Ceria-supported catalysts for CO abatement in combustion exhaust gases
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Abstract: we present a series of Ni, Fe, and mixed NiFe-based catalysts, deposited onto ceria
prepared with either soft templated (with CTAB) or hard templated (with SBA-15) syntheses. The
prepared materials were thoroughly characterized with SEM, HRTEM, EDX, ICP-MS, PXRD, and
N2 adsorption techniques, to fully comprehend their nature. All catalysts were then tested for carbon
monoxide oxidation reaction at different temperatures, aiming to reach operative conditions typical
of industrial plants (350-400 °C, in the presence of competitive species such as CO2 and H.O in the
feed). Advanced reaction tests highlighted outstanding materials (especially NiFe catalyst deposited
onto hard-templated ceria), displaying catalytic performances able to compete with those typical of
noble metal-based catalysts. Such catalysts were further investigated by means of Raman and
CO@FT-IR spectroscopy, unraveling their surface properties, which make them excellent candidates

for replacing more costly noble metal-based catalysts currently employed for such reaction.
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1. Introduction

Environmental pollution has been a hot topic since decades either within or outside the scientific
community. However, the recent acceleration of climate change and the apparent unstoppable growth
in environment contamination due to human activities, has directed a large part of scientific efforts
to invert such trend. The fastest route in which pollutants diffuse around the Earth is through
atmosphere: global air quality not only negatively influences wildlife and accelerate ice melting at
the Poles [1], but also affects health quality in human communities. Indeed, most of atmospheric
pollution is produced within metropolitan areas, where nowadays almost 57% of the total human
population resides [2] and industrial activities are concentrated, meaning a tremendous risk for the
inhabitants in those areas. Particulate, Polycyclic Aromatic Hydrocarbons (PAHS), as well as toxic
gases (NOy primarily) are the highest in concentration and among the most dangerous incomplete
combustion byproducts. Nevertheless, while for these substances strict containment measures have
already been implemented [3], there are still few compounds having lower restrictions compared to
the previous ones. Among toxic gases, carbon monoxide (mainly produced through incomplete
combustion of fossil fuels) is one of the most harmful gases for humans [4], due to its ability to
interfere with oxygen coordination in hemoglobin. This phenomenon induces the production of
carboxyhemoglobin [5-7], greatly affecting oxygen exchange even in low concentrations, potentially
causing seizure, coma, and eventually death [8]. Therefore, controlling atmospheric CO level is of
pivotal importance. Such problem has already been addressed concerning ground transportation of
either people or goods. However, as far as the industrial activities are concerned, the matter was not
tackled with the same determination. Nowadays, this issue is becoming more and more relevant, to
the point that it has been regulated by European legislation regarding industrial and power plants [3].
One of the easiest ways to reduce atmospheric CO emissions is via oxidative processes, that is
converting CO into COy, through the following reaction:

2CO0+0; 2 2C0» AH° = —566 kJ mol™?



The current system employed for high temperature CO oxidation is a catalyst based on alumina
honeycomb monolithic supports with platinum nanoparticles as active species [9-11]. Nonetheless,
sometimes noble metal-based catalysts are over-performing for such reaction: indeed, they are often
employed for hydrogen purification, in which CO oxidation takes place at much lower temperatures
than the ones of combustion exhaust gases (<100 °C vs. 350-400 °C). Such systems involve mainly
alumina-supported [12-17], titania-supported [18,19], and ceria-supported catalysts [20-28].

The turning point for such systems was the introduction of ceria among the oxides supporting the
active phase of such catalysts [29]. Indeed, CeO- is able to withstand a cerium local reduction from
Ce* to Ce*, by losing a coordinated oxygen atom that can then be employed in case of sub-
stoichiometric oxidation conditions. The reversibility of the process allows the restoration of oxygen
in the ceria structure whenever the catalyst is exposed to over-stoichiometric conditions. Therefore,
ceria-supported catalysts are the best candidates for oxidation processes with fluctuating oxidant
concentration [25], exploiting support properties in order to enhance the overall catalytic
performances [17,30].

This phenomenon allows to move the focus for the active phase towards non-noble metals, which are
still active at the operating temperature (above 350 °C) [31]. Among them, cobalt [32-36], iron
[32,37-40], nickel [41-43], and their alloys [44-48] are the most investigated and promising systems
to substitute noble metals in CO oxidation reaction. In particular, Ni belongs to the same group of Pt
and Pd and possesses similar properties in terms of reactivity and possibilities concerning oxidative
catalysis [42,49,50], although with a slightly lower activity. Nevertheless, it is way less expensive
than noble metals and its performances can be strongly enhanced when alloys are formed, especially
in the presence of iron, with which it is extremely soluble at almost any concentration [51-53].
Specifically, Fe-Ni alloy was successfully employed for CO oxidation in synergistic effect with
platinum [44]. A well definite intermetallic species, namely NiFes [53], was supported onto SiO and
fruitfully tested for olefins partial oxidation reactions in the liquid phase, providing excellent results

[54].



