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ABSTRACT

The metal particle size distribution coating, thickness and activity of electrosynthesised
hydrotalcite-derived Rh-structured catalysts for the partial oxidation of CH4 to syngas were
optimized. Several parameters were modified during the electro-base precipitation of
hydrotalcite-type compounds on the surface of FeCrAlloy foams. The Rh/Mg/Al atomic ratio,
total metal concentration and the presence of Ni as a second active phase in the electrolytic
solution were the parameters investigated by SEM-EDS, pXRF/XANES and catalytic tests
under diluted and concentrated reaction mixtures.

The amount of rhodium species, present as Mg(RhxAl1x)204, depended on the thickness of the

electrosynthesised layer as well as the rhodium particle size

and dispersion. Smaller and more dispersed particles were obtained as the Rh concentration
in the electrolytic solution decreased from Rh/Mg/Al = 11/70/19 to 5/70/25 and 2/70/28 atomic
ratio % (a.r. %) and in thinner rather than in thicker layers. A narrow particle size distribution
centred at 10 nm was obtained for the Rh/Mg/Al = 2/70/28 a.r. %. Despite the improvement in
metallic particles features, the CH4 conversion was negatively affected by the lower amount of
active sites in the coating, the high metal support interaction and possibly the oxidation of
metallic particles and carbon formation.

By increasing the total metal concentration from 0.03 M to 0.06 M with the Rh/Mg/Al = 5/70/25
a.r. % a larger amount of solid containing well dispersed rhodium particles was deposited and
catalytic performances enhanced. The inclusion of Ni as second active phase gave rise to a very
active bimetallic RhNi catalysts, CH4 conversion and selectivity to syngas were above 90 %,
but it slightly deactivated with time-on-stream.

Keywords: Electrosynthesis, Rh, RhNi, FeCrAlloy, Catalytic partial oxidation of CH4



1. Introduction

The Catalytic Partial Oxidation (CPO) of methane is nowadays an industrial option to
autothermally produce syngas at short contact time values [1]. The active catalysts reported in
literature for this process are metals (Ni, Co, Pt, Rh) supported on or included in ceramic
materials (y-Al203, a-Al203, MgO, MgAl;0s, CeO2, Ce1xZrx02) [2]. Experimental and
theoretical studies demonstrated that the catalytic bed is divided in an oxidation and a reforming
zone [3-5]. In the short oxidation zone, located at the inlet of the bed, partial and total oxidation
products are formed, the temperature largely increases, and Oz consumption is mass transfer
limited. In the reforming zone, CH4 is consumed by Steam Reforming (SR). Water Gas Shift

(WGS) and reverse Water Gas Shift (rWGS) reactions occur along the whole catalytic bed [6].

The high Gas Hourly Space velocities (GHSV) required to operate at short contact times
increase the heat released by exothermic reactions. Such high temperatures promote
homogeneous reactions [7], deactivate the catalyst and lead to safety risks [8,9]. Several efforts
were made to keep the temperature under control, which deal either with the design of the

reactor during CPO scale-up [1] or with the use of structured catalysts on laboratory scale.

Structured catalysts are made of a three-dimensionally shaped support (i.e. honeycomb, open-
cell foam, fibre) coated by a catalytic film [10]. The requirements that a CPO catalyst must
meet [2,11] (high CH4 conversion and selectivity to syngas, stability against sintering, oxidation
and carbon formation, fast start-up response) are related to both support and coating features.
In particular, they depend on metal species and support forming the coating film, its
homogeneity, adhesion and, last but not least, on the stability of the support under the harsh
CPO reaction conditions. Hence, the success of a CPO structured catalyst is the result of the
coating chemical formulation, support morphology and shape, preparation route and catalyst-

3D support interaction.



As material for the support, honeycombs and open-cell foams made by ceramic (cordierite [12-
14], a-Al203 [3,15,16], SiC [17]) and metallic (Ni [18,19], FeCrAlloy [20-23]) materials are

mainly employed.

Under adiabatic operative conditions the start-up, steady-state and blow-out of the CPO depend
on the shape of the support [24,25]. O2 mass transfer and therefore the heat released by
exothermic reactions is controlled by the size and shape of the channels in honeycomb
monoliths [26,27]. In non-adiabatic reactors, radiative heat loss helps to decrease hot spots
[28,29]. Lastly, the heat transfer by conduction also plays a role in flattening thermal profiles

when using thermally conductive supports [17,22].

The lower amount of active catalyst per volume in structured catalysts with respect to pelletized
catalysts [10] is usually balanced by depositing a highly active catalyst. Indeed, noble metals,
mainly Pt [12,15] and Rh [16,30], are the active species, although the use of bimetallic noble
metal-nickel or -cobalt catalysts [31] and stratified beds [32] was also reported. The amount of
active species, which modifies the thermal profile [8,16,26], may be controlled by pore size

[33], layer thickness [34] and active phase loading [30].

Washcoating or dip-coating or their modifications such as dip-blowing [35,36] are often
adopted to obtain metal supported CPO structured catalysts. The metals are incorporated by
impregnation as their respective salts either before [9,14,29] or after [13,16,23] washcoating
the ceramic support, as well as directly on the surface of the structured support [12,15,30]. The
impregnation on structured supports may give rise to dishomogeneities in the metal dispersion.
Contrarily, deposition of Pt nanoparticles on a-Al,Oz foams by microwave-assisted gel-
combustion synthesis in self-propagating mode [37], spontaneous deposition of Rh and Pt
particles on Ni foams by metal exchange reactions [19] or electrosynthesis of Rh on FeCrAlloy

foams [23] produce small, well-dispersed and distributed metallic particles.



