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NiCo supported magnetic nanoparticles can catalyze the steam reforming of methane and at the same time
provide the heat necessary to run the process by dissipating an external radio frequency electromagnetic field.
Magnetic samples with different Ni:Co molar ratio and total metal loading on the support have been synthesized
using a traditional impregnation procedure and characterized in terms of morphological and structural prop-
erties. The ability of the materials to provide process heat was assessed by temperature measurements. Methane
conversion value and syngas composition have been measured for different applied field amplitude. The sample

with a composition NisoCos9_30 wt% was found to be the most performing in terms of conversion obtained with
the same applied magnetic field. The developed magnetic catalysts contribute to the transition to distributed
hydrogen production and help to tackle some of the challenges related to the intensification of production

processes by electrification.

1. Introduction

Electrification of chemical processes and reactors is one way that
leads to intensification of industrial plant and it is currently being
explored by the chemical industry to improve energy efficiency and
reduce greenhouse gas emissions [1-5]. Electrification in the chemical
industry can be applied to directly drive chemical reactions (typically
electrochemical synthesis of chemical compounds) or to provide heating
for thermal processes by direct Joule heating of the reactor or of the
catalyst support [6-10]. The possibility of using contactless methods of
transferring energy like microwave systems has been recently demon-
strated [11-15]. They offer more-efficient process heating since the
catalyst is directly heated to the reforming temperature, reduce carbon
emissions and allow the construction of more compact reactor size, a
particularly efficient technology but which however has shown scale up
problems. More recently, the possibility of using radio frequency (r. f.)
electromagnetic induction technology has been proposed to provide
process heat at medium and high temperatures [16-29]. In particular,
induction is coupled to the use of magnetic catalysts, materials which at
the same time are able to catalyze the chemical process of interest and
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provide the energy necessary to support it in an efficient and targeted
way, interacting with the applied electromagnetic field. The proposed
technology is highly innovative and has numerous and substantial ad-
vantages over traditional heating methods: (i) selective heating of the
catalyst with resulting improvement of energy and chemical efficiency
of the process, (ii) greatly reduced heat transfer limitations; (iii) almost
instant heating (ramp rate >300-400 °C/min) which allows the possi-
bility of feeding discontinuous and semi-continuous processes with
rapid and efficient production cycles, thus limiting onerous and ineffi-
cient heat recovery systems; (iv) possibility of coupling chemical pro-
cesses to renewable energy sources in emerging applications (e. g. Power
to Chemicals / Power to Gas). The application of magnetic catalysis
would therefore allow the implementation of highly energy-intensive
processes on a small scale in an economical way. This implies over-
coming the paradigm of large plants and is fully part of the development
model aimed at decentralizing the production of chemical products, also
using raw materials and renewable energy sources.

Eventually, thanks to the high safety, efficiency and speed of heating,
r. f. electromagnetic induction has already conquered various industrial
production sectors, particularly in the metallurgical field (brazing,
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welding, sealing, casting, etc.) and the availability of radio frequency
generators of different sizes (up to 1 MW) is guaranteed by various
manufacturers. It is therefore reasonable to assume, once the technology
has been validated, a rapid technology transfer.

In a recent paper [30] the authors reported the synthesis of NiCo
nanoparticles supported on commercial y-alumina pellets (NiC-
0/y-Aly03) behaving as efficient magnetic catalysts for the steam
reforming of methane powered by induction. Samples with an alloy
composition NiggCoso and two different loadings (17% and 30%) were
prepared varying the synthesis process parameters. In that paper the
effect of nanoparticles diameter on the heating capability of the material
and hence on the conversion efficiency was highlighted.