Although reaction conditions for our target process are quite different, we strongly believe that a
support exchange in favor of ceria might generate non-negligible benefits to the overall system when
dedicated to gas phase CO oxidation. However, not all ceria structures might enhance catalytic results
in the same manner: indeed, some crystal shapes might be more effective in promoting certain types
of reactions [55]. Templating agents, either soft or hard, are currently employed to produce
hierarchical [56] or porous structures [57-60], nanotubes [61], nanorods [62], and nanoparticles
[26,63,64]. They can also be incorporated into mesoporous silica structures [65-70]. Yet, not all the
above mentioned syntheses are easily performed, thus limiting their implementation for upscaling
processes.

With all this in mind, we wanted to achieve the challenging target of producing an efficient, durable,
and economically sustainable catalyst, able to compete at the same level with Pt ones in oxidizing
carbon monoxide that is released in great amounts by industries and power plants. We started by
selecting two ceria supports, by varying the aspect ratio of the crystals, with an eye on the ease of
potential scalability of the process. Therefore, we selected soft-templated CeO> nanoparticles [50]
and hard-templated CeO, nanorods [71], which are among the simplest and cheapest ceria
nanomaterials to be produced. Afterwards, we deposited on both of them pure Fe and Ni phases, and
a mixed one. We furthermore produced Pt-based catalysts, for the sake of comparison with non-noble
metal catalyst. Differently from most of the literature on the topic [72-80], we decided to test our
samples in conditions as close as possible to the operative ones, by taking into account not only
catalytic performance in the sole presence of CO and O, but considering the overall composition of

real combustion exhaust [81].

2. Experimental
2.1 Chemicals
Pluronic copolymer P123 (EO20PO70EQO20), tetraethyl orthosilicate 98 % (TEOS), hydrochloric acid

37 % (HCI), cerium(l11) nitrate hexahydrate 98.5% (Ce(NOz3)s 6H20), hexadecyltrimethylammonium



bromide 98% (CTAB), platinum(IV) chloride 96% (PtCls), nickel(ll) acetate tetrahydrate (Ni(OAC):
4H0), anhydrous ethanol 99.5% (EtOH), and hydrogen peroxide 30%.y (H202) were purchased by
Sigma-Aldrich. Nitric acid 65% (HNO3), sodium hydroxide 98% (NaOH), and potassium hydroxide
98% (KOH) were purchased by Carlo Erba reagents. Iron(l1) chloride tetrahydrate 98% (FeClz 4H.0)
was purchased by Alfa Aesar. N2 99.99%, Air 99.99%, CO, 99.99%, and CO 5.01 % (in He) were
purchased by Air Liquid. Liquid nitrogen (N2(ig)), and CO 99.99% were purchased by Nippon gases.
H20 milliQ (resistivity 18.2 MQ cm™* at 25 °C) was obtained with a Merck-Millipore purification

system. All chemicals were employed with no further purification.

2.2 Ceria soft-template synthesis

The preparation procedure for this support (CeO. s onwards) was adapted from ref. [50]. Briefly:
inside a 1 L round-bottom flask, 21.7 g of Ce(NOs)3 6H20 and 150 mL of milliQ water were added
and kept under vigorous stirring until the solution became crystal clear. Then, additional 200 mL of
milliQ water and 11 g of CTAB as templating agent were added while stirring; immediately after this
step the solution increased its viscosity. Afterwards, pH was adjusted to 12 by means of a 2 M KOH
solution, turning to a light violet color. The obtained suspension was kept under stirring at 80 °C for
24 h. Then, reaction slurry was transferred inside centrifuge tubes and centrifuged at 5000 rpm for
20 min. The obtained solid was recovered, washed with milliQ water, and centrifuged at 5000 rpm
for 20 min until the washing solution turned to a neutral pH. After that, the sample was dried in air at
80 °C overnight. Finally, the obtained nanoparticles were calcined in air at 600 °C for 10 h (Tramp =

1 °C min™!) to remove the templating agent.

2.3 Ceria hard-template synthesis
The preparation procedure for this support (CeO2_n onwards) was adapted from ref. [71]. Briefly:

7.6 g of Ce(NO3)3 6H20 were dissolved in 25 mL of EtOH. Afterwards, 1 g of SBA-15 silica as



templating agent (prepared according to literature procedure [82]) and 15 mL of the previously
prepared Ce(NO3)3/EtOH solution were added in a 50 mL round-bottom flask and vigorously stirred
for 3 h, in order to allow the diffusion of Ce cations inside the mesoporous silica channels. The
suspension was then transferred inside a oven, where it was dried in air at 60 °C overnight. The
recovered powder was reunited with the remaining 10 mL Ce(NOs)3/EtOH solution, vigorously
stirred for 3 h, and dried overnight in air at 60 °C. The recovered powder was calcined in air at 600 °C
for 10 h (Tramp = 1 °C min™?), allowing the formation of cerium oxide. In order to remove the
templating agent, the sample was transferred inside a Teflon beaker with 20 mL of 2 M NaOH
solution and heated at 50 °C for 2 h, enough to attack and remove completely the templating agent.
The slurry was centrifuged at 5000 rpm for 20 min. The obtained solid was recovered, washed with
milliQ water, and centrifuged at 5000 rpm for 20 min until the washing solution turned to a neutral
pH. After that, the sample was dried in air at 80 °C overnight. Finally, the material was re-calcined

in air at 500 °C for 10 h (Tramp = 1 °C min’?%).

