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Metallic fibers are promising supports to develop structured catalysts due to high thermal
stability, mechanical strength and geometrical surface area. However, such a high surface area
is usually associated with small individual fibers and tiny pores, leading to pore blockage
during coating process. Herein, the electrodeposition as a simple way to deposit Rh/Mg/Al
hydrotalcite-like materials on FeCrAl fibers is investigated. Several trials are performed to
optimize the synthesis conditions in the electro-base generation method using nitrates as
precursors, focusing on total metal nitrate concentration and synthesis time. A combination of
the two parameters is screened to find a balance between coating, quality and loading. A low
electrolyte concentration (e.g. < 0.06 M) required longer synthesis time to obtain an
appropriate loading without pore blockage, whereas a high concentration (e.g. 0.10 M) may
cause the deposition of undesired Rh particles. Tailoring the solid loading and decreasing the
cracks in the electrodeposited samples result in a quite stable coating during a further thermal
treatment step to transform hydrotalcite-like compounds into oxide- and spinel-based
catalysts. All the tested catalysts are active in the catalytic partial oxidation of methane at

GHSV of 351,000 h'!, although their catalytic activities significantly depend on the coating

properties.

1. Introduction
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The catalytic partial oxidation (CPO) of methane to synthesis gas or syngas (CO + H3) is an
attractive process for natural gas or biogas conversion. This process requires very short
contact times (millisecond) and gives rise to high yields in syngas with a H2/CO ratio close to
2, an ideal feedstock for methanol production or Fischer-Tropsch synthesis. These low contact
times allow to achieve a large throughput with a small reactor size, and hence improve the
dynamic response of the process making the CPO of methane an industrial option for syngas
production, 'Y especially in remote locations where available sources of methane are
abundant. °! However, in this very fast and exothermic reaction, a large amount of heat inside
the catalytic bed and pressure drop are generated. The former gives a challenging task to
control heat balance as well as catalyst sintering due to hotspot formation, while the latter
decreases the energetic efficiency of the process. The issues of the CPO could be addressed
by using structured catalysts that offer advantages in comparison to conventional pelletized
ones.

The advantages of structured catalysts such as large geometrical surface area, high void
fraction to decrease the pressure drop, enhancement for heat/mass transfer, and process
intensification are recently summarized in some reviews.!®®! Rh-based materials are the most
common choice for the development of structured catalysts because it is highly active in the
CPO of CH4.’ Moreover, in structured catalysts, usually a thin layer of active material is
needed to reach a high process efficiency due to large geometrical surface area and enhanced
mass transfer. In the other words, the use of a low amount of Rh in the development of
structured catalysts may balance its high cost. Various structured supports have been used for
the preparation of noble metal-based structured catalysts for the CPO of CHa, i.e. honeycomb

B3-171 or wire mesh.!'8] Fiber-based structured supports provide

monolith,”'?! open-cell foam,!
high bed porosities with large interfacial area, which are promising for applications in fast,

mass transfer limited catalytic processes.!'”) However, few works use metallic fibers,?% 2!l
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although they are applied for other catalytic processes, e.g. dry reforming [** 23! and
combustion/oxidation.[?426]

Depending on manufacturing technologies, fiber properties (e.g. fiber diameter and bed
porosity) can be flexibly varied, thus reaching trade-offs between mass transfer and pressure
drop that limit conventional packed bed reactors. Though it may happen that there is no
intrinsic difference between mass transfer and pressure drop properties of fiber-based supports
and packed beds due to the pore blockage during the coating procedure.l*” It means that for
the fiber-based structured supports, it is important to find a compatible coating method that
prevents clogged coating material to avoid an increase of pressure drop.

To date, fiber-based structured catalysts (also wire-mesh supports) are prepared by coating
techniques such as wash-/dip-coating, in situ precipitation, spray coating, autocatalytic
plating, galvanic deposition, which are summarized in detail by Reichelt and co-workers. "]
These techniques are also common for the preparation of other structured catalysts such as
honeycomb monolith or open-cell foams.!”-?*! Conventional wash-coating/dip-coating,
originally developed for ceramic substrates, is more challenging for metallic ones due to large
dissimilarity of thermal expansion coefficients between coating materials (usually ceramic
properties) and the metallic structured supports. In addition, for fiber structured support, the
use of wash-coating route (dealing with deposition of a viscous slurry and removal of excess
material after coating) may increase the risk of pore blockage. Therefore, investigating an
alternative to wash-coating procedure is still attractive for the development of fiber-based
structured catalysts.

