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Abstract: The effect of the Co-Cu oxide catalysts composition on their physicochemical properties
and performance in the deep oxidation of ethanol was studied. The catalysts with Co:Cu molar
ratios of 4:1, 1:1, and 1:4 were obtained by calcination (4 h at 500 °C in air) of the coprecipitated
precursors and characterized in detail using powder XRD, Raman spectroscopy, N, physisorption,
H,-TPR, and XPS. The powder XRD and Raman spectroscopy indicated the formation of Co3O4
and CuO mixtures rather than Co-Cu mixed oxides. The CuO promoted the CozO4 reduction; the
Co-Cu catalysts were reduced more easily than the single-component Co and Cu oxides and the main
reduction maxima were shifted to lower temperatures with increasing cobalt content in the catalysts.
The Co-Cu oxide catalyst with a Co:Cu molar ratio of 4:1 exhibited the best performance in ethanol
gas-phase oxidation, showing the lowest T5y (91 °C) and T9p(CO;) (159 °C) temperatures needed for
50% ethanol conversion and 90% conversion to CO;, respectively. The excellent catalytic properties
of this Co-Cu oxide catalyst were ascribed to the synergistic effect of Co and Cu components. The
high activity and selectivity of the Co-Cu catalyst was attributed to the presence of finely dispersed
CuO particles on the surface of CozOj.

Keywords: cobalt-copper oxide catalysts; synergistic effect; ethanol total oxidation; VOC abatement

1. Introduction

Volatile organic compounds (VOCs) are one of the major contributors to air pollution.
They are ozone/smog precursors and efficient greenhouse gases. The VOCs represent envi-
ronmental and human health risks and, therefore, there is an effort to lower their emissions.
The treatment method is chosen according to the composition of VOC-containing off-gas
and operational cost of the technology. While thermal oxidation requires temperatures
up to 1000 °C, a catalytic oxidizer operates at 250-500 °C depending on the catalyst and
the nature of the VOC. This brings energy savings and, therefore, better cost efficiency
compared to incineration [1]. Catalysts for VOC oxidation are based on noble metals or
transition metal oxides. Noble metal catalysts usually contain palladium, platinum, or
rhodium that are expensive and sensitive to poisoning caused by chlorine residue or water
vapor [2,3]. On the other hand, transition metal oxides have been found as a cheaper
alternative to noble metal catalysts. The oxides of Fe, Ni, Ag, V, Mn, Cu, and Co have
shown remarkable catalytic activity.

The Co-Cu oxides already attracted much attention as catalysts for VOC oxidation.
Hosseini et al. [4] reported that the Co-Cu oxide exhibited higher activity in 2-propanol
oxidation than the Cr-Cu and Mn-Cu oxides due to its higher reducibility and possible
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synergistic effect between the Co-Cu mixed oxide and CuO particles. The Co-Cu oxide
was also more active in n-hexane oxidation than the Co-Cr or Co ones, either grained
or supported on ceria or zirconia [5]. Similarly, the Co-Cu catalyst showed superior
activity in CO oxidation due to easier reducibility of the Co-Cu spinels compared to cobalt
oxide [6]. The Co-Cu oxide catalyst with a Co:Cu molar ratio of 3:1 supported on alumina
exhibited high activity in the simultaneous BTEX and PAH oxidation [7]. Jia et al. [8]
found that addition of Co to CuO increased the catalysts activity in oxidation of toluene
and ethyl acetate and the catalysts were more active than Co3Oj4. Lv et al. [9] underlined
the importance of surface synergetic oxygen vacancy coupled with the adjacent Cu and
Co ions for catalytic activity of the Co-Cu oxides. The cooperative effect of copper and
cobalt species was recently confirmed by Carillo et al. [10] in toluene oxidation, with
Co:Cu molar ratios of 1:1 and 2:1 showing the highest catalytic activity. The synergistic
effect of copper and cobalt oxides on the activity in benzene oxidation was reported by
Li et al. [11]. The reducibility of Cu?* species in CuO enhanced with increasing Co content,
while the opposite effect was observed for the reducibility of Co with increasing Cu content.
The most active catalyst was Cug5Co;, 5, which was attributed to its larger surface area,
smaller pore size, better reducibility at low temperature, and higher ratio of lattice and
adsorption oxygen.

We have shown recently that structured cobalt oxide catalysts can be easily prepared by
hydrothermal synthesis under mild conditions [12]. In ethanol oxidation, the performance
of catalysts supported on stainless steel meshes was better than that of the pelletized
commercial CozOj, although the cobalt oxide content was nearly 50 times lower [13]. We
have demonstrated earlier that mixed oxides (e.g., Co-Mn) may exhibit higher efficiency in
ethanol oxidation than the cobalt oxide [14]. Recently, we have shown that Co-Mn mixed
oxide catalysts can be supported on stainless steel meshes by magnetron sputtering [15]
or hydrothermal synthesis [16]. Moreover, their catalytic activity in ethanol oxidation was
48-114 times higher than that of the commercial pelleted Co-Mn-Al catalyst [16]. In order
to investigate the activity of other types of oxides, here we prepared the Co-Cu catalysts by
heating of coprecipitated precursors and examined the effect of Co:Cu molar ratio on their
physicochemical properties and catalytic performance in the ethanol total oxidation.

2. Results
2.1. Physicochemical Properties of the Catalysts

The Co, Cu, and Na contents in the prepared oxide catalysts are summarized in Table 1.
The Co:Cu molar ratios determined from AAS measurements were in good agreement with
expected nominal values, which were adjusted in nitrate solutions used for coprecipitation
of the precursors. The metal cations content in the oxides was calculated based on their
content in the precursors and weight loss during calcination at 500 °C, assuming no loss of
metal components occurred during calcination. The catalysts also contained small amounts
of sodium cations remaining in the prepared products after washing.

Table 1. Content of Co, Cu, and Na in the prepared Co-Cu oxide catalysts and weight loss determined
after 4 h calcination of the dried precursors at 500 °C in air.

Catalyst Co Cu Na Weight Loss Co:Cu
(wt.%) (wt.%) Molar Ratio
Co 66.3 - 1.75 30.0 1:0
CoCu4l 56.7 15.0 0.17 271 4:0.98
CoCull 35.3 37.2 0.34 27.5 1:0.98
CoCul4 14.3 59.3 0.57 249 1:3.85
Cu - 75.1 0.77 224 0:1

Powder XRD patterns of washed and dried precursors are shown in Figure 1. The
distinct diffraction peaks at 13.9, together with the other peaks at 39.2, 46.5, and 70.6° 26
found in powder XRD pattern of the Co-P precursor could be attributed to a phase with
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layered hydrotalcite-like structure, likely a Co'l-Co'!! layered hydroxide. The CoCu41-P and
CoCull-P precursors were rather amorphous. The Cu-P and CoCul4-P precursors showed
diffraction peaks at 19.3, 27.8, 40.3, 41.8, 46.0, 63.0, 66.2, and 74.9° 26, which were ascribed
to Cu(OH), (PDF 04-009-4366). The diffraction peaks at 41.8° and 45.4° are coincident with
the most intensive diffraction lines of CuO (tenorite), and thus, the presence of a small
amount of CuO admixture in these precursors cannot be excluded. A sharp diffraction
peak of low intensity at 34.3° 20 was found in powder XRD pattern of the Cu-P precursor;
it was ascribed to sodium nitrate, which was not completely removed by washing.
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Figure 1. Powder XRD patterns of the coprecipitated precursors (left) and oxide catalysts obtained
after calcination at 500 °C in air (right). H-Cu(OH),, LH-hydrotalcite-like layered hydroxide,
*—NaNOQOj3, ?—unidentified, C—Co30,4, T—CuO (tenorite).

Phase composition of the oxide catalysts obtained after calcination of the coprecipitated
precursors at 500 °C in air is demonstrated in Figure 1. Powder XRD pattern of the Cu
catalyst corresponded to CuO (tenorite, PDF 04-015-5877), with characteristic diffraction
lines at 34.2, 38.0, 41.5, 45.3, 54.3, 57.3, 63.0, 68.9, 72.9, 78.2, and 78.8° 20. The Co catalyst
contained only CozO4 (PDF 04-005-4386) as a crystalline phase, with the characteristic
diffraction lines at 22.1, 36.5, 43.1, 45.1, 52.6, 65.7, 70.2, and 77.5° 20. Powder XRD patterns
of the Co-Cu catalysts showed diffraction peaks corresponding to both CuO and Co30Oy, the
formation of a mixture of spinel-type CozO4 and CuO during calcination of coprecipitated
Co-Cu precursors can be expected.

Powder diffraction files provided by the International Centre for Diffraction Data
(ICDD PDE-2 database) contain several copper-cobalt mixed oxides with various Co and
Cu content from Cug 95C0 504 (PDF 01-78-2177) to Cug 15C07.8404 (PDF 01-78-2172). These
oxides have very similar positions of diffraction lines with only small shifts caused by small
difference in the Co and Cu cation sizes. Copper cations are assumed to occupy tetrahe-
dral [6,17] or octahedral positions in the spinel lattice with certain degree of inversion [18].
Therefore, it is difficult to clearly determine from the powder XRD patterns, whether the
spinel structure corresponds to Co304 or CuyCos_, O4 [19]. In mixed Co-Cu spinels, the
copper content is represented by x value ranging from 0 to 1 [18]. Values of x calculated
for catalysts with Co:Cu molar ratios of 4:1, 1:1, and 1:4 correspond to 0.6, 1.5, and 2.4,
respectively. They show excess of copper cations in the CoCull and CoCul4 catalysts. La
Rosa-Toro et al. [20] suggested that excess of copper cations is segregated at the surface
of the catalyst as CuO impurities. This is in line with our observations; the powder XRD
patterns showed the presence of CuO in all Co-Cu catalysts. On the other hand, some other
authors attributed the diffraction peaks to Co-Cu spinel-like oxides without confronting the
similarity with Co3O4 peaks [4,19-22] or matched the peaks with CozOy pattern. Regarding
no presence of CuO, they expected incorporation of Cu?* cations into the spinel lattice and
suggested formation of a mixed oxide [6,17,23,24]. From the XRD data only, it is difficult to
distinguish whether the samples contain Co-Cu mixed oxides with spinel structure, Co3O4
or a mixture of CozO4 with a Co-Cu mixed oxide [20,24,25]. In our case, CuO was present
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in all Co-Cu catalysts. The quantification of the spinel and CuO contents in the CoCu41,
CoCull, and CoCul4 catalysts was based on the integral intensity of the corresponding
diffraction peaks using HighScore Plus software. The evaluated Co3zO4 to CuO weight
ratios were used to calculate corresponding Co:Cu molar ratios (Table 2). In the CoCu41
sample, the Co:Cu molar ratio evaluated from powder XRD data is considerably higher
than the expected value (i.e., that adjusted in nitrate solutions used for the precursors
synthesis), indicating that less copper was identified by XRD analysis. This finding could
be explained by incorporation of copper cations into the spinel lattice or by formation of
amorphous copper species, which were not detected by XRD.

Table 2. Crystallite sizes, lattice parameters, and weight ratios of cobalt and copper oxides (Co3zO4
and CuO) in the catalysts determined from powder XRD data.

C0304
Cry§tali1te Lattice C0304:CuO  Co:CuMolar Co:Cu Molar
Catalyst Size Parameter a . . . ¢ . d
2 Weight Ratio Ratio Ratio
(nm) (A)

Co 19 8.084 - - -
CoCu41 21 8.090 87:13 4:1 6.6:1
CoCull 18 8.087 53:47 1:1 1.1:1
CoCul4 13 8.089 16:84 1:4 0.8:4

CuO
Catal Crystallljite Lattice Parameter
atalyst Size . o o
(am) a(A) b (A) c(A) B(©)
CoCu4l 19 4.695 3.425 5.126 99.341
CoCull 19 4.690 3.422 5.136 99.532
CoCul4 20 4.688 3.422 5.129 99.565
Cu 30 4.685 3.425 5.130 99.509

2 calculated from the FWHM value of the spinel (311) diffraction line. b calculated from the FWHM value
of the CuO (-202) diffraction line. © nominal (adjusted in nitrate solutions used for the precursors synthesis).
d determined from powder XRD data.

The crystallite size evaluated from the powder XRD data reflected structure ordering of
the studied catalysts. The FWHM (full width in half maximum) values were evaluated from
the powder XRD patterns, and the crystallite sizes of spinel-type oxides were calculated
as a mean coherence length in [311] direction; the corresponding (311) spinel diffraction
line is located around 43.1° 20. The crystallite sizes of CuO were calculated by the same
way from the tenorite (-202) diffraction line located around 57.3° 20. The crystallite size of
spinel-type oxides in Co, CoCu41, and CoCull catalysts was approximately 20 nm; smaller
crystallite size of spinel-type oxide (13 nm) was found only for the CoCul4 sample. The
CuO crystallite size of about 20 nm was evaluated for all Co-Cu oxide catalysts, whereas
the CuO crystallite size of 30 nm was found for the Cu catalyst. The lattice parameters
were determined from the cell refinement after the treatment of powder XRD patterns with
default profile fitting and matching with appropriate phase (Co304 and CuO). The spinel
lattice parameters in the Co-Cu catalysts were very similar and slightly larger compared
to the Co catalyst; however, no significant change in the spinel lattice parameters was
observed (Table 2).

Raman spectra of the prepared Co-Cu catalysts are presented in Figure 2. The Co
catalyst showed five Raman lines at 192, 477, 518, 616, and 686 cm~ L. These lines corre-
sponded to the structural symmetries Fy,, Eg, Fag, Fog, and Agq of the spinel structure. The
line positions were in accordance with those reported for Co3O4 [26,27]. The most intensive
line at 686 cm ™1 (A1) was associated with octahedral sites vibrations and the F;¢ line at

192 cm~! was attributed to tetrahedral sites [28]. The Cu catalyst showed Raman line at
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293 cm ™! (attributed to the Ag mode) and two Bg-attributed lines at 344 and 618 cm™ !,
corresponding to the CuO characteristic lines reported in literature [29,30].
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Figure 2. Raman spectra of the examined Co-Cu oxide catalysts.

The Co-Cu catalysts showed Raman lines characteristic for both single oxides, i.e.,
CuO and Co30;. Intensity of the strongest CuO line at 293 cm ! decreased with decreasing
Cu content in the catalysts. The reported Raman spectra of Co-Cu mixed oxides have
shown spectra similar to those of CozO4 with five characteristic lines [31]. A shift in the
line positions did not prove clearly the formation of a mixed oxide, as the Raman lines
positions depend on the shape and size of crystallites [26,30]. Su et al. [32] observed lines
characteristic for Co3O4 in Co-Cu mixed oxides; the only difference was the shift from 687
to 664 cm~! and the broadening of this line. Due to the absence of CuO lines in the spectra,
the finding was attributed to the formation of Co-Cu spinel. The Raman spectra of the
Co-Cu catalysts showed a simple superposition of the individual oxide lines, depending
on the various contents of cobalt and copper components in the catalysts (Figure 2). Both
powder XRD patterns and Raman spectra of the Co-Cu catalysts indicated that mixtures
of Co304 and CuO rather than Co-Cu mixed oxides were formed after calcination of the
coprecipitated precursors.

The isotherms of nitrogen adsorption by catalysts are shown in Figure 3. The measured
isotherms were classified as type Il isotherms (according to IUPAC) and corresponded to
non-porous or macroporous materials [33]. Only a small adsorption (less than 5.5 cm? g 1)
at low relative pressures was observed and, therefore, micropores were likely not present
in the catalysts.
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Figure 3. Nitrogen adsorption isotherms of the Co-Cu oxide catalysts.
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Table 3 summarizes the textural characteristics, namely surface area Sprr, mesopore
volume V.50, and average pore diameter d. The Co catalyst showed the largest surface
area (27 m? g~ 1), while the Cu catalyst showed the lowest surface area (5 m? g~!). The
Co-Cu catalysts had a surface area of approximately 20 m? g~!; the mesopore volume
slightly decreased with increasing Cu content in the catalysts. The reported surface area
of CuO prepared from precipitated precursors ranged from 2 to 147 m? g~! [18,34-36].
Samples with a surface area of about 5-10 m? g~! reported in [20,35,36] were calcined at
higher temperatures (at least 400 °C) for several hours. The heat treatment likely caused
sintering of the particles leading to a reduction in surface area. By contrast, some samples
treated at higher temperatures showed larger surface area values, likely due to the different
precursors used [37].

Table 3. Textural properties of the Co-Cu oxide catalysts determined from nitrogen adsorption (Sger
surface area, Vieso pore volume of mesopores, d average pore diameter).

Catalyst SBET Vineso d
(m2g-1) (cm® g-1) (nm)

Co 27 0.230 32

CoCu41 21 0.175 32

CoCull 19 0.089 18

CoCul4 18 0.075 16

Cu 5 0.017 14

Similarly, the surface area of bulk Co3zO4 obtained from precipitated precursors is
reported to range from 6 to 78 m? g~ ! [38,39]. Surface area of the Co catalyst was compa-
rable with that reported by other authors using nitrate solutions and sodium carbonate
as precipitant [40-43]. Other authors reported similar surface area of CozO4 prepared
from precursors precipitated by sodium hydroxide [40], ammonia [43], and ammonium
carbonate solutions [43]. Li et al. [17] prepared the Co-Cu mixed oxide using nitrates as
source of metal cations and sodium carbonate as a precipitant. The surface area of the
mixed oxide samples ranged from 43 to 100 m? g~!, while the Co304 sample showed a
surface area of 52 m? g~!; the precursors were thermally treated under mild conditions (at
350 °C for 5 h).

The reduction properties of the catalysts were examined using H,-temperature pro-
grammed reduction. The measured reduction profiles are shown in Figure 4 and the
hydrogen consumptions are summarized in Table 4. The Co catalyst exhibited two reduc-
tion peaks: a smaller peak with a maximum at 292 °C and a larger peak with a maximum at
378 °C. Only Co304 was found in the powder XRD pattern of the Co catalyst. Its reduction
profile was similar to the reported reduction profiles of CozO4 species with more or less
significant overlap of the two peaks mentioned above [6,10,19,26,44]. The first reduction
peak can be attributed to the reduction of Co®* to Co?*, while the other one at higher
temperature corresponds to the reduction of Co?* to Co®. The reduction profile of the Cu
catalyst was rather complex with a broad reduction feature ranging from 200 to 450 °C
with maximum at 414 °C. The powder XRD revealed the presence of CuO in this catalyst.
Thus, this reduction feature might be ascribed to the reduction of Cu?* species to metallic
copper. This assumption was confirmed by total hydrogen consumption of the Cu catalyst,
which corresponded to the reduction of CuO to Cu (Table 4). Different H,-TPR profiles of
CuO were reported in literature, consisting of a single reduction peak [4,6,10] or several
reduction peaks [18,19]. This inconsistency may be ascribed to different CuO particle size
(dispersed CuO, small crystallites, or bulk CuO), which leads to different Cu?* and Cu*
reduction temperatures [26,45]. The Co-Cu catalysts were reduced at lower temperatures
compared to the Co and Cu samples (Figure 4, Table 4). The main reduction maxima were
shifted to lower temperatures with increasing cobalt content in the catalysts; Ty of 313,
271, and 253 °C were found for the CoCul4, CoCull, and CoCu41 catalysts, respectively.
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Figure 4. Hy-temperature programmed reduction profiles of the Co-Cu oxide catalysts.

Table 4. H,-TPR parameters of the Co-Cu oxide catalysts.

Catalyst H, H, Reduction Tonax © Tpax 4
Consumption?  Consumption P Range
(mmol g—1) (mmol g~ 1) o) O O
Co 16.6 16.8 170-410 378 292
CoCu41 15.8 18.1 115-300 253 214
CoCull 14.6 16.7 130-310 271 -
CoCul4 13.4 12.5 165-350 313 260
Cu 12.6 13.8 205-450 414 375

a theoretical; experimental; © main reduction peak; d minor reduction peak.

Numerous studies have been carried out on the reducibility of bulk [4,17-21] and
supported [9,10,46,47] Co-Cu mixed oxides. However, it is not easy to point out the effect
of Co:Cu molar ratio on the catalyst reduction. Considering bulk Co-Cu mixed oxides,
Lv et al. [9] observed easier reduction of the catalysts with increasing Co content, while
Anton et al. [47] found the reverse trend, i.e., the increase in reduction temperature with
increasing amount of cobalt in the catalysts. Therefore, no simple conclusion can be drawn
from the effect of Co:Cu ratio on the reducibility of the mixed oxides. However, a shift in
the temperature of reduction maximum was observed for the catalysts containing both
Co and Cu, suggesting the interaction of both components during the reduction process.
This interaction was found even during the reduction of a physical mixture of Co3O, and
CuO; the reduction profile of the mixture was slightly different from the superposition of
reduction profiles of the single oxides [4,21]. This finding can be explained by the close
contact of the oxides, which enhanced the reducibility of the single CuO and Co304. For
this reason, many authors assume that the dispersion of oxides significantly affects the
reduction temperature of mixtures of oxides and mixed oxides [4,9,21]. The interaction can
also be demonstrated in the reduction of Co-Cu spinels [47]. In this case, the Co and Cu
species are finely dispersed at atomic level, which allows a close contact between these two
components and, consequently, decrease in the reduction temperature.

The decrease in the reduction temperature can be explained by a spillover effect
of hydrogen in such bimetallic systems. Indeed, some metals have ability to adsorb
hydrogen on their surface. This activated hydrogen spills over and promotes the reduction
of another metal [23]. For the Co-Cu-O system, it is assumed that Cu?* is first reduced
to metallic Cu. Then, hydrogen could spill over from Cu® species to cobalt oxide and
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promote the reduction of Co>* to Co?* and/or Co?* to Co? [22]. The spillover effect could
explain the easy reduction of the CoCu41 catalyst with relatively low copper content,
where the formation of highly dispersed CuO species can be expected to contribute to
promote hydrogen spillover to cobalt oxide species. Indeed, the powder XRD analysis of
the CoCu41 sample showed significantly higher Co:Cu molar ratio in comparison with
expected nominal value of 4:1 (Table 2), which indicated formation of XRD-amorphous
copper species.

Theoretical and measured hydrogen consumptions during the reduction of the Co-Cu
catalysts are compared in Table 4. Theoretical hydrogen consumptions were calculated
from the nominal Co:Cu molar ratios and assuming the presence of all Cu as CuO and
all Co as Co3Oy in the catalysts. Slightly higher measured hydrogen consumptions were
found in comparison with the theoretical values. Apparently, some cation-deficient oxides
with excess of oxygen were formed during calcination of the coprecipitated precursors at
500 °C.

Surface composition of the catalysts was determined by XPS. The results are summa-
rized in Table 5. The Co, Cu, Na, C, O, and N elements were detected in the XPS spectra.
The Co 2p spectrum of the Co catalyst (Figure 5) corresponded to the typical spectrum
of Co304 [48]. Two main peaks at 779.1 £ 0.1 and 794.1 & 0.1 eV were attributed to Co
2p3/2 and Co 2p; /;, respectively. The spin-orbit splitting of 15.0 eV is characteristic for the
presence of both Co?* and Co’* cations. Low intensity of satellites indicates the presence
of spinel lattice [21]. The Co-Cu catalysts showed the satellite typical for Co3O4 but with
slightly different shape. It could be connected with Cu?* cations, which may enter the
surface octahedral vacancies and form Cu-O-Co species, resulting in broader and asym-
metric Co 2p3/, peak [49]. Fitting of the main Co 2p3,, peak provided rough estimation of
Co?*/Co’" ratio (Table 5). First peak at 779.1 + 0.1 was ascribed to Co®* and the second
and third peaks shifted by +1.5 eV and + 3.6 eV were ascribed to Co?*. The Co?*/Co®*
ratios in Table 5 indicated a slight decrease in Co®" content with increased Cu content in
the catalysts.

Table 5. Surface concentrations of the elements in at. % determined by XPS analysis of the examined
Co-Cu oxide catalysts.

Catalyst (0] C N Na Co Cu Co:Cu ? Co:Cu®  Co?**/Co®*
Co 51.3 21.9 1.0 5.1 20.7 0.0 - - 0.99

CoCu4l 40.5 43.8 0.0 0.0 10.9 4.8 2.3:1 4.1:1 0.98

CoCull 329 53.6 0.0 1.8 6.6 5.1 1.3:1 1.0:1 0.94

CoCul4 322 54.3 04 25 41 6.5 2.6:4 1.0:4 0.88
Cu 49.2 18.2 1.6 5.5 0.0 24.8 - - -

2 surface molar ratio determined by XPS; b Hulk molar ratio determined by AAS.

The XPS spectrum of the Cu catalyst showed the main peaks of Cu 2p3,, at933.5 £ 0.2 eV
and Cu 2p1,;, at 953.3 £ 0.2 eV (Figure 6). The two satellite peaks at 941.0 and 943.5 eV
with high intensity indicated the presence of CuO [48]. The XPS spectra of CoCull and
CoCul4 samples were very similar to that of CuO but the Cu 2p3,, peak was broader;
the broadening could be caused by very small size of (nano)particles in the oxide of low
crystallinity. The CoCu41 catalyst showed a different XPS spectrum with two additional
peaks at 931 and 951 eV, indicating presence of Cu in a lower oxidation state (Cu' or
Cu®). The measurement of Auger spectra Cu LMM showed broadening of the main peak
towards 916 eV (kinetic axis) in comparison with the spectrum of Cu catalyst (Figure S1 in
Supporting Information). It pointed out the presence of Cu! (22% of total Cu). The presence
of Cu;0 could be caused by the X-ray induced reduction in the presence of adventitious
carbon [20]. This effect was not observed with other catalysts; the reason could be a better
dispersion of CuO particles in the CoCu41 catalyst as shown by XRD. This catalyst also
showed the best reducibility, which could be caused by good dispersion as well [49].
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Figure 5. The Co 2p XPS spectra of the Co-Cu oxide catalysts.
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Figure 6. The Cu 2p XPS spectra of the Co-Cu oxide catalysts.

The XPS results shown in Table 5 revealed higher surface concentration of copper for
the CoCu41 catalyst and higher surface concentration of cobalt for the CoCul4 catalyst
compared to the bulk concentrations. A copper surface enrichment for Cu,Cos_,O4 spinel
has been already observed [25] for x up to 1.5. A segregation of Cu impurity on the surface
of Co30y spinel after a heating treatment at 350 °C has been also reported [21]. On the other
hand, to our knowledge, no segregation of cobalt on the CuO surface has been reported
so far.

In all catalysts, the O 1s spectra revealed the presence of three different oxygen states.
The peak at 529.4 + 0.1 eV is characteristic for lattice oxygen, the peak at 531.0 eV is typical
of surface oxygen with low coordination [50], and the peak at 532.4 eV can be attributed to
oxygen in nitrates or in C-O bonds. In the Co, Cu, and CoCul4 catalysts, a peak at 407.0 eV
in the N 1s region, characteristic for nitrates, was present. The Na 1s peak at 1070.8 eV
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was observed in the XPS spectra of all catalysts except the CoCu41 one (Figures 52-54 in
Supporting Information). The surface concentrations of detected elements are summarized
in Table 5. A strong enrichment of the surface of the CoCu41 catalyst with Cu can be seen,
while the surface of the CoCull and especially the CoCul4 catalyst was enriched with Co.

2.2. Performance of the Catalysts in the Total Oxidation of Ethanol

The prepared Co-Cu oxide catalysts were tested in the total oxidation of ethanol.
Ethanol conversion curves over the examined catalysts in dependence on reaction tem-
perature are demonstrated in Figure 7. The activity of the catalysts was compared using
the T5 temperature required to achieve 50% ethanol conversion and the selectivity of
the catalysts using the T5,(CO;) and T99(CO;) temperatures required to achieve 50 and
90% conversion of all organic compounds to CO,, respectively. Results of the catalytic
measurements are summarized in Table 6. The temperature T59 was ranging from 91 °C
(the CoCu41 catalyst) to 186 °C (the Cu catalyst). No deactivation of the catalysts was
observed in the four consecutive light-off experiments. Acetaldehyde and carbon monoxide
were detected as the main by-products of ethanol oxidation over the examined catalysts.
Typical profiles of reactant and products concentrations during the light-off experiment
over the CoCu41 catalyst are shown in Figure 8; concentration profiles measured over
the other catalysts are presented in Supporting Information (Figures S5-58). The most
active CoCu4l catalyst exhibited the highest maximum acetaldehyde formation among
the Co-Cu oxides (444 ppm), while the single-component Co and Cu catalysts showed
even higher acetaldehyde concentrations (544 and 541 ppm, respectively). The amounts of
carbon monoxide formed during the ethanol oxidation over the examined catalysts were
low (the maximum concentrations were ranging between 5 ppm and 14 ppm, except the
Co catalyst exhibiting 131 ppm of CO).
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Figure 7. Light-off curves of ethanol oxidation over the examined catalysts.
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Table 6. Catalytic properties of the examined Co-Cu oxide catalysts (oxidation of 750 ppm of ethanol
in air at GHSV of 201 gcat 1 h™1).

Catalyst T50 T50(COz)  Tgp(COy) AcApax ? Tinax b COyax © Tinax d

O O (@) (ppm) (@) (ppm) (@)

Co 111 187 202 544 137 131 202
CoCu41 91 152 159 444 134 7 170
CoCull 99 165 172 428 141 7 171
CoCul4 131 189 197 340 164 12 199
Cu 186 228 259 541 212 9 216

2 maximum concentration of acetaldehyde during the experiment; ® temperature, at which the maximum
concentration of acetaldehyde was achieved; ¢ maximum concentration of carbon monoxide during the experiment;
d temperature, at which the maximum concentration of CO was achieved.
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Figure 8. Concentration profiles of ethanol, acetaldehyde, carbon monoxide, and carbon dioxide
during the light-off experiment over the CoCu41 catalyst.

The selectivity of the catalysts was evaluated using the temperature needed to
achieve 50% conversion to carbon dioxide. The T5(p(CO;) was increasing in the order
CoCu4l < CoCull < Co ~ CoCul4 < Cu. Nevertheless, the purpose of VOC abatement
is the complete oxidation of ethanol to carbon dioxide and water. Therefore, the T9y(CO,)
temperature, at which 90% conversion of all organic compounds to CO, was achieved,
represents an important parameter that indicates the performance of the catalysts in the
total oxidation. The lowest T9y(CO;) temperature (159 °C) was observed for the cobalt-rich
CoCu41 catalyst, while 197 and 259 °C were found for the CoCul4 and Cu catalysts, re-
spectively. Although the Co catalyst was quite active (T5p temperature 111 °C), a rather
high T9y(CO;) temperature (202 °C) was found for this catalyst. Compared to the single-
component Co catalyst, the best Co-Cu oxide catalyst (CoCu41 sample) exhibited a better
catalytic performance (the T5) temperature was 20 °C lower and the T9y(CO,) temperature
was 43 °C lower). An even greater difference was found between the single-component Cu
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catalyst and the CoCu41 catalyst; the Cu catalyst showed T5y and T99(CO;) temperatures of
about 100 °C higher compared to the CoCu41 sample. This is an important parameter with
regard to the potential industrial applications as a lower operation temperature reduces
energy costs. The findings further confirmed the synergistic effect of Co304 and CuO in
some mixed oxide catalysts. The cobalt oxide-based catalyst was highly active but with low
selectivity, while the copper oxide-based catalyst showed rather weak activity but good
selectivity. The Co-Cu oxide catalysts with Co:Cu molar ratio of 4:1 and 1:1 allowed high
activity and good selectivity to be achieved at the same time. Their T5) temperatures for
ethanol oxidation were much lower than those of CuO and lower than those of Co30y,
while their selectivity in terms of T5o(CO,) and T9g(CO;) temperatures was much better
compared to the single-component Cu and Co catalysts.

3. Discussion

The Co-Cu oxide catalysts with various Co:Cu molar ratios were prepared by calci-
nation of coprecipitated precursors and compared with the single-component Co and Cu
oxides. A possible synergistic effect between copper and cobalt components was studied,
as such synergistic effect was already reported by Jia et al. [8] for toluene and ethyl acetate
oxidation. They suggested that the fine dispersion of CuO particles on the surface of the
Co304, which might lead to formation of Cu-Co spinel, probably caused an increase in
the surface area and improved catalytic activity. However, our measured powder XRD
patterns and Raman spectra of the examined Co-Cu oxide catalysts indicated that mixtures
of Co304 and CuO rather than Co-Cu mixed oxides were formed after the coprecipitated
precursors calcination at 500 °C (Figures 1 and 2). Furthermore, the largest BET surface area
exhibited the single-component Co sample (Table 3), while the best catalytic performance
was achieved with the CoCu41 catalyst (Table 6). On the contrary, a shift in the temper-
ature of reduction maximum in the H,-TPR profiles of the Co-Cu catalysts indicated an
interaction between Co30O4 and CuO components during the reduction process (Figure 4).
The easy reduction of the CoCu41 catalyst was tentatively ascribed to the formation of
highly dispersed CuO species that promote hydrogen spillover from Cu to cobalt oxide
species. Moreover, the evaluation of powder XRD data showed a lower amount of CuO in
the CoCu41 catalyst compared to the bulk Co:Cu molar ratio determined by AAS (Table 2).
Finally, the CoCu41 catalyst was the only one to show the XPS spectrum with two ad-
ditional peaks at 931 eV and 951 eV (Figure 6), indicating the presence of Cu in a lower
oxidation state (Cu' or Cu®). Again, this difference can be explained by the better dispersion
of CuO particles in the CoCu41 catalyst. Besides the work of Jia et al. [8], the synergistic
effect of highly dispersed CuOy phase in the Co-Cu catalyst was recently observed by
More et al. [46] for the low temperature oxidation of CO, propene, and toluene. The Co-Cu
catalyst with highly dispersed CuOx phase showed more labile surface oxygen, which
was advantageous for the oxidation reaction. Thus, the high activity and selectivity of the
CoCu41 catalyst could be ascribed to the presence of finely dispersed CuO particles on the
surface of Coz0Oy.

The dependence of the T5,(CO,) temperature on the temperature of the reduction
onset in the Hp-TPR experiments (cf. the reduction range in Table 4) is shown in Figure 9.
Formerly we observed a good correlation between the position of the first reduction peak in
H,-TPR experiments and the T5) temperature during ethanol oxidation [51], which pointed
to the Mars—van Krevelen reaction mechanism. Thus, considering the linear correlation
shown in Figure 9, the redox mechanism can be expected also for ethanol oxidation over
the Co-Cu oxide catalysts.
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Figure 9. Correlation between the temperature of the reduction onset in the Hy-TPR experiments and
the T59(CO,) temperature, at which 50% conversion of ethanol to CO, was achieved.

4. Materials and Methods
4.1. Catalysts Preparation

The precursors were prepared by coprecipitation of aqueous cobalt and copper nitrate
solutions; appropriate amounts of Co(NO3),-6H;0O and Cu(NO3),-3H,O were dissolved in
distilled water to obtain solutions with desired Co:Cu molar ratios and total concentration
of metal cations 1.0 mol L~!. The solution (450 mL) was added with the flow rate of
7.5 mL min~! to the stirred batch reactor containing 200 mL of distilled water. The reaction
pH of 10.0 £ 0.1 was maintained by simultaneous addition of aqueous solution containing
NaOH (3.0 mol L™!) and Na,COj3 (0.5 mol L~!). The reaction was carried out under
vigorous stirring at room temperature. The resulting suspension was stirred for 1 h at room
temperature; the product was then filtered off, thoroughly washed with distilled water, and
dried overnight at 60 °C. The dried products were calcined at 500 °C for 4 h in air. After
cooling, the calcined pellets were crushed and sieved to obtain fraction with particle size of
0.160-0.315 mm, which was used in catalytic measurements. The Co-Cu oxide catalysts
with Co:Cu molar ratios of 4:1, 1:1, and 1:4 were labeled as CoCu41, CoCull, and CoCul4,
respectively. Single-component cobalt and copper oxide catalysts were prepared in the
same way and labeled as Co and Cu, respectively. The samples of coprecipitated precursors
(before calcination) were denoted with the suffix “P” (e.g., CoCu41-P).

4.2. Catalyst Characterization

Content of metal cations (Co, Cu, and Na) in the prepared samples was determined by
atomic absorption spectroscopy (AAS). The washed and dried precursors (about 0.01 g)
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were powdered and dissolved in 2 mL of 65% HNOj3; and warmed up in the water bath;
H,0, (1 mL) was added to complete the sample dissolution. Then the beaker content was
quantitatively poured into 50 mL flask and filled up with distilled water. Concentration of
metal cations was measured using Agilent 280 FS AA spectrometer with flame atomization
technique. The content of metal cations in oxide catalysts was calculated using the weight
loss determined after 4 h calcination of the precursors at 500 °C in air.

Powder X-ray diffraction (XRD) patterns were measured by AXS D8 (Bruker) diffrac-
tometer (Bruker, Berlin, Germany) using Co Ka radiation (A = 0.179 nm) in the range from
10 to 80° 26 (step size 0.02°). The qualitative analysis was performed using HighScore
Plus 4.8 software package (PANalytical). The lattice parameters were obtained from cell
refinement of attributed phase after default line profile fitting in HighScore Plus software
(PANanalytical, Malvern, Almelo, The Netherlands, 2018). The full width in half maximum
(FWHM) values and crystallite sizes were evaluated using the same software. The crystal-
lite sizes of Co304-like oxides were calculated as a mean coherence length in [311] direction
(the most intense diffraction line of cubic spinel); the crystallite sizes of CuO (tenorite) were
calculated as a mean coherence length in [-202] direction.

Surface composition of Co-Cu oxides was analyzed using the X-ray photoelectron
spectroscopy (XPS). The measurements were carried out using AXIS Ultra DLD Kratos
spectrometer equipped with a monochromatic Al K« source (hv = 1486.6 eV) operating at
180 W. The XPS spectra were recorded at ambient temperature, while using an ultra-high
vacuum system (base pressure 10~? mbar). The Co, Cu, O, N, Na, and C elements were
detected. The calibration for charging effect was carried out based on binding energy of
adventitious carbon C 1s peak located at 284.8 eV. The XPS data evaluation was performed
using CasaXPS software.

Surface area and textural properties of the catalysts were determined from nitrogen
adsorption-desorption isotherms at 77 K using Micromeritics Tristar II Surface Areas and
Porosity apparatus (Norcross, Atlanta, GA, Micromeritics, USA). Surface area Sprr was
calculated by the BET method. Pore size and volume distribution were calculated using
the BJH method. The samples (about 0.20 g) were outgassed in vacuum at 150 °C prior to
data collection.

Temperature-programmed reduction (H,-TPR) measurements were carried out using
AutoChem II 2920 V3.05 equipment (Micromeritics) with a Hy / Ar mixture (5 mol. % Hy),
flow rate 50 mL min~! and linear temperature increase 10 °C min~! in temperature range
from 25 to 700 °C. The amount of analyzed sample was approximately 15 mg.

Raman spectra were recorded on Horiba Xplora spectrometer. The 785 nm laser was
used for excitation, the power on the sample was adjusted by 1% filter. The laser beam was
focused on the surface of the sample using 100 x microscope objective (NA 0.9). Due to
various stability of the samples, the acquisition times were used as follows: 30 s for Co,
600 s for Cu, and 1800 s for CoCu41, CoCull, and CoCul4 oxide samples. The Raman
signal was collected in backscattering mode using the same objective through a confocal
hole of 200 pm diameter. The scattered light was dispersed via a spectrometer equipped
with 1200 grooves grating.

4.3. Catalytic Experiments

The catalysts (0.2 g) in the form of 0.160-0.315 mm grains were tested in a fixed bed
reactor (5 mm inner diameter) over a temperature range of 50-400 °C with a temperature
ramp of 2 °C min~! at a space velocity (GHSV) of 20 L g~! h~! and an inlet ethanol concen-
tration in air of 750 ppm (details are described elsewhere [52]). All experiments were started
at 50 °C after the equilibrium adsorption of ethanol at this temperature was reached. The
composition of the reaction mixture was analyzed by the Agilent 8890 gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) coupled with a mass spectrometer. The Ts)
temperature, at which 50% ethanol conversion was achieved, was used to compare the
catalytic performance of the catalysts. The T59(CO;) and T9y(CO,) temperatures, at which
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50 and 90% conversion of ethanol to CO, was achieved, were employed to compare the
selectivity of the catalysts.

5. Conclusions

The Co-Cu oxide catalysts with various Co:Cu molar ratios were prepared by calci-
nation of coprecipitated precursors and compared with the single-component Co and Cu
oxides. Both powder XRD patterns and Raman spectra indicated that the Co-Cu catalysts
contained a mixture of Co304 and CuO. The surface area of the single-component oxides
showed a marked difference (27 and 5 m? g~! was found for the Co and Cu catalysts,
respectively), while the surface area of all Co-Cu catalysts was very similar (18-21 m? g~1).
Temperature-programmed reduction by hydrogen proved that CuO promoted the reduc-
tion of Co30;4 in the Co-Cu oxides. The CoCu41 catalyst with a Co:Cu molar ratio of 4:1
was reduced at the lowest temperature, likely due to a high dispersion of CuO. The CuO
content evaluated from powder XRD data was significantly lower in comparison with
bulk Co:Cu molar ratio determined by AAS; it indicated the formation of XRD-amorphous
copper species. The XPS results confirmed the presence of the electronic surface states of
Co and Cu similar to those in Co304 and CuO in all Co-Cu oxide catalysts. Moreover, a
strong Cu enrichment was observed on the surface of the CoCu41 catalyst. Finally, unlike
all other catalysts, the XPS spectra of the CoCu41 catalyst showed the presence of Cu in a
lower oxidation state (Cu! or Cu?), likely due to high dispersion of CuO.

The single-component Co and Cu catalysts showed 50% ethanol conversion at 111 and
186 °C, respectively, whereas the T5) temperatures between 91 and 131 °C were found for
the Co-Cu oxide catalysts. A synergistic effect of the two components was observed for
catalysts with Co:Cu molar ratio of 4:1 and 1:1. Although the Co oxide catalyst was quite
active (Ts5p of 111 °C), the temperature required to achieve 90% conversion to CO, was
high (202 °C). Remarkably, with the CoCu41 catalyst, the T99(CO,) was achieved already
at 159 °C. This is an important result with regard to potential industrial applications: a
lower operation temperature reduces energy costs of the catalytic abatement technology.
Furthermore, these findings confirm the synergistic effect of Co304 and CuO in some of the
catalysts (the T99(CO,) for the Cu oxide catalyst was 259 °C). Although the formation of
the mixed Co-Cu oxides was not revealed, the high activity and selectivity of the CoCu41
catalyst was ascribed to the presence of finely dispersed CuO particles on the surface of the
Co30; as indicated by XRD, H,-TPR, and XPS.
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mdpi.com/article/10.3390/catal13010107/s1, Figure S1: The Cu LMM XPS spectra of the Co-Cu
oxide catalysts; Figure S2: The Na 1 s XPS spectra of the Co-Cu oxide catalysts; Figure S3: The N 1 s
XPS spectra of the Co-Cu oxide catalysts; Figure S4: The O 1 s XPS spectra of the Co-Cu oxide catalysts;
Figure S5: Concentration profiles of ethanol, acetaldehyde, carbon monoxide, and carbon dioxide
during the light-off experiment over the Co catalyst; Figure S6: Concentration profiles of ethanol,
acetaldehyde, carbon monoxide, and carbon dioxide during the light-off experiment over the CoCull
catalyst; Figure S7: Concentration profiles of ethanol, acetaldehyde, carbon monoxide, and carbon
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the Cu catalyst.
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