2.4 Single metal deposition

The single-metal catalysts were prepared by incipient wetness impregnation technique [18,83,84],
aiming to a theoretical 5 %mo metal loading over both CeO; & and CeO; nt supports. 500 mg of
support and a proper amount of metal salt (alternatively FeCl, 4H>0, Ni(OAc)2 4H20, or PtCls) were
dissolved through ultrasound radiation and kept under vigorous stirring in air, for 5 h at room
temperature, inside a 25 mL round-bottom flask. Afterwards, the slurry was transferred inside a
crucible and dried in air overnight at 80 °C. Finally, the obtained powder was calcined in air at 600 °C
for 3 h (Tramp = 3 °C min1). Six samples were obtained and named according to the desired support
and metal precursors as Fe/CeO2_s, Ni/CeO s, Pt/CeOz s, Fe/CeO2 nt, Ni/CeO2 nt, and Pt/CeOz _nt.
2.5 Double metal deposition

The double-metal catalysts were synthesized through a preparation method adapted from ref. [54].

For this procedure, the selected Fe:Ni ratio was 1:3, still aiming to total active metal loading of a



theoretical 5 %mo. Briefly: 300 mg of support were placed inside a 50 mL round-bottom flask and
suspended through ultrasound radiation in 10 mL of milliQ water. Then, 16.3 mg of Ni(OAc). 4H.O
and 4.5 mg of FeCl, 4H>0 were added to the suspension and kept under stirring in air for 5 h at room
temperature. Afterwards, the slurry was transferred inside a crucible and dried in air overnight at
80 °C. Finally, the obtained powder was calcined in air at 600 °C for 3 h (Tramp = 3 °C min'1). Two

samples were obtained and named according to the desired support as NiFe/CeO> st and NiFe/CeO> .

2.6 Characterization techniques

2.6.1 Electron Microscopy

Scanning Electron Microscopy (SEM) measurements were performed by means of a FESEM ZEISS
Gemini 500 instrument, operating with an accelerating voltage of 20 kV. The samples were ground
inside an agate mortar and powders were deposited directly onto a carbon-tape-covered stab.
Transmission Electron Microscopy (TEM) images and Scanning-Transmission elemental analyses
(STEM-EDX) were obtained using a JEOL JEM 1400 Plus instrument operating at 120 kV, equipped
with an Oxford Aztec spectrometer.

A JEOL JEM 2010 UHR microscope, operating at 200 kV and equipped with a Gatan Imaging Filter
(GIF) with a 15 eV window and a 794 slow scan CCD camera, was instead used to collect
High-Resolution Transmission Electron Microscopy (HRTEM) images. For both TEM and HRTEM
techniques, finely ground samples were dispersed in n-octane in an ultrasonic bath. The suspension
was then dropped on a copper grid covered with a carbon thin film for the observation.

2.6.2 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

ICP-MS analyses were performed with a mass spectrometer Agilent 7850 with quadrupole analyzer,
equipped with SPS 4 autosampler from Agilent. A 180 s wash-up with 2% HNO3 was performed after
each measurement, in order to eliminate any memory effect. All analyses were performed inside an
ISO-6 clean room, thus reducing the risk of possible environmental contamination. Sample

dissolution procedure was based on a literature procedure [85]. 5 mg of each sample was weighted in



previously conditioned PFA vials. Then, 1 mL of concentrated HNOs and 1 mL of H2O2 30%. were
added to the vials and irradiated with ultrasound at 60 °C for 30 min, followed by a treatment at 120
°C for 1 hour. Afterwards, the samples were treated with 8 mL of milliQ water at 100 °C for 1 hour,
followed by centrifugation to separate solid and supernatant. The remaining solid fraction was
subjected to a second attack using 1 mL of concentrated HNO3 at 120 °C for 1 hour, and then at 100
°C for 1 hour after 5 mL of milliQ water addition. Finally, the solutions obtained from the two attacks
were reunited and diluted 1:50 for the ICP-MS analysis.

2.6.3 X-Ray Diffraction (XRD)

Structural features of the fresh and used samples were examined by XRD using a PANalyitical X Pert
PRO diffractometer with a Cu Ko radiation, a secondary monochromator, and an X’celerator detector.
The average crystallite sizes were estimated by the Scherrer equation [86].

2.6.4 N2 physisorption

Textural analyses were carried out with a Sorptomatic 1990 (Fisons Instruments), by determining the
nitrogen adsorption-desorption isotherms at liquid nitrogen temperature. Before analyses, samples
were heated overnight under vacuum up to 250 °C (heating rate, 1 °C min™). Surface area values
were calculated by the BET equation. The pore size distribution profiles were determined by applying
the non-local DFT method [87,88] (N2 @ —196 °C on Carbon, Slit Pores model, regularization set to
0.1) to the isotherm adsorption branch in the p/po range 0-0.9. The quality of the obtained isotherm

fits is excellent (RMSD as low as 1 cm®/g), as graphically outlined in Figure S5.

2.6.5 Raman spectroscopy

Raman spectra were acquired by means of a Renishaw inVia Raman microscope instrument with an
excitation wavelength of 514 nm. The laser power was fixed at 50% of the maximum power, since
the sample in analysis (in the powder form) was kept under motion. The scattered photons were

collected through a 20x objective, dispersed by a 1800 lines mm™ grating monochromator and



simultaneously collected on a CCD camera. Each spectrum was obtained by averaging 10 acquisitions
with 30 s of exposure each.

