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Abstract CeO, and Co3;04—CeO, nanoparticles were
synthesized, thoroughly characterized, and evaluated in the
COPrOx reaction. The CeO, nanoparticles were synthe-
sized by the diffusion-controlled precipitation method with
ethylene glycol. A notably higher yield was obtained when
H,0, was used in the synthesis procedure. For comparison,
two commercial samples of CeO, nanoparticles (Nya-
col®)—0ne calcined and the other sintered—were also
studied. Catalytic results of bare CeO, calcined at 500 °C
showed a strong influence of the method of synthesis.
Despite having similar BET area values, the CeO, syn-
thesized without H,O, was the most active sample. Co304—
CeO, catalysts with three different Co/(Co 4 Ce) atomic
ratios, 0.1, 0.3, and 0.5, were prepared by the wet
impregnation of the CeO, nanoparticles. TEM and STEM
observations showed that impregnation produced mixed
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oxides composed of small CeO, nanoparticles located both
over the surface and inside the Co;04 crystals. The mixed
oxide catalysts prepared with a cobalt atomic ratio of 0.5
showed methane formation, which started at 200 °C due to
the reaction between CO, and H,. However, above 250 °C,
the reaction between CO and H, became important, thus
contributing to CO elimination with a small H, loss. As a
result, CO could be totally eliminated in a wide tempera-
ture range, from 200 to 400 °C. The methanation reaction
was favored by the reduction of the cobalt oxide, as sug-
gested by the TPR experiments. This result is probably
originated in Ce—Co interactions, related to the method of
synthesis and the surface area of the mixed oxides
obtained.

Introduction

The field of nanoscience has become the focus of consid-
erable research efforts due to its new and recently dis-
covered applications [1, 2]. Nanocatalysts are continuously
under development for hydrogen production, purification,
and storage. When hydrogen is obtained through hydro-
carbon steam reforming, a purification stage must be
included before the gas mixture reaches the proton
exchange membrane (PEM). CO Preferential Oxidation
(COPrOx) is one of the most promissory methods to
decrease concentrations of CO up to 10 ppm—or less— at
small scale [3]. Although the oxidation of CO is the most
widely studied method, methanation is also analyzed as an
alternative reaction [4—6]. A wide variety of catalysts with
Pt, CeO,, CuOy, CoOy, and nanosized Au are under study
for COPrOx [3]. CeO, is also extensively studied due to its
high oxygen storage capacity (OSC) which is closely
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linked to the ease with which cerium can change between
its oxidation states [7].

In a previous work, we studied several methods of
synthesis in order to obtain active CeO, nanoparticles for
the COPrOx reaction [8]. We showed that the thermal
decomposition of precursors and solvents after the syn-
thesis by the controlled precipitation method is a complex
process that gives place to the formation of several species
adsorbed on the surface of the materials. Organic species
such as di-g/m-acetylene and di-o/m-vinylidene remain on
the surface of some of the samples at temperatures near
500 °C together with different types of carbonates and
nitrates, indicating that at least this temperature is neces-
sary to obtain non-contaminated ceria nanoparticles.

We also studied the COPrOx reaction over a Co/CeO,
catalyst washcoated on a cordierite monolith, but no
attempt was made to study different synthesis routes for
obtaining mixed oxide catalysts under the form of
nanoparticles [9].

In a recent work, Gémez-Cuaspud et al. [10] investi-
gated the synthesis of nanosized Co;0,4, NiO, and CuO
oxides by the polymerization—combustion method and
evaluated them in the selective oxidation of CO. They
reported that the activity of Co3;0,4 is 3 times higher than
that of NiO and CuO. They showed that for the Co3;0,
the temperature increase favors the CO conversion,
resulting in complete conversion at 200 °C. However, for
higher temperatures the hydrogen oxidation becomes
preferential, and the CO conversion decreases. In their
work, the formation of methane through the methanation
of CO and CO, is also suggested, but methane is further
oxidized to CO, and/or converted in CO due to
reforming reactions.

Woods et al. [11] synthesized CoO,/CeO, catalysts with
high surface area (78 m?/g) and tested them in the prefer-
ential oxidation of CO. They observed three distinct tem-
perature regions of catalyst activity corresponding to CO
oxidation, H, oxidation, and methanation. Below 175 °C,
CO oxidation was dominant; between 175 and 275 °C, it
competed with H, combustion and above 275 °C, metha-
nation was the main reaction. Additionally, they studied a
wide range of conditions as WHSV, and O, and H,
concentration.

