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Introduction

The increased awareness of the fact that most conventional 
and unconventional fossil sources of energy, as well as 
many technological metals, are undergoing their Hubbert’s 
peak (Deffeyes 2008; BP 2014; Bihouix and de Guillebon 
2010; Graedel 2011) dictates a new strategy in the design 
of emerging materials and devices for energy supply from 
renewable sources (Graedel 2011; Luque and Hegedus 
2010; Küblböck 2013).

A lot of minerals and related inorganic compounds are 
basic materials for technological applications. Among new 
materials for energy conversion, kesterite (Cu2ZnSnS4, or 
CZTS) and related materials are driving the shift of the 
thin-film technology toward less critical elements (Schorr 
2007; Todorov et al. 2010). Considering the aspects men-
tioned above, nowadays research is trying to encompass: 
(a) simple chemical composition made up by abundant 
elements, (b) mild approaches, with low temperature and 
short duration of the synthetic runs, (c) scalability and wide 
range of applications of the by-products (e.g., obtained 
as nanoparticle ink) and (d) attention to the environmen-
tal consequences of the materials used in a cradle-to-gate 
approach (including synthesis, Riha et al. 2009). This leads 
to a research fostered to the simplification of the synthetic 
batch reactors, and to a reduction of temperature and dura-
tion. Successful results were obtained by many authors on 
CZTS (Li et al. 2013), CFTS (Cu2FeSnS4, stannite, Ber-
nardini et al. 1990; Jiang et al. 2013; Cao et al. 2015), CTS 
(Cu2SnS3, Rabaoui et al. 2015), kuramite (Cu3SnS4, Hu 
et al. 2005; Di Benedetto et al. 2011a).

Abstract The successful synthesis of nanoparticles of 
Fe-bearing kuramite, (Cu,Fe)3SnS4, is reported in this 
study. Nanocrystalline powders were obtained through a 
mild, environmentally friendly and scalable solvothermal 
approach, in a single run. The sample was the object of a 
multidisciplinary investigation, including X-ray diffrac-
tion and absorption, scanning electron microscopy and 
microanalysis, electron paramagnetic resonance, diffuse 
reflectance and Mössbauer spectroscopy as well as SQUID 
magnetometry. The nanoparticles consist of pure Fe-bear-
ing kuramite, exhibiting tetragonal structure. The valence 
state of the metal cations was assessed to be Cu+, Sn4+ and 
Fe3+. The material presents a band gap value of 1.6 eV, 
which is fully compatible with solar cell applications. The 
uptake of Fe by nanokuramite opens a compositional field 
where the physical properties can be tuned. We thus foster 
the application of Fe-bearing nanokuramite for photovolta-
ics and energy storage purposes.
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In this study, we report the results of the successful syn-
thesis and an extensive characterization of nanoparticles 
of Fe-bearing kuramite, Cu3−xFexSnS4, suitable for future 
applications in the thin-film technology for solar energy 
conversion.

Previous studies on kuramite

Kuramite was firstly described by Kovalenker (1981) who 
assigned the mineral to the structural model of stannite 
(Fig. 1), within the space group I 4̄2m (no. 121) closely 
related to the chalcopyrite (CuFeS2) structure (Hall and 
Stewart 1973). In stannite, Cu2FeSnS4, cations occupy 
special Wyckoff positions of the space group I 4̄2m, i.e., 
Fe2+ in 2a (point symmetry 4̄2m), Sn4+ in 2b (point sym-
metry 4̄2m) and Cu+ in 4d (point symmetry 4̄). Kuram-
ite, Cu3SnS4, differs from stannite by the simple replace-
ment of one Fe atom per formula unit in the 2a site by Cu. 
Moreover, Kovalenker (1981) suggested that one of the 
three Cu ions pfu should be divalent to achieve electro-
neutrality. Cu2+ has then been tentatively assigned to the 
2a site. Divalent Cu was then experimentally evidenced by 
Di Benedetto et al. (2009) in pure synthetic kuramite sam-
ples. Successive studies by Evstigneeva et al. (2003), Di 
Benedetto et al. (2009), Rusakov et al. (2010) and Zalewski 
et al. (2010) point to the presence of Fe3+ additional to 

Fe2+ in the Cu-rich samples of the kuramite–stannite 
series. This implies that, when Fe3+ is present, at least 
some Cu2+ is replaced by Cu1+. A general mechanism of 
the Cu–Fe replacement within the kuramite–stannite pseu-
dobinary join could be described as follows: for Fe < 0.5 
atoms per formula unit (apfu), two Cu2+ are replaced by 
Cu1+ + Fe3+, while for Fe > 0.5 apfu, Cu1+ + Fe3+ are 
replaced by two Fe2+.

