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Abstract
Electrodeposited porous Ni layers and commercial Ni foams were
submitted to spontaneous deposition of Pt, achieved by immersing the
Ni substrates in H2PtCl6 solutions, at open circuit, to produce Pt-modified
3D Ni electrodes. When using Ni foams, the immersion was prolonged
until the whole amount of H2PtCl6 in the solution had reacted. Such an
approach, which granted an easy control of the Pt loading, could not be
used for Ni electrodeposits, since they underwent significant corrosion.
The true Pt surface area was determined by measuring, for each
electrode, the hydrogen desorption charge according to methods
described in the literature. The ratios between Pt surface area and Pt
loading were higher for Ni foam electrodes than for porous Ni
electrodeposits. Both kinds of Pt-modified
Ni electrodes were used as cathodes for hydrogen evolution in 1 M KOH.
Cathodes with Pt loading below 0.5 mg cm-2 (referred to geometric
surface area) evolved hydrogen at
-100 mA cm-2 with a -75 mV overpotential. The better activity of foam
electrodes as compared to electrodeposits, especially at low Pt loading,
was mainly due to their higher Pt surface area per unit Pt mass.
Keywords: Electrocatalysis Foam electrodes; Galvanic displacement; HER;
Porous electrodes; Spontaneous deposition

1.

Introduction

The hydrogen evolution reaction (HER) is the cathodic process in many
important electrochemical technologies,
mainly alkaline water
electrolysis and chlor-alkali production. The former is a key stage in the
sequence of technologies necessary to sustain a hydrogen economy [1,2].
Although the HER is a kinetically facile reaction, less demanding than
oxygen evolution [3], its contribution to the cell voltage necessary to drive
water electrolysis cannot be neglected. Therefore, research on cathode
materials actively continues in several directions (for a recent review, see
[4]). As for all electrocatalytic processes, the optimum electrode
materials for HER must combine strong intrinsic catalytic activity, large
surface area, stability of performance and low cost. As these requirements
are never fulfilled simultaneously by a simple material, composite
electrodes consisting of highly catalytic noble metals supported by nonnoble substrates were already developed some decades ago [5,6]. Recent
work along this line further explored the use of porous layers of Ni,
modified with either Ru or Ir [7,8], as cathodes for HER in basic media.
These Ni porous layers, obtained by electrodeposition from NiCl2,
NH4Cl solutions [9,10], were mechanically robust, and thus were not
damaged under gas evolution conditions, had large surface areas, roughly
proportional to their thickness [11], and spontaneously reacted with
solutions of noble metal complex ions, becoming coated by Ru or Ir microcrystals [7]. Clearly, both the intrinsic properties of the noble metal and
its electro- chemically active surface area determine the activity of
composite electrodes. The work described in the present paper was
aimed at extending the same approach to the activation of Ni, in two
directions: (i) the spontaneous deposition of Pt, the most active catalytic
material for HER [3], and (ii) the use of commercial Ni foams, as large
surface area substrates, in addition to electrodeposited porous layers.
Major differences between these two kinds of substrates are their pore
dimensions (of the order of hundreds of nanometers to a few
micrometers for the former, and of hundreds of micrometers for the
latter) and their thickness (around 20 mm for the electrodeposits, and ca.
1.70 mm for the foams). Ni foams were previously used by several groups
in the preparation of electrocatalysts for various electrochemical
processes [12-23].
An especially simple method for the deposition of noble metals is
spontaneous deposition, also called galvanic displacement, immersion
plating or displacement plating, which takes place at open circuit by

immersion of a less noble metal substrate in a solution containing ions
of a more noble metal. For example, neglecting the actual complex
nature of the ions present in solution, the Pt-Ni exchange may be
schematically written:

