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ABSTRACT: Here we report on the thermal properties of Mg-Ni-phyllosilicate nanoscrolls as a promising precursor for produc-
tion of Ni/silicate composite catalysts. Spontaneous scrolling of the phyllosilicate layer originating from size difference between 
metal-oxygen and silica sheets provides an increased surface area of future catalyst support. Metal nanoparticles can be obtained 
directly from the matrix by H2 reduction. Despite the system has already been used for methane reforming, little attention has been 
paid to the control of size distribution of Ni nanoparticles, as well as to the reduction process itself. In order to close the gap, we 
carried out a thermal study of (Mg1–xNix)3Si2O5(OH)4 nanoscrolls in air and in H2 environments. The phyllosilicate structure passed 
through a number of transformations including partial dehydroxylation with formation of sepiolite-like phase followed by silicate or 
oxide crystallization. Temperature ranges of these transitions overlapped with the reduction process sophisticating the H2 consump-
tion profiles. In particular, some amount of Ni2+ got sealed up by the sepiolite structural features, that opened a path for the tuning 
of Ni0:Ni2+ ratio of the catalyst. An increase of Ni content in the system yielded a decrease in the metal nanoparticles sizes due to 
both high intensity of nucleation and type of residual matrix (mostly amorphous or crystalline). In turn, size distribution and specif-
ic surface area of the composite catalysts governed conversion rate of hexene-1 and acetone hydrogenation.

INTRODUCTION 
A number of layered hydrosilicate particles can gain spon-

taneous curvature due to an excess of strain energy and differ-
ence in chemical composition on the opposite sides of the lay-
er.1–4 In 1:1 phyllosilicate like chrysotile and halloysite, strain 
originates from size difference between covalently bounded 
metal oxide and silicon oxide sheets. In addition, surface of 
metal (magnesium, aluminum) oxide sheet is highly hydrox-
ylated causing large surface energy difference between the two 
surfaces.5–7 As a result, those hydrosilicates form multi-walled 
nanotubes and nanoscrolls, that could be found in nature4,8,9 or 
synthesized by a hydrothermal process.10–14 Synthesis allows 
the tuning of chemical composition of phyllosilicates by dop-
ing them with Fe,15–17 Co,18,19 Ni,1,20–27 Ti,28,29 Ge,30–32 and oth-
er cations, which yields change in properties24,33,34 and mor-
phology up to stabilization of platy particles.16,31,32  

High specific surface area becomes one of the results of the 
scrolling process making the nanoscrolls suitable for adsorp-

tion35–39 and catalytic applications.40 Lafay et al.41 reported on 
250 m2/g for chrysotile nanoscrolls, and Belkassa et al.42 
demonstrated an increase of the specific surface area from 61 
to 503 m2/g by chemical etching. High values up to 315 m2/g 
were achieved for Ni phyllosilicates.43,44 In comparison with 
3D zeolites and other porous materials, nanotubes and na-
noscrolls have quasi-1D channel pore, that gives rise to con-
trollable release of its contents (for example, drugs and corro-
sion inhibitors) by sealing up the nanoscroll’s inner chan-
nel.45,46 Abundance of OH-groups on the nanoscrolls surface 
facilitates its further chemical modification by organic mole-
cules or inorganic nanoparticles boosting up adsorption,47–49 
sensing,50 and catalytic performance.51–58  

An intriguing feature of d-element based nanoscrolls is the 
metal nanoparticles formation during H2 heat treatment. In 
addition to relatively high specific surface area of initial phyl-
losilicate, these particles are tightly bounded with the support. 
Ni, Cu, and Co-based phyllosilicate materials demonstrated 
good catalytic activity in dry reforming of methane,43,59–61 
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Fischer-Tropsch process,19 and hydrogenation process.62,63 In 
perspective, initial nanoscrolls could be designed on the basis 
of multiple d-element cations, thus supporting advantages of 
bimetallic catalysis.61,64,65 

Hydrogen treatment results in metal nanoparticles for-
mation, but the heat action itself causes the phyllosilicate layer 
structural transformation. Thermal studies carried out on natu-
ral8 and synthetic15,22,66,67 phyllosilicate nanoscrolls reported on 
two principle effects: intense endothermic dehydroxylation at 
around 630 °C and exothermic forsterite crystallization around 
820 °C. First effect was often interpreted as structure collapse, 
however, nanotubular morphology can still be preserved38 
until silicate crystallization.  