In Fe-poor samples of the kuramite–stannite join 
(Fe < 15 at%), Evstigneeva et al. (2003), Kulikova et al. 
(2005) and Rusakov et al. (2010) questioned a possible 
partial occupancy of the empty interstitial octahedral site 
of the structure by Fe3+. On the contrary, a detailed XAS 
study by Zalewski et al. (2010) definitely ruled out this 
hypothesis, assigning both Fe2+ and Fe3+, when present, to 
only the tetrahedral sites.

The aims of the present study are:

•	 to investigate the valence state of cations as well as their 
distribution in Fe-doped nanosized kuramite,

•	 to discuss the physical parameters of nanokuramite with 
particular emphasis on photovoltaic properties which 
should be similar to other compounds of the chalcopy-
rite group such as CuIn(Se,S)2, and

•	 to compare nanosized with macrosized kuramite.

The physical as well as the technological properties of 
many mineral groups and related inorganic compounds, 
such as garnets or zeolites, are as important as their appli-
cations in petrology, so that their study belongs to genuine 
mineralogical implications.

Materials and experimental methods

Materials

The list of the samples investigated in the present study is 
reported in Table 1. Fe-bearing kuramite nst2 nanopow-
ders were obtained through a conventional solvothermal 
approach (Hu et al. 2005; Di Benedetto et al. 2011a), add-
ing the reactants in stoichiometric proportions. Reactants, 
i.e., 1.6 mmol CuCl2·2H2O (Merck), 0.8 mmol anhydrous 
FeCl2 (Alfa Aesar), 0.8 mmol SnCl2·2H2O (Riedel De 
Haën AG) and 3.2 mmol thiourea SC(NH2)2 (Merck), were 
added into a 100-mL Teflon-lined aluminum autoclave 
successively filled with ethanol. No surface ligands were 
added to the mixture.

After accurate stirring of the mixture, the autoclave was 
sealed and maintained at 433 K for 12 h. At the end of the 
thermal treatment, the autoclave was slowly cooled down 
to room temperature, and the products were collected after 
decantation and centrifugation. The obtained powders were 

Fig. 1  Structural model of kuramite. The light gray, dark gray and 
black atoms represent Cu, Sn and S, respectively
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successively washed with ethanol and centrifuged for sev-
eral times and finally dried.

Stsyn is a synthetic stannite sample obtained by a con-
ventional route, i.e., synthesized by the elements through 
the salt flux technique (Bernardini et al. 1990).

Samples stnat1 and stnat2 are natural specimens belong-
ing to the Natural History Museum (NHM) of the Univer-
sity of Florence (Florence, Italy). Their catalog labels are 
st1495 and st1499/51, respectively. They represent two of 
the most studied stannite reference materials (Di Benedetto 
et al. 2005).

X‑ray powder diffraction (XRPD)

The phase composition of the products was checked by 
means of XRPD, using a PANalytical X’PERT PRO pow-
der diffractometer and employing Ni-filtered Cu Kα radia-
tion (λ = 1.54187 Å). XRPD patterns were registered at 
1600 W (i.e., 40 kV, 40 mA) with a PIXcel detector on a 
rotating sample prepared on a silicon wafer (i.e., zero back-
ground) in the 2θ range 5°–100°, applying a step size of 
0.0131 2θ and a step counting time of 31.6 s. XRPD data 
were refined by means of full-profile Rietveld algorithm, 
using the Fullprof software (Rodriguez-Carvajal 1993).

