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Abstract
In this work, we present a comparative study of the structural and hyperfine parameters on tin dioxide
nanoparticles dopedwith different transitionmetal elements. The nanopowders with the stoichio-
metry Sn0.95M0.05O2 (M:V,Mn, Fe, Co)were synthesized by simple co-precipitationmethod. The
characterizationwas carried out by conventional x-ray diffraction technique, transmission 119Sn
Mössbauer spectroscopy and x-ray photoelectron spectroscopy (XPS). The effect of dopant element
on structural parameters of tin dioxide and, particularly, on hyperfine parameters of Snwas analysed.
It was found that dopants, except for Fe, were in two valence states. For theMn-doped SnO2 sample, it
was found the strongest influence ofM cation on Sn hyperfine parameters, whereas Co-doped sample
resulted in the least altered one as compared to doped and un-doped SnO2.We propose an
explanation of the changes of the hyperfine parameters observed over themodification of the
structural changes, based on the size of the dopant elements, whose oxidation states were identified by
XPS. Additionally, it should not be discarded the relevant role of oxygen vacancies whose presence on
the surface was indirectly witnessed byXPS.

Introduction

Tin dioxide (SnO2) is a wide band-gap (about of 3.6 eV for the bulkmaterial at room temperature)n-type
semiconductor and a transparent conducting oxide, which hasmany technological applications related to the
combination of its characteristic properties. Therefore, this systemhas been of great interest in research in recent
years. At ambient pressure, SnO2 has a tetragonal rutile—type structure (lowpressure phase, space group
P42/mnm). This structure is composed of chains of edge-sharing SnO6 octahedral units lying along the c-axis
with corner-sharing cross linkages along the perpendicular directions.

The incorporation of dopants in the SnO2 systemproduces important changes in its properties. For instance,
the use of transitionmetal (TM) elements as dopant has attracted a great attention because of interesting
magnetic properties of the doped semiconductor, whichmakes it a promising candidate as a dilutedmagnetic
semiconductor (DMS) [1, 2].

Fromother approach, regarding its application as a gas sensor, the incorporation of TMelements changes its
sensitivity, selectivity and time response [3]. Besides TMelements, trivalent rare earth (RE) elements are used as
dopants because they provide advantageous features without altering themain properties that define the system
as a transparent-conducting oxide [4–6]. Additionally, incorporation of a RE element can induce highly
attractive optoelectronic properties positioning thesematerials as possible candidates for the development of
different devices such as LEDs and lasers [7].
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It is well known thatmaterials in the nanoscale range can exhibit unique properties compared to their bulk
counterpartsmostly because of the significant ratio surface/volume. In this connection, differences between
surface properties and the ones corresponding to the core, are usually found [8]. For instance, conductivity of
SnO2 is very sensitive to the surface state, as well as absorption properties and reactivity [9].

Therefore, a combination of both surface- and bulk-sensitive techniques can result very fruitful giving a
more complete information, especially structural, about a nanoparticle (NP) systemunder research. In this
work, we have unified the potentiality of two spectroscopic techniques, 119SnMössbauer spectroscopy in
transmission geometry and x-ray photoelectron spectroscopy, in addition to the conventional x-ray diffraction
technique.We have identified the chemical state of the 3d dopants and their impact on SnO2NP structural
parameters and also on the hyperfine parameters of tin in the hostmatrix.

Experimental

Sn0.95M0.05O2 nanoparticles (M:V,Mn, Fe, Co)were prepared by thewet chemical co-precipitationmethod
following the procedure described elsewhere in [10]. Here, we only recall the chlorides of the transitionmetals
used for the syntheses: VCl3,MnCl2, FeCl3 andCoCl2.

Energy dispersive spectroscopywithOxford Instruments X-MaxN50 SDDwas carried out in order to get
insight of the elemental analysis.

Conventional x-ray diffractionwas carried out with a RigakuD/max diffractometer equippedwith a vertical
goniometer, using a Bragg–Brentano geometry (θ–2θ coupled arms) andCu-Kα radiation in the
20°�2θ�80° range,measuringwith a 0.05° step and sweepingwith a 0.4°/min velocity.