2.6.6 Infrared spectroscopy with CO as probe molecule (CO@FT-IR)

FT-IR spectroscopy was performed by means of a Bruker Vertex70 instrument equipped with a
Mercury Cadmium Telluride (MCT) detector. Prior to the measurements, pure samples were pressed
into self-sustained thin-pellets, placed inside a gold envelope, inserted in a dedicated cell having
optical windows in KBr, and heated up to 400 °C under vacuum for 2 h. Then, they were brought to
room temperature in vacuum, in order to prevent any surface contamination. After that, CO (30 mbar)
was dosed at room temperature as probe molecule and then cooled using liquid nitrogen. FT-IR
spectra were obtained by averaging 32 acquisitions with a 2 cm™ resolution during CO desorption

via volume expansion and afterwards under dynamic vacuum.

2.7 Catalytic tests

Catalytic tests were carried out in a tubular (®int = 0.8 cm) quartz-glass fixed-bed continuous-flow
microreactor. Prior to reaction the catalyst (0.050 g) was pretreated in N2 (60 cm® mint) at 400 °C
for 5 h. CO oxidation tests were then performed under atmospheric pressure in the temperature range
100-400 °C, with intervals of 50 °C. All tests were performed at a space velocity (SV) of
120000 cm® ht gear®. A first series of tests was conducted in strong excess of oxygen, by feeding a
reactant gas mixture with a CO:0O2 molar ratio equal to 1:4 (CO, 2.0 %moi; O2, 8.0 %moi; N2+He,
balance). Additional catalytic tests were performed in more severe reaction conditions, by using a
stoichiometric CO:O ratio (CO, 2.0 %mol; O2, 1.0 %mo; No+He, balance). Then, in order to simulate
the composition of a real gas mixture at the outstream of a combustion process, the catalytic
performances of selected samples were studied by adding only CO2 (CO, 2.0 %mol; O2, 1.0 %mel; COy,
20.0 %mol; N2+He, balance) or CO2 and H20 (CO, 2.0 %mol; O2, 1.0 %ma; CO2, 20.0 %mol; H20,
9.5 %mai; N2+He, balance) to the feed. In the presence of water, the catalytic behavior of NiFe/CeO2_nt

was also tested by performing a stability test of 40 h at 400 °C. To obtain the desired amount of water



in the reactant gas stream, a vapor generation Kit kept at a temperature of 45 °C, was used. Regardless
of the composition of the feed, the catalytic performance was monitored at least for 2 h at each
temperature, by performing on-line analyses of the reactor effluent on a 6890N (Agilent) gas
chromatograph (GC), equipped with an HP PLOT Q capillary column, a methanizer to quantitatively
convert CO and CO- into methane, and a flame ionization detector (FID). An ice trap and a molecular
sieve trap were placed between the reactor and the GC injection valve to condense the water possibly
present in the inlet gas mixture. The results of the quantitative analysis of the carbon-containing
species were used for checking the carbon mass balance and for calculating CO conversion and CO>

selectivity.

3. Results and Discussion
3.1. Electron microscopy (SEM, HRTEM)

The templated methods employed to produce the two supports should direct the nanoparticles shape
towards different ways. In particular, CTAB employed for CeO> s synthesis should direct the material
form into spheroidal nanoparticles; on the other hand, SBA-15, used to prepare CeO, nt sample,
should push nanoparticles appearance fairly similar to the shape of nanorods. In order to confirm the
synthetic outcomes, electron microscopy analyses were performed. The SEM images of
soft-templated ceria suggests the presence of clusters due to the agglomeration of fine spheroidal
nanoparticles (Figure 1a). Concerning CeOz n, instead, much larger and elongated clusters are visible
(Figure 1b), consistent with the aggregation of nanosized elongated rods. Since the resolution of SEM
microscopy is not sufficiently high to investigate in detail shape and size of fine nanoparticles,

HRTEM analyses were also performed (Figure 2).



Figure 1. SEM images collected at 10 kx of samples CeO> s (part a) and CeO> n: (part b).

Concerning the soft-templated synthesis (Figure 2a), the images confirms the attainment of
nanometric-size round-shaped particles, with a 5-10 nm diameter. For the hard-templated synthesis,
instead, the image clearly shows an ordered alignment of ceria nanoparticles, having a lateral size
compatible with that of the pores of SBA-15 (Figure 2b - inset) [82,89,90]. This evidence indicates

the full effectiveness of the hard-templated synthesis.

Figure 2. HRTEM images of fresh samples CeO-_ (part a) and CeO2_nt (part b).



3.2. Elemental analysis (ICP-MS, EDX)

Both the supports were used to perform the active phases deposition and the effective metal loading
was measured by means of ICP-MS and EDX analyses, and the data are reported in Table 1.