Scanning electron microscopy and energy‑dispersive 
X‑ray microanalysis (SEM–EDX)

Chemical composition and particle morphology were 
checked by SEM and EDX microanalysis. The powder was 
mounted on standard aluminum sample holders covered by 
graphite tabs. There was no sputtering of gold or graph-
ite layers for enhancing the conductivity of the powder. 
The sample was transferred to a Zeiss Ultra Plus 55 scan-
ning electron microscope equipped with a field emission 
gun and an Oxford EDX/EBSD system with a X-MAX 50 
detector and INCA Synergy 450 software.

Mössbauer spectroscopy

57Fe Mössbauer spectra were recorded using a multichan-
nel analyzer (1024 channels) operating in conjunction with 

an electromechanical drive system with symmetric trian-
gular velocity shape. The two simultaneously obtained 
spectra (512 channels each) were folded and evaluated 
assuming Lorentzian line shape or quadrupole splitting 
distributions (QSDs) using the program Recoil (Lagarec 
and Rancourt 1998). During the measurements, the source 
(57Co/Rh/50 mCi) and the absorber were kept at room tem-
perature (RT). Two different spectra with different velocity 
ranges were taken with high count rates of the background 
of about 4 million counts per channel. Isomer shift (IS) val-
ues are reported relative to α-iron at room temperature.

X‑ray absorption spectroscopy (XAS)

XAS measurements were carried out at the Beamline 
BM08 of the European Synchrotron Radiation Facility 
(ESRF, Grenoble, France; d’Acapito et al. 2014). The mon-
ochromator was equipped with Si(311) flat crystals. Con-
cerning harmonic rejection, Pd-coated mirrors (Ecutoff =  
18 keV) were used for the Cu K edge measurements, 
whereas no mirrors were used for the Sn K edge; the har-
monic rejection was achieved by detuning the crystals at 
60 % transmissivity. All spectra were registered in an evac-
uated chamber at 80 K in transmission mode, at both the 
Cu and Sn K edges (8979.0 and 29,200.0 eV, respectively). 
Experimental data were registered with reference to a metal 
foil, simultaneously analyzed in a second chamber located 
after the former.

In addition to the samples of Table 1, several other 
sulfide minerals were analyzed, being standards for the 
crystal structure and the valence state of the absorber ion 
(either Cu or Sn): CuS, covellite (natural specimen 43082, 
NHM; Di Benedetto et al. 2006, 2011b), Cu2S, chalcocite 
(natural specimen 961, NHM; Di Benedetto et al. 2011b), 
CuFeS2, chalcopyrite (natural specimen; Di Benedetto 
et al. 2011b), Cu5FeS4, bornite (natural specimen 14975, 
NHM; Di Benedetto et al. 2011b), Cu3AsS4, enargite (natu-
ral specimen ENF4; Musu et al. 2009); SnS, herzenbergite 
(synthetic sample). Also non-sulfide minerals were inves-
tigated at both Cu and the Sn K-edges: Cu2O, CuO, SnO, 
SnO2 (natural specimen, NHM), SnCl2·2H2O (Merck) and 
SnSO4 (Alfa aesar).

Table 1  List of the investigated 
samples

1—Di Benedetto et al. (2005), 2—Bernardini et al. (2000) and 3—Bernardini et al. (1990)

Sample Type Chemical formula References

stnat1 Natural stannite, Oruro, Bolivia Cu1.97Fe0.92Zn0.07Sn1.01S4.03 1

stnat2 Natural stannite, Cornwall, UK Cu2.04Fe0.78Zn0.24Sn1.01S3.94 1, 2

stsyn Synthetic stannite Cu2.02Fe1.03Sn1.0S3.95 1, 2, 3

nst2 Synthetic Fe-bearing nanokuramite Cu2.9Fe0.1SnS3.4Cl0.6 This study
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Electron paramagnetic resonance (EPR) spectroscopy

Conventional EPR spectroscopy measurements were per-
formed on powders inserted in amorphous silica tubes 
using a Teflon bag. Data were collected at room tempera-
ture using a Bruker ER 200D-SRC spectrometer operating 
at X-band (9.5 GHz) interfaced with DS/EPR software to a 
PC for data acquisition and handling. Operating conditions 
were 0.05 mT modulation amplitude and 100 kHz modula-
tion frequency. Scan speed was set to 2.5 mT per second 
over a scan range 0–1 T. EPR investigations were carried 
out on the as-synthesized powders.