The samples were analyzed byMössbauer spectroscopy, at room temperature, using the 23.875 keV γ-
radiation from aCa119mSnO3 sourcewith transmission geometry. In all the samples, the isomer shift is reported
relative toCaSnO3 at 300 K. The calibrationwas carried out employing the 57Fe 14.4 keV γ-radiation from a
57Co(Rh) sourcewith sodiumnitroprusside as absorber.

FlexPS equip (Specs)was used during the XPSmeasurements employing amonochromaticAlKα

(hν=1486.6 eV) source, 100Wpower and 10 kV voltage. The scanswere acquiredwith a pass-energy of 20 eV,
20 scans per sample. The instrument work functionwas calibrated usingC1s photoelectron. Spectra were
analyzed usingCasa XPS software. Gaussian (70%)—Lorentzian (30%) profiles were used for fitting core levels.
A standard Shirley backgroundwas used for all reference sample spectra.

Results

Elemental analysis of the doped SnO2

The elemental analysis of the doped samples was provided by energy dispersive x-ray spectroscopy (EDX) in
order to corroborate their chemical composition.Meanwhile the corresponding results of Fe- andV-doped
SnO2 arementioned in [11, 12], respectively, here we showEDX results of Co- andMn-doped SnO2 samples.
The values of 3.85 at% forCo and 5.29 at% forMnwere estimated being in each case the average of eight
inspected zones (for example, figure 1, corresponding toCo-doped SnO2).

X-ray diffraction technique and transmission 119SnMössbauer spectroscopy
Figure 2 showsXRDpatterns ofMn- andCo-doped samples, whereas the corresponding ones of Fe and
V-doped sampleswere shown elsewhere [11, 12]. In all the cases, cassiterite SnO2, which is isomorphic to rutile
(space groupP42/mnm)was identified by the diffraction peaks presented in the shownpatterns. The absence of
secondary segregated phases in the XRD spectra is a good evidence that the doping element was incorporated
into the SnO2 lattice. Rietveld refinements of the experimental diffraction patterns allowed extracting the
valuable structural properties of the systemunder research. In table 1we show the goodness of the Rietveld
refinements.

On base of the extracted lattice parameters a and c, the volume of the cassiterite lattice (with the individual
dopants)was calculated and comparedwith un-doped SnO2 one (figure 3). The crystallite size of the
doped-SnO2 samples was under 20 nm.As it can be seen, in all the cases, except for Co-doped SnO2, doping
SnO2 leads to contraction of the rutile lattice.

Mössbauer spectroscopy is a very powerful technique for studying the local environment of Sn atom in Sn-
solid samples because one of the Sn isotopes, 119Sn, is one of the best-suited probes forMössbauer experiments.
The local environment of tin can be described bymeans of the hyperfine interactions that the atomprobe reveals
in a solidmatrix: isomer shift (IS) and quadrupole splitting (QS), while nomagnetic splittingwas detected.

Isomer shift ismanifestation of electricmonopole interaction between nucleus and its environment being
the product of the nuclear charge distribution and the electronic charge density at the nucleus. IS gives a valuable
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Figure 1.Co-doped SnO2 powders. The rectangles are the zones of EDX sweeping.

Figure 2.XRDpatterns of (A)Mn-doped and (B)Co-doped SnO2 nanoparticles: the experimental diffractograms (color circles) and
Rietveld adjusted curves.

Table 1.Goodness parameters of thefits of XRDpatterns.

SnO2+V SnO2+Mn SnO2+Fe SnO2+Co

Rwp 8.8% 7.1% 11.2% 16.4%

Rp 6.9% 5.4% 8.3% 12.0%

χ2 2.23 1.73 1.99 1.64
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information about chemical state of the atomprobe, that is, oxidation state. QS ismanifestation of electric
quadrupole interaction between the nuclear quadrupolemoment and the tensor of the electricfield gradients at
the nucleus. Generally, QS is an indicator of the local symmetry around the atomprobe.

Mössbauer transmission spectra of the doped-SnO2 samples are very similar among themselves andwere
fitted to a doublet, characteristic of a quadrupole electric interaction at nucleus of Sn4+ as expected for this type
ofmaterial [11, 13]. Infigure 4, we present only aMössbauer spectrum (MS) ofMn-doped SnO2 powders,
whereas the fittedMössbauer parameters of all the samples are gathered infigure 3 (including un-doped SnO2

taken as a reference).
As it can be noticed, doping SnO2with any of four elements influences the values of the hyperfine parameters

of the atomprobe. Itmeans that Sn is highly sensitive to the presence of the dopant in the samples. This can be
another proof of the dopant incorporation to the host SnO2matrix.What is interesting to note is thatMn-doped
SnO2 revealed themaximumdeviations from the hyperfine parameters of pure SnO2: the highest values of
isomer shift and quadrupole splitting. On the other hand, Co-doped SnO2 resulted to have a less notorious
influence on tin.

