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Abstract

(Co,Ni) bimetallic nanoparticles have been prepared by reducing Ni and Co chloride
solutions with sodium borohydride. The obtained materials have been characterized as cast
and/or after annealing by means of XRD, magnetic measurements, IR spectroscopy,
FESEM and TEM microscopies. The resulting nanomaterials, originally amorphous,
crystallize into the cubic structure cF4-Cu as homogeneous (Co,Ni) solid solution alloy and
with the additional presence of Boron containing phases due to the residual preparation
impurities. The bimetallic nanoparticles are active in ethanol conversion in the presence of
steam. For low Boron catalysts, the addition of Nickel to Cobalt nanoparticles improves the
catalytic activity in ethanol steam reforming allowing yields as high as 87 % at 773 K, at high
space velocities (GHSV 324000 hl). The performances of the catalytic unsupported
nanoparticles with a Ni/Co atomic ratio equal to 0.26 appear to be better than those of
conventional supported catalysts. The state of Boron impurities affect catalytic activity of
bimetallic (Co,Ni) NPs. Carbonaceous materials, such as carbon nanotubes and graphitic

carbon, form on the catalyst surface upon reaction.
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1. Introduction.

Metals represent a main family of heterogeneous catalysts, largely applied for
hydrogenations, oxidations and steam reforming processes [1]. Most of industrial metallic
catalysts are supported [2]: in fact, carriers such as high-surface area metal oxides (alumina,
silica, zirconia, titania, alkali earth aluminates, zeolites, etc.) or carbon materials are
supposed to produce more reactive nanoparticles, but may also allow stabilizing metallic
particles against sintering [3]. Unsupported metals are also applied in some cases, such as
iron for ammonia synthesis and for the Fischer Trgpsch reaction, Nickel Raney for liquid
phase hydrogenations, etc. These materials are in the form of relatively large porous

particles and contain impurities that actually activate and stabilize them.

BioE-ethanol Steam Reforming (ESR) is a potentially useful process for producing
renewable hydrogen and syngas starting—from—bieethanel-[4,5]. While supported noble
metals (Pt, Rh, ..) are most active for steam reforming (SR) processes, supported Ni
catalysts are most commonly considered, due to their good activity, robustness and low
cost. However, in the case of ESR, supported cobalt catalysts may be even more active
than supported nickel catalysts in particular at low temperature [6,7]. Concerning
conventional supported catalysts, we previously found that alloying Nickel with Cobalt
[8,9,10,11,12] may produce even better catalysts than monometallic ones for ESR.

The nature of the support has also been reported to have a considerable effect on the activity
of the metal [6,13,14]. On the other hand we have also found that unsupported nickel [15]
and cobalt nanoparticles [16,17,18] have very high activity. In this case cobalt catalysts also

show high hydrogen selectivity associated to a very reduced coproduction of methane.

In this paper, we report on our efforts to produce unsupported (Co,Ni) nanoparticles, and on
their activity as catalysts for Ethanol Steam Reforming. The aims of this work are: i) to check
the role of the support in the ESR reaction; ii) to check the effect of the preparation procedure
on the resulting (Co,Ni) nanomaterials; iii) to evaluate the effect of the bimetallic formulation
and on the role of boron impurities in a complex system; and iii) to elucidate the chemistry
of the ESR process for (Co,Ni) NPs.

2. Experimental.

2.1.NPs preparation of bimetallic nanopatrticles.
The (Co,Ni) nanoparticles were prepared via reduction method in aqueous solution, starting
from NiCl2-6H20, CoCl2-6H20 and using NaBH4 as reducing agent. The reaction was carried



out using a 1:1 (samples A, B, C, D, E) or 2:1 (sample F) or a 4:1 (sample G) concentration
ratio between Co(ll) and Ni(ll) chloride salts, in order to reach a final concentration of 102

M for metals in solution, with a Me?*:BH4 ratio equal to 1:2.

The aqueous salt solution was kept under vigorous mechanical stirring in Argon atmosphere;
once obtained a good homogeneity, sodium borohydride was added. Its addition caused a
rapid change in the solution color that turned into black, confirming the appearance of the
nanoparticles. The reaction mixture was maintained under vigorous mechanical stirring for
15 minutes, then the (Co,Ni) NPs were collected using different methods (centrifugation
sample D, filtration samples A, B, F, G, filtration followed by sonication samples C, E),

washed several times and, finally, dried and stored in dynamic vacuum.

As already observed for Co NPs [1614,1745,1816] the washing procedure strongly affects
the purity of the sample. This is related to the adopted reducing agent that could leave boron
in the final product, thus producing metal borides together or instead of the corresponding
metals. This inconvenient can be avoided by washing in open air, thus converting the boron

impurities into borates, which can be then removed during the washes with water.

The notation of the samples and their main characteristics are summarized in Table 1.

