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Abstract  
We recently synthesized prospective new materials composed of alternating quasi-atomic sheets 
of brucite-type hydroxide (Mg,Fe)(OH)2 and CuFe1-xS2 sulfide (valleriites). Herein, their thermal 
behavior important for many potential applications has been studied in inert (Ar) and oxidative 
(20% O2) atmosphere using TG and DSC analysis and characterization with XRD, XPS, SEM and 
EDX. In Ar media, the processes are determined by dehydroxylation of the hydroxide layers 
forming MgO, with the temperature of the major endothermic maximum of the mass loss at 413 
°C. Sulfide sheets start to degrade below 500 °C and melt nearby 800 °C, with bornite, chalcopyrite 
and troilite specified as the final products. In oxidative atmosphere, the exothermic reactions with 
the mass increase peaked at 345 and 495 °C correspond to a partial and major oxidation of Cu-Fe 
sulfide layers, respectively. Sulfur oxides captured in magnesium hydroxide layers to form MgSO4 
compromised the layer integrity and promoted oxidation of the sulfide entities. The final products 
contained also minor MgO, Cu2MgO3, Fe3O4 and MgFe2O4 phases. Samples doped with Al, which 
decreases the content of Fe in hydroxide layers, show notably impeded decay of valleriite in argon 
but facilitated oxidation of Cu-Fe sulfides, while the impact of Li (it slightly increases the number 
of the Fe-OH sites) was less expressed. The mutual stabilization of the 2D hydroxide and sulfide 
layers upon heating in inert atmosphere but not in oxygen as compared with bulk brucite and 
chalcopyrite was suggested to explain by high thermal resistance across the stacked 
incommensurate sheets, which slows down the endothermic reactions and accelerates the 
exothermic oxidation; the high number of Fe atoms in the hydroxide sheets are expected to 
promote the phonon exchange and heat transfer between the layers.  
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1. Introduction 
 

Two-dimensional (2D) materials, such as graphene, transition metal chalcogenides (MoS2 
and others) [1-3], nitrides and carbonitrides (MXenes) [4-7], hexagonal boron nitride (h-BN) [8,9], 
double layered hydroxides [10-12], and some others [13,14], attract great attention due to unique 
physical and chemical properties, which could be applied in electronics, catalysts, sensors, 
biomedicine and other fields. There exist also layered materials constructed by alternating quasi-
atomic metal chalcogenide and hydroxide layers [15-20], first of all, FeSe and (Li,Fe)OH 
exhibiting superconductivity with the critical temperatures as high as 40 K [21-23], and 
unabundant natural minerals composed, in particular, of Fe sulfide (tochilinite) or Fe-Cu sulfide 
and Mg-based hydroxide (brucite) sheets (tochilinite and valleriite, respectively), and a series of 
rarer analogs of different composition [24, 25]. Valleriite [(Fe3+,Cu+)S2]·x[(Mg,Fe,Al)(OH)2·] 
occurs in large amounts in the Noril’sk Cu-Ni ore provenance [26-28], largely in so-called cuprous 
ores, which remain uninvolved in industrial processing because of, among other reasons, poor 
understanding its structure and properties. 

Recently, we developed a hydrothermal method for manufacturing almost impurity-free 
flakes of 10-200 nm in lateral size and 10-20 nm thick of synthetic valleriite [29] and tochilinite 
[30], including doped with Al, Li, 3d metals, and examined some of their main characteristics 
using XRD, TEM, EDS, X-ray photoelectron spectroscopy (XPS), reflection electron energy loss 
spectroscopy, Mössbauer, Raman and UV-vis-NIR spectroscopies, together with magnetization, 
impedance, zeta potential and other measurements [31-32]. The hydroxide and sulfide layers are 
stacked due to their opposite electric charges but not van der Waals forces; it was found that Al 
cations entered hydroxide layers decreasing the amount of Fe in the layers ranged from 10 to 45% 
of total iron, and surprisingly increasing their negative charge whereas the effect of Li is inverse 
[31]. The valleriite-type materials were highlighted as a new family of 2D materials with promising 
but still almost unexplored physical and chemical properties.  

