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Abstract

Porous Ni coatings on electrodes were produced by electroplating through the cells and pores of a generic ‘high
internal phase emulsion polymer’ (PHIPE), a styrene-ethylhexylacrylate-divinylbenzene copolymer, and subsequent
thermal decomposition of the polymer template. Electroplating was carried out from flowing solutions through a
polymer block fitted in the interelectrode gap of a flow-by cell. The mass transfer conditions and the flow regime in
the cell were also characterized. The structure of the porous electrodeposits thus produced was determined by the
distortion of the electric field through the cells and pores of the insulating polymer and depends on the current
density and the thickness of the polymer layer. Porous deposits plated at 5 mA cm™> showed high utilization of
electroactive surface area when used as hydrogen evolving cathodes from alkaline solutions. Finally, Ni/PHIPE
composite foams were prepared by Ni electroless plating through the polymer pores and their electrochemical

surface area was evaluated.

1. Introduction

The electrochemical or chemical (electroless) deposition
of metals through/onto porous templates or supports
finds a number of applications in catalysis (and electro-
catalysis), electrochemical sensors, the production of
composite materials and in microfabrication. In the
fields of catalysis and separation processes examples
include the use of metallized porous membranes as
catalytic reactors [1] and in filtration processes [2, 3].
Electrochemical or electroless metal deposition is one of
the techniques employed in the production of high
surface area electrodes used in fuel cells and batteries
whereby the electrocatalyst (e.g., Pt, Ni etc.) is deposited
onto a conducting porous substrate (e.g., foam [4] or
reticulated [5, 6] electrodes). Microfabrication applica-
tions include plating through patterned polymers pro-
duced by lithographic techniques [7], or through
microporous and nanoporous solid templates such as
polymeric membranes, anodized alumina or porous
mica [8—10]. The latter was initially introduced for the
production of microelectrode arrays [8] and subsequent-
ly used for the preparation of nanowires of unique
catalytic, optical and magnetic properties, following the
decomposition of the template material [9, 10].

High surface area Ni electrodes are used as hydrogen
evolving cathodes in water electrolysis [11, 12] and the

chlor-alkali industry [13], NiO(OH) cathodes in nickel—
cadmium and nickel-hydrogen batteries [14] and as
anodes in alkaline or molten carbonate fuel cells [15].
They are also found in the electrochemical hydrogena-
tion of organics [16] and as three-dimensional foam
electrodes both for the electrolytic recovery of metals
[17] and in electroorganic synthesis [18]. A large variety
of preparation methods for high surface area Ni
electrodes exist. The ceramic foil-casting technology
[13] produces microporous sintered Ni coatings (pore
diameter in the um range) and a review of the methods
for nanoporous Raney—Ni coatings production is given
by Rausch and Wendt [19].

We have recently prepared small Ni/polymer com-
posites by electroless deposition and electroplating from
stationary solutions onto/through the pores of PHIPE, a
microporous generic polymer [20-24] (pore size in the
um range; also referred to as macroporous according to
the TUPAC terminology). PHIPEs are copolymers
formed by emulsion polymerization of ‘high internal
phase water-in-oil emulsions’ (HIPEs), where the vol-
ume of the aqueous dispersed phase is greater than
about 75%, and the subsequent polymerization (at
60 °C) of the oil phase which contains the monomer
(typically styrene and other monomers such as alkyl-
acrylates) and the cross-linker (divinyl-benzene) [25].
The resulting polymer matrix shows an extremely high
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voidage (up to 97%) due to the evaporation of the water
droplets, which were present in the precursor emulsion.
According to the most recent modification of the
proposed preparation technique for microporous Ni
electrode coatings [21, 22], the electrode substrates are
immersed in the precursor emulsion and, upon poly-
merization, entrapped within the polymer matrix. Sub-
sequently, the metal is electroplated through the pores of
the PHIPE coating onto the substrate and finally, the
polymer is thermally decomposed.