In the last decade, the electro-base generation method has been proposed by us as an efficient
method to coat open-cell metallic foams, especially those with small pores. Either
hydrotalcite-like or cerium-based materials are successfully electrodeposited on FeCrAl or

NiCrAl open-cell foams, which are then transformed into structured catalysts by calcination

and used for energy and environmental applications.!!% 17> 39341 Herein, we further extend the
3
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use of electrodeposition for the coating by Rh/Mg/Al hydrotalcite-like compounds of fibers as
precursors of structured catalysts. The electrochemical properties of the fiber substrate are
investigated to determine the suitable applied potential controlling the base-generation by
reduction of both nitrate and water. Several trials are performed modifying the concentration
of the Rh/Mg/Al nitrate electrolytes and the synthesis time to tailor both solid loading and
reduce the formation of cracks. The final aim is to obtain stable coatings after a further
thermal treatment step to transform hydrotalcite-like compounds into oxide- and spinel-based
catalysts. The performances of the structured catalysts are evaluated in the catalytic partial
oxidation of CHs at a high Gas Hourly Space Velocity (GHSV) value of 351,000 h™!. The
dependence of catalytic activity on coating properties is investigated to propose. This work
proposes the electrodeposition as an alternative to dip-coating for the preparation of structured

catalysts based on metallic fiber supports.
2. Results and Discussion

2.1. Physico-chemical and electrochemical properties of FeCrAl fiber

The fiber support used in this study was made of a FeCralloy. Figure 1 displayed SEM
images and Raman spectra of the fresh and calcined bare fiber. The fiber disc consisted of
individual fibers with an average diameter of 20 — 25 um (Figure 1a). Surface of fresh fiber
was quite smooth, though some small nodes were observed (Figure 1b). EDS showed that
these spots had an Al-rich composition. Additionally, impurities containing Zr and Hf were
also identified in some locations. From Raman analyses, the peaks at 810 and 850 cm™ that
appeared in some spectra were probably due to the presence of chromates (Figure 1¢).5!

Additionally, weak bands at about 1380 and 1590 cm™ due to carbonaceous species were also

detected, in agreement with the 10 — 25 mol% of C identified by EDS (not shown). It is
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noteworthy that this C content is much higher than that in FeCrAl open-cell foam used in our
previous work, in which C was present only in traces as t-carbide (Cr23+xFexCs).!!”)

Insert Figure 1.

After calcination at 900 °C for 12 h, whiskers typical of an alumina scale were observed on
the surface of the fiber (Figure 1d and 1e). In addition, other oxide phases were also
identified by Raman. In Figure 1f peaks at 297, 415, 613, 1050, and 1610 cm™' were related
to Fe203 [36], those at at 510 and 668 cm™ attributed to Fe304/FeCr204,1>> 8 while the bands
at 350 and 555 cm! together with those at around 297 and 613 cm™!, possibly overlapped with

1351 Analogously to fresh fibers, some carbon-

Fe203 aforementioned, were related to Cr20s.
related bands observed at 1380 to 1610 cm™! were probably associated to iron carbides,
although its content decreased to around 3 — 6 mol.% during thermal treatment.
Understanding the electrochemical behavior of the substrates during electrodeposition is of
paramount importance to tailor the deposition parameters. The electrodeposition method is
based on the generation of OH™ by reduction of nitrates, although water reduction could also
occur. The latter, however, may negatively influence the stability of the coating due to
formation of Hz bubbles. To investigate the electrochemical activity of the fiber support in the
reduction of water and nitrates in absence or presence of cations being precipitated, several
LSVs were performed at the fibers immersed in different electrolytes as reported in our
previous works,* 4% and the results are displayed in Figure 2.

Insert Figure 2

With KCl1 and KNOs electrolytes, the onset potentials of the LSVs were around — 1.1 V and -
0.9 V, respectively. The cathodic currents were due to water reduction in the former, and to
both nitrate and water reduction in the latter. The differences in the current generated in KCI
and KNOs electrolytic solutions were not large as the cathodic potential increased. For

instance, at -1.1 V when water started to be reduced, the current density was around 50 %

larger for KNOs than KCI, while it was 47 and 36% larger at -1.2 and -1.4 V, respectively.
5
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The presence of cations being precipitated such as Mg?" and AI** shifted the onset potentials
to less cathodic values than the -0.9 V obtained in KNOs, e.g. about -0.7 V for both 0.0675 M
Mg(NO3)2 and 0.045 M AI(NO3)s3 solutions. However, further increasing the potential to more
cathodic values than the onset one, the current increased more rapidly in the AI(NO3)3 than
that in the Mg(NO3)2 solution, suggesting that AI** sped up the reduction processes more than
Mg?"ions. A 0.06 M mixed solution Mg/Al-NO3 (Mg/Al = 3/1 as atomic ratio or a.r.) showed
similar initial cathodic reduction potential and generated a current density in between those
generated by single-cation containing solutions.