Information about stability and reactions of valleriites at enhanced temperatures are 
required for many potential applications; in addition, that is necessary for understanding the 
fundamentals of chemistry of 2D layered materials, and is of practical importance for mineral 
processing and metallurgy. Few previous studies mentioned temperature effects in the formation 
and stability of valleriite [32-33] have been performed with the samples contained less than 50% 
of the target substance. The goal of the current research was to elucidate stability ranges and 
reactions of valleriite, including doped with Al and Li, at temperatures up to 1000 oC by 
thermogravimetry (TG, DTG) and differential scanning calorimetry (DSC) under inert and 
oxidizing conditions. We have also employed XPS, XRD, SEM, and TEM to characterize the 
initial materials and the final products. The results were compared with the DTA data available in 
the literature for bulk brucite, chalcopyrite, and layered double hydroxides to gain insights into 
mechanisms behind specific behavior and mutual influence of the 2D sulfide and hydroxide layers. 
 
2. Materials and methods 
 
2.1. Materials and synthetic procedures 
 

Analytical grade commercial iron (II) sulfate FeSO4·7H2O, copper sulfate CuSO4·5H2O, 
sodium sulfide Na2S·9H2O, magnesium sulfate MgSO4·7H2O, aluminum sulfate 
Al2(SO4)3·18H2O, lithium hydroxide (LiOH·H2O) and aqueous ammonia were used without 
further purification in synthesis of valleriites. Millipore Milli-Q grade deionized water (specific 
resistivity > 18 M) was utilized to prepare precursor solutions and to wash the reaction products. 
The procedures and installation for preparation of valleriite flakes as well as characteristics of the 
products were described detail elsewhere [29]. In brief, a typical procedure, pre-determined 
quantities of Fe and Cu sulfates were transferred to a small water volume and a freshly prepared 
20% solution of Na2S was slowly added under agitation, which gave rise to metal sulfide black 



precipitates. Magnesium hydroxide or its mixture with aluminum or/and hydroxide were prepared 
by adding 25% aqueous ammonia to solutions of Mg and Al sulfates (Li hydroxide). The 
dispersion was transferred to the glass with Fe and Cu sulfides, pH was adjusted to 10–11 with 
aqueous ammonia, and the mixture was loaded into an in-home made stainless steel autoclave with 
Teflon liner. The vessel was purged with Ar and sealed and then heated to 160 °C using an air 
thermostat during about 50 h. the autoclave was cooled in air, and the solid products were separated 
and washed with water in 4–5 centrifugation - redispersion cycles. The residue was dried in air at 
room temperature before examination. The initial atomic proportions of precursors and 
designations of the samples employed in this study are summarized in Table 1. 

 
Table 1. Atomic proportions of precursors used in hydrothermal synthesis of valleriite samples and their 
designations  

Sample  Atomic proportions of precursors 

Fe Cu Mg Al S Li 

a 2 2 2 - 15 -  

b 2 2 2 0.5 15 0.5 

c 2 2 2 0.5 15 - 

d 2 2 2 - 15 0.5 

 

2.2 Characterization 
 

The thermogravimetric (TG/DTG) measurement and differential scanning calorimetric 
(DSC) analyses were performed in a temperature range from 20 to 1000 oC using a STA449 F1 
Jupiter instrument (Netzsch, Germany) at a heating rate of 10 oC/min in inert (Ar) and oxidative 
(N2 80 vol.%, O2 20 vol.%) gas flow with a rate of 50 mL/min.  

X-ray powder diffraction patterns were acquired from air-dried synthetic valleriite and the 
reaction products (heated mainly to 1000 oC during the DTA experiments and cooled to room 
temperature) using a PANalytical X'Pert Pro diffractometer with Cu Kα radiation. Rietveld 
refinement was performed using TOPAS3 software, with information about reference structures 
borrowed from Crystallography Open Database (http://www.crystallography.net/cod/).  

SEM images were acquired with a TM4000 microscope (Hitachi, Japan) operated at the 
accelerating voltage of 15 kV equipped with microprobe system Quantax 70 (Bruker, Germany) 
that was utilized for EDX analyses of elemental composition.  

X-ray photoelectron spectra were measured with a SPECS instrument (SPECS, Germany) 
equipped with a PHOIBOS 150 MCD-9 analyzer operated at the pass energy of 20 eV for survey 
spectra and 10 eV for high-resolution spectra. Monochromatic Al Kα irradiation (1486.7 eV) was 
used for excitation. The high-resolution spectra were fitted with Gaussian–Lorentzian peak 
profiles after subtraction of the Shirley-type background; the Fe 2p spectra were fitted with two 
sets of multiplet lines [34] for Fe3+ cations bonded to hydroxide and sulfide anions. More details 
on the methods and results for analogous valleriite samples can be found in Ref. [29].  
 