In this work, the first steps towards a potential
scaling-up of the above Ni electroplating process are
attempted using a bench-scale parallel-plate flow-by
electrochemical cell, modified to accommodate a block
of PHIPE tightly fitted in the interelectrode gap.
Increasing mass transfer conditions by flowing the
electroplating solution (through the polymer) is expect-
ed to improve the uniformity and adherence of the
porous electrode coatings, by extending the regime of
electron transfer control (which is known to result in
even and adherent deposits) [26-28]. This is especially
important in electroplating through porous templates
which is inherently associated with nonuniform current
distribution and hence, a tendency for uneven deposits
[29]. The porous Ni coatings are evaluated as hydrogen
evolution catalysts and compared to sintered Ni elec-
trodes while the mass transfer regime within the flow-cell
in the presence and absence of PHIPE is also studied.

We also present results of Ni electroless deposition on
PHIPE, whereby the plating solution is pumped through
the polymer samples. This should prevent hydrogen (a
byproduct of Ni electroless deposition) entrapment in
the polymer cells and pore blanketing, thus increasing
the Ni penetration depth beyond the outer sample
surface [20]. The resulting Ni/PHIPE foam composites
are characterized with respect to their electroactive
surface area based on Ni surface electrochemistry [30,
31].

2. Experimental details
2.1. PHIPE polymer preparation and decomposition

Polymer of 80% voidage was produced using 80% v/v
aqueous phase in the precursor water-in-oil emulsion.
The composition of the oil phase was (by volume): 15%
styrene (Aldrich, 99%), 62% 2-ethyl-hexyl-acrylate
(Aldrich), 8% divinylbenzene (Aldrich, 80%) and 15%
sorbitan monooeleate (Aldrich, 95%). The aqueous
phase was distilled water and 1% w/w potassium
persulphate (Aldrich, 99% +) that acted as the poly-
merization initiator. Typically, 500 ml batches of pre-
cursor emulsion were produced by careful mixing of
the two phases in a stainless steel, watertight vessel,
equipped with a Janke and Kunkel (IKA Labortechnik)
model RW 20DZM two-blade mixer according to a
procedure described previously [20, 21]. A portion of the
emulsion was then poured into an appropriate poly-

propylene mould (a shallow tray of 105 mm X 105 mm
area and 18 mm depth) and covered tightly with
parafilm to minimize water evaporation during poly-
merization, which was performed for 6 h in an oven
heated at 60 °C. After polymerization the samples
remained uncovered for another 24 h in the oven for
residual water to be driven off. In this way, polymer
blocks of 100 mm X 100 mm X 15 mm approximate di-
mensions (PHIPE shrinks upon formation) were pro-
duced to fit in the rectangular central part of the flow
cell frame (see below).

The structure of PHIPE thus produced is shown in the
SEM micrograph of Figure 1 (a Hitachi S-570 SEM was
used). It is characterized by numerous cells (10-30 pum
diameter) corresponding to emulsion water droplets,
interconnected by smaller pores (0.1 to 1 um diameter)
corresponding to droplet contact areas.

Thermal decomposition of the polymeric matrix of the
Ni/PHPIPE composites after electroplating was carried
out under an air atmosphere in a preheated furnace at
450-500 °C, for 1 h. The resulting material was treated
for 30 min in a boiling 40% v/v solution of hydrogen
peroxide to oxidize any residual organics. SEM and
EDAX analysis confirmed complete polymer burnout at
the end of this procedure [20]. Prior to electrochemical
experiments, samples were immersed in 1:1 30%
HCl:water mixture for 30 s to dissolve any surface Ni
oxides.

2.2. Electroplating flow cell and procedure

The parallel plate flow cell shown in Figure 2(A) was
based on a plate-and-frame assembly. The two end
plates held the two stainless steel current collectors and
the entrance and exit ports for the electrolyte. The frame
had a cross-sectional area of 15 cm? (1.5 cm x 10 cm)
for flow, with a projected area of 100 cm?, while the
gaskets were made from PTFE.