Taking into account the above-mentioned studies, the
aim of this work is to present how the different synthesis
methods can affect the activity in the COPrOx for the bare
CeO,, and also to show how the impregnation with cobalt
produces a new kind of nanoparticle with a higher activity.
Our Co0304—CeO, catalyst can eliminate CO in a wide
temperature range due to the occurrence of both COPrOx
and methanation reactions. The synthesized solids were
thoroughly characterized by XRD, BET, TPR, FTIR, TEM,
and XPS.

@ Springer

Experimental
Materials

Cerium nitrate [Ce(NO3)5-6H,0, 99 %] and cobalt nitrate
[Co(NO3),-6H50, 98 %] from Sigma—Aldrich® were the
solid precursors used for the synthesis. Hydrogen peroxide
(30 %) from Anedra® and aqueous ammonia solution
(28-30 %), ethylene glycol (EG >99.5 %), and ethanol
(99.5 %) from Cicarelli® were used without further
purification. A solution of EG/H,O 70 %V was prepared to
dissolve the precursors and obtain the 0.2 M precursor
solutions. The precipitant (NH4OH) aqueous solution
concentration was ca. 3 M. The commercial suspension of
CeO, nanoparticles stabilized with acetate as counter ions
were obtained from Nyacol®.

Synthesis methods
CeO; nanoparticles

CeO, nanoparticles were synthesized by the diffusion-
controlled precipitation method with and without H,O,.
The procedure without peroxide was reported in our pre-
vious work [8]. In this method, the solution of 0.2 M of
Ce(NO3); dissolved in EG/H,O (70 %V) was added with a
syringe pump to the ca. 3 M NH,OH solution. A slight
optimization was made by lowering the flow of the syringe
pump to 1.5 mL/min for the samples synthesized in this
work. The suspension obtained was aged under stirring for
24 h. Three centrifugations at 12,000 rpm (14,810 RCF),
with intermediate washes with ethanol and water, were
performed to clean the precipitated nanoparticles. The
other procedure of synthesis, with peroxide, was an
improvement of the method described, which allowed a
higher nanoparticle yield. The variation was that a stoi-
chiometric amount of H,O, (Ce3 T/H,0, = 2:1) was added
to the Ce(NO3); solution in EG/H,O (70 %V), and left to
react for 10 min before adding it to the NH,OH solution.
Thereafter, the suspension was aged for 10 min. Both
samples, with and without H,O,, were dried at 70 °C
overnight. On the other hand, CeO, commercial powder
was obtained by evaporation of the Nyacol® acetic acid
suspension at 130 °C overnight. All the samples were
calcined under air flow (100 mL/min) at 500 °C for 3 h
with a heating ramp of 2 °C/min. A determined amount of
the dried commercial sample was sintered at 800 °C, in the
same way as calcination, in order to obtain a specific sur-
face area remarkably lower compared with the other
samples.

The samples were denominated 4EG-Ce500 for the
previously reported method [8], OXEG-Ce500 for the
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improved method with H,O,, and Ny500 and NySint, for
the commercial samples calcined at 500 °C and sintered,
respectively.

In order to compare the effectivity of the different
synthesis methods, we defined the yield of CeO,
nanoparticles as

m,
Nceo, = =22 % 100 %

MCeO, teo
where mcco, ¢ is the mass of the CeO, after calcination and
MCe0, 1o 18 the mass of CeO, assuming that all Ce(NO3)s.
6H,0O was converted.

Co30,-CeO, nanoparticles

Cobalt was added to the CeO, particles by wet impregnation.
200 mg of ceria (4EG-Ce500, OxEG-Ce500, Ny500 and
NySint) were impregnated with 150 pL of a Co(NOj3),
aqueous solution with the adequate concentration to obtain a
[Co/(Co + Ce)] molar ratio = 0.5. OxEG-Ce500 and
Ny500 were also impregnated to obtain 0.3 and 0.1 Co molar
ratios. The solution was added in aliquots to the solid and
mixed manually until a paste was formed. The product was
dried at 130 °C and calcined at 500 °C with the same pro-
cedure as that performed with CeO,. This method allows
obtaining an amount of Co close to the theoretical one.

Characterization
Structural and textural properties

XRD measurements were performed at room temperature
with a Rigaku® diffractometer, D/max 2500 model,
equipped with a rotating Cu anode (4 = 0.154056 nm)
working at 40 kV and 80 mA, and a graphite monochro-
mator to select the Cu K,; ». The measurement conditions
were 20 angle between 15° and 90°, step = 0.03°, and
t = 1 s/step. The crystallite size was estimated by the
Scherrer equation. The Scherrer constant adopted was 0.9
and the FWHM was corrected using an Si standard mea-
sured in the same equipment.