3. Results and Discussion 
 
3.1 Structure, morphology and composition of valleriites 
 

Figure 1 shows a sketch of valleriite structure (Fig. 1A) [31] and typical TEM images (Fig. 
1B, C) obtained for the sample a synthesized using atomic precursor proportions of Fe 2 Cu 2 Mg 
2 S 15. Valleriite forms nanoflakes of ~100-200 nm in the lateral size and 10-20 nm thick, with 



the interlayer distance being of ~1.11 nm, that is, the flakes are constructed by roughly a dozen of 
stacked sulfide and hydroxide monolayers. The XRD patterns collected from the samples a-d (Fig. 
1D) exhibit the reflections of valleriite, which are in a good agreement with the literature data [15-
17] and insignificantly alter due to addition of Al and Li dopants [31]. For all the samples, valleriite 
is the only crystalline phase, although very minor impurities of brucite were found in some cases 
(Fig. 1F). This corroborates also with chemical compositions of the samples (see Table 2 below). 
XPS spectra (Fig. 1E, F, see also ESI) allow to elucidate the chemical state of elements in the 
valleriites. In particular, the Fe 2p spectra (Fig. 1F) of as-synthesized materials can be fitted with 
two sets of lines corresponding to Fe3+-OH centers in hydroxide layers (first peak at 711.7 eV), 
and Fe3+-S species in sulfide layers (first peak at 707.9 eV). The contribution of Fe3+-OH species 
was bigger for samples, in which Mg2+-ions were partially substituted with Li+-ions, and lesser 
when Mg2+-ions were partially substituted with Al. In general, the XPS data coincide with those 
measured and discussed in detail for similar valleriite specimens previously [29, 31, 32].  

 

 
Figure 1. A schematic representation of valleriite structure (A) composing of alternating brucite-
like and CuFeS2-like layers, TEM micrographs (B, C) of sample a. (D) XRD patterns, (E) wide 
scan and (F) Fe 2p spectra of the samples a-d. 
 
3.2 Thermal behavior  
 
3.2.1. Inert atmosphere 
 

A B C 

D 

E F 



Figure 2 shows the results of thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) acquired for the valleriite samples synthesized without and with adding of Al 
or Li salts or both (Table 1) upon heating in Ar. A slow mass decrease (~2-3%) with small 
endothermic effects at the temperatures below 300 oC (Fig. 1A-D) can be accounted for the loss 
of moisture and weakly bonded water that is typical for metal hydroxides [10-12, 35-43]. The loss 
of about 12 % mass takes place in the range from ~350 to 600 oC in two or three stages, with the 
main endothermic DSC peak arisen at 413 oC. Interestingly, it shifts at 498 oC for the samples 
containing Al (and Al+Li) and hence diminished amount of Fe in the hydroxide layers (ESI, see 
also [31]). The second decomposition stage causes the weight decrease that is smaller, especially 
for the Al-doped samples, and is accompanied by slight endothermic effects at 500-600 oC. The 
effect of addition of Li is much less expressed than that Al in all the stages. Similar processes 
reported for bulk brucite have been attributed to the formation of defect magnesium oxide keeping 
the brucite structure and containing residual OH groups, and then MgO with face centered cubic 
unit cell (periclase) [41]. In particular, Nahdi et al. [35] have reported the temperature of the major 
endothermic peak of 415 oC and smaller one at 510 oC, in well agreement with the current data 
upon heating in air. The reactions of brucite depend on the material composition and impurities, 
morphology and gas environment [36-40], so the comparison with valleriite is not straightforward, 
especially due to assembling with metal sulfide part.  

 
Figure 2. TGA and DSC profiles acquired in Ar media for synthetic valleriite samples prepared 
using no additives (A), or using both Al and Li (B), only Al (C) and only Li  (D) as modifiers. 
 