2.2 Materials characterisation

X-ray diffraction patterns on dried nanoparticles, annealed at 773 K for 3 hours in argon
atmosphere, and on the exhaust samples (after the catalytic tests) were carried out by using
a vertical powder diffractometer X’Pert with Cu Ka. radiation (A = 0.15406 nm). The patterns
were usually collected in the 25 — 100° 20 range with a step of 0.02° and a counting time for
each step of at least 12 s. Powder patterns were indexed by comparing experimental results

to the data reported in the Pearson’s Crystal Data database [19].

IR spectra were recorded with ThermoFisher Instrument using KBr pressed disks (1% wt/wt
of sample, total weight 0.80809). In the related figures they are reported in common scale

but shifted for clarity of imaging.

A scanning electron microscope ZEISS SUPRA 40 VP, with a field emission gun, was used
to study the morphology of all the prepared catalysts (FE-SEM measurements). This
instrument is equipped with a high sensitivity “InLens” secondary electrons detector and with
an energy-dispersive X-ray spectroscopy (EDX) microanalysis OXFORD "INCA Energie



450x3". For SEM analysis, the samples were suspended in ethanol and exposed to
ultrasonic vibrations to decrease the aggregation. A drop of the resultant mixture was finally

laid on a Lacey Carbon copper grid.

Samples for TEM examinations were prepared just after breaking vacuum (sealed glass
pipe); few mg of each sample were sonicated in ethanol, then deposited onto a double
amorphous carbon film-coated (ultrathin film on holey film) Cu TEM grid.

Energy-filtered TEM (EFTEM) and high angle annular dark field-scanning TEM (HAADF-
STEM) imaging and STEM-EDX analyses were carried out using an image-Cs-corrected
JEOL JEM-2200FS TEM (Schottky emitter, operated at 200 kV), equipped with an in-column
filter (QQ-type) and a Bruker silicon-drift detector (XFlash 5060) for EDX.

STEM-EDX maps were computed by integrating the B Ka, O Ka, Co Ka and Ni Ka X-ray
peaks. EELS quantification was carried out on the background-subtracted and plural

scattering-deconvolved spectra using the software EELSModel software [20].

DC magnetization was performed in a dc-Superconducting Quantum Interference Device
(SQUID) magnetometer (MPMS—Magnetic Properties Measurement System, Quantum
Design) with resolution better than 107 emu (RSO option). The room temperature (RT)

magnetic hysteresis cycle was obtained in the 0-5 Tesla (T) yoH magnetic field range.

2.3 Catalytic activity

The catalytic experiments were carried out in a flow fixed-bed tubular silica glass reactor.
The reactor has been loaded with 7.4 mg of catalyst mixed with 476.7 mg of silica glass
particles (60-70 mesh sieved) and when the Gas Hourly Space Velocity (GHSV) effect was
investigated, 44.1 mg of catalyst were mixed with 440 mg of silica glass, in order to maintain
the same reactor volume. The fed gas had the following composition 8.3% ethanol, 50.1%
H20 and 41.6% helium giving rise to GHSV values of 324000 h-! and 51700 h-! respectively,
calculated on the catalyst volume. The reaction temperature was varied as follows: 523 K
— 573 K - 673 K - 773 K — 673 K— 573 K — 523 K, with the reaction held at each
temperature for 1 h.

Product analysis was performed with a gas-chromatograph Agilent 4890 equipped with a
Varian capillary column “Molsieve 5A/Porabond Q Tandem” and TCD and FID detectors in
series. Between them a nickel catalyst tube was employed to reduce COx to CHa4. Products

analysis was also performed on GC/MS (FOCUS and ISQ from Thermo-Fisher), in order to



have a precise identification of the compounds. The conversion of the reactants is defined

as follows :

nreact.in— nreact.out
(1) X eactant =

nreact.in
while selectivity to C-product i is defined as:
(2) Si = :

vj(nreact.in —nreact.out)

where ni is the number of moles in compound i, and vi is the ratio of stoichiometric reaction

coefficients. The hydrogen yield is defined as:

(3) YHZ _ NH2 out

6*(Nethanol in)