The aim of this work was to study peculiarities of Ni reduc-
tion in Mg-Ni-phyllosilicate nanoscrolls in the view of their 
catalytical application, in particular, to distinguish between the 
effect of temperature increase and H2 chemical action on the 
nanoscrolls structure and morphology. 

EXPERIMENTAL SECTION 
Nanoscrolls synthesis 

Phyllosilicate (Mg1–xNix)3Si2O5(OH)4 nanoscrolls with nom-
inal x = 0, 0.33, 0.5, 0.67, and 1 were synthesized by hydro-
thermal treatment of initial composition. The latter was pre-
pared as follows. About of 4 g of amorphous SiO2 (Aerosil A-
300) were mixed with 100 ml of 2 M NaOH water solution. 
The suspension was stirred by magnetic stirrer for 24 h at 
room temperature until SiO2 dissolution. Then 500 ml of 1 M 
(1–x)MgCl2 and xNiCl2 water solution was added dropwise at 
constant stirring. The precipitate was washed with distilled 
water from NaCl byproduct and excess of NaOH by decanta-
tion and vacuum filtration, dried at 90 °C in air, and grinded in 
an agate mortar. About of 2.0 g of initial composition was put 
in 400 ml stainless steel autoclave with titanium liner. The 
autoclave’s volume was filled by 160 ml of 0.1 M NaOH wa-
ter solution. The vessel was sealed, and heat treated at 350-353 
°C and 21-24 MPa (the pressure was measured by U-type and 
digital pressure gauges) for 10 h. After cooling, the product 
was washed from NaOH by decantation and dried at 90 °C in 
air. 
Heat treatment techniques 

Thermal properties of the nanoscrolls obtained were inves-
tigated by synchronous thermal analysis and temperature-
programmed reduction (TPR). Netzsch STA 429 CD was used 
as thermal analyzer working in differential scanning calorime-
try and thermogravimetry regime (DSC-TG). The device was 
equipped with quadrupole mass spectrometer Netzsch QMS 
403 C for detection of thermal decomposition products. A 
tablet containing about 20 mg of sample was produced by 
hydraulic press (the pressure was 1 kg/mm2). Tablets were 
analyzed in open corundum crucible in the 40-1100 °C tem-
perature range with 20 °/min heating speed. Compressed air or 
5 vol.% H2-Ar mixture (99.995% purity) were used as a dy-
namic (50 ml/min) atmosphere. 

TPR experiments were carried out on Chemosorb (“Ne-
osib”, Novosibirsk). About of 0.1 g of the sample was pressed 
into tablet and put into gas flow reactor. The reactor was fed 
with 60 ml/min 10 vol.% H2-Ar mixture (of 99.995% and 
99.998% purity, respectively). Hydrogen consumption profiles 
were recorded in the 25-900 °C range at 20 °/min heating rate. 

Catalysis of hydrogenation reactions 
The nanoscrolls samples with maximal nominal Ni load (x = 

0.67, 1) were put into the quartz gas flow reactor (a tube of 6 
mm inner diameter) and exposed to 99.995 % H2 50 ml/min 
flow for 1 hour at a number of given temperatures. The expo-
sure temperatures were chosen in the 400-900 °C range on the 
basis of thermal analysis. The furnace has been heated in ad-
vance up to the chosen temperature. Catalytical tests were 
carried out right after exposure in the same set up. Hydrogen 
was bubbled through one of the initial reagents, then the gase-
ous mixture was passed through the sample at 120 and 240 °C. 
Initial reagents were preheated in the case of their low volatili-
ty. Since the reaction occurred at a gas/solid interface, compli-
ance of constant contact time between the gaseous mixture and 
the solid was considered to be of first priority. For that pur-
pose, the solid sample apparent volume that had been put in 
the reactor was kept constant at 0.45 cm3. Three hydrogenation 
reactions were studied: hexene-1 to hexane conversion, ace-
tone to isopropanol conversion, and the transformation of ben-
zene into cyclohexane. The reaction product was cooled (in ice 
bath) and collected for ex situ nuclear magnetic resonance (1H 
NMR) analysis. 
Ex situ characterization 