Solid-state transformations of bulk Cu-Fe sulfides involving the tetragonal-cubic transition 
in chalcopyrite in the vicinity of 560 °C [44] and formation of intermediate solid solutions above 
approximately 550 °C followed by melting and solid-liquid reactions in the Fe-Cu-S system at 
higher temperatures [45-48] yield bornite Cu5FeS4, chalcopyrite CuFeS2, and troilite FeS [45, 46]. 
The share of bornite is largest because of its higher temperature stability than that of chalcopyrite 
[47]. The melting points have been reported in the range 840-880 °C for monophase chalcopyrite 
and bornite, and 1100 °C for FeS, while a sulfide liquid emerges in the Cu-Fe-S system below 800 
°C. For valleriite, the same processes at similar temperatures probably manifest themselves by 
some decrease of the weight due to evaporation of sulfur (about 3 %) and wide endothermic band 
overlapped with small narrow peaks, e.g. at 847 and 920 °C.  
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Figure 3. X-ray diffraction patterns of synthetic valleriite non-substituted (A, C) and substituted with both 
Al and Li (B, D) after the heating to 1000 °C. All the phase fractions are given in wt. %. A, B – in Ar fow, 
C, D – in 80% N2 + 20% O2 gas mixture. E - H –phase speciation corresponding to XRD patterns A – D. 
 

This interpretation is supported by the chemical and phase compositions of the products of 
heating (Fig. 3). The EDX analysis (Table 2) shows that the content of sulfur reduces but remains 
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substantial, with the atomic Cu/S ratio changed from 1:2 to 1:1.5. The XRD examination revealed 
periclase MgO in the case of undoped sample, and MgO plus MgAl2O4 for the samples synthesized 
with Al and Li, and Cu5FeS4, CuFeS2 and FeS in both cases, although in somewhat different 
proportions. The share of bornite is largest owing to its higher temperature stability than that of 
chalcopyrite [47]. The micrometer-scale melt droplets can be seen in SEM micrographs of the 
cooled products (ESI). Therefore, valleriite heating in Ar atmosphere at the temperatures >500 °C 
can be principally explained by the behavior of its sulfidic components and is similar to that of the 
bulk sulfides. This implies that the structure of valleriite disappeared after the decomposition of 
2D brucite-like layers and the formation of quasi-bulk MgO species (Fig. 3), promoting the 
coalescence of sulfidic sheets. 

 
Table 2. Chemical composition of valleriites (at.%) determined using EDS synthesized using 
atomic proportions of reagents Fe 2 Cu 2 Mg 2 S 15, (a) without heating, (b) after heating to 
1000 °C in Ar media and (c) after heating to 1000 °C in 80% N2 + 20% O2 mixture*. 

Sample 
Elements 

Fe Cu Mg O S 

a 22.0 14.4 21.6 12.0 30.0 

b 19.9 13.5 32.5 13.8 20.3 

c 9.4 28.2 21.6 26.6 14.2 

*Averaging was performed over a series of elemental maps, not over the spots. 
 
3.2.1. Oxidizing atmosphere 
 
Fig. 4 shows TG and DSC curves for heating of valleriites in oxygen-containing gas flow (20 
vol.% O2). Aside from the initial loss of water, there are exothermic reactions at 345 °C with 
increasing the sample mass by about 4%, the main feature at 495 °C corresponding to the mass 
growth on the order of 20%, and a smaller mass increase (about 5%) with lesser energy effects in 
the range of 550 – 750 °C suggest oxidation of sulfide part of valleriite. At higher temperatures, 
the mass decreases by about 25% in weakly endothermic reactions. Oxidation of Cu-Fe sulfides, 
particularly chalcopyrite CuFeS2, has been intensively studied for metallurgical roasting [49-51] 
but the reaction mechanisms are not completely understood yet. Oxidation usually proceeds in 
several stages, depending on the particle size, heating rate and so accessibility of the metal sulfides 
to oxygen [52]. Taking in mind the thermal behavior of chalcopyrite [44-46, 52] and valleriite in 
inert media, we suggest that partial decomposition of the sulfide layers to copper and iron sulfides, 
preferentially bornite Cu5FeS4, and iron oxides result in the exothermic maxima at 300-350 °C. 
The increase in the sample mass indicates that oxidized sulfur remains in the samples either as 
elemental sulfur or, more likely, as metal sulfates due to entrapping and oxidation of SO2, possibly 
in both layers. The main oxidation peak at the temperatures above 400 °C for chalcopyrite is due 
to oxidation of the main portion of metal sulfides yielding CuSO4, CuOCuSO4, Fe sulfate and 
oxide (-Fe2O3) [49-52], and this could the case for valleriite too, with a minor mass growth 
attributable to oxidation of residual copper sulfides, e.g. Cu2S. The process appears to occur 
simultaneously with the decay of magnesium-based hydroxides above 500 °C, and copper and iron 
sulfates losing SO2 at the temperatures higher than 600 °C [49, 52].  