Several research groups have investigated spontaneous deposition as
a method for the preparation of catalysts and especially
electrocatalysts [5-8, 24-36] because noble metal clusters or
monolayers formed on non-noble substrates may greatly enhance their
catalytic activity. Occurring at open circuit, the spontaneous deposition
is likely to take place on the whole substrate surface, including the inner
surface of the pores, unlike electrodeposition which, when carried out
onto porous electrodes, may be quite sensitive to inhomogeneous
current distribution.
A key issue in the preparation of modified electrode is the control of the
noble metal loading, which must be kept quite low in order to optimize
the mass activity of the catalysts, and therefore their cost. A priori, the
easiest way to achieve such a control is using, in the spontaneous
deposition reactions, small volumes of diluted solutions of noble metal
ions and immersion times long enough to allow all the noble metal
to deposit. Henceforth, this method will be called “exhaustive
spontaneous deposition”. An advantage of this approach is that no
noble metal is wasted. A possible draw- back is the fact that, for
kinetically fast metal exchange reactions, and diluted noble metal ion
solutions, the noble metal deposition may occur under (partial)
diffusion control; if so, the solution inside narrow pores may become
depleted, and the resulting noble metal deposits may be unevenly
distributed.
In the following, the preparation of Pt-modified N i porous layers and Ni
foams will be described. Data on the morphology and the true surface
area of the Pt deposits will be presented. Finally, the activity of Ptmodified Ni electrodes as cathodes for the HER in basic solutions will
be described.

2.

Experimental

2.1.

Equipment and materials.

Porous Ni layers were deposited onto Ni disc electrodes (0.34 cm2
geometric area). Prior to use, these electrodes were polished with emery
paper 1000, rinsed with water and dried in air. Ni electrodeposition
was performed, in a cell consisting of a main central cylindrical
compartment, where the Ni disc electrode was positioned, connected
through glass frits to two lateral compartments where two Ni wire
counterelectrodes (overall area 2 cm2) were placed. In order to remove
hydrogen bubbles formed in a side reaction, the working electrode was
rotated at 2500 revolutions per minute.
The Ni foam electrodes were 0.5 cm x 0.5 cm x 0.17 cm parallelepipeds
(volume 0.0425 cm3) produced from 0.17 cm thick INCOFOAM™ sheets,
with 50 pores per linear inch. Before use, the Ni foam was successively
washed with acetone and dichloromethane, dried in an air stream and
then etched in an acid solution (typically 2 M HCl at 60 o C for 15 min).
A Pt disc electrode (0.0016 cm2 geometric area), carefully polished with
alumina down to 0.05 mm, was used for comparison, in voltammetric
experiments aimed at measuring the true surface area of Pt deposits.
A two-compartment cell was used in voltammetric and EIS
experiments, and for recording pseudo-steady-state currentepotential
curves. The working electrode and a Pt wire used as counterelectrode
were inserted in the main compartment, and an Hg/HgO/1 M KOH
electrode, used as reference, was placed in the lateral compartment
connected to the main one through a Luggin capillary. Hence-forth, all
potentials are referred to Hg/HgO/1 M KOH. When a disc electrode
bearing a Ni porous layer was used as working electrode, it was
positioned in such a way that the electrode/electrolyte interface was on
a vertical plane, so as to allow, when necessary, the free release of the
hydrogen bubbles produced. Foam electrodes were placed with the
0.5 cm x 0.5 cm faces on a vertical plane. The current densities
measured with porous electrodeposits or foam electrodes are
referred to either the true surface area of the Ni substrate, and
denoted j, or to the working electrode geometric area (0.34 cm2 for
disc electrodes and 0.755 cm2 for foam electrodes), and denoted

jgeo. For polished disc electrodes j and jgeo were assumed to
coincide.
The electrochemical equipment consisted of an EG&G Princeton Applied
Research Potentiostat/Galvanostat 273A and of an Autolab PGSTAT 100.
The latter was used for EIS experiments. SEM analyses were performed
with a Fei- Esem FEI Quanta 200 FEG instrument, equipped with a
field emission gun, operating in high vacuum condition at an accelerating
voltage variable from 5 to 30 keV, depending on the observation needs.
EDS analyses were obtained by using an EDAX Genesis energy-dispersive
X-ray spectrometer at an accelerating voltage of 25 keV. The Pt ion
concentration in the solutions used for spontaneous deposition was
assessed with a Thermo Elemental - X7 Quadrupole ICP-MS.
2.2.

Procedures.