It can be noted that, despite aiming to a hypothetical 5 %mo Of catalytic species loading, only sample
Pt/CeO2_s reached such value, while the rest of the samples stayed below that amount. Nevertheless,
it was possible to observe a peculiar trend, in which all the catalysts prepared with the hard-template
method showed an overall lower metal loading. Such behavior can be ascribed to the ordered
honeycomb nanostructure that the hard template conferred to the support, complicating the intimate
interaction between the metal precursors and the potential deposition sites along the support surface.
This phenomenon gave rise to a slightly lower metal loading with respect to the support in the
nanoparticles form obtained with the soft-template method [91]. Concerning the mixed metal
samples, the global active phase amount reached only 3.38 %me for NiFe/CeO2_s and 3.11 Y%mor for
NiFe/CeO2 nt, respectively. However, the Ni:Fe ratio measured in the two catalysts was the same,
with a value of 2.6:1, close to the desired 3:1.

Nonetheless, in order to deeply evaluate the synthetic outcomes, a thorough physico-chemical

characterization has been performed.



Table 1. ICP-MS and EDX compositional data for the series of catalysts prepared with either hard-
templated or soft-templated supports. Data are reported as [(molmeta/MOlsupport) 100]. EDX maps are
reported in the supplementary material (Figures S1-S3).

Sample Fe loading Ni loading Pt loading

(Yomor) (Yomor) (Yomor)
Ce0g s - - -
NiFe/CeO; « 0.94/1.09" 2.44/2.46 -
Ni/CeOo_s - 3.55 -
Fe/CeO2 4.35 - -

Pt/CeO st - - 5.49
CeOg nt - - -
NiFe/CeO2 nt 0.87/0.78" 2.24/2.047 -
Ni/CeO2_t - 2.18 -
Fe/CeOx_ht 3.30 - -

Pt/CeO2 - - 3.60

 Value obtained with EDX technique.

3.3. X-Ray Diffraction
XRD patterns of the fresh catalysts prepared by using both the CeO2 & and CeO2 nt supports are

reported in Figure 3. Regardless of the ceria used, the diffraction profiles of the Fe-, Ni-, and
NiFe-based samples exhibit only reflections ascribable to the typical fluorite-type cubic crystalline
structure of cerium oxide (PDF card 75-0151), suggesting a high dispersion of the active phases or
that their content is under the detection limit of the technique. As for the two Pt-based samples, while
only cerium oxide reflections are visible for Pt/CeO2 r, a very small signal attributable to metallic
Pt° (PDF card 04-0802) can be observed for Pt/CeO; &, which could be explained by considering the

slight different contents of platinum in the two samples (Table 1).



(a) o pt [ (b) ﬁ
| it
| | |
L f\ A ° I\ A — I\ A 7\ N
—— NN N N 1_ e NN N N -
i o ! o - e
i PUCBOZ_S( I F"t:'CeOz_hl
I} ‘| In
e f" \ o f A L I o ‘.;\... A
—_— SONIN I J e L —_— S N\ SN SN o
- A NiFe/CeO, I NiFe/CeO, ,
A - ‘I |
LU . \ [ S\ A A
- — NN N [ e A N N NS
"I Ni/CeQ, I\ Ni/CeO,
A " I
."‘i | VoA A
““““ — e R N i U [ R R N
I Fe/CeO, | Fe/CeO,
- A A ’
-~ F L A\ /
—_— \_/\\\77 NN — VARNIYAN . 7#/ \ SN .
CEO2_S‘ Ceoz,m
N Lo 1 I 1 R | I w1 | 1 L1

L | " L | " L I s " L s " L L I s L I ' . L
10 15 20 25 30 35 40 45 50 55 60 65 70 15 20 25 30 35 40 45 50 55 60 65 70
20(°) 20(°)

Figure 3. Diffraction patterns of fresh Fe-, Ni-, NiFe-, and Pt-based catalysts supported on CeO2 st
(a) and CeO2 _nt (b).

CeO2 st and CeO. nt are characterized by very similar ceria nanocrystals size, for which average
diameter values of 7-8 nm have been estimated by the Scherrer equation. As expected, in the case of
the hard-templated support, the crystallites size estimated results to be coherent with the mean pore
diameter of the pristine SBA-15 used as the template (7.1 nm) [89]. After the impregnation procedure,
these values were found unchanged regardless of the active phase nature, thus confirming the high
thermal stability of supports.. The XRD profiles of the used catalysts (Figure S4) are quite similar to
those the corresponding fresh ones, which did not result significantly different even by varying the

composition of the reactant gas mixture.

3.4. N2 physisorption

The N2 physisorption isotherms and the pore size distribution (PSD) curves for all the prepared

samples are shown in Figure 4, and their textural properties are summarized in Table 2.
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Figure 4. Adsorption-desorption isotherms and pore size distribution (inset) of fresh Fe-, Ni-, NiFe-,
and Pt-based catalysts supported on CeO2 st and CeO2 .



Table 2. BET specific surface area and total pore volume of CeO>_ st and CeO2_n: Supported catalysts.