Hydrothermal and heat treatment products were character-
ized by powder X-ray diffraction (RXPD, Rigaku SmartLab 3 
operating in the Bragg-Brentano geometry, 1.5406 Å CuKa 
radiation, Kb filtered, D/TEX ULTRA 250 detector working in 
1D mode) in the 5-80° 2q range with a 0.01° step. The Crys-
tallography Open Database68,69 (COD) was used for the phase 
analysis. The PXRD peak files (for visualization purposes) 
were simulated by the VESTA70 powder diffraction utility. 
Size distributions of Ni nanoparticles were calculated involv-
ing the most intense (111) reflection of metallic nickel by 
Rigaku SmartLab Studio II software. Fundamental Parameter 
method71 was used for the peak’s convolution assuming 
lognormal distribution of nanoparticles size. The (Mg1–

xNix)3Si2O5(OH)4 nanoscrolls lattice constants were refined by 
the Whole Powder Pattern Decomposition72 assuming ellip-
soidal shape of crystallite. 

FEI Quanta 200 scanning electron microscope equipped 
with EDAX energy dispersive X-ray spectrometer (SEM/EDS) 
was used for element content evaluation. Average sizes and 
morphology of the nanoscrolls and Ni particles were studied 
by Zeiss Libra 200 transmission electron microscope (TEM) in 
the bright field mode. About 200 nanoscrolls for each x value 
were used to estimate their mean length, outer and inner diam-
eters on the basis of volumetric distribution. The volume of 
every nanoscroll was calculated in the hollow cylindrical ap-
proximation. Then, a weighted average value was calculated 
for each parameter. Ni nanoparticles size distributions based 
on TEM micrographs analysis accounted for at least 500 parti-
cles for each sample. Simple numerical weighted average was 
used to calculate the particles mean diameter. 

JEOL – ARM 200 F Cold FEG was used for high-resolution 
microstructure characterization and element mapping (JEOL 
Centurio Silicon Drift Detector). The microscope was operated 
at 200 kV in TEM and scanning TEM (STEM) bright field and 
high-angle annular dark field (HAADF) modes. Gwyddion 
open-source software73 was used for fast Fourier transform 
(FFT) of TEM micrographs. 
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Figure 1. (a) PXRD patterns and (b) change in lattice constants of (Mg1–xNix)3Si2O5(OH)4 nanoscrolls vs Ni content measured by EDS. 

Table 1. Nanoscrolls chemical composition according to SEM/EDS measurements. 

nomin
al x 

Ni content 
by EDS, 
xEDS 

normalized element concentration, at.% 
Approximate chemical formula 

Mg Ni Si O 

0 0 23±4 0 15±3 62±7 Mg2.98Si2O5(OH)4 

0.33 0.32±0.03 15.6±0.2 7.4±0.1 16.2±0.3 60.8±0.5 Mg1.93Ni0.92Si2O5(OH)4 

0.5 0.45±0.05 11.5±0.7 9±2 16.5±0.5 63±3 Mg1.40Ni1.33Si2O5(OH)4 

0.67 0.64±0.05 8.5±0.2 15.1±0.2 15.9±0.2 60.5±0.3 Mg1.06Ni1.90Si2O5(OH)4 

1 1 0 23±3 16±2 60±5 Ni2.97Si2O5(OH)4 

 
Change in the specific surface area of the samples exposed 

to hydrogen was studied by N2 adsorption and desorption in 
the 0.01-0.99 P/P0 range using Micromeritics ASAP 2020. 
Prior measurements, samples were vacuum heated at 110 °C 
until constant mass. Specific surface area was evaluated within 
the Brunauer–Emmett–Teller (BET) theory approximation. 

Product content (W, at.%) after each type hydrogenation re-
action was estimated by normalizing the 1H NMR spectra in-
tegral peak intensity of product on sum of product and initial 
substance peak intensities. Spectra were acquired by liquid 
phase 1H NMR (Bruker DPX-200, 200 MHz working frequen-
cy). Tetramethylsilane was used as an external standard. 

RESULTS AND DISCUSSION 
Nanoscrolls structure and morphology 

Figure 1.a shows PXRD patterns of hydrothermal treatment 
products. All patterns were well described by the synthetic 
chrysotile (COD ID 1552115) obtained by Foresti et al.10 Mg2+ 
to Ni2+ cations substitution yielded minor crystal structure 
change due to the fact that these cations have close values of 
ionic radii: 72 pm and 69 pm,74 respectively. That substitution 

led to gradual decrease in the lattice volume.(Figure 1.b) Table 
1 represents chemical composition of nanoscroll samples 
measured by SEM/EDS. The nickel content, measured by EDS 
(xEDS), corresponded to its nominal content within the error. 