3. Results and discussion

3.1. Separation, behavior and characterization of catalyst D, separated by centrifugation
The separation of the (Co,Ni) NPs from the reaction medium has been performed through
centrifugation carried out applying the following process parameters 7500 rpm and a total
time of 15 min, followed by washing in deionized water, then in ethanol and drying under
vacuum. According to previous indications, this procedure guarantees a long contact time
between nanoparticles and an oxidizing atmosphere, thus producing the conversion of boron
in the borides to borates as much as possible. The sample has been characterized by means
of XRD before annealing (not shown), providing evidence of a complete amorphicity of the
sample, and after annealing in Ar at 773 K for 3 h. In this case (Figure 1), crystalline B2OsMs3
(M=Ni, Co) with an orthorhombic structure pertaining to space group number 58 (oP22,
Mgs(BOs3)2 type) is present together with the features of cubic metallic (Ni,Co) solid solution
(cF4-Cu type). FE-SEM micrograph identifies (Co,Ni) NPs of the order of 50 nm (not shown
here) with a Co/O=Ni/O= 0.2 atomic ratio, obtained by EDX, demonstrating again the
compresence of both metals and the quite high oxygen content, suitable with the results
coming from other techniques. The high oxygen presence is confirmed by the presence of
borates by IR spectroscopy (Figure 2) characterized by the features in the region 1500-1200
cm? and 900-700 cm due to borates with different configurations (i.e. planar and
tetrahedral) [21,22,23]. Planar BOs?* groups are characterised by asymmetric and symmetric
B-O stretching in the 1500-1200 cm™ and 1000-900 cm regions respectively; instead, in-

plane and an out-of-plane bending modes are found near 740 and 650 cm™. Tetrahedral



borate species have characteristic asymmetric and symmetric B-O stretchings in the region
1100-900 cm™ [2125,2226]. Similar features have been also found for nanosized Cobalt
catalysts for the NaBHs hydrolysis [2327], for the unsupported [1614,1715] and for
supported CoNPs [18186].

3.2. Separation, behavior and characterization of catalysts C and E, separated by

filtration and successive washing in deionized water for three times

The separation of the (Co,Ni) NPs from the reaction medium has been performed through
filtration and successive washing in deionized water for three times. Then (Co,Ni) NPs were
dispersed in 20 ml of absolute ethanol (>99.8%) and sonicated under Argon flow for 1
minute, in order to convert all eventual borides to borate species and thus enhancing the
production of amorphous (Co,Ni) metallic NPs. Two samples have been prepared and
characterized to evaluate data reproducibility. In this case, the XRD pattern of the annealed
samples (Figure 1) shows only the characteristic peaks of metallic (Co,Ni) cubic alloy. A
representative peak (2theta=76.3°) has been magnified in inset of Fig. 1 showing that the
maximum is in-between the peaks of pure annealed Co and Ni metals. In Figure 3, FE-SEM
micrographs show (Co,Ni) NPs with a maximum diameter of ~20 nm; their composition has
been obtained by SEM-EDX analysis and has been quantified by a Co/Ni=1 and a Co/O=
Ni/O= 2.0 (average on 10 spots) atomic ratio, for both samples. HAADF-STEM images
confirmed the morphology observed at FE-SEM (Fig. 4a). The STEM-EDX elemental maps
show a slightly Ni-richer surface and a Co-rich core of the NP agglomerates. Moreover,
elemental quantification carried out by STEM-EDX (three areas including a large number of
NPs) indicates the presence of B (B/C0=0.42), and the atomic ratio between Co and Ni
inside the nanoparticles (Ni/C0=0.99), thus confirming the achievement of the proper
stoichiometric ratio. The results of IR analysis (see Fig. 2) confirm, for both samples, the
goodness of our method showing the typical features of borates species with a lower

intensity than that observed in the previous case(sample D).

3.3. Separation, behavior and characterization of catalyst B, separated by filtration and

successive washing in deionized water for ten times.

The separation of the (Co,Ni) NPs from the reaction medium has been performed through

filtration and successive washing in deionized water for ten times, in order to remove all the



anions and cations from the reducing agent and salt precursor, i.e. Na* and CI. Then the
sample has been dried under dynamic vacuum. The annealed sample (Fig. 1) shows the
characteristic diffraction pattern of the orthorhombic BMes (Me=(Co,Ni) oP16, FesC)
together with the features of cubic metallic (Ni,Co) solid solution (cF4-Cu type). The BMes
presence might be explained by taking into account the complex solid state reactions
network (reaction 1 and 2) reported in the literature [24,25] occurring at 773 K and in inert
atmosphere for Co based materials, supposing that also Ni gives rise to the same reactions
pathways (1 and 2, where Me=Co, Ni).

2Me2B + Me(BO2)2 — 5Me + 2B20x (1)
MezB + Me — MesB (2)
FE-SEM micrograph (Fig. 3b) identifies (Co,Ni) NPs with a maximum diameter of 20 nm and
with a Co/0=0.8 and Ni/O=0.5 atomic ratio, obtained by SEM-EDX analysis. HAADF-STEM
images confirmed the morphology observed at FE-SEM (Fig. 4b) and also the spatial
distribution of Co and Ni over the NPs observed in the sample C.
Elemental quantification carried out by STEM-EDX indicates the presence of a higher B
content compared to sample C (B/Co=B/Ni=1), also confirmed by the absorbance value of
the borates peaks measured at IR, and the achievement of the proper stoichiometric ratio
between Co and Ni inside the nanoparticles (Ni/Co=1).
In Figure 2, IR spectra of fresh sample B is reported and the typical feature for borates are
still well detectable according to the fingerprint bands at 1400, 1100 and 950 cm. The band

at 1400 cm has a comparable absorbance to the one of C.