In this work we explore the possibility of improving the NiCo/
y-AlyO3 catalyst performance through two different approaches, both
aimed at obtaining higher working temperatures with the same applied
field. In the first approach we increase the loading of the metal on the
support (from 30% to 35% by weight) thus increasing the number of
centers of energy dissipation. In the second one the cobalt content in the
alloy is increased from 40 to 50 by mol. In fact cobalt, with respect to
nickel, ensures a larger magnetic anisotropy, and thus better induction
heating performance by hysteretic dissipation and, most importantly, a
higher Curie temperature, Tc, (Tc is 1131 °C for Co and only 358 °C for
Ni). Thus, the Tc is expected to increase from 780 °C (for NiggCoag) to
850 °C (for NisoCosp) [31,32].

2. Experimental
2.1. Catalysts synthesis

Supported NiCo catalyst nanoparticles are obtained by a conven-
tional impregnation process from solution. Batches of 200 granules of
v-Al,03 (form Alfa Aesar) as cylindrical (1/8") pellets (specific surface
area 250 m2g 1) are stirred overnight in a solution containing Ni(NO3),
* 6 HyO (Merck-EMSURE) and Co(NO3), * 6 H,O (Merck-EMSURE) in
different relative molar ratio (60:40 or 50:50) and total concentration (8
or 10 M). Recovered samples are dried at 80 °C and subsequently sub-
jected to a calcination process in air flow. All the samples have been
reduced in Ar-H; (3%vol) flow at 900 °C (heating ramp 10 °C/min) for 5
h. Molar composition of produced samples has been verified by Atomic
Absorption Spectroscopy (AAS) utilizing a Varian Spectra AA-220.

In Table 1 significant parameters summarizing synthesis conditions
and metal content of supported samples are reported. Samples are
named on the basis of the expected molar composition and total metal
weight.

2.2. Catalyst characterization

X-ray diffraction (XRD) analysis of the catalysts was performed on
powders (pellets are easily grinded in a mortar) using a diffractometer
equipped with a 120° linear simultaneous detector from INEL and a
monochromatized Fe K,; source.

Temperature Programmed Reduction (TPR) measurements have
been recorded in a Micromeritics Autochem II 2920 apparatus. Mea-
surements have been carried out on two granules (approximately 40 mg)
to avoid observing a shift in the peak caused by mass effect.

The morphology of the catalyst pellets has been investigated by
Scanning Electron Microscopy (SEM) using a high-resolution

Table 1
Synthesis conditions and metal content of prepared catalysts.
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microscope HRSEM LEO130. Measurements were performed after
cleaving the sample into several pieces to investigate the morphology at
the center of the pellet. To highlight the presence of the metallic phase
dispersed on the alumina substrate, images were collected using a RBSD
(backscatter) detector. To gain information on metal particle size and its
distribution SEM images were processed by ImageJ software [33]. Size
distribution histograms were fitted using a lognormal distribution
function and evaluated Median particles diameters are reported.

Nitrogen adsorption measurements at 77 K were routinely executed
with a Quantachrome NOVA 2200 apparatus and specific surface area of
the samples was evaluated applying the BET method.

2.3. SAR evaluation and Induction setup for catalytic measurements

The capability of the magnetic samples to dissipate energy in the
alternating r. f. field was evaluated under the following measurement
conditions. About 5 g of catalyst were inserted inside the quartz reactor
and subjected to magnetic fields of different intensity under a 100 mL/
min nitrogen flow. Under these conditions, temperature profiles during
heating and natural cooling in the absence of a field were recorded.
From the analysis of these curves using the well-described procedure
[34,35] summarized in SI the SAR (specific absorption rate) was eval-
uated (see Fig. S1). Such parameter, the absorbed power per unit mass,
defines the heating performances of the magnetic nanoparticles.

We are aware that this measurement provides an estimation of the
SAR and that magnetic measurements would be desirable to have more
accurate data. Despite this, the data evaluated indirectly with this
methodology provide interesting information on the behavior of the
materials in operating conditions. To verify the accuracy of the meth-
odology a sample was subjected to the same procedure utilizing two
different inductor coils. The calculated SAR, reported and discussed in
Supporting Information, is independent from the measurement setup
within the estimated error.