Electrical contacts to the stainless steel current col-
lectors were made by stainless steel threaded bars. The
working electrodes were 5 cm X 5 cm Ni plates (99.0%,
0.25 mm thick, Goodfellow Ltd) or Ni meshes (99.0%,
26 x 26 wires per inch, 0.25 mm thick, Goodfellow Ltd).
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Fig. 1. SEM micrograph of PHIPE polymer.
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Fig. 2. (A) Schematic diagram of parallel plate flow-by electroplating cell (side view) and frame (front view). (B) Schematic diagram of a
modification of the cell of (A) above, with a Ni mesh pocket-shaped cathode embedded in the polymer interelectrode block.

The counter electrode was a 1.6 mm thick, 5 cm X 5 cm
Ni foam (96.5% porosity, 43 pores cm™', Goodfellow
Ltd). Both electrodes were attached to the current
collector using carbon cement (WPI) and a 10 cm X
10 cm, 1.5 cm thick PHIPE block was fitted in the
interelectrode gap. In a modified set of experiments the
polymer had a Ni mesh pocket electrode embedded to it
(by immersion in the precursor emulsion), with one side
of the pocket protruding from the block and in contact
with the Ni plate (Figure 2(B)). The side of the pocket
closest to the counter electrode was approximately at a
distance of 0.5 cm from it. A 1 mm thick Pt wire (99%,
Goodfellow Ltd) inserted through the gasket and lying
2 mm away from the working electrode served as a
reference electrode.

The hydraulic flow circuit consisted of a Totton
NEMP 40/11 polypropylene pump, a polypropylene
rotameter, and a thermostated (25 °C) 1.6 litre glass/
polypropylene reservoir. The flow rates studied were in
the 1-15 cm s™' linear velocity, v, range. Pressure tapings
were placed alongside the inlet and outlet ports to the
flow cell and connected to an air over water-inverted
manometer to monitor pressure drop through the cell. A
standard nickel sulphamate bath [26, 27] was used as the
electroplating solution at 60 °C: 600 g 1" nickel sulpha-

mate (Aldrich, 98%), 10 g 1" nickel chloride (Aldrich)
and 40 g I”! boric acid (Aldrich, 99.5+ %). Constant
current electroplating was carried out with an Autolab
30 potentiostat/galvanostat (Eco Chemie, Windsor Sci-
entific Ltd) or a TCX1820P programmable d.c. power
supply (20 A, 18 V).

2.3. Electroless plating flow cell and procedure

A small flow cell consisting of a 1.4 cm internal diameter
glass tube (QVC) connected to glass tubing with PTFE
gaskets was used for electroless plating. The inlet and
outlet were further connected to Fisher Silicon Tubing
suitable for use with a Watson Marlow peristaltic pump.
PHIPE tubular samples were held in the tube cell by a
PTFE gasket with a 1.2 cm diameter. The glass part of
the assembly was immersed in a thermostated bath.
PHIPE was sensitized with a SnCl, + PdCl, solution
and a standard nickel chloride-hypophosphite bath was
used at 93 °C for the Ni electroless plating step [26].

2.4. Electrode characterization

All potentiodynamic, potentiostatic and galvanostatic
experiments were carried out with an Autolab 30
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potentiostat/galvanostat (Eco Chemie, Windsor Scien-
tific Ltd), with current-interrupt IR compensation. For
flow cell characterization experiments potassium ferri-
cyanide(111) trihydrate (99% +, Aldrich) and Potassium
Ferrocyanide(1) trihydrate (99%, Aldrich) solutions in
1 M degassed sodium hydroxide (99.99%, Aldrich) were
used. The Ni working electrode was cathodized at
10 mA ecm™? in the hydroxide solution prior to these
experiments.

Ni surface electrochemistry and hydrogen evolution
were studied in degassed 0.5 M NaOH solutions at
25 °C. A three-electrode cell with a Pt coil counter
electrode (BAS Technicol Ltd) and a saturated calomel
electrode (SCE, EG&G) equipped with a salt bridge
ending to a Vycor® tip (EG&G), were used.