3.4. Separation, behavior and characterization of catalysts A, F and G, separated by
filtration and successive washing in deionized water for three times and dried under

dynamic vacuum

The separation of the (Co,Ni) NPs from the reaction medium has been performed through
filtration and successive washing in deionized water for three times and dried under dynamic
vacuum, in order to prevent NPs oxidation. In this case, the preparation have been
performed for three different concentration ratios between Co(ll) and Ni(ll) chloride salts: 1:1
for sample A, 2:1 for sample F and 4:1 for sample G, always preserving the final
concentration of 102 M for metals in solution, with a ratio Me?*:BH4 equal to 1:2. The
different stoichiometric ratios have been chosen in order to study the effect of the different

Ni/Co ratio on the catalytic activity.



In Figure 1 (samples F and G), the annealed samples show the same peaks BMes
(Me=(Co,Ni) oP16, FesC) together with the features of cubic metallic (Co,Ni) solid solution
(cF4-Cu type). In this case, the sample seems to be enriched in the cubic metal phase with
respect to sample B that are similar to the pattern of A (not reported, since good data
reproducibility as evidenced for E and C). In Figure 3d, FE-SEM micrograph of sample G
(reported as meaningful example) identifies (Co,Ni) NPs with a maximum diameter of 20 nm
and with a Co/O=Ni/O=3 ratio, obtained by SEM-EDX analysis. This datum well compare
with the IR analysis (Figure 2) that shows relatively broad features for borates species.
Elastically-filtered (zero-loss) TEM and HAADF-STEM images of these samples (Figure 5
a,b,c), respectively, confirm the morphology observed by FE-SEM.

Elemental quantification indicates, for all the three samples, the presence of a high B content
(B/Co=B/Ni=1) and the Co/Ni atomic ratio within the nanoparticles (Ni/Co=1 for A, assessed
by STEM-EDX, and Ni/Co0=0.26 for G and Ni/Co=0.52 for F, the latter two assessed by
EELS).

3.5 Magnetic measurements

In Figure 6, the room temperature magnetic hysteresis cycles of two representative samples,
namely E and A, are reported. Both samples display the same anhysteretic behavior with
no saturation magnetization reached at the highest explored field (uoH = 5 Tesla). Very low
values of the coercive field are reached for the two samples, namely 2 Oe (0.2 mT) and 9
Oe (0.9 mT) for samples E and A, respectively. Both systems are, thus, in the

superparamagnetic regime, confirming the very small dimensions of the nanoparticles.

3.6  Catalytic activity results

3.6.1 Effect of borate species on catalytic activity

In order to evaluate the effect of borates on the catalytic activity of (Ni,Co) NPs the catalytic
behavior of the following samples A, B, D and E, all with a Ni/Co ratio = 1 but separated with
different procedures, will be compared, after tests at a GHSV of 324000 h. It has to be
remarked that the following order, in terms of borates concentration on the fresh samples,
has been evaluated by means of IR spectroscopy (Figure 2): D > E > A > B).

In Table 2, the catalytic activity of the sample D is summarized. This sample, according to
XRD on the annealed sample, contains both crystalline borate and the metals solid solution.

By looking at the catalytic activity, it has a limited ethanol conversion at low temperature (i.e.



1% at 523 K) with acetaldehyde as the only detectable product, produced by ethanol
dehydrogenation.

4) CH3CH20H — CH3CH=0 + H2

A temperature increase (573 K) produces an increased ethanol conversion with the
presence of acetaldehyde, methane and CO, being produced by ethanol catalytic
decomposition.

(5) CH3CH20H — CH4+ CO + H2

likely with the intermediate formation and further decomposition of the same acetaldehyde

(6) CHsCH=0 —» CH4+ CO

At 673 K, ethanol is completely converted and a hydrogen yield of 44% is achieved, with
methane, CO and CO: selectivities of ~30% each, suggesting that both ethanol
decomposition (5) and ethanol steam reforming (ESR, 7) are occurring.

(7)  CHsCH20H + 3H20 -2 CO2+ 6 H2

Small amounts of acetaldehyde and acetone are also observed suggesting that ethanol
dehydrogenation reaction (4) still occurs while aldol condensation of acetaldehyde followed
by dehydrogenation and decarbonylation also occurs to some extent. A further temperature
increase to 773 K produces an increased CO: selectivity by a faster ESR reaction and a
maximum hydrogen vyield of 69%. A slight deactivation is observed when comparing the
ascending and descending temperature experiments, suggesting that carbon deposition
may occur resulting in deactivation of ethanol decomposition more than ESR. However, at
573 and 523 K the situation is similar to the one reported for the increasing temperature
experiments with acetaldehyde as the main product.