Specific surface areas were obtained with a TRISTAR
3000 surface area and porosity measurement instrument
from Micromeritics®. Samples were previously evacuated at
200 °C for 8 h under vacuum. Adsorption isotherms were
determined by N, adsorption over the samples at 77 K.
Surface areas and pore diameters were calculated by apply-
ing the Brunauer—-Emmett-Teller (BET) and the Barrett—
Joyner-Halenda (BJH) equations to the adsorption iso-
therms, respectively.

The TEM analysis was performed on an FEI® trans-
mission electron microscope, Tecnai T20 model with an
electron source of 200 kV. Images of the solids were taken

by suspending them in isopropanol. For the STEM analy-
sis, we used an FEI® transmission electron microscope,
Tecnai F30 model with an electron source of 300 kV,
equipped with a XEDS system with an Li-drifted Si
detector, and an energy resolution of 130 eV.

Chemical species

Fourier transform infrared spectroscopy (FTIR) was carried
out using a Shimadzu® FTIR spectrometer, IRPrestige-21
model. All samples were weighed and diluted in a known
amount of KBr in order to relatively quantify the functional
groups present.

The Temperature Programed Reduction (TPR) analyses
were performed on a Micromeritics® analyzer, AutoChem
2950 HP model. 50 mg of catalyst was weighed and placed
on a U-tube reactor. A 5 % H,/Ar gas mixture was used to
perform the analysis between room temperature and
900 °C, with a heating ramp of 5 °C/min and a gas flow of
80 mL/min. The pretreatment consisted in drying with Ar
at 200 °C (10 °C/min) during 30 min. The catalysts used in
the reaction were also oxidized prior to the drying step with
a 21 % O,/Ar gas mixture under the same conditions used
during calcination. The CeO, and Co3;0, standards were
produced by calcining the nitrate precursors at 600 °C with
a heating ramp of 2 °C/min.

The surface features of the catalysts were studied in a
multi-technique system (SPECS) equipped with a dual Mg/
Al X-ray source and a hemispherical PHOIBOS 150 analyzer
operating in the fixed analyzer transmission (FAT) mode.
The spectra were obtained with a pass energy of 30 eV and
with an Mg Ka X-ray source operated at 200 W and 12 kV.
The working pressure in the analyzing chamber was
<5 x 107" kPa. The spectral regions corresponding to Ce
3d, Co 2p, and O Is core levels were recorded for each
sample. The static charge of the samples was corrected by
referencing all binding energies (BEs) to the C Is peak
(BE = 284.6 V). The data treatment was performed with
the Casa XPS program (Casa Software Ltd., UK). The areas
of the peaks were computed by fitting the experimental
spectra to the Gaussian/Lorentzian product formula where
the mixing was 30 % of a Lorentzian curve. The background
used for C 1s, O 1s, and Co 2p species was Shirley type, and
linear for Ce 3d. Surface atom ratios were calculated from
peak area ratios adjusted by atomic relative sensitivity fac-
tors (RSFs), transmission and escape depth (mean free path).
Regions of Ce 3d and O 1s were fitted according to Kony-
sheva et al. [12] and Fang et al. [13], respectively.

Catalytic tests

Preferential CO oxidation experiments were performed in a
fixed-bed flow reactor. The reaction mixture consisted of
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CO 1%, O, 1%, H, 40 %, and He balance. The
weight/total flow ratio was adjusted to 2.1 mg/cm® min by
means of mass flow controllers. The CO conversion (xcg),
CH, production (Pcpg4), and the selectivity towards CO,
(Scoz) were defined as

[co)"~[cO]
Xco — W x 100 %
[CH,]
Pcy, = 100 %
M=o "
0
e, COP—ICO) = [CH] 0

2([0:)"~[0])

where [CO], [CHy4], and [O,] are reactor exit concentra-
tions and [CO]0 and [02]0 represent feed concentrations,
which were measured with a chromatograph GC-2014
Shimadzu® equipped with a TCD cell (sensitivity:
40,000 mV x mL/mg).

Results and discussion

CeO, nanoparticles: characterization and catalytic
properties

The diffusion-controlled precipitation methods of synthesis
employed in this work resulted in different nanoparticle
yields (defined in “CeO, nanoparticles” section). The
addition of H,O; notoriously increased the yield from 28.9
to 96.2 %.

Figure 1 shows the XRD results obtained for the sam-
ples studied. It can be seen that patterns corresponding to
the CeO, fluorite structure were observed in all samples

v

NySint

Intensity (a. u.)