Low surface area supports such as a-Al2O3 may lead to large metallic particles with low
dispersion [15,16] and small metal-support interaction. These features, coupled to the harsh
CPO reaction conditions, give rise to changes in the catalyst and, eventually, to its deactivation,
depending on the position within the catalytic bed [15]. In the case of Pt catalysts, metallic
species may even be transported from the oxidation to the reforming zone, accompanied by
oxidation of Pt® to PtO,, sintering [15,30], and carbon formation [15]. On the other hand, Rh
catalysts are more stable [3] and the carbon formation is lower [38]; however, if Rh® particles
are not well stabilized, they also suffer from sintering [23]. The oxidation state of Rh during
CPO tests is related to operative conditions; at high temperatures (700-1000 °C) Rh is in a
reduced state even in the presence of oxygen [39], while at temperatures around 400°C Rh®* is

detected in the oxidation zone [40].

Supports, such as y-Al>03 [16,33], y-Al203 modified by Ce [16], La or P [13,23], AIPO4 [23],
perovskites (LaMnOs [17] and LaCoOs [31]) improve Rh dispersion and stability. However,
special care must be taken during washcoating since the catalyst support may suffer from
changes. For instance the wet ball milling step used for the preparation of an AIPO4 slurry

induces pore collapse and decreases the surface area [23].

Hydrotalcite-type (HT) compounds are well-known precursors of catalysts for CPO, since after
calcination and reduction small metallic particles are well stabilized inside a thermally stable
oxide matrix [41]. Hence it was proposed by some of us to prepare Rh-bulk catalysts coated on
FeCrAlloys by thermal decomposition of electresynthesized-electrosynthesised HT compounds
[42-48]. The thermal conductivity of FeCrAlloy is not very high [10]; however, finding a
metallic support able to withstand CPO conditions is not straightforward. The synthesis
procedure consists of the precipitation of HT compounds on the surface of the metallic support
by an electro-base generation method [49]. The reduction of nitrates in aqueous media by

application of a cathodic potential produces hydroxyls at the electrode surface, increasing the



local pH [50]. Despite the electrosynthesis being a promising alternative to the washcoating of
HTs [51], several aspects need further improvement. Due to the thin film thicknesses obtained
in our first experiments, the number of active sites were increased by using electrolytic solutions
with a high Rh loading [Rh/Mg/Al = 11/70/19 a.r. %], however Rh particles were quite large
(50-200 nm) [48]. Moreover, the coating film was not homogeneous, since it was composed by
an inner and outer layer, differing in composition. The latter was enriched in cations that
precipitate at lower pH, i.e. Al and Rh, indicating an uncontrolled precipitation as the synthesis
proceeded. This phenomenon may be ascribed to sequential precipitation of the elements due

to an insulating effect of the deposits [45,52], and to mass transfer phenomena [50].

Aim of this paper was to reduce the amount of Rh in the catalytic film without decreasing
catalytic performances by optimizing the Rh particle size, film thickness and active phase
composition. Firstly, to decrease the metal particle size and the sintering, the Rh/Mg/Al a.r. %
in the electrolytic solution was modified from 11/70/19 used in our previous works [48] to
5/70/25 and 2/70/28. Secondly, to overcome the loss in active sites by lowering the Rh loading,
the metal concentration in the Rh/Mg/Al = 5/70/25 a.r. % electrolytic solution was increased
from 0.03M to 0.06M and 0.1M to favour the transport rate of the species towards the working
electrode and to increase the amount of solid deposited [53,54]. Lastly, to improve the activity
a second active phase, Ni, was added in the coating to form RhNi bimetallic catalysts [55], the
bimetallic RhNi catalyst being prepared by replacing a part of the Mg?* by Ni?* (Rh/Ni/Mg/Al
= 5/15/55/25 a.r. %). The morphology and composition of the samples were analysed by
Scanning Electron Microscopy — Energy Dispersive X-ray Spectroscopy (SEM-EDS), and
microscopic X-Ray Fluorescence (uXRF), while X-ray Absorption Near Edge Structure
(XANES) spectroscopy, measuring the Rh-Ls line, was used in order to determine the Rh
speciation. The catalyst activity was studied by performing CPO tests feeding concentrated and

diluted CH4/O2/He gas mixtures and operating at the oven temperature of 750 °C.



2. Experimental part
2.1. Synthesis of the catalysts

Electrosynthesis was performed in a single compartment three electrode cell at room
temperature, with a 1.00 x 1.19 cm? cylinder of FeCrAlloy foam (60 ppi and 4.5 % nominal
relative density) as Working Electrode (WE). Prior to synthesis, cylinders were rinsed with
ethanol and water and electrode potentials were measured with respect to an aqueous Saturated
Calomel Electrode [SCE; i.e. Reference Electrode (R.E.)]. The Counter Electrode (C.E.) was a
Pt gauze (about 18.00 cm?) placed around the foam cylinder at approx. 0.70 cm. To establish
an electrical contact between the foam and the potentiostat, a Pt wire was inserted in the middle
of the foam cylinder and two other Pt wires perpendicular to the previous one in the outer
surface of the foam [48]. Pt wires were well insulated by two layers of teflon tape and parafilm,
to avoid their contact with the electrolytic solution and thus ensuring that only the FeCrAlloy

acted as the working electrode.

Electrochemical syntheses were carried out by chronoamperometry with an Autolab
PGSTAT128N (Metrohm) at -1.2 V vs SCE for 2000 s as identified in our previous work [48].
The electrolytic solution was an aqueous solution containing the salts of the cations to be
precipitated [Rh(NOs)z, Mg(NOz)2, AI(NO3z)s and Ni(NOs)2] with a total concentration of 0.03,
0.06 or 0.10 M. The Rh/Mg/Al atomic ratio in the solution was varied (from 11/70/19 to 5/70/25
and 2/70/28, a.r. %), while the Rh/Ni/Mg/Al ratio was 5/15/55/25 a.r. %. KOH was added to
adjust the initial pH of the solution to 3.8 [44]. After washing and drying at 40 °C, coated foam
cylinders were weighed. Samples obtained by electrosynthesis using the 0.03 M solution of
Rh/Mg/Al will from now be referred to as RhX-HT, where X refers to the Rh amount (a.r. %)
i.e. Rh11-HT. Bimetallic samples will be named Rh5Ni-HT, while the samples prepared from

the 0.06 M and 0.10 M solutions Rh5-HT-0.06M and Rh5-HT-0.1M.