Figure 2.a-c shows TEM micrographs of nanoscrolls as well 
as change in mean values of size parameters as functions of 
nominal x. In all cases hydrothermal process yielded different 
nanoscrolls fractions starting from particles with aspect ratio 
close to 1 up to highly anisotropic nanofibers. In this case the 
all dependencies of size parameters upon nominal Ni content 
demonstrated a maximum at x = 0.5. This maximum could be 
related to chemical composition features revealed in previous 
works,27,75,76 such as growth of conical nanoscrolls and redis-
tribution of Mg and Ni cations along the nanoscroll’s spiral. 
This feature can be possible because of the nanotubular phyl-
losilicate crystal growth, in addition to conventional crystal 
growth processes, is guided by a strain energy.1,2,77 The latter 
is a function of size difference between octahedral and tetra-
hedral sheets, in other words, a function of ionic radii of cati-
ons which constitute the layer.  
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Figure 2. TEM micrographs of nanoscrolls with nominal Ni content x = (a) 0, (b) 0.5, and (c) 1. (d) Weighted mean values of nanoscrolls 
size parameters based on their mass contribution vs nominal Ni content x. 

 
Considering the case shown in Figure 2.d, the redistribution 

could increase size parameters by dividing the nanoscroll’s 
cross section in Mg-rich core and Ni-rich shell. Relatively 
small Ni cations prefer forming layers of small curvature. Mg-
reach nanoscrolls acted like a seed, facilitating the growth of 
outer Ni-rich layers. This combination, in comparison with 
homogeneous distribution of the cations, could result in negli-
gible impact on the strain energy. 

 
Thermal behavior features 

Heat treatment in air 
Figure 3 shows DSC-TG curves obtained in air and in H2-Ar 

atmosphere, and PXRD patterns of samples after the thermal 
analysis. Temperature increase in air (Figure 3.a,c) was ac-
companied by three principle heat effects in the ranges of 100-
400 °C, 400-800 °C, and 800-1100 °C. Below 200 °C there is 
a small endothermal effect related to adsorbed water removal 
up to 4% of initial mass. The interval of 200-400 °C was char-
acterized by small continuous mass loss without pronounced 
heat effects, that could be related to both removal of strongly 
coupled water and dehydroxylation of nanoscroll outer layers.  

The 400-800 °C range contained intense but broad endo-
effect with mass loss up to 9% in air. This effect could be 
caused by volume dehydroxylation22 together with structural 
transformation of sample into sepiolite-like Mg4Si6O15(OH)2 
phase shown by Krasilin et al.38 Because sepiolite differs from 
Mg3Si2O5(OH)4 chrysotile by Mg:Si ratio, this transformation 
could also be accompanied with partial amorphization. In-
crease in Ni content split the peak (see inset on Figure 3.a) 
into at least two parts. Temperature of the shoulder was ap-

proximately equal to that of the sample with x = 1, while the 
main peak’s temperature shifted from 635 °C (x = 0) to 649 °C 
(x = 0.33) and 637 °C (x = 0.5). We attributed this splitting to 
the effect of cations redistribution along the nanoscroll’s spiral 
as mentioned elsewhere.27 The Ni-rich shell of the nanoscroll 
could dehydroxylate at lower temperature (585-587 °C) thus 
serving as a sacrificial layer against heat action. If, on the con-
trary, Mg and Ni cations were distributed nonuniformly be-
tween the particles but homogeneously in the scrolled layer of 
every particle, then one should expect gradual decrease in the 
peak temperature without occurrence of the shoulder peak. As 
far as the sepiolite-like phase still contained some number of 
OH-groups, it dehydroxylated continuously in the 640-800 °C 
range, which could be confirmed by the mass loss curves. 
(Figure 3.c) 

