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ABSTRACT Typically, intermetallic compounds are prepared by solid-state method at high temperatures. We
propose a simple method to obtain intermetallic compounds by reduction in Ar–H2 atmosphere from precursors.
In particular, Co2+ and Fe2+ oxidation in hydrothermal conditions grants additional experimental challenge.
Here, we report successful Fe phyllogermanate synthesis for the first time. We identify general patterns of
formation and determine the effect of hydrothermal treatment on phase composition and morphology for the
whole series of phyllogermanates. Formation of phyllogermanates under hydrothermal conditions is studied in
the 100 – 200 ◦C temperature range in three hydrothermal media: H2O, NaOH, Na2SO3. The latter inhibits the
oxidation of Co2+ and Fe2+ during the synthesis. An increase in temperature favors to the formation of phase
described by three-layers unit cell. Heat treatment in an Ar–H2 atmosphere allows us to obtain intermetallic
compounds and MexGey alloys, and to establish the temperature regimes of the reduction processes.
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1. Introduction

Class of 1:1 phyllogermanates is a poorly studied, although they are structural analogues of 1:1 phyllosilicates. These
phyllosilicates have a unique structure consisting of two sublayers, tetrahedral SiO4 and octahedral MeO6. The octahedral
sublayer has a larger size compared to the tetrahedral one, which leads to folding into nanoscrolls. [1,2]. This morphology
is typical for chrysotile. Lizardite is a platy analog of chrysotile. It has a similar structure but does not fold [3]. The
chrysotile structure allows isomorphic substitution in the cation sublattice of Mg2+ and Si4+ by Ni2+ [4–7], Co2+ [7–9],
Fe2+ [7,10], Fe3+ [11,12], Ti4+ [13], Ge4+ [14,15] with preservation of the scrolled morphology or formation of plates.
Attempts to obtain phyllosilicates with partial or complete replacement of Si4+ by Ge4+ have been made for several
compounds. Mg3Ge2O5(OH)4 and Ni3Ge2O5(OH)4 phyllogermanates and are the first phyllogermanates obtained on the
basis of chrysotile. The substitution of Si4+ by Ge4+ led to the formation of hexagonal plates [14]. In another related
group of layered phyllosilicates Al2Si2O5(OH)4, the substitution of Si4+ by Ge4+ led to the folding of kaolinite sheet
into scrolls with halloysite-like structure. It was possible to obtain multi-walled or single-walled nanotubes, as well as
curved nanosheets, by varying the Ge/(Ge+Si) ratio [16]. In another nanotubular phyllosilicate, imogolite Al2SiO3(OH)4,
the Ge/Si ratio affected the diameter of the nanotubes as well as their length [17].

In this work, phyllogermanates with the stoichiometric formula Me3Ge2O5(OH)4 (Me = Mg, Ni, Fe, Co) were se-
lected for study. The structure of such compounds has not been studied in details. The only one that has been determined
was Mg3Ge2O5(OH)4. Only for this compound, it was possible to construct a unit cell. It had six layers with some layers
shifted by ±b/3, which was also typical for other serpentine compounds, including their polytypes [18]. Co3Ge2O5(OH)4
also had a layered structure, but the number of layers in the unit cell was limited to three [19]. Such a structure and mor-
phology create a number of advantages that make such compounds perspective in catalysis and adsorption application.
Advantages include the presence of a large number of surface hydroxyl groups, the provision of a redox cycle through
rapid electron transfer, and the control of surface-active centers by changing the number of layers in the particles [20–23].
The most actively studied are cobalt and nickel phyllogermanates, which, in addition to the properties listed, can also be
used as anode materials due to the presence of transition elements in their composition [24,25]. Their electronic [23] and
magnetic [19] properties can potentially ensure their applicability in spintronics [26].
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It is possible to obtain the corresponding orthogermanates or intermetallic compounds based on phyllogermanates.
Although Ge-intermetallic compounds are promising materials for use in semiconductor devices [27, 28] and energy
storage devices [29], as well as in various catalytic processes [29–31]. Intermetallic compounds are obtained by solid-
state methods requiring high temperatures in most cases [31]. The reduction of Ge and transition elements from a single
precursor, in particular phyllogermanates, would allow to obtain intermetallic compounds of a given composition. This
article presents a new simple method for the preparation of Ge-intermetallic compounds, consisting of the reduction of
phyllogermanates in an Ar–H2 atmosphere. The synthesis parameters for the preparation studies of Mg, Ni, Co and, in
particular, Fe phyllogermanates, which were obtained for the first time, are also presented.

2. Experimental

2.1. Samples preparation

Me2+3 Ge2O5(OH)4 (Me = Mg, Ni, Co, Fe) phyllogermanates were obtained by reverse coprecipitation followed
by hydrothermal treatment. The synthesis was carried out in a glove box under an inert argon atmosphere for Co- and
Fe-phyllogermanates. Oxygen-free water was used in the synthesis, obtained by distillation in an inert Ar atmosphere
followed by 2 – 3 cycles of vacuum evacuation. All phyllogermanates were obtained according to the general scheme:
crystalline GeO2 (1 g) was dissolved in a 0.3 M NaOH aqueous solution (0.1 L). Then 0.15 M aqueous solution (0.1 L)
of the salt (FeSO4 · 7H2O, NiCl2 · 6H2O, CoCl2 · 6H2O or MgCl2 · 6H2O) was added dropwise at constant stirring to
obtain a molar ratio Me/Ge = 1.5. The precipitate was then washed by decantation until there was negative reaction for
chloride ions with AgNO3 solution in the case of Mg and Ni phyllogermanates. Then the precipitate was ground in an
agate mortar. Washing to remove impurity ions was not performed to minimize sample contact with oxygen for Co- and
Fe phyllogermanates. All samples (0.2 g) placed in 25 mL Teflon crucibles in high-pressure vessels and 20 mL of distilled
water or aqueous solutions of 0.1 M NaOH, 0.1 M Na2SO3 were added as hydrothermal medium (HTM). Na2SO3 was
used only for Co- and Fe-phyllogermanates to prevent oxidation during the hydrothermal treatment [9]. The hydrothermal
treatment temperatures for all samples were 100, 150, and 200 ◦C. The holding time was 72 h, and the estimated pressure
was 2 MPa. The samples were dried in air at a temperature of 80 ◦C after the hydrothermal treatment.

The samples were reduced in a tube furnace in an Ar–H2 flow (5 % vol. H2) at T = 900 ◦C for 5 h at a heating rate
of 10 ◦/min. The samples were cooled together with the furnace in an inert atmosphere.

2.2. Samples characterization

Powder X-ray diffraction (PXRD) was performed on a Rigaku SmartLab 3 (Japan) with a cobalt anode (λ = 1.789 Å)
and a Kβ-filter in the Bragg–Brentano geometry in the range of 5 – 80◦, a step of 0.01◦, and a shooting rate of 1 ◦/min.
The cathode heating current was 35 mA and the accelerating voltage was 40 kV. X-ray phase analysis was performed using
the PDF-2 crystallographic database. The lattice parameters were determined in the Rigaku SmartLab Studio II software
package by the direct derivation method [32]. Crystallite size was determined by the WPPF method [33]. Temperature
programmed reduction (TPR) was performed on a Chemosorb (Russia). Samples in the form of tablets (0.03 g) were
placed in quartz crucibles and heated to T = 110 ◦C at a rate of 10 ◦/min in an inert argon atmosphere until there was
no change in sample mass. The sample was heated to T = 950 ◦C in an Ar–H2 atmosphere (10 % vol. H2) at a rate of
10 ◦/min.

The elemental analysis of the samples was determined by energy-dispersive spectroscopy (EDS) on a FEI Quanta
200 scanning electron microscope (USA) with an X-ray Si(Li) microanalyzer. The morphology of the samples was also
determined with this microscope. A transmission electron microscope (TEM) JEM 2100-F Jeol (USA) was additionally
used for samples with nano-sized particles. The overage particle size of the basis of 100 particles for each sample was
calculated using the ImageJ program [34].

3. Results and discussion

3.1. Products of hydrothermal treatment

Phyllogermanates, as 1:1 analogues of phyllosilicates, had a similar layered structure. They were characterized by
partial displacement of the layers with an increase in their number in the lattice. To determine the phase composition and
the lattice parameters, one-, two- and three-layer unit cells were constructed based on the three-layer unit cell from [19],
with the second layer shifted by −b/3. The proposed model was a kind of averaging and reflected the general tendency
for the adjacent layers to shift. Based on the processing results, the number of layers in the unit cell could be determined
for each sample, as well as the lattice parameters and crystallite size. The phase composition of phyllogermanate samples
after hydrothermal treatment in the temperature range of 100 – 200 ◦C in different hydrothermal media is shown in Fig. 1.
Both temperature and hydrothermal media affected the formation of phyllogermanates.
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FIG. 1. Phase composition of samples obtained in different hydrothermal media in the 100 – 200 ◦C
temperature range (L – layer, poor cr. – poor crystalline)

3.1.1. Mg-phyllogermanate. Crystal structure of Mg-phyllogermanate formed at T = 100 ◦C was described by a two-
layer unit cell. The NaOH-HTM sample (Fig. A1, Appendix) possessed higher crystallinity in comparison to the H2O-
HTM sample (Fig. A2, Appendix). Temperature increased up to 150 ◦C yielded formation of phase described by three-
layer unit cell. More active formation of that phase occurred in the H2O-HTM sample, and it dominated at T = 200 ◦C.
Phase described by two-layer unit cell predominated in the NaOH-HTM sample in the whole temperature range. Lattice
parameters did not change significantly (Fig. A3, Appendix), and the reduced unit cell volume (the cell volume divided
by the number of layers) did not change either with temperature or with hydrothermal medium change (Fig. 2e). Phyl-
logermanate phase formation occurred already at 100 ◦C, and then only the number of layers increased with increasing
temperature, while the layer structure itself remained mostly unchanged. TEM and SEM micrographs are shown in Fig. 3.
All the particles had platy morphology. The particle shape approached hexagonal, and the plates average size increased
with increase in temperature. The particle size was 9± 4 nm in the H2O-HTM sample and 25± 6 nm in the NaOH-HTM
sample at T = 100 ◦C. Temperature increase up to 150 ◦C yielded increase in particle sizes to 23 ± 7 and 73 ± 30 nm,
respectively, and they grew up to 1.7± 0.3 µm (H2O-HTM) and 1± 0.2 µm (NaOH-HTM) at T = 200 ◦.

FIG. 2. Crystallite size of samples for all hydrothermal media in the temperature range 100 – 200 ◦C
for: a) Mg3Ge2O5(OH)4; b) Ni3Ge2O5(OH)4; c) Fe3Ge2O5(OH)4; c) Co3Ge2O5(OH)4 and unit cell
volume reduced to one layer for all hydrothermal media in the temperature range 100 – 200 ◦C for:
e) Mg3Ge2O5(OH)4; f) Ni3Ge2O5(OH)4; g) Fe3Ge2O5(OH)4; h) Co3Ge2O5(OH)4

Unusual size dependence could be related with concurrent effect of pH and temperature on the particles aggregation
and components solubility. It is believed that particles growth occurs via two main mechanisms: dissolution/precipitation
(Ostwald ripening) and oriented attachment [35]. The first mechanism involves the gradual growth of large particles due
to the dissolution of small ones. In this point of view, increase in components solubility by rising the pH value would
promote particles growth, that was observed in practice. Breakage of this trend at high temperature occurred, apparently,
because of dramatic increase in both GeO2 [36] and Mg(OH)2 solubility, so even the large phyllogermanate particles
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FIG. 3. TEM and SEM micrographs of Mg3Ge2O5(OH)4 in H2O hydrothermal medium at a) 100 ◦C
(TEM); b) 150 ◦C (TEM); c) 200 ◦C (SEM) and in NaOH hydrothermal medium at d) 100 ◦C (TEM);
e) 150 ◦C (TEM); f) 200 ◦C (SEM).

began to dissolve. Therefore, a lot of nuclei appeared in bulk of HTM during the cooling step of the high-pressure vessel,
resulting in decrease of average particle size. This was indirectly confirmed by the EDS data shown in Table 1. A given
Mg/Ge = 1.5 ratio was maintained in the H2O-HTM sample, while the ratio increased to 1.65 due to partial dissolution of
GeO2 in the NaOH-HTM sample.

On the other hand, the particle size and crystallinity may sharply increase because of oriented attachment. Availabil-
ity of related surfaces of adjacent particles is key condition for the attachment. Platy particle morphology facilitates this
process along 00l direction thus yielding thick plates and multi-layer polytypes. However, high pH value could inhibit
the oriented attachment via increase in ζ-potential (by absolute value) and suspension stability. For example, high con-
centration of alkali (pH = 13) caused decrease in Mg(OH)2 ζ-potential down to –25 mV [37], that might be the case of
the NaOH-HTM sample. As a result, the particles repelled each other and their possibility for the attachment decreased.
The crystallite size shown in Fig. 2a gradually increased from 5 to 20 nm for the NaOH-HTM sample. In the H2O-HTM
sample, a sharp jump in the crystallite size was observed at T = 200 ◦C (40 nm). This was apparently due to the active
formation of phase described by three-layer unit cells and the emergence of preferential directions of oriented attachment.
For phases described by two-layer unit cells, the most intense diffraction maxima corresponded to the 00l and h00 direc-
tions, which were associated with crystallite growth both along and perpendicular to the layers. Texturing also contributed
to the increase in diffraction maxima with 00l indices. The appearance of the third layer was characterized by an increase
in intensity along the 113 direction, which was also almost perpendicular to the layers in the unit cell.

3.1.2. Ni-phyllogermanate. Ni-phyllogermanate showed similar trends to Mg-phyllogermanate (Fig. 1). However, Ni-
phyllogermanate was characterized by the formation of phase described by one-layer unit cell at T = 100 ◦C. Phase
described by two-layer unit cell was formed at T = 150 ◦C, and a slight presence of phase described by tree-layer unit
cell was observed (Fig. A4 and Fig. A5, Appendix). It was possible that Ni-phyllogermanate required higher temperatures
to form phases with multi-layer unit cells, as indicated by the tendency for the number of layers to increase with increase
in temperature, but no dependence on the HTM type was observed. Unit cell volume (Fig. 2f) was significantly different
for the two hydrothermal media only at T = 100 ◦C. The rest of the lattice parameters were also HTM-independent in
the 150 – 200 ◦C range (Fig. A6, Appendix). The crystallite size in both media gradually increased from 4 to 12 nm
with increase in hydrothermal treatment temperature (Fig. 2b). The particles themselves also had the shape of plates.
The particles of the NaOH-HTM sample were smaller than 7 nm at T = 100 ◦C (Fig. A7a, Appendix). A significant
difference in particle size was observed depending on the HTM type at high temperature. While the average particle size of
the H2O-HTM reached 2 µm and more at T = 200 ◦C (Fig. A7b, Appendix), for individual particles of the NaOH-HTM
sample were almost indistinguishable in the SEM. In addition to the reasons discussed for the Mg-phyllogermanate case
(including high ζ-potential value of NiO and Ni(OH)2 [38, 39]), greater sensitivity of Ni-containing systems to pH value
should be noted for the case of Mg- and Ni-phyllosilicate nanoscrolls formation [40, 41]. Comparing these observations
with our previously published paper [15], in which Ni-phyllogermanate particle sizes reached 0.5 µm independently
on pH, we are once again convinced of the importance of the role of chemical prehistory in the formation and growth
of crystals. Thus, the usage of crystalline compounds mechanical mixtures (Ni(OH)2 and GeO2 [15]) demanded for
comparatively high temperatures (240 ◦C) to start recrystallization, and particle sizes were predetermined by the less
soluble compound.
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TABLE 1. Elemental composition of phyllogermanates for all hydrothermal media in the 100 – 200 ◦C
temperature range

Mg3Ge2O5(OH)4
HTM T , ◦C Element content, at.% Mg/Ge

Mg Ge O

H2O 100 22.79±0.21 15.36±0.15 61.86±0.16 1.48±0.03

150 24.31±0.21 15.50±0.14 60.19±0.33 1.57±0.03

200 24.41±0.19 16.52±0.31 59.07±0.47 1.48±0.04

NaOH 100 24.54±0.18 14.84±0.15 60.62±0.29 1.65±0.03

150 25.06±0.16 15.23±0.23 59.71±0.34 1.65±0.04

200 25.36±0.23 15.42±0.11 59.26±0.30 1.64±0.03

Ni3Ge2O5(OH)4
HTM T , ◦C Element content, at.% Ni/Ge

Ni Ge O

H2O 100 22.20±0.45 15.45±0.04 62.36±0.43 1.44±0.03

150 26.76±0.61 18.40±0.31 54.84±0.33 1.45±0.06

200 29.16±0.35 19.46±0.45 51.38±0.67 1.50±0.05

NaOH 100 27.48±0.70 17.30±0.07 55.21±0.73 1.59±0.05

150 24.87±0.96 19.13±0.05 56.00±0.95 1.30±0.05

200 27.08±0.83 19.46±0.11 53.46±0.77 1.39±0.05

Co3Si2O5(OH)4
HTM T , ◦C Element content, at.% Co/Ge

Co Ge O

H2O 100 26.26±0.76 18.31±0.18 55.43±0.79 1.43±0.06

150 23.73±0.87 18.38±0.12 57.89±0.76 1.29±0.06

200 26.29±0.70 18.14±0.21 55.57±0.59 1.45±0.06

NaOH 100 23.51±6.36 15.90±1.46 60.59±7.18 1.48±0.54

150 24.41±0.90 16.68±0.10 58.91±0.84 1.46±0.06

200 34.39±8.38 14.65±1.11 50.96±7.34 2.35±0.75

Na2SO3 100 22.75±0.69 15.09±0.08 62.16±0.75 1.51±0.05

150 26.32±0.99 17.95±0.18 55.73±0.95 1.47±0.07

200 27.05±0.94 17.37±0.39 55.58±1.12 1.56±0.09

Fe3Si2O5(OH)4
HTM T , ◦C Element content, at.% Fe/Ge

Fe Ge O

H2O 100 22.22±0.47 14.82±0.09 62.97±0.41 1.50±0.04

150 22.41±0.44 15.47±0.14 62.12±0.35 1.45±0.04

200 45.65±5.66 11.99±1.43 42.36±4.25 3.81±0.93

NaOH 100 26.10±1.28 16.55±0.72 57.35±1.02 1.58±0.15

150 27.45±1.37 16.33±0.34 56.22±1.22 1.68±0.12

200 50.16±4.24 10.26±1.27 39.57±3.18 4.89±1.02

Na2SO3 100 22.86±0.73 15.41±0.09 61.73±0.77 1.48±0.06

150 20.22±0.77 15.28±0.16 64.50±0.84 1.32±0.06

200 27.45±0.81 17.06±0.07 55.49±0.76 1.61±0.05
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3.1.3. Fe-phyllogermanate. Unlike the previous phyllogermanates, the main obstacle for Fe-phyllogermanate synthesis
is an intensive oxidation of Fe2+ to Fe3+ during precipitation and hydrothermal treatment. Except paper [42], Fe2+-
phyllosilicates with chrysotile or lizardite structure were not obtained, but Fe-phyllosilicate Fe3−2Si2O5(OH)4 was ob-
tained with the greenalite structure. The iron in this compound had oxidation states of 2+ and 3+ [43, 44]. Previously
obtained Me3Ge2O5(OH)4 phyllogermanates contained divalent metal ions in the octahedral position, so an important
task was to stabilize iron in the 2+ oxidation state.

In analogy with other phyllogermanates, Fe-phyllogermanates tended to form phase described by three-layer unit
cell in water (Fig. A9, Appendix) because of oriented attachment. Addition of NaOH increased crystallinity (Fig. A8,
Appendix) and inhibited the growth along 113 direction. Increase in temperature resulted in the formation of Fe2O3

impurity phase. Moreover, Fe-phyllogermanate dehydroxylated with formation of Fe2GeO4 and Fe2O3 in H2O and
NaOH at 200 ◦C (using of mother liquor as HTM allowed to obtain single-phase Fe2GeO4, see Fig. A11, Appendix). The
formation of Fe2O3 and Fe2GeO4 led to a sharp increase in the Fe/Ge ratio (Table 1) due to the presence in the sample
of well-crystallized particles of volumetric shape, from which the signal was most intense and overlapped the signal from
particles of smaller size. Addition of Na2SO3 prevented Fe2O3 and inhibited Fe2GeO4 formation at 200 ◦C (Fig. 1 and
Fig. A10, Appendix).

The lattice parameters of Fe-phyllogermanate varied unsystematically (Fig. A12, Appendix), but the unit cell volume
did not change significantly with temperature or HTM (Fig. 2g). The crystallite size was about 5 nm for H2O-HTM
samples at T = 100 ◦C, while for Na2SO3-HTM and NaOH-HTM samples it was 13 and 11 nm, respectively. The
crystallite size increased, reaching about 20 nm at T = 150 ◦C for all HTMs (Fig. 2c). Only Na2SO3-HTM retained
Fe-phyllogermanate at T = 200 ◦C, the crystallite size was almost 40 nm. Fe-phyllogermanate also had a plate-like
morphology, the largest particle size was also characteristic of the H2O-HTM sample and was about 1 µm at T = 150 ◦C.
The same sizes were observed for particles obtained at T = 200 ◦C in the Na2SO3-HTM sample. The particles had a size
of about 0.5 µm and their size did not change with increasing temperature in NaOH-HTM (Fig. A13(a,b), Appendix).

It is worth noting that the morphology of Fe2GeO4 differed significantly depending on HTM. They were plate-like
particles similar to Fe-phyllogermanate in the H2O-HTM sample (Fig. A14a, Appendix). The particles joined into flower-
like agglomerates with sizes of 5 µm and larger in the NaOH-HTM sample (Fig. A13c, Appendix), that was probably
due to more active particle growth in NaOH-HTM. And in the mother liquor, isomeric particles were formed (Fig. A14b,
Appendix). The homogeneity of the composition and distribution of the primary particles, the absence of additional
oxidation sources could contribute to this effect.

3.1.4. Co-phyllogermanate. Phases described by two-layer unit cell were formed in all HTMs at T = 100 ◦C, phases
described by three-layer unit cells began to form in H2O-HTM (Fig. A15, Appendix) and Na2SO3-HTM (Fig. A16,
Appendix) in analogy with previous phyllogermanates. Cobalt orthogermanate Co2GeO4 was formed in NaOH-HTM
(Fig. A17, Appendix) at 100 ◦C, which was present in this HTM at all subsequent processing temperatures (Fig. 1).
Increasing the temperature to 150 ◦C resulted in more intense formation of phases described by three-layer unit cells,
whereas phases described by two-layer unit cells were practically absent. At T = 200 ◦C only phases described by three-
layer unit cells were observed. Growth was observed in the preferred directions 00l, h00, and 113 in all samples with
three-layer unit cells, similar to Fe-phyllogermanate, but the texturing effect in these directions was stronger. The lattice
parameters remained virtually unchanged at T = 150 ◦C and above, while they changed unsystematically at T = 100 ◦C
(Fig. A18, Appendix) comparing different HTMs. The unit cell volume decreased in Na2SO3-HTM, while a strong
volume decrease occurred in H2O-HTM (Fig. 2h). While NaOH-HTM promoted the formation of Co-phyllogermanate,
the particles in the other two HTMs could be weakly crystallized, resulting in a larger unit cell volume.

Crystallite size increased from an average of 5 nm at T = 100 ◦C to 30 – 40 nm at T = 150 ◦C. Subsequent
increased in temperature caused the crystallite size of NaOH-HTM and Na2SO3-HTM samples to increase to 45 nm,
while the crystallite size in the H2O-HTM sample remained virtually unchanged (Fig. 2d). The particles were hexagonal
plates [19] and had sizes much smaller than the phyllogermanates considered above. The sample contained thin plates
of 36 ± 8 nm in size at T = 100 ◦C in the H2O-HTM sample (Fig. A7c, Appendix). The Co/Ge ratio was kept within
the error limits in all samples, except for the Co-phyllogermanate obtained in NaOH-HTM at 200 ◦C due to the presence
of Co2GeO4 in significant amounts, as well as in the sample obtained in H2O-HTM at 150 ◦C due to probably strong
texturing.

Thus, hydrothermal treatment promoted the formation of phyllogermanates and each series contained single-phase
samples, which allowed us to establish the optimal phyllogermanates synthesis parameters. Increase in temperature
yielded increase in the number of layers in the unit cell. Neutral pH (H2O-HTM) enhanced particles attachment with for-
mation of bigger plates. Na2SO3-HTM minimized undesirable oxidation of Co2+ and Fe2+ in hydrothermal conditions.

3.2. Products of heat treatment in Ar–H2 atmosphere

The reduction of phyllogermanates was carried out in an Ar–H2 atmosphere to obtain intermetallic compounds or
metallic germanium in the case of Mg-phyllogermanate. Single phase samples were selected for the reduction (Fig. 4).
The TPR curves are shown in Fig. 5. The reduction took place in one or two stages, depending on the sample. It is worth
noting that the shape of the TPR profiles also depended on the H2O released during the process [45].
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FIG. 4. PXRD patterns of single-phase samples of phyllogermanates obtained in H2O hydrothermal
medium at 150 – 200 ◦C

FIG. 5. TPR curves of single-phase samples of phyllogermanates obtained in H2O hydrothermal
medium at 150 – 200 ◦C

The reduction began at about 400 ◦C with Tmax = 480 ◦C for Mg-phyllogermanate. The second reduction stage
started at 665 ◦C with Tmax = 730 ◦C. This was in agreement with literature data on the reduction of GeO2: hydroxylated
GeO2 had higher reduction temperatures compared to other germanium oxides [46]. Structurally bound water could also
affect the reduction process of germanium in the case of Mg-phyllogermanate. Presence of three phases was observed in
the sample after the reduction: metallic germanium, orthorhombic Mg2GeO4 and cubic Mg2GeO4 (Fig. 6). It is possible
that the reduction of germanium from phyllogermanate occurred in parallel with the formation of cubic Mg2GeO4 and
continued until the stoichiometric ratio Mg/Ge = 2 was reached. The increase in temperature contributed to its stabilization
and prevented further reduction of germanium from the system. Traditionally, Mg2GeO4 is obtained by the solid phase
synthesis method [47], therefore the temperatures of its preparation from the corresponding phyllogermanate could be
significantly lower. The presence of cubic Mg2GeO4 could be associated with an incomplete transition from the cubic to
the orthorhombic phase. The second stage of Mg phyllogermanate reduction was weakly intense and could be associated
with the phase transition from cubic to orthorhombic Mg2GeO4 [48].

The reduction occurred in a single step for Ni-phyllogermanate (Fig. 5), and it was accompanied by the formation
of Ni19Ge12 intermetallic compound (Fig. 6). It existed in a rather narrow region of the phase diagram. The Ni/Ge ratio
in the initial phyllogermanate was 1.5, which was close to the Ni/Ge ratio in the resulting intermetallic compound, and
the reduction temperature corresponded exactly to the formation temperature of Ni19Ge12 in the phase diagram [49].
The reduction start temperature of Ni-phyllogermanate was 435 ◦C with a maximum at 520 ◦C. It was higher than that of
Mg-phyllogermanate due to the presence of nickel in the system and the simultaneous reduction of germanium and nickel.
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FIG. 6. PXRD patterns of phyllogermanate reduction products in Ar–H2 (5 % vol. H2)

The reduction start temperature of Fe-phyllogermanate was 705 ◦C with Tmax = 845 ◦C. This sample had the highest
reduction temperature. Structurally bound water greatly slowed down the process of iron reduction [45]. The initial ratio
Fe/Ge = 1.5 corresponded to the region of two solid solutions [50], possibly due to this, the formation of two alloys with
approximate ratios of Fe1.4Ge and Fe1.67Ge was observed by PXRD (Fig. 6). In addition, a small amount of Fe2O3 was
present in the sample. This oxide could have formed in air after the reduction process due to the oxidation of metallic
iron, which was a reduction product.

The reduction from Co-phyllogermanate occurred in one step (or several steps, indistinguishable due to peaks overlap)
with the formation of the intermetallic compound Co3Ge2 (Fig. 6), which was a high-temperature phase [51]. The
reduction start temperature was 600 ◦C with a Tmax = 750 ◦C, which was higher than the reduction start temperature of
a similar phyllosilicate [8]. Apparently, the reduction start temperature increased due to the simultaneous reduction of the
transition element and Ge, which led to the destruction of the structure and the formation of the intermetallic compound.

The formation of intermetallic compounds was observed in all samples containing transition elements. Mg-phyllo-
germanate contained germanium and magnesium orthogermanate. It was possible to obtain intermetallic compounds with
a given germanium/transition element ratio by varying the initial Me/Ge ratio.

4. Conclusion

Here, we have demonstrated unified approach to Mg-, Ni-, Fe- and Co-phyllogermanates synthesis by soft chem-
istry methods. Additional precautions to prevent oxidation were required to obtain Co- and Fe-phyllogermanates, so the
synthesis was performed in an inert Ar atmosphere using oxygen-free water.

Phyllogermanates tended to form unit cells, the number of layers in which depended on the temperature condi-
tions of the hydrothermal treatment. Ni-phyllogermanate required the highest temperatures to initiate the formation of
phases described by three-layer unit cell, while Fe-phyllogermanate required the lowest. The samples were particles with
three-layer cells already at 100 ◦C. Orthogermanates were also formed in Fe- and Co-phyllogermanates under elevated
temperature conditions, besides temperature of their formation was much lower than that in the solid phase synthesis
method. Therefore, hydrothermal synthesis could be successfully used to obtain not only phyllogermanates, but also
orthogermanates.

Temperature-programmed reduction made it possible to estimate the reduction start temperature of germanium in
Mg-phyllogermanate and germanium intermetallic compounds in other samples. This method of obtaining intermetallic
compounds is quite simple, and the possibility of varying the composition of the initial phyllogermanates to obtain a series
of intermetallic compounds with a given ratio makes them promising objects for further research.
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Appendix

FIG. A1. PXRD patterns of Mg3Ge2O5(OH)4 in H2O hydrothermal medium at three different temperatures

FIG. A2. PXRD patterns of Mg3Ge2O5(OH)4 in NaOH hydrothermal medium at three different temperatures

FIG. A3. Lattice parameters of Mg3Ge2O5(OH)4 in H2O and NaOH hydrothermal media at three
different temperatures
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FIG. A4. PXRD patterns of Ni3Ge2O5(OH)4 in H2O hydrothermal medium at three different temperatures

FIG. A5. PXRD patterns of Ni3Ge2O5(OH)4 in NaOH hydrothermal medium at three different temperatures

FIG. A6. Lattice parameters of Ni3Ge2O5(OH)4 in H2O and NaOH hydrothermal media at three dif-
ferent temperatures
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FIG. A7. a) TEM micrograph of Ni3Ge2O5(OH)4 at 100 ◦C in NaOH hydrothermal medium; b) SEM
micrograph of Ni3Ge2O5(OH)4 at 200 ◦C in H2O hydrothermal medium; and c) TEM micrographs of
Co3Ge2O5(OH)4 at 100 ◦C in H2O hydrothermal medium

FIG. A8. PXRD patterns of Fe3Ge2O5(OH)4 in NaOH hydrothermal medium at three different temperatures

FIG. A9. PXRD patterns of Fe3Ge2O5(OH)4 in H2O hydrothermal medium at three different temperatures
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FIG. A10. PXRD patterns of Fe3Ge2O5(OH)4 in Na2SO3 hydrothermal medium at three different temperatures

FIG. A11. PXRD pattern of Fe3Ge2O5(OH)4 treated in mother liquor at 200 ◦C

FIG. A12. Lattice parameters of Fe3Ge2O5(OH)4 in H2O, NaOH and Na2SO3 hydrothermal media at
three different temperatures
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FIG. A13. SEM micrographs of Fe3Ge2O5(OH)4 in NaOH hydrothermal medium: a) at 100 ◦C; b) at
150 ◦C; c) at 200 ◦C

FIG. A14. SEM micrographs of Fe3Ge2O5(OH)4 at 200 ◦C a) in H2O hydrothermal medium; b) in
mother liquor

FIG. A15. PXRD patterns of Co3Ge2O5(OH)4 in H2O hydrothermal medium at three different temperatures
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FIG. A16. PXRD patterns of Co3Ge2O5(OH)4 in Na2SO3 hydrothermal medium at three different temperatures

FIG. A17. PXRD patterns of Co3Ge2O5(OH)4 in NaOH hydrothermal medium at three different temperatures

FIG. A18. Lattice parameters of Co3Ge2O5(OH)4 in H2O, NaOH and Na2SO3 hydrothermal media at
three different temperatures
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