shows CV profiles in 0.5 M aqueous KOH solution recorded
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Figure 5. CV profiles in 0.5 M aqueous KOH solution obtained at T =
298 K and s = 100 mV s in the —0.15 < E < 0.50 V potential range
for (A) the “as-received” Ni foam, (B) the “etched” Ni foam for 2 min,
(C) the “reduced” Ni foam, and (D) the “passivated” Ni foam.
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at T = 298 K and a scan rate of s = 100 mV s ! in the —0.15 <
E < 0.50 V potential range for: (i) the “as-received” Ni foam
(A); (ii) the “etched” Ni foam for 2 min (B); (iii) the
“reduced” Ni foam (C); and (iv) the “passivated” Ni foam (D).

The CV profiles reveal an anodic peak in the 0.2—04 V
potential range (peak 1) that is due to oxidation of Ni(0) to
Ni(2+) in the form a-Ni(OH), and a cathodic peak in the
—0.12 to 0.12 V potential range (peak 2) that is due to
reduction of a-Ni(OH), to Ni(0).**~>° The peak potentials of
these features strongly depends on the surface state and any
pretreatment applied. The peaks 1 and 2 are observed only in
the case of metallic Ni, thus a Ni electrode surface that is free of
any B-Ni(OH), or S-NiOOH. Therefore, the presence or
absence of the peaks 1 and 2 in CV profiles for Ni materials is
indicative of the chemical state of their surfaces (metallic vs
oxidized). A comparison of the CV profiles leads to the
following observations: (i) the “as-received” Ni foam is almost
completely oxidized as confirmed by XPS measurements
(Figure 4, spectrum A); a CV profile in the —0.1S to 0.60 V
potential range reveals the presence of a small anodic peak in
the 0.35 to 0.55 V potential range that is due to metallic Ni
oxidation (results not shown); (ii) the “passivated” Ni foam
does not reveal the peaks 1 and 2 because its entire surface is
covered with a thick layer of electrochemically irreducible f-
Ni(OH),; this observation is corroborated by XPS data (Figure
4, spectrum B); (iii) the “etched” Ni foam reveals well-defined
peaks 1 and 2 at 0.30 and —0.01 V, respectively; their presence
demonstrates that the Ni foam surface is mostly metallic in
nature; this observation is supported by XPS measurements
(Figure 4, spectrum D); the increase in peak currents can be
attributed to an increase of the surface area brought about by
the etching; this observation is supported by SEM data (Figure
3, image B); (iv) the “reduced” Ni foam reveals the peaks 1 and
2 at 0.34 and —0.08 V, respectively; their presence shows that
the surface has a significant percentage of metallic character, in
agreement with XPS results (Figure 4, spectrum E); and (v) the
difference in potentials of the peaks 1 and 2 increases from 0.31
for the “etched” Ni foam to 0.42 V for the “reduced” Ni foam
showing that the formation and reduction of a-Ni(OH),
depends on the surface treatment. It is interesting to observe
that the chemical etching generates an oxide-free Ni foam
surface whose A, is ca. twice larger than that of the “reduced”
Ni foam. This observation suggests that the chemical etching
either significantly increases the external surface of Ni foam
being in contact with the electrolyte or that the chemical

3016

etching creates openings in the Ni foam skin effectively
exposing the internal structure. Although our SEM data for a Ni
foam etched for 120 s do not reveal the presence of openings in
the Ni foam external structure, the existence of such an effect
especially in a localized area cannot be entirely excluded.

For a comparative analysis, Figure 6 shows CV profiles in 0.5
M aqueous KOH solution recorded at T = 298 K and s = 100

0.4
etched polished
o 0.2 -
£
(@]
< 00
S
~
~ -0.2 -
-0.4 T T .
-0.2 0.0 0.2 0.4 0.6
E / Vvs. RHE

Figure 6. CV profiles in 0.5 M aqueous KOH recorded at T = 298 K
and s = 100 mV s~ !in the —0.15 < E< 050V potential range for the
“etched” and “polished” Ni rods.