3. Results and discussion

3.1. Flow-cell characterization with and without PHIPE
in the interelectrode gap

Figure 3 shows slow potential sweep voltammograms
for the reduction of ferricyanide from a 5 mM ferricy-
anide + 20 mM ferrocyanide excess solution in 1 M
NaOH, at | mV s™' sweep rate, without or with (Inset)
PHIPE in the interelectrode gap. The upper limit for
experiments with PHIPE is due to the large pressures
drops encountered and the limitations of the pumping
system. For an accurate determination of the mass
transfer limiting current we employed the method
introduced by Cowan and Brown [32] and recently
modified by Ponce-de-Leon and Field [33], whereby I/E
(current against electrode potential) curves are replotted
as E/I against 1/I curves and the limiting current is
obtained from the point where their slope changes sign.
The limiting current densities, j;, thus obtained where
used in the equation
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Fig. 3. Current—potential curves for ferricyanide reduction from a
S mM potassium ferricyanide solution in 20 mM potassium ferrocya-
nide and 1 M NaOH, recorded in the empty channel flow cell of 2(A)
on a Ni plate electrode at a 1 mV s™' potential sweep rate, for a
number of linear flow velocity values. Inset: same as above but in the
presence of a PHIPE polymer block in the interelectrode gap.

jL = I’leLC (1)

to obtain the mass transfer coefficient kp (¢ is the
concentration of the electroactive species and n the
number of electrons involved in the electrode reaction).
Figure 4(A) shows the variation of log ki with log v in
the absence or presence of PHIPE (the area occupied by
the polymer and the foam anode was taken into
account, when needed, in calculations of v). The slopes
obtained where 0.62 and 0.53, respectively (although the
latter should be treated cautiously due to the limited
range in PHIPE experiments), and the presence of
PHIPE increases the mass transfer to the electrode by a
moderate factor of about 1.7. This enhancement lies in
the lower range of that of a number of bulk turbulence
promoters studied by Brown et al. [34]. The small
increase in k. introduced by PHIPE may be due to a
possible underestimation since parts of the electrode
surface should be blocked by the polymer and/or the
special features of flow through the porous polymer and
past the polymer/electrode interface. The very high
surface area of the material should have a calming effect
on the flow and suppress turbulence. The Inset to
Figure 4(A) shows the double logarithmic plots of the
Sherwood (Sh) against Reynolds (Re) number. The
values of D = 6.5 x 107 cm?s™" (found from cyclic
voltammetric experiments in 1 M NaOH using a Ni disc
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Fig. 4. (A) Log-log plot of mass transfer coefficient for ferricyanide
reduction in the flow cell of 2(A) above against the linear flow velocity,
in the absence and presence of PHIPE. Inset, double logarithmic plot
of Sherwood number (S%) against the Reynolds number (Re). (B) Log—
log logarithmic plot of the pressure drop between the inlet and outlet
of the cell against linear flow velocity, in the absence and presence of
PHIPE for the flow cell of 2(A) above.



electrode) and v=1.0556 x 107 m? s™! were used for
the calculation of the Re, Sh and Sc (Schmidt) numbers,
and the hydraulic diameter of the empty rectangular
channel [35], d., for that of Re. The dimensionless group
correlations from the inset of Figure 4(A) without and
with PHIPE are, respectively:

Sh — ReOA62SCOA33 (2)
and
Sh = 3.09 Re®33 50 (3)