Strong and narrow exo-effect in the 800-1100 °C range was 
related to (Mg,Ni)2SiO4 (COD ID 900053578) forsterite crys-
tallization. The effect was very sensitive to the Ni content: its 
increase hindered crystallization of the silicate phase or even 
cancelled it at x = 1. PXRD analysis (Figure 3.e) showed that 
there was an admixture of (Mg,Ni)SiO3 (COD ID 154855179) 
enstatite, which could crystallize at temperature higher than 
1000 °C. Exo-effect of this process should be very weak be-
cause the stoichiometry of the system treated in air lies far 
beyond Mg:Si=1:1 favorable for MgSiO3 formation. Nano-
crystalline NiO (COD ID 101038180) was formed instead of 
forsterite-like phase with very weak exo-effect at 1020 °C in 
case x = 1. This effect could also be attributed to a-SiO2 crys-
tallization, but this phase was hardly visible on the PXRD 
pattern. (Figure 3.e) All samples contained amorphous phase, 
most likely, SiO2 together with crystalline phases. 
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Figure 3. DSC curves obtained (a) in air and (b) in H2-Ar atmosphere. TG curves obtained (c) in air and (d) in H2-Ar atmosphere. PXRD 
patterns obtained after thermal analysis (e) in air and (f) in H2-Ar atmosphere. 

 
Heat treatment in H2-Ar 
Heat treatment in H2-Ar mixture (Figure 3.b,d) was accom-

panied by Ni2+ cations reduction. It was assumed that the re-
duction reaction was slightly exothermic by the analogy with 
NiO reduction.81 This process perturbed heat effects curves 
with weak and hardly visible exo-effects. Only some of them 

could be successfully correlated with hydrogen consumption 
profiles presented in Figure 4. However, the effect of Ni re-
duction was distinctly seen by an almost two-fold increase in 
mass loss in the 400-800 °C range. Hydrogen treatment ex-
tracted nickel out from the oxide part of the system thus de-
creasing the metal to silicon ratio.  
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Figure 4. (a) H2 consumption profiles obtained by the TPR method and (b) cumulative H2 consumption profiles showing relative quantity 
of Ni being reduced at certain temperature. 

 

 
Figure 5. STEM HAADF micrographs and EDS maps of nickel 
distribution in samples after TPR analysis. Nominal x was (a) 0.5 
and (b) 1. 

In the case of x = 0.33 the final Mg:Si ratio was 1:1, and 
crystallization of MgSiO3 (Figure 3.f) enstatite with exo-effect 
at 1080 °C (Figure 3.b) followed by forsterite crystallization. 
For other cases this effect was less articulated. In the case of x 
= 1 the only one option – crystallization of a-SiO2 (COD ID 
900157882) – could cause weak exo-effect at 1020 °C.  

The reduction of Ni began after 300 °C in a stepwise man-
ner. (Figure 4) At x = 0.33, there were two distinct regions of 
reduction with maxima at 400 °C, 445 °C, and 677 °C with a 
gap between them where almost no H2 consumption occurred. 
Temperature range of this gap coincided with the chrysotile-
to-sepiolite transition. (Figure 3.b and Table 2) In contrast to 
1:1 sheet arrangement in chrysotile, sepiolite is 2:1 phyllosili-
cate (Figure S1), in which tetrahedral sheets surround octahe-
dral ones from both sides.10,83 This feature could serve as steri-
cal hindrance for the reduction process and grant an increased 
thermal stability to those Ni cations that had not been reduced. 
In addition, sepiolite layers were surrounded by Mg-rich 
amorphous substance, which should be produced due to stoi-
chiometry requirements.  

 

Figure 6. TEM micrographs of TPR products with nominal x (a) 
0.5 and (b) 1 with FFT images of selected areas. (c) FFT profiles 
of selected areas after radial integration. 
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Figure 7. PXRD patterns of Mg-Ni-nanoscrolls with x = (a) 0.67 and (b) 1 reduced in pure H2 at given temperatures. 

Table 2. Thermal effects in (Mg1–xNix)3Si2O5(OH)4 nanoscrolls in the 100-1100 °C range. 

T range, °C x mass loss, % Tmax of the effect, °C assignment 
100-400 0 3-4; 2 (h) 

– Removal of adsorbed water, dehydroxylation 0.33 1-2; 1-2 (h) 
0.5 2; <1 (h) 

340 (tpr) 
Ni reduction in chrysotile layers 

390 (tpr) 
0.67 1-2; <1 (h) – Removal of adsorbed water, dehydroxylation 

274 (tpr) Ni reduction in chrysotile layers. Probably, 
reduction of Ni(OH)2 byproduct 335 (tpr) 

1 2; <1 (h) – Removal of adsorbed water, dehydroxylation 
400-800 0 11; 11 (h) 628 m. en. (h) 

Chrysotile-to-sepiolite transition 
635 m. en. 