With open-cell foams, it was reported that under similar experimental conditions (electrolytes
and electrochemical techniques) the nitrates were reduced mainly to nitrites NO2™ in KNO3
solution or further to NH4" in a mixed solution of Mg(NOs)2 and AI(NOs3)s; the reduction of
nitrates significantly accounted for OH™ generation and hence increase of pH near to the foam
surface.3°l Herein the electrochemical performances of fiber and open-cell foam supports
were compared considering the onset cathodic potential and the contribution of nitrate
reduction. The onset potentials observed in KCl and KNOs3 solutions were similar to those on
FeCrAl open-cell foams.*-%°! In addition, the rates of current increases were quite similar; for
instance, in KCI solution the current values at -1.2 V were 122 and 125% higher than those at
-1.1 V for fiber and foam, respectively. While in KNOs3 solutions the current values at -1.2 V
increased more 110 and 95% than those at -1.1 V for fiber and foam, respectively. The
contribution ratio of water reduction was calculated as the ratio of the current density of water
reduction (in KCI solution) and total reduction of water and nitrate (in KNOs3 solution). These
ratios at -1.2 V were 53 and 12% for fiber and foam, respectively. In other words, nitrate
reduction contribution to total reduction (water and nitrate) was around 47% at fiber and 88%
at foam. These results suggest that the fiber was less active than the foam in the nitrate

reduction, making more challenging their coating by electrodeposition.
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The onset potentials shifted to lower values when including Rh*" ions in the Mg?*/AI**
electrolyte (around -0.5 V vs -0.7 V), namely using the electrolyte for the synthesis of the
catalysts. The increase of the total metal concentration led to an increase in the current density
(Figure 2b), similar to that observed for FeCrAl open-cell foam.*% 4%

2.2. Catalyst prepared in Rh/Mg/Al 0.06 M electrolytic solution

Taking advantage of our experience in the preparation Rh/Mg/Al hydrotalcite-like compounds
on open-cell foams, some trials were performed in electrolytic solutions with total metal
nitrate concentration of 0.06 M at -1.2 V. SEM images of samples prepared in the time range
from 250 to 1000 s are shown in Figure 3.

At 250 s, the fiber was well coated by a compact layer without any pore blockage (Figure 3a
and 3al). However, the thickness was quite thin, about 1 —2 um (Figure 3a2), resulting in a
low solid loading (ca. 1.0 wt.%). Prolonging the synthesis time to 500 s, more material was
deposited with a loading of 1.2 wt.%., this leads not only to an increase of layer thickness, but
also to the numbers of cracks (Figure 3 b — b2). Further prolonging the time to 750 and 1000
s, solid loadings increased to 2.2 and 2.5 wt.%, respectively (Figure 3c and 3d). At 1000 s,
the thickness, estimated within the cracks, was around 10 — 12 pm (Figure 3d2). In these four
samples, the typical morphology of the particles in the coatings was spherical (inset Figure
3b2). In some locations near the support surface, platelet-like particles were also observed
(inset Figure 3¢2), characteristic of the coating on open-cell foams.*?! It should be noted that
at these deposition conditions (0.06 M and -1.2 V), synthesis times longer than 1000 s caused
severe pore blockage, due to smaller pores in the fibers than in the foams.

Insert Figure 3

The composition of the deposits (Rh/Mg/Al a. r.) was estimated from EDS analyses, and the
results are presented in Figure S1. Among the three elements (Rh, Mg, Al), Al signal may
come both from the coating and the fiber substrate. Therefore, to gain more accurate results,

the compositions were obtained from measurements in thick layers (Figure S1d), where the
7
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signals of Fe and Cr coming from the substrate alloy were negligible, or in a piece of solid
detached (Figure S1a). For all the samples, the average composition was approximately
Rh/Mg/Al =4.2/61.7/34.1 (a.r), quite close to the nominal one in the electrolyte. However, for
the sample prepared at 1000 s, the formation of some layers rich in Rh and Al laying on the
top of the coating (or outer layer) were found in some places. These phenomena were already
observed in previous works on FeCrAl open-cell foams, % 4% 411 and they were related to the
ineffective replenishment of the solution near the substrate surface as well as the formation of
an insulating layer during the electrodeposition. Since this work used a double-compartment
electrochemical flow cell providing a circulation of the electrolyte during the synthesis, the
issue of an ineffective replenishment may be probably ruled out.3?!

Therefore, the presence of an outer layer could be related to a low electrical conductivity and
hence to a lower activity in the nitrate reduction of the fibers than the foams due to the C-rich
composition identified by aforementioned EDS analyses. This issue was probably more
pronounced with an increase of insulating layer during the synthesis. In fact, such effect of
low electrical conductivity of the support on the control of the coating composition was
reported for NiCrAl open-cell foam, in which a synthesis without removing the oxide layer on
the support surface resulted in a coating of Rh- and Al-rich layer.[*?