The value of 0.62 for the slope of the log Sh against
log Re curve for the empty channel is very close to the
value of 0.66 found for fully developed turbulent flow
with short (L/d. < 10) electrodes [36]. The reason why
the turbulent flow regime extends to Re values below
2300 (where laminar flow is expected [37]) could be due
to the 90° change in flow direction at the cell entry and
exit in connection with the short (~2 c¢cm) entry and exit
lengths, the fact that the working electrode plate was not
recessed in the cell walls and the use of a thin three-
dimensional Ni foam anode. Values higher than 0.33 are
common for Re < 1000 (e.g., 0.47 in [38], 0.70 in [34]),
and these are highly dependent on cell design and
components. The slope of 0.53 obtained in the presence
of PHIPE (similar to [34] where the presence of the
promoter led to a lower slope and was attributed to
partial flow laminization) indicates that the polymer
block insert does not increase the degree of turbulence,
due to its very high surface area. It should be noted that,
although in similar electrochemical studies of flow
through porous Ni foam electrodes the Reynolds
number in dimensionless group correlations was based
on the hydraulic diameter of the empty channel [18, 39],
an accurate description of the flow through a porous
medium would require the use of an interstitial Rey-
nolds number Re; defined as [40, 41]:

Rei = @
A%

where d, ; is the equivalent diameter of the pore space. In
the case of reticulated Ni foams with a regular open
structure the mean pore diameter could be used [40] but
in the case of the less regular PHIPE structure with a
distribution of cell and pore size (Figure 1) we calculat-
ed an equivalent diameter based on [41]:

&
dei S S(1—e) (5)
where ¢ is the porosity of the medium (0.8 for PHIPE)
and S the specific surface area per unit volume (we used
the 5m? g~ found by BET measurements [20, 21] to
calculate this). We thus estimated an effective diameter
of 5.3 um and Re; numbers in the 0.07-0.15 range; these
very low numbers correspond to the Darcy or creeping
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flow regime through porous media [38, 40]. However,
the flow conditions at the electrode—fractured PHIPE
interface are likely to differ significantly from that
through the bulk polymer and some limited turbulence
is expected, giving rise to the moderate enhancement in
ki, shown in Figure 4(A).

Finally, Figure 4(B), which presents the double log-
arithmic plot of pressure drop AP between the inlet and
outlet of the cell in the absence and presence of PHIPE
as a function of v, shows that the incorporation of the
polymer block introduces an almost four hundredfold
increase in pressure drop, further indicating that the
material is unsuitable as a potential turbulence promoter
and highlighting limitations in using it in a thinner
interelectrode gap.

3.2. Ni electroplating through PHIPE and Ni coating
evaluation as hydrogen cathodes

Figure 5(A) is the SEM micrograph of the Ni electro-
deposit on a Ni plate cathode by electroplating through
PHIPE at 5 mA cm 2 and a solution linear velocity of
1.5 cm s~ after polymer decomposition. An adherent
nodular deposit having a uniform thickness of 410 um
was produced over the entire surface of the 5 cm X 5 cm
Ni plate. A current efficiency of about 97% was found
and a porosity of 40% could be estimated. At higher

Fig. 5. SEM micrographs of a Ni electrodeposit produced at
5mA ecm ™2 and at 1.5 cm s™! in the cell of Figure 2(A), at different
magnifications (A) and (B).
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magnifications, see Figure 5(B), the deposit is shown to
be made up of near spherical agglomerates 1-10 um in
diameter (with a wide size distribution) and fewer voids
of similar dimensions. Although there is no straightfor-
ward host-guest relationship between the polymer ma-
trix and the metal deposit, we believe that the structure
of the Ni deposit is due to the distortion of the electric
field in the presence of the insulating PHIPE porous
shield [42]. For an electrodeposit growing through a
tortuous cell-and-pore path the local current density
around the cell pores will be significantly higher than
the average, resulting in a nodular [35] or unoriented
dispersion type [28] deposits, even in the absence of
inhibitors. During the thickening process, once an entire
cell is filled (or partially filled) with Ni, deposition will
preferentially continue through a neighbouring cell
closer to the anode rather than through a cell at the
same plane, due to ohmic losses through the porous
nonconducting medium. This effect will lead to either
partially filled or completely void polymer cells in
accordance with Figures 5(A) and 5(B) above. Flow
increases the mass transfer coefficient and replenishes
the Ni ion concentration in the polymer cells at the
electrode surface, thus extending the kinetic control
regime and imposing limitations on the deposit irregu-
larity. The latter is essential if porous deposits are to be
obtained throughout the entire surface of large elec-
trodes, where the high electroplating currents result in