0.33 9; 16 (h) 400 (tpr) 
Ni reduction in chrysotile layers 

445 (tpr) 
579 sh. w. en. (h) 

Chrysotile-to-sepiolite transition of Ni-rich part 
584 sh. w. en. 
641 m. en. (h) 

Chrysotile-to-sepiolite transition of Mg-rich part 
649 m. en. 
677 (tpr) Ni reduction during and after the transition 

0.5 9; 16 (h) 472 (tpr) Ni reduction in chrysotile layers 
579 sh. w. en. (h) 

Chrysotile-to-sepiolite transition of Ni-rich part 
583 sh. w. en.  
633 m. en. (h) 

Chrysotile-to-sepiolite transition of Mg-rich part 
637 m. en. 

667 (tpr) Ni reduction of amorphous phase formed during the 
chrysotile-to sepiolite transition 

0.67 8; 16 (h) 449 (tpr) Ni reduction in chrysotile layers 
596 (tpr) Ni reduction of amorphous phase formed during the 
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chrysotile-to sepiolite transition 
618 m. en. (h) 

Chrysotile-to-sepiolite transition 
619 m. en. 

790 (tpr) Ni reduction of amorphous phase formed during 
sepiolite dehydroxylation 

1 7; 20 (h) 447 (tpr) Ni reduction in chrysotile layers 
579 w. en. (h) 

Chrysotile-to-sepiolite transition 
587 w. en. 

600 (tpr) Ni reduction of amorphous phase formed during the 
chrysotile-to sepiolite transition 

790 (tpr) Ni reduction of amorphous phase formed during 
sepiolite dehydroxylation 

800-1100 0 1; <1 (h) 831 s. ex. 

Forsterite crystallization 
833 s. ex. (h) 

0.33 1; 6 (h) 834 s. ex. (h) 
837 m. ex. 
1080 m. ex. (h) Mg!SiO" + SiO! → 2MgSiO# 

0.5 1; 4 (h) 840 s. ex. (h) 
Forsterite crystallization 

852 m. ex. 
970 v.w. ex. (h) 

Enstatite and/or SiO2 crystallization 
1075 v.w. ex. (h) 

0.67 1; 3 (h) 843 m. ex.  (h) Forsterite crystallization, probably, still doped by 
residual Ni2+ 

871 w. ex. Mg-Ni-forsterite crystallization 
950 w. ex. (h) 

Enstatite and/or SiO2 crystallization 
1008 w. ex. (h) 
1008 sh. v.w. ex. 

Enstatite and/or SiO2 crystallization 
1040 v.w. ex. 

1 1-2; 2 (h) 1020 w. ex. (h) SiO2 crystallization 
1020 v.w. ex. NiO and/or SiO2 crystallization 

x is nominal Ni content; Tmax is temperature of the peaks extremum; (h) points that the value was obtained in the H2-Ar atmosphere; (tpr) 
means that the value was obtained on the basis of the TPR experiment. (Figure 4) Relative intensities of the thermal effects are denoted as 
follows: ‘v.w.’ – very weak, ‘w.’ – weak, ‘m.’ – medium, ‘s.’ – strong. The effect’s type is denoted as follows: ‘en.’ – endothermic, ‘ex.’ – 
exothermic. Other designations are: ‘sh.’ – shoulder of the main peak. 

 
In fact, among the samples studied the chrysotile-to-

sepiolite transition could be possible without segregation of Ni 
into the amorphous only for x = 0.33, in an extreme case. In 
terms of metal to silicon ratio the transition is the ratio change 
from 3:2 to 2:3, or 6:4 Me6Si4O10(OH)8 chrysotile-like to sepi-
olite-like 4:6 Me4Si6O15(OH)2. To accomplish this transition, a 
phase with the 4:1 ratio has to be withdrawn: 

4Mg!NiSi!O$(OH)"
%
→Ni"Si&O'$(OH)! + 2Mg"SiO&()*.)