Insert Figure 4

To transform the hydrotalcite-like precursors into the catalysts, the coated fibers were
calcined at 900 °C for 12 h in a static oven. Stability of the coating layers was evaluated by
SEM analyses and the results are shown in Figure 4. After thermal treatment, the thin and
compact layer of sample deposited in 250 s was still stable without significant crack
formation (Figure 4a). High magnification images show that the spherical morphology of the
coating was not largely modified (Figure 4al). For the coatings prepared at longer synthesis

times, the solid films were still well-adhered, although the number of cracks slightly increased

after thermal treatment (Figure 4b, ¢, and d). Two kinds of morphologies were clearly
8
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identified: spherical particles on the deposits, which were stable like the particles in the
sample prepared at 250 s; and whiskers in the crack near the fiber surface due to alumina
formed by calcination of the fiber (Figure 4 b1, c1, and d1). Indeed, the same morphology
was also observed when a bare fiber was calcined under the same conditions (Figure 1e)

In summary, the deposition in a 0.06 M electrolytic solution for short time (250 s) resulted in
a compact and highly stable coating even after thermal treatment, while prolonging the
electrodepositions (500, 750, and 1000 s) increased in the number of cracks. However, the
former also resulted in low loading of the catalytic active phase. A balance between quality of
the coating and its loading should be reached in order to obtain a better catalytic activity of
the fiber.

To improve the coating quality, another strategy was approached by using either lower or
higher metal nitrate concentration in the electrolyte solution. Firstly, four trials with
combination of two variables, namely concentration (0.03 or 0.05 M) and time (750 or 1000
s) were performed. SEM images of the electrodeposited and calcined samples are displayed in
Figure 5 and 6, respectively. In the 0.03 M electrolyte, the coatings were compact regardless
of the deposition time (Figure 5a, al, b, and b1). Especially, at 1000 s, although the loading
was 1.9 wt.%, close to that of sample at 0.06 M and 750 s above described, the coating was
improved and it showed less cracks. Increasing the concentration to 0.05 M resulted in
slightly higher solid loadings, 2.0 and 2.1 wt.% for 750 and 1000 s, respectively. The quality
of the coating improved with less cracks in comparison to films prepared in 0.06 M
electrolytes (Figure Sc, c1, d, and d1).

Insert Figure 5 and Figure 6

After calcination at 900 °C for 12 h, although some cracks developed, the coating was stable
and well-adhered to the fibers (Figure 6). The morphology was not largely modified in
comparison to the samples before calcination. The formation of the alumina protective scale

from the fiber was scarcely observed.
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A further increase of total concentration of the electrolytes to 0.1 M reduced significantly the
limitation of nitrate and cation mass transport from bulk solution to the fiber surface and
hence a higher cathodic current was measured as shown in Figure S2. This resulted in a
significant increase in the amount of coating even at short synthesis times. The loadings were
2.3, 3.1, and 4.4 wt.% for depositions at 250, 350, and 500 s, respectively. It is noteworthy
that 4.4 wt.% loading at 500 s was almost two times the value deposited in 0.05 M at 1000 s
or in 0.06 M at 750 s. However, such high loading also resulted in an increase of cracks, even
at a very short deposition time as 250 s (Figure 7 al, b1, and c1). The number of cracks
increased when prolonging the synthesis time to 500 s. In some locations with cracks, the
estimated thickness was around 6-10 pm. High magnification SEM images showed a
spherical morphology (Figure 7 a2, b2, and c2). The composition of all the samples at this
concentration was close to the nominal one (Rh/Mg/Al =4.5/67.6/27.8 a.r.) in almost all the
regions of interest investigated (Figure S3 a, b, and ¢). However, in some cases Rh® particles
were also found, which were formed during the electrodeposition, especially in samples
prepared at long time, e.g. at 500 s (inset Figure 7 c1).

It is interesting to compare the characteristics of the coatings on fibers with those on open-cell
foams reported in our previous works. In open-cell foam coatings, deposited ina 0.10 M
electrolyte for 2000 s, Rh® particles, Mg-rich- layers and Rh/Al-rich coatings were
observed.!'® The first and second species were also observed for the fibers, but not the third
one. The absence of the Al-rich layer in the present work could be explained by the much
shorter deposition time son fiber (less than 500 s versus 2000 s), differences in geometry and
electrochemical properties between fibers and foams, and probably in the electrochemical cell
configuration (static single-compartment cell versus double-compartment flow cell).