Catalysts were obtained by calcination of coated foams at 900 °C for 12 h (heating rate 10 °C
min™) and will be referred to as Rh11-¢900, Rh5-¢900, Rh2-¢900, Rh5Ni-c900, Rh5-c900-
0.06M and Rh5-c900-0.1M. The reduced and spent samples will be named by replacing -c900

by -red or -used, respectively, i.e. Rh5-red or Rh5-used.
2.2. Characterization techniques

SEM/EDS analyses were performed by using an EVO 50 Series Instrument (LEO ZEISS)
equipped with an INCAEnergy 350 EDS micro analysis system and INCASmartMap to image
the spatial variation of elements in a sample (Oxford Instruments Analytical). An accelerating
voltage of 20 kV was applied with a spectra collection time of 60 s, point and area
measurements were performed in around 10-15 regions of interest. Secondary electron and
backscattered electron images were collected. Wide regions were spanned to provide a well
representative map of the catalysts, namely analyses were performed in struts of different
geometry (tips, plate zones and arms connecting plate zones) placed along the foam cylinder
surface. Mg/Rh atomic ratios in the coating were estimated from EDS analyses, using
standardless quantification. The contribution of the Al coming from the support makes it
difficult to calculate Mg/Al or Rh/Al ratio values in the electrosynthesised

solids, thus the amount of Al in the coating was only qualitatively estimated.

FEG-SEM analyses were performed by using a Zeiss LEO Gemini 1530 equipped with an
Everhart-Thornley (E-T) secondary electron detector and a Scintillator BSE detector - KE
Developments CENTAURUS. The accelerating voltages were 5 or 10 kV. Particle size

distributions were obtained by the Image J software, at least 300 particles were analysed.

XANES profiles at the Rh-Ls edge were collected on beamline 1D21 at the European
Synchrotron Radiation Facility (ESRF, Grenoble F) [56]. The storage ring operating conditions

were 6 GeV electron energy with 200 mA electron current and 7/8 multibunch operating mode.



For these experiments a Si (111) double-crystal monochromator was used, having an energy

resolution of 10“4(AE/E).

A metallic Rh reference foil (0.75 um) was used to provide an accurate energy calibration for
all the spectra (first inflection point of the Rh-Ls edge set at 3004.0 eV [57]). For all XANES
measurements, reference compounds and actual catalysts spectra were recorded with the sample
positioned at 62° with respect to the incoming beam. The fluorescence was recorded as a
function of the incident X-ray energy at an angle of 49° with respect to the sample. XANES
spectra were collected from ~35 eV below to ~130 eV above the Rh-L3 edge (2970 eV — 3135
eV), with 0.25 eV steps for the entire measured region. A 100 ms integration time was used for
each energy resulting in a measuring time of ~ 1 min per XANES spectrum. 20-30 repeats were

recorded to acquire noise-free spectra.

To obtain reference spectra, appropriate amounts of Rh model compounds were mixed with
boron nitride, resulting in a weight percentage of 2 % of the model compound to limit self-
absorption. Each mixture was compressed into a pellet and placed in a sample holder. To avoid
contributions of possible heterogeneities during mixing, measurements were performed with an
unfocused beam using a 200 um pinhole. Where needed (low Rh content in pellet) no pinhole
was used resulting in a beam size of ~500 um? The fluorescence was recorded using a

photodiode or a silicon drift diode (Bruker) (depending on the count rate).

For the measurements of the actual catalysts the beam size was reduced to 0.22 x 0.85 um? by
using zone plate optics. Foam cylinders were embedded in a resin (Technovit 4006, Heraus
Kulzer) and cut; finally polished cross-sections of the struts were analysed. The thickness of
the embedded samples prevented transmission measurements thus allowing only monitoring of
the fluorescence intensity as a function of the excitation energy. For this purpose a silicon drift
diode was used. Prior to XANES measurements uXRF maps were collected using the same

setup and detector previously described with a step size of down to 0.5 um. A primary excitation



energy of 3008 eV was employed in order to obtain a good XRF intensity for Rh present in the
layer. These maps were used to locate interesting spots inside the Rh layer at which XANES

spectra were recorded. In all maps a measuring time of 100 ms per pixel was used.

For all the XANES spectra, the normalization was performed by means of the software package
ATHENA [58]. An edge-step normalization was performed by linear pre-edge subtraction and
by regression of a (in general) quadratic polynomial beyond the edge [58]. If a silicon drift
detector was used for the collection of XANES spectra, the recorded XRF spectra were
evaluated using the PyMCA software package [59]. The fitted Rh intensity (sum of all Rh-L
lines) was then plotted as a function of the excitation energy resulting in a (fluorescence mode)
XANES spectrum. Analysis was performed by linear combination fitting of unknown spectra

with spectra of known Rh reference compounds.
2.3. Catalytic tests

A quartz reactor (i.d. 10.0 mm) was placed in an electrical oven and was loaded with two foam
cylinders, which are located in the isothermal zone of the oven. The foams were made to fit
well with the diameter of the reactor in order to minimize by-pass phenomena. In situ reduction
was performed by an equimolar Hz/N2 mixture (7.0 L h'%) for 2 h at 750 °C prior to the catalytic
tests. The temperature at the inlet of the bed was monitored by a chromel alumel thermocouple
placed inside a quartz wire. Reactant gases were supplied from individual cylinders and gas
flow rates were measured with mass flow controllers, being mixed before entering in the quartz
reactor. GHSV values and the composition of the gas mixture were varied as follow: GHSV =
11,500, 15,250, 38,700 and 63,300 h* (calculated on the total volume of the foam support at
STP conditions) and CH4/O2/He = 2/1/20 or 2/1/4 viv. Reaction products were analysed on-
line, after water condensation, by a Perkin EImer Autosystem XL gas chromatograph, equipped
with two thermal conductivity detectors (TCD) and two Carbosphere columns using He as

carrier gas for the CH4, O2, CO, and CO> analyses, and N for the H analysis. CH4 and O