The sample E after annealing is mainly composed by the cubic (Ni,Co) alloy, as discussed
in paragraph 3.2, while the as cast sample presents the characteristic features of surface
borates when characterized through FT-IR. In this case, the catalytic activity, summarized
in Table 3, is similar to the one reported for D at 523 and 573 K while at 673 K ethanol
conversion is still far from 100% (i.e. 93%) and hydrogen yield approaches 40%. At the
maximum reaction temperature, a hydrogen yield of 65% is obtained and some deactivation
is again present in the decreasing temperature experiment.

The catalytic activity of sample B is summarized in Table 4. Despite the same applied
conditions, in this case, a remarkable ethanol conversion is already obtained at 523 K with
acetaldehyde as main product (89% selectivity) together with CO and methane (6% and 4%
selectivities, respectively) as by-products. As observed in all other cases, ethanol



conversion increases by increasing the reaction temperature but, in this case, a slightly
higher hydrogen yield (75%) is obtained mainly at the expenses of methane and CO
selectivities. By lowering the reaction temperature at 673 K, the catalyst loses 10% of its
catalytic activity and again this is assignable to the reduced ethanol decomposition activity,
since the constant value observed for CO2z selectivity. Below 673 K, ESR activity is nil (at
573 K, 6% CO:2 selectivity) and the main reaction is again the dehydrogenation of ethanol to
acetaldehyde and its further decomposition.

The sample showing the lowest amount of borates (A, Table 5) is even more active at low
temperature in the production of acetaldehyde, CO and CHas (32% ethanol conversion) but
its activity it is slightly reduced at 573K (10% ethanol conversion) with an analogous
products distribution. At 673 K, the conversion has the worst values (71%) among the
compared catalysts due mainly to the lowered activity in acetaldehyde decomposition
reaction. An opposite situation is observed at the maximum tested temperature where the
best hydrogen yield is observed (82%). In the decreasing temperature experiments, the
observed catalytic behavior is similar to the one reported for the other samples with a non-
negligible deactivation for the investigated system as already reported of Co [17].

The comparison of the data concerning samples D, E, B and A, shows, according to IR
analysis, a decrease of the amount of borate species (D > E > B > A), and a roughly inversed
steam reforming activity at 773 K (Hz yields 68% ~ 65% < 75% < 81%, for D, E, B and A,
respectively). Thus, a negative role for the presence of borate species is confirmed. The
same trend is also found for ethanol conversion at 523 K (0.8 % (D) < 4.0 % (E) < 18.0 %
% (B) <32.4 % (A)) where acetaldehyde is by far the main product in all cases. This suggests
that the sites allowing acetaldehyde dehydrogenation at low temperature can become sites
for steam reforming at a temperature sufficiently high to activate water.

It seems interesting to compare the behavior of sample D, the richest in borates, with that
of a very similar pure Cobalt sample (Ni free), reported in reference [17] (i.e. denoted as D).
The comparison shows that a strong enhancement of catalytic activity at 673 K is achieved
by substituting half of the Co amount with Ni. At this temperature, an ethanol conversion of
100% (Yn, =44%) is achieved with the bimetallic catalyst against the 60% for the

monometallic Co NPs (Yn,=17%), with the main production of C1 gases (CO, CHs and COg,

selectivities 30% approx.) and the detection of extremely low amounts of acetaldehyde,
which is instead the main product for bare CoNPs. A second effect can rely on the reduced

deactivation observed upon the decreasing temperature experiment; in fact, by comparing



the data at 673 K, bimetallic NPs reduce their activity by a 20% that rise up to 50% for
monometallic Co NPs.

Again by comparing the behavior of these two borate-rich samples, hydrogen yield at the
highest tested temperature is similar in the two cases and this is mainly due to the still
uncomplete conversion of ethanol over monometallic borate-rich Co NPs that compensate
the higher CHas selectivity observed for bimetallic borate-rich (Co,Ni) NPs. This might
suggest that the addition of Nickel to the formulation of Co nanoparticles can partially
overcome to the deactivation induced by the presence of borates, which can, on the other
hand, protect the NPs from ageing in oxidant environment, i.e. open air, as discussed in the

following paragraph.

3.6.2 Effect of B/Co ratio and of the presence of borides (samples C and B as
synthetized and after ageing)

The effect of B/Co has been investigated by considering samples with the same Ni/Co ratio
=1 and a comparable amount of borates as determined on fresh catalysts by means of IR
spectroscopy. As previously reported, sample B is characterized by a B/Co atomic ratio ~ 1
and, after annealing, contains the cubic metal alloy and the boride BMes. After annealing,
sample C shows only the characteristic cubic metal alloy solid solution, while the B/Co has
been estimated to be ~ 0.43 on the fresh nanopowder.

Tables 4 and 6 report the catalytic activity data of samples B and C, respectively. The
catalytic activity of these two samples is similar, suggesting that the presence of metal boride
phase has a negligible effect.