Magnetic measurements

Magnetic investigations were carried out on the as-syn-
thesized powders. Magnetization measurements were 
performed in the 1.6–300 K temperature range using two 
Superconducting QUantum Interference Device (SQUID) 
magnetometers (Cryogenic S600 and MPMS Quantum 
Design) in the field-cooled (FC) mode at applied fields of 
2.0 and 0.1 T. Corrections for molecular diamagnetism, 
estimated from Pascal’s constants, were applied.

Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy (DRS) measurements 
were performed using a dual-beam Agilent Cary 300 UV/
visible spectrometer, equipped with DRA-CA-30I diameter 
collection sphere, custom detectors and preamplifier board. 
Reflectance of samples is compared with a standard fluoro-
polymer (Spectralon), characterized as the highest diffuse 
reflectance of any known material in this region of the spec-
trum. Spectra were registered in the range 350–800 nm, 
using a step size of 1 nm. Integration time and scan rate 
were 0.1 s and 600 nm/min, respectively.

Results

SEM–EDS and XRD investigations

The synthetic approach proposed in this study was 
improved by a trial-and-error procedure, checking whether 

the sample was monophasic using XRPD as a method of 
choice. The resulting Fe-bearing kuramite nst2 nanopow-
ders were obtained as described above without evidence of 
any associated phases.

The structure and crystallinity of the nst2 sample were 
investigated through XRPD. The analysis of the experimental 
pattern allows assigning all reflections to the structural model 
of the stannite group minerals with the space group I 4̄2m 
(Kovalenker 1981; Hall et al. 1978; Bernardini et al. 2000). 
Taking into account the large width of the Bragg peaks of 
the pattern, an excellent fit was achieved with the same lat-
tice constants proposed by Kovalenker (1981) (Table 2). The 
mean crystallite dimension, evaluated by means of the Scher-
rer’s equation on the (112) reflection, is ~5.3 nm.

The morphology of nst2 powders investigated by scan-
ning electron microscopy (SEM) significantly encompasses 
several features: at least three main different morphologies 
can be evidenced. They are nanoscale spherulites (Fig. 2a, 
b) and aggregates of plate-like crystals (Fig. 2b, indicated 
by the arrow) and micrometer-scale needles (Fig. 2a). At 
higher magnification (Fig. 2c, d), spherulites are revealed 
as built up by crystals having an approximate size of 
100 nm. Moreover, needles (Fig. 2d) are apparently built 
up by the spherulites, and they are completely hollow, thus 
being more properly identified as micrometer-scale tubes.

The chemical composition of the nanocrystalline pow-
ders was obtained through energy-dispersive spectroscopy 
(EDX). Microanalytical investigations were carried out 
with reference to the particle morphology. Two main evi-
dences were achieved: (a) In both spherulites and plate-
lets a significant chlorine content is observed; (b) the Fe/
Cu atomic ratio is different between these two morpholo-
gies, and the stoichiometric proportions of the reactants 
(i.e., Fe/Cu = 0.5) are never observed in the final products 
(Table 3). The average chemical formula representative of 
the whole sample is consistent with the stoichiometry Me/
Sn/X = 3:1:4, where Me represents Cu and Fe in the ratio 
2.9:0.1 and X represents S and Cl in the ratio 3.4:0.6. This 
leads to the Cu2.9Fe0.1SnS3.4Cl0.6 formula.

Spectroscopic and magnetometric investigation

The valence states of Cu and Sn, on the one hand, and of 
Fe, on the other hand, were determined by XAS, EPR and 

Table 2  Formula, space 
group, lattice constant values, 
of phases belonging to the 
pseudoternary system

1—Bonazzi et al. (2003), 2—Hall et al. (1978), 3—Kovalenker (1981) and 4—Skinner (1961)