10



conversions and the selectivity in H2 and CO were calculated according to the previously

reported formulas [60]. Oxygen conversion was completed in all the experiments.
3. Results and Discussion

3.1. Effect of Rh content

3.1.1. SEM/EDS analyses

Selected SEM images taken across the samples after electrosynthesis with the three different
solutions Rh/Mg/Al = 11/70/19, 5/70/25 and 2/70/28 a.r. % are displayed in figure 1. The
composition of the electrolytic solution does not alter the typical features of
electrosynthesised materials [48]. The foam surface is almost entirely covered by a solid
constituted of spherical nanoparticles and platelets, only some uncoated struts being identified.
Preferential precipitation occurs on the tips resulting in a film of 5-15 pum, and potassium

deposits together with the expected elements.

When a thin film is deposited (2-6 um), the Rh/Mg/Al a.r. % in the coating and the electrolytic
solution are-is quite similar for all samples (Table 1). For thicker films the concentration of Rh
and Al in the film increases as the synthesis proceeds, forming an outer layer with different
composition. Namely the sequential precipitation of layers of different composition previously
observed for Rh11-HT [48] also occurs in Rh5-HT and Rh2-HT samples; although next to these
similarities some differences among samples are found in film thickness and composition. The

Rh and-Al-content in the outer film depends on their Rh-concentration in the correlateswith-the

electrolytic solution composition (Table 1), fer-instance-the higher Rh content in the solution

the higher Rh content in the solid, and it seems that the outer layer is not as abundant in Rh2-

HT as in Rh11-HT. The preferential precipitation of Al and Rh may be due to a decrease of the

pH in the vicinity of the support when thick films deposit, because of an increase of the

11



electrical resistance in the solid and/or to a mass transfer limited step of the electroactive

species.

The thickness, compactness, and chemical composition of the precursor film determine the
properties of the coating after calcination at 900 °C for 12 h. SEM images of coated foams after
calcination are displayed in figure 2. Likewise for Rh11-c900 sample [48], Al-rich layers

identified in the electrosynthesised Rh5-HT and Rh2-HT samples develop a

high number of cracks and the solid easily detach during calcination. In some cases it is possible
to observe alumina needles. On the other hand, Mg-rich coatings or those whose compaosition
is closer to the expected one are better adhered and more stable after calcination at high
temperature. These catalytic coatings are constituted by flakes of globular or platelet-shaped
nanoparticles; although some struts are crack free. As for Rh, its concentration in the catalytic
layer measured by EDS correlates to the amount of Rh in the solution: Rh11-¢900: 10-30 wt.%

> Rh5-c900: 5-15 wt.% > Rh2-c900: 1-5 wt.%.

The above commented features of calcined samples may be explained considering that the
composition of the precipitated film determines the thermal decomposition pathway of the
hydroxides and thermal-expansion coefficients of the formed oxides [61] as well as the
chemical interaction between elements of coating and metallic support, such as previously

reported for electrosynthesised catalysts [47]. For instance, higher amounts

of Mg may favour the solid-state reaction between Al from the foam and Mg from the coating,

increasing the stability of the film.
3.1.2. uXRF/XANES measurements

uXRF/XANES measurements were performed on cross-sections of selected embedded foams
to characterise Rh species. To obtain representative results several regions were analysed,

namely coated struts in the top, middle and bottom of foam cylinders. Selected representative

12



data for the sample prepared with the Rh/Mg/Al = 11/70/19 a.r. % solution at the different steps

of the life cycle are displayed in figures 3 and 4.

XRF maps (Fig. 3) were recorded at 0.5 pm resolution of sectioned struts to select the points to
be analysed by XANES (Fig. 4). The Fe-L distribution maps were used to represent the foam
support, the Cr-L distribution is rather similar and thus not shown. To give information about

the coating composition Mg-K, Al-K and Rh-L distribution maps are shown.

An estimation of each film thickness was obtained by fitting a gaussian to several Mg-K and
Rh-L line profiles across the film (See Fig.s S1, S2, S3, and S4, Supplementary information).
The FWHM of these gaussians are given in Table 2; the mean value is an indication for the
average layer thickness while its standard deviation is an indication for the variation in

thickness.

Elemental distribution maps of cross-sections for Rh11-HT (see as an example Fig. 3a) indicate
that Mg, Rh and Al follow a similar distribution in regions of interest located in different areas
of the foam surface. On the other hand, the film thickness depends on the inspected region;
thicknesses range from 2 to 10 um with an average value of around 5 um for Rh and 4 pm for
Mg in the selected area displayed in figure 3. The thicker Rh than Mg layer may be explained
considering that the outer layer mainly contains Rh and Al as previously observed by
SEMV/EDS. High resolution XRF maps (Fig. 4), confirmed that all the elements (i.e. Rh, Mg
and Al) are intermixed but their concentration depend on the region of interest also in agreement
with EDS. The high noise level of XANES spectra recorded on this sample, made it impossible
to perform Linear Combination Fitting (LCF). However the position of the white-line at ca.
3007.0 eV confirms that the coating contains Rh®" species. These results agree with those
recently published by some of us [48] and further confirm that the precipitation of Rh* rather

than its reduction occurs during electrosynthesis.