higher ohmic losses, which in turn may accentuate
uneven growth. Therefore attempts to electroplate large
substrates from stationary solutions resulted in uneven
nonadherent deposits. The same effect was observed
when trying to electroplate at higher current densities,
even from flowing solutions. Figure 6 presents micro-
graphs of different locations of a Ni/PHIPE composite
(before polymer decomposition) produced by electro-
plating at 50 mA cm ™ at a flow rate of 1.5 cm s™'. The
micrograph of Figure 6(A) shows the Ni layer produced
at the PHIPE surface in contact with the metal cathode
and a Ni deposit organised in aggregates occupying
the cells of the PHIPE surface layer is observed.
Figures 6(B) and 6(C) show two different locations in
the bulk of the composite highlighting its uneven lateral
growth and structure. In Figure 6(B) big isolated
spherical Ni deposits are seen, occupying only a small
number of cells, on a location close to the electrode
surface, most likely corresponding to a low local current
density due to high ohmic losses. In Figure 6(C), much
smaller aggregates can be seen closer to the anode.
These are interconnected by needless of submicrometric
length, a deposit morphology which many result from
high local current densities [21].

To minimize the effect of substantial IR drop on
deposit uniformity at relatively high current densities,
electroplating of thinner layers was carried out using the
cell of Figure 2(B), where the interelectrode gap, 0.5 cm,

Fig. 6. SEM micrographs of a Ni/PHIPE composite produced at 50 mA cm™2and at 1.5 cm s~ in the cell of 2(A): (A) surface in contact with the
electrode—polymer interface; (B) location of limited electrodeposition in the polymer body; (C) location of thick electrodeposit in the polymer

body close to the anode.



30kv 491

Fig. 7. SEM micrographs of a 0.25 mm diameter wire Ni mesh
electroplated with Ni at 50 mA cm™ and at 1.5 cm s™' in the cell of
2(B): (A) general view; (B) deposit detail.

was also approximately one-third of that previously
used. Figure 7(A) shows the micrograph of a Ni
mesh electrode fully covered with an adherent deposit
(average thickness about 75 um) undulated with small
clusters, after electroplating at 50 mA cm™> at a
1.5 cm s™' flow rate. A detail of the deposit (Figure 7(B))
reveals that it is made of flakes of a few um
dimensions.

The Ni coatings thus produced were evaluated as
hydrogen evolving cathodes in 0.5 M NaOH solutions
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and compared with typical sintered electrodes [19] and
similar deposits obtained through PHIPE from station-
ary solutions but onto small substrates [22]. A potential
sequence was applied to the electrodes to ensure surface
reproducibility [22, 31, 43] before the potential was kept
constant for 5 min to obtain near steady-state current—
potential data. Table 1 presents the thickness, porosity,
roughness factor and specific area of a smooth Ni disc,
nickel wires, plates and meshes electroplated through
PHIPE using flowing and stationary [22] electroplating
solutions and for a sintered nickel coating, consisting of
sintered Ni particles of 2-3 ym diameter [19]. The
roughness factor and specific area were calculated using
the electroactive surface area, measured from the charge
associated with the formation/stripping of a Ni(OH),
monolayer in the potential region prior to hydrogen
evolution, as found by cyclic voltammetry [30, 31].
Figure 8(A) presents the log j against E curves (j given
as current per substrate geometric area) and for com-
parison, data for a sintered Ni coating as described in
Table 1. Similar or improved current densities can be
obtained at deposits produced through PHIPE. A
convenient parameter used to compare porous coatings
is the electrode volume, V.. Figure 8(B) presents the
log j against E curves (j given as current per coating
volume) for the Ni coatings described in Table 1. The Ni
coatings produced by electroplating through the PHIPE
template have a similar performance to typical sintered
Ni coatings, even though the electroactive surface area
per unit coating volume of the former are an order of
magnitude lower than that for sintered Ni [19]. The
degree of electroactive area utilization is shown in
Figure 8(C) where log j against E curves are presented
with j given as current per electroactive surface area,
(esa) using the areas detailed in Table 1. For the 5 and
10 mA cm™2 produced coatings almost the entire electro-
active surface area is utilized for the hydrogen evolution
reaction (as indicated by the near coincidence of the
data with those for smooth Ni). In contrast, at an
overpotential value of =130 mV (i.e., at —=1.2 V vs SCE,

