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Abstract: Structured catalysts based on hydrotalcite-derived coatings on open-cell metallic foams
combine tailored basic/acidic sites, relatively high specific surface area and/or metal dispersion
of the coating as well as low pressure drop and enhanced heat and mass transfer of the 3D
metallic support. The properties of the resulting structured catalysts depend on the coating
procedure. We have proposed the electro-base generation method for in situ and fast precipitation
of Ni/Al and Rh/Mg/Al hydrotalcite-type materials on FeCrAlloy foams, which after calcination
at high temperature give rise to structured catalysts for syngas (CO + H2) production through
Steam Reforming and Catalytic Partial Oxidation of CH4. The fundamental understanding of
the electrochemical-chemical reactions relevant for the electrodeposition and the influence of
electrosynthesis parameters on the properties of the as-deposited coatings as well the resulting
structured catalysts and, hence, on their catalytic performance, were summarized.

Keywords: electrodeposition; hydrotalcite-type compounds; nickel; rhodium; FeCrAlloy foam;
structured catalyst; steam reforming; catalytic partial oxidation

1. Introduction

Open-cell metallic foams are promising supports to develop the so-called structured catalysts for
process intensification [1,2]. The cellular foam structure made by interconnecting struts provides high
geometrical surface area, low pressure drop, enhanced mass and heat transfer [3–6]. The performances
of the structured catalysts depend not only on the properties of the deposited materials (loading,
composition, size and dispersion of active species, textural characteristics), but also on the adhesion of
the coating layer onto the surface of the foams. Metallic foams have been coated by the same procedures
used to coat their honeycomb monoliths counterparts: (i) the deposition of catalyst slurries [7–10];
(ii) the deposition of catalyst supports followed by impregnation of the active phase [11–13]; and
(iii) the in situ synthesis of the catalyst [14–17]. Washcoating may show some drawbacks such as the
modification of the catalyst properties [9] or the pore blockage, indeed medium or large pore foams
have been coated [18,19]. On the other hand, the synthesis and deposition of the catalytic species by
hydrothermal treatment offers some advantages such as the absence of additives and binders, and the
simpler and faster procedure [14,20,21]. However, the precipitation may simultaneously occur in the
bulk solution leading to some loss of the active materials.

Electrochemical deposition is an easy route to coat in one-step, at room temperature, electrically
conductive supports with metallic particles, hydroxides and oxides or a combination of them [22–32],
which can be exploited for the preparation of structured catalysts. These electrochemical depositions
can be performed by applying a cathodic potential in a continuous or pulsed mode to a working
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electrode, which is the substrate that must be coated. For the deposition of metallic particles, the applied
potential and the bath solution must be chosen so that the direct electrochemical reduction of the
metal precursors occurs. On the contrary, in the deposition of hydroxides or oxides the electro-base
generation method is applied. The basic medium at the electrode-electrolyte interface provokes the
chemical precipitation of the cations in the solution directly on the electrode surface. The reduction
of some electroactive species, e.g., dissolved oxygen, water, and nitrate consumes H+ or generates
OH−, thus being responsible of the pH increase. The electrodeposition of hydroxides was originally
developed for the modification of small and simple-shaped electrodes with Ni(OH)2 [33,34] and it
was later extended to the deposition of more complex hydrotalcite-type (HT) compounds, also called
layered double hydroxides, with general formula [M2+

1−xM3+
x(OH)2](An−)x/n·mH2O. Ni/Al [35] and

Co/Al or Co/Cr HTs [36] were initially synthesized onto a Pt-foil cathode then Ni/Co, Ni/Fe, and
Co/Fe formulations were applied as sensors [37], redox supercapacitors [38,39] and, more recently,
as electrocatalysts, mainly for oxygen evolution reaction [40–42]. In these two latter fields, there is
a growing interest in replacing conventional 2D by 3D supports such as fibers [43,44] and open-cell
foams [45–47].

In this context, we reported for the first time in 2008 the electro-base generation method to coat
FeCrAlloy foams with HT compounds for the preparation of H2 production structured catalysts [48].
Later, electrodeposition has been used to coat FeCrAlloy foams by Rh [49], Pt [50] and Pt-CeO2 [51],
as gas-phase structured catalysts. The integration of HT compounds on metallic open-cell foams results
in structured catalysts that take advantage of both the above commented properties of open-cell foams
and the intrinsic properties of HT materials, e.g., high specific surface area and/or metal dispersion,
basicity, thermal stability. Although cathodic electrodeposition of HT compounds has been investigated
since the 1990s [35], the coating of complex-shaped foams with thick HT coatings for the preparation
of precursors of catalysts was novel and not straightforward. Hence, several parameters had to be
adjusted to demonstrate that it could be exploited for the preparation of structured catalysts in which
the loading, and type of active components play an important role in the catalytic performances.
Firstly, the coating layer must reach a certain thickness (e.g., 20 µm or thicker) to provide sufficient
catalyst loadings, which is much thicker than the state of the art electrodeposited values (around a few
microns). Secondly, depending on the catalytic processes, highly reducible noble metals such as Rh3+

are incorporated into the HT structure. Such incorporation makes the electrodeposition process more
complicated. Lastly, the simultaneous electrodeposition of multiple components generates a challenge
in the control of the composition.