+ 8H!O ↑ 

Potentially, all nickel cations could be preserved in the sepi-
olite-like phase only in case x ≤ 0.33 or else they would end up 
in the amorphous 4:1 phase and would be reduced immediate-
ly. At x = 0.5, the reduction process did not disrupt namely 
because the amorphous 4:1 phase contained sufficient amount 
of Ni cations. With further increase in the x value up to 0.67 
and 1 the beginning of chrysotile-to-sepiolite transition and 
amorphization, on the contrary, acted like a driver for reduc-

tion. Finally, in these cases high temperature peaks of reduc-
tion appeared (Figure 4), which were attributed to Ni reduction 
in bulk sepiolite-like phase or to amorphous phase formed 
right after continuous dehydroxylation of sepiolite-like phase. 
The results of heat effects assignments are summarized in 
Table 2. 
Structure and morphology of Ni-containing composites 

Thermal analysis demonstrated the possibility of metallic Ni 
particles formation from the nanoscrolls by H2 treatment. TPR 
(Figure 4) and STEM/EDS analysis of the products (Figure 5) 
showed that Ni could be completely extracted at high tempera-
ture. Nickel nanoparticles were embedded in residual matrix 
(Figure 6) consisting of amorphous silica or combination of 
silica and forsterite depending on presence of magnesium cati-
ons. General cylindrical morphology of the composite was 
preserved; however, the inner channel was eliminated com-
pletely at high temperature.  
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Figure 8. TEM micrographs of Mg-Ni-nanoscrolls with (a) x = 0.67 and (b) 1 reduced at certain temperatures. HAADF image and Ni EDS 
map of Mg-Ni nanoscrolls with (c) x = 0.67 reduced at 600 °С and (d) x = 1 reduced at 540 °C showing partial Ni reduction. 

 
Figure 9. (a) PXRD (solid line) and TEM (chart) size distributions of Ni nanoparticles. Total number of the particles measured is given in 
brackets. (b) Weighted mean diameter of the nanoparticles according to PXRD and TEM analysis. 
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Figure 7 shows PRXD patterns of the samples with highest 
Ni content (x = 0.67, 1), reduced by pure H2 at given tempera-
tures. Besides TPR (Figure 4) showed start of reduction pro-
cess at 400 °C, it was complicated to confirm it by PXRD or 
TEM. Reliable presence of Ni nanoparticles (COD ID 
901302484) was found in the samples treated at 540-600 °C. 
Crystal structure of the nanoscrolls first also changed to sepio-
lite-like phase (COD ID 901014883) with temperature in-
crease (Figure 7) and then eliminated gradually.  

Figure 8 shows degradation of the nanoscroll layered struc-
ture and its transformation to composite material. In the first 
step, hydrosilicate layers thickened and lost their periodicity. 
In hydrogen atmosphere this process came along with growth 
of Ni nanoparticles. Further decomposition of the layers yield-
ed amorphous substance, and its subsequent crystallization 
depended on the initial chemical composition. (Figure 6)  

Figure 9 compares PXRD and TEM size distributions of Ni 
nanoparticles. Generally, Ni particles size distributions broad-
ened, and their weighted average value grew with the tempera-
ture increase. Both types of distributions were in a good 
agreement with each other. Decrease in Ni content yielded 
increase in Ni particles size, which could be clearly seen in the 
high temperature region. This feature could be the conse-
quence not only of the higher nucleation speed in the Ni-rich 
system but also of but also of the crystallization of residual 
matrix components that try to take room for themselves, force 
out Ni particles and move them closer to each other. On the 
other hand, presence of amorphous phase like SiO2 usually 
hindered the mass transfer and crystallization of any other 
component in the system up to high temperature of 1500 ºC.85 
Hydrogenation performance 

Figure 10 demonstrates change in BET surface area with in-
crease in H2 treatment temperature. Decrease in surface area 
occurred in same manner as it was shown before for the case 
of Ni3Si2O5(OH)4 nanoscrolls treated in air.38 The decrease had 
Z-form curve with slight value recovery in the area of chryso-
tile-to-sepiolite transition. This recovery could be related with 
features in the nanoscrolls wall alteration (Figure 8) as a kind 
of thickening and exfoliation of the layers, which could open 
additional sites for adsorption. The sample with nominal x = 
0.67 suffered greatly from the heat action probably because of 
its partial crystallization in the high temperature range. (Figure 
7.a) 

 
Figure 10. BET surface area of initial nanoscrolls (heat treated in 
vacuum at 110 °C) and the reduced samples. 