Porous Ni layers were galvanostatically deposited from 0.2 M NiCl2, 2 M
NH4Cl aqueous solutions, pH 4.5, kept at 25 o C [9e11], typically at a
current density of -1.0 A cm-2. The layer thickness was controlled
through the deposition charge which was fixed, in all experiments, at
60 C cm-2. Such a charge, taking into account the current efficiency
of Ni deposition, and neglecting the pores volume, corresponded to a
Ni layer thickness around 20 mm [11]. The true surface area of the Ni
electrodeposits was measured as described in previous
papers
[7,33,36] and reproducibly found to be 6.8 ± 0.4 cm2 (corresponding
to a surface roughness factor ca. 20). The true surface area of etched Ni
foams was similarly measured; electrodes with a 0.0425 cm3 volume had
surface areas of 12 ± 0.5 cm2 [23], i.e. their surface roughness factor was
ca. 16.
The spontaneous deposition of Pt was carried out by immersing the
porous Ni layers or the Ni foam electrodes, at open circuit in acid H2PtCl6
solutions, kept at 25 o C by means of a thermostat, and thoroughly purged
with an N2 flow. When using Ni foams, the H2PtCl6 concentration was in
the range 5 x 10-5 Me1 x 10-3 M and the immersion lasted long enough
to allow exhaustive Pt deposition, i.e. to allow all H2PtCl6 to react with Ni
and deposit as metal. Thus the H2PtCl6 concentration and the solution
volume were the sole experimental variables, and the Pt loading could
be assumed to coincide with the total Pt amount initially present in the

solution. As previous experience had shown that porous layers were
corroded more extensively than Ni foams during spontaneous deposition
[23,33,36], milder deposition conditions, i.e. larger volumes of less acid
(pH 2 instead of 1) and less concentrated H2PtCl6 solutions, were used for
the porous layers than for the foams. The duration of the immersion (tSD)
was generally not long enough to cause exhaustive Pt deposition. For
these samples the Pt loading was estimated by measuring, with ICP- MS,
the decrease in the H2PtCl6 concentration caused by the deposition [23].
Pristine and Pt-modified Ni electrodes were submitted, at first, to cyclic
voltammetry in 1 M KOH aqueous solutions, in a potential range
encompassing both the Ni(OH)2/NiOOH inter-conversion [37] and
hydrogen adsorption/desorption [38e41], with the aim to estimate the
surface areas of both Ni substrates and Pt deposits. Five cycles were
recorded in succession, at 50 mV s-1. The cyclic voltammograms shown
below are always the last of each series, corresponding to a stabilized
behavior. Then, the hydrogen evolution reaction was studied in the same
electrolyte, by recording pseudo- steady-state current-potential curves at
1 mV s-1. Tafel plots were obtained from these curves, after correction of
the Re x i drop; the value of the electrolyte resistance Re was determined, at each potential, as the high frequency limit of the impedance
measured with the same electrode, electrolyte and cell geometry. In EIS
experiments, the frequency range 100 mHz-100 kHz was covered with 8
points per decade. The amplitude of the modulated potential was 10 mV.

3.

Results and discussion

3.1.