Sample Seer(M?g?l)  Vp(cmig?)
CeOs & 104 0.40
NiFe/CeO « 102 0.33
Ni/CeO; « 100 0.35
Fe/CeO2 « 01 0.34
Pt/CeO2 « 95 0.30
CeO2 136 0.28
NiFe/CeOs 138 0.28
Ni/CeOy 125 0.28
Fe/CeOy i 03 0.27
Pt/CeO2 108 0.28

The soft-templated support (CeO:_s) exhibits an adsorption-desorption profile which can be classified
as type 1VVa [92], typical of mesoporous solids. The presence of a hysteresis loop at p/po > 0.6 also
suggests the potential presence of mesopores, as confirmed by the corresponding PSD plots (insets
in Figure 4). The quite broad PSD for soft-templated samples, ranging from 5 to 30 nm, suggests the
mesopores are not ordered, thus can be ascribed to interparticle voids in agglomerates. As for CeO nt,
the isotherms profiles are of type I1b, suggesting a certain degree of interparticle mesoporosity typical
of materials prepared with the hard-template method [36,43,92]. Furthermore, the corresponding PSD
is sharper than that of CeO2 s Furthermore, it shows a main peak centered at ca. 3.9 nm,
representative for a major family of pores with a size consistent with the value of the pore wall
thickness estimated for the SBA-15 [89], highlighting that its topological structure has been, at least
partially, replicated during the ceria synthesis. Isotherms profiles and PSD curves of the Fe-, Ni-,
NiFe-, and Pt-based catalysts result completely analogous to those of their corresponding support.

Irrespective of the ceria used as a support, the impregnation procedure leads to an important decrease



in the surface area (Sget) for both Fe- and Pt-based catalysts, which could suggest a lower dispersion
of the active phases probably due to a poorer interaction of the iron and platinum precursors with the
ceria surface. Since CeO2 nt exhibits a higher surface area than CeO. « (Table 2), the higher Sger
values of the Ni/CeO2 n, NiFe/CeO2 1, and Pt/CeO, nt materials, in comparison with those of the
analogous samples supported on the soft-templated ceria, can be explained accordingly. The sole
exception is represented by the Fe-based catalysts, for which the similar Sger values can be justified

by a worse dispersion of the iron oxide in the hard-templated ceria [93,94].

3.5. Catalytic behavior and spectroscopic characterization

The overall testing plan began with just CO and O as reactants, similarly to what largely observed
in the literature. This was done in order to individuate the most active catalysts to be further tested in
progressively more realistic conditions. Catalytic results obtained by feeding CO and Oz in excess
(CO:02 molar ratio equal to 1:4) are summarized in Figure 5 and Table S1. For each temperature, CO
conversion (Xco) is reported as an average of the values determined over 2 h of reaction, within which
the catalytic activity was found to be stable. As expected, the only carbon-containing species detected

were CO and COg, from whose quantification the carbon mass balance was checked.
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Figure 5. CO conversion (Xco) values as a function of reaction temperature. (a): soft-template series;
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For each catalyst CO conversion increases with the temperature, although in a different way
depending on the nature of the active phase and the type of support. It is worth noticing that at
temperature higher than 250 °C pure ceria samples are catalytically active, although to a limited
extent. In the literature, CO oxidation on pure ceria is often reported to take place through the
Mars-van Krevelen mechanism, in which CO first reacts with surface ceria oxygen forming CO> and
leaving an oxygen vacancy, which is then filled by oxygen from the gas phase [55]. Between the two
ceria supports, the best performance was observed for CeO> r, although the maximum Xco barely
reaches 34 %mo at 400 °C. Generally, the presence of additional active species promotes higher
activities, meaning that they play a prominent role in the catalytic process. As expected, the Pt-based
samples exhibit the best catalytic activity, being able to totally convert CO already at 200 °C.
However, at 150 °C a slight higher conversion is observed for Pt/CeO; &, probably as a consequence
of the higher metal content with respect to its hard-templated counterpart (see Table 1). As for the
other samples, the best performances are achieved with the NiFe- and Ni-based catalysts, for which,
at temperatures > 350 °C, the Xco values are equal or very close to those obtained with the Pt-based
samples, highlighting their very promising performance towards the CO oxidation reaction at high
temperature. As revealed by ICP-MS and EDX analyses (see Table 1), the materials supported on
CeO2_nt are characterized by lower contents of active phase with respect to the corresponding samples
of the soft-template series; however, NiFe/CeO2 nt and Ni/CeO2_nt showed, especially at low and
medium temperature, better performance compared with the analogous samples supported on CeO- .
These results are accordance with those obtained in absence of active phases and suggest a very
important role of the support properties in promoting better catalytic performances. As for the
Fe-based samples, they turn out to be the worst catalysts irrespective of the support, indicating the
crucial role of Ni in obtaining a satisfactory catalytic activity. In particular, Fe/CeO2 n showed the

lowest conversion values, even a little lower than those exhibited by the corresponding pure



hard-templated ceria support. In this case, such behavior can be related to the low Fe content and/or
the poor dispersion of iron species, as suggested by N2 physisorption measurements (see Section 3.4).
Since the catalytic results obtained using an excess of oxygen did not allow the identification of a
clear trend, we decided to evaluate the performance of the catalysts in more severe conditions, by
performing additional tests with O in a stoichiometric amount with respect to CO. The pertinent
results, reported in Figure 6 and Table S2, confirm the general trend previously discussed. However,
in these conditions, a decrease of the Xco values are observed in the case of NiFe/CeO. s and
Ni/CeO2_, clearly highlighting the best performances of the NiFe- and Ni-based samples supported
on CeO2 nt, for which, instead, the catalytic behavior remains practically the same. Such result further
indicates the pivotal role of the hard-templated support, which guarantees a high catalytic activity