mV s! in the —0.15 < E < 0.50 V range for “etched” and
“polished” Ni rods. Both CV profiles show clearly defined peaks
1 and 2, but their currents are larger in the case of the “etched”
Ni rod. The peaks 1 and 2 are at 0.30 and 0.03 V in the case of
“etched” Ni rod and at 0.32 and —0.04 V in the case of
“polished” Ni rod; the respective differences in peak potentials
are 0.27 and 0.36 V. These results support the observation that
the formation and reduction of a-Ni(OH), depends on the
surface treatment, as noticed for the “etched” Ni foam.
Determination of the Electrochemically Active and
Specific Surface Areas through Cyclic-Voltammetry
Measurements. Porous catalytic materials are very important
because they offer an extensive use of the material mass, while
maintaining an extended three-dimensional structure and a
large surface area. Assessment of the utilization of catalytic
materials requires that their total surface areas be known,
otherwise qualitative and quantitative comparison of different
catalytic materials is impossible. In electrochemistry and
electrocatalysis, it is important to differentiate between the
real (total) surface area (A,) and the electrochemically active
surface area (A,.,). The real surface area is the area of the
interface separating two phases, typically a solid and a liquid;
the electrochemically active surface area of a solid/liquid
interphase is the part of the interface or fraction of A, where
electron transfer can take place. The electrochemically active
surface area never exceeds the real one (A, < A,) and can
even be significantly smaller. There are two most common
reasons for this behavior: one is physical blocking of a fraction
of the real surface to create an electrical contact with a
catalytically inactive support (e.g., Pt nanoparticles on a carbon
support) and the other is physical blocking of the real surface
by nonconducting materials (e.g., insulating polymeric
materials, trapped gas bubbles). In the case of Ni materials
possessing an extended surface, it is possible to use the charge
of formation of @-Ni(OH), to determine A, by accepting that
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the charge density associated with the formation of one
monolayer (ML) of a-Ni(OH), is qyjiom), = 514 #C cm™2%
However, this approach requires that the entire Ni surface be in
a metallic state prior to the a-Ni(OH), formation and that the
ohmic resistance of the electrolyte solution be small otherwise a
significant IR drop might prevent the Ni electrode surface from
undergoing electro-oxidation because the locally experienced
potential might significantly differ from the applied one.

Our XPS and CV results demonstrate that Ni materials
employed in the course of our research (e.g., foams and rods)
were never completely metallic due to partial oxidation during
the sample handling that exposed freshly etched Ni materials to
deionized water containing dissolved molecular oxygen.
Because the determination of A, through the a-Ni(OH),
formation does not take into account the Ni surface already
covered with a layer of electrochemically irreducible oxide (e.g,
B-Ni(OH), or f-NiOOH), the XPS results can be used to
calculate a correction factor (f.,,). This is accomplished by
evaluating the areas under the Ni(2+) and Ni(0) peaks of the
Ni(2p;/,) band and their satellites (Ay;(24) and Ay;(g)), and then
determining their ratio (r = Ayj(24)/Ani(0)); accordingly fi,, = 1
+ 1. The values of Ay;,,) and Ay include the respective
sensitivity factors, so that the ratio of areas under XPS peaks
corresponds to the ratio of surface areas of actually oxidized and
metallic section of Ni foams. The surface area where a-
Ni(OH), develops as examined by CV (Acy) is evaluated by
integrating the part of CV profile corresponding to this surface
reaction. Such an evaluated value of Acy can be related to A
r, and f,, through eq 2:

Aecsa = ACV fcorr = ACV(]‘ + V) (2)

We evaluated Ay for the “etched” and “reduced” Ni foams by
determining an average of the anodic (formation) and cathodic
(reduction) charges (Quiomy = 1/2(Qan + Qcarn)) and by
dividing it by gni(om), = S14 4C cm ™. Such determined values
of Acy for the “etched” and “reduced” Ni foams are 5.45 + 0.27
and 2.79 + 0.14 cm?, respectively.

Figure 7 presents XPS spectra (black lines) of the Ni(2p;,,)
and Ni(2p;/,) bands and their satellites for the “etched” (A)
and “reduced” (B) Ni foams. The blue lines show four peaks
generated by deconvoluting the XPS spectra of the Ni(2ps/,)
band and its satellite into four peaks, two peaks representing
Ni(0) and two peaks representing Ni(2+). The assignment of
peaks and their binding energies (BE) is as follows: Ni(0) and
its satellite are at BE = 852.7 and 857—858 eV, respectively;
Ni(2+) and its satellite are at BE = 855—856 and 861 eV,
respectively. The red lines show XPS spectra generated by
convoluting the four peaks shown as blue lines. The good
agreement between the experimental results (black lines) and
the spectra (red lines) generated by combining the four peaks
(blue lines) validates the XPS peak deconvolution.