Table 1. Thickness, porosity, roughness factor and specific area of nickel-coated electrodes produced by electroplating through PHIPE

sandwiched in the flow cell

Data for a polished nickel disc, a Ni wire electroplated through PHIPE from a stationary electrolyte and a sintered nickel electrode are included

for comparison

Electroplating current  Electrolyte Thickness*  Porosity’  Roughness Factor, Specific Area,
density/mA cm™ velocity/em s~ /um ##jem? em™2 AS/m* m™?
Ni plate in PHIPE 5 1.5 410 0.40 20 43,000
Ni mesh in PHIPE 50 1.5 75 0.88 6 45,000
Polished Ni disc n/a n/a n/a n/a 1.3 n/a
Ni wire in PHIPE [22] 10 0.0 700 0.54 86 70,000
Sintered Ni [19] n/a n/a 350 0.60 270 770,000

* The thickness of the coatings was measured using a micrometer and SEM micrographs.
"The porosity of the coatings was calculated from the volume (calculated from the thickness) and mass of the nickel coating (measured by

weighing the substrates before and after electroplating).

¥ The roughness factor is the ratio of the electrochemical surface area (measured from the charge associated with the formation/stripping of a

monolayer of Ni(OH),) with geometric substrate area.

$The specific area is the ratio of the electrochemical surface area with the volume of the nickel coating.
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Fig. 8. (A) Semilogarithmic current (per substrate geometric area)
against potential curves for hydrogen evolution from 0.5 M NaOH
solutions at Ni electrodes: 5 mA cm > plated plate (A) and
50 mA cm™ plated mesh (<) both electroplated with an electrolyte
velocity of 1.5 cm s™! in the flow cell; smooth Ni (O); 10 mA cm™2
plated wire in stationary electrolyte (x) [22] and sintered Ni [19] (-). (B)
Semilogarithmic current (per coating volume) against potential curves
for hydrogen evolution from 0.5 M NaOH solutions at Ni electrodes:
5 mA cm2 plated plate (A) and 50 mA cm™2 plated mesh (<) both
electroplated with an electrolyte velocity of 1.5 cm s™" in the flow cell;
10 mA cm™ plated wire in stationary electrolyte (x) [22] and sintered
Ni [19] (-). (C) Semilogarithmic current (per electroactive surface area)
against potential curves for hydrogen evolution from 0.5 M NaOH
solutions at Ni electrodes: 5 mA cm™ plated plate (A) and
50 mA cm™ plated mesh (<) both electroplated with an electrolyte
velocity of 1.5 cm s™! in the flow cell; smooth Ni (O); 10 mA cm™
plated wire in stationary electrolyte (x) [22] and sintered Ni [19] (-).

since the reversible potential in our system is —1.060 V
vs SCE) the current at sintered Ni electrodes is only 5%
of that at smooth or 5 and 10 mA cm >-produced
samples, and that at the 50 mA cm >-produced sample
is 50%. The utilization drops in the case of the sintered
Ni coating and the Ni-coated mesh, probably due to
increased hydrogen entrapment-blanketing within the
sintered Ni [19] and the densely packed flakes of the Ni-
coated mesh. The large voids between the Ni aggregates

Fig. 9. SEM micrograph of a PHIPE sample coated by Ni electroless
plating with a solution pumped through the polymer.

of the other coatings (Figure 5(B)) allow hydrogen gas
to disengage easily, leading to high utilization of the
surface area.