Spontaneous deposition of Pt; SEM-EDS characterization

Preliminary tests were run to establish the minimum immersion
duration (tSDo) that allowed exhaustive deposition of Pt onto Ni foam
substrates, for different H2PtCl6 concentrations. The deposition was
assumed to be complete when the H2PtCl6 concentration (assessed by
ICP-MS) had decreased to less than 1% of its initial value. For foam
substrates, for example, ca.
7 h were necessary to achieve exhaustive deposition of Pt from 5 mL of
a 10-3 M solution; for [H2PtCl6] ≤ 4 x 10-4 M, 5 h or less were needed.
Unless these immersion durations were very largely exceeded, Ni foam
did not undergo visible corrosion upon prolonging the immersion
beyond tSDo. Working with electrodeposited porous Ni layers was
trickier, due to their lower resistance to corrosion. The SEM images in Fig.1
show two samples immersion plated in 30 mL of 6.8 M x 10-5 M H2PtCl6
solution for 8 h (A) and in 30 mL of 1.37 x 10-4 M H2PtCl6 solution for 16 h
(B), respectively. The usual dendritic structure of the porous Ni deposit was
retained by sample A (compare SEM images in [7,11]), for which tSD was
markedly lower than tSDo. Instead, the structure of sample B was profoundly
altered: some dendrites, extensively coated by Pt were still visible, but many
others had disappeared. One may speculate that the partial processes
of reaction (1), Pt4þ reduction and Ni oxidation, had occurred at
different positions, in a localized way. Some Ni dendrites behaved as
cathodes, becoming coated by Pt, other dendrites behaved as anodes
and underwent more or less complete corrosion. These and similar
experiments carried out during this investigation showed that
exhaustive deposition was not a viable method for modifying Ni
electrodeposits with noble metal nuclei. Therefore, Pt-modified Ni
electrode- posits were prepared with immersion durations significantly
lower than tSDo and their Pt loading was assessed by ICP-MS analyses.
Fig. 2A shows the same sample as in Fig. 1A, with a larger magnification.
Pt deposits were evident, especially on top of the dendrites. EDS analyses
were performed both on extended areas, typically 60 mm x 50 mm, and
on top of individual dendrites. Although such analyses were devoid of
a rigorous quantitative character, they clearly showed that the Pt/Ni

ratio was significantly higher on the protruding parts of the deposits
than on the average (extended areas). This result suggests that
deposition of Pt was inhomogeneous, most probably because of slow
mass transport toward recessed areas inside the pores. Fig. 2B shows
the Pt deposit formed by exhaustive deposition onto a Ni foam sample.
Needle-like Pt crystals homogeneously covered the Ni substrate. EDS
analyses performed by selectively sampling the walls of either inner or
outer cells of the foam showed comparable Pt/Ni ratios, suggesting that
mass transport limitations were unimportant for the foam samples with
pore dimensions ca. 100 times larger than those of electro- deposited
porous layers.
3.2.

Cyclic voltammetries of Pt and Pt-modified Ni electrodes in 1 M KOH

Fig. 3 shows a series of cyclic voltammograms recorded with a Pt disc
electrode in 1 M KOH, at 50 mV s-1, with variable anodic limits (EA).
The overall pattern agrees with those reported by other authors
[40,41]. As EA became progressively more positive, a cathodic peak
ascribed to the reduction of Pt surface oxides became increasingly
evident, during the reverse scan. Its size increased and its position
shifted to more negative potential values as EA increased. Peaks
corresponding to the adsorption of hydrogen and to its desorption
were visible, during the cathodic and anodic scans, respectively, in the
range -0.5 to -0.85 V. These peaks were much less sensitive to EA
than the reduction of Pt oxides. Although in basic solutions they were
less well separated from hydrogen evolution than in acid media
[38e41], the charge associated to H desorption could be measured in a
potential range where neither Pt oxidation nor hydrogen evolution
had significant effect. Therefore that desorption charge could be
safely assumed to be proportional to the Pt surface area. An average
desorption charge of 190 mC cm-2 was measured in several
experiments carried out in 1 M KOH, in good agreement with data in the
literature reporting a desorption charge of 210 mC cm-2, in acid media
[38].
Fig. 4 highlights the hydrogen adsorption/desorption region of the
voltammograms recorded with Ni foam electrodes modified by
exhaustive deposition of Pt, at two H2PtCl6 concentrations (the whole
voltammograms are shown in the inset). For each concentration, two
immersion times are reported, one just above tSDo (tSDo was shorter