13



After calcination (Fig. 3b) the correlation between the distribution of Rh, Mg and Al remains;
however, Rh and Mg coating thickness are similar, around 4 pm (Table 2). The interdiffusion
of the species or the detachment of the outer layer during calcination may explain this
behaviour. XRF maps of hollow struts once again confirm that the electrosynthesis takes place
in both the outer and inner surface, increasing the surface available for catalytic tests [47].
Selected regions, corresponding to several concentrations of Rh in the layer, were examined by
XANES (Table S1, Supplementary Information). Rh-Ls XANES spectra (Fig. 4, point B1)
display a white-line at 3007.0 eV due to the electron transition from 2p3. to 4ds and 4dsy> and
peaks at higher energies attributed to transitions to pd, df, f and df orbitals [60]. LCF revealed
that, regardless the inspected region, Rh is present in a spinel structure forming a Mg(RhxAl1-
x)204 solid solution rather than segregated as Rh20s, which was detected in samples prepared

by electrosynthesis using KNO3 as supporting electrolyte [47].

By decreasing the Rh loading in Rh5-c900 and Rh2-c900 samples (Table S2, Supplementary
Information), elemental distributions and Rh speciation remain similar to those in Rh11-c900.

Rh, Mg and Al cover the foam surface and Rh* species are included in the MgAl,O4 spinel.

The formation of the Mg(RhxAl1.x)204 solid solution may prevent the sintering of Rh° particles;
however the Rh®* to Rh° reducibility decreases [47], since higher temperatures are required to
perform the reduction. In order to obtain information about the reducibility of Rh, the sample
with the highest Rh loading was studied after the reduction treatment before catalytic tests,
Rh11-red (Figs. 3c and 4 point C1). A less intense white-line at 3005.0 eV due to the decrease
of 4d holes is expected for the reduced sample [63,64]. However, the white-line of Rh11-rid
sample is composed of two overlapped peaks at 3005.0 and 3007.0 eV (Fig. 4, point C1) due to
the presence of both Rh® and Rh®* species in the coating. The amount of Rh°® species varies

from 21 to 54% in the analysed points. Hence, the Rh®* reduction is incomplete during the

14



activation treatment in Hz, although the oxidation of the metallic particles during the preparation

of the samples may not be discarded.
3.1.3. Catalytic activity

Catalytic tests were performed feeding two CH4/O2/He mixtures (2/1/20 and 2/1/4 viv) to the
reactor, with the following GHSV values: 63,300, 38,700, 15,250, and 11,500 h. Initial
reaction conditions, namely CH4/Oz/He = 2/1/20 v/v and 63,300 h%, were set at the end of every
test to evaluate possible deactivation/activation (control test). The evolution of CH4 conversion
and selectivities in CO and H2 with time-on-stream (TOS) by modifying reaction conditions for

the three catalysts are summarized in figures 5 and 6.

In the case of Rh11-c900, feeding the diluted reaction gas mixture at 63,300 h™* the CHq4
conversion is around 82% during the first 120 min of TOS. Conversely, Rh5-c900 and Rh2-
€900 catalysts activated with TOS and CH4 conversion is related to the Rh content within the
coating. After 120 min of TOS, conversion increases from 70 to 76 % for Rh5-c900 and from
55 to 60 % for Rh2-c900. The main reaction products with Rh11-c900 and Rh5-c900 catalysts
are CO and Hz, although the syngas selectivity is lower for the latter catalyst. On the other hand,
the Rh2-¢900 sample shows a higher selectivity in CO than in H2 at the beginning of tests, while

the differences were smoothed with TOS.

Catalytic performances improve as the GHSV values decreased to 38,700 and 15,250 h, in
agreement with the behaviour previously reported by some of us for this type of catalysts
[44,45]. Quite stable performances are achieved with the Rh11-c900 catalyst, regardless of the
total flow rate, with a conversion above 90 % at 15,250 h. On the contrary, Rh5-c900 and
Rh2-c900 samples slightly deactivate with TOS (ca. 1% loss in CH4 conversion); the former

only at 15,250 h™, while the latter both at 38,700 and 15,250 h™.
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The control tests evidenced that runs at 38,700 h™* and 15,250 h'! do not largely modify the
Rh11-c900 and Rh5-c900 catalysts; nevertheless the Rh2-c900 sample increased conversion

and selectivities after both catalytic tests.

To explain the catalytic behaviour (namely, activation with TOS, activity and stability of the
catalysts) the properties of the coating, thickness and composition, and the reactions taking
place in the catalytic bed have to be considered. CHa is converted by exothermic reactions, total
or partial oxidation, and by the endothermic steam reforming. On the whole, in diluted reaction
conditions, the higher the rhodium loading and coating thickness the better the performances
are. Considering that oxidation reactions are fast and controlled by O2 mass-transfer [27], the
differences in conversion and selectivity may be related to the ability of the catalyst to perform
the consecutive SR process. A small amount of exposed Rh? active sites due to low Rh loading
in the coating, the formation of large particles or the presence of unreduced Rh® species, may

decrease the CH4 conversion by SR. For instance, in Rh5-c900 and Rh2-c900 catalysts, the

activation observed with TOS may indicate that the presence of some hardly reducible Rh3+

species decreases their initial activity, but the reaction conditions may help to reduce them and

enhance the performances. The SR produces a large amount of Hy, thus if its contribution

lowers, not only the CH4 conversion, but also the selectivity in Hz decreases, as observed for
the Rh2-c900 sample. At lower GHSV runs, the improvement in the conversion is related to the
lower CH4 flow, while the contribution of the heat generated may explain the differences in
stability. The heat developed by exothermic reactions contributes to the catalytic activity and it
depends on the total flow rate. In tests at 38,700 h™* and 15,250 h'! is reduced, hence it will not

help to keep the catalyst active with TOS.