Evaluation of the areas under the Ni(2+) and Ni(0) peaks of
the Ni(2p;/,) band and its satellite allowed us to determine the
values of r for the “etched” and “reduced” Ni foams that are
0.25 + 0.01 and 0.60 + 0.03, respectively; the corresponding
values of £, are 1.25 + 0.062 and 1.60 + 0.080. Knowledge of
feorr allows evaluation of the values of A, for the “etched” and
“reduced” Ni foams that are 6.81 + 0.68 and 4.47 + 0.45 cm?,
respectively. Because the Ni foams were free of any impurities
or particulates that could physically block parts of their surfaces,
the experimentally determined A, equals A,. Finally, we can
determine the values of specific surface areas (A,) for the
“etched” and “reduced” Ni foams that are 227 + 74 and 149 +

ecsa)
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Figure 7. XPS spectra (black lines) of the Ni(2p;/,) and Ni(2p,/,)
bands and their satellites for the (A) “etched” and (B) “reduced” Ni
foams. The blue lines show four peaks generated by deconvoluting the
spectra of the Ni(2p;/,) band and its satellite; two peaks represent
Ni(0) and two peaks represent Ni(2+). The assignment of peaks and
their binding energies (BE) is as follows: Ni(0) and its satellite are at
BE = 852.7 and 857—858 eV, respectively; Ni(2+) and its satellite are
at BE = 855—856 and 861 eV, respectively. The red line shows XPS
spectra generated by convoluting the four peaks shown as blue lines.

840 890

48 cm® g7, respectively; they refer to one gram of Ni foam
prior to chemical etching or electrochemical pretreatment. It is
important to elaborate on the origin of the large uncertainties
that are 30 and 40%, respectively. The overall uncertainty is the
sum of several experimental uncertainties related to: (i) the
preparation of square-shaped Ni foam samples — it is
impossible to prepare two Ni foam squares having exactly the
same external dimensions; (ii) the weight of Ni foam samples —
different batches of Ni foams can have different thicknesses and
densities; (iii) the change in the sample weight brought about
by chemical etching or electrochemical passivation — the loss of
mass brought about by chemical etching is not always the same
because different batches of Ni foams can dissolve at different
rates; (iv) the determination of Q\H(OH)Z — the cathodic
component of CV profile due to the reduction of Ni(OH),
overlaps the region of HER giving rise to experimental
uncertainty; and (v) the determination of r. Our analysis of
the sources of experimental uncertainty suggests that its
magnitude need not be as large as 30—40%. Specifically, in
the case of bulk Ni materials (wires, sheets, rods) the
experimental uncertainty could be in the 3—5% range, whereas
in the case of Ni materials possessing an extended surface area
(foams, fine powders, nanoparticles), it could be as large as 30—
50%.

Improvement in the Determination of Electrochemi-
cally Active and Specific Surface Areas through
Interfacial Capacitance Measurements. Measurements of
the interfacial capacitance offer an improvement in determining
A, In the case of a surface having metallic and oxidized
sections, the total interfacial capacitance (C,,) is a sum of the
metal/electrolyte and oxide/electrolyte capacitances (C,, and
C,y) connected in parallel as expressed by eq 3:

Ctot = Cm + Cox (3)

The total capacitance can be related to the surface areas of the
metallic and oxidized sections of the material (A, and A,,)

through eq 4
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Figure 8. Nyquist plots, Zy,, vs Zg,, at E = —0.20 and —0.25 V in 0.5 M aqueous KOH solution at T = 298 K for (A) the “polished” Ni rod, (B) the
“etched” Ni rod, (C) the “etched” Ni foam, and (D) the “reduced” Ni foam. Points represent experimental results and solid lines represent fits

obtained using the equivalent circuit shown in Figure 9.