Table 3 shows hexane and isopropanol content W after hex-
ene-1 and acetone hydrogenation at two temperatures. At-
tempts to hydrogenate benzene also have been carried out, but 
without success: conversion efficiency did not climb over 2%. 
Both series of samples demonstrated high performance in hy-
drogenation of hexene-1. The effect took place even in case of 
samples treated at 400 °C, that indirectly confirms the pres-
ence of Ni nanoparticles. These facts are in a good agreement 
with the literature data. Mokhov et al.86 revealed that Ni nano-
particles were an effective catalyst for alkene-into-alkane 
transformation under mild conditions. Moreover, such cata-
lysts were selective and did not lead to reduction of arenes.  
Table 3. Product (hexane or isopropanol) content W (at.%) 
depending on Ni content and nanoscrolls reduction tem-
perature. 

x T, °C 
hexene-1 acetone 

120 °C 240 °C 120 °C 240 °C 

1 

400 100 100  71 13 

600 100 100 79 27 

900 100 63 45 14 

0.67 

400 - - 23 8 

600 100 100 45 15 

900 100 50 20 12 
The W value decreased with an increase in the reaction tem-

perature. One of the reasons could be the hydrogenation-
dehydration of acetone, as it was shown for the cases with 
Ni/zeolite87 and Ni/SiO2

88 catalysts. In particular, Sooknoi et 
al.88 revealed that dehydration rate increased, that lowered the 
isopropanol content in the products mixture, significantly 
above 150 °C. This process involves two sequential reactions 
– hydrogenation of initial acetone to iso-propanol over metal 
sites of catalyst and dehydration of the alcohol over SiO2 (or 
zeolite) sites. Thus, propene could be one of possible dehydra-
tion products. The selected experimental conditions and re-
search methods did not allow to capture propene in the reac-
tion products because of its –47.7 °C boiling temperature. So, 
the observed W value decrease could be assigned to the for-
mation of propene instead of isopropanol at 240°C.  

Overall drop of the W value with H2 treatment temperature 
increase from 400 °C to 900 °C was likely related to decrease 
in specific surface area and Ni nanoparticles growth. An in-
crease of the W value with increase in Ni content was related 
to the particle size decrease, i.e. to increase their surface-to-
volume ratio. Accumulative H2 consumption profiles (Figure 
4.b) showed that at any temperature lower than 650 °C equal 
quantities of Ni have been reduced in samples with x = 0.67 
and 1. Assuming spherical form of Ni nanoparticles, the sur-
face-to-volume ratio could be written as follows: 

𝑠 = 𝜋𝑑! 4"
#
𝜋 -!

.
5
/'
= &

-
  (1) 

where d is a weighted average diameter. 
Relative change of a value v was written as follows: 

Δ𝑣 = |1".$%/1&|
234(1".$%,1&)

100%  (2) 

where lower index means nominal Ni content. 
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These two equations were applied to weighted average di-
ameter (Figure 9.b) and W value (Table 3) of the samples re-
duced at 600 ºC and used as acetone hydrogenation catalysts at 
120 ºC. It was found that Δ𝑠&66 = 54% and Δ𝑊&66 = 43%. In 
the case samples were reduced at 900 ºC, the equations yielded 
Δ𝑠766 = 58% and Δ𝑊766 = 56%. The proximity of these two 
values spoke in favor of the decisive role of the particles sur-
face-to-volume ratio in the hydrogenation process. 

CONCLUSIONS 
Here we considered chemical and structural transformations 

occurring in (Mg1–xNix)3Si2O5(OH)4 nanoscrolls, obtained by 
hydrothermal synthesis, under heating in air and in H2-Ar 
flow. In air, the nanoscrolls passed through a number of dehy-
droxylation steps with endothermic transition to a sepiolite-
like phase in the 580-650 °C range following by exothermic 
silicate, silica, or nickel oxide crystallization depending on the 
initial chemical composition. In H2-Ar, nickel can be fully or 
partially reduced out from nanoscrolls in a tunable manner. 
The reduction process overlapped with endothermic dehy-
droxylation stages and did not show obvious thermal effects 
even though it was distinctly detected on the TG curves. Tran-
sition to sepiolite-like phase influenced on the reduction pro-
cess by sealing up a part of nickel-containing octahedrons 
cations with SiO2 sheets from both sides. This feature modu-
lated the shape of H2 consumption profiles resulting in appear-
ance of gaps and peak splitting. Mean diameter of Ni nanopar-
ticles obtained by the reduction decreased with increase of Ni 
content in the initial nanoscrolls, that was attributed to in-
crease in nucleation rate and quantity of amorphous phase, 
which hindered mass transfer between Ni nanoparticles at high 
temperature. Difference in the size-to-volume ratio of Ni na-
noparticles distribution, as well as specific surface area de-
crease during heat treatment, produced an optimal 600 °C re-
duction temperature in the view of the hydrogenation conver-
sion rate. 
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