even in less favorable reaction conditions.
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In order to investigate the relation between the catalytic performance of the samples and their physical
and chemical properties, Raman and CO@FT-IR spectroscopic measurements were performed. Since
NiFe/CeO2_nt and Ni/CeO2_nt exhibited the best catalytic activity within all the prepared materials, the

series of samples supported on CeO2_nt was investigated. For the sake of comparison with the most



active catalyst (NiFe/CeO2 nt), its counterpart deposited onto the soft-templated support was also
studied. Raman spectroscopy can provide information on the structure of the samples. For all the
investigated catalysts (Figure 7), it is possible to distinguish an intense signal centered at 462 cm' %,
related to the Foy Raman active-mode of fluorite-type cubic structure of CeO, [95-97]. This band
should shift to lower frequencies when introducing heteroatoms in the structure; interestingly, for all
the samples under analysis this effect is not evident, meaning that our active phase is present
specifically onto ceria surface as defective site and/or nanoparticles. Instead, the introduction of
NiFe- and pure Ni-active phases seems to favor the production of superficial oxygen vacancies, as
pointed out by the growth of the signal at 590 cm™ [27,98]. In particular, the amount of such
superficial defects results to increase in the order CeO2 nt ~ Fe/CeOz_nt < Ni/CeO2_nt < NiFe/CeO2_,
which is practically the same trend observed for the catalytic activity (exception made for the soft
template support). This evidence is consistent with the direct involvement of the oxygen vacancies in
the activation of O.. Indeed, as suggested in the literature [31], a dual-site mechanism can be assumed
when ceria is used as the support in catalytic systems for CO oxidation. In particular, carbon
monoxide would be adsorbed on M%/M™ sites, whereas oxygen could be adsorbed and activated on
the defective sites (oxygen vacancies) of ceria. Accordingly, the higher catalytic activity of
NiFe/CeO2 nt could be, at least partially, ascribed to the larger amount of oxygen vacancies. As a
confirmation of this, the same correlation can be found also for the NiFe-based samples supported on
CeO2 nt and CeO2_«. Indeed, a higher amount of superficial defects can be observed when the active
phase is deposited onto the hard-templated support with respect to the soft-templated one (Figure 7b),

which is accordance with the better catalytic performance showed by NiFe/CeO nt.



N (a) (b)
e Fe/CeO,
S . |
© [—NiCeO,
& |——NiFe/CeO, |
®) |—— NiFe/CeO

2 st
=
|-
(@]
=
>
77
<
92
£

Defects
1 L 1 L 1 N 1 1 L 1 L 1 N 1 " 1

" s 1 L n L
800 700 600 500 400 300 200 800 700 600 500 400 300 200
Raman shift (cm™)
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What could not be probed by Raman spectroscopy is the distribution of the active phase on the
surface, either in the form of nanoparticles, or by its possible insertion as a substitutional isolated
species, thus provoking a change in the superficial charge responsible for O-vacancies. Nevertheless,
we hypothesize that the presence of these vacancies might favor the substitution of Ce** species from
superficial layers of the support with Ni?* ones (also according to Raman data). This fact also justifies
their higher catalytic activity. Therefore, in order to demonstrate our supposition, we used a probe
molecule coupled with FT-IR spectroscopy might be decisive for understanding the nature of the
active species present on the surface of the material. Hence, we studied the CO adsorption at liquid
nitrogen temperature by means of FT-IR spectroscopy. Figure 8a and Figure S6 show the vibrational

region of carbon monoxide adsorbed onto CeO> n-based catalysts.
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All the spectra (Figure 8a) display a major peak centered at 2160 cm™, generally associated with CO
adsorbed end-on on non-defective Ce** sites (Ce*"C=0) present on the surface of the catalysts [99].
Also, all samples display a moderate intensity band at 2125 cm™ due to the presence of a minor
amount of superficial Ce3* species [100] (see Figure S6). Another interesting insight is the complete
lack of signals below 2100 cm™2, usually related to carbonyls adsorbed on metal nanoparticles. Such
signals are also absent upon CO progressive desorption (see Figure S6). This fact, together with the
presence of a band at 2180 cm™ (Figure 8a - dotted frame), evidences the extremely high dispersion
of the nickel species in the NiFe/CeO, n and Ni/CeO, r samples. Indeed, the band at 2180 cm™ is
generally associated with the presence of isolated Ni?* cations interacting with CO molecules [101-
103]. Despite the excellent agreement in identifying Ni** species as responsible for the 2180 cm™
signal, also Ce** uncoordinated sites (CUS) in locally defective CeO, can contribute in the same
spectral region [104,105], matching the Raman data. Another interesting fact is the absence of any

trace of a Fe?*"CO signal at 2195 cm™* [106-108], even for the Fe/CeO n sample (Figure 8a - red