Ny500

70 80 90 100
20 (%)
(a)

OXxEG-Ce500

4EG-Ce500

(Fig. 1a). In Fig. 1b, a shift to lower 20 angles can be
observed in the pattern of the samples calcined at 500 °C.
This could indicate the presence of structural strains
(higher lattice constant) not observed in the sintered sample
[14, 15]. On the other hand, the greater peak intensities for
OxEG-Ce500 and NySint could be due to a higher crys-
tallinity, produced for H,O, oxidation or calcination tem-
perature, respectively.

The structural and textural properties of the samples are
summarized in Table 1. Crystallite size and BET surface
area were similar for all samples, except for NySint. This is
directly related to the higher temperature used in its ther-
mal treatment. It is interesting to note that all the samples
were practically nonporous, since pore size was of the same
order of magnitude as particle size, which is characteristic
of the voids formed between nanoparticles (the pore size
distribution with BJH analysis can be found in the sup-
plementary information: 3.1.1).

The TEM Images show irregular particles with sharp-
ened borders (Fig. 2). Some extent of agglomeration is
visible and predictable due to drying and calcination
treatments. Crystal planes are observed in some particles,
in agreement with XRD measurements (insets in Fig. 2).
Measured TEM particle sizes follow almost the same trend
as crystallite size (Table 1).

Figure 3 shows the infrared spectra of the CeO, sam-
ples, which were performed quantitatively to observe the
relative amount of carbonate and peroxide species, since it
could be important in the prediction of their redox activity.
It is shown that, although the concentration differences of
carbonate species were small, 4EG-Ce500 showed the least
amount. On the other hand, the higher carbonate concen-
tration for OXEG-Ce500 could be attributed to the products
from the EG oxidation by the H,O, [16]. Additionally,

(111)
M

Ny500

4EG-Ce500

Intensity (a. u.)

26 ()
(b)

Fig. 1 XRD measurements of the CeO, samples. a From 26 = 20°-100° and b shift observed (detailed figure)
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:‘r::)l;)?n:ess(t);uccélrlir;lnzﬁg;::tzglr:i Sample Crystallite size (nm) BET (mZ/g) Pore diameter BJH (nm) Particle size® (nm)
4EG-Ce500 9.1 £ 1.1 67.7 2.5 6.6 2.1
OxEG-Ce500 12.0 £ 0.8 62.2 2.7 8.0 £ 2.6
Ny500 10.1 £ 1.3 56.4 24 8.7+3.0
NySint 18.0 £ 24 6.7 2.9 173+ 7.8

* Determined by TEM

(©

Fig. 2 TEM images of the synthesized samples. a 4EG-Ce500, b OXEG-Ce500, ¢ Ny500, and d NySint

10 12 14 16
ameter (nm)

5 10 15 20 25 30 35 40 45
Particle diameter (nm)
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Fig. 3 FTIR for fresh CeO, samples

some methyl groups could be observed in all samples as
rests of organic molecules (EG and acetic acid for the
commercial sample). A higher temperature could be used
to eliminate them [17], but the area decrease and previous
results [8] led to the calcination temperature selected
(500 °C).

Conversion of CO and selectivity towards CO, are
shown in Fig. 4 for the CeO, samples. The most active
sample was 4EG-Ce500, whereas NySint presented the
lowest CO conversion. The behavior of the sintered sample
could be explained due to the decrease of the available
BET surface area. Furthermore, the CO conversion values
of the NySint sample divided by its BET surface area were
similar to those of Ny500 (divided by its own area), indi-
cating that the lower conversion of CO was almost exclu-
sively due to the decrease of the BET surface area (Fig. 5).

100

| —=—4EG-Ce500
90 4 —=— Ny500

80—- —&— OxEG-Ce500
| —— NySint
70

60
50 -
40

30

CO conversion, X, (%)

20

10

g T T T T T T T T
50 100 150 200 250 300 350 400

Temperature (°C)

(a)

The temperatures when the CO conversion was 50 % (Tsq)
were 184, 267, and 308 °C for 4EG-Ce500, Ny500, and
OxEG-Ce500, respectively. This fact could be attributed to
the synthesis method. For OXxEG-Ce500 and Ny500 sam-
ples, the higher amounts of carbonate species observed by
FTIR after calcination (Fig. 3) could be blocking more
active sites than in 4EG-Ce500, lowering their oxidative
capacity. In fact, both solids presented similar amounts of
carbonates and profiles of the CO conversion curves.