C..=A_ ¢

m~m,s

+ A_c

tot 0X 0X,$

@)
where ¢, and c,, are the specific capacitances (capacitance per
unit of the surface area) of the metallic and oxidized sections of
material. In the case of pure metallic surfaces A, = 0 and C,, =
C.y; in the case of fully oxidized surfaces A,, = 0 and C, = C,,.
Electrochemical impedance spectroscopy measurements allow
the determination of C,, and then the evaluation of A..,
provided that: (a) ¢, and c,, are known, and (b) the electrode
surface is either completely metallic or fully oxidized. In the
case of electrode surfaces having both metallic and oxidized
sections, the same approach can be used to determine A,
provided that the ratio of the oxidized and metallic surface areas
(r = A/A,) is known or can be determined using an
alternative approach. Subsequently, A, can be calculated using
eq S:

A

ecsa

=A_(1+7r) (s)

3018

It is apparent that in the case of Ni foams Ay = A, because a-
Ni(OH), can develop only on a metallic section of a Ni foam
and, consequently, eqs 5 and 2 are equivalent and refer to the
same value of A,,. The value of ¢, for metallic and adsorbate-
free Ni in the —0.25 < E < —0.20 V range and in alkaline
electrolyte solutions is ¢, = 20 uF cm™2,>>7>* but the value of
Coxs is unknown. Capacitance measurements show that
oxidation of metallic electrodes often decreases C,, indicating
that ¢, < ¢y Thus, any evaluation of A, that neglects the
capacitive contribution from an oxidized electrode section
results in an inaccurate result. Therefore, knowledge of ¢, is
absolutely necessary in accurate evaluation of A,,.

In order to eliminate any uncertainty in the determination of
Co¢ originating from a surface oxide, EIS measurements were
conducted at E = —0.20 and —0.25 V, thus in a potential range
where only the hydrogen evolution reaction (HER) takes place.
We focus our analysis on the determination of C, because
kinetic and mechanistic studies of HER are outside the scope of

ecsa
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this research. Figure 8 shows representative examples of
Nyquist plots, Z;,, vs Zz, where Z, and Zg, are imaginary
and real parts of impedance, at E = —0.20 and —0.25 Vin 0.5 M
aqueous KOH solution at T = 298 K for the “polished” Ni rod
(A), the “etched” Ni rod (B), the “etched” Ni foam (C), and
the “reduced” Ni foam (D).

All impedance spectra reveal only one semicircle and agree
with published data for HER on Ni electrodes.”**>*® An
analysis of the EIS spectra leads to the observation that a single
capacitor cannot represent C,, and a constant phase element
(CPE) has to be applied to accomplish the best fit."”*® The
CPE is defined by eq 6:

CPE = (o)’ ©

where Y, is a pre-exponential factor, i is the imaginary unit, @ =
2zf with f being the frequency of the EIS signal, and # is an
exponential factor (n = 1 for pure capacitor).”® In a typical
equivalent circuit used to model HER in alkaline media, CPE is
connected in series with an ohmic resistance (Rg). The
Faradaic branch of equivalent circuit used for an analysis of
HER on Ni electrodes contains a charge transfer resistance
(Ry) connected in series with a subcircuit containing an
additional charge transfer resistance (R,’) and a pseudocapa-
citance (Cy) connected in parallel. The pseudocapacitance is
due to overpotential-de;posited hydrogen (Hopp) that acts as an
intermediate of HER.>**® However, under our experimental
conditions (a low frequency limit of 0.5 Hz and a low value of
R for E < —0.2 V) the determination of C,, with an acceptable
uncertainty is very difficult, if possible at all. Moreover, at such
negative potential values, the surface coverage of Hqpp reaches
a limiting value®**® and, as a result, the contribution from Cy
may be assumed to be negligible. Thus, the Faradaic branch of
the equivalent circuit can be reduced to only one charge
transfer resistance (R.) and yield a simplified equivalent circuit
(Figure 9) that we use to model our results. The fits of EIS

CPE

RQ
Rct

—

Figure 9. Equivalent circuit used for fitting the EIS spectra presented
as points in Figures 8 and 10.

spectra are shown as solid lines in Figure 8. In Table 2, we
report values of Rg, Y,, n and R, for E = —0.20 and —0.25 V
determined by fitting the EIS spectra. According to Brug et
al,>” the values of R, Y,, n, and Ry, can be used to calculate C,,

using eq 7:
Ciot = [Yo(Rg_zl + Rc_tl)n_l]l/n (7)