Feeding more concentrated gas mixtures the trend of conversion and selectivity values changes.
Rh5-c900 is the most active and selective catalyst; the largest difference with Rh2-c900 and

Rh11-c900 samples were observed at 15,250 h™*. The temperature increase due to exothermic
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oxidation reactions is higher in concentrated tests; however, both the amount of CH4 to be
converted and the partial pressure of the reactants are higher, having an effect on both
conversion and stability. On one hand the temperature increase promotes the catalytic activity,
on the other hand it favours the sintering of metallic particles. It is noteworthy that all catalysts,
regardless of their composition, lose activity with TOS, around 2% in CH4 conversion, as
confirmed by the control test. However, it appears that the deactivation is partially reversible,
namely the catalyst steadily recovered the original activity with TOS under the control test.
Since the sintering is not reversible but the oxidation is, the latter phenomena may explain the

loss of activity._Although the formation of carbon and its gasification with TOS could also

occeur.
3.1.4. Characterization of spent samples

The coating is modified during catalytic tests due to the gas flow rate and the temperatures
inside the catalytic bed. A general behaviour is observed, for all three catalysts, depending on
the composition and morphology of the fresh catalyst [48]. Selected SEM images of the Rh5-
€900 catalyst cylinders placed at the beginning of the catalyst bed are displayed in figure 7 as
an example. Partial detachment occurs in the outer film enriched in Al and Rh (Fig. 7a), and
mostly in the foam placed at the entrance of the catalytic bed. On the contrary, the film in close
contact with the foam surface, formed by plate-like or globular particles remains well adhered.
Whenever the amount of the cracks increases the characteristic Al.Oz needles are observed (not

shown).

Carbon on the catalyst surface was detected by EDS, mainly in the foam placed at the outlet of
the catalytic bed, in agreement with previous studies that revealed that the absence of gas-phase
oxygen favours the formation of carbonaceous deposits [15]. High resolution FEG-SEM images
confirm that both patches (Fig. 7b) and nanotubes of carbon (ca. 50 nm diameter) (Fig. 7c) are

formed on the catalyst surface.
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The Rh particle size distribution was studied by means of FEG-SEM backscattering images.
Images of outer layer of spent catalysts at different Rh loadings, taken from cylinders placed at
the top of the catalytic bed, and particle size distributions obtained by analysing representative
regions of interest are shown in figure 8. A broad particle size distribution (20-200 nm) was
measured in Rh11-used sample (Fig.s 8a and a*). The frequency of particles in the 20-100 nm
range increases for Rh5-used sample (Fig.s 8b and b*), although some irregular shaped and
large agglomerates of particles are still found. Regarding the inspection of films of different
thickness, for both Rh5-used and Rh1l-used catalysts, the largest metallic particles are
predominantly located in the thicker layers, while smaller and more dispersed particles are
observed in thinner layers corresponding to Mg-rich coatings and in the middle of needles and
plates. The particle size largely decreases for Rh2-c900 spent sample (Fig.s 8c and 8c*). A
narrow particle size distribution in the 4-40 nm range is measured, even in some regions where
the Rh wt.% was high. Hence, the Rh content in the film, which is related to the concentration
of Rh in the electrolytic solution and the film thickness, determines the Rh particle size

distribution.

For Rh11 used samples the two foams cylinders loaded in the catalytic reactor were analysed
by WXRF/XANES. In agreement with SEM/EDS characterization, Rh, Mg and Al elemental
distribution maps indicate that the film in close contact with the foam surface is well adhered
(Fig. 3d). The measured thickness is comparable to the calcined sample, although there are
some points wherein the Rh thickness is larger than the Mg thickness (Table 2 and Fig. S4).
The white-line in XANES spectra (Fig. 4, point D1) is actually composed of the two overlapped
peaks already identified in the reduced sample, due to the coexistence of both Rh? and Rh%* in
the used samples. LCF (Table S2, Supplementary Information) reveals that the amount of Rh°
is lower in the foam placed at the inlet (10-35% of Rh°) than at the outlet of the catalytic bed

(ca. 40% of Rh), these values differ from those obtained for the Rh11-red sample (21-54 %
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R, It is important to underline that all measurements were performed ex-situ, therefore as
previously commented for the Rh11-red sample, the oxidation of Rh? by exposure to the air
cannot be discarded. However, the shutdown of the reactor was performed as in ref [39],
shutting CH4 and oxygen simultaneously, avoiding modifications in the catalyst. From our
results it appears that, despite the high temperatures reached in the catalytic bed, some Rh%*
species are still present. The consumption rate of O is mass transfer limited [27], thus the
oxidation of CHs is a fast reaction. However, the CH4 molecule firstly has to be activated by
the metallic particles forming -C*. Thus if the number of active sites is not large enough to

activate CHa, as in some of these structured catalysts, O2 may foster the Rh® oxidation.

In summary, the size of the metallic particles is reduced by decreasing the concentration of Rh
species in the electrolytic solution. However the lower amount of active sites is responsible of

a lower catalytic activity and the composition of the solid is not controlled yet.
3.2. Effect of total Rh/Mg/Al concentration

In the electrosynthesis a limiting step to achieve the desired composition and thickness may be
the mass transfer from the bulk of the solution to the vicinity of the support [65], as observed
in the reduction of nitrate [50]. To enhance the nitrate and cation mass transfer, the total
concentration of Rh, Mg and Al nitrates was increased from 0.03 M to 0.06 M and 0.1 M, while
the Rh/Mg/Al a.r. % was kept constant at 5/70/25. Due to the higher concentration of
electroactive nitrate species a higher cathodic current was measured (results not shown).
Considering that only Faraday’s current flows through the system, it may be stated that a larger
amount of nitrates is reduced generating a higher amount of hydroxyl species; however, the
contribution of water electrolysis and oxygen reduction to the raise of the pH may not be

discarded [48,50,66].
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As a result of the above commented effects, and taking into account the key role of the pH in
the deposition of this type of materials, an increase in the amount of deposited solid and in the
coating homogeneity are obtained with the 0.06 M solution (Fig. 9a). The shape of individual
particles, globular and platelets, is not largely altered although they seem to be slightly smaller
leading to a more compact film and with less cracks, probably on account of a higher
supersaturation. Film thicknesses are around 15-20 pm in the most exposed areas, while in plate
zones they are around 5 pm. As for the composition, atomic ratio values close to the expected
one (Rh/Mg/Al = 4/68/28 a.r. %) are measured in some parts of the foam. On the other hand,
when thicker layers are observed, the sequential precipitation still takes place (Rh/Mg/Al =

10/39/51 and 14/26/60 a.r. %).