In order to analyze the species present on the surface of
the CeO, samples, an XPS study was performed. The fit-
ting of the spectra is summarized in Table 2, and the BEs
obtained are presented in the supplementary information
(Table S1). Superficial defects, given by the Ce™/Ce ratio
and the oxide stoichiometry (J), were similar in all the
samples. For similar BET surface areas, the CeO, that
exhibited the lowest temperature at the 50 % CO conver-
sion presented the highest surface O/Ce ratio (4EG-Ce500).
Furthermore, this sample also showed the highest values
for the Oy and Oy regions. The former includes the species
adsorbed on O~ vacancies—carbonates, hydroxiles, per-
oxides, and superoxides—whereas the latter includes the
organic oxygen, molecular H,O, nitrites, and nitrates [12,
13, 18-21]. According to Stoch et al. [22], the O/O-C=0
ratio near 3 means carbonate contamination; however, this
correlation was smaller for all samples (Table 2). There-
fore, the carbonates present on the surface were non-stoi-
chiometric, and presented the same trend observed by FTIR
(Fig. 3). Sample NySint cannot be compared due to the
high BET area difference.

The TPR study of the CeO, samples supported the XPS
information showing that the highest CO conversion is
related to the lower reduction temperature and the higher
H, consumption (Table 3). TPR profiles of the CeO,

100 < e
90
S s0-
o 704
g
o |
> 60
= 1
E 50
O J
w
o 404 —=—4EG-Ce500
1—=— Ny500
304—2— OXEG-Ce500
1—— NySint
20 T y T T v T v T v T y T

50 100 150 200 250 300 350 400
Temperature (°C)

(b)

Fig. 4 Catalytic performance on COPrOx for CeO, nanoparticles. a CO conversion and b selectivity of O, to CO,
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Xg

0,004

0,002

0,000 =7 7 T T T T
50 100 150 200 250 300 350

Temperature (°C)

400

Fig. 5 CO conversion per unit area (BET) for commercial samples:
calcined at 500 °C (Ny500) or sintered (NySint)

nanoparticles showed lower reduction temperatures than
the standard for the first and second peaks (Fig. 6). These
signals are attributed to the successive reduction steps of
the superficial oxygen of CeO, [23-26], in agreement with
the reduction easiness of the nanoparticles of this oxide due
to their higher crystalline stress [17] (Fig. 1). It is inter-
esting to note that the reduction peaks of the NySint sample
showed temperature values similar to those of the standard.

In brief, we found that oxygen vacancies (Ce™ mea-
sured by XPS) were not important to explain the activity
difference, since the ¢ values (Table 2) were similar for all
the samples. However, the O quantified by XPS was key in
the catalytic behavior of the CeO, samples. XPS mea-
surements require ultra-high vacuum (UHV) and the higher
relation O/Ce could mean a higher amount of O, strongly
adsorbed. Nevertheless, some other species could be

D S Ceoz o

TeNySint

2
Y
e, U
E
\

T~ OXEG-Ce500

e Ny500

TCD signal/m, (u. a./g)

e 4EG-Ce500

T T T T 1
400 500 600 700 800 900

Temperature (°C)

T T
100 200 300

Fig. 6 TPR profiles of CeO, samples and the standard

blocking the defects (Ce™® or ) and lowering the O,
adsorbed. We have shown that the amount of carbonates
that block the adsorption sites for O, is higher for the less
active sample (Table 2; Fig. 3). Therefore, in our case, the
amount of defects seemed to be similar, but the presence of
the adsorbed carbonates—which do not contribute to the
conversion of CO—Ilowered the CeO, activity. The lower
reduction temperatures for the most active sample (4EG-
Ce500) in the TPR (Table 3; Fig. 6) supported the exis-
tence of this higher amount of O, adsorbed, which is also
more accessible due to the lower CO, concentration.
Regarding the O, selectivity to CO, for the CeO,
samples, it decreased monotonically with the temperature
rise (Fig. 4b). This result shows that the conversion of CO
into CO, is accompanied by the oxidation of H, into H,O.
This fact, widely reported, made it necessary to include

Table 2 XPS study of

superficial species and catalytic Sample Op/O-C=0 O/Ce  Op/Ce  Om/Ce  CetCe 6 (CeOs)  Tsoe (°C)
performance 4EG-Ce500 1.93 4.29 1.45 0.66 0.26 1.87 184
Ny500 2.52 3.51 1.01 0.36 0.26 1.87 267
OxEG-Ce500  2.56 3.78 131 0.46 0.27 1.86 308
NySint 1.25 3.13 1.03 0.31 0.25 1.88 -
25 =32 [Cet?] + 2 [Ce™
;[‘(?I:)sl:n?pt;l;ilmg);r?rtll:)ﬁz il}dclz(z)z Sample Ist peak 2nd peak 3rd peak ("Z}:52>Tma]
obtained by TPR T (°C) "y T (°C) "ty T (°C) "Hy
nceo, nceo, Nceo,
4EG-Ce500 300 0.042 473 0.092 719 0.117 0.250
Ny500 388 0.011 470 0.064 712 0.114 0.189
OXEG-Ce500 393 0.015 474 0.047 728 0.100 0.162
NySint - - 493 0.010 736 0.079 0.089
Ce0, std. 424 0.014 499 0.052 732 0.093 0.158
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cobalt oxide to improve the O, selectivity towards CO,
[11, 27, 28].