3.3. Ni electroless plating onto PHIPE

Figure 9 presents the SEM micrograph of a cross
section of a PHIPE sample treated with a Ni electro-
less plating solution pumped at a volumetric flow rate
of 141h™" through the polymer for 45 min. The
internal surface is completely covered with a Ni
deposit made of small spheres in cells closer to the
outer sample surface (top of picture) and it becomes
thinner and smoother towards the interior of the
sample. The uneven thickness of the deposit is most
likely due to partial solution bypassing between the
PHIPE and the glass walls of the tubular cell used.
Nevertheless, there were no uncoated cells left in the
interior of the sample, in contrast to previous attempts
from stationary solutions [20]. The electroactive surface
area of the Ni/PHIPE composite was determined as
before by the amount of Ni hydroxide formed and
reduced during cyclic voltammetry in 0.5 M NaOH.
Figure 10(A) shows the cyclic voltammogram at
10 mV s™' of a Ni/PHIPE composite electrode in
0.5 M NaOH whereas Figure 10(B) shows a similar
voltammogram recorded at a polished Ni disc elec-
trode, in the potential region in which a monolayer of
o-Ni(OH), is formed/stripped [30, 31]. In the latter, the
peaks corresponding to the oxidation of Ni to o-
Ni(OH), (anodic peak at about —0.7 V vs SCE) and
the reduction of the latter upon potential reversal
(cathodic peak at about —1.1 V vs SCE), are similar to
those reported [30, 31]. In the case of the Ni/PHIPE
electrode the voltammetry is less defined since it is
affected by higher charging currents ([43, 44]) and,
more important, since electroless nickel produced from
hypophosphite baths is a Ni—P alloy having different
catalytic properties than bulk Ni. The charge associ-
ated with the formation/reduction of a monolayer of -
Ni(OH), is 514 uC cm™ [30, 31] and estimation of the
area under the anodic peak gives an electroactive
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Fig. 10. (A) Voltammogram recorded in a deaerated 0.5 M NaOH
solution at a Ni/PHIPE composite produced by electroless plating
through the polymer, at a potential scan rate of 10 mV s™'; (B) Same
as before but for a smooth Ni disc electrode.

surface area which translates to a specific surface area
of 1800 m®> m™, which is comparable with the lower
values, reported for some Cu, RVC and Ni foam
materials [38].

4. Conclusions

A recently tested [20-22] polymer template electrodepo-
sition route for porous Ni electrode coatings production
was further developed. Uniform and adherent porous
deposits were obtained on larger electrode substrates by
flowing the electroplating solution through a block of a
generic polymer (PHIPE) fitted in the interelectrode gap
of a flow-by parallel plate electrochemical cell. The
morphology and quality of the deposit was influenced
by the local current density within the polymer cells and
was also dependant on current density and the thickness
of the polymer interelectrode layer. As the latter
increases so do the ohmic losses and a detrimental effect
on the uniform development of the three-dimensional
deposit is observed. The use of thinner polymer layers
would be impractical due to very high-pressure drops
encountered and, instead, substrate embedment in the
polymer block at locations close to the block surface
could be an alternative in reducing ohmic losses.
Nevertheless, for current densities of the order of
5mA cm™?, an interelectrode gap of 15 mm and a
solution flow velocity of 1.5 cm s™', adherent deposits
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made of large aggregates of 5-20 um, separated by
similar size voids and consisting of smaller nodules,
were deposited across the entire electrode surface. They
showed comparable current densities for hydrogen
evolution to that of typical sintered Ni electrodes of
similar thickness and, although they are characterized
by lower porosity and electroactive surface areas, the
utilization of the latter for hydrogen evolution is higher,
possibly due to the absence of pore clogging by
hydrogen gas.

Finally, Ni/PHIPE composites were produced by
internally coating the porous polymer with electroless
plated Ni from a flowing solution. The resulting material
had a specific electroactive surface area comparable with
that of low pore per inch grades of reticulated metal
foams and, if optimised, could find applications as a
three dimensional electrode, a porous lightweight sup-
port for active mass incorporation of Ni—Cd batteries
[13, 35] or as a metallized membrane material.
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