Insert Figure 7

10
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After calcination at 900 °C, the coating was partially detached like in as-synthesized samples
(Figure 8a, b, and c). However, the morphology and size of the catalyst particles were not
largely modified by thermal treatment (inset Figure 8al, b1, c1).

Insert Figure 8

2.3. Catalytic activity in the CPO of CH4

The fiber-based structured catalysts were tested in the catalytic partial oxidation of CH4 using
only one coated fiber disc (10 mm of diameter and 1 mm of thickness). After reduction at 750
°C for 2 h under H2/N2 = 1/1 v/v, first diluted and then concentrated gas mixtures (CH4/O2/N2
=2/1/20 and 2/1/4 v/v) were fed at Toven = 750 °C and GHSV = 351,600 h™'. At the end of the
tests with concentrated feedstock, the reaction was performed again feeding the diluted
mixture as a control test to evaluate a possible deactivation/activation of the catalyst. CHa
conversions obtained by some selected catalysts are presented in Figure 9, while average
values of CH4 conversion, selectivity and H2/CO molar ratio are summarized in Table 1.
Insert Figure 9

Insert Table 1

All catalysts investigated showed an increase of activity with time-on-stream in the initial
reaction conditions with diluted gas mixture (CH4/O2/N2 = 2/1/20 v/v). Thus they suffered by
an extra activation period under reaction conditions due to further reduction of hardly
reducible Rh** species once syngas was produced, this is a typical behaviour of Rh/Mg/Al

(16,321 In general, over

hydrotalcite-derived structured catalysts reported in our previous works.
all the catalysts, conversions with concentrated gas mixtures were higher than those in diluted
mixtures from 9 — 16% (Table 1), probably due to contribution of the heat generated by the
exothermic reactions.[*! In fact, the temperature (at the inlet) in the concentrated gas mixture

was 40-80 °C higher than that in the diluted mixture, in accordance with the higher conversion

of the former.

11
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The catalytic performance significantly depended on the catalyst synthesis conditions, due to
modifications in amount and quality of the coating. For example, catalysts prepared at both
0.03 M — 750 s and 0.06 M — 500 s exhibited about 46 % of CH4 conversion in concentrated
gas mixture. Although the coatings on those samples were compact and stable, the low
amount of solid deposited limited the catalytic performance. Slightly higher CH4 conversions
in both diluted and concentrated feeds were achieved over the samples with higher solid
loadings (samples 0.03 M — 1000 s, 0.06 M — 750 s, and 0.10 M — 250 s).

The role of quality of the coating on the activity was demonstrated by comparison of two
samples prepared at 0.05 M — 1000 s and 0.10 M — 500 s. Although the solid loading in the
former was almost a half of that on the latter, the coating was more stable and contained less
cracks. As a result, the sample prepared at 0.05 M — 1000 s (Figure 9a) outperformed the one
obtained at 0.10 M — 500 s (Figure 9b) in terms of CH4 conversion and syngas selectivity.
This catalyst exhibited CH4 conversions around 46.4 and 60.8% with diluted and concentrated
gas mixture, respectively. Both syngas selectivity (82.2% CO and 54.4% H2) and H2/CO ratio
(1.32 mol/mol) in the concentrated feed were much higher than those obtained with the other
catalysts tested (Table 1). It was also noted that this catalyst was further activated after the
tests with concentrated gas mixtures, the conversion of CHas in the control tests increased
around 4% in comparison to the initial test with the same diluted gas mixture. In addition, the
sample prepared at 0.10 M — 500 s exhibited a slight decrease in CH4 conversion with the
concentrated gas mixture (about 2%) and during the control test (about 3%), suggesting that
the catalyst was partially deactivated. This might be related to the sintering of Rh® particles,
which were observed even in the electrodeposited sample, due to the heat generated from the
reaction. The control tests also confirmed a slightly deactivation of the sample 0.03 M — 750
s, but quite stable performance for others, e.g. 0.03 M — 1000s, 0.06 M — 750 s, and 0.10 M —

250 s.

12
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It should be highlighted that the tests were performed with only one fiber disc at high GHSV
value, 351,000 h'!, calculated by a total flow rate of 460 mL min™! and a volume of 78.5 mm’,
and that referred to WHSV (based on mass of coating) in range of 1.25%107 —2.76*107 (1.0 —
2.2 mg of coating after calcination, depending on synthesis conditions). These high GHSV
value justify the low values of CH4 conversion and low H2/CO ratio of syngas. Actually, in
the CPO, CHa4 conversion occurs by exothermic and fast total/partial oxidations in the first
mm of the catalytic bed and consecutively endothermic steam reforming.!'®! Therefore, a low
selectivity in Hz2 on the fiber disc is probably due to lack of length of the catalytic bed for the
“steam reforming zone”. This could be further improved in future work by increasing the
length of the catalytic bed. In fact, using an open-cell foam coated by the same type of Rh-
based hydrotalcite-derived materials, CH4 conversion and syngas selectivity were over 90%.
[32]