Phase Formula Space group a (Å) c (Å) References

stannite Cu2FeSnS4 I 4̄2m 5.450 10.726 1

kesterite Cu2ZnSnS4 I 4̄ 5.4335 10.8429 2

kuramite Cu3SnS4 I 4̄2m 5.445 10.750 3

nst2 Cu2.9Fe0.1SnS4 I 4̄2m 5.45 (2) 10.75 (1) This study
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Mössbauer spectroscopy, respectively. The XAS spec-
tra registered in the near-edge region (XANES) at the 
Cu and Sn K edges allowed defining the valence state of 
both metal ions. The determination of the valence states 
was accomplished through comparison of the edge of the 
nst2 spectrum with those of relevant natural and synthetic 
standards. In the Cu K edge XANES spectra (Fig. 3a), the 
edge position, as well as the three maxima at 8985, 8997 
and 9010 eV, is in close agreement with those published 
by Zalewski et al. (2010) and very similar to those already 
reported for tetrahedral-coordinated Cu1+ in sulfides (as 
e.g., in chalcopyrite or enargite; Sainctavit et al. 1989; 
Sasaki et al. 2010; Di Benedetto et al. 2011a). No evidence 

of Cu2+ is provided by XAS, within the detection limit (a 
few mol% of the total Cu). Remarkably, no pre-edge fea-
tures, which should be due to Cu2+, are revealed. The simi-
larity between the spectral features of standard samples and 
those of nst2 is apparent at the Sn K edge. In the XANES 
region (Fig. 3b), a structured signal is observed, consisting 
of two peaks at 29,210 and 29,265 eV and a shoulder of the 
first peak at 29,230 eV. Accordingly, we attribute Sn to the 
4+ state, as it occurs in natural and synthetic stannite.

A weak and broadened signal was detected by EPR; 
these spectral features severely hinder a certain attribution 
to a specific paramagnetic center. Nevertheless, we propose 
high spin Fe3+ as the most probable attribution, as already 
observed in microcrystalline Fe-bearing kuramite (in Fe-
poor samples) (Di Benedetto et al. 2009). In this case, the 
relevant broadening of the line could be ascribed to the fact 
that Fe3+ ions are not isolated, but magnetically coupled, in 
agreement with the SEM/EDX microanalytical results. No 
evidence of Cu2+ is provided by EPR.

The Mössbauer spectrum taken within the small veloc-
ity range (−4 till 4 mm/s) in Fig. 4 could be fitted by 
one doublet (χ2 = 0.713, half width = 0.446 mm/s) or 

Fig. 2  Morphology of the nst2 powders: a needle-like morphol-
ogy, at intermediate magnification (×9170), b detail evidencing both 
spherulite and platelet morphology (×13,520), c high magnification of 

spherulites (×64,770) and d high magnification of needles (×73,570), 
evidencing their hollow interior

Table 3  Average EDX composition of particles exhibiting platelet 
and spherulite morphologies

Morphol-
ogy

S  
(at%)

Cl  
(at%)

Fe  
(at%)

Cu  
(at%)

Sn  
(at%)

Fe/Cu

Spheru-
lites

38.2 8.0 0.3 42.6 10.5 0.007

Platelets 39.1 4.8 3.0 39.9 13.1 0.08
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by two doublets, namely I and II (χ2 = 0.688, half width 
I = 0.466 mm/s; half width II = 0.294 mm/s). Because χ2 
did not improve significantly by fitting two doublets and 
because the half width of doublet I in the two-doublet fit is 
even slightly larger than the half width of the one-doublet 
fit (0.446 mm/s), we conclude that the one-doublet fit is 
sufficient for the evaluation of the RT Mössbauer spectrum 
of the Fe-doped nanokuramite.

The slightly high half-width value of the one-doublet fit 
is attributed to a distribution of Fe over at least two crystal-
lographic sites. This doublet is assigned to Fe3+ in tetrahe-
dral positions even though its isomer shift of 0.370 mm/s is 
a little bit too large for Fe3+ in tetrahedral sites in sulfides 
(cf. Table 4). This will be discussed later. The undoubted 
presence of a quadrupole splitting QS = 0.648 mm/s appar-
ently claims crystallographic sites occupied by Fe with a 
point symmetry lower than cubic in agreement with the 

point symmetry of the different Wyckoff positions of the 
space group I 4̄2m. The only available Mössbauer study car-
ried out on Fe-bearing kuramite samples Cu2Fe1−xCuxSnS4 
by Rusakov et al. (2010) came to similar results, i.e., the 
evaluation of the Mössbauer spectra of samples near to the 
Cu-rich end term of the kuramite–stannite solid solution 
series by only one Fe3+ doublet, however with a smaller 
quadrupole splitting QS = 0.30 mm/s.