In Table 2, we report C,, values for the “polished” Ni rod, the
“etched” Ni rod, the “etched” Ni foam, and the “reduced” Ni
foam; we notice that in all cases very similar values of C,, are
obtained for E = —0.20 and —0.25 V. These C,,, values can be
used to determine A, of metallic Ni materials by using eq 8
because in this case C, = C,:

Cm,s (8)

We used this formula and an average of the experimentally
determined values of C,, at E = —0.20 and —0.25 V (Table 2)
to calculate A, of the “polished” and “reduced” Ni rods and
found that A, equals 0.370 + 0.080 cm” and 0.530 + 0.120
cm?, respectively. However, this approach may not be applied
to determine A, , of the Ni foams because XPS measurements
(Figure 4) show that the “etched” and “reduced” Ni foams had
a non-negligible quantity of surface oxide/hydroxide. Thus, it
became necessary first to determine c,., and then to calculate
Aecsa'

The determination of c,, involved the following steps: (i)
preparation of an unoxidized Ni foam surface; (ii) determi-
nation of its A, through CV measurements; (iii) complete
oxidation of the Ni foam surface; and (iv) evaluation of C,,
through EIS measurements, which in this case equals C,,.
Because chemical etching and thermal reduction produce
surfaces that are chemically similar but have significantly
different surface areas, we prepared unoxidized Ni foams using
these two procedures and then passivated them by repetitive
cycling in the 1.0 — 1.6 V potential range until a thick layer of
Ni(OH), developed (see Experimental Section). These two Ni
foams are referred to as “etched-passivated” and “reduced-
passivated”, respectively. In the analysis that follows, we use the
A, values that were determined through combined CV and
XPS measurements and equal 6.81 + 0.68 and 4.47 + 0.45 cm?,
respectively. Figure 10 presents EIS spectra for the “etched-
passivated” (A) and “reduced-passivated” (B) Ni foams at E =
—0.225 V. We fitted the EIS spectra using the same equivalent
circuit shown in Figure 9 and determined the values of Rg, Y, n
and R, and calculated C, using eq 7; in this case C,,, = C,,.
Such determined C, values were 54.2 + 8.0 and 35.9 + 6.0 uF
for the “etched-passivated” and “reduced-passivated” Ni foams,

Table 2. Values of Rg, Y,, 1, Ry, and C, at E = —0.20 and —0.25 V Determined by Fitting the EIS Spectra.

parameter at given potential polished Ni rod

etched Ni rod

etched Ni foam reduced Ni foam

Ro/Q E=-020V
Ro/QE=-025V
Y,/Q'E=-020V
Y,/Q'E=-025V

nE=-020V 0.97 £ 0.01 0.96 + 0.01 0.90 + 0.03 0.88 + 0.03
nE=-025V 0.97 £+ 0.01 0.97 + 0.01 0.88 + 0.04 0.87 + 0.03
R/QE=-020V 807 + 37 507 + 24 43+ 3 94+ 5
R/QE=-025V 211 + 11 157 £ 12 18 +3 33+2
Co/#F E = =020V 7.47 + 1.80 10.6 + 1.8 133 + 36 75 + 12
Co/uMF E=—-025V 7.32 + 1.80 10.6 + 2.8 121 £ 31 74 + 12
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7.5+ 0.1
74 % 0.1

(9.83 +2.10) x 107¢
(9.18 + 2.10) x 107°

72 + 0.1
72 % 0.1

(1.62 + 0.19) x 107°
(143 + 027) x 107°

34+02
3402

(3.11 + 0.39) x 107*
(3.19 + 0.19) x 107*

43 +02
43 +02

(229 + 025) x 107*
(2.32 £ 0.19) x 107*
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Figure 10. Nyquist plots, Z;,, vs Zg, at E = —0225 V in 0.5 M
aqueous KOH solution at T = 298 K for the (A) “etched-passivated”
and (B) “reduced-passivated” Ni foams. Points represent experimental
results and solid lines represent fits obtained using the equivalent
circuit shown in Figure 9.
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respectively. Finally, we determined ¢, for the two Ni foams
by dividing the C,, values by the respective A, values, and
determined that c,,, equals 7.96 + 1.17 and 8.03 + 1.34 uF
cm™? for the “etched-passivated” and “reduced-passivated” Ni
foams, respectively.

