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Abstract: Multicomponent oxide systems 800-Cu-Mg-Fe-O and 800-Cu-Mg-Fe-O-Ce were tested as
catalysts of selective catalytic oxidation of ammonia to dinitrogen (NH3 -SCO) process. Materials
were obtained by calcination of hydrotalcite-like compounds at temperature 800 ◦ C. Some catalysts
were doped with cerium by the wet impregnation method. Not only simple oxides, but also complex
spinel-like phases were formed during calcination. The influence of chemical composition, especially
the occurrence of spinel phases, copper loading and impregnation by cerium, were investigated.
Materials were characterized by several techniques: X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FT-IR), low-temperature nitrogen adsorption (BET), cyclic voltammetry (CV),
temperature programmed reduction (H2 -TPR), UV-vis diffuse reflectance spectroscopy and scanning
electron microscopy (SEM). Examined oxides were found to be active as catalysts of selective catalytic
oxidation of ammonia with high selectivity to N2 at temperatures above 300 ◦ C. Catalysts with low
copper amounts (up to 12 wt %) impregnated by Ce were slightly more active at lower temperatures
(up to 350 ◦ C) than non-impregnated samples. However, when an optimal amount of copper (12 wt
%) was used, the presence of cerium did not affect catalytic properties. Copper overloading caused a
rearrangement of present phases accompanied by the steep changes in reducibility, specific surface
area, direct band gap, crystallinity, dispersion of CuO active phase and Cu2+ accessibility leading to
the decrease in catalytic activity.
Keywords: selective catalytic oxidation; ammonia; NH3 -SCO; mixed metal oxides; MgFe2 O4 type
spinel oxides; Cu-Fe-Ce based oxides; Cu-Ce redox couples; Cu-Fe redox couples

1. Introduction
Ammonia, besides nitrogen and sulfur oxides, non-methane volatile organic compounds and fine
particulate matter (PM2.5 ), belongs to the group of air pollutants whose emissions are strictly monitored,
and for which long-term emission reduction programs were introduced (e.g., National Emission Ceilings
Directive 2001/81/EC (NECD) and Gothenburg Protocol). On the basis of the most recent data, ammonia
emissions have been estimated at about 5 600 kt y−1 [1]. The main sources of emissions include
agriculture (comprises 94% of total emissions [2]), industry (including energy production and use),
road transport and waste [2–5]. Environmental reports show that total emissions of ammonia, thanks
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to the implementation of stricter regulations, decrease each year [6]. However, there are sectors
where ammonia emissions increased drastically in recent years, and a further increase is expected.
These are transportation and stationary sources equipped with selective catalytic reduction (SCR)
NOx /NH3 or non-selective catalytic reduction (NSCR) units. The reason is stricter regulation of
NOx emissions, which are often achieved by over stoichiometric dosage of ammonia resulting in
ammonia slip. In the transportation sector, besides ammonia slip from SCR NOx /NH3 processes,
the formation of ammonia as a byproduct of three way catalysts was also observed [7,8]. Because of
the significant toxicity of NH3 , efficient removal methods of ammonia should be studied. One of the
most promising methods of ammonia emission control is selective catalytic oxidation of ammonia to
dinitrogen (NH3 -SCO) [9,10]. The application areas for NH3 -SCO include transportation, treatment of
waste gases from biomass gasification, chemical production processes and ammonia slip from SCR
NOx /NH3 processes. Ammonia slip could be observed in the case of fuel combustion, refining of
mineral oils and gases, production of cement, lime and magnesium oxides, manufacturing of glass and
production of pulp, paper and boards [2,3,5,9–11].
Selective catalytic oxidation of ammonia to dinitrogen is a complex process that includes a
series of reactions (main, side and follow-up) that may lead to the formation of different products.
The mechanism of the NH3 -SCO reaction is dependent on catalyst type and process conditions.
However, in most cases, the first step is related to ammonia adsorption at active centers of the material
surface. In general, selective catalytic oxidation of ammonia; could occur via three different ways (i)
imide mechanism [9,12]; (ii) hydrazine mechanism [13–15] and (iii) internal selective catalytic reduction
(i-SCR) [13,16,17]. The first mechanism, also known as the Zawadzki mechanism, was proposed for Pt
and Ru based catalysts. In the first stage, adsorbed ammonia is oxidized to imide (NH) which reacts
with dissociated oxygen to nitrosyl (HNO). The main reaction that leads to the formation of N2 and
H2 O occurs between imide and nitrosyl [9,12]. The hydrazine mechanism was proposed for transition
metal-based catalysts and processes performed under limited O2 concentration. The mechanism
assumes the formation of amides (NH2 ) via oxidation of absorbed ammonia by molecular oxygen,
and their surface recombination that leads to the formation of hydrazine-like products NH2 -NH2 .
Intermediate species are oxidized during the next step to dinitrogen [9]. The last mechanism is most
probable for oxide-based catalysts. According to i-SCR, part of adsorbed ammonia is oxidized by
molecular oxygen to nitric oxide, which is in the next step oxidized by ammonia to dinitrogen [9].
The reaction rate of NH3 -SCO process is limited by several issues, such as: Dissociation of molecular
oxygen and recombination of OH- surface groups (i); the desorption of products from the material
surface (ii and iii). All of the mentioned mechanisms are characterized by the occurrence of side
reactions that lead to the formation of nitric oxide (NO), nitrous oxide (N2 O) and/or nitrogen dioxide
(NO2 ). The desired product of the NH3 -SCO reaction is dinitrogen, and selectivity, thus, represents an
important catalyst characteristic. Selectivity to N2 depends on the catalyst type, its phase and chemical
composition, as well as physicochemical properties like specific surface area or reducibility.
Copper-based materials were found to be effective catalysts of the NH3 -SCO reaction with high
selectivity to dinitrogen. Jabłońska et al. [10] summarized the relationship between the catalysts’
composition and their efficiency. Cu-Mg-Al-O hydrotalcite derived mixed metal oxides represent
a group of highly efficient materials of NH3 -SCO. This group is characterized by homogenously
dispersed active centers, thermal stability and a relatively high surface area. Copper loading at about
5–8 wt % allows reaching 100% ammonia conversion at temperatures below 500 ◦ C with N2 selectivity
of about 86–90%. An increase of the copper loading allows shifting the conversion temperature to lower
range (even 100–150 ◦ C lower), however, the selectivity to dinitrogen drops significantly. Literature
results show that the presence of highly dispersed and easily reducible CuO species could increase the
selectivity to N2 [18]. A similar effect has been reported for Ce-Cu-oxides [17,19,20]. In the case of
cerium doped oxides, an increase of catalytic activity was related to the activation of lattice oxygen,
which is a result of Cu-Ce redox couple occurrence at the surface.
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The presented study is focused on the characterization of Cu-Mg-Fe-Ce based materials and
their efficiency as catalysts of selective catalytic oxidation of ammonia. These catalysts have been
obtained by calcination of hydrotalcite-like materials at 800 ◦ C. The relatively high temperature
of calcination causes the formation of spinel structures next to simple oxide systems. Previously
reported Cu-based materials active as catalysts of NH3 -SCO process were characterized by simple CuO
structure deposited at the precursor surface (e.g., CuO/Al2 O3 ), and calcined at lower temperatures,
approximately 500–600 ◦ C [21]. Materials obtained at higher temperatures have been reported as
inactive or were characterized by sufficient conversion only at high temperatures. As mentioned
previously, the Cu amount above 10 wt % results in increasing of the NH3 removal efficiency and
decreasing of selectivity to dinitrogen with a simultaneous increase of selectivity to NO. Our aim was
to obtain catalysts active at low-temperature range (up to 350 ◦ C). Chemical composition of the samples
was selected to determine the effect of Cu, Fe and Ce loading on NH3 -SCO, while high calcination
temperature was chosen to study the influence of spinel phase formation on catalytic activity and
selectivity to dinitrogen. According to the literature [18,22–25], iron and cerium-based materials show
high efficiency in low-temperature catalytic reduction of NO to N2 . Therefore, the addition of Fe and Ce
should result in increasing the N2 selectivity in NH3 -SCO processes occurring over Cu-reach catalysts.
Our research shows that the proposed oxide systems are active as catalysts of selective catalytic
oxidation of ammonia; however, neither Ce modified, or unmodified catalysts reached 100% of
ammonia conversion. The highest removal efficiency (about 70%) was observed for samples with the
optimal copper amount, while overloading with copper resulted in a significant decrease in removal
efficiency (below 20%).
2. Results and Discussion
The experimental results of the characterization of two series of Cu-Mg-Fe-O mixed metal oxides
obtained by calcination of hydrotalcite-like materials are described. The prepared mixed metal oxides
were tested as catalysts of low-temperature selective catalytic oxidation of ammonia to dinitrogen.
The results of ammonia removal efficiency and N2 selectivity for two oxide series, 800-Cu-Mg-Fe-O
and 800-Cu-Mg-Fe-O-Ce, are presented and discussed.
2.1. Characterisation of Hydrotalcite-Like Materials
Chemical composition of the obtained hydrotalcite-like materials was determined by X-ray
fluorescence spectroscopy (Table 1). The intended and actual Cu:Fe molar ratios were calculated.
The actual values of Cu:Fe ratio are close to those used for precipitation.
Table 1. Physico-chemical properties of Cu-Mg-Fe hydrotalcite precursors.
Sample
HT-Mg-Fe
HT-Cu5-Mg-Fe
HT-Cu7-Mg-Fe
HT-Cu10-Mg-Fe
HT-Cu12-Mg-Fe
HT-Cu15-Mg-Fe

Cu/Mg/Fe Intended
Chemical Composition, % *

Intended Molar
Cu:Fe Ratio, -

0/67/33
5/62/33
7/60/33
10/57/33
12/55/33
15/52/33

0.15
0.21
0.30
0.36
0.45

XRF Chemical Composition, wt %
Cu

Mg

Fe

0
3.1
4.7
5.9
7.3
8.0

14.6
10.3
11
8.6
8.6
7.3

23.4
18.7
20.2
18.8
18.6
16.6

Actual Molar
Cu:Fe Ratio, 0.16
0.23
0.32
0.39
0.48

Cell Parameters, nm
a

c

0.311
0.311
0.311
0.305
0.311
0.312

2.361
2.358
2.354
2.298
2.343
2.343

*% mol. of total metals amount.

Phase composition analysis and infrared spectroscopy measurements of as-synthesized
hydrotalcite-like materials (Figure S1, Supplementary) exhibit hydrotalcite structure (hexagonal lattice
with rhombohedral R3m space group symmetry) [26–28]. Characteristic XRD patterns (Figure S1a,
Supplementary) ascribed to network plane (003), (006), (012), (015), (018), (110) and (113) were observed
at positions—13, 27, 39, 25, 54, 70 and 71 ◦ 2θ, respectively. Calculated cell parameters (a and c) are
typical for pyroaurite [29].
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The results of infrared spectroscopy measurements (Figure S1b, Supplementary) prove the
occurrence of species characteristic for hydrotalcite-like materials: Interlayer carbonate anions,
structural water or M-OH bond where M is the corresponding metal group [30–32].
2.2. Properties of the Mixed Metal Oxides
The codes and intended chemical composition of the calcined samples are given in Table 2.
Table 2. Codes of calcined samples and intended (int.) chemical composition.
Series 800-Cu-Mg-Fe-O
Sample Code

Series 800-Cu-Mg-Fe-O-Ce

Int. Chemical Composition, mol % *

800-Mg-Fe
800-Cu5-Mg-Fe
800-Cu7-Mg-Fe
800-Cu10-Mg-Fe
800-Cu12-Mg-Fe
800-Cu15-Mg-Fe

Cu

Mg

Fe

0
5
7
10
12
15

67
62
60
57
55
52

33
33
33
33
33
33

Int. Chemical Composition, mol % *

Sample Code
800-Mg-Fe-Ce
800-Cu5-Mg-Fe-Ce
800-Cu7-Mg-Fe-Ce
800-Cu10-Mg-Fe-Ce
800-Cu12-Mg-Fe-Ce
800-Cu15-Mg-Fe-Ce

Cu

Mg

Fe

Ce

0
4.9
6.8
9.7
11.7
14.6

65.3
60.5
58.5
55.7
53.6
50.7

32.2
32.2
32.2
32.2
32.2
32.2

2.5
2.5
2.5
2.5
2.5
2.5

*% mol. of total metals amount.

2.2.1. Chemical Composition
The results of chemical analysis of 800-Cu-Mg-Fe-O and 800-Cu-Mg-Fe-O-Ce catalysts are
summarized in Tables 3 and 4, respectively. The comparison of calculated and intended Cu:Fe molar
ratios shows that the intended chemical composition is in accordance with the measured results.
Table 3. Chemical composition of the 800-Cu-Mg-Fe-O catalysts.
Wt. %

Sample
800-Mg-Fe
800-Cu5-Mg-Fe
800-Cu7-Mg-Fe
800-Cu10-Mg-Fe
800-Cu12-Mg-Fe
800-Cu15-Mg-Fe

Cu

Mg

Fe

5.2
7.4
10.0
12.0
13.6

21.0
17.0
12.3
14.5
10.6
9.9

33.8
31.8
28.9
30.8
28.5
25.6

Cu:Fe
Molar Ratio
Calc. *

Cu:Fe
Molar Ratio
Int. **

0.14
0.22
0.29
0.37
0.46

0.15
0.21
0.30
0.36
0.45

* calculated molar ratio ** intended molar ratio.

Table 4. Chemical composition of the 800-Cu-Mg-Fe-O-Ce.
Wt %

Sample
800-Mg-Fe-Ce
800-Cu5-Mg-Fe-Ce
800-Cu7-Mg-Fe-Ce
800-Cu10-Mg-Fe-Ce
800-Cu12-Mg-Fe-Ce
800-Cu15-Mg-Fe-Ce

Cu:Fe Molar Ratio

Cu:Ce Molar Ratio

Cu

Mg

Fe

Ce

Int. **

Calc. *

Int. **

Calc. *

4.6
6.7
9.3
10.9
11.9

20.6
13.4
14.7
10.9
12.4
10.2

31.0
28.3
29.6
28.6
28.7
24.8

4.2
4.3
4.4
4.8
4.0
4.0

0.15
0.21
0.30
0.36
0.45

0.14
0.19
0.28
0.33
0.42

2.0
2.8
4.0
4.8
6.0

2.35
3.35
4.27
6.0
6.6

* calculated molar ratio ** intended molar ratio.

2.2.2. Phase Composition and Morphology
Powder XRD patterns of the calcined samples are presented in Figure 1. The obtained mixed
metal oxides exhibited various oxide structures that depended on the copper amount. Characteristic
diffraction lines occurring at approximately 21, 35, 41, 43, 50, 63, 67, 74, 78, 85 and 88 ◦ 2θ were ascribed to
spinel-like phases labelled as: (Cu,Mg)Fe2 O3 (ICDD PDF-2 card No 01-076-9731). As expected [14,18,33],
high temperature of calcination (800 ◦ C) favors the formation of complex oxide structures; therefore,
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Diffuse reflectance spectroscopy (UV-vis-DRS) and further analysis of optical characteristics with
the use of Tauc’s plot gives estimates for direct optical band gaps (Eg d ) of spinel-like MgFe2 O4
structures (Table 5). Stoichiometric MgFe2 O4 is characterized by a direct band gap at about
Eg d = 2.0–2.7 eV, while CuFe2 O4 species are characterized by a smaller direct band gap at about
Eg d = 1.9–2.0 eV [39–42]. The values estimated for samples 800-Cu5-Mg-Fe, 800-Cu5-Mg-Fe-Ce,
800-Cu7-Mg-Fe and 800-Cu7-Mg-Fe-Ce are close to 2.4–2.47 eV, which corresponds to the reference
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samples 800-Mg-Fe and 800-Mg-Fe-Ce. With the increasing amount of copper, the estimated values of
Eg d decrease to about 2.10–2.20 eV. The obtained results allow us to conclude that in the case of samples
with a higher copper amount, part of the magnesium in MgFe2 O4 is substituted by Cu, which results in
the formation of non-stoichiometric Cux Mg1-x Fe2 O4 spinels with high Cu amount. It was not possible
to distinguish these spinel forms by XRD, because the characteristic diffraction lines of both structures
could be found at similar positions. Band gap estimation shows that the addition of Ce does not
influence the direct band gap of the obtained catalysts.
Table 5. Direct band gap energy (eV), crystallite sizes (nm) and XRD intensity ratios for Cu-Mg-Fe-O
and Cu-Mg-Fe-O-Ce mixed metal oxides.
Direct Band Gap
Energy, eV

I(440)/I(222) *

800-Mg-Mg-Fe
800-Cu5-Mg-Fe
800-Cu7-Mg-Fe
800-Cu10-Mg-Fe
800-Cu12-Mg-Fe
800-Cu15-Mg-Fe

2.46
2.44
2.44
2.10
2.09
2.15

800-Mg-Fe-Ce
800-Cu5-Mg-Fe-Ce
800-Cu7-Mg-Fe-Ce
800-Cu10-Mg-Fe-Ce
800-Cu12-Mg-Fe-Ce
800-Cu15-Mg-Fe–Ce

2.47
2.46
2.46
2.20
2.12
2.21

Sample

Crystallite Size **, nm
CuO

MgO

MgFe2 O4

CeO2

1.13
1.27
1.54
1.72
0.93

21
34
35

16
36
41
38
40
41

19
28
31
37
30
37

-

1.22
1.36
1.58
1.85
0.98

25
30
35

22
28
24
43
40
34

23
26
26
33
28
26

13
20
24
21
16
21

* Intensity ratio of (440)/(220) diffractions ascribed to Spinel (74 ◦ 2θ)/Periclase (73 ◦ 2θ) phase. ** Determined
from XRD.

In the case of samples modified by Ce (800-Cu-Mg-Fe-O-Ce), the XRD patterns exhibit additional
characteristic diffraction lines at positions 33, 38, 45, 55, 66, 70 and 82 ◦ 2θ related to CeO2 phase (ICDD
PDF-2 card No 01-080-5548). The lines characteristic for individual oxide species are at the same
positions irrespective of the copper amount or Ce intercalation, which means that all samples are
characterized by a similar cell parameter of individual phases a = 0.84 nm for MgFe2 O4 , a = 0.42 nm for
MgO, a = 0.47 nm, b = 0.34 nm, c = 0.51 nm for CuO and a = 0.51 nm for CeO2 oxide. The calculated
values correspond well with literature data [29]. The changes in the amount of spinel and periclase
phases, due to Cu substitution can be observed from the intensity ratios of individual diffractions
of both phases (Table 5). With increasing copper ratio up to 12 mol. %, the spinel amount was
increasing in relation to periclase. The opposite trend occurred for further copper amount increase—the
spinel/periclase intensity ratio for Cu15-Mg-Fe and Cu15-Mg-Fe-Ce samples was the lowest of all
samples. The observed trend confirmed a continuous diminution of periclase phase with increasing
copper content.
The crystallite size of each phase was calculated on the basis of characteristic diffraction lines with
the use of Debye-Scherrer equation and are summarized in Table 5. The crystallite size of CuO particles
(calculated on the basis of line 45 and 57 ◦ 2θ) is about 20–35 nm for both series of catalysts. The smallest
CuO particles, 21 and 25 nm, were determined for samples 800-Cu10-Mg-Fe and 800-Cu10-Mg-Fe-Ce,
respectively. In samples with lower copper loading, the CuO phase was not detected. The crystallite
size of CuO increased to 35 nm with the increase of copper loading. The crystallite size of MgO
phase (calculated on the basis of line 50, 73 and 43 ◦ 2θ) is about 36–41 nm for 800-Cu-Mg-Fe-O
samples and 24-43 nm for 800-Cu-Mg-Fe-O-Ce. In the case of materials impregnated by Ce, catalysts
800-Cu5-Mg-Fe-Ce and 800-Cu7-Mg-Fe-Ce were characterized by the smallest crystallite size of 28
and 24 nm, respectively. For both series, reference samples (without Cu) were characterized by the
lowest values of 16 nm and 22 nm for 800-Mg-Fe and 800-Mg-Fe-Ce, respectively. The crystallite size
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of spinel-like phase (calculated on the basis of line 41, 35, 74 and 67 ◦ 2θ) was similar for both series of
materials—28–37 nm for 800-Cu-Fe-Mg-O and 26–33 nm for 800-Cu-Fe-Mg-O-Ce. Similar to MgO,
also in the case of the spinel phase, reference samples were characterized by the lowest values—19
nm and 23 nm for 800-Mg-Fe and 800-Mg-Fe-Ce, respectively. Crystallite size of CeO2 (calculated
on the basis of line 33, 55 and 66 ◦ 2θ) was ranging from 13-24 nm; the lowest value was found out
for the reference sample without Cu. Based on the presented results, it could be assumed that Ce
addition does not influence the crystallite size of individual phases. However, as expected, copper
amount affects the formation of CuO species and influences the spinel crystallite size, probably by
incorporation of Cu into the MgFe2 O4 phase.
Textural properties were studied by N2 low-temperature sorption measurements (Table 6).
All samples are characterized by a small surface area ranging from 6 to 32 m2 g−1 (BET model) for
800-Cu-Mg-Fe-O and from 6 to 27 m2 g−1 for 800-Cu-Mg-Fe-O-Ce with a low amount of micropores.
The increasing amount of copper in the samples causes a decrease in surface area with a substantial step
increase for 800-Cu15-Mg-Fe and 800-Cu15-Mg-Fe-Ce samples. The observed trend can be explained
as follows: The reference sample contains a high amount of periclase, with SBET surface area of
27–60 m2 /g [43], and a spinel phase with low crystallinity. The addition of copper causes a decrease in
MgO amount, as well as an increase of spinel phase crystallinity. Both factors resulted in the surface area
decrease. The step increase of the surface area of 800-Cu15-Mg-Fe and 800-Cu15-Mg-Fe-Ce is related to
the presence of the higher amount of CuO phase having SBET surface area of about 20–50 m2 /g [25,44].
Table 6. N2 physisorption results of 800-Cu-Mg-Fe-O and 800-Cu-Mg-Fe-O-Ce mixed oxides.
Sample

BET Surface Area,
m2 g−1

t-Plot Micropore Area,
m2 g−1

t-Plot External Surface Area,
m2 g−1

800-Mg-Fe
800-Cu5-Mg-Fe
800-Cu7-Mg-Fe
800-Cu10-Mg-Fe
800-Cu12-Mg-Fe
800-Cu15-Mg-Fe
800-Mg-Fe-Ce
800-Cu5-Mg-Fe-Ce
800-Cu7-Mg-Fe-Ce
800-Cu10-Mg-Fe-Ce
800-Cu12-Mg-Fe-Ce
800-Cu15-Mg-Fe-Ce

32.4
14.1
8.9
6.3
6.2
18.6
26.8
17.5
7.6
5.8
6.4
15.3

4.0
1.3
1.6
0.5
0.5
1.4
4.4
0.1
1.0
0.5
1.2
2.4

28.4
12.8
7.3
5.8
5.7
18.5
22.4
17.4
6.6
5.4
5.2
12.8

The morphology of chosen calcined samples was examined by scanning electron microscopy
(SEM). Micrographs of 800-Cu5-Mg-Fe, 800-Cu10-Mg-Fe and 800-Cu15-Mg-Fe are shown in Figure 2,
while micrographs of 800-Cu5-Mg-Fe-Ce, 800-Cu10-Mg-Fe and 800-Cu15-Mg-Fe are shown in Figure 3.
The presented images allow observing the specific morphology of catalysts and compare them with
the previously discussed results. In general, the morphology of the examined samples is similar to
each other, which is connected with comparable crystallite sizes of individual phases and specific
surface area. In general, the presented SEM images show shapes typical for magnesioferitte (MgFe2 O4 )
spinel-type structures [40]. In detail, it is possible to observe spherical particles that could be assigned
to MgO, CeO2 and CuO nanoparticles [45,46].
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Figure
Figure 2.
2. SEM
SEM micrographs
micrographs of
of (a),
(a), (b)
(b)800-Cu5-Mg-Fe
800-Cu5-Mg-Fe (BSE
(BSE mode),
mode), (c),
(c), (d)
(d)800-Cu10-Mg-Fe
800-Cu10-Mg-Fe (SE
(SE mode),
mode),
(e),
(f)
800-Cu15-Mg-Fe
(SE
mode).
(e), (f) 800-Cu15-Mg-Fe (SE mode).

Figure 3. SEM micrographs of (a), (b) 800-Cu5-Mg-Fe-Ce (SE mode), (c), (d) 800-Cu10-Mg-Fe-Ce (SE
mode), (e), (f) 800-Cu15-Mg-Fe-Ce (SE mode).
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2e,f) and
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800-Cu15-Mg-Fe-Ce
3e,f)
represent a which
morphology
which is
for CuFe
2 OA
4
Mg-Fe-Ce
(Figure 3e,f)(Figure
represent
a morphology
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forcharacteristic
CuFe2O4 nanorodes
[47].
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[47].
A
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of
the
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with
band
gap
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and
XRD
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in the
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with a higher
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theory
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samples
with
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Cu cations
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2O4
enriched MgFe
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Estimated
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x Mg1-x Fe
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that
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µm) than
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800-Cu15-Mg-Fe-Ce
(about 0.36 µm).
(about
0.36 μm).
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2.2.3. Reducibility and Redox Properties
The reducibility of 800-Cu-Mg-Fe-O
800-Cu-Mg-Fe-O and 800-Cu-Mg-Fe-O-Ce catalysts was determined by
temperature-programmed reduction (H22-TPR).
-TPR). The
The results
results of the measurements are presented in
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Figure
5 and
Table
7. The
low-temperature
reduction
peaks
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Figure 4;
4;Figure
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(b)

Figure 4.
-TPR profiles
profiles of obtained catalysts (a) Cu-Mg-Fe-O and (b) Cu-Mg-Fe-O-Ce.
4. H22-TPR

The splitting of the low-temperature range peak registered for 800-Cu5-Mg-Fe-Ce could be
related to two-step reduction of Cu: (i) CuO→Cu2O and (ii) Cu2O→Cu [25]. Additional peaks
assigned to copper reduction were found at a temperature about 580 °C, and represented the
reduction of Cu2+ cations located in CuxMg1-xFe2O4 oxides (Cu2+→Cu) [49]. The reduction of Fe ranged
from 400-900 °C with maxima at about 500, 700 and 780 °C. In the case of all catalysts, iron reduction
occurs in a multi-step way. The maximum at the lowest temperature (about 500 °C) could be ascribed
to the reduction of Fe2O3 small particles to FeO (Fe2O3→FeO) and/or Fe2O3 to Fe3O4. For the catalysts

temperatures in comparison to reference samples (800-Mg-Fe and 800-Mg-Fe-Ce). It could be
assumed that the formed Cu2+-O-Fe3+ species in the CuxMg1-xFe2O4 oxide are easier to reduce than
Fe3+-O-Fe3+ species in a pure MgFe2O4 structure [49]. A similar effect has been reported for other CuCe based catalysts [18,25,50]; however, this effect was not observed for the presented catalysts. CeO2
Catalysts
2020,is10,
153
10 ofFe
22
reduction
expected
to proceed at around 800 °C and cannot be differentiated from the complex
oxides reduction profile.
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(b)

Figure 5.
5. Results
Results of
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-TPR measurements
measurements(a)
(a)Cu
Cureduced
reducedininfirst
firstTPR
TPR
region,
peak
intensity
Figure
region,
(b)(b)
CuCu
peak
intensity
in
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second
TPR
region.
the
second
TPR
region.
Table
Table7.
7. TPR-H
TPR-H22 results.
results.
H2 Consumption HH
Reducedatat50–
2 Consumption
2 Consumption
CuCu
Reduced
H2 Consumption
(50–250 ◦ C),
(50–900 ◦ C),
50–250 ◦ C Region,
(50–250 °C),
(50–900 °C),
250 °C Region,
Sample
mmol/g
mmol/g
%*
mmol/g
mmol/g
%*
800-Mg-Fe
0
7.7
800-Mg-Fe
0 0.3
7.7
800-Cu5-Mg-Fe
8.6
46
800-Cu5-Mg-Fe
0.3
8.6
46
800-Cu7-Mg-Fe
0.5
9.0
54
800-Cu10-Mg-Fe
8.7
56
800-Cu7-Mg-Fe
0.50.7
9.0
54
800-Cu12-Mg-Fe
0.9
9.1
60
800-Cu10-Mg-Fe
0.7
8.7
56
800-Cu15-Mg-Fe
8.8
57
800-Cu12-Mg-Fe
0.90.9
9.1
60
800-Mg-Fe-Ce
0
8.2
800-Cu15-Mg-Fe
0.90.3
8.8
57
800-Cu5-Mg-Fe-Ce
8.5
45
800-Mg-Fe-Ce
0 0.5
8.2
800-Cu7-Mg-Fe-Ce
9.5
57
800-Cu10-Mg-Fe-Ce
10.1
62
800-Cu5-Mg-Fe-Ce
0.30.7
8.5
45
800-Cu12-Mg-Fe-Ce
0.8
9.9
61
800-Cu7-Mg-Fe-Ce
0.5
9.5
57
800-Cu15-Mg-Fe-Ce
9.3
63
800-Cu10-Mg-Fe-Ce
0.70.9
10.1
62
* calculated on the basis of XRF results
Cu is present only in Cu2+ 61
form.
800-Cu12-Mg-Fe-Ce
0.8 and assumption that9.9
800-Cu15-Mg-Fe-Ce
0.9
9.3
63
The *splitting
of on
thethe
low-temperature
range
registered
be related
2+ form.
calculated
basis of XRF results
andpeak
assumption
thatfor
Cu800-Cu5-Mg-Fe-Ce
is present only in Cucould
to two-step reduction of Cu: (i) CuO→Cu2 O and (ii) Cu2 O→Cu [25]. Additional peaks assigned
to copper reduction were found at a temperature about 580 ◦ C, and represented the reduction of
Cu2+ cations located in Cux Mg1-x Fe2 O4 oxides (Cu2+ →Cu) [49]. The reduction of Fe ranged from
400–900 ◦ C with maxima at about 500, 700 and 780 ◦ C. In the case of all catalysts, iron reduction occurs
in a multi-step way. The maximum at the lowest temperature (about 500 ◦ C) could be ascribed to
the reduction of Fe2 O3 small particles to FeO (Fe2 O3 →FeO) and/or Fe2 O3 to Fe3 O4 . For the catalysts
containing copper, the reduction maximum at about 500 ◦ C shifts to higher temperatures with the
increase of copper loading, which is related to the Cu location in the spinel-type structure, and therefore,
more difficult reduction of Fe [50,51]. The shift of this maximum was observed for both series of
catalysts. Reduction maxima observed at higher temperatures are related to the reduction of Fe2 O3 to
Fe (about 700 ◦ C) and FeO to Fe (about 780 ◦ C) [50,51]. The maximum at higher temperature could
be observed in profiles registered for 800-Cu15-Mg-Fe, 800-Cu15-Mg-Fe-Ce and reference materials.
Both maxima assigned to Fe2 O3 and FeO are related to iron located in the spinel-like structure.
Further analysis of the presented H2 -TPR curves allows observing that the maxima at
approximately 500 ◦ C for catalysts containing lower amounts of copper are shifted to lower temperatures
in comparison to reference samples (800-Mg-Fe and 800-Mg-Fe-Ce). It could be assumed that the formed
Sample

Catalysts 2020, 10, 153

11 of 22

Cu2+ -O-Fe3+ species in the Cux Mg1-x Fe2 O4 oxide are easier to reduce than Fe3+ -O-Fe3+ species in a pure
MgFe2 O4 structure [49]. A similar effect has been reported for other Cu-Ce based catalysts [18,25,50];
however, this effect was not observed for the presented catalysts. CeO2 reduction is expected to
proceed at around 800 ◦ C and cannot be differentiated from the complex Fe oxides reduction profile.
From the H2 consumption results, it is visible that copper addition caused an increase of hydrogen
consumption as expected, but with the increasing amount of copper, no substantial increase of total H2
consumption took place. Since copper oxide is reducible in the studied temperature range and there
was no coper in Cu0 form visible in XRD results, it means that copper incorporation into the catalyst
was accompanied by decompensating changes of oxidation states of iron. However, there was a clear
trend regarding the reduction of individual copper phases: With increasing copper amount in samples
up to 10 mol %, the amount of copper reducible in the low temperature region increased, as well
as the amount of copper reducible in the higher temperature region (Figure 5, Table 7). However,
when a higher amount of copper was present, a significant rearrangement of phases took place, and
the reduction profiles changed significantly, which is in accordance with the results of XRD, as well as
the N2 physisorption measurements, cyclic voltammetry and UV-vis.
The redox properties of prepared catalysts were studied by cyclic voltammetry (CV). Cyclic curves
of chosen catalysts (800-Cu5-Mg-Fe, 800-Cu5-Mg-Fe-Ce, 800-Cu12-Mg-Fe and 800-Cu12-Mg-Fe-Ce)
are presented in Figure 6. CV curves for the rest of the samples can be found in Supplementary,
Figures S2 and S3. The presented voltammograms (Figure 6) allow observing the quasi-reversible
nature of red-ox processes that occur on individual materials. The registered signals are related to
copper redox cycles: The upper curve maxima are related to Cu0 →Cu2+ oxidation process (OX),
while the bottom curve maxima are related to Cu2+ →Cu0 reduction (RED). Redox cycles characteristic
for Fe0 →Fe3+ →Fe0 are expected at a higher potential range [52–54]; however, due to limitations of
prepared graphite paste and its unstable nature at higher potentials, these redox cycles were not
registered. The additional signal observed at the upper curve for 800-Cu5-Mg-Fe-Ce sample is related
to the formation of another Cu form that is easier to oxidize than Cu2+ cations. On the basis of
previously presented H2 -TPR results, this signal could be ascribed to Cu+ →Cu2+ ; however, because the
intensity of this maximum decrease with the increasing number of red-ox cycles and the corresponding
reduction wave is not observed at bottom curve, this process is irreversible, and the Cu+ forms are
not re-formed after oxidation to Cu2+ . The intensity of the main OX and RED signals registered for
800-Cu5-Mg-Fe and 800-Cu5-Mg-Fe-Ce samples change during each red-ox cycle. At the beginning of
the measurements, the intensity of OX signal and IOX /IRED ratio increased, which means that more
Cu2+ are formed in relation to Cu0 . With the increasing number of the cycles, the intensity of OX
signal (currant, mA) and IOX /IRED ratio decreased and become closer to 1, which means that red-ox
processes become more reversible. For the samples with higher Cu amount 800-Cu12-Mg-Fe and
800-Cu12-Mg-Fe-Ce, the IOX /IRED ratio is much higher in relation to samples with lower Cu amount.
It could be seen that with each red-ox cycle, the amount of Cu2+ cations increased in relation to the
Cu0 cations amount.
For samples with a lower copper amount, the oxidation maximum of the first red-ox cycle
was found at about 70 mV. Increasing the number of cycles caused a shift of potential to higher
values—96 mV for 800-Cu5-Mg-Fe and 88 mV for 800-Cu5-Mg-Fe-Ce, which is related to more difficult
oxidation of samples in comparison with the first cycle. However, it should be noted that the last cycle
(20th cycle) for both samples is characterized by a maximum at about 80 mV, which means that with
each cycle, the samples became easier to oxidize. A similar potential shift from −137 mV to −95 mV
for 800-Cu5-Mg-Fe and from −130 mV to −90 mV for 800-Cu5-Mg-Fe-Ce is observed for reduction
potential (lower curves). On the basis of these observations, it could be assumed that with an increasing
number of red-ox cycles, the samples became easier to reduce.
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Figure 6. CV multi-cyclic curves registered for catalysts (a) 800-Cu5-Mg-Fe, (b) 800-Cu12-Mg-Fe,
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efficiency, about 70%, at 350 °C was observed for samples with 12 mol % of copper loading. For the

Catalysts 2020, 10, 153

13 of 22

2.3. Catalytic Studies
The NH3 removal and selectivity to N2 over 800-Cu5-Mg-Fe, 800-Cu12-Mg-Fe, 800-Cu5-Mg-Fe-Ce
and 800-Cu12-Mg-Fe-Ce samples as a function of time for isothermal long term (180 min) states
at temperatures 200, 250, 300 and 350 ◦ C are shown in Figure 7. The chosen samples represent
general trends characteristic for both series of materials. On the basis of presented results, it can be
seen that the 800-Cu5-Mg-Fe and 800-Cu12-Mg-Fe catalysts are inactive below 300 ◦ C (Figure 7a),
while the 800-Cu5-Mg-Fe-Ce and 800-Cu12-Mg-Fe-Ce catalysts are inactive below 250 ◦ C (Figure 7b).
At higher temperatures, both series of materials become active as catalysts of the NH3 -SCO
process. Further increase in temperature causes a significant increase of catalytic efficiency; however,
neither
catalysts modified by Ce nor catalysts unmodified by Ce reach total ammonia conversion.
Catalysts 2020, 10, 153
13 of 22
The best removal efficiency, about 70%, at 350 ◦ C was observed for samples with 12 mol % of copper
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loading.
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seen that in the case of Ce-doped samples (apart of 800-Cu15-Mg-Fe-Ce), over 70% of oxidation products
is nitrogen. The comparison of samples with lower copper amount shows that the non-modified
800-Cu5-Mg-Fe and 800-Cu7-Mg-Fe catalysts are characterized by higher NH3 removal efficiency
(above 55%); however, the selectivity to dinitrogen over these catalysts is about 10% lower in relation
to 800-Cu5-Mg-Fe-Ce and 800-Cu7-Mg-Fe-Ce. Lower N2 selectivity results in a higher level of NO and
NO2 concentration. Only an insignificant amount of N2 O was observed over all catalysts.
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Heterogeneous nature of all catalysts was confirmed, and for that reason, solely heterogeneous
structure of catalysts should not be connected with steep change and the poor activity of 800-Cu15Mg-Fe and 800-Cu15-Mg-Fe-Ce samples. However, the degree of heterogeneity, crystallinity and
dispersion of individual phases showed obvious trends and progress with increasing Cu amount in
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that such behavior could be explained by specific phase composition and structure morphology of the
obtained catalysts.
Characterization of calcined samples showed the formation of distinguishable non-stoichiometric
Cux Mg1-x Fe2 O4 with increasing copper loading accompanied by a continual increase of pure copper
oxide phase only up to 12 wt. % copper level. The mixed metal oxides (especially obtained by calcination
at high temperatures) are expected to present heterogeneous structure. Heterogeneous nature of all
catalysts was confirmed, and for that reason, solely heterogeneous structure of catalysts should not
be connected with steep change and the poor activity of 800-Cu15-Mg-Fe and 800-Cu15-Mg-Fe-Ce
samples. However, the degree of heterogeneity, crystallinity and dispersion of individual phases
showed obvious trends and progress with increasing Cu amount in the samples and indicates the
presence of different structure for 800-Cu15-Mg-Fe and 800-Cu15-Mg-Fe-Ce samples. Despite the
fact that all characterization techniques showed steep changes in catalyst properties when reaching
the critical value of copper amount (i) the SEM observations (Figures 2 and 3) there are visible Cu
rich species which are not observable in samples with lower Cu amount, (ii) the H2 -TPR-H2 results
(Figures 4 and 5 and Table 7) point out rearrangement of the phases from the point of view of
oxidation states, as well as crystallinity and dispersion; (iii) the same conclusion can be visible from N2
physisorption (Table 6), cyclic voltammetry (Figure 6) and XRD measurements (Figure 1, Table 5)).
None of these explicitly expressed properties was found out to be directly responsible for the activity,
and no straightforward linkage to the specific phase type was observed.
Data presented in Table 7 and Figure 5 guided us to connect the catalytic activity with the formation
of CuO species. The pct. of total Cu amount reduced at a low-temperature range was higher for samples
with high Cu amount which means that for samples enriched by copper, a formation of CuO simple
oxide is favored instead of Cu incorporation in spinel network. However, when comparing activity and
H2 -TPR results, the 800-Cu15-Mg-Fe and 800-Cu15-Mg-Fe-Ce samples have similar low-temperature
reduction degree to the 800-Cu12-Mg-Fe and 800-Cu12-Mg-Fe-Ce ones (0.9), which cannot explain
almost zero activity of the Cu15 samples. It is well-known from the literature that in the case of
NH3 -SCO catalysts, the highly dispersed and easily reducible CuO species are more active and efficient
than bulk-like. This activation effect is related to the formation of [Cu-O-Cu]2+ species [9]. For that
reason, based on literature results and implicitly deduced from our results, we suppose that only CuO
in highly dispersed form is mainly responsible for the activity and the activity is, thus, connected to
decrease in the dispersion and formation of bulk-like CuO species probably resulting in the decrease in
copper oxide specific surface area. Unfortunately, we were not able to distinguish what part of CuO
in our samples is in “highly dispersed form”. On the basis of multi-cyclic curves (Supplementary,
Figures S2 and Figure S3) it could be assumed that in the case of samples 800-Cu15-Mg-Fe and
800-Cu15-Mg-Fe-Ce, accessibility of Cu2+ surface cations are difficult compared to other samples,
what could be related to the formation of bulk-like species.
Cu-Mg-Fe mixed metal oxides systems obtained by calcination of hydrotalcite-like materials and
their catalytic efficiency as catalysts of NH3 -SCO process were studied previously in the literature.
Chmielarz et al. [15] presented the catalytic efficiency of Cu-Mg-Fe mixed metal oxides calcined at
600 ◦ C. They have reported that such catalysts are characterized by a conversion of about 80% with
N2 selectivity of approximately 90–95% (at 350 ◦ C), while total conversions of NH3 were observed
at a higher temperature range 400–450 ◦ C. In comparison to materials presented by us, hydrotalcite
calcination temperature lower than 800 ◦ C seems to be more optimal for the NH3 -SCO process.
The effect of calcination temperature on the catalytic efficiency of Cu-Mg-Fe mixed metal oxides was
studied by Jabłońska et al. [57]. It was shown that materials calcined at 900 ◦ C are characterized
by lower catalytic efficiency (NH3 conversion of about 60% and selectivity to N2 of about 95% at
350 ◦ C) than materials obtained by calcination at 600 ◦ C (NH3 conversion and N2 selectivity of about
95% at 350 ◦ C). However, it should also be mentioned that materials obtained at lower temperatures
in relation to materials calcined at higher temperatures are more susceptible to structural changes
related to memory effect, due to lower crystallinity. Therefore, the addition of water vapour into the
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flow of reactants could easily change the structure of these kinds of materials during the long-term
exposition. This could result in a decrease in catalytic efficiency. Jabłońska et al. [57] also studied the
thermal decomposition of Cu-Mg-Fe hydrotalcite-like materials. It was shown that with increasing
calcination temperature, the crystallinity of catalysts increased and the phase composition of the
obtained materials became more diverse. The CuFe2 O4 spinel structures characterized by different
surface area 12 m2 /g (SG-CuFe) and 194 m2 /g (MP-CuFe) were studied as catalysts of selective catalytic
oxidation of ammonia to dinitrogen by Yue et al. [58]. Material with higher surface area presents
very high catalytic activity at 350 ◦ C with the NH3 conversion level and N2 selectivity at about 98%,
while SG-CuFe catalyst at the same temperature (GHSV = 1250 mL min−1 g−1 ) represents lower NH3
conversion (40%) and N2 selectivity (96%). It seems that the activity of these samples is related mainly
to the surface area. Our most active mixed metal oxides 800-Cu12-Mg-Fe and 800-Cu12-Mg-Fe-Ce are
characterized by small surface area below 6.5 m2 /g (Table 6). At the same time, the ammonia removal
efficiency is almost two-times higher (70–73%; GHSV = 500 mL min−1 g−1 ) than SG-CuFe presented by
Yue et al. [58].
According to the mechanisms of ammonia oxidation described in the literature the most probable
mechanisms for Cu-Mg-Fe mixed metal oxides is the internal selective ammonia oxidation (i-SCR) that
include oxidation of part of NH3 to NO and further NO reduction by NH3 to N2 [13,16,17]. Because of
that, possible improvement of Cu-Mg-Fe catalysts activity could be reached by the modification of
their surface by other metals (e.g., noble metals, [16–19,59]) that are responsible for selective oxidation
of ammonia to NO [60] and ensuring the accessibility of active species by structural promoters, e.g.,
aluminum [14,21,57,61].
3. Conclusions
The aim of the presented work was to study the efficiency of Cu-Mg-Fe-O and Cu-Mg-Fe-O-Ce
mixed metal oxides obtained by calcination of hydrotalcite-like materials at 800 ◦ C as catalysts
for selective catalytic oxidation of ammonia to dinitrogen. The thermal transformation process of
hydrotalcite-like materials into metal oxides resulted in obtaining a mixture of oxides characterized by
simple and complex oxide structures with relatively low surface area (below 35 m2 /g) . Characterization
results revealed that the discussed catalysts are composed of CuO, MgO, (Cu)MgFe2 O4 -type and CeO2
(in the case of the Ce-doped samples) structures. All samples below 12 wt % copper loading were active
at a low-temperature range (up to 350 ◦ C) and displayed high selectivity to N2 . As expected, the NH3
conversion level increased with increasing copper loading. Activity and selectivity to dinitrogen
could be related to the formation of Cu-Fe and Cu-Ce species that can generate oxygen vacancies and
favors the oxidation of ammonia to dinitrogen. The most active samples exhibited relatively high N2
selectivity (about 75%), which means that further modification of Cu-Mg-Fe based oxide systems in
order to improve their efficiency, while maintaining high selectivity of NH3 -SCO process is possible.
4. Materials and Methods
4.1. Catalysts Preparation
Precursors of mixed metal oxides, hydrotalcite-like materials with the intended Cu/Mg/Fe chemical
compositions (mol % of total metals amount) 5/62/33 (HT-Cu5-Mg-Fe), 7/60/33 (HT-Cu7-Mg-Fe), 10/57/33
(HT-Cu10-Mg-Fe), 12/55/33 (HT-Cu12-Mg-Fe), 15/52/33 (HT-Cu15-Mg-Fe) and 0/67/33 (HT-Mg-Fe)
were synthesized by the co-precipitation method from aqueous solutions of: Cu(NO3 )2 ·6H2 O (Penta),
Mg(NO3 )2 ·6H2 O (Penta), Fe(NO3 )3 ·9H2 O (Penta) (total concentration 1.0 mol L-1 ). Metal concentrations
were chosen to obtain M2+ /M3+ ratio of 2.03, which should result in the formation of a well-developed
layered structure. The higher amount of Fe3+ could result in the formation of iron hydroxide
precipitates. Nitrate solutions were added dropwise, simultaneously with an alkaline solution of
NaOH (c = 3.0 mol L−1 ) and Na2 CO3 (c = 0.5 mol L−1 ) into a heated reactor containing distilled water
(200 mL). The flow rate of cation solutions was fixed at approximately 8 mL min−1 , while the flow rate
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of the precipitation solution (NaOH+Na2 CO3 ) was controlled by a pH controller and added as needed
to establish the precipitate pH at about pH = 10.0 ± 0.2. The synthesis was carried out under vigorous
stirring at 60 ◦ C until the cation solution was completely consumed. The obtained precipitate was
aged at 60 ◦ C for 1 h under vigorous stirring. The obtained product was filtered, washed with distilled
water and dried at 60 ◦ C in air for at least 10 h. The dried samples were crushed to powder with grain
size lower than 0.125 µm.
Cu-Mg-Fe-O mixed metal oxides were obtained by the calcination of synthesized precursors
at 800 ◦ C for 9 h in air. After calcination, part of the obtained products was additionally doped
by cerium (5 wt %, 2.5 mol %) using the wet impregnation method and re-calcined to obtain
the Cu-Mg-Fe-O-Ce mixed metal oxides. A pure Ce(NO3 )3 ·6H2 O (Penta) solution was used for
impregnation. After impregnation, the samples were dried at 60 ◦ C for about 12 h and re-calcined at
800 ◦ C in air for 9 h. Sample codes and intended compositions are shown in Table 2.
4.2. Sample Characterization
The phase composition of the hydrotalcite-like materials and the obtained 800-Cu-Mg-Fe-O,
800-Cu-Mg-Fe-O-Ce oxide systems were determined by X-ray diffraction. Diffractograms were
recorded using a Rigaku Smart Lab diffractometer using Co Kα radiation (λ = 0.179 nm) in the range of
5 to 90 ◦ 2θ with a step size of (0.01 ◦ 2θ). Quantitative analysis was performed with the use of dedicated
software and compared with the ICCD database.
The FT-IR spectra of as-synthesized hydrotalcite-like materials were measured by a Nicolet 740
FT-IR (Thermo Scientific) spectrometer. The measurements were carried out in the range 500–4000 cm−1
with a resolution of 2 cm−1 .
The UV-Vis diffuse reflectance spectroscopy spectra (DRS) of the calcined samples were recorded
with a Shimadzu UV-2600 (IRS-2600Plus) spectrophotometer. The measurements were performed in
the range of 220 to 1400 nm with a resolution of 1 nm. The optical direct band gap was estimated on
the basis of the first linear region of Tauc’s plot.
The morphology of calcined catalysts was determined by scanning electron microscopy (SEM)
using an FEI Quanta 450 with secondary electrons (SE) and backscattered electrons (BSE) mode. Prior to
the measurements, the samples were sputtered with gold.
The specific surface area of the calcined samples was determined by the BET method using a
3Flex (Micromeritics) automated gas adsorption system. Prior to the nitrogen adsorption at −196 ◦ C,
all samples were outgassed in vacuum at 350 ◦ C for 24 h.
The reducibility of mixed metal oxides was studied by temperature-programmed reduction
(H2 -TPR) using an AutoChem II 2920 (Micromeritics). The experiments were carried out in a fixed-bed
flow microreactor at temperature range 40–900 ◦ C with a temperature increase rate of 20 ◦ C min−1 in a
flow (50 mL min−1 ) of 10% H2 diluted in Ar. Prior to the measurements, samples were outgassed in a
flow of Ar (50 mL min−1 ) at 750 ◦ C for 60 min and cooled down to 40 ◦ C in the same gas atmosphere.
The redox properties of calcined samples were recorded in a three-electrode cell using graphite
paste electrode as the working electrode (WORK), platinum coil as the auxiliary electrode (AUX) and
Ag|AgCl as the reference electrode (REF). The composite paste was prepared by mixing synthetic
graphite (100–150 mg) with Njuol (0.05–0.1 mL) and a small amount of solid catalyst (about 5 mg).
The obtained paste was well-packed into the electrode. The measurements were performed in an
acetate buffer (pH = 4.6) mixed with distilled water in proportion 1:3 as electrolyte at a scan rate of
50 mV s−1 and potential window −700 to 900 mV. Before each experiment, the solution was pretreated
with argon to keep an oxygen-free atmosphere during measurement.
4.3. Catalytic Studies
Selective catalytic oxidation of ammonia was performed in a fixed-bed flow-through quartz
microreactor system (microreactor inner diameter of 4 mm) under atmospheric pressure at a temperature
range of 200 to 350 ◦ C with an isothermal step every 50 ◦ C. Every temperature step lasted 180 min.
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For each test, 200 mg of catalyst was used. Prior to the measurements, the samples were activated in
air flow (100 mL min−1 ) at 200 ◦ C for 60 min. After that, a mixture of 0.25 mol % NH3 diluted in He
(10 mL min−1 ) and synthetic air were supplied into the reactor (total air flow 100 mL min−1 ). Ammonia
concentration in the gas mixture was established at 350 ppm.
Ammonia and the products of a catalytic reaction—nitric oxide (NO), nitrogen dioxide (NO2 ),
nitrous oxide (N2 O) and water vapor were detected by FT-IR (Antaris IGS, Nicolet). Ammonia
conversion was calculated with the use of Equation (1):

(NH3 )conv

!
[NH3 ]in + [NH3 ]out
=
·100(%).
[NH3 ]in

(1)

Process selectivity to the dinitrogen was calculated with the use of Equation (2):

(N2 )sel

!
[NO]out + [NO2 ]out + 2[N2 O]out
= 1−
·100(%).
[NH3 ]in − [NH3 ]out

(2)

Process selectivity to side products was calculated with the use of Equation (3):

[Ci ]
Seli = P out .
[Ci ]out

(3)
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Figure S1: Results of the characterization of HT-Cu-Fe samples (a) XRD phase analysis (b) infrared spectroscopy
measurements, Figure S2: CV multi-cyclic curves registered vs Ag|AgCl electrode at potential window from
-700 to 900 mV at acetate buffer (pH=4.6) for 800-Cu-Mg-Fe-O catalysts; OX – oxidation curve, RED – reduction
curve; direction of potential change for OX and RED curves is described by arrows, Figure S3: CV multi-cyclic
curves registered vs Ag|AgCl electrode at potential window from -700 to 900 mV at acetate buffer (pH=4.6) for
800-Cu-Mg-Fe-O-Ce catalysts; OX – oxidation curve, RED – reduction curve; direction of potential change for OX
and RED curves is described by arrows.
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editing, K.P. (Kateřina Pacultová), L.O.; supervision, L.O., visualization, S.G., K.P. (Kateřina Pacultová); project
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Abbreviations
List of symbols
(NH3 )conv ammonia removal efficiency (conversion), %
[NH3 ]in
inlet ammonia concentration,
[NH3 ]out
outlet ammonia concentration
(N2 )sel
selectivity to dinitrogen,
[NO]out
outlet NO concentration,
[NO2 ]out
outlet NO2 concentration,
[N2 O]out
outlet N2 O concentration.
Seli
selectivity to the side product i = NO, NO2 or N2 O,
[Ci ]out
outlet concentration of product i
P
sum of outlet product concentrations, including N2 concentration described as:
[Ci ]out
[N2 ] = ([NH3 ]in − [NH3 ]out − [NO]out − [NO2 ]out − 2[N2 O]out )/2
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Jabłońska, M.; Palkovits, R. Copper based catalysts for the selective ammonia oxidation into nitrogen and
water vapour - recent trends and open challenges. Appl. Catal. B Environ. 2016, 181, 332–351. [CrossRef]
FAO. Global Estimates of Gaseous Emissions of NH3, NO and N2O from Agricultural Land; FAO: Rome, Italy,
2001; ISBN 9251046891.
Zawadzki, J. The mechanism of ammonia oxidation and certain analogous reactions. Discuss. Faraday Soc.
1950, 8, 140–152. [CrossRef]
Zhang, X.; Wang, H.; Wang, Z.; Qu, Z. Adsorption and surface reaction pathway of NH3 selective catalytic
oxidation over different Cu-Ce-Zr catalysts. Appl. Surf. Sci. 2018, 447, 40–48. [CrossRef]
Basag,
˛ S.; Piwowarska, Z.; Kowalczyk, A.; W˛egrzyn, A.; Baran, R.; Gil, B.; Michalik, M.; Chmielarz, L.
Cu-Mg-Al hydrotalcite-like materials as precursors of effective catalysts for selective oxidation of ammonia
to dinitrogen - The influence of Mg/Al ratio and calcination temperature. Appl. Clay Sci. 2016, 129, 122–130.
[CrossRef]

Catalysts 2020, 10, 153

15.

16.
17.

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.

32.
33.

34.
35.

36.

20 of 22

Chmielarz, L.; W˛egrzyn, A.; Wojciechowska, M.; Witkowski, S.; Michalik, M. Selective catalytic oxidation
(SCO) of ammonia to nitrogen over hydrotalcite originated Mg-Cu-Fe mixed metal oxides. Catal. Lett. 2011,
141, 1345–1354. [CrossRef]
Zhang, L.; He, H. Mechanism of selective catalytic oxidation of ammonia to nitrogen over Ag/Al2O3. J. Catal.
2009, 268, 18–25. [CrossRef]
Wang, Z.; Qu, Z.; Quan, X.; Li, Z.; Wang, H.; Fan, R. Selective catalytic oxidation of ammonia to nitrogen over
CuO-CeO2 mixed oxides prepared by surfactant-templated method. Appl. Catal. B Environ. 2013, 134–135,
153–166. [CrossRef]
Basag,
˛ S.; Kocoł, K.; Piwowarska, Z.; Rutkowska, M.; Baran, R.; Chmielarz, L. Activating effect of cerium in
hydrotalcite derived Cu–Mg–Al catalysts for selective ammonia oxidation and the selective reduction of NO
with ammonia. React. Kinet. Mech. Catal. 2017, 121, 225–240. [CrossRef]
Lou, J.C.; Hung, C.M.; Yang, S.F. Selective Catalytic Oxidation of Ammonia over Copper-Cerium Composite
Catalyst. J. Air Waste Manag. Assoc. 2004, 54, 68–76. [CrossRef]
Gang, L.; Van Grondelle, J.; Anderson, B.G.; Van Santen, R.A. Selective low temperature NH3 oxidation to
N2 on copper-based catalysts. J. Catal. 1999, 186, 100–109. [CrossRef]
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Jabłońska, M.; Chmielarz, L.; Wegrzyn, A.; Guzik, K.; Piwowarska, Z.; Witkowski, S.; Walton, R.I.; Dunne, P.W.;
Kovanda, F. Thermal transformations of Cu-Mg (Zn)-Al(Fe) hydrotalcite-like materials into metal oxide
systems and their catalytic activity in selective oxidation of ammonia to dinitrogen. J. Therm. Anal. Calorim.
2013, 114, 731–747. [CrossRef]

Catalysts 2020, 10, 153

58.
59.
60.
61.

22 of 22

Yue, W.; Zhang, R.; Liu, N.; Chen, B. Selective catalytic oxidation of ammonia to nitrogen over orderly
mesoporous CuFe2O4 with high specific surface area. Chinese Sci. Bull. 2014, 59, 3980–3986. [CrossRef]
Zhang, L.; Liu, F.; Yu, Y.; Liu, Y.; Zhang, C.; He, H. Effects of adding CeO2 to Ag/Al2O3 catalyst for ammonia
oxidation at low temperatures. Cuihua Xuebao/Chinese J. Catal. 2011, 32, 727–735. [CrossRef]
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