These two catalysts have also been tested after ageing, performed by leaving (Ni,Co) NPs
in open air for 30 days. Ageing of sample C did not significantly change the IR spectrum,
where the band assignable to borates at 1410 cm™ did not change its absorbance. As
reported in Table 7, compared to Table 6, the catalytic activity of sample C did not change
significantly after ageing. In order to strengthen ageing process, the same catalyst has been
exposed to ambient air at 473 K for 10 minutes; also in this case no modification of the IR
spectrum and of the catalytic activity (not reported) have been observed.

A complete different situation is observed in the IR spectrum of the catalyst B, where a
drastic increase of the band at 1410 cm™ is evident after ageing (Fig. 7), and also results in

a strong decrease of catalytic activity (not reported here).



The behavior of sample C suggests that, despite the lower catalytic activity of borate
containing (Ni,Co) NPs, a protective effect can be played by surface borate in avoiding
ageing of nanoparticles (e.g. irreversible poisoning).

Thus, as already reported for CoNPs, the presence of boron in the form of borates in the
fresh nanoparticles has an evident negative effect (reduction of ethanol conversion and
hydrogen yield) in the catalytic activity while a positive one is evidenced in the reduced
ageing of this materials when aged or manipulated in a non-controlled atmosphere. On the
other hand, the presence of boride species does not influence negatively the catalytic
activity, but the catalyst is more prone to deterioration by ageing.

3.6.3 Effect of Ni/Co ratio (samples A, F and G).

To evaluate the effect of Ni/Co ratio, catalysts with the same B/Co ratio and quite
comparable borates content have been considered. The compared samples are: A
(Ni/Co=1), F (Ni/C0=0.52) and G (Ni/C0=0.26). Additionally, Ni-free Co sample from our
previous work (sample A labeled in [17]) is also taken into account, while data on a Co-free
Ni sample are considered, also reported previously [15].

In Table 8, the data for sample G are reported. The comparison with the data concerning
sample A (Table 5) shows that sample G is definitely more active at any temperature, with
higher performances in ESR at 773 K, providing 87 % vyield in Hz at 773 K. This sample also
shows full selectivity to acetaldehyde at 523 K, but high selectivities to methane (23-30 %)
at 673 K. The data concerning sample F (not shown) are intermediate between those of
samples A and G. If compared with Co-free Ni NPs [15], catalyst G appears to be definitely
more selective to ESR, with lower methane production. In contrast, if compared with Ni-free
Co NPs [1745] sample G is more active with a lower acetaldehyde production.

It seems that the (Co,Ni) bimetallic nanoparticles may improve the catalytic behavior, with a
reduction of the ethanol (or acetaldehyde) decomposition activity of nickel, and an improving
of the activity of cobalt.

In order to further check the role of Nickel in the bimetallic formulation, the GHSV has been
reduced by a factor five (from 324000 h' to 51700 h't), and experiments have been reported
for 523 K. As previously reported for Co NPs [17], a decrease of space velocity is not
affecting high temperature performances, while a strong effect is detectable at low
temperature suggesting that, also in this case, the experiments are conduced in a proper
kinetic regime. In these conditions, ethanol conversion that is 0% for Co NPs, rises at 42%
for (Co,Ni) NPs (Ni/Co =0.26) and is 92% for Ni NPs [15]. However, a complete change in



product distribution is also observed in these conditions (see Figure 8): for (Co,Ni) NPs the
main products, with an almost complete selectivity, is acetaldehyde with a small
coproduction of CO and CHa, while for Ni NPs the main products are methane and CO while
yield to acetaldehyde is found to be lower than 12%. This further confirms that Ni addition
may increase catalytic activity of monometallic Co NPs. Monometallic CoNPs do not

catalyse ethanol decomposition at low temperature; this reaction is faster on Ni catalysts.

3.7Characterization of the catalytic materials after catalysis.

After catalysis, the exhaust catalysts have been characterized by means of XRD and FE-
SEM.

In Figure 9, the diffractograms of representative catalysts after increasing and decreasing
temperature experiments are reported. It is possible to distinguish for all of them two different
crystalline phases; the former one is the (Co,Ni) solid solution with a cubic structure (cF4-
Cu) while the latter is assignable to the presence of graphitic carbon (2theta=25° and 44°).
According to our previous studies on unsupported Co [17] and Ni [15] nanoparticles, the
XRD of the exhaust catalysts present the Cubic structure for Co while a metastable
hexagonal (hcp) structure, stabilized by the presence of Carbon, for Ni. However, according
to the present study, bimetallic (Co,Ni) NPs are found with the cubic structure with no
evidence of Ni hcp structure, supporting the formation of a solid solution, between the two
metals. Representative FE-SEM micrographs are shown in Figure 10, where it is possible
to identify well dispersed nanoparticles in a matrix of carbon nanotubes. Also SEM-EDX
analysis on bright particles (as observed in figure 10 (right) with BSE signal) reveals after
catalytic tests the co-presence of both Ni and Co, suggesting that no preferential
rearrangement (i.e. preferential growth of carbon on Ni, with sequential segregation) occurs
in this case.