2.4. Spent catalysts

The coating may be modified due to harsh reaction conditions such as high GHSV values and
temperatures inside the catalytic bed. SEM analysis was used to investigate morphology of
the coating of the spent catalysts, and pictures of four selected samples prepared with
electrolytes with different total metal concentrations are displayed in Figure 10. Compared to
the respective calcined samples, the coating remained well adhered, the globular particles
were observed in high magnification images (Figure 10 a2, b2, ¢2, and d2).

Insert Figure 10

In order to investigate whether the deposition of carbon on the catalyst or the alteration of the
fiber alloy took place under reaction conditions, spent catalysts were analyzed by micro-
Raman and the results were shown in Figure 11. Carbon formation was evidenced in all the
tested samples by bands at 1345 and 1590 cm™.. It should be noted that on the same type of
Rh/Mg/Al materials with about 10-fold larger amount of catalyst deposited on open-cell foam

showed higher resistance to carbon formation, and the carbon formation depended on the
13
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position along the catalytic bed, being more pronounced in reforming zone rather than
oxidation zone (near the inlet stream).*?! Therefore, either a low amount of active catalyst on
the disc or thin disc of fiber accounted for carbon formation in all tested fiber catalysts.
Further investigation is required to study the stability of fiber catalysts with larger amount of
catalyst as well as longer catalytic bed.

Insert Figure 11

3. Conclusions

In the electrodeposition tailoring the total metal concentration of the nitrate electrolytes and
the synthesis time allows to deposit Rh/Mg/Al hydrotalcite-like materials on FeCrAl fibers
without pore blockage. Electrolytes with a low total metal concentration generate a compact
coating in short time, while a high metal concentration could foster the deposition of Rh® and
the development of a large number of cracks. Hence, the electrodeposition with diluted
electrolytes can be a promising route to prepare materials for applications requiring low solid
loading. Among several trials to adjust the deposition conditions in the concentration range of
0.03 — 0.10 M and synthesis time from 250 to 1000 s, the sample prepared in a 0.05 M of
Rh/Mg/Al electrolyte (Rh/Mg/Al = 5/70/25 a.r.) for 1000 s exhibited a good compromise
between solid loading and quality of the coating. As a result, 61% CH4 conversion and 82%
CO and 54% H: selectivity were achieved feeding a concentrated gas mixture (CH4/O2/N2 =
2/1/4 v/v) at Toven = 750 °C and GHSV = 351,000 h'!. However, further improvements in the
quality of the coating, such as the decrease of the number of cracks, at high coating loading
are required. In addition, the catalytic activity could be improved in future work with an

increase in the number of discs tested.

4. Experimental Section

Electrochemical studies and catalyst preparation: Discs of FeCrAl fibers (diameter 10 mm x
thickness 1 mm) were cut from a commercial panel. Rh/Mg/Al hydrotalcite-like compounds

were in situ coated on the fibers by one-step electrodeposition using a homemade double-
14
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compartment flow electrochemical cell by FAVS Gnudi, using a potentiostat (Autolab,
PGSTATI128N, Eco Chemie) with GPES software. The fiber disc was used as a working
electrode (W.E.), while a saturated calomel and Pt coil were used as reference electrode (R.E.)
and counter electrode (C.E.), respectively. Detailed information on the cell can be found
elsewhere.[*! Prior to coating, the fibers were subsequently washed in acetone, water and then
dried at 60 °C for 24 h.

Electrochemical behaviour of FeCrAl fibers was studied by linear sweep voltammetry (LSV)
with a scan rate of 1 mV s! in different electrolytes, namely 0.135 M KCl or KNO3, 0.0675
M Mg(NO3)2, 0.045 M AI(NOs3)3, and 0.06 M mixture of Mg(NO3)2 and AI(NO3)3 (Mg/Al =
3/1 atomic ratio or a.r.). It should be noted that nitrate concentrations were deliberately kept
constant in different electrolytes to study the nitrate reduction.

The electrodeposition was carried out in a mixture of nitrate precursors of Rh/Mg/Al
(Rh/Mg/Al=5/70/25 a.r.) at -1.2 V vs SCE (saturated calomel electrode). Electrolyte
concentration was varied in the 0.03 — 0.10 M range, while synthesis time was prolonged
from 250 to 1000 s depending on the concentration. After the electrodeposition, the coated
fibers were thoroughly washed with distilled water and dried at 40 °C for 24 h. The samples
were then calcined at 900 °C for 12 h with a 10 °C min™ heating rate in a static oven.