The experimental setup utilized for determining the Ni-Co catalytic
activity in the steam reforming reaction is schematized in [30]. Briefly,
an Ambrell EasyHeat 2.4 induction apparatus has been utilized to heat
the magnetic samples. The heating module (work head) is connected by
r. f. cables to the power supply, allowing an easy positioning of the coil
around the reactor. The apparatus can deliver a maximum power of 2
kW and operates in the 150-450 kHz frequency range. In this experi-
mental campaign a 9-turn inductor coil of 5 cm diameter and 4.5 cm
high, working at 242 kHz, is utilized; the field strength was estimated by
the intensity of the current in the coils. An optic pyrometer (IRtech
Radiamatic IR20CF2150) has been utilized for the estimation of the
sample temperature. The pyrometer is focused on the surface of a pellet
positioned at the external part of the reactor, where energy losses are
more significant. It is reasonable to deduce that pellets positioned at the
centre of the reactor may experience a higher temperature. Further-
more, it may happen that hot spots on the surface of the magnetic
nanoparticles occur [36,37].

A mixture of water vapour and methane (always in the ratio 2:1,
balanced with Nj) are conveyed to the reactor by a Vapour Delivery
Module (VDM) (Bronkhorst). Gas Hourly Space Velocity (GHSV) values
reported in the text are calculated on the basis of the geometrical volume
occupied by catalyst pellets. To avoid water condensation, the lines
connecting the VDM to the reactor are heated at 110 °C by Omegalux
rope heaters. For the same reason, the quartz reactor is placed inside an

Sample Solution Calcination temperature (°C)/time Reduction temperature (°C)/time Expected %wt Measured %wt Measured %wt
concentration (h) (h) Me Ni Co
NigoC040.30 8 M 600/1 900/5 30 18.2+ 0.8 11.7 £ 0.6
NigpC040.35 10M 600/1 900/5 35 21.0 £ 0.9 14.3 £ 0.7
Ni50C050.30 8 M 600/1 900/5 30 14.6 + 0.6 15.3 £ 0.7
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air-heated box (110 °C) thus avoiding the reflux of water. Two traps in
series condense un-reacted water to prevent it from reaching the gas
chromatograph, an Agilent GC490 equipped with two independent
columns (MS5A and Plot-U) where the composition of reactant and
product gas mixtures is analysed.
The conversion of methane Xcp4 is calculated by the equation:
X = 100 % Fy, * CH;” - F;;“,’ * CHZ“’
Fit % CHY

tot

where FI, is the total inlet flow, F2& is the total outlet flow; CHY and

CHY" are the inlet and outlet volume fraction measured by the gas
chromatograph.

3. Results and discussion

From the diffraction patterns reported in Fig. 1 it is possible to
observe that the three materials consist of a Nickel-Cobalt alloy (as
determined by comparison with ICCD-JCPDS database cards (4—850,
15—-806) supported on alumina. The average size of the crystallites,
according to the Debye-Sherrer formula and reported in Table 2.

The reducibility of bimetallic catalyst samples has been investigated
by TPR measurement reported in Fig. 2. The profiles of the two NiggCoso
and NisyCosg samples do not show dramatic difference. The low tem-
perature peak, attributed to the reduction of Co304 to CoO shifts slightly
from 335 °C to 363 °C at increasing cobalt content and the hydrogen
consumption between 400 °C and 700 °C seems unaffected. In this
temperature range both Co(II) to Co(0) and Ni(II) to Ni(0) reduction take
place. The high temperature peak, usually attributed too to nickel
reduction, shifts from 730 °C to 830 °C at increasing cobalt content.
Such difference may be attributed to the different mean particle size of
the alloy that grows from ~20nmfor NigygCosg sample to ~40 nm for
NisoCosp (see Table 2) [38-41] as smaller nanoparticles are usually
more readily reduced. In both cases the reduction does not conclude at
900 °C and an isothermal treatment was necessary to completely reduce
the samples. Hydrogen consumed well matches the amount of loaded
metals in both cases. The hydrogen consumption of a sample loaded
with only cobalt and calcined according to the same procedure is re-
ported in supporting information (Fig. S2) for an appropriate compari-
son. The main noticeable difference concerns the reducibility of cobalt,
which is favored in mixed samples.