This paper provides an overview of the electrodeposition of HT materials onto FeCrAlloy open-cell
foams. After calcination at high temperature, the samples were used as structured catalysts for syngas
(CO + H2) production from CH4 via steam reforming (SR) or catalytic partial oxidation (CPO) processes.
It is focused on two aspects: (i) the fundamental understanding of the electrochemical-chemical
reactions that are most relevant for the electrodepositions of HT compounds (OH− generation and
consumption), using the simple case of Mg/Al HT phases as an example, and (ii) the demonstration
of the influence of synthesis parameters on the properties of the structured catalysts obtained by
electrodeposition of Ni/Al and Rh/Mg/Al HT compounds and, hence, on their catalytic performance
for the SR or the CPO of CH4.

2. Reactions Involved in the Electrodeposition of HT Compounds and Nitrate Concentration Effect

The electro-base generation method for the deposition of HT compounds is based on the
application of a cathodic pulse at the foam dipped in a solution containing nitrates and divalent
and trivalent cations. In the preparation of Mg/Al HT compounds, Mg(NO3)2 and Al(NO3)3 aqueous
solutions with different Mg2+/Al3+ ratios and total metal concentrations can be used, also containing
KNO3 as supporting electrolyte. The production of OH− ions by electrochemical reactions and their
consumption by chemical precipitation occur simultaneously at the vicinity of the structured support.
It is necessary to reach the target pH values to obtain HT compounds with well-controlled composition
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and to avoid side-phase precipitations [52]. Since both electrochemical and chemical processes proceed
concurrently in a short time and are inter-related, a work was performed to better understand these
processes and a possible modification during the electrodeposition pulse.

Potential sweeps or pulses were applied at FeCrAlloy foams (80 ppi) dipped in electrolytes
of different composition [53]. The cathodic nitrate reduction was investigated in the absence and
presence of precipitating cations, i.e., 0.135 M KNO3, or Mg(NO3)2 and Al(NO3)3 with Mg/Al = 3/1
as atomic ratio (a.r.) and 0.06 M total metal concentration, respectively. The concentration of the
nitrates was kept constant in both solutions. The contribution of water reduction was analyzed using
nitrate-free electrolytes; i.e., solutions containing chlorides (KCl or MgCl2 and AlCl3) at the same
total concentration as the nitrate solutions. The role of O2 reduction was evaluated using de-aerated
solutions. All the experiments were performed in a single compartment cell, where the foam was the
working electrode, the counter electrode was a Pt mesh and the reference electrode a saturated calomel
electrode (SCE). Moreover, pH measurements were carried out by a micro pH electrode inserted inside
the foam cylinders.

The results confirmed that nitrate, water and O2 reduction contribute to the pH increase at the
foam electrode-electrolyte interface according to the following reactions:

O2 (g) + 2H2O + 4e− → 4OH−, E0 = 0.400 V (1)

NO−3 + H2O + 2e− → NO−2 + 2OH−, E0 = 0.010 V (2)

NO−3 + 7H2O + 8e− → NH+
4 + 10OH−, E0 = −0.120 V (3)

2H2O + 2e− → H2 + 2OH−, E0 = −0.828 V (4)

OH− generation from dissolved O2 ha a minor contribution, due to its low concentration in
the solution, while H2O and NO3

− reduction were competitive to become a dominant contributor.
Although both reactions contributed to increase the pH, the former formed H2 bubbles giving a
negative effect on the adhesion of the coating and the pH generated was low. For instance, the pH
reached near the foam after the application of a −1.2 V vs. SCE potential for 2000 s was around 2
units lower when nitrates were absent in the bath. A solution containing chloride precursors reached
a pH around 6.5, while in the presence of nitrates the pH went up to 8.5 at the plateau (Figure 1a).
Consequently, in a chloride bath a thin coating with Mg/Al ratio only around 0.6/1 was deposited,
a value much lower than the 3/1 nominal one. Conversely, in the nitrate bath a thicker deposit of
materials containing both Mg2+ and Al3+ at a higher ratio was obtained as characterized by scanning
electronic microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) (Figure 1b, c).
These results confirmed the key role of nitrates in the generation of a pH suitable for the precipitation
of HT compounds with a controlled composition.
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Figure 1. (a) Evolution of the pH near the foam surface dipped in 0.06 M Mg/Al-Cl and 0.06 M
Mg/Al-NO3 solutions during the current transient curve (−1.2 V vs. SCE for 2000 s); (b,c) SEM images
of the respective coatings. The numbers in SEM images are the Mg/Al ratio values recorded for some
regions of interest. Adapted from [53].
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It should be remarked that linear sweep voltammetries (LSVs) performed in the alloy dipped
in a solution without precipitating cations, i.e., in only KNO3, displayed a low activity in nitrate
reduction (Figure 2). The analysis of the solution withdrawn near the foam surface revealed that
both NO2

− and NH4
+ were produced. The Mg2+ and Al3+ precipitating cations, and especially Al3+,

shifted the onset potentials to less cathodic values and increased the current density (Figure 2). The 2
or 8e− reduction processes, and, therefore, the amounts of NO2

− and NH4
+ produced, depended

on the applied potential, time, and presence of cations. Remarkably, it was found that along the
2000 s pulse in the presence of Mg2+ and Al3+, NO2

− production decreased. This behavior was
probably due to the presence of Al3+, since NO2

− production rose in the case of sole Mg(NO3)2

electrolyte. It should be noted that the nitrate reduction products depend on the pH [54]. For example,
a low pH is more conducive to ammonia reduction while a high pH favors the reduction to NO2

−.
Therefore, the dependence of NH4

+/NO2
− ratio on electrochemical parameters, such as potential and

time, may give some lights to explain as well as to control better the characteristics of the coating
(loading, composition), which are associated with the pH values near the cathode surface.
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0.06 M Mg/Al-NO3 solutions. Scan rate: 1 mV·s−1; Potential range: 0 to −1.4 V. Adapted from [53].