A further increase in the concentration of the cations to 0.1 M has a negative effect on the
coating properties (results not shown). A large amount of solid precipitates, forming some
crusts; however, it easily detached and the deposition was not controlled as previously observed
for Mg(OH)2 coatings [54]. Not only the composition of the solid differs from the expected one,

but also the formation of rhodium metallic particles takes place.

The enhanced coverage in the precursor in terms of thickness and homogeneity obtained with
the 0.06 M instead of the 0.03 M solution, led to an improvement in the film features of the
calcined sample. However, it was not possible to completely avoid the formation of cracks
related to differences in thermal expansion coefficients and film shrinkage, consequently the
detachment of the outer layer occurred (Fig. 9b). An average Rh concentration of 5-15 wt.%

was measured by EDS analyses.

A comparison between the CH4 conversion obtained with the catalyst prepared with the 0.03 M
and 0.06 M solutions is summarized in figure 10. The values in conversion of CHs and syngas
selectivity (not shown) overcome those of the Rh5-c900 sample in all the reaction conditions.

In contrast, the catalyst stability with TOS only improves during diluted tests. Furthermore, it
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is noteworthy that the activation with TOS under the two initial reaction conditions took place,

suggesting a similar Rh speciation.

The characterization of the Rh5-c900-0.06M sample after catalytic tests reveals modifications
of the film similar to those reported above for Rh5-¢900. While Mg-rich layers are stable and
almost crack-free, the detachment of the Rh and Al-rich outer layer continued during catalytic
tests. A particle size distribution in the 10 to 80 nm range is measured in the used sample with
a 24 nm mean value (Fig. 11a). The largest Rh metallic particles are usually present in the
thicker layers (Fig. 11c) while small and well distributed particles locate in the film in close
contact with the metallic support and in the middle of Al.Os needles (Fig. 11b). The latter Rh
particles suggest that the needles are not only related to Al>O3 formed by oxidation from the

FeCrAlloy support, but to an electrodeposited Al,O3 or MgAl2Oa4.

Hence, in the Rh5-c900-0.06M catalyst a higher amount of dispersed Rh particles in a thicker

and more homogeneous coating layer_in _comparison with Rh5-c900 sample, improve the

performances however the deactivation by feeding concentrated gas mixtures may not be

avoided.
3.3. Bimetallic RhNi catalyst

The inclusion of a second metal such as Ni would increase the number of active sites
contributing to the conversion of CHs. However, the electrosynthesis of a HT with four different
cations is challenging. The partial replacement of Mg by Ni in the electrolytic solution
(Rh/Ni/Mg/Al =5/15/55/25 a.r. %) improves the coverage degree of the foam surface; the lower
pH required to precipitate a Ni- than Mg-containing HT may explain this behaviour [42]. But
still several layers of solid are identified in SEM images, whose composition seems to be related
with the precipitation pH of the individual hydroxides. The deposition of Mg and Ni is low in

very thin layers, the Mg/Ni value is close to the expected one, i.e. 3.7, for intermediate
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thicknesses and then it decreases to ca. 2.5-1.0 for thicker layers. Likewise the above
commented samples, Al and Rh contents are larger in the outer layer (for instance Rh/Ni/Mg/Al
=10/6/9/60 a.r. %). After calcination (Fig. 12a), the same general trend previously commented
for the Rh/Mg/Al samples is observed, although it appears that the film is more stable, i.e. the
detachment of the film is less evident. The Ni and Rh contents are 7-15 and 3-15wt.%,

respectively.

Elemental XRF maps of some foam struts confirm that the distribution of Ni in the Rh5Ni-c900
catalyst correlates with those of Mg, Rh and Al (Fig. 12b). It was not possible to fit the spectra;
but the Rh-L3 edge (inflection points) suggests that there are no differences in the Rh speciation

in comparison to the above commented Rh/Mg/Al samples.

On the other hand, the partial replacement of Mg by Ni largely improves the catalytic
performances. The bimetallic Rh5Ni-c900 catalyst reaches conversion values around or above
90 % in all tests (Fig. 10), and consequently both the selectivity in CO and H> are above 95 %.
Despite the high activity, the catalyst steadily deactivates under both concentrated and diluted
reaction conditions, mainly during the test at lowest GHSV, wherein a lower amount of heat is
developed. The oxidation of nickel species may explain this behaviour, although the
detachment of some parts of the coating observed by SEM imaging, may be not be excluded.

An electrosynthesised foam containing only Ni as active phase was not

active [43], hence it may be stated that, similar to conventional pelletized samples, Rh helps to
keep Ni in the reduced and consequently active [55] state, although its oxidation or other type

of deactivation is not fully avoided.
4. Conclusions

The tailoring of Rh content and concentration of metals in the electrolytic solution as well as

the formation of bimetallic RhNi particles may lead to catalysts with smaller, more dispersed
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and stabilized Rh metallic particles in the coating and achieving a higher activity, although the

stability should still be improved.

The Rh content in the precipitated solid, present as hardly reducible Mg(Rhi-xAlx)20s4,
correlated with the Rh loading in the solution; hence Rh particle size decreased by modifying
the Rh/Mg/Al in the electrolytic solution from 11/70/19 to 5/70/25 and 2/70/28 a.r.% (0.03M
total concentration). However, the precipitation of a film enriched in Al and Rh (outer film)
after the deposition of a solid with a composition close to the expected one, generated
differences in particle size and dispersion with the coating thickness. For these samples, the
catalytic activity was mainly related to the Rh content rather than to the metallic particle size
and rhodium species suffer from reduction and oxidation with time-on-stream depending on the

dilution degree of the CH4/O2/He gas mixture.