4 Conclusions.
The data described and discussed above allow to obtain the following conclusions:

1. The reduction of Ni and Co chlorides by sodium borohydride allows to produce (Co,Ni)
bimetallic nanoparticles with a quite homogeneous patrticle size of about 20 nm. These
particles, originally amorphous, crystallize into the cubic structure (cF4-Cu) solid

solution alloy after annealing in inert atmosphere.



. The washing and separation procedures leave boron impurities in the sample. The
separation procedure and thermal treatments determines the amount and state of
boron impurities, mainly in the form of borates or borides.

. The bimetallic nanoparticles are active in ethanol conversion in the presence of steam.
The presence of boron impurities, however, affects the catalytic activity. The presence
of borate species is associated to weaker catalytic activity. However, the catalysts can
be aged without losing activity. Reversely, the presence of borides does not affect
activity but is associated to catalysts that lose activity upon ageing.

. For low Boron catalysts, the addition of Nickel to Cobalt nanoparticles improves the
catalytic activity in ethanol steam reforming allowing yields as high as 87 % at 773 K,
at high space velocities (GHSV 324000 h1).

. In particular, the addition of Ni to Co increases catalytic activity while the presence of
Co reduces the tendency of Nickel to produce methane by ethanol decomposition.
Consequently, the sample with Ni/Co = 0.26 appears to be a better catalyst than pure
Ni and pure Co, with very high activity at very low contact times. The performances of
these catalytic unsupported nanoparticles appear to be better than those of
conventional supported catalysts.

. Carbonaceous materials, such as carbon nanotubes and graphitic carbon, form on the
catalyst surface upon reaction.

. Metallic particles are active in ESR even without any support. This implies that the
surfaces of both nickel and cobalt particles, and their alloys, possess in reaction
conditions the functionalities for activating both water and ethanol. The effect of the
supports is most likely an indirect one, modifying the p’hysical properties of the metal

particles.



Figure captions:

Figure 1. XRD of annealed sample under investigation. In the inset, the peak at
2theta=76.3° has been magnified, showing the formation of the alloy between Ni and
Co.

Figure 2: IR spectra of fresh investigated catalysts in the characteristic skeletal region
(1600-400 cm?)

Figure 3: FE-SEM micrographs in secondary electrons for representative samples: C
(3a), B (3b) and G (3c¢).

Figure 4: HAADF-STEM images and corresponding STEM-EDX maps of Co and Ni for
samples (a) C and (b) B.

Figure 5: (a) HAADF-STEM image of sample A and (b,c) elastically filtered (zero-loss)
TEM images of samples (b) F and (c) G.

Figure 6: Room temperature magnetic hysteresis cycles of E and A samples.
Figure 7: IR of fresh and aged B and C samples

Figure 8: Effect of gas space velocity and Ni content in (Co,Ni) NPs in ESR condition
at 573 K

Figure 9: XRD of exaust samples

Figure 10: FE-SEM micrographs of a representative exaust sample (G): image
acquired collecting secondary electrons on the left and back-scattered electrons on the
right.



Table 1. Summary of catalysts properties

Sample . Ni/Co nominal Ni/Co B/Me .
. Separation method - measured (Me=Co,Ni) A (BO3)*
notations composition o .
composition |measured ratio
A filtration 1 1 1 0.13
B filtration 1 1 1 0.23
C sonication 1 1 0.43 0.24
D centrifugation 1 n.m.* n.m.* 0.4
E sonication 1 n.m.* n.m.* 0.25
F filtration 0.50 0.52 1 0.13
G filtration 0.25 0.26 1 0.18
* n.m. stays for not measured

Table 2: Catalytic activity of sample D in ESR at GHSV 324000 h, ethanol and water conversion,
hydrogen yield and selectivities to carbon products.

S S S S

T(K) | XCHsO | XH2O | YH2 | SCHq S CO S CO, | CH,CH; | CH3COH | CH3COCHs3 | (CHsCH2).0
523 1% 0% 0% 0% 0% 0% 0% 100% 0% 0%

573 15% 0% 3% 2% 3% 0% 0% 95% 0% 0%

673 100% 16% 44% 29% 32% 31% 2% 5% 1% 0%
773 100% 32% 69% 21% 12% 68% 0% 0% 0% 0%
673 83% 15% 39% 21% 20% 39% 3% 16% 0% 0%
573 15% 1% 3% 4% 6% 6% 0% 80% 0% 4%
523 3% 0% 1% 0% 0% 0% 0% 100% 0% 0%

Table 3: Catalytic activity of sample E in ESR at GHSV = 324000 h, ethanol and water

conversion,
hydrogen yield and selectivities to carbon products.