On the other hand, the broadness of the doublet line 
width could also be caused by superparamagnetic relaxa-
tion effects, which might be expected, as we have investi-
gated nanosized kuramite with an average particle size of 
about 5.3 nm. The spectrum taken within the large velocity 
range (−10 till 10 mm/s) exhibits no indication of a fur-
ther magnetic subspectrum, which could be assigned either 
to an additional magnetic phase or to the magnetic portion 
of a superparamagnetic sample. Considering the very low 
amount of Fe3+ in a matrix of strongly absorbing Cu ions 
(Cu 2.99 apfu, Fe 0.10 apfu), the dilution of Fe3+ ions is 
very large and a superparamagnetic interaction is very 
unlikely even if the Fe3+ ions may form exchange coupled 
clusters. Even though we could not detect any magnetic 
subpattern in the high-velocity RT Mössbauer spectrum, 
this might be different at much lower absorber tempera-
tures. Accordingly, we performed magnetic susceptibility 
measurements.

The magnetic properties of the nst2 sample are shown 
in the Fig. 5, where the reciprocal susceptibility (χ−1) is 

Fig. 3  a XANES spectra of samples nst2, stnat2 and stsyn, registered 
at the Cu K edge and b XANES spectra of samples nst2, stnat2 and 
stsyn, registered at the Sn K edge

Fig. 4  Mössbauer spectrum of the nst2 sample taken at room tem-
perature. Experimental data are plotted as dots, whereas the continu-
ous line represents the best fit curve. The residual is plotted above the 
spectrum
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plotted versus the temperature. In the whole investigated 
temperature range, a strongly nonlinear behavior is evident. 
This points to the presence of interacting paramagnetic spe-
cies in the sample. No evidence of a magnetic transition is 
attained, even at very low temperature values, thus ruling 
out the occurrence of a long-range ordered magnetic state, 
as in stannite (Caneschi et al. 2004), or of a superparamag-
netic state. If the plot of the product of the magnetic sus-
ceptibility by the temperature, χT, versus the temperature 
is considered (inset to Fig. 5), the lack of a constant value 
in the high temperature regime confirms the presence of not 
negligible exchange interactions among neighboring para-
magnetic species. Indeed, the magnetic behavior of nst2 is 
ascribed to a paramagnetic state, originated by inhomoge-
neous distribution of Fe3+ ions.

Diffuse reflectance spectroscopy measurements were 
performed to estimate the band gap energy of the nst2 nan-
oparticles. The band gap value has been obtained by extrap-
olating the linear part of the (A·E)2 function (Adelifard 
et al. 2012), as shown in Fig. 6. The obtained value, 1.6 eV, 
compares well with the data reported in the literature (Botti 

et al. 2011) for microcrystalline kesterite (1.4–1.6 eV) and 
stannite (1.4–1.5 eV). The band gap energy results are fully 
compatible with the optimal range for solar energy conver-
sion (i.e., photovoltaic and photocatalytical applications).

Discussion

Structural arrangement and cation distribution

The peculiarity of the nst2 sample, i.e., a kuramite com-
pound hosting a variable but very low Fe content, requires 
a discussion of some structural details. In fact, while XRPD 
data point to the attribution of the sample to a conventional 
tetragonal kuramite model, the presence of few Fe at%, 
and moreover, its distribution over at least two inequivalent 
crystallographic sites, as indicated by the increased half 
width of the doublet in the MS spectra, infers a compli-
cated distribution over the tetrahedral sites with point sym-
metry lower than cubic.

A simple way to account for two different tetrahedral 
sites occupied by Fe3+ in the structural model of kuram-
ite is obtained assuming Fe as distributed between the 2a 
(point symmetry -42m) and 4d (point symmetry -4) sites. 
Near to the Cu end term of the pseudobinary kuramite–
stannite join, in fact, no structural or thermodynamic pref-
erences to the single 2a site can be expected. Assuming that 
Sn in the 2b site does not participate to any kind of disor-
dered distribution of cations due to the features of the Sn–S 
chemical bond (Di Benedetto et al. 2005; Rusakov et al. 
2010), we can conclude both 2a and 4d sites to be available 