than 5 h for the H2PtCl6 concentrations used in this experiment) and
the other much longer than it. Clearly, the adsorption/desorption
currents increased with the H2PtCl6 concentration and were
independent of tSD. This means that, once all the Pt had deposited
onto the Ni foam, the Pt surface area remained unchanged upon
prolonging the immersion. Fig. 4 also shows that
the
adsorption/desorption currents measured with different electrodes
treated in solutions with the same H2PtCl6 concentration, were very
close to each other. It may be concluded that exhaustive deposition
of Pt onto Ni foams reproducibly yielded modified electrodes, with
well-defined Pt surface areas, which were stable in the depleted
spontaneous deposition media.
The cyclic voltammograms in Fig. 5, obtained with Ni foam samples
modified with variable Pt amounts, showed a regular increase in the
hydrogen adsorption/desorption currents for increasing Pt loadings.
Furthermore, the charges associated to the Ni(OH)2/NiOOH redox
system underwent a slight increase, with respect to an etched foam,
when Pt loading was 8.1 mg cm-2, and the increase became
progressively stronger at higher concentrations. Such a trend shows
that the oxidation of the foam material by Pt4þ caused a roughening
of the Ni substrate and an increase in its surface area, as already
observed for several other systems [7,23,33,36].
A similar investigation, carried out with electrodeposited porous Ni
layers, showed rather good reproducibility when tSD was well below
tSDo, but led to scattered and unsatisfactory results when tSDo was
approached or exceeded, most probably because of the extensive
corrosion of Ni highlighted by SEM (Fig. 1B). The cyclic voltammograms
shown in Fig. 6 were obtained with electrodeposited Ni porous layers
modified with variable Pt amounts, in an extended potential range. The
hydrogen adsorption/desorption region is highlighted in the inset. The
intensity of the peaks associated to hydrogen adsorption/desorption
markedly increased with the Pt loading. Those of the peaks due to
the Ni(OH)2/NiOOH also increased, though in a much less pronounced
way. Therefore, it is clear that both kinds of Ni substrate behaved
similarly. However, a comparison of Figs. 5 and 6 makes immediately
clear that, for comparable Pt loadings, the surface areas of the Pt
deposits on the foams were significantly higher than those on the

porous layers.
3.3.

Pt loading and Pt surface area of modified electrodes

The hydrogen desorption charges were systematically measured with
Pt-modified Ni electrodes with variable loadings, and divided by the
desorption charge (per cm2) measured with a carefully polished Pt disc
electrode, under the same conditions (solution, scan rate, EA), to obtain
the respective Pt surface areas, henceforth denoted APt, reported in Table
1. The dependence of the ratio APt/ANi, where ANi is the surface area of
the Ni substrate, on the Pt loading per unit true Ni surface area, LSPt , is
reported in Fig. 7A. For both Ni substrates the ratio APt/ANi increased with
LSPt in a roughly linear way and, at each loading was significantly higher
for the foam than for the porous layers. Foam samples with LSPt > 30
mg cm-2 had APt/ANi ratios larger than 1; i.e. the area of the Pt deposits
exceeded that of the Ni substrate; in the case of porous Ni electrodeposits, such a result was achieved only with ca. 4 times higher Pt values.
Surface area and loading data were used to calculate the values of Pt
surface area per unit Pt mass reported in Fig. 7B. An average value
around 3 m2 g-1, was obtained for foam electrodes, whereas the values
for porous electrodeposits were mostly below 1 m2 g-1. The former
value, little dependent on loading in the explored range, was somewhat
lower but of the same order of that measured with Pd-modified Ni foam
electrodes [23], and ca. 4 times lower than that reported by Yamauchi et
al. [15] for Pt particles spontaneously deposited onto Ni foams from
lyotropic liquids.
3.4.

Hydrogen evolution reaction

Polarization curves were recorded, in 1 M KOH, with Pt- modified porous Ni
electrodeposits (A) and Pt-modified Ni foams (B) with variable loading. Fig.
8 shows Tafel plots obtained in the HER potential range (potential was
corrected for ohmic drop). In each part of the figure, the bottom scale
reports the current density j referred to the true surface area of the Ni
substrates, while the top scale reports j , i.e. the current density
referred to the geometric area of the electrodes. The ratios between the
top and bottom scales are identical to the ratios between true and
geometric surface areas, and therefore correspond to the surface
geo