S S S

T(K) |XCHeO |XH0 |YH, SCHs |SCO |SCO; |CHyCH, | CHsCOH | C3HeO
523 4% 0% 1% 0% 0% 0% 0% 100% 0%

573 13% 0% 2% 3% 4% 0% 0% 93% 0%

673 93% 13% 39% 28% 34% 27% 0% 10% 2%

773 100% | 31% 65% 24% 10% 66% 0% 0% 0%

673 81% 12% 33% 26% 26% 30% 2% 16% 1%

573 15% 0% 3% 6% 8% 2% 0% 84% 0%

523 4% 0% 1% 2% 3% 2% 0% 93% 0%




Table 4: Catalytic activity of sample B in ESR at GHSV 324000 h*1, ethanol and water conversion,
hydrogen yield and selectivities to carbon products.

S S
T(K) X C2HeO | X H20 Y H2 S CHy SCO S CO; CH3CHO | CsHeO
523 18% 0% 3% 4% 6% 1% 89% 1%
573 28% 1% 6% 3% 6% 3% 88% 0%
673 97% 17% 48% 24% 36% 32% 7% 1%
773 100% 36% 75% 17% 8% 75% 0% 0%
673 83% 14% 39% 18% 27% 31% 22% 1%
573 8% 0% 2% 4% 6% 3% 87% 0%
523 4% 0% 1% 0% 0% 0% 100% 0%

Table 5: Catalytic activity of sample A in ESR at GHSV 324000 ht, ethanol and water conversion,
hydrogen yield and selectivities to carbon products.

S S S
T(K) [ XCoHsO | XH20 | YH2 |SCHs| SCO | SCO2 | CH2CH2 | CH3CHs | CH3CHO | S C3HsO
523 32% 0% 6% 5% 8% 1% 0% 0% 85% 1%
573 10% 0% 2% 3% 6% 2% 0% 0% 89% 0%
673 71% 10% 30% | 14% | 27% 23% 1% 0% 34% 1%
773 100% 39% 81% | 12% 7% 81% 0% 0% 0% 0%
673 55% 22% 22% | 20% | 40% 17% 1% 2% 20% 1%
573 13% 0% 3% 4% 8% 4% 0% 0% 84% 0%
523 2% 0% 0% 1% 2% 0% 0% 0% 96% 0%

Table 6: Catalytic activity of sample C in ESR at GHSV 324000 h'!, ethanol and water conversion,
hydrogen yield and selectivities to carbon products.

X S S S S S
T (K) CoHsO | X H.0O Y H» SCHs| SCO S CO; |CH2CHy | CH3CHO | C3HgO | C4HgO2 | CH3COOH
523 38% 0% 7% 4% 6% 0% 0% 89% 1% 0% 0%
573 13% 0% 3% 3% 5% 3% 0% 88% 0% 1% 0%
673 94% 13% 42% 23% 43% 22% 1% 8% 1% 0% 1%
773 100% 29% 62% 25% 13% 62% 0% 0% 0% 0% 1%
673 83% 13% 38% 18% 32% 27% 1% 19% 2% 0% 1%
573 14% 0% 3% 4% 8% 4% 0% 82% 0% 2% 0%
523 4% 0% 1% 1% 2% 2% 0% 94% 0% 0% 0%




Table 7: Catalytic activity of aged sample C in ESR at GHSV 324000 h, ethanol and water

conversion,
hydrogen yield and selectivities to carbon products.
X S S
T (K) CoHsO X HO Y H» S CHy4 S CO SCO2 | CH3CHO | C3HesO
523 8% 0% 1% 3% 3% 1% 93% 0%
573 14% 0% 3% 3% 4% 1% 91% 0%
673 94% 12% 38% 26% 36% 23% 12% 1%
773 100% 34% 72% 18% 10% 72% 0% 0%
673 67% 8% 25% 18% 20% 23% 34% 1%
573 12% 0% 2% 3% 4% 4% 88% 0%
523 3% 0% 1% 2% 2% 3% 91% 0%

Table 8: Catalytic activity of sample G in ESR at GHSV 324000 h?, ethanol and water conversion,

hydrogen yield and selectivities to carbon products.

S S S

T(K) | XCHeO | XHz0 Y H, SCHs | SCO | SCO; | CHyCH, | CHsCHO | C3HeO
523 5% 0% 1% 0% 0% 0% 0% 100% 0%
573 13% 0% 2% 3% 5% 0% 0% 92% 0%
673 100% 13% 41% 30% 39% 25% 2% 3% 2%
773 100% 43% 87% 9% 3% 88% 0% 0% 0%
673 88% 10% 34% 23% 32% 21% 1% 9% 0%
573 15% 0% 3% 5% 8% 2% 0% 85% 0%
523 4% 0% 1% 0% 0% 0% 0% 100% 0%
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