At this point, it is necessary to clarify that the new
procedure with H,O, could be further improved. However,
in order to ensure a reliable conclusion about the effect of
the method of synthesis on the COPrOx, the same synthesis
conditions must be followed with the previously reported
method.

Co30,4-CeO; nanoparticles: characterization
and catalytic activity

Ny500 and OxEG-Ce500 samples were impregnated with
three different amounts of Co(NOs),: 0.1, 0.3, and 0.5
[molar ratio Co/(Co + Ce)], in order to observe the effect
of Co loading in the COPrOx reaction for this kind of
catalysts. Figure 7 shows that, as expected, the impregna-
tion with cobalt significantly improved the conversion of
CO. In the same figure, it can also be observed that
methane formation starts at about 200 °C. The lowest Co
loading (0.1) showed the lowest CH, production, and also a
lower capability to eliminate the CO than the catalysts with
higher cobalt loadings. From 175 °C, no significant dif-
ference was observed between the catalysts with 0.3 and
0.5 molar ratio of cobalt; however, the latter produced a
smaller amount of CH,. Konsolakis et al. [29] observed
that impregnated Co304/CeO, catalysts with a 0.35 atomic
ratio (20 wt%) showed a higher oxidative capacity than the
samples with a 0.48 atomic ratio of cobalt (30 wt%).
Therefore, our samples with a lower Co ratio (0.3) could be
producing a higher amount of CO, which is fully converted
to CH, from 200 °C, whereas the 0.5-Co/CeO, samples
could be creating a dynamic equilibrium between CO
oxidation and CO, methanation due to their lower oxida-
tion capacity and higher Co loading, thus limiting the
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=05 ey,
04 —6—03 190
go{ = 0.1 ; Hs0
{--v-- OXEG-Ce500
70 SYTY 470
_. 60+ v Je0 ~
X 1 ot =
~ 50 ot 450 =
3 v S
< 404 J d40
30 430
1 v
20 4 420
10 s -4 10
0 =T — 33— ——h— T T r T T 0
50 100 150 200 250 300 350 400
Temperature (°C)
(a)

amount of CH,4. According to this, all the CeO, samples
were impregnated with a cobalt molar ratio of 0.5 in order
to see the effect of the nature of the CeO, used in the
synthesis procedure.

Figure 8a shows that, from 200 °C, the CO conversion
curves against temperature were similar for all the samples.
These results showed that the surface area of the support
did not influence the amount of CO converted at high
temperatures. The CO conversion at 200 °C was between
88 and 94 %, with a mean selectivity towards CO, of
48.8 %. Methane production was observed from this tem-
perature lowering the O, selectivity towards CO, (Fig. 8b).
Woods et al. [11] reported the production of CH,, with
similar reaction conditions for a 10 wt% Co0,/CeO,
impregnated catalyst, but starting at a higher temperature
(ca. 275 °C) than that obtained with our catalyst (225 °C).
They reported that all the CO is consumed in the metha-
nation reaction above 275 °C. Figure 8 shows that from
225 °C, CO oxidation and methanation occur simultane-
ously, except for 0.5-Co/NySint, in which CH, production
raised up to ca. 99 %. The other samples showed an
average production of methane of 90.0 %. This difference
explained the lowest selectivity to CO, presented by the
0.5-Co/NySint sample. The loss of H,—which is the
valuable product being purified—due to CH,4 production is
the main disadvantage of methanation; however, regardless
of the catalyst used, it was never superior to 5 %.