XRD, EDX and XPS examination (Fig. 3, Table 2 and Fig. S3, correspondingly) found out 
the final products different from those for oxidation of chalcopyrite and for valleriite heated in 
inert atmosphere. The yields of CuO (tenorite) and MgO were surprisingly low, and Cu-Fe-O 
compounds were absent, whereas substantial quantities of MgSO4 and Cu2MgO3 formed, 
suggesting a sort of mixing the layers. It is also noteworthy that magnetite Fe3O4 instead of more 
often hematite [52] was detected, and proportions of the products varied for the samples with and 
without Al and Li.  



In contrast to Ar atmosphere, the samples modified with Al or Li or both show the TG and 
DSC peaks shifted to lower temperatures, with the main peak temperature (initially 495 oC) 
dismissed by about 60 °C and the preliminary one decreased by about 30 oC (10 oC for doping 
with Li). Also, an increase in the mass growth was observed in the low-temperature stage. The 
findings cannot be plainly explained by a disorder induced by foreign cations in the hydroxide 
sheets, facilitating access of oxygen to and removal of sulfur species from metal sulfide layers 
upon oxidation, since this seemingly contradicts the behavior in inert media; it also implies that 
the content of Fe in the hydroxide layer is of negligible importance. 

 
Figure 4. TGA and DSC profiles for synthetic valleriite samples prepared using no additives (A), or using 
both Al and Li+ (B), only Al (C) and only Li (D) as substitutes for Mg2+ in hydroxide layers. All the 
curves were acquired in 20% O2 + 80% N2 mixture. 
 
4. Discussion 
 
We have demonstrated that the thermal behavior of valleriite in non-oxidative media resembles 
that of brucite [35-43] and the oxidative reactions are similar to oxidation of chalcopyrite [49-52]. 
At the same time, the differences allow elucidating some specific characteristics of two-
dimensional layered structures, including the effect of doping with Al3+ and Li+ cations replacing 
a share of Mg2+ cations and controlling the amount of Fe3+ centers in hydroxide layers. Under all 
the conditions, the samples lost adsorbed water and then H2O molecules due to limited dehydration 
of brucite-based sheets (up to about 3% of total mass), keeping the structure of magnesium 
hydroxide at the temperatures less than 250-300 °C. Moreover, the crystalline lattice of brucite is 
believed to retain in defective magnesium oxide formed at temperatures as high as ~500 °C [35, 
41]. Further heating in non-oxidative atmosphere can be principally explained by the behavior of 
the sulfidic components which is similar to that of the bulk sulfides, including the formation of 
bornite, chalcopyrite and troilite via solid-liquid (sulfidic melt) reactions. This means that the 
layered structure of valleriite disappeared after decomposition and transformation of 2D brucite-
like layers, which prevented the coalescence of sulfidic sheets, to quasi-bulk MgO species (Fig. 
4). It is interesting that no discernible chemical interactions between sulfide and hydroxide entities 
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were observed in the inert media (at very high temperatures, this is due to poor wetting of Mg 
oxides by melted Cu-Fe sulfides, at least in part). 

 
 

 
Figure 5. Schematic presentation of thermal decomposition reactions occurring in inert (A) 

and oxidizing (B) media. 
 
The decomposition of valleriite in oxygen-containing gas is exothermic and proceeds with 

increase of the sample mass till 600-800 oC due to oxidation of Cu-Fe-S layers and the formation 
of metal sulfates; sulfates of Cu and Fe start decomposing above 600 oC. The big amounts of 
MgSO4, which is more energy favorable than sulfates of other metals, and only minor MgO in the 
final products suggest that SO2/SO3 reacted with Mg hydroxide rather than with inert MgO, that 
is, in rather early reaction stages. The appearance of magnesium sulfate should compromise the 
brucite-type layers much stronger than cations replacing Mg in its lattice. The formation of 
Cu2MgO3 instead of CuFeO4 is also indicative of mixing the layer components. Therefore, 
oxidation of Cu-Fe sulfides promotes degradation of magnesium hydroxide layers, and, in turn, 
that accelerates the oxidation of metal sulfides, and their blending with oxide species. Probably, 
the products still limit access of oxygen so magnetite but not hematite arises upon oxidation. 

It must be underlined that the thermal reactivity of valleriite, particularly Mg(OH)2-based 
sheets, in inert medium is comparable, or even lower, despite the 2D structure, than that of their 
bulk brucite and chalcopyrite counterparts. Another intriguing feature is the higher stability of 
hydroxide layers doped with Al and, much less significant, Li, in non-oxidative conditions, while 
Al and, slightly less, Li effectively promote oxidation of valleriites. These phenomena can be 
tentatively explained as follows. Vaziri et al. [53] have recently discovered ultrahigh thermal 
resistance across the heterostructures constructed by of stacked monolayers of graphene, MoS2 
and WSe2. The authors concluded that the thermal isolation of the layers originates from the 
mismatch in mass and phonon density of states between the 2D layers. We hypothesize that this is 
the case for incommensurate quasi-atomic (Cu, Fe) sulfide and Mg hydroxide layers in valleriite 
too. The thermal isolation should retard the endothermic reactions requiring influx of energy, i.e., 
transformations of the hydroxide and, in less extent, sulfide sheets in Ar atmosphere. On contrast, 
the energy released in exothermic oxidation of metal sulfides is accumulated within the layers, 
accelerating the reactions. As already mentioned, Al decreases and Li somewhat increases the 
concentration of Fe in the hydroxide layers [29] (see also fig. 1F). The presence of comparable 
numbers of Fe cations with the same atomic mass in both layers should improve the phonon and 
heat transfer between them. As a result, the addition of Al decreasing the content of Fe in the 
hydroxide part increases the thermal resistance across the valleriite layers and slows down the 
endothermic reactions (Fig. 2), and the opposite is true for exothermic reactions of sulfide 
oxidation (Fig. 5). Certainly, the mechanisms behind these phenomena still need to be understood 
in detail. 

The results of this research shed light onto the chemical reactivity of 2D materials of the 
valleriite family and pave the way for tuning their characteristics, including in new applications, 
where thermal behavior is important.  
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5. Conclusions 

We examined thermal stability and reactivity of nanoflakes of synthetic valleriite samples in 
oxidative and inert gas media using TG/DTG and DSC methods. The dehydroxylation of the 
hydroxide layers yielding finally MgO in Ar atmosphere proceeds with the loss of about 12% of 
mass in several stages in the range from ~350 to 600 oC, with the major endothermic DSC peak at 
413°C. The peaks shift to 498 oC for the valleriites containing Al and Al+Li dopants and so reduced 
amount of Fe in the hydroxide layers. Sulfide sheets start to decompose below 500 °C and to melt 
nearby 800 °C, with evaporation some sulfur and formation of bornite, chalcopyrite and troilite as 
the final products. In the oxidative atmosphere, the exothermic maxima accompyning the mass 
increase at 345 and 495 °C correspond to a partial and principal oxidation of Cu-Fe sulfide layers, 
respectively. The samples modified with Al or Li or both show the peaks shifted to lower 
temperatures by 10-30 oC and about 60 °C (the major one). Sulfur oxides are entrapped by 
magnesium hydroxide layers forming MgSO4; this probably compromises the layer structure, 
facilitating influx of oxygen and oxidation of the sulfide sheets. The final products are composed, 
in addition to magnesium sulfate, of rather small amount of MgO, Cu2MgO3, Fe3O4 and MgFe2O4. 
We rationalized the results in terms of the mutual influence of the 2D hydroxide and sulfide layers 
on the transport of reagents (oxygen) and reaction products (e.g., sulfur oxides) and, following to 
ref. [-], by high thermal resistance across the stacked incommensurate sheets containing atoms 
with essentially different masses. Particularly, this impeded the endothermic reactions in Ar flow 
and accelerated the exothermic oxidation of Fe and Cu sulfides. The high concentrations of Fe 
atoms in the hydroxide sheets are expected to promote the phonon and heat transfer between the 
layers. These phenomena entail the surprising stability of valleriite in comparison with bulk brucite 
and chalcopyrite, at least in inert media. The results also indicate how the thermal effects can be 
tailored by modifying the composition of valleriite.  
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