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ABSTRACT The crystallization process of MnOx–ZrO2 mixed oxide in different gas environments was studied
by in situ X-ray diffraction and thermogravimetric analysis. The non-modified ZrO2 was used as a reference.
The process of crystallization in Mn-containing sample dependents on the environment: the crystallization
temperature in reducing and inert environment was 450 – 455 ◦C and in oxidizing it was 560 ◦C. Thus, the
addition of manganese led to the shift of crystallization temperature to the higher values compared to reference
sample ZrO2 (425 ◦C). The resulting crystalline phase was Zr1−yMnyO2 solid solution rather than pure zirconia.
Mn cations seemed to stabilize the tetragonal zirconia instead of monoclinic.
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1. Introduction

Zirconia-based materials are applied for different practical purposes: as refractory materials, pigments, piezoelectric
devices, ceramic capacitors, oxygen sensors, etc. These materials are also used as catalysts and supports [1] for WGS
reaction [2], reduction of CO, NOx and volatile organic compounds (VOC) [3], alkane isomerization reactions [4, 5] etc.

Zirconia has three stable modifications: monoclinic (m-ZrO2), tetragonal (t-ZrO2) and cubic (c-ZrO2). Monoclinic
modification is stable at room temperature, tetragonal at temperatures of 1170 – 2370 ◦C and cubic above 2370 ◦C [6].
One of the ways to obtain solid crystalline form of zirconia phase is the calcination of amorphous precursor. During
calcination, crystallization occurs with the formation of various modifications of ZrO2 or their mixture. The crystalline
phase (or phases) directly depends on the state of the original amorphous compound, thus, understanding the nature of
the amorphous precursor and the process of its crystallization is important to unravel the structure and, consequently, the
properties of the resulting crystalline materials.

The pathway of phase transformations during the crystallization of an amorphous precursor is directly influenced by
local structure of initial compound. This is because the local structure reflects the state of the crystalline grains. Yanwei et
al. [7] described a local structure of amorphous phase as monoclinic-like in xerogel and aerogel synthesized ZrO2 samples.
Crystallization took place at the temperature of 400 ◦C with the formation of monoclinic ZrO2 crystallites. Tiseanu et
al. [8] found crystallographic planes typical for m-ZrO2 and t-ZrO2 in amorphous sample synthesized by oil-in-water
method. Temperature-induced crystallization has resulted in the formation of crystalline tetragonal zirconia at 450 ◦C.

Both the crystallization temperature and the resulting phases depend on the state of the amorphous precursor. The
introduction of dopant atoms also has a significant effect on the crystallization process. For example, the authors [9, 10]
showed that the introduction of vanadium into amorphous ZrO2 leads to an increase in the crystallization temperature.
Ushakov et al. [11] showed a similar effect during doping with lanthanum and yttrium. In all these works, it was shown
that doping of amorphous zirconia can lead to the preferential formation of thermodynamically metastable tetragonal
and/or cubic modification of zirconia instead of monoclinic.

To the best of our knowledge, there are no works that would consider the crystallization process of amorphous
zirconium doped with Mn. However, the addition of manganese can have a crucial effect on the catalytic properties [12–
16]. Catalytic activity in oxidation reactions of manganese oxides is associated with the variety of oxidation states of
manganese and due to the ability of manganese ions to easily change their oxidation state [17]. In MnOx–ZrO2 mixed
oxide catalysts, various active states can be formed depending on the synthesis conditions. For example, wet impregnation
of zirconia with a manganese nitrate solution results in the formation of nanoparticles of α-Mn2O3 supported on ZrO2.
By coprecipitation of metal acetates and nitrates, MnxZr1−xO2 solid solution is obtained [15, 18, 19]. Previously [20] we
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succeeded in synthesizing the amorphous phase by coprecipitation of manganese and zirconium nitrates. This amorphous
phase itself had low catalytic activity, but calcination at higher temperatures led to the formation of a highly active
MnxZr1−xO2 solid solution and in the tetragonal/cubic modification. Therefore, on the one hand, it is important to
study the crystallization process as a path to the formation of a solid solution, and on the other hand, the investigation
of the amorphous precursor can shed light on the influence of dopant atoms on this process. In this work we focused on
determining the crystallization mechanism of amorphous MnOx–ZrO2 oxide catalyst depending on the gas atmosphere.
Conventional X-ray diffraction (XRD) analysis is not suitable for studying amorphous compounds due to the lack of long-
range order. Instead, better approach is to determine their local structure using pair distribution function analysis (PDF).
In order to investigate temperature-induced phase transformations and structural changes in different environments in situ
X-ray diffraction technique and thermogravimetric analysis (TGA) were applied. Morphology of the investigated samples
was studied via transmission electron microscopy (TEM) and BET technique.

2. Experimental

2.1. Catalyst preparation

Catalysts with the ratio Mn/Zr = 1/4 were synthesized by co-precipitation of a joint solution of ZrO(NO3)2 and
Mn(NO3)2 salts by the dropwise addition of NH3(aq) and vigorous stirring until pH 10 was reached. The resulting pre-
cipitate was filtered, washed with water to pH 6 – 7 and dried at 120 ◦C, and then calcined at a given temperature for
4 h at the temperatures 400 and 700 ◦C. The catalysts obtained were designated as Mn–Zr–T , where T is the calcina-
tion temperature. The reference sample containing no manganese admixture was synthesized by similar precipitation of
zirconium nitrate and calcined at 300 ◦C for 4 hours. This sample was designated as ZrO2-300.

2.2. Ex situ & in situ X-ray diffraction (XRD)

The XRD patterns were obtained via diffractometer STOE STADI MP (Germany) in the 2θ range from 10 to 50◦

with a step of 0.015◦ and an accumulation time of 70 s per point. MoKα radiation with wavelength λ = 0.7093 Å was
applied. In situ XRD studies were carried out on a High Precision Diffractometry II station (The Siberian Synchrotron and
Terahertz Radiation Centre, Novosibirsk, Russia). The X-ray diffractometer at the station included a monochromator, a
collimation system, and an OD-3M single-coordinate position-sensitive detector [21]. The working radiation wavelength
(λ = 1.6467 Å) was set by a single reflection from a Ge (111) crystal monochromator. The diffractometer is equipped
with a high-temperature reactor XRK-900 (Anton Paar, Austria). A quadrupole mass spectrometer (SRS UGA100, USA)
was used to control the gas environment. Heating was carried out at a constant rate of 10 ◦/min, the gas mixture feed rate
was 100 ml/min. The ICDD PDF-2 powder database was used for phase analysis [22]. Quantitative phase analysis and
refinement of the lattice parameters were performed by the Rietveld method using the XPert HighScore Plus software [23].
CSR were calculated via Sherrer equation [24]. Corundum was used to subtract the instrumental broadening.

In order to compare the lattice parameters of cubic and tetragonal zirconia phases, we used the normalized lattice
parameter a∗ in the case of tetragonal oxide:

a∗ =
(Vtetr · Zcub

Ztetr

)1/3

,

where Vtetr = a2 · c is the volume of a tetragonal cell, Zcub = 4, Ztetr = 2 is the number of units in the cubic and tetragonal
cells, respectively.

2.3. Pair Distribution Function analysis (PDF)

The diffraction pattern for PDF analysis was recorded using a laboratory diffractometer STOE STADI MP (Germany)
with MoKα radiation (λ = 0.7093 Å) in the range of 2θ from 1.5 to 126.9◦ with a step of 0.015◦ for 200 s at each point.
The relationship between the distribution function of atomic pairs G(r) and coherent scattering of X-rays is determined
through the Fourier transform:

G(r) =
2

π

∞∫
0

Q · i(Q) · sin(Qr) · dQ.

To obtain pair distribution functions from X-ray diffraction data by Fourier transform we used PDFgetX2 [25]. The
obtained PDF data were then analyzed using PDFgui software [26].

2.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of Mn–Zr-400 and ZrO2 samples was carried out using STA 449 C Jupiter synchronous
thermal analysis device from NETZSCH (Germany). A sample portion (45.14 mg) was placed in a corundum crucible.
The sample was heated in an air and helium atmosphere from the room temperature to 900 ◦C with a heating rate of
5 ◦C/min and a gas feed rate of 30 ml/min. The experimental data were analyzed using the NETZSCH Proteus Thermal
Analysis software package.
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2.5. Transmission electron microscopy (TEM)

The morphology and microstructure of the samples were studied by transmission electron microscopy. TEM images
were obtained on a ThemisZ Thermo Fisher Scientific microscope (Thermo Fisher Scientific, Eindhoven, The Nether-
lands) with a resolution of 0.7 Å. EDX analysis was carried out on an energy dispersive spectrometer SuperX (Thermo
Fisher Scientific). Samples for research were fixed on standard copper grids using ultrasonic dispersion of the catalysts in
ethanol.

The specific surface area was calculated with the Brunauer–Emmett–Teller (BET) method using nitrogen adsorp-
tion isotherms measured at liquid nitrogen temperatures on QuadraSorb SI MP Station (Micromeritics Instrument Corp.,
Norcross, GA, USA).

3. Results

3.1. XRD analysis

The diffraction patterns of double oxides Mn–Zr-400, Mn–Zr-700 and reference sample ZrO2-300 are shown in
Fig. 1. The sample Mn–Zr-700 is presented by the diffraction maxima at 2θ = 13.9, 15.8, 16.1, 19.6, 22.6, 22.8, 26.5,
26.8, 27.9, 32.1, 32.5, 35.3, 35.5, 36.18, 40.0, 41.5 and 42.6◦, which correspond to the peaks hkl = 011, 002, 110, 012,
112, 020, 013, 121, 022, 004, 220, 123, 031, 114, 132, 124 and 231 of the t-ZrO2 phase (s.g. P 42/nmc, PDF 50-1089).
The Rietveld refinement showed the lattice parameters a = b = 3.606(1) Å and c = 5.078(1) Å that corresponds the
normalized lattice parameter a∗ = 5.090(1) Å. The lattice parameter for pure c-ZrO2 is 5.11 Å [27], which indicates the
formation of the Zr1−yMnyO2 solid solution phase due to the ionic radius of Mn (Mn3+ – 0.66 Å) being smaller than the
ionic radius of Zr (Zr4+ – 0.79 Å) [28].

FIG. 1. XRD patterns of ZrO2-300, Mn–Zr-400 and Mn–Zr-700; λ = 0.7093 Å.

The diffraction patterns of Mn–Zr-400 and ZrO2-300 samples contain broad diffraction maxima typical for amor-
phous state. The XRD pattern of ZrO2 also has a small narrow diffraction peak at 2θ = 22.4◦, which probably indicates
partial formation of a crystalline phase. This peak does not belong to any specific phase, but according to the literature on
zirconium modifications, the formation of m-ZrO2 is most likely at this temperature [6]. However, the sample Mn–Zr-400
does not contain any narrow peaks other than broad amorphous ones. Moreover, there is a significant difference in the
specific surface area (SBET ) which is shown in Table 1. It can be seen that SBET of Mn–Zr-400 sample is 331 m2/g,
which is three times larger than that of ZrO2 sample (108 m2/g). Usually, the specific surface area decreases with the
increase in the calcination temperature, but we see an inverse relationship, indicating that the Mn presence in Mn–Zr-400
sample contributes to a significant increase in the specific surface area. The SBET of the sample Mn–Zr-700 is only
38 m2/g, which is expected given the increase in calcination temperature up to 700 ◦C.

It is known that heating of pure amorphous ZrO2 leads to the formation of monoclinic [7] or a mixture of monoclinic
and tetragonal zirconia [8,29]. In the case of Mn doping, only the tetragonal modification is formed. This is probably due
to the stabilization by introducing manganese. In addition, the presence of manganese apparently delays the crystallization
process, since the Mn–Zr-400 sample does not show any narrow peaks corresponding to the crystalline phase.

3.2. TEM and EDX analysis

TEM images of Mn–Zr-400 show the presence of large amorphous aggregates of about 200 – 400 nm in size (Fig. 2a)
and long cylindrical particles about 150 – 200 nm long and 10 – 30 nm wide (Fig. 2b). The large particles are an amorphous
state containing no crystalline planes (Fig. 2c). According to the EDX analysis (Fig. 2d, area 1), in these regions Zr and
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TABLE 1. Structural characteristics of the samples

Sample
Phase

composition,
wt. %

CSR, Å
Normalized lattice

parameter, Å
SBET , m2/g

ZrO2-300 amorphous — — 108

Mn–Zr-400 amorphous — — 331

Mn–Zr-700 t-ZrO2
* 100 5.090(1) 38

* Zr1−yMnyO2 solid solution

Mn atoms have a uniform distribution with a ratio Mn/Zr = 0.22. The cylindrical particles contain only Mn atoms which
is shown by the EDX analysis (Fig. 2d, area 2), and these particles have visible crystalline planes (Fig. 2c) corresponding
to the Mn3O4 phase (s.g. I 41/amd, PDF 240734).

FIG. 2. TEM images (a, b, c) and EDX mapping (d) of Mn–Zr-400

In Fig. 3 TEM images of Mn–Zr-700 sample are shown. It can be seen that the sample contains crystalline particles
of 20 – 30 nm in size combined together into large aggregates of about 500 nm and bigger. According to the EDX
analysis (Fig. 3c, Area 1), the distribution of Zr and Mn atoms in the sample is mostly uniform. Mn/Zr atomic ratio is
approximately 0.22, as in the amorphous sample Mn–Zr-400. Unlike the Mn–Zr-400 sample, the crystalline planes are
detected in the particles, so the formation of crystalline Zr1−yMnyO2 solid solution is observed, that matches the XRD
data. However, this sample also contains areas with higher manganese content (Fig. 3d, Area 3), which also indicates the
presence of a separate manganese oxide phase.

TEM images of ZrO2-300 are shown in Fig. 4. This sample mainly consists of amorphous particles (Fig. 4b) forming
layered large aggregates (Fig. 4a). However, there are also few regions containing crystalline planes (Fig. 4b, Area 1).
This result also correlates with the XRD data, which showed the presence of small peaks corresponding to crystalline
zirconia unlike the sample Mn–Zr-400.

Thus, the results of TEM and EDX analysis indicate the formation of particles with uniform distribution of Mn and
Zr atoms in the Mn–Zr-400 and Mn–Zr-700 samples. The atomic ratio of Mn/Zr in both remains approximately 0.22.
So, we can conclude the formation of Zr1−yMnyO2 solid solution in both samples, but it is amorphous in the sample
Mn–Zr-400. Also, both samples show the formation of manganese oxide phase, despite the Mn–Zr atomic distribution is
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FIG. 3. TEM images (a, b) and EDX mapping (c, d) of Mn–Zr-700

FIG. 4. TEM images (a, b) of ZrO2-300

mostly uniform. The detected crystalline particles of Mn3O4 probably cannot be detected by XRD due to their disorder,
planar defects, and small amount relative to the solid solution phase.

3.3. PDF analysis

The catalysts Mn–Zr-400 and Mn–Zr-700 were investigated by the PDF analysis, and ZrO2-300 was used as a ref-
erence sample. Fig. 5a shows the G(r) functions for these samples. It is seen that the PDFs of low-temperature oxides
Mn–Zr-400 and ZrO2-300 fall off at about 10 Å, indicating the typical for amorphous state absence of long-range order.
These particles can be considered as crystalline nuclei, which form the bulk crystalline phase ZrO2 with increasing tem-
perature [7]. On the contrary, the Mn–Zr-700 sample, has the typical PDF for a crystalline compound – the amplitude of
the G(r) peaks does not decrease at large r. Nevertheless, a comparison of these PDFs is possible within the first few
coordination spheres.

In the case of Mn-containing oxides, the first coordination distance Zr–O is about 2.12 – 2.14 Å, whereas for the
ZrO2-300 sample it is about 2.20 Å. This difference is probably due to the presence of the MnOx phase, which was
detected by TEM. However, at large distances, there is more similarity between the Mn–Zr-700 and ZrO2-300 samples
than between Mn–Zr-700 and Mn–Zr-400. This is probably due to the fact that ZrO2-300, according to the XRD data,
contains some crystalline ZrO2 phase.
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To estimate the contribution of the added manganese, the G(r) function of ZrO2-300 was subtracted from the G(r) of
Mn–Zr-400. The residual G(r) is shown in Fig. 5b. The Mn–O distance is about 2.01 Å, that is close to the distance 2.02 Å
corresponding both Mn2O3 (s.g. Ia-3, COD 1514107) and Mn3O4 (s.g. I 41/amd, COD 1011262). Mn–Mn distances of
the nearest coordination spheres are in the r range of 2.84 – 4.22 Å, that are close to those of the oxides Mn2O3 (2.86 –
4.24 Å) and Mn3O4 (2.80 – 4.23 Å). However, according to TEM data, this phase is most likely to represent Mn3O4.
Thus, the residual G(r) function is likely to represent manganese oxide phase in the sample Mn–Zr-400.

FIG. 5. Comparison of G(r) functions of Mn–Zr-700, Mn–Zr-400 and ZrO2-300 (a); residual G(r) of
Mn–Zr-400 and ZrO2-300 (b)

FIG. 6. Experimental and calculated (P 42/nmc, Zr0.89Mn0.11O1.88) functions G(r) of the sample Mn–
Zr-700

Figure 6 shows the experimental and calculated functions G(r) for the Mn–Zr-700 sample. All coordination peaks
of this function correspond to the distances typical for the fluorite structure. According to the XRD data, calculated G(r)
function should contain ZryMn1−yO2 solid solution phase based on t-ZrO2 structure. The normalized lattice parameter
a∗ is 5.099(1) Å is close to Rietveld refined one. Refinement model contains the atomic ratio Mn/Zr in solid solution
phase 0.11/0.89 and the oxygen occupancy 0.94. It also should be mentioned that, according to the TEM data, this sample
contains the MnOx phase. Probably, some discrepancy between the experiment and simulation is due to the contribution
of this phase.

3.4. In situ XRD

To establish the peculiarities of the crystallization process depending on the temperature and gas environment, in situ
XRD experiment was carried out for the sample Mn–Zr-400. The catalyst was heated to 700 ◦C in inert (He), reducing
(H2/He, 10/90 sccm) and oxidizing (O2/He, 20/80 sccm) environments at a rate of 5◦C /min.

The diffraction patterns obtained by heating Mn–Zr-400 in He are shown in Fig. 7a. At room temperature, a broad
halo is observed, indicating an amorphous state. The crystallization process begins at 455 ◦C, small peaks of the crystalline
phase appear. The resulting crystalline phase is cubic ZrO2 (s.g. Fm-3m, PDF 77-2157) which is represented by diffraction
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maxima at 32.6 and 37.8 ◦2θ corresponding to reflections 111 and 200, respectively. During heating, intensity of these
peaks gradually increases along with the disappearance of the amorphous phase that indicates crystallization of solid
solution.

FIG. 7. XRD patterns of Mn–Zr-400 recorded upon heating from 30 to 700 ◦C with a rate of 5 ◦C/min
in the He medium; λ = 1.6467 Å (a) change in the lattice parameter (b) and CSR (c) of Zr1−yMnyO2

with temperature

The lattice parameter of the crystalline phase at 500 ◦C is 5.088(2) Å. Despite the thermal expansion of the lattice,
this value is lower than for pure ZrO2 (5.11 Å), which indicates the formation of the Zr1−yMnyO2 solid solution phase
instead of pure zirconia. During further heating, the lattice parameter decreases even more (Fig. 7b), reaching a minimum
value 5.082(2) Å at 600 – 650 ◦C. The continuous nature of this process indicates that the formation of the solid solution
phase is gradual. Mn cations probably migrate from the Mn3O4 oxide phase detected by TEM and / or from the remaining
amorphous precursor and slowly substitute Zr cations. So, at the temperatures of 600 – 650 ◦C, the highest concentration
of manganese is achieved in Zr1−yMnyO2. At the same time, the CSR value of Zr1−yMnyO2 decreases from 260 to
180 Å (Fig. 7c). After reaching the minimum value at 600 – 650 ◦C, the lattice parameter increases with temperature
reaching the maximum value 5.086(2) Å at 700 ◦C. However, CSR of phase Zr1−yMnyO2 is generally stable upon further
heating. Besides thermal expansion, the parameter growth may indicate two processes: the reduction of Mn cations in the
solid solution or the decomposition of the solid solution with the release of manganese. In the first case, the parameter
growth is due to the fact that the ionic radius of Mn cations is inversely proportional to their oxidation state [28]. In the
second case, manganese atoms are released from the solid solution lattice with formation of MnOx oxide.

In the reducing environment (H2/He), the crystallization process occurs similarly (Fig. A1 in Appendix). The diffrac-
tion maxima of the Zr1−yMnyO2 solid solution phase appear at 450 ◦C indicating the beginning of the crystallization
process. The lattice parameter of Zr1−yMnyO2 is about 5.088(2) Å, and it gradually decreases with heating to the mini-
mum value 5.075(2) Å at the temperature about 550 – 600 ◦C. Simultaneously, there is a decrease in the CSR value from
the initial 290 to 190 Å. Further heating leads to an increase in the lattice parameter of Zr1−yMnyO2 up to 5.083(2) Å at
700 ◦C, while CSR is stable. Therefore, we can conclude that the reducing environment has no significant effect on the
crystallization process of the Zr1−yMnyO2 solid solution phase compared to an inert environment.

In the oxidizing environment (O2/He), the XRD peaks of the crystalline phase Zr1−yMnyO2 appear at the temperature
560 ◦C (Fig. 8a), which means that the crystallization process begins at a higher temperature than in inert and reducing
environments. The lattice parameter of Zr1−yMnyO2 also decreases with increasing temperature from initial 5.086(2) Å
to its minimum value 5.072(2) Å at 660 – 700 ◦C (Fig. 8b). The CSR value at the beginning of the crystallization process
is lower than in reducing and inert environments (200 Å), but also steadily decreases to 120 Å upon heating (Fig. 8c).
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FIG. 8. XRD patterns of Mn–Zr-400 recorded upon heating from 30 to 700 ◦C with a rate of 5 ◦C/min
in the O2/He medium; λ = 1.6467 Å (a) change in the lattice parameter (b) and CSR (c) of Zr1−yMnyO2

with temperature

Table 2 shows the properties of the Mn–Zr-400 catalyst after in situ XRD experiments carried out in the corresponding
environments. The Zr1−yMnyO2 solid solution phase is obviously preserved, as indicated by the lattice parameter value
being in the range 5.055(1) – 5.065(1) Å. It was shown that the effect of an oxidizing environment led to the formation of
a solid solution with the lowest lattice parameter (5.055(1) Å).

TABLE 2. Phase composition, CSR and lattice parameter in Mn–Zr-400 oxide after the in situ XRD experiments

Medium Phase composition, wt. % CSR (Zr1−yMnyO2), Å
Lattice parameter a

of ZrO2
*, Å

He 99% Zr1−yMnyO2; 1% MnO 190 5.064(1)

H2/He 99% Zr1−yMnyO2; 1% MnO 200 5.065(1)

O2/He 99% Zr1−yMnyO2; 1% Mn2O3 130 5.055(1)

In addition, in oxygen-containing atmosphere, the phase with the lowest CSR value is formed. Besides, small amount
of manganese oxide (1 %) is present in all samples. In the case of inert and reducing environments, this is MnO, while in
the oxidizing environment Mn2O3 oxide is formed. This is consistent with the TEM data, which showed the presence of a
Mn3O4 phase in the sample Mn–Zr-400. Probably the presence of this phase became more obvious during heating, while
the gas environment led to the reduction/oxidation of the precursor oxide. On the other hand, the presence of manganese
oxide may indicate partial decomposition of the solid solution phase.

3.5. Thermogravimetric analysis

The TGA and DSC curves for the Mn–Zr-400 sample in He and in air are shown in Fig. 9a and Fig. 9b, respectively.
The total weight loss from room temperature to 900 ◦C of is 9.7 and 10 %, respectively. The endothermic peak at 52 ◦C
in He and at 65 ◦C in air corresponds to the removal of residual water and/or gases, which is accompanied by a weight
loss of approximately 7 %. A very intense exothermic peak is observed at 645 ◦C in He (Fig. 9a) and 658 ◦C in air
(Fig. 9b). In this case, this peak is likely to be due to the crystallization process [10, 30], which is also accompanied by
rapid loss of a small amount of mass. In air, crystallization is shifted to the higher temperatures by approximately 13 ◦C,
which indicates the influence of the environment on the process. Additionally, the heat release is more intense in air than
in He (the maximum value is 0.27 µV/mg and 0.19 µV/mg, respectively). This extra heat release could be caused by
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the oxidation of Mn cations in the solid solution phase or the oxidation of Mn3O4 oxide to Mn2O3, since the latter was
detected by XRD analysis (Table 2). In the temperature range of approximately 700 – 900 ◦C, an endothermic behavior
is observed, which indicates the instability of the formed phase [31]. This may be due to a further phase transformation
of cubic/tetragonal zirconia to monoclinic modification which is typical for doped ZrO2 [20, 32].

For comparison, a similar experiment was also carried out for the ZrO2-300 sample in He (Fig. 9c) and in air (Fig. 9d).
The total weight loss was approximately 12 % in both cases. At temperatures of 61 – 65 ◦C, a small endothermic peak is
observed, which similarly to Mn–Zr-400 sample is associated with the removal of water and residual gases, which is also
accompanied by a weight loss of approximately 3 – 4 %. At 425 ◦C, an exothermic peak is observed both in He and in
air. In this case, this peak corresponds to the crystallization process with the formation of monoclinic ZrO2, that is stable
in this temperature range. Further heating leads to exothermic behavior. Probably this part of the curve may represent
further phase transformation from monoclinic to tetragonal zirconia [6], which is not completed up to 900 ◦C.

Thus, a comparison of the TGA and DSC data of Mn–Zr-400 and ZrO2-300 showed that the presence of the Mn
dopant leads, firstly, to a shift in the crystallization temperature to the higher values, and, secondly, makes the crystalliza-
tion process dependent on the gas environment.

FIG. 9. TGA and DSC curves of Mn-Zr-400 sample in He (a) and in an air (b) and of ZrO2-300 sample
in He (c) and in an air (d)

4. Discussion

As it was shown in the in situ XRD experiments (Fig. 7–8), the process of crystallization is accompanied by the
decrease in CSR of zirconia phase with temperature. Typically, the crystal growth implies the increase of the particle
size and, consequently, of CSR. However, it is known that Mn–Zr solid solutions are characterized by a smaller particle
size than pure zirconia [27]. In this case, we observe an average picture in the diffraction patterns, so CSR calculated
from these patterns is also an average value. Therefore, the reduction of CSR upon heating may be due to an increase
in the content of the phase of solid solution Zr1−yMnyO2 with a higher manganese content and smaller particle size. At
the same time, the amount of ZrO2 phase with larger particle size decreases. Furthermore, it can be assumed that the
process of solid solution formation delays the particle growth. Thus, we observe a decrease in CSR from 200 – 290 Å to
120 – 190 Å with heating. According to the TEM and PDF data, the manganese oxide phase is present in the Mn–Zr-400
sample, which is also preserved in the sample synthesized at 700 ◦C. The exact content of this phase is unknown, since
the corresponding peaks are absent in the XRD patterns. However, Mn atoms uniformly distributed among Zr atoms in
the amorphous precursor apparently prevented the formation of a bulk phase of pure crystalline zirconia. At the same
time, this probably led to the preferable formation of a solid solution phase Zr1−yMnyO2. In situ XRD data show that
the lattice parameter of the formed crystalline phase decreases with increasing temperature. Since an increase in the
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parameter usually occurs during heating, we associate this behavior with structural transformations inside the sample.
In this case, similar to the observed CSR dependance, we observe the gradual decrease in the lattice parameter from
5.086(1) – 5.088(1) Å to 5.072(1) – 5.082(1) Å with heating. This result is associated with the formation of the solid
solution Zr1−yMnyO2 with a smaller lattice parameter and simultaneous decrease in the content of ZrO2 with a larger
lattice parameter.

In papers [9–11] doping zirconia with vanadium, lanthanum and yttrium leads to the crystallization temperature
increase. The authors explain this by the presence of admixture atoms (or oxide molecules) on the surface, which prevents
grain growth, that results in a higher temperature to be required to initiate the crystallization process. In our case, the
shift of the crystallization process to a higher temperature region seemed to prevent the formation of monoclinic ZrO2

crystallites. Instead, the crystalline phase formed at temperatures of 460–560 ◦C has a cubic (or tetragonal) structure
stabilized by manganese cations (Table 1). Previously [20], we showed that at the calcination temperature 800 ◦C, m-ZrO2

was formed in similar coprecipitated Mn–Zr catalyst. This can be explained by the Mn-Zr solid solution decomposition
resulting in the formation of pure undoped zirconia phase, for which the monoclinic modification is stable at 800 ◦C.

For Mn–Zr-400 sample the presence of Mn leads to the crystallization temperature being dependent on the environ-
ment. While in an inert and reducing environments the crystallization temperature, according to in situ XRD data, is
450 – 455 ◦C, in an oxidizing environment it is 560 ◦C. Moreover, TGA of ZrO2-300 did not show a dependence of
the crystallization temperature on the environment, unlike the manganese-containing catalyst, which is likely to be due
to the redox properties of manganese. After treatment in an oxidizing environment, we also observed a smaller value
of the lattice parameter of the solid solution Zr1−yMnyO2 than in the other two cases. This may indicate both a higher
concentration of manganese cations in the solid solution and their partial oxidation.

FIG. 10. Illustration of crystallization process: 1 – amorphous Mn-Zr mixed phase and oxide Mn3O4;
2 – thermally activated crystallization with the formation of large (300 Å) crystallites; 3 – formation
of the solid solution phase MnxZr1−xO2; 4, 5 – crystallization finishes; 5, 6 – decomposition of solid
solution with the formation of bulk manganese oxide phase.

The possible course of this process is shown schematically in Fig. 10. At 400 ◦C an amorphous phase containing
uniformly distributed Zr and Mn atoms is present, as well as a small amount of Mn3O4 (1). At 460 – 560 ◦C the
crystallization process starts, during which crystalline ZrO2 phase is formed (2). Further heating leads to a decrease in the
content of ZrO2 phase with a larger particle size with simultaneous increase in the content of solid solution MnyZr1−yO2

with smaller particle size, which results in a decrease in the CSR from 200 – 290 to 120 – 190 Å (3). Crystallization is
completed at 600 – 650 ◦C and the concentration of Mn atoms in the solid solution phase reaches its maximum (4 – 5).
At 650 – 700 ◦C partial decomposition of the solid solution probably occurs with the formation of the bulk MnOx phase
(5 – 6).

5. Conclusion

The samples Mn–Zr-400 and Mn–Zr-700 were obtained by co-precipitation and calcination at the temperatures 400
and 700 ◦C, respectively. The sample ZrO2-300 calcined at 300 ◦C was used as a reference. These samples were
characterized by X-ray diffraction, pair distribution function analysis, BET and transmission electron microscopy. Mn–
Zr-400 is shown to be amorphous and containing uniformly distributed Mn and Zr atoms, as well as a small amount of
MnOx phase. Mn–Zr-700 contains Zr1−yMnyO2 solid solution phase based on tetragonal zirconia and also shows traces
of MnOx phase. The sample ZrO2-300 mainly consists of amorphous particles, but also shows the presence of crystalline
zirconia phase unlike the sample Mn–Zr-400.

The process of crystallization was studied via in situ X-ray diffraction and thermogravimetric analysis. The crys-
tallization temperature of Mn–Zr-400 in reducing and inert environments is 450 – 455 ◦C and in oxidizing is 560 ◦C.
The crystallization of pure zirconia occurs at 425 ◦C in both oxidizing and inert environments. As the result of crystal-
lization Zr1−yMnyO2 solid solution phase based on tetragonal modification. Further heating leads to an increase in the
concentration of manganese in the solid solution (y), after which Zr1−yMnyO2 is stable up to 700 ◦C.
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Thus, it was shown that the presence of manganese leads to the following effects:
– Shift of the crystallization onset to the higher temperatures compared to pure amorphous zirconia;
– The resulting phase of crystallization is the solid solution Zr1−yMnyO2 rather than pure ZrO2.

Mn cations seem to stabilize the tetragonal modification of zirconia, while in this temperature range usually mon-
oclinic zirconia is stable. Besides, the addition of manganese allows the crystallization temperature to be controlled by
varying the environment. While the reducing environment apparently has no significant effect compared to the inert one,
the oxidizing environment allowed the crystallization temperature to be increased.

Appendix

FIG. A1. XRD patterns of Mn–Zr-400 recorded upon heating from 30 to 700 ◦C with a rate of 5 ◦C/min
in the H2/He medium; λ = 1.6467 Å (a) change in the lattice parameter (b) and CSR (c) of Zr1−yMnyO2

with temperature

References
[1] Scotti N., Bossola F., Zaccheria F., Ravasio N. Copper–zirconia catalysts: Powerful multifunctional catalytic tools to approach sustainable pro-

cesses. Catalysts, 2020, 10 (2), 168.
[2] Goscianska J., Ziolek M., Gibson E., Daturi M. Novel mesoporous zirconia-based catalysts for WGS reaction. Appl. Catal. B Environ., 2010, 97,

P. 49–56.
[3] Liu J., Zhao Z., Xu C., Liu J. Structure, synthesis, and catalytic properties of nanosize cerium-zirconium-based solid solutions in environmental

catalysis. Chinese J. Catal., 2019, 40, P. 1438–1487.
[4] Khurshid M., Al-Daous M. A., Hattori H., Al-Khattaf S.S. Effects of hydrogen on heptane isomerization over zirconium oxide modified with

tungsten oxide and platinum. Appl. Catal. A Gen., 2009, 362, P. 75–81.
[5] Kumar A., Badoni R.P., Singhal S., Agarwal S., Tripathi A.R. Synthesis and characterization of zirconia-based catalyst for the isomerization of

n-hexane. Chem. Eng. Commun., 2017, 205 (1), P. 92–101.
[6] Howard C.J., Hill R.J., Reichert B.E. Structures of ZrO2 polymorphs at room temperature by high-resolution neutron powder diffraction. Acta

Crystallogr., 1988, B44, P. 116–120.
[7] Yanwei Z., Fagherazzi G., Polizzi S. The local structure characterization and resulting phase-transition mechanism of amorphous ZrO2. J. Mater.

Sci., 1995, 30, P. 2153–2158.
[8] Tiseanu C., Parvulescu V.I., Cojocaru B., Pemartin K., Sanchez-Dominguez M., Boutonnet M. In situ Raman and time-resolved luminescence

investigation of the local structure of ZrO2 in the amorphous to crystalline phase transition. J. Phys. Chem. C, 2012, 116 (31), P. 16776–16783.
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