The nitrogen adsorption/desorption isotherm at 77 K is reported in
Fig. 3 for NiggCo40_35sample, illustrative for the different samples pre-
pared. The isotherm presents essentially the substrate features, in fact all
the prepared samples exhibit a type-IV (IUPAC) shape typical of

AlLO, substrate
—— Ni60Co40_30
——— Ni60Co40_35
° Ni50C050_30
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Fig. 1. X-ray diffraction pattern of supported NiCo alloys and of the bare
alumina substrate that underwent the same heat treatment as the impregnated
samples. Circle labels refer to the metal alloy.
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Table 2
Diameter of the nanoparticles and metal dispersion D.

Sample XRD Diameter SEM diameter Metal dispersion, D (%)
(nm) (nm) :

NigoC040.30 19+ 1 24+3 4.2

NiggC040.35 3841 38+5 2.6

NigoC050.30 37 +1 42+5 2.4

" D(%) values are calculated from SEM diameter.
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Fig. 2. H-TPR profiles of NiggCo40_30 and NisoCoso_30 samples.
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Fig. 3. Nitrogen adsorption isotherm at 77 K for the sample NiggCo040_35.

mesoporous solids characterized by a large uptake and a broad hyster-
esis at high partial pressure due to the presence of a large mesoporous
volume (typical of the alumina substrate). The BET surface area of the
y-Al,03 support is 250 m?/g before impregnation. Such value decreases,
for the supported samples, to 146 + 10 mz/g (NigpCo040_30), 171 £ 10
for (NisgCos0_30) and 120 mz/g (NigpCo40_35) probably due to some
mesopore occlusion by the supported metal particle. However, such
drop is mainly due to thermal treatments experienced by the pellets. In
fact, the specific surface area measured for the bare support that has
undergone the same thermal treatments of the impregnated samples is
190 m?/g.

SEM images are reported in Fig. 4 for the three samples and they
show that nanoparticles (lighter in color dots due to their elemental
composition different from that of the substrate) are always well
dispersed on the substrate. The insert shows the size distribution of the
metal particles. Images reported in Fig. 4b and 4c for NiggCo40_35 and
NisoCos0_30 are very similar, showing more sparse nanoparticles
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Fig. 4. SEM Images of NiCo alloys supported on y-alumina. In (a) NigoC040_30,
in (b) NiggCo40_35 and in (c) NisgCos0_30.

because of their larger dimensions with respect to NigoCo49_30%.

By comparison of SEM analysis and data extracted from diffraction
measurements (Table 2), it is noticeable that the diameters of the
nanoparticles evaluated by XRD and by microscopy are very similar,
supporting the hypothesis that NiCo nanoparticles are single crystalline
domain.

Increasing the concentration of salts in the synthesis process pro-
duces, as expected, samples with a higher loading and at the same time,
the size of the nanoparticles grows. A comparable increase in the size of
the metal nanoparticles was also observed for sample NisoCoso_30,
although the metal loading remained constant at 30%. This phenome-
non is not obvious and can be attributable to a lower interaction be-
tween metal and substrate in the samples richer in cobalt which leads to
a lower dispersion of the metal on the latter. As reported in [30] the
calcination process parameters (temperature, time, air flow) can be used
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to modulate the final particle size distribution of the metallic alloy on
the substrate.