roughness factors of each Ni substrate (ca. 20 for the electrodeposits, ca.
16 for foam electrodes).
Both sets of curves in Fig. 8 show that the HER was very significantly
catalyzed even with the lowest loadings tested (LSPt < 5 mg cm-2). The
activity of the electrodes progressively increased upon increasing LSPt, but
the gain in activity became less significant at LSPt > 50 mg cm-2 for porous
electrodeposits and at LSPt > 30 mg cm-2 for foams. The Tafel slopes
varied between 113 and 146 mV for Pt-modified porous Ni
electrodeposits and between 114 and 159 mV for Pt-modified Ni foams,
with no well-defined dependence on Pt loading in either case. These Tafel
slope values are in essential agreement with those, close to 120 mV,
reported in classical studies on the HER at Pt electrodes in alkaline media
[42e44], which suggested either the hydrogen adsorption, at low coverage,
or the electrochemical desorption in parallel with recombination, at high
coverage, to be the rate determining steps.
A parameter often employed to compare the activity of different
electrodes in the HER is the overpotential necessary to cause a fixed
current density, normally referred to the geometric area. In Fig. 9,
h100, defined as the overpotential at which jgeo ¼ -100 mA cm-2, is
plotted as a function of the Pt loading LSPt. The h100 values decreased
as LSPt increased, were generally lower for foam electrodes than for
porous electro- deposits but, for both kinds of Ni substrates,
approached a common limiting value around -75 mV. It is interesting to
compare such a value with those reported in the literature and obtained
under comparable conditions (1 M NaOH or KOH, at room temperature)
with other electrode materials. For cath- odes based on non-noble
metals only, h100 usually exceeded 200 mV (see, for example
[1,45e50],). For cathodes containing noble metals, Fournier et al. [51]
measured h100 between -56 and - 104 mV with Pt-graphite-LaPO4
electrodes, Spataru et al. [52] found h100 to be ca. -120 mV for thin film
RuO2 electrodes, and Dumont et al. [24,53] reported h250 and Tafel
slopes corresponding to h100 of -42 to -43 mV for LaPO4-bonded Ni-Rh
[53] and Ni-Ru [24] cathodes. Therefore, the results described in the
present paper are fully comparable, in terms of h100, with those
obtained with active noble metal-based electrodes described in the
literature which, however, were often prepared through complicated
synthetic routes and had higher noble metal loadings (see below).

Similar information is obtained by plotting the dependence on LSPt of
the current density (referred to the true Ni support surface area)
measured at an overpotential h ¼ -100 mV, henceforth denoted j100,
Fig.10A. This figure shows that j100 increased with LSPt and that, at
each loading, the foam electrodes were more active than the
electrodeposits. However, when the total current measured at an
over- potential h ¼ -100 mV, denoted i100, was plotted as a function of
the Pt surface area (Fig. 10B), the performance of both kinds of
electrodes became closer. Thus, it may be concluded that the higher
activity of the foam electrodes, highlighted by Fig. 10A, was mainly
due to their higher Pt surface area per unit Pt mass (as shown in Fig.
7B). The residual differences shown by Fig. 10B may be possibly
ascribed to the easier release of hydrogen bubbles from the relatively
larger pores of the foams, as compared to the Ni electrodeposits.
As the cost of the electrodes, which has a major impact on their
application potential, depends mainly on their Pt loading, this
parameter cannot be neglected when their activity is discussed. Fig. 11
shows the mass activity of the electrodes (conventionally defined as the
ratio between j100 and LSPt) plotted as a function of LSPt. The mass
activity of the foam electrodes, always higher than that of the porous
electrodeposits with the same loading, was higher than 700 A g-1 at low
loading and progressively decreased to 150-200 A g-1 for increasing LSPt
values. Comparison with data in the literature is difficult because the
noble metal loading is not always explicitly reported. However, one can
calculate a mass activity of 25 A g-1 for thin film RuO2 electrodes [52], and
estimate mass activities of the order of 10 A g-1 for LaPO4-bonded
cathodes containing Pt, Rh or Ru [24,51,53]. Although the mass activity of
the latter systems was clearly not optimized, this comparison underlines
the potential interest of the electrodes described in the present work.

Conclusions

4.