line). These evidences suggest a higher ability of the NiFe- and Ni-based systems in adsorbing and
activating CO with respect to the Fe-based one, which — together with the larger amount of oxygen
vacancies — could explain the better catalytic performance of the NiFe/CeO. nt and Ni/CeO2 nt
samples. However, iron seems to have a positive effect on the overall exposure of nickel active sites
on the surface of NiFe/CeO> n. In fact, intriguingly, although NiFe/CeO, r and Ni/CeO2 rt have a
similar Ni content (see Table 1), the band at 2180 cm™ in the green spectrum in Figure 8a is more
intense than that in the blue spectrum (see also Figure S6 where peak fitting is reported in the insets),
suggesting an increased amount of surface Ni?* sites in the presence of iron. This phenomenon can
be explained with the presence of sub-surface iron species, which are undetectable by probe
molecules [109]. Nevertheless, the co-presence of Fe is not the only factor enhancing the exposure of
nickel sites. Indeed, NiFe/CeO2 i (even with a slightly lower metal content - see Table 1) displays a
non-negligible larger amount of Ni?* sites available for the reaction with respect to the corresponding
sample of the soft-templated series (Figure 8b and also Figure S6, where peak fitting is reported in
the insets), meaning that the properties of the support plays a pivotal role. As expected, Raman and
FT-IR results suggest how the number of surface Ni?* sites and oxygen vacancies are reciprocally
related, the increase of which promotes a superior catalytic activity.

Once pinpointed and characterized the most interesting catalysts, we aimed to investigate their
performances in conditions as close as possible to the real ones; therefore, NiFe/CeO, nt and
Ni/CeO2_nt were also tested by adding CO: in the gaseous feed mixture (20.0 %mor). The pertinent
results are reported in Figure 9 and in Table S3, together with those obtained for Pt/CeO, n for the

sake of comparison.
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As a consequence of the addition of CO- in the feed, a decrease in the Xco values can be observed,
especially at temperatures lower than 300 °C (compare with Figure 6 and Table S2). This effect could
be tentatively ascribed to kinetic limitations due to competitive adsorption of CO2 and O on the same
O-deficient catalytic sites at lower temperatures. However, such effect become gradually less
important as the temperature increases. Indeed, it is well known that CO> can be directly adsorbed on
the oxygen vacancies of ceria forming stable inorganic carbonate-like species [110]. Between
NiFe/CeO2_nt and Ni/CeO2_p, the first one confirms its superior catalytic performance, especially at
low and medium temperatures (Figure 10 and Table S3). However, at temperatures > 350 °C both the
samples exhibit CO conversions very close or equal (in the case of NiFe/CeO2 ) to those found for
the Pt-based sample (100 Y%mol).

Since, besides CO2, water is also present in real combustion exhausts, the most promising catalyst
(namely NiFe/CeO2 ) was also tested with the simultaneous presence of CO2 and H20 (20.0 Y%mol
and 9.5 %mol, respectively) in the gaseous feed mixture (Figure 10 and Table S4). The selected feed

composition was chosen to simulate a real reaction environment [81].
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The addition of water significantly affects the catalytic performance of NiFe/CeO- n, especially at
low and medium temperatures (100-300 °C). In the literature, the detrimental effect of water towards
the performance of C0304 and CuO/CeO> has been reported in a few papers [111,112]. In the case of
cobalt oxide, the authors found that the presence of water during the catalyst pretreatment caused a
significant increase in the Kinetic order with respect to CO, suggesting a competitive adsorption
between H,O and CO for the same catalytic sites [111]. On CuO/CeO- the inhibiting effect of water
was ascribed to the formation of surface Cu(OH)., which limited the adsorption of CO on the Cu
species responsible for its activation [112]. On this base, although more detailed studies are needed
in order to better investigate the role of water, the decrease in CO conversion observed in the case of
NiFe/CeO2 1 could be tentatively ascribed to the competitive adsorption of H.O and CO for the same
Ni2* sites. Nevertheless, once again, very high CO conversions are found at the highest temperatures
(Xco is equal to 96 %mar at 400 °C), indicating that, also in these more severe reaction conditions, the
NiFe/CeO2 nr sample is a very promising catalyst for the CO conversion to CO, at operating
temperatures closely resembling the one of exhausts. In addition, to investigate its catalytic behavior

in terms of stability, NiFe/CeO>_r: was tested at 400 °C for 40 h. The results (Table S5) highlight an



outstanding stability of NiFe/CeO, n: catalyst even in extremely harsh reaction conditions, with the

Xeo Values stably remaining at 94 %ma at the end of the test.

4. Conclusions

In the search for more competitive catalysts to reduce economic impact, still maintaining excellent
performances, we prepared, characterized, and tested several ceria-supported transition metal
catalysts, aiming to substitute costly noble metals in the carbon monoxide abatement from industrial
and powerplant exhausts. We successfully obtained NiFe-, Ni- and Fe-based materials supported on
both soft-templated and hard-templated ceria. Even though the catalytic activity of all materials was
way lower than that of a platinum-based one below 300 °C, the nickel-iron mixed metal catalyst
prepared with the hard-templated ceria support exhibited conversion values comparable to the
platinum-based catalyst at the actual operating temperature range reached by combustion gases when
released in the atmosphere (350-400 °C). We identified the key of their excellent performances in the
synergy between O-vacancies generated in the proximity of Ni?* superficial substitutional defects.
Indeed, the missing oxygen is responsible for O activation, thus maximizing the catalytic activity
even in the least favorable reaction environment. This allowed us to keep not only the temperature
but also the feed composition as close as possible to the real operating conditions, leaving the
performance of our best material almost unaffected. The achieved results would allow our catalyst to
replace noble metal ones, still respecting the new EU Directives in terms of polluting emissions from

industrial activities.
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