During the catalytic experiments, below 200 °C and
above 300 °C, the steady state was quickly reached at each
temperature, after which the samples were taken for the
chromatographic analysis. However, at 225 and 250 °C,
the steady-state condition took more time to accomplish,
i.e., if temperature was maintained at 225 °C, CH, started
to be progressively formed, and the steady state was
reached after 1 h (see supplementary information: 3.2.1).
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Fig. 7 Effect of Co loading on impregnated ceria. a OXEG-Ce500 and b Ny500. Hollow symbols CO conversion. Half-filled symbols methane

production
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Fig. 8 COPrOx performance of catalysts of CeO, impregnated with a molar ratio of Co = 0.5. a CO conversion and b O, selectivity to CO,.
Hollow symbols CO conversion. Half-filled symbols methane production

The occurrence of this transient state could indicate that
most of either metallic cobalt or CoO was gradually
formed, thus increasing the methane formation rate. When
temperature was increased to 300 °C, the steady state was
reached immediately. This behavior was attributed to the
progressive reduction of CozO,4 into species which are
known producers of CHy [30, 31]. In order to gain further
insight into this phenomenon, the same samples were
reoxidized and analyzed by TPR (Fig. 9). The profiles
obtained showed that the reduction of Co;0, started at
temperatures near 200 °C for all the samples. Naturally,
CeO, nanoparticles oxidized as well within this tempera-
ture range, based on the results exposed in Fig. 6, but their
reduction signals are hidden by those of Co;04. However,
the reduction peak of bulk CeO, could be observed (inset
graph of Fig. 9). At the end of the catalytic test (400 °C),
almost all the Co;0, was converted to Co” through a two-
step mechanism [32-34], which could be observed from
the two peaks on the TPR profiles. This could explain the
production of CH, in all samples; however, it does not
elucidate why they showed a similar behavior despite their
BET surface area.

The first approach to explain the behavior described
above was to analyze the crystallite size. XRD measure-
ments of the used catalysts showed the presence of Co3;0y4
in all samples, except the sintered one, which also pre-
sented some hexagonal Co® phase (Fig. 10). Therefore,
once used, catalysts calcined at 500 °C reoxidized natu-
rally with atmospheric O, showing a good regeneration
capability. Crystallite size calculated for the CeO, phase
from the XRD patterns showed almost no variation with
respect to the bare CeO, samples. On the other hand, the
same parameter calculated with the Co;0,4 peaks (and Co’
for 0.5-Co/NySint) showed high values indicating a

probable size effect on the mechanism of CH, formation.
TEM/STEM analysis allowed a greater insight into this
issue.

Figure 11 shows TEM images obtained for the synthe-
sized powder samples suspended in isopropanol. The com-
parison with Fig. 2 and the nature of the synthesis procedure
allowed us to claim that the large crystals observed are
Co30,4 with small CeO, nanoparticles over or inside them.
This fact was confirmed by STEM analysis (see supple-
mentary information: 3.2.2). Therefore, the impregnation of
the CeO, nanoparticles with the cobalt nitrate solution and
subsequent drying and calcination would form large parti-
cles of Co30,4 containing several CeO, nanoparticles dis-
tributed over the surface or inside them. This arrangement
would also explain the decrease on the BET surface area
shown by the bimetallic samples (Table 4). The higher
exposed area of these large crystals of Coz04 contributed to
the formation of CH, in similar amounts despite the CeO,
used. According to this, the CO could be adsorbed and
oxidized by the cobalt surface and, at the same time, the ceria
would regenerate the oxygen vacancies formed on it. The
former claim was confirmed by performing an additional
reaction test, feeding only CO and hydrogen (in He) into the
reactor for the 0.5-Co/Ny500 sample (see supplementary
information: 3.2.3). CH, formation through CO (without O,)
was achieved at 250 °C, whereas in the presence of O, it
started just above 200 °C, showing that methanation pref-
erentially occurs through CO, between 200 and 250 °C, and
with CO above this latter temperature. The second claim
became clear on the higher final CH, production presented
on 0.5-Co/NySint: the lowest surface area of CeO, did not
allow an efficient reoxidation, which has been confirmed by
the presence of Co” in the XRD measurements performed
after reaction (Fig. 10). In fact, Konishcheva et al. [35]
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Fig. 9 TPR profiles of the
reoxidized CoO,/CeO, catalysts
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synthesized a Co/CeO, catalyst by incipient wetness
impregnation—among others—to selectively convert CO
into CH, through the inhibition of CO, methanation, in a Hp-
rich gas mixture composed by CO, CO,, and H,O (He bal-
ance). This dynamic reoxidation process seemed to be the
key in this kind of catalyst. Therefore, the stability of the
sample 0.5-Co/OXEG-Ce500 was evaluated at 200 °C for
115.7 h (supplementary information, Fig. S.4), and the
conversion of CO and the selectivity to CO, were similar to
the reported values (Fig.8): 91.4 4+ 0.005 and
56.0 £ 0.009 %, with a slight decrease in the former.