3.1. Samples heating in absence of reaction

In Fig. 5 the Specific Absorption Rate as a function of temperature is
shown for different applied fields. The maximum measured temperature
is always higher than 700 °C for all samples even at low applied field of
16mT, a value considered sufficient for the sample to be tested in the
reaction conditions. SAR values tend to zero at high T for all the samples.
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Fig. 5. Plots of calculated SAR values as a function of temperature at different
field amplitudes. (@) Ni50CO40_30, (b) Ni60C040_35, (© Ni50C050_30. SAR has
been calculated from temperature curves.
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As mentioned, the maximum observable temperature limit is the Tc. In
fact, hysteresis losses which constitute the main energy dissipation
mechanism, rapidly vanish as temperature approaches that of magnetic
ordering one (T¢). The sample Ni5oCOs0_30, most likely due to its higher
cobalt content, reaches the highest temperature and shows as well
higher SAR values at all fields. The NigygCo4¢_30 sample shows a bell-
shaped SAR trend. Specifically, at a field amplitude B of 28.4mT, SAR
starts from small values at 150 °C to quickly rise with temperature until
it falls off when approaching Tc. This trend, also reported in [24,42],
shows that SAR does not decrease monotonously with temperature but
for low field amplitudes, can also grow with temperature. Sample
NigoCo40_35 which differs from NiggCo40_30 mainly with regard to mean
size distribution of nanoparticles, shows a more gentle SAR decrease
with temperature around Tc and the “bell” shaped trend is visible only
for low amplitude field. Samples of the same composition and loading,
but with larger nanoparticle sizes show significantly lower SAR values
(see SI Fig. S4 and S5). The sample with higher cobalt content shows a
maximum of SAR at 300 °C at 28.4mT that moves toward lower tem-
peratures as the magnetic field decreases. Starting 600 °C SAR values
rapidly decrease and as soon as temperature comes near the ordering
temperature the magnetic nanoparticles are no longer able to
contribute, the SAR becoming negligible as this approaches the Tc. In
general, the SAR of Ni5(Cos(_30 is always higher than NigyCoso samples
and being less restricted by its Curie temperature superior temperature
values are observed.

3.2. Methane reforming

As in our previous work, the chemical process of interest on which
the material was tested is methane steam reforming which it is typically
operated in the 700-900 °C temperature range. In a typical industrial
plant, the feeding mixture CH4/H30 passes through a catalyst bed in
tubular reactors, placed in a furnace heated from the outside by radia-
tion/convection and conduction [43-46]. The composition of the out-
going mixture, determined mainly by the temperature, is the result of
several competing or side reactions listed below.

CH4 + H,0 5 CO + 3 Hy
CO + H,0 5 CO; + Hy
CH4s C+2 Hp

C + Hy0 s CO +H,

Fig. 6 shows the reactant gas conversions and the product distribu-
tion in the gas mixture exiting the reactor for all the fresh catalyst
samples that reach a specific temperature under the same applied
magnetic field amplitude of 28.4 mT. All the samples need about 30 min
to reach the steady state. Under the same magnetic field condition, the
higher metal loading in NigpCo40_35 favors the attainment of higher
temperatures (735 °C vs 700 °C) and conversion values (80 vs 75%)
with respect to NiggCo40_30, as the number of dissipating agents is
higher. An even higher temperature and methane conversion values
(780 °C and 90%) are observed with NisoCos_30 sample thanks both to
a higher SAR (Fig. 3) and to a higher Curie temperature of the alloy. The
result is highlighted in Fig. 7.

As the reaction temperature increases also the composition of the
mixture changes. As it is possible to observe CO volume fraction raises
from 13% to 15-18%. The percentage of hydrogen is quite stable since,
for all the samples, temperatures above 700 °C have been recorded and,
as predicted by the thermodynamic calculation, hydrogen in the mixture
is rather stable (Fig. 8).

It is interesting to notice (Fig. 8) that regardless of the composition
and the metal loading on the support, the measured values of hydrogen
and carbon monoxide produced are in line with those expected on the
basis of the thermodynamic equilibrium (continuous line in the graph).
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Fig. 6. Experimental product distribution and methane conversion values for
sample (a) NigpCo40 30,(b) NiggCo4go _35, (¢) NisgCoso _30. Volumetric inlet
flow: N = 100 mL min~}, CH; = 50 mL min~}, H,O = 100 mL min~}. GHSV
= 3000 h™!. Applied field B ~ 28,5mT. Sample: 180pellets (~5 g).