Table 4  Mössbauer parameter of 57Fe in nanokuramite at room tem-
perature

a Fit parameter
b Isomer shift (α-Fe)
c Quadrupole splitting
d Full width at half maximum
e Total area

Χ2a IS (mm/s)b QS (mm/s)c FWHM 
(mm/s)d

A (%)e Attribution

0.714 0.370 (2) 0.648 (1) 0.446 (11) 100.00 Fe3+

Fig. 5  χ−1 versus T data of nst2 sample. In the inset, χT data in the 
same temperature range

Fig. 6  Plot of (A·E)2 trend as a function of E calculated converting 
wavelength values in eV and the band gap values obtained by extrap-
olating the linear part of the curves
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for the Cu–Fe replacement. Additional studies, e.g., by 
neutron diffraction, could shed light upon this point.

At the first glance, the isomer shift IS = 0.371 mm/s 
in kuramite is more typical for octahedral coordination 
of Fe3+ in sulfides than that for tetrahedral coordination. 
Very similar values IS = 0.35–0.37 mm/s are reported by 
Rusakov et al. (2010) in a study of the solid solution series 
Cu2Fe1−xCuxSnS4 (kuramite–stannite) for very small Fe 
contents (x = 0.1) and also assigned to Fe3+ in tetrahedral 
positions. This assignment to tetrahedral Fe3+ is also sup-
ported by taking into account the isomer shift (IS) values 
of Fe in several other sulfides. In chalcopyrite, CuFeS2, 
Fe occupies tetrahedral positions and is nominally Fe3+ in 
high-spin configuration with IS = 0.20 mm/s and copper is 
nominally Cu+. In raguinite, TlFeS2, with the same chalco-
pyrite structure, Cu+ is completely substituted by Tl+ at the 
tetrahedral sites, and IS of Fe3+ is 0.19 mm/s. Because the 
isomer shift of Fe3+ is almost the same in both compounds, 
the chemical bonding and the oxidation state of Fe should 
be very similar, i.e., “ionic” Fe3+ in tetrahedral positions. 
In raguinite, any kind of interactions between Cu and Fe 
can be excluded. The isomer shifts of “ionic” Fe2+ in tet-
rahedral coordination, e.g., in daubréelite, Fe2+Cr2S4, and 
in stannite, Cu2

+Fe2+SnS4, are 0.59 and 0.60 mm/s, respec-
tively, and therefore are distinctly larger than the IS of Fe in 
nanokuramite with 0.371 mm/s.

There are two ways to explain an intermediate IS value, 
as the present one: the occurrence of mixed valent Fe or 
an additional d-electron density transfer to the s-electron 
density at the Fe nucleus (on which the IS depends). If 
compared to the isomer shift IS = 0.38 mm/s of tetrahe-
dral Fe3+ in bornite, Cu5FeS4, a close similarity to kuram-
ite is apparent. Because the IS of Fe in bornite shows no 
discontinuity as a function of decreasing temperature and 
also no separation into Fe2+ and Fe3+ subspectra similar as 
observed in magnetite, Fe3O4, below the Verwey transition 
at 123 K, mixed valent Fe in bornite can be excluded. Thus, 
we attribute the IS value in nanokuramite to an increased 
d-electron density at the Fe nucleus, which increases the 
shielding effect against the s-electrons and therefore the 
isomer shift, if compared to “pure ionic” Fe3+ as in chal-
copyrite. This d-electron density transfer can only result 
from the neighbored copper ions, which formally are Cu1+. 
Such an influence of the Cu ions in bornite and kuramite 
is also observed in other Cu–Fe-sulfides such as thalcusite, 
Cu3Tl2Fe3+S4, and many others. This assignment of the 
trivalent state to Fe in nanokuramite is supported by XAS 
studies of Fe-bearing kuramite by Zalewski et al. (2010).

Chemical composition and valence states

The variable morphology of the nst2 sample is in line with 
similar results obtained on solvothermal products (Cao 

et al. 2015; Hu et al. 2005; Di Benedetto et al. 2011a), 
which often exhibit micro-architectures of nanoparticles. 
In the present case, the particle morphology is combined 
with a chemical heterogeneity, confirmed even at high 
magnification SEM investigations. In a recent study, Cao 
et al. (2015) correlated the prevailing morphology of the 
particles to the reactants-to-solvent ratio, the solvent being 
also a chelating agent (thus also acting on kinetics of the 
dissolution/precipitation/redox reactions). In the present 
case, we agree with these authors in considering the plate-
let as the preferred morphology for Fe-rich particles. On 
the contrary, Fe-poor particles are found in a spherulite 
morphology. Remarkably, the high magnification micro-
graphs apparently show nst2 powders to exhibit very 
large surface area and high roughness, both very inter-
esting for catalytic applications. The fact that Fe-bearing 
nanokuramite solvothermal powders exhibit at least two 
possibilities of organization at different scales (e.g., nano- 
and microscale dimensions) qualifies them as dual-scale 
porosity material.

Concerning the valence states of the metal cations, the 
spectroscopic methods prove the occurrence of Cu+, Fe3+ 
and Sn4+. This result compares well with Rusakov et al. 
2010, Evstigneeva et al. 2003 and Kulikova et al. (2005), 
who described the same valence states in stannite–kuramite 
samples with low Fe amount. On the other hand, Zalewski 
et al. (2010) pointed out that an admixture of Fe2+ and 
Fe3+ is always present in the series. However, an eventual 
presence of Fe2+ in nst2 sample in a Fe2+/Fe3+ ratio <0.1 
could not be detected in the Mössbauer spectra due to the 
relatively large noise of the background even though a very 
high count rate of about 4 million counts per channel was 
obtained.

The attribution of these valence states to the metal cati-
ons has another relevant consequence: To fully explain 
the charge balance, evaluated on the basis of a mean 
Cu2.9Fe0.1SnS3.4Cl0.6 formula, the insertion of some chlo-
rine in the chemical composition has to be postulated. This 
fact is in line with the microanalytical observation carried 
out at high magnification. Thus, the whole microanalytical 
and spectroscopic insight provided by this study strongly 
suggests that chlorine effectively enters the kuramite struc-
ture during the solvothermal synthesis.

Magnetic properties

If compared to Fe-free nanoparticles of kuramite, whose 
magnetic behavior can be explained only in terms of 
Cu2+ species (Di Benedetto et al. 2011a), the χT increase 
observed on nst2 is definitely steep. This is in agreement 
with the fact that the main paramagnetic ion species pre-
sent in the nst2 sample is Fe3+, whose Curie constant is 
35/3 times greater than the corresponding constant of 
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Cu2+. However, since a linear region in the χ−1 versus 
temperature data cannot be devised, a Curie–Weiss mod-
eling was not attempted. The lack of a single ion trend 
conflicts with the fact that only a small amount of para-
magnetic Fe ion is taken up by diamagnetic nanoparticles 
of kuramite; however, it largely agrees with the obser-
vation at the SEM investigation and with the results of 
EPR and Mössbauer spectroscopy, pointing to magnetic 
interactions between clustered Fe3+ ions or spin density 
transfer to the adjacent cations, respectively. These two 
mechanisms should not be considered conflicting. Indeed, 
the high coordination number of the first cationic shells 
around the Fe3+ ions allows a mixed occupancy by Cu+ 
and Fe3+.

Conclusions

The present study reports the characterization of a success-
ful synthesis of a mixed CFTS–kuramite term, part of the 
pseudoternary kuramite–stannite–kesterite field, using the 
solvothermal route. In this sample, the interplay between 
chemical features and morphological motives could be used 
in order to optimize the substrates for solar cell production. 
A short run duration synthesis, a considerable reduction 
of run temperature and the design of a new material build 
up by strategic chemical elements were achieved, thus 
fulfilling the aim of reducing the footprint and the energy 
costs for production. Moreover, the nanometric dimension 
of the nst2 particles, their dual-scale porosity, their large 
roughness and surface area enable the use of this material 
as by-product in further application purposes, namely for 
photocatalysis.

From a mineralogical point of view, this study adds 
some information about the mechanism of replacement of 
Cu by Fe in the kuramite–stannite join: In fact, while con-
firming all findings of the previous experimental studies on 
this subject, the results of the present investigation verify 
that effectively Fe replaces Cu in both its crystallographic 
sites, in the kuramite structural model, and strongly support 
the occurrence of a solid solution in this part of the pseudo-
binary join.
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