Combination of eqs 4 and S results in the following formula

that expresses A, as a function of Cy, 7, ¢ and ¢
CtOt
Aecsa = (1 + r)
Cm,s + rcox,s (9)

We used eq 9, the known value of c,, the experimentally
determined value of ¢, , the value of r determined through XPS
measurements, and an average of the experimentally
determined values of C,, at E = —0.20 and —0.25 V vs RHE
(Table 2) to calculate A,., of the “etched” and “reduced” Ni
foams and found that it is 7.23 + 2.40 and 4.80 + 0.69 cm?,
respectively. Finally, we were able to calculated A and found
that it is 241 + 80 and 160 + 23 cm g~' for the “etched” and
“reduced” Ni foams, respectively.

Comparison of Electrochemically Active and Specific
Surface Area Values. In the course of research, we applied
complementary approaches, namely combined CV and XPS
experiments and CV, XPS and EIS measurements, to determine
A, of Nirods and A of Ni foams and summarize the results in
Table 3. Because the approach employing EIS measurements
still relies on CV and XPS data, it improves the accuracy of A,,
determination but is not a completely independent method.
Their analysis reveals that the A,., and A, values correlate well
and that their difference is 13% or smaller in the case of Ni rods
and 7% or smaller in the case of Ni foams. While the evaluation
of A, and A; of Pt and Au electrode materials is
straightforward and yields fairly accurate values,**%%¢! the
evaluation of A, and A; of non-noble metal electrode
materials having extended surface areas is difficult and often
results in very large experimental uncertainties. The good
agreement observed in the evaluation of A, and A, of Ni rods

3020

Table 3. Comparison of A, and A, Values for Ni Materials
Determined Using CV and XPS or EIS.

electrode material and its CV-XPS CV-XPS-EIS difference in A,
Ao OF A analysis analysis or A, (%)
polished Ni rod A, 040+ 013  0.37+0.09 8
(em?)
etched Ni rod A, 0614015  053+0.14 13
(cm?
etched Ni foam A, (ecm* 227 +74 241 + 80 6
-1
g)
reduced Ni foam A (cm® 149 + 48 160 +23 7
-1

and foams using the complementary methods indicates that one
approach alone could be successfully employed to determine
A, and A of a new type of large surface area Ni material.
Although we studied the applicability of these methods only to
Ni electrode materials, it is apparent that the same or similar
approaches could be adapted to other non-noble electrode
materials (e.g, Fe or Co). We also observe that the etching
solution 1 applied for a short period of time can be successfully
employed to remove native oxides/hydroxides that cover Ni
materials without causing any damage to an extended three-
dimensional structure.

B CONCLUSIONS

In summary, our results demonstrate that a comprehensive
analysis of Ni foams can be performed by using surface science
and electrochemical techniques. Such determined properties
can be related to bulk Ni materials and differences arising from
the presence of extended surface can be identified and
quantified. The surfaces of Ni foams exposed to moist air for
extended periods of time revealed both passivated and metallic
sections, as proven by XPS and CV measurements. These
results point to remarkable stability of Ni foams despite
sintering in an oxidizing environment at high temperatures and
prolonged exposure to moist air. Careful application of an
etching solution facilitated the removal of a native oxide/
hydroxide layer from Ni foam surfaces without causing any
damage to their three-dimensional structure. The chemical
etching increased the electrochemically active and specific
surface areas of Ni foams. A native oxide/hydroxide layer
residing on Ni foams was reduced thermally in an H,(g)
atmosphere. However, such prepared nonoxidized Ni foam
electrodes revealed lower electrocatalytic activity toward surface
oxidation than nonoxidized Ni foams produced by chemical
etching. Complementary but not completely independent
methods were employed to determine in situ the electrochemi-
cally active and specific surface areas of Ni foams; the
employment of electrochemical impedance spectroscopy
improves the accuracy of A, determination through CV and
XPS measurements. Consequently, CV and XPS or CV, XPS,
and EIS experiments can be successfully applied to determine
the electrochemically active and specific surface areas of Ni
materials having an extended area and irregular three-
dimensional structure. Nickel foams and meshes are used as
current collectors and active mass supports in rechargeable
batteries. A native oxide/hydroxide layer, which resides on the
surface of Ni foam or Ni mesh, gives rise to an overpotential
that reduces the battery’s power output. Because the chemical
etching can remove the native oxide/hydroxide without
introducing any structural change, this surface treatment
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could be successfully employed to improve the power output of
rechargeable batteries.
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