Catalyst characterization: The properties of the coating (morphology and composition) were
analyzed by scanning electronic microscopy coupled with energy dispersive spectrometry
(SEM/EDS) using an EP EVO 50 Series Instrument (EVO ZEISS) equipped with an INCA X-
act Penta FET® Precision EDS microanalysis and INCA Microanalysis Suite Software
(Oxford Instruments Analytical) to provide images of the spatial variation of elements in a
sample. The accelerating voltage was 20 kV and the spectra were collected for 60 s. As-
prepared deposited, calcined and spent coated fibers were analyzed in 2 — 3 regions of
interest. The coating thickness was estimated from SEM images where the cracks were

present. Micro-Raman spectra were recorded using a Renishaw Raman Invia spectrometer
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configured with a Leica DMLM microscope using Ar" laser source (A = 514.5 nm, Pout = 30
mW considering the decrease in power due to the plasma filter). In each measurement, the
laser power was set by 10 % of the source and the signal was accumulated by 4 individual
spectra with an acquisition time of 10 s.

Catalytic test: CPO tests were performed at atmospheric pressure using a quartz reactor (i.d.
10.0 mm) with one disc of coated fibers. Prior to the tests, the catalyst was reduced in situ
with 7.0 L h'! of a Ho/Na2 mixture (1/1 v/v) at 750 °C for 2 h. The activity of the catalysts was
sequentially evaluated by two different reaction conditions, namely feeding a diluted and a
concentrated feed (CH4/O2/N2 = 2/1/20 and 2/1/4 v/v, respectively) at an oven temperature of
750°C and a gas hourly space velocity (GHSV) of 351,000 h™! calculated on the basis of the
volume of one fiber disc (10 mm of diameter and 1 mm of thickness) and a total flow rate of
460 mL min’'. It should be remarked that the catalysts were tested with ratio O2/CH4 equal to
0.5, which does not help to avoid carbon deposits, indeed in the literature a slight excess of O2

n.[**44 The temperature at the top of the fiber disc was

is feed to prevent carbon formatio
measured by a K-type thermal couple inserted inside a two-milimeter quartz thermo-well in
contacting with the fiber disc. Note that the temperature at the entrance of the fiber disc was
higher than that of oven temperature depending on samples, e.g. 10-20 °C and 50-100 °C in
diluted and concentrated gas mixture, respectively. Additionally, considering the mass of
coating around 1.0 — 2.2 mg (for 0.03 M — 750 s and 0.10 M — 500 s, respectively), weight
hourly space velocity (WHSV) was also calculated, being in the range of 1.25*%107 —2.76*10’
L kgeoating! h™'. Control tests with diluted feed were carried out after the tests in concentrated
conditions to check deactivation/activation processes. The effluent products were analyzed
on-line after water condensation by a PerkinElmer Autosystem XL gas chromatograph,

equipped with two TCDs and two Carbosphere columns using He as a carrier gas for CHa, O2,

CO, and CO2 measurements, and N2 for Hz analysis. Oxygen conversion was complete in all

16
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tests. CHs4 and Oz conversion and the selectivity in H2 and CO were calculated as reported
elsewhere.[*]
Supporting Information

Supporting Information is available from the Wiley Online Library.
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Figure 1. Characterization of bare fiber before and after calcination at 900 °C for 12 h: a and
b) SEM images and c) Raman spectrum of fresh fiber; d and ¢) SEM images and f) Raman
spectrum of calcined fiber.
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Figure 2. Linear sweep voltammetry of FeCrAl fibers in various electrolytes: a) absence of
Rh and b) presence of Rh (Rh/Mg/Al = 5/70/25 a.r.). Scan rate 1 mV s™!, from 0 to -1.4 V vs
SCE.
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Figure 3. SEM images of electrodeposited samples of fibers in 0.06 M RhMgAl electrolytes
at-1.2 V vs SCE for different synthesis time: 250 s (a, al), 500 s (b, bl), 750 s (c, c1), and
1000 s (d, d1).
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Figure 4. SEM images of fibers prepared in 0.06 M RhMgAl electrolytes at -1.2 V vs SCE
for different synthesis time, followed by calcination at 900 °C for 12 h, and temperature ramp
of 10 °C min™': 250 s (a, al), 500 s (b, b1), 750 s (c, c1), and 1000 s (d, d1).
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Figure 5.SEM images of electodeposited samples of fibers at -1.2 V vs SCE at different
synthesis conditions: 0.03 M — 750 s (a, al), 0.03 M - 1000 s (b, b1), 0.05 M - 750 s (¢, cl),
and 0.05 M - 1000 s (d, d1).
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Figure 6. SEM images of calcined samples of covered fibers prepared at -1.2 V vs SCE at
different synthesis conditions followed by calcination at 900 °C for 12 h and temperature
ramp of 10 °C min': 0.03 M — 750 s (a, al), 0.03 M - 1000 s (b, b1), 0.05 M - 750 s (c, c1),
and 0.05 M - 1000 s (d, d1).
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Figure 7. SEM images of electrodeposited samples on fibers prepafed in .1 M Rh/Mg/Al
electrolytes at -1.2 V vs SCE at different synthesis times: 250 s (a, al, a2), 350 s (b, b1, b2),
500s (c, cl, c2).
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Figure 8. SEM images of calcined samples prepared in 0.1 M Rh/Mg/Al electrolytes at -1.2 V
vs SCE at different synthesis times and following calcination at 900 °C for 12 h with a
temperature ramp of 10 °C min': 250 s (a, al), 350 s (b, b1), 500 s (c, c1).
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Figure 9. Catalytic activity tests for fiber structured catalysts prepared at a) low
concentration and b) high concentration of electrolytes. Toven = 750 °C and GHSV = 351,000
h'!. Note that depending on samples the temperature at the entrance of the fiber disc was