Since nitrate reduction plays a key role in OH− generation, the effect of nitrate concentration on
both electrochemical and chemical processes were investigated [55]. Mg/Al HT compounds were
deposited using Mg/Al nitrate baths (Mg/Al = 3/1 a.r.) of different total metal concentration (0.03,
0.06 and 0.10 M) and potential pulses of different lengths (100, 1000, and 2000 s). For comparison
purposes, experiments were performed in KNO3 solutions containing nitrate concentrations equal
to those deriving from the metal salts (0.0675, 0.135, and 0.225 M). The reduction processes followed
a surface reduction behavior at short times (below 500 s) in the nitrate concentration range from
0.0675 to 0.225 M (Figure 3a). They were slowed down by the solid deposition or the ineffective
solution replenishment at the electrode interface, being more remarkable with more concentrated
baths (Figure 3b).

The metal nitrate concentration determined both OH− generation by nitrate reduction and
OH− consumption by precipitation of cations. The SEM/EDS analysis and the characterization of
crystalline phases and intercalated anions on the coatings by X-ray diffraction (XRD), attenuated total
reflection (ATR) and micro-Raman revealed that the metal nitrate concentration governed: (i) the
quality of the coating (e.g., the amount of solid deposited and its distribution on the foam); and (ii)
the properties of electrodeposited materials (e.g., the solid growth mechanism, crystallinity of the
phases and intercalating anions inside the HT structure) (Figure 4). A low concentration produced
thin coatings unevenly distributed over the foam surface, while a high concentration led to the pore
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blockage. The main drawback of the method was the uncontrolled precipitation as the synthesis time
increased. Consequently, at 2000 s the coatings were made by stratified layers of different composition
and morphology (see scheme in Figure 4). HT-, brucite-type phases and Al-rich layers (probably
also gibbsite) were identified. The concentration of the bath modified: (i) the crystallinity of the
phases, (ii) the arrangement of nitrate anions inside the HT phase, (iii) the size of Mg(OH)2 or Mg-rich
platelet particles, and (iv) the growth of the Al-rich layer. The increase in the concentration from
0.03 to 0.10 M favored the formation of larger and more crystalline Mg(OH)2 particles near the foam
surface, poorly crystallized HT phases nitrate intercalated with a higher interlayer region, and fostered
the formation of the Al-rich outer layer. The Al-rich layer probably deposited due to the ineffective
replenishment of the solution near the foam surface and the formation of an insulating layer during
the electrodeposition.
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Figure 4. Effect of total metal nitrate concentration on the properties of the Mg/Al HT coatings on
FeCrAlloy at −1.2 V vs. SCE for 2000 s. SEM images of coated foams: 0.03 M (a,a1,a2), 0.06 M
(b,b1–b3), and 0.10 M (c,c1–c3), and (d) XRD patterns of coated plates. The table summarizes Mg/Al
ratios obtained from EDS spectra in the regions of interest indicated by the numbers. Adapted from [55].

The metal nitrate reduction played a key role in the electrodeposition, a balance being achieved
between the generation of the OH− by electrochemical reduction processes and the OH− consumption
by precipitation reactions to control not only the amount of solid but also the composition and
structure. These coating properties are of paramount importance during the preparation of structured
catalysts. They will determine the amount of catalyst and the dispersion of the active phase in the
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brucite structure of the as-deposited materials and consequently the same properties in the calcined
structured catalysts.

3. Effect of Electrosynthesis Parameters in the Preparation of Ni/Al and Rh/Mg/Al HT Materials
for Structured Catalysts

For catalytic applications in the production of H2 and syngas by SR and CPO of CH4, Mg2+

is replaced by Ni2+ and/or Rh3+ in the brucite-type layers [56]. The actual structured catalyst is
obtained by calcination at high temperature (900 ◦C). A highly active and well-adhered layer as well
as a stable metallic foam are mandatory to achieve high catalytic performances. In the deep study
performed for the preparation of structured catalysts by electrodeposition of HT compounds we
realized that the coating of complex metallic foam structures with such HT catalyst precursors faced
several issues to reach a target catalytic film that included not only the metal nitrate concentration.
The quality of the coating was determined by: (i) the support, including nature (electrical conductivity
and roughness [57]) and geometrical parameters (size and shape [58]); (ii) electrochemical set-up
(electrical contact between the working electrode and the potentiostat [59] and type of cell [60]);
(iii) electrochemical parameters (precursors, concentration and pH of the electrolyte, applied potential,
and synthesis time [58,61–63]); (iv) the interaction of coating with the metallic support [64]. The nature
of the support and geometrical parameters are usually fixed by foam suppliers or given catalytic
purposes, while the electrochemical set-up and parameters can be varied to control the coating
properties. In the following sections we will summarize how the parameters were modified to prepare
HT-precursors of Ni/Al, Rh/Mg/Al and Rh/Ni/Mg/Al catalyst, paying special attention to the
characterization of the structured catalysts at the three stages of their life-time (after electrodeposition,
calcination and catalytic tests).