In brief, the BET surface area of the support would be
less important than the intimate contact between CeO, and
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Co0304. The higher the interaction, the slower the rate of
reduction and the more stable the catalyst would be [36].
Yan et al. [37], for example, synthesized a mesoporous Co—
Ce oxide, with an optimal cobalt molar ratio Co/
(Co + Ce) = 0.48 (30 wt%) and obtained CO conversions
of 100 % at 200 °C, but without methane production. This
shows that the high interaction is the key for this kind of
mixed catalyst. These authors found a maximum Co
loading of 30 wt%, from which CO conversion starts to
decrease. Even though they did not report results at tem-
peratures higher than 220 °C, a conversion window
obtained was 70 °C, whereas our catalysts—with a similar
Co loading—presented a conversion window of 200 °C,
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Fig. 11 TEM images of the 0.5-Co0,/CeO, samples. a 0.5-Co/4EG-Ce500, b 0.5-Co/Ox-Ce500, ¢ 0.5-Co/Ny500, and d 0.5-Co/NySint

but at higher temperatures. On the other hand, preliminary
results of a CoO,—CeO, catalyst synthesized by a
solvothermal method with a CeO, of high area (111.6 m%/
g) showed similar CO conversion values to the samples
impregnated with Co/(Co + Ce) = 0.1 (Fig. 7), but with
less amount of cobalt (see supplementary information:
3.2.5). Therefore, the dynamic reoxidation promoted by the
higher area of the CeO, could be more important than the

amount of cobalt. This behavior makes our impregnated
0.5-Co/Ce0, catalysts suitable candidates for the treatment
of the exhaust gases from the first step of the water gas shift
reactor (WGSR): the high-temperature shift (HTS) where
the exhaust reaches temperatures from 310 to 450 °C [38],
avoiding the need for the low-temperature WGS reactor
with an H, maximum loss of 5 %. Although a more
complete analysis with CO, and H,O should be performed,
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Table 4 Crystallite size and BET surface area of bimetallic catalysts

Sample Crystallite size (nm) BET (mz/g)
DCe DCo
0.5-Co/4EG-Ce500 98 +0.7 443+95 40.8

0.5-Co/OXEG-Ce500  12.6 4+ 1.0  50.1 + 6.1 28.7
0.5-Co/Nyacol 102+1.1 665+137 316
0.5-Co/NySint* 175 +£3.1 168 (Cos0,) 5.1

70.2 (Co)

4 The Dc, for this sample was calculated using just one peak for each
cobalt species, due to the weakness of their signal

we believe that these results could provide a better insight
into the mechanism of CO elimination at high temperatures
and into the oxidation-regeneration mechanism between
Co and Ce.

Conclusions

CeO, nanoparticles of similar sizes and surface areas have
a different activity in the COPrOx reaction depending on
the synthesis method employed. The CeO, that exhibited
the lowest temperature at the 50 % CO conversion, for
similar BET surface areas, presented the highest surface
O/Ce ratio (XPS). Carbonates measured by FTIR after
synthesis showed a strong influence on the reactivity of the
ceria, i.e., lower amounts implied higher CO conversion
values.

The addition of H,O, to the synthesis procedure highly
improved the CeO, nanoparticle yield, but also increased
the amount of carbonate adsorbed species due to the
reaction between EG and H,0,, lowering the CO conver-
sion as a result.

Impregnation with three different amounts of Co(NOj3),
(0.1, 0.3, and 0.5 Co molar ratio) showed that CO elimi-
nation improved significantly with respect to bare CeO,
according to literature. A molar ratio of 0.5 showed the
higher CO conversion with the lower CH,4 production. The
comparison of Co0,/CeO, catalysts with 0.5 of cobalt
synthesized with CeO, obtained in four different ways, and
presenting four different profiles in the COPrOx tests,
showed that the specific surface area and the nature of
CeO, do not influence the activity of the catalyst at tem-
peratures higher than 200 °C. At this temperature, a time-
dependent methanation started due to the reaction between
CO, and H,. However, above 250 °C, the reaction between
CO and H, became important, thus contributing to CO
elimination with a small H, loss (<5 %). As a result of this
behavior, CO can be totally eliminated in a wide temper-
ature range. The reduction of Co304 into CoO and/or
metallic Co could be responsible for CH4 production, and

@ Springer

their larger size with respect to ceria nanoparticles could be
the cause of the independence in the removal of CO with
the specific BET surface area. The wet impregnation
method provided a Coz0,4/CeO, catalyst for the complete
CO elimination with a wide conversion window (200 °C),
a slight H, loss, and suitable for the direct treatment of
exhaust gases from HTS of the WGS reactor.
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