higher than that of oven temperature, e.g. 10-20 °C and 50-100 °C in diluted and concentrated
gas mixture, respectively.
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Figure 10. SEM images of spent catalysts preared at different synthesis conditions: 0.03 M —
1000 s (a, al, a2), 0.05 M - 1000 s (b, b1, b2), 0.06 M - 750 s (c, c1, ¢2), and 0.10 M - 500 s
(d, d1, d2).
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Figure 11. Raman characterization for selected spent catalysts: a) 0.03 M — 1000 s, b) 0.05 M
—1000s, ¢) 0.06 M — 750 s, and d) 0.1 M — 500 s).

Table 1. Average CHa4 conversion, CO and Haz selectivity and H2/CO mole ratio of syngas
production on various fiber structured catalysts prepared at different synthesis conditions.
Reaction conditions: one coated disc, GHSV = 351,600 h™!, Toven = 750 °C, CH4/O2/N2 =
2/1/20 (diluted) or 2/1/4 v/v (concentrated feedstock). Average values were calculated from
four analyses for each reaction condition

Sample Conversion (%) CO Sel. (%)  Haz Sel. (%) (PII;/O(;S ratio)
0BM-T0s TS oias 25708 0615002
003M-1000s  JoCTT iog 3702 0sisdor
00SM=500s  0T00  sias0s  2iill 0504003
00SM-1000s G S 90100 sisos 1324002
006M-500s  SSTOC %07ii0 04er3 0762003
006M-750s 00T Gyoilo  sisels  079s00s
0I0M-250s  TUT0Y gisios  39s0r  085c001
010M-S0s  DOTIN uins  swiers  119s0os

2 For each sample, the second line with italic letters shows data in concentrated feedstock.
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Electro-base generation method is effective to coat FeCrAl fiber without pore blockage. It is a
promising alternative to dip-coating for the preparation of structured catalysts based on
metallic fiber supports.

Keyword structured catalysts, electrodeposition; hydrotalcite-like materials, FeCrAl fibers,
catalytic partial oxidation of methane
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Figure S1. SEM images and respective EDS spectra of the fibers prepared in 0.06 M
electrolyte of RhMgAl nitrate mixture at -1.2 V vs SCE for different synthesis time: (a) 250 s;

(b) 500 s; (c) 750 s; and (d) 1000 s.
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Figure S2. Effect of total metal concentration on transition curves of current during the

electrodeposition.
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Figure S3. SEM images and respective EDS spectra of the fibers prepared in 0.1 M
electrolyte of RhMgALl nitrate mixture at -1.2 V vs SCE for different synthesis time: (a) 250 s;
(b) 350 s; and (c) 500 s. Location marked with yellow symbol (X) in Figure (c) showed

presence of Rh metallic particle which could be observed in the inset of Figure 5 c1.
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Figure S1. SEM images and respective EDS spectra of the fibers prepared in 0.06 M

electrolyte of RhMgAl nitrate mixture at -1.2 V vs SCE for different synthesis time: (a) 250 s;

(b) 500 s; (c) 750 s; and (d) 1000 s.
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Figure S3. SEM images and respective EDS spectra of the fibers prepared in 0.1 M
electrolyte of RhnMgAl nitrate mixture at -1.2 V vs SCE for different synthesis time: (a) 250 s;
(b) 350 s; and (c) 500 s. Location marked with yellow symbol (X) in Figure (c¢) showed

presence of Rh metallic particle which could be observed in the inset of Figure 5 cl1.