The total metal concentration was the main parameter to be modified to precipitate thicker films
with a higher amount of active sites, without altering the growth and sintering behaviour of
rhodium particles, and therefore to achieve a better activity. While the addition of Ni to the

electrolytic solution contributed to the catalytic activity but the catalyst steadily deactivated.

Further improvements are required to control the composition of the deposited solid, which
determines not only the metallic particle size but also the adhesion of the film during calcination

and catalytic tests.
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Figure captions

Figure 1. Secondary SEM images of samples prepared at -1.2 V for 2000 s with different
electrolytic solutions: (a) Rh11-HT: Rh/Mg/Al = 11/70/19 a.r. %; (b) Rh5-HT: Rh/Mg/Al =

5/70/25 a.r. %; (c) Rh2-HT: Rh/Mg/Al = 2/70/28 a.r. %.

Figure 2. Secondary SEM images of samples after calcination at 900 °C for 12 h. Rh11-c900

(a), Rh5-c900 (b), Rh2-c900 (c).

Figure 3. Elemental distribution maps recorded on a cross-section of a structured rhodium
catalyst (Rh/Mg/Al = 11/70/19 a.r. %) based on a metallic foam strut at different stages in the
lifecycle. (A) After electrochemical deposition of Rh%*, AIP* and Mg?* cations (100 x 100 pm?).
(B) After calcination of the precursor at 900°C (200 x 236 um?). (C) After reduction under
hydrogen flow (215 x 175 um?). (D) After use in a catalytic partial oxidation reactor (326 x 222
um?). On the Fe-L distribution map (B) the inner and outer surface are marked and the black

rectangles indicate regions of which more detailed maps were recorded.

Figure 4. RGB composite maps (details of the maps shown in figure 3) of a cross-section of
RhMgAl = 11/70/19 a.r. % struts after calcination (4b), after reduction (4c) and after CPO (4d).
The given numbers mark the spots where XANES measurements were performed; an example
of the result of a linear combination fit is given for each state. The typical white-line energies
for metallic Rh (3005.0 eV) and Rh in a spinel (3007.0 eV) are given.

Figure 5. Evolution of CHas conversion obtained by catalysts synthesized with different
electrolytic solution: Rh11-c900, Rh5-¢900 and Rh2-¢900. Toven = 750 °C, CH4/O2/He = 2/1/20

and 2/1/4 viv, GHSV = 63,300, 38,700, 15,250, and 11,500 h**.

Figure 6. Average selectivities in CO and H> obtained by catalysts synthesized with different
electrolytic solution: Rh11-¢900, Rh5-¢900 and Rh2-¢900. Toven = 750 °C, CH4/O2/He = 2/1/20

and 2/1/4 viv, GHSV = 63,300, 38,700, 15,250, and 11,500 h*%.
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Figure 7. Secondary SEM (a) and FEG-SEM (b, c) images of the surface of the Rh5-used
cylinder placed in the top of the catalytic bed. (a) Detail of a detached solid; (b) patches of

carbon; (c) carbon nanotubes.

Figure 8. Rh particles (a, b, ¢) and particle sized distribution (a*, b*, c*) identified in
backscattering FEG-SEM images of the spent catalyst cylinders placed on the top of the bed
prepared with electrolytic solutions at different Rh/Mg/Al a.r. % (a, a*) 11/70/19 a.r. %, Rh11-

used; (b, b*) 5/70/25 a.r. %, Rh5-used; (c, c*) 2/70/28 a.r. %, Rh2-used.

Figure 9. Secondary SEM images of the samples obtained after electrosynthesis at -1.2 V for
2000 s with a Rh/Mg/Al = 5/70/25 a.r. % and total metal concentration of 0.06M, Rh5-HT-

0.06M (a) and after calcination at 900 °C for 12 h, Rh5-c900-0.06M (b).

Figure 10. Evolution of CH4 conversion obtained by catalysts synthesized with the 5/70/25
electrolytic solution and different total metal concentration, 0.03M (Rh5-c900) and 0.06M
(Rh5-c900-0.06M) and with the bimetallic catalyst, Rh5Ni-c900: 5/15/55/25 a.r. %. Toven = 750

°C, CH4/Oz/He = 2/1/20 and 2/1/4 viv, GHSV = 63,300, 38,700, 15,250, and 11,500 h%,

Figure 11. Secondary SEM (a) and FEG-SEM (b, c) images of Rh5-used-0.06M sample placed

at the inlet of the catalytic bed.

Figure 12. Secondary SEM image (a) and elemental distribution maps recorded on a cross-

section (b) of the bimetallic Rh5Ni-c900 catalyst.
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Table 1. Rh/Mg/Al a.r. in the electrolytic solution and estimation of the Rh/Mg/Al a.r. % in the

coating for the three electrolytic solutions by SEM-EDS analysis. Results correspond to the

inspection of 10-15 regions of interest.

Rh11-HT Rh5-HT Rh2-HT
Atomic ratio %

Rh Mg Al | Rh Mg Al | Rh Mg Al
Electrolytic 11 70 19 | 5 70 25| 2 18 22
solution
o 70-  23-
Thin film 215 7 |3 75 2| 2 15 02
Outer film 30 10 60 | 15 20 65 | 6 13 81
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Table 2. Summary of the average film thicknesses obtained for the Rh1:MgzoAl1g struts at the
different stages in the lifecycle. The mean value is given as an indication for the average
thicknesses of the Rh layer while the standard deviation is given as an indication for the

variation of the thicknesses.

Rh FWHM (um) Stdev Mg FWHM (um) Stdev
R11-HT 4.9 19 3.9 16
R11-c900 4.2 1.2 4.1 1.6
R11-red 9.3 3.6 75 3.3
R11-used 6.7 2.6 5.0 1.9
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Figure 3
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Figure 4
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Figure 5
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Figure 7

Figure 8
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Figure 9

Figure 10
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Figure 11
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