The spontaneous deposition of Pt on Ni substrates with large surface
areas, and the HER at the Pt-modified electrodes thus obtained were
studied. Pt deposits were effectively obtained on both Ni porous
electrodeposits and commercial Ni foams, with procedures similar to
those employed, for various noble metals, in previous investigations,
e.g. [5-7, 15, 23, 33, 36]. Nevertheless, there were significant differences
between the two substrates, in terms of (i) the most effective
deposition procedure, (ii) the Pt particle distribution and (iii) their surface
area to mass ratio.
-

The exhaustive deposition of Pt, i.e. the deposition of all the
noble metal contained in small volumes of diluted H2PtCl6
solutions, was an easy way to control the Pt loading of the foam
electrodes which were quite resistant to corrosion in the plating
solutions. However, implying fairly long reaction times, such an
approach caused significant corrosion of the Ni electrodeposits
for which milder procedures had to be adopted.

-

Possibly due to mass transfer limitations within the narrow
pores of the Ni electrodeposits, Pt nuclei were unevenly
distributed on their surface, due to a preferential growth on the
top of the Ni dendrites constituting the deposits. Such limitations
were unimportant for the Ni foams and so the walls of both their
inner and outer cells were coated by comparable deposits.

-

At comparable loadings, the true Pt surface area was
significantly higher for the foams than for the electrode- posits,
but not as high as reported in other spontaneous deposition
studies [15,23].

A strong catalysis of HER in basic solutions was detected already with Pt
loadings as low as 5 mg cm-2; then, the electrode activity progressively
increased by increasing the loading, to approach a limiting value. Foam
electrodes were significantly more active than electrodeposits at low
loading, where their mass activities were high, but the differences
diminished with increasing loadings. Thus, the lowest overpotential
necessary to cause a -100 mA cm-2 HER current density (referred to
geometric area) was around -75 mV for both Ni large-area substrates.
This value is fully comparable with those measured with active noble

metal-based electrodes described in the literature [24, 51-53] which,
however, had markedly lower mass activity (referred to the respective
noble metals) than the Pt-modified Ni foam electrodes described in this
work.
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Fig. 1. SEM images of porous Ni electrodeposits immersion plated in 30 mL of 6.8 ·10 M
-4
H2PtCl6 solution for 8 hours (A) and in 30 mL of 1.37 ·10 M H2PtCl6 solution for 16 hours (B).

s

Fig. 2. SEM images of a Pt-modified porous Ni electrodeposit with L Pt = 49.5 µg cm-2 (A) and of
s
a Pt-modified Ni foam with L Pt = 83 µg cm-2 (B). Loadings are referred to the true surface area of
the Ni substrates.

-1

Fig. 3. Cyclic voltammograms recorded with a Pt disc electrode in 1 M KOH, at 50 mV s and
variable anodic limit.

Fig. 4. Cyclic voltammograms recorded with Pt-modified Ni foam electrodes in 1 M KOH, at 50
-1
mV s , in the hydrogen adsorption/desorption region. Spontaneous deposition conditions are
reported on the figure. The inset shows the same voltammograms in a wider potential range
encompassing the Ni(OH)2/NiOOH system.

Fig. 5. Cyclic voltammograms recorded with a Ni foam electrode and four Pt-modified Ni foam
-1
electrodes with variable loading, indicated on the figure, in 1 M KOH, at 50 mV s .

Fig 6. Cyclic voltammograms recorded with Pt-modified porous Ni electrodeposits with variable
-1
loading, indicated on the figure, in 1 M KOH, at 50 mV s .

Fig. 7. Dependence of the true surface area of Pt deposits, normalized with respect to the surface
area of the Ni substrate (A) and of the Pt surface area per unit Pt mass (B) on the loading of Ptmodified
Ni electrodes. The dashed lines are just an aid for the eye.

Fig. 8. Polarization curves recorded with Pt-modified porous Ni electrodeposits (A) and Pt-modified
-1
Ni foams (B) in 1 M KOH, at 50 mV s . The Pt loading per unit surface area of the Ni supports is
indicated on the figures.

Fig. 9. Dependence of the overpotential for the HER, measured at a current density jgeo = -100 mA
-2
cm , on the Pt loading of the electrodes

Fig. 10. A: Dependence of the current density for HER, measured at h = -100 mV, on the Pt
loading; B: Dependence of the current for HER, measured at h = -100 mV, on the Pt surface area.

Fig. 11. Dependence of the mass activity, defined as j100 / L
HER in 1 M KOH, on the Pt loading.
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of modified Ni electrodes, for