Figure 3.Volume of the rutile lattice in the case of all doped samples and pure SnO2; IS andQS values from thefitting procedures of all
the samples.

Figure 4.Experimentally acquiredMössbauer absorption spectrum (dots) together with adjusted curve (red solid line).
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XPS studies
Dopants (V,Mn, Co)
Wehave also investigated the oxidation state of the dopants incorporated in SnO2 structure by x-ray
photoelectron spectroscopy (XPS). Relative quantity of different oxidation states for one element can vary from
a surface to a core, being generally the statewith highest oxidation statemore populated on the surface than in
the core.

It was revealed (figure 5) that V,Mn andCowere in two distinct chemical states. In particular, vanadiumwas
identified as V4+ andV5+, manganese asMn3+ andMn4+, cobalt as Co2+ andCo3+, oxidation state. The results
of the deconvolution of the corresponding spectra (binding energies, BE) are shown in table 2, in accordance
with those reported in literature [14–16]. Interestingly, in Sb-doped SnO2, antimony species were in two distinct
chemical state: Sb3+ and Sb5+ [17].

Tin
Fromfigure 6, it can be seen that Sn on the surface of nanoparticles has two binding energies, that is, there are
two slightly different environments for Sn atom. The values of binding energies BE1 are compatible with those
reported usually for Sn4+ in pure SnO2 [18].Whereas BE2 values are assigned also to Sn

4+ atomwith an oxygen

Figure 5.XPS patterns of V,Mn andCo in the samples Sn0.95V0.05O2, Sn0.95Mn0.05O2 and Sn0.95Co0.05O2, respectively.

Table 2.Deconvolution of 3p3/2 photoelectron peak of
V,Mn andCo.

Sample Ion (BE, eV) Ion (BE, eV)

SnVO V4+(515.71) V5+(517.15)
SnMnO Mn3+(641.64) Mn4+(642.46)
SnCoO Co2+(780.68) Co3+(782.08)
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vacancy nearby. An oxygen vacancy can be created tomaintain the charge balancewhen the dopant atom (whose
oxidation state is different from4) replaces for Sn atom. There is a numerous literature suggesting that [19, 20]. A
possible appearance of Sn atomwith other than 4+oxidation state, is discarded byMS. In table 3, the
deconvolution energies are presented for all the doped and un-doped samples. It can be noticed that the BE2
component in the doped samples accounts from30 to 55%,meanwhile in the un-doped sample its contribution
is extremely lower (about 12%). In the case of SnO2, the appearance of such a contribution could be due to the
intrinsic defects related to the synthesis process.

Assuming that the dopant substitutes for Sn in octahedral coordination (VI) of the rutile and knowing the
dopant’s charge, one knows the ionic radius of the dopant (weuse the Shannon radius table [21]).

Figure 6.XPS patterns of Sn 3d5/2 photoelectrons in Sn0.95V0.05O2, Sn0.95Mn0.05O2, Sn0.95Fe0.05O2, Sn0.95Co0.05O2 and SnO2 samples.
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Discussion

For the sake of simplicity of understanding, we have gathered the values of the ionic radii in table 4, wemention
in ourwork, from the Shannon radius table [21].

V-doped SnO2

BothV4+with the ionic radius 0.58 Å andV5+ (0.54 Å) can explainwell the decreasing of the lattice volume of
V-doped SnO2, comparedwith the un-doped one. This is the reason of the intermediated value ofQS
(0.62 mm s−1) originated by the presence of vanadium in the host of SnO2matrix.

Mn-doped SnO2

In accordancewith the XRD results (figure 3), the cassiterite structure in theMn-doped SnO2 sample has the
smallest lattice volume among the samples here investigated. It can be understood by the fact that the ionic
radius ofMn4+ (0.53 Å) is considerably smaller than that of Sn4+ (0.69 Å). In case ofMn3+, also of a smaller size
than Sn4+, the ionic radius can be either of 0.58 Å (for low spