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ABSTRACT A thermodynamic analysis of hydroxide transformations in the Mg1−xNix(OH)2 – SiO2 – H2O system
during the hydrothermal synthesis of nanotubular particles with a chrysotile structure has revealed the decisive
role of the dehydration of initial reagents and the subsequent re-formation of hydroxides during hydrothermal
treatment of reagents on the composition and morphological parameters of the target product. Depending
on the composition of the hydroxide reagent and the T–P conditions in the reaction zone, three regions have
been identified where the formation mechanism of nanotubular particles with a chrysotile structure changes
dramatically. This is the direct cause of the non-monotonic dependence of the Mg/Ni ratio and the dimensional
parameters of the (Mg1−xNix)3Si2O5(OH)4 nanotubes on the Mg/Ni ratio in the initial hydroxide.
KEYWORDS solid solutions, hydroxides, oxides, chrysotile, nanotubes, hydrothermal synthesis, thermodynamic
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1. Introduction

The hydrothermal formation of hydrosilicate nanotubes with a chrysotile structure, characterized by the general for-
mula Me3Si2O5(OH)4, where Me is typically Mg, which can be partially or completely substituted by atoms such as
Fe, Co, Ni, etc., has revealed a number of significant differences compared to the formation of oxide and hydroxide
nanoparticles of other compositions and morphologies. For instance, while the hydrothermal synthesis of many simple
and complex oxides and hydroxides can yield nanoparticles with a relatively narrow size distribution [1–7], the scientific
literature reports no cases of forming hydrosilicate nanotubes with a narrow distribution in outer diameter, and especially
in length, during the early stages of phase formation. This is despite wide variations in the T–P conditions of synthe-
sis [8–18], the use of different precursors [8–11, 16–20], and hydrothermal media of various compositions [11, 20–23].
Only after prolonged hydrothermal treatment do the outer diameters, inner diameters, and lengths of the nanotubes be-
come uniform [22, 24–28]. Numerous additional questions arise when attempting to synthesize nanotubes of variable
composition, i.e., with partial substitution of cations in the octahedral and tetrahedral sublattices, as well as when sub-
stituting OH− anions with F− [20, 29–42]. Even more questions are prompted by the experimentally observed effect of
non-uniform radial distribution of cations within the octahedral sublattice during the synthesis of variable-composition
nanotubes with the chrysotile structure [41–43]. Potentially, this effect could be explained by the energetic preference of
cations of different sizes for specific localization sites, depending on the radius of curvature of the cation sublattice within
the nanotube (Fig. 1) [41, 43]. However, the influence of a kinetic factor on this cation distribution cannot be ruled out
either, as observed, for example, in the synthesis of variable-composition orthophosphates with the rhabdophane struc-
ture [44]. It is also possible that both of these factors contribute to this effect. A separate question concerns the reasons
for the diversity in the forms of nanotubular particles with the chrysotile structure, which is particularly pronounced in the
initial stages of synthesis [9,25,35,38,45,46]. Moreover, as shown in [38], the extent of this morphological heterogeneity
of nanotubes may also depend on the degree of ion substitution in (Mg1−xNix)3Si2O5(OH)4.

The analysis conducted in [11] shows that the formation mechanism can significantly influence the morphology of
nanotubes with a chrysotile structure. In this regard, study [47] analyzed the impact of using pre-synthesized hydroxides
of variable composition, (Mg1−xNix)(OH)2 [48], as reagents on the formation of (Mg1−xNix)3Si2O5(OH)4 nanotubes.
However, several questions regarding the specific features of the formation of magnesium-nickel hydrosilicate nanotubes
with the chrysotile structure in this system remain unclear. This pertains, in particular, to the significant discrepancy
between the expected and actually observed differences in the morphological parameters of (Mg1−xNix)3Si2O5(OH)4
nanotubes depending on their composition [47]. Interest in the issues surrounding the formation of nanotubes with the
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FIG. 1. Schematic diagram of a frontal section of a nanotube with a chrysotile structure. The solid
circular lines represent the magnesium-nickel hydroxide layers; the dashed circular lines represent the
layers based on silicon dioxide. R = 0.5D and r0 = 0.5d correspond to the outer radius and diameter,
and the inner radius and diameter of the nanotube, respectively; r denotes the radius of curvature of
the magnesium-nickel hydroxide layer of chrysotile, with r1 < r2 representing the radii for which
xNi(r

1) < xNi(r
2), where xNi(r

...) is the fraction of nickel ions in the corresponding layers of the
compound (Mg1−xNix)3Si2O5(OH)4 [41]

chrysotile structure is sustained not only by the prospects for their application in various fields [10,49–58] but also by the
significantly lower toxicity of synthetic chrysotile compared to its natural counterpart [58].

For these reasons, there is a need to continue both computational studies and a more detailed analysis of experimental
results in the field of understanding the specific features of the formation process of nanotubes with the chrysotile structure
under hydrothermal conditions, particularly when using a solid solution of composition Mg1−xNix(OH)2 as one of the
reagents. This work is dedicated to this very issue.

2. Calculations

Calculations of phase relations in the (T–P) coordinates within the Mg1−xNixO–H2O system were performed by ana-
lyzing the dependence of the Gibbs energy change for the dehydration reaction of (Mg1−xNix)(OH)2 under hydrothermal
conditions, leading to the formation of a Mg1−xNixO solid solution. The calculation was carried out neglecting the con-
tributions of the Gibbs energy of mixing of the hydroxides and oxides of variable composition to the Gibbs energy of
the dehydration process. Throughout the entire investigated range of temperature and pressure changes in the system, the
hydroxide and oxide phases of variable composition remain homogeneous under equilibrium conditions, i.e., they do not
decompose into two hydroxide or two oxide phases. This conclusion is based on available experimental data [48] and
the fact that the molar enthalpy of mixing during the formation of the Mg1−xNixO solid solution, according to [59, 60],
is either negative or ∆HM

m ≈ 0. The calculations were performed using the IVTANTHERMO database and software
package [61].

3. Synthesis and analysis

The starting materials used in the synthesis of nanotubes with a chrysotile structure in the (Mg1−xNix)O–SiO2–
H2O system were hydroxides of variable composition (Mg1−xNix)(OH)2, with a nominal composition varying within the
range (x = 0.1, ..., 0.9), and SiO2 in the form of silica gel (GOST 3956-76, n = 0.73). The hydrothermal fluid contained
a solution of 5 wt.% NaOH in distilled water. The hydroxides (Mg1−xNix)(OH)2 with nominal values varying in the
interval (x = 0.1, ..., 0.9) were obtained by the reverse deposition method, as described in [48].

Hydrothermal treatment of the reagent mixture, calculated for the stoichiometry of (Mg1−xNix)3Si2O5(OH)4 for-
mation, was carried out in steel autoclaves. The temperature of the hydrothermal treatment was monitored based on the
furnace temperature data. Due to the thermal inertia (heating/cooling) of the thick-walled steel autoclave, the temperature
of the reaction zone differs significantly from the furnace temperature. To estimate the temperature in the reaction medium
during autoclave heating, a calibration curve (Fig. 2) was used, obtained by comparing the temperature in the furnace and
inside the autoclave. Using identical heating conditions and the same type of autoclaves in the experiment allows for
predicting the temperature in the reaction space based on the furnace temperature data for all experiments. The pressure
in the reaction medium was determined using Kennedy nomograms [62] based on data on the autoclave fill factor and the
temperature of the hydrothermal fluid.
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FIG. 2. Relationship between the temperature values in the furnace (1) and in the autoclave (2), ac-
cording to the calibration experiment data

The hydrothermal treatment of the reagents, the post-hydrothermal operations with the resulting solid-phase products,
and the analysis of the obtained samples were carried out in accordance with the methods described in [10, 47]. The di-
mensional parameters of the nanotubes were determined using data from transmission electron microscopy (JEM 2100-F
microscope, U = 200 kV (λ = 0.025 Å)) and scanning electron microscopy (Hitachi S-570). To obtain statistically reli-
able information, random samples containing about 100 nanotubes were used in all cases, from which the average values
of the outer diameter (D) and length (L) of the nanotubes were determined. The Mg/Ni ratios in the initial magnesium-
nickel hydroxides and in the nanotubes were determined by EDX analysis using an attachment (Bruker Quantax 20) to a
scanning electron microscope. The error in determining the Mg and Ni ratio was approximately 0.02 mole fraction.

4. Results and discussion

The results of thermodynamic calculations show that the initial mixed hydroxides (Mg1−xNix)(OH)2, under hy-
drothermal treatment conditions, can dehydrate depending on their composition and temperature to form Mg1−xNixO
oxides (Fig. 3 – boundary of regions I and (II, III)). The Mg/Ni ratio in the oxide solid solution, as can be concluded
from [48], will not change. This is primarily determined by the stability of Mg1−xNixO solid solutions across the entire
range of compositions down to very low temperatures, due to the fact that the molar enthalpy of mixing has negative
values or is close to zero [59,60]. Furthermore, the dehydration process can occur very quickly, as water escapes from the
hydroxide nanoparticles with a layered structure through the interlayer spaces without any significant diffusion hindrance.
This also contributes to preserving the Mg/Ni ratio in the oxide solid solution after dehydration of the (Mg1−xNix)(OH)2
hydroxide.

A different situation arises during the hydration of Mg1−xNixO under hydrothermal conditions. Despite the assump-
tions made based on thermodynamic calculations that, upon hydration of Mg1−xNixO at the boundary of regions III and
IV (Fig. 3), the Mg/Ni ratios in the hydroxide and oxide solid solutions should remain unchanged, the hydration reac-
tion of Mg1−xNixO, a compound with a framework structure (periclase), will proceed significantly more slowly. In this
case, on the surface of the Mg1−xNixO crystals, for kinetic reasons, hydroxide particles enriched in magnesium ions will
form first, since the driving force for the formation of such particles is significantly higher than the driving force for the
formation of hydroxides enriched in nickel ions (Fig. 3). Consequently, at a certain stage of the hydration process of
the Mg1−xNixO solid solution, it can be expected that the formation reaction of “secondary” hydroxides will proceed as
follows:

Mg1−xNixO + H2O = (x2 − x)/(x2 − x1)Mg1−x1Nix1(OH)2 + (x− x1)/(x2 − x1)Mg1−x2Nix2(OH)2, (1)

where x2 > x > x1. Moreover, the values of x1 and x2 can vary depending on the temperature and duration of the
reaction (Fig. 3 and Fig. 4). In the limiting case, x2 can equal unity. In this situation, the hydration of oxides enriched in
NiO will occur very slowly or not at all (region II, Fig. 3). Furthermore, the interaction of NiO with silicon dioxide under
hydrothermal conditions to form nickel hydrosilicate is known [11,48] to be so difficult that NiSiO3 is typically used as a
reagent instead of NiO to obtain nanotubular Ni3Si2O5(OH)4.

Given that, according to the calculations performed, throughout the entire range of T–P conditions of hydrothermal
treatment, hydroxides Mg1−xNix(OH)2 are stable for x <∼ (0.55 ± 0.05), taking into account the kinetic factor, one
likely scenario is the hydration of the Mg1−xNixO solid solution at the boundary of regions III and IV (Fig. 3), leading
to the formation of “secondary” hydroxides via the reaction:

Mg1−xNixO+2(1− x)H2O = 2(1− x)Mg∼0.45Ni∼0.55(OH)2 + (2x− ∼ 1.1)NiO. (2)
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FIG. 3. Equilibrium phase state of reagent particles in the Mg1−xNixO-H2O system according to ther-
modynamic calculation data, depending on the Mg/Ni ratio, temperature, and pressure in the autoclave
(the pressure in the autoclave corresponding to each temperature was calculated using Kennedy nomo-
grams [62]): I – region of existence of (Mg1−xNix)(OH)2; II – region of formation of Mg1−xNixO
without further transformation into hydroxide; III – region of formation of Mg1−xNixO with subse-
quent transformation into (Mg1−xNix)(OH)2 upon changes in T–P conditions in the hydrothermal fluid;
IV – region of formation of “secondary” hydroxide; V – temperature region in which the formation of
chrysotile is activated [14]

As follows from (1) and (2) and is illustrated in Fig. 4, in the region of “secondary” hydration – II’, for kinetic
reasons, the hydroxides present will contain a smaller amount of Ni2+ than the original oxide. These hydroxides will
be the first to interact with silicon dioxide to form nanotubes with a chrysotile structure. This conclusion is supported
by the data illustrated in Fig. 3, which shows that the hydration region IV overlaps with the T–P region where chrysotile
formation is activated.

In addition to the hydroxides in region II’ (Fig. 4), one can expect to find nickel-enriched magnesium-nickel oxide
solid solutions, and in the limiting case, NiO, in accordance with equation (2). During hydrothermal treatment, the
components enriched in nickel oxide may either form outer layers on the surface of already formed nanotubes, initiate the
formation of nanotubes significantly enriched in nickel oxide compared to the initial Mg/Ni ratio, or remain as a dispersed
phase in the hydrothermal fluid due to their lower reactivity towards chrysotile formation [13]. In the latter case, they
would be removed during decantation and washing of the target product precipitate.

It should be noted that the conclusions drawn from the analysis described above, within the error limits of the exper-
iment and calculations, correlate well with the experimentally obtained data on the relationship between the composition
of the initial hydroxide nanoparticles Mg1−xNix(OH)2 and the composition of the resulting nanotubes with a chrysotile
structure (Mg1−yNiy)3Si2O5(OH)4 obtained using them as reagents (Fig. 5). The relationships y(x) are qualitatively

FIG. 4. Residence time of reagents in the form of hydroxide and oxide solid solutions during the hy-
drothermal synthesis of chrysotile for various compositions of initial hydroxides in the Mg1−xNixO–
SiO2–H2O system. I – region of stable existence of Mg1−xNix(OH)2; II – region of stable existence
of Mg1−xNixO; II’ – region of coexistence of “secondary” hydroxides and oxides in accordance with
reactions (1) and (2)
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divided into regions I, II, and III (Fig. 5). In terms of composition, region I (Fig. 5) corresponds to region I (Fig. 3 and
Fig. 4), region II (Fig. 5) corresponds to region III (Fig. 3) and region II’ (Fig. 4), and region III (Fig. 5) corresponds to
region II (Fig. 3 and Fig. 4).

The characteristic feature of the dependence y(x) in region II (Fig. 5) is explained by the fact that it is derived from
processes preceding the formation of (Mg1−yNiy)3Si2O5(OH)4 in this region: the decomposition of the hydroxide solid
solution with the formation of Mg1−xNixOH (region II – Fig. 3 and Fig. 4) and subsequent hydration (region III – Fig. 3
and region II’ – Fig. 4), with the composition of the resulting “secondary” hydroxides changing according to expressions
(1) and (2).

Some systematic difference in the Mg/Ni ratio between the initial reagents and the reaction products in regions I and
III (Fig. 5) may be associated both with the systematic error of EDX analysis in determining the elemental composition
of objects of different nature and with energetic reasons [41, 43]. When brucite-like nanoplates of Mg1−xNix(OH)2 roll
up during the formation of nanotubes with a chrysotile structure, for small values of the curvature radius – r (Fig. 1) of
the brucite layer, the incorporation of Mg2+ ions into this layer is energetically preferable over Ni2+ ions [41, 43].

FIG. 5. Relationship between the composition of nanotubes (Mg1−yNiy)3Si2O5(OH)4 and the initial
hydroxides Mg1−xNix(OH)2

Another confirmation of the concluded role of Mg1−xNix(OH)2 dehydration and the formation of “secondary” hy-
droxides in the synthesis of magnesium-nickel nanotubes with a chrysotile structure is provided by the data on the dimen-
sional parameters of the resulting nanotubes, presented in (Fig. 6). These data unequivocally show the presence of three
types of characteristic dependencies of the average length (L) and outer diameter (D) of nanotubes on their composition –
I, II, III (Fig. 6), the boundaries of which correlate with the boundaries of the hydroxide→oxide→hydroxide transforma-
tions for Mg1−xNix(OH)2 solid solutions of different compositions under the conditions of their hydrothermal treatment
during the experiment (Fig. 3, Fig. 4).

The sharp decrease in the size of nanotubes in region II (Fig. 6) compared to region I (Fig. 6) is explained by a
sharp decrease in the formation rate of compounds with the chrysotile structure. The decrease in the formation rate of
(Mg1−yNiy)3Si2O5(OH)4 nanotubes for y > (∼ 0.43) in region II (Fig. 6) may be related, firstly, to the fact that in
region II’ (Fig. 4) there is a significant proportion of oxides, which interact more slowly with SiO2 under hydrothermal
conditions than hydroxides [14]. Another reason for the sharp decrease in the nanotube growth rate in region II (Fig. 6) is
the change in the Mg/Ni ratio during the formation of “secondary” hydroxides in accordance with equations (1) and (2)
in region II’ (Fig. 4) and, as a consequence, a decrease in the amount of nickel-enriched hydroxide reagents necessary
for nanotube growth in region II (Fig. 6). The slow growth of nanotubes in region III (Fig. 6) is associated with the fact
that they are formed not from hydroxides possessing a brucite structure, similar to the structure of the magnesium-nickel
layer in chrysotile, but from Mg1−xNixO oxides – region II (Fig. 3 and Fig. 4). In this case, in the absence of a reagent
with a layered structure, the formation of chrysotile proceeds significantly more slowly [11–18]. It should be noted
that the results obtained in this work suggest that the change in the composition of (Mg1−yNiy)3Si2O5(OH)4 nanotubes
along their radius (Fig. 1), with enrichment of their peripheral regions with the nickel-containing component, may be
associated not only with the energetic favorability of this state, as was shown in [41], but also with kinetic factors, at least
for region II (Fig. 5) of (Mg1−yNiy)3Si2O5(OH)4 solid solutions, due to the specific composition of the “secondary”
hydroxides formed via reactions (1) and (2) in the region (IV – Fig. 3 and II’ – Fig. 4).
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5. Conclusion

It has been shown that during the hydrothermal synthesis of (Mg1−yNiy)3Si2O5(OH)4 nanotubes with a chrysotile
structure, their composition and dimensional parameters are determined not only by the composition and prehistory of
the initial reagents but also by the possibility of reagent transformation during changes in the T–P conditions in the
reaction medium upon heating the autoclave. The thermodynamic analysis performed on the dehydration processes of
Mg1−xNix(OH)2 solid solutions and the subsequent hydration of the resulting oxide solid solutions made it possible
to explain a number of effects associated with the non-monotonic dependence of the nanotube dimensional parameters
and the Mg/Ni ratio in (Mg1−yNiy)3Si2O5(OH)4 on the Mg/Ni ratio in the initial Mg1−xNix(OH)2 hydroxides. The
obtained results have allowed for a broader perspective on the data, which were interpreted ambiguously in some studies,
concerning the influence of the composition and structure of reagents on the formation of nanotubes with a chrysotile
structure.

FIG. 6. Electron micrographs of nanotube samples obtained using Mg1−xNix(OH)2 hydrox-
ides as reagents (x ≈ 0.6, 0.8, 0.9; y ≈ 0.44, 0.7, 0.9 – the corresponding Ni frac-
tion in (Mg1−yNiy)3Si2O5(OH)4) – a; average length – L, and outer diameter – D, of
(Mg1−yNiy)3Si2O5(OH)4 nanotubes versus the Ni fraction – y, in the brucite layer of the nanotubes
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