This suggests that the activity of the material is limited by the temper-
ature that the latter is able to reach by dissipation and therefore the
typical factors that govern the catalytic activity such as nanoparticles
dispersion, composition, metal interaction with the substrate etc, are
well and similarly optimized in the studied catalysts to let a high cata-
lytic efficiency, near equilibrium values, for all the materials. A
depression in the activity of the magnetic catalyst, expected because of
the increase in the molar fraction of cobalt that is less active in the
reforming reaction with respect to nickel, is not observed in this work,
suggesting that surfaces of metal particles are mainly exposing Ni sites.
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Fig. 7. Methane conversion and values of hydrogen and carbon dioxide in the
outlet flow measured at B= 28.5mT for the three magnetic catalysts. The
temperature reached by the samples is reported as well.
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Fig. 8. Experimental methane conversion values, H, and CO volume fraction
on a dry basis exiting the reactor as a function of the working temperature
reached by induction heating, different samples. Equilibrium values calculated
by HSC [47] with CH4:H20 1:2 mixture feed are reported as continuous lines.

The experimental methane conversion data can be discussed also in
terms of the power utilized to perform the reaction. The values shown in
Fig. 9 correspond to the power required to heat the catalytic bed and the
feed gases to the reaction temperature and to provide the reaction heat.

An increase of the metal loading on the substrate allows to obtain
slightly higher conversion values (black curve with respect to blue).
Overall, NiggCo40_30 and NiggCo40_35 shows conversion values in the
range 72-80% as a function of applied power. Such evidence is attrib-
utable to slightly higher temperatures obtained by the sample with
higher metal content (for example in Fig. 7 at B=28.4mT the measured
temperature on the catalyst NiggCo40_35 is about 35 °C higher than
NigpCo40_30). On the other hand, the Ni5yCos¢_30 sample achieves much
better conversion values than the NigyCo40_30 sample despite the fact
that cobalt is a worse catalyst than nickel. The best yields in the
reforming reaction observed for the sample with the highest cobalt
content are attributable to its better heating ability (SAR) which, at the
same power, allows the achievement of higher temperatures.

The figure reiterates the role played by the working temperature that
can be reached during the inductive process on the observed conversion
and the necessity in magnetic catalysis to optimize the SAR of dissi-
pating agents.
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Fig. 9. Methane conversion as a function of the power delivered to the
inductor. Total gas flow:250 mL/min. Amount of catalyst: 180 y-Al,O3 pellets
loaded with NiCo alloy (~5 g). GHSV= 3000 h~'.

4. Conclusions

NiCo supported magnetic catalysts having different total metal
loading and metal molar ratio have been synthesized using a traditional
impregnation procedure and characterized in terms of morphological
and structural properties. All the produced samples, despite the consis-
tent metallic loading, show well dispersed alloy nanoparticles. Sup-
ported NiCo catalysts are able to catalyze the methane steam reforming
reaction powered by induction heating reaching methane conversion
and syngas yields close to expected equilibrium values at all applied
powers.

The catalyst’s ability of dissipating an external radio frequency
electromagnetic field has been explored evaluating the temperature
heating and cooling curves. We have shown that the methane conversion
value in the steam reforming reaction can be improved by increasing the
total amount of cobalt in the alloy.

Both explored strategies, increasing total metal loading and
increasing the amount of cobalt in the alloy, were found to be effective in
achieving higher operating temperatures than previously developed
materials. In particular, the induction heating of the alloy with the
highest cobalt content, allows to observe higher methane conversion
values, minimizing the energy required to feed the reaction.

The developed magnetic catalysts contribute to the transition to
distributed hydrogen production and help to tackle some of the chal-
lenges related to the intensification of production processes by
electrification.
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