3.1. Ni/Al Catalysts

Ni/Al HT precursors were electrodeposited on FeCrAlloy foams (1.2 cm diameter, 80 ppi) starting
from a solution containing Ni(NO3)2 and Al(NO3)3 (Ni/Al = 3/1 a.r.), 0.03 M total metal concentration,
with KNO3 as supporting electrolyte. The samples after calcination at 900 ◦C and reduction in a H2/N2

mixture at 750 ◦C were proposed as structured catalysts for SR of CH4 [48,57,62]. The electrodeposited
solid loading, homogeneity and composition depended on the applied potential (−0.9 and −1.2 V vs.
SCE) and synthesis time (600, 1000, and 1800 s). The former controlled the pH close to the foam surface,
while the latter determined the coverage degree of the foam and the film thickness. Consequently,
both electrochemical parameters controlled the composition of the film and, therefore, the amount and
distribution of the Ni active sites.

A −0.9 V vs. SCE potential did not provide a pH high enough for the precipitation of the HT
material, despite successful results were previously obtained in the deposition of Ni/Al compounds on
Pt electrodes [65]. Hence, the generation of a pH close to the foam was lower than the one obtained at
the Pt support. Consequently, a film containing the most acidic cation, i.e., an Al-rich solid, precipitated.
Moreover, the film coverage and Ni-content increased with the synthesis time from 600 to 1800 s.
It should be remarked that the deposition first took place on the most exposed areas. In contrast,
the more cathodic −1.2 V vs. SCE potential generated a suitable pH for the formation of the Ni/Al
HT, therefore improving the coating properties. The sample prepared after 1000 s showed a higher
coating quality in terms of solid amount and stability (Figure 5a). Namely, a quite good control of the
composition of the deposited thin film (1–2 µm) was achieved, Ni/Al was around 2.8/1 (identified by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis) compared to the 3/1
nominal one.

The chemical-physical characterization of the thin deposits on the complex foam support
was challenging. The preliminary characterization by XRD and FT-IR (fourier-transform infrared
spectroscopy) of electrodeposits over FeCrAlloy plates confirmed the formation of the HT phase
intercalated with nitrate anions. After calcination at 900 ◦C, the more powerful µ-XRD/XRF (micro
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X-ray diffraction/X-ray fluorescence) synchrotron tomography allowed to characterize the as-prepared
coatings [66]. The characterization of the spatial distribution of the elements and crystalline phases
revealed that they were made of NiAl2O4 and NiO phases, characteristic of HT-derived catalysts
(Figure 5b), and in agreement with H2-TPR (hydrogen temperature programmed reduction) results.
The resolution of the technique allowed to state that the electrodeposition was also taking place in the
cavities of the foam. Moreover, an alumina scale developed between the foam and the catalytic coating,
due to the foam oxidation, and K-containing phases were also identified. The crystalline structure of
the catalyst was modified during the reduction pretreatment and catalytic tests; and the active catalyst
was instead formed by Ni0 dispersed on γ/η-Al2O3 that homogeneously coated the FeCrAlloy foam
surface. Despite the formation of a thin coating, the structured catalyst exhibited catalytic performances
comparable with those of a Ni-containing commercial catalyst under industrial-type conditions, i.e.,
S/C = 1.7, P = 20 bar, τ = 4 s, and Toven = 900 ◦C (Figure 5c). These results confirmed the advantages
of using structured catalysts based on metallic foams such as enhanced heat transfer and increased
effectiveness factor, leading to a better utilization of the catalyst.Inorganics 2018, 6, x FOR PEER REVIEW  8 of 18 
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Figure 5. Properties and catalytic activity of Ni/Al HT-derived catalysts coated on FeCrAlloy foam at
−1.2 V vs. SCE for 1000 s and calcined at 900 ◦C for 12 h. (a) SEM images, (b) µ-XRF/XRD tomography
images: elemental (lower row) and phase (upper row) maps obtained by XRF/XRPD tomography
[240 µm (3 µm steps) × 180◦ (2◦ steps)]. Identification by comparison with the ICDD PDF-2 database
yields: Al2O3 (75–1862), NiAl2O4 (73–0239) and NiO (89–7390), (c) Catalytic activity for SR of CH4 at
P = 20 bar, S/C = 1.7, Toven = 900 ◦C, contact time τ = 4 s. Figure 5a was adapted from [62], Figure 5b
from [66] and Figure 5c from [48].



Inorganics 2018, 6, 74 8 of 18

3.2. Rh/Mg/Al Catalysts

3.2.1. pH of the Electrolyte, KNO3 Supporting Electrolyte and Synthesis Conditions

Rh-containing HT compounds are very active in H2 production processes such as the CPO of CH4.
However, the electrodeposition of this type of HT materials is rather challenging. Noble metals are
easily reducible and the deposition of Rh metallic particles using similar electrodeposition conditions
as for Ni/Al HT compounds took place, i.e. electrodepositions in an 80 ppi foam (8.0 × 10.0 mm
cylinder) at −1.2 V vs. SCE for 1000 s with a 0.03 M Rh/Mg/Al = 11/70/19 a.r.% electrolyte containing
0.3 M KNO3 supporting electrolyte, pH 2.1 [61]. This led to the deposition of a film with uncontrollable
composition and to the formation of big Rh0 particles (Figure 6a), which were less catalytically active
due to poor dispersion. To avoid this drawback, the initial pH of the electrolyte was increased.
The increase of the pH lowered the reduction Rh3+ potential according to the Pourbaix diagram;
however, it should be noted that it may also lead to the precipitation of the acidic Al3+ cations as
bulk aluminum hydroxides (Al(OH)3) or oxohydroxides (AlOOH). An initial pH value of 3.8 of the
electrolyte balanced both issues. Under these conditions, the presence of Rh3+ did not modify the
electrodeposition process at −1.2 V vs. SCE for 2000 s (Figure 6b). The current density recorded during
the synthesis, in the absence or presence of Rh in Mg/Al electrolyte solution, and properties of the
coatings were quite similar [60]. Moreover, Rh0 species were not identified by powerful µ-XANES
(X-ray absorption near edge structure) measurements of the as-deposited coating [63].Inorganics 2018, 6, x FOR PEER REVIEW  9 of 18 
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Figure 6. SEM images of Rh/Mg/Al coating on FeCrAlloy foam electrodeposited at −1.2 V vs. SCE
in 0.03 M Rh/Mg/Al = 11/70/19 a.r.% and 0.3 M KNO3 at different synthesis conditions: (a) 1000 s
and pH 2.1 (without adjusting the pH), (b) 1000 s and pH 3.8. The pH was adjusted by NaOH.
Adapted from [61].

Once adjusted the pH of the initial solution, applied potential and syntheses time were optimized
to deposit Rh/Mg/Al = 11/70/19 a.r.% HT precursor, starting from a 0.03 M total metal concentration
and 0.3 M KNO3 [58]. The challenges of the method were evidenced again since the syntheses
conditions were related to the foam cylinder size. Increasing the size of the cylinder from 8.0 × 10.0 to
10.0 × 11.9 mm, a longer synthesis time was required to improve the coating homogeneity and layer
thickness. Under these long synthesis times, a −1.3 V vs. SCE potential was not suitable, because of
the evolution of H2 bubbles with the detachment of the deposited solid. On the other hand, it was
possible to work at −1.1 V and −1.2 V vs. SCE. The application of a lower cathodic potential, however,
decreased the pH value and slowed down the OH− generation, decreasing the precipitation rate.
To balance this effect, the synthesis time was adjusted: 3000 s at −1.1 V and 2000 s at −1.2 V. A 3
wt.% solid deposited in both cases. However, some inhomogeneities in the deposition process were
observed regardless of the potential applied: the electrodeposition was favored on the tips of the
struts rather than on the nodes because the generation of potential gradients and the more favored
heterogeneous precipitation in the most exposed areas.

The calcination at 900 ◦C for 12 h to obtain the catalyst was another process that altered the
properties of the coating. The weight losses due to the removal of water, CO2, and NOx during



Inorganics 2018, 6, 74 9 of 18

dehydration, dehydroxylation and interlayer anions decomposition led to the shrinkage of the coating.
Moreover, metal and oxides have different thermal expansion coefficients. Thus, the calcination process
contributed to crack formation. The catalysts after reduction at 750 ◦C for 2 h in a H2/N2 mixture were
tested in the CPO of CH4, feeding CH4/O2/He gas mixtures to the reactor loaded with two coated
foams. The oven temperature was 750 ◦C, the composition of the gas mixture (CH4/O2/He = 2/1/20
and 2/1/4 v/v) and the gas hourly space velocity (GHSV) value (63,300–11,500 h−1) were modified.
The performances were higher with the catalyst prepared at −1.2 V, although it still showed low
performances (e.g., CH4 conversion around 70%) in comparison with pelletized catalysts due to some
uncoated zones, a low Rh dispersion, and the presence of potassium in the spent catalyst.

The electrodepositions were performed in the presence of KNO3 as supporting electrolyte to
increase the conductivity of the solution (and, hence, to reduce Ohmic drop resistance) or to eliminate
the contribution of migration of the electroactive species [67]. Unfortunately, K+ had a high tendency to
migrate toward the working electrode and, thus, to simultaneously deposits with the HT compounds
(Ni/Al and Rh/Mg/Al). Potassium is reported to be a catalyst promoter decreasing the carbon
formation; however, in this case the deposition of large amounts led to the blockage of the active
sites and decrease of the performances. Thus, electrodepositions were performed without KNO3;
however, the absence of the supporting electrolyte could modify the electro-based generation. In
KNO3-free electrolytes a reduced number of nitrates was available to increase the pH and, therefore,
the coating morphology and composition, which determined the catalytic properties, were modified
as shown below.

The electrodeposition without KNO3 at−1.1 V favored the precipitation of the most acidic cations
(Rh3+ and Al3+) due to lower pH, with lower amounts of Mg-containing coatings. Consequently, after
calcination the catalyst was made of rhodium oxide on alumina in the areas poorer in magnesium
and/or within a magnesium oxide or magnesium spinel matrix when the magnesium content
increased. The different phases in the catalyst modified not only the inherent properties of the
coating (i.e., Rh dispersion, stability against sintering, carbon formation), but also its adherence, of
paramount importance to keep stable performances. By applying a more cathodic potential, i.e.,−1.2 V,
the coverage of the foam was more homogeneous, but another drawback was identified: a sequential
precipitation took place, i.e., a Mg-rich layer deposited close to the foam surface and a large amount
of Al and Rh did it in the outer shell of the coating. Consequently, after calcination the catalyst still
contained several Rh species; however, the contribution of those with Mg was more intense than in
the sample obtained at −1.1 V. The catalyst did not show optimal performances yet, but they were
improved. The more homogeneous foam coating, together with the enrichment in Rh-containing
species, due to the sequential precipitation, may be responsible for these improved performances.
Conversion increased from 75 to 85% (GHSV 63,300 h−1), although the catalyst deactivated by feeding
concentrated gas mixtures (CH4/O2/He = 2/1/4 v/v) at 750 ◦C. The sintering and oxidation of Rh0

active species could contribute to the still low activities and the deactivation, thus the method was
further improved to overcome these drawbacks.

As above commented, the properties of the structured catalysts were not only related to the
deposited solid but also to the calcination process. Besides weight losses and thermal expansion
coefficients, the evolution of the coating and the foam during calcination played an important role
on the properties of electrodeposited structured catalysts [64]. The calcination modified not only the
coating properties but also the metallic foam, i.e., the foam was oxidized developing an alumina scale.
Thus, during the calcination, the interaction between the metallic support and the catalytic coating
occurred: a chemical reaction between Al from the foam and Mg in the coating. This interaction had
a twofold effect, it increased the film adhesion during the thermal treatment and catalytic tests but
modified the catalyst crystalline phases. Spinel phases in which rhodium was solved developed, thus
decreasing the catalyst reducibility, they coexisted together with some Rh2O3 and Rh0. The metallic
support was oxidized forming the corundum scale, which did not completely cover the foam surface,
and chromium oxides, together with ι-Al2O3.
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The coatings obtained under the above reported electrodeposition conditions showed some
inhomogeneities: (i) the tips of the struts were usually coated by thicker films than zones connecting
the struts; (ii) the outer part of the foam cylinders was better coated than the inner one; and (iii) a
sequential precipitation was observed for all long syntheses times. The inhomogeneous coating of the
foam cylinder may be related to the electrical-resistance of the metallic material. Hence, the electrical
contact was modified to achieve homogeneous thicknesses; the number of electrical contacts (pin)
obtained by inserting a Pt wire in the foam was increased [59]. The increase in the efficiency and
uniformity of the current distribution moving from one to three electrical contact point configuration
led to improvements. A more homogeneous coating of FeCrAlloy foams was obtained at −1.1 V for
3000 s and −1.2 V for 2000 s. Furthermore, enhanced coating properties were also observed after
calcination. However, the sequential precipitation was not avoided. The outer layer rich in Rh and Al
layer was less stable during reaction conditions and it could be partially detached. The lower stability
of the outer layer both during calcination and catalytic tests in the sample prepared at −1.2 V led to a
decrease in catalytic performances, while in the sample prepared at −1.1 V for 3000 s the increase in
the homogeneity of the film led to better performances with the 3-pin configuration.

3.2.2. Rh Loading, Electrolyte Concentration and Bimetallic Catalysts

The initial development of the electrodeposition of Rh-containing HT compounds on
FeCrAlloy foams above reported was performed by depositing a highly Rh loaded HT phase
(Rh/Mg/Al = 11/70/19 a.r.%) to balance the amount of active sites due to the small amount of
coating; the coating thickness was low (5–15 µm on the tips of the struts and several plate zones,
2–6 µm on other parts, as well as a few scarcely coated surfaces). Moreover, the coating film was
not homogeneous, being composed by an inner and outer layer, differing in composition. Hence,
a further step for the optimization of the technique was to reduce the amount of Rh in the film,
without decreasing performances, by tailoring the Rh particle size, coating thickness and active
phase composition.

To reduce the metal particle size and the sintering, the Rh/Mg/Al a.r.% in the electrolytic solution
was decreased from 11/70/19 to 5/70/25 and 2/70/28 (Figure 7) [63]. A change of Rh amount in
the electrolytic solution did not alter the typical features of electrodeposited precursors and catalysts,
but did determine the Rh dispersion. The precipitation of a solid with a composition close to the
expected one at the beginning of the syntheses, followed by the deposition of a film enriched in Al
and Rh (outer layer) still occurred. However, the Rh loading was proportional to the Rh content in
the electrolyte. After calcination, the outer layers in thick coated zones (5–15 µm) developed a high
number of cracks and the solid easily detached as previously observed, whereas Mg-rich coatings
or those with well-defined composition were more stable. The Rh speciation did not largely change
with the Rh content. The characterization of the coatings by µ-XRF/XANES indicated the presence
of hardly reducible Mg(Rh1−xAlx)2O4. Nevertheless, after reduction and catalytic tests, the particle
size and dispersion depended on the Rh loading and coating thickness. Smaller and more dispersed
particles were obtained by decreasing the Rh concentration in the electrolytic solution; these particles
were found in thinner rather than thicker layers, since in the former the Rh amount deposited was
lowered (Figure 7a–c). However, the catalytic activity in the CPO of CH4 at 750 ◦C with diluted and
concentrated feedstocks (CH4/O2/He = 2/1/20 and 2/1/4 v/v) was shown to be mainly related to
the Rh content rather than to the metallic particle size (Figure 7e). Despite the decrease in metallic
particle size, the CH4 conversion was negatively affected by the low number of active sites in the
coating, the high metal support interaction and, probably, the oxidation of metallic particles and
carbon formation.
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Figure 7. Field emission gun scanning electron microscopy (FEG-SEM) images of Rh spent
catalysts: (a) 0.03 M, Rh/Mg/Al = 11/70/19 (a.r.%), (b) 0.03 M, Rh/Mg/Al = 5/70/25, (c) 0.03
M, Rh/Mg/Al = 2/70/28, (d) 0.06 M, Rh/Mg/Al = 5/70/25, and (e) CH4 conversion of the catalysts
in the catalytic partial oxidation at Toven = 750 ◦C, 35,000 h−1 and feeding diluted and concentrated
feedstocks. The syntheses were performed at −1.2 V vs. SCE for 2000 s and pH 3.8. The catalysts were
calcined at 900 ◦C for 12 h. Adapted from [63].

To further increase the activity of the catalysts prepared from an electrolyte with a lower Rh
loading (Rh/Mg/Al = 5/70/25 a.r.%), the total metal concentration was increased from 0.03 M to
0.06 M. This electrolytic solution allowed to precipitate a thicker layer, 15–20 µm on struts and around
5 µm on flat zones (nodes). The composition was close to the expected one (Rh/Mg/Al = 4/68/28
a.r.%) in some parts of the foam, but the sequential precipitation phenomena still took place where
thicker layers were obtained, following a behavior similar to that observed for Mg/Al compounds.
Despite the electrodeposited sample still showed some uncontrolled properties, in the calcined and
reduced catalyst, the presence of a thicker layer with a high number of active sites, but without
altering the growth and sintering behavior of Rh0 particles (Figure 7d), gave rise to an increase in the
performances. Compared to the catalyst prepared from 0.03 M (as total concentration) to the one from
0.06 M solution showed a higher CH4 conversion in all reaction conditions, about 10% and 4% higher
in diluted and concentrated feeds, respectively (Figure 7e).

Another alternative to enhance the catalytic activity without increasing the Rh loading
was the deposition of a HT compound where Mg2+ cations were partially replaced by Ni2+

(Rh/Ni/Mg/Al = 5/15/55/25 a.r.%). Ni-catalysts are also active in the CPO, and Ni activity is
increased in the presence of Rh. However, the electrodeposition of such a type of HT material
was highly challenging. Although a better coverage degree was achieved, several layers of solid
were identified in SEM images, whose composition seemed to be related with the precipitation pH
of the individual hydroxides. Despite these features, a very active bimetallic Rh/Ni catalyst was
obtained; CH4 conversion and selectivity to syngas were above 90% at all the operative conditions
(GHSV = 11,500 –63,300 h−1, for both diluted and concentrated feeds), although it slightly deactivated
with time-on-stream.

Step by step the electrodeposition was optimized; however, the two main drawbacks that
still limited its applicability were: (i) the lack of control in the composition of the deposited solid,
which determined both the metallic particle size and the adhesion of the film during calcination and
catalytic tests, and (ii) inhomogeneity in the coverage of both inner and outer surfaces of the foam
cylinder. An interplay among the local pH values reached in the closeness of the support surface,
the increase in the resistivity of the system as the surface was coated by hydroxides, and the diffusion
of the electroactive species (nitrates) and cations to the working electrode must be considered to explain
the sequential precipitation. While inhomogeneity in the coverage of inner and outer surfaces could be
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explained by the limited mass transfer inside the pores. All these issues may be related to the static
electrolytes during the electrodeposition.

3.2.3. Double compartment Flow Cell

All the aforementioned studies were performed by coating the foams in a single compartment
electrochemical cell operating under static conditions. Although this cell is widely used for
electrochemical experiments, it may have two main drawbacks for the electrodeposition on
complex-shaped and quite large size electrodes, such as open-cell foams. The first one is that
this configuration does not avoid the mixing between the products from the counter and the
working electrodes. The second disadvantage is the inefficient replenishment of the electrolyte in the
electrode/electrolyte interface. To tackle these issues, in our recent work [60], a double-compartment
flow cell was used for the electrodeposition of Rh/Mg/Al HT on FeCrAlloy foams. The experiments
were carried out under the same electrochemical conditions, i.e., 0.06 M nitrate solutions containing
the lowest Rh loadings, i.e., Rh/Mg/Al = 5/70/25 and 2/70/28 a.r.% at −1.2 V vs. SCE for 2000 s with
an electrolyte flow of 2 mL·min−1.

Successfully and regardless of the Rh content, Rh/Mg/Al HT precursors (4.6 wt.% loading)
with controlled composition and thickness around 5–20 µm were evenly deposited on the surface of
FeCrAlloy struts (Figure 8a,b). Only some deviations were found in a few regions where Mg-rich and
Al-rich layers precipitated. Moreover, very thin layers (less than 1.5 µm) coated the cavities within the
struts, thus increasing the catalytic surface area.

The control in the composition of the electrodeposits had a direct effect on the calcined and
reduced catalysts. The morphology and size of the catalyst particles after calcination were not largely
altered and the film showed a smaller number of cracks and detachments than in the previous
works. The absence of Rh- and Al-rich layers, which easily detached, and the interaction between
the support and coating as well as the stability of HT compounds during calcination could explain
this improvement (Figure 8c,d). Thus, the catalysts prepared were similar to those obtained by the
conventional coprecipitation method. To confirm this statement, the crystalline phases in the coating
were investigated by nano-XRF/XRD. Likewise, for the characterization of Ni/Al coatings the spatial
distribution of the elements and crystalline phases were obtained; however, in this study the spatial
resolution of the results was increased. The measurements confirmed that the coatings were mainly
made of MgO and MgAl2O4 phases with Rh3+ species well dispersed, characteristic of coprecipitated
HT-derived catalysts. Moreover, a MgAl2O4 film developed at the interface between the foam and the
coating due to the chemical interaction between Mg2+ from the coating and Al3+ from the support,
which increased the adherence to the support (Figure 8e).

The coating after reduction and catalytic tests also showed enhanced properties: (i) good
stability characterized by SEM and nano-XRF/XRD; (ii) low tendency to form carbon evidenced
by micro-Raman; and (iii) well-dispersed Rh0 particles with an average size of 2–3 nm as observed
by high-resolution transmission electron microscopy (HRTEM) (Figure 8g), which coexisted with
some Rh aggregates of 15–30 nm. These properties provided active and stable performances for the
Rh/Mg/Al = 5/70/25 (a.r.%) catalyst. The activity was close to those obtained with coprecipitated
catalysts in the CPO of CH4 under different reaction conditions (i.e., feeding diluted and concentrated
feedstock and at 750 and 500 ◦C, as well as during long tests) (Figure 8f). However, a thicker coating
should be necessary to achieve similar performances with the Rh/Mg/Al = 2/70/28 (a.r.%) catalyst to
balance the number of active species.
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stability of the catalytic coating and of the active sites dispersed on it. The use of a flow cell double-
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Figure 8. Properties Rh/Mg/Al structured catalysts electrodeposited from 0.06 M electrolyte in a
double-compartment flow cell, Rh/Mg/Al = 5/70/25 (a.r.%) nitrate solution (pH 3.8) at−1.2 V vs. SCE
for 2000 s: (a,b) SEM image of electrodeposited sample at low and high magnification; (c,d) SEM image
of sample calcined at 900 ◦C for 12 h at low and high magnification; (e) nano-XRF/XRF distribution;
(f) stability test in the catalytic partial oxidation of CH4 at different reaction conditions; and (g) HR-TEM
image of spent catalyst. Adapted from [60].

In other words, the control of the composition of Rh/Mg/Al HT coatings was of paramount
importance for the preparation of the structured catalysts with enhanced properties in terms of stability
of the catalytic coating and of the active sites dispersed on it. The use of a flow cell double-compartment
set-up was the key to achieve this. A short overview of the properties of a typical case—Rh/Mg/Al
HT electrodeposited on the FeCrAl foam—is displayed in Figure 9. With the same electrolyte,
Rh/Mg/Al = 5/70/25 (a.r.%), the flow cell allowed to control better the composition of the solid
deposited and therefore the catalysts properties and catalytic activity, likewise for conventional
coprecipitated catalysts.
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(single compartment) and a flow cell (double-compartment) through the life-time of the catalysts from
electrodeposition to the spent state after using for the CPO of CH4.

4. Conclusions

The electro-base generation method is a promising route to in situ coat open-cell metallic foams
with HT compounds, obtaining, after calcination, structured catalysts for syngas production processes
by SR and CPO of CH4. The electro- and chemical processes taking place at the electrode-electrolyte
interface are determined not only by the potential applied and time, but also by the composition of
the electrolyte and the set-up. The potential applied controls the electrochemical reactions, mainly
nitrate reduction with some contribution of water electrolysis; while, the presence of precipitating
cations catalyze the reduction processes. The composition of the electrolyte must be carefully tailored
considering that: (i) the reduction of Rh3+ may be avoided by adjusting the initial pH; (ii) the KNO3

supporting electrolyte must be removed to prevent K contamination; (iii) the modification of the
total metal concentration determines the amount of solid deposited, composition and crystalline
phases. Since the structured catalysts are obtained by calcination at high temperature, i.e., 900 ◦C,
their properties also depend on the chemical/mechanical processes occurring during calcination.
The composition and crystalline phases of thin Ni/Al coatings may be easily controlled; thus, the final
catalysts achieve good performances in the SR. On the other hand, in the case of thick Rh/Mg/Al films
the replenishment of the solution and the separation of working and counter electrode seems to be
of paramount importance. Under optimized conditions coprecipitated-like coatings with a MgAl2O4

layer in the coating/foam interface, due to the coating-support interaction, were obtained, and the
structured catalysts showed high activity and stability for the CPO of CH4.
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the article. E.S. and D.T. contributed to the design of electrodepositions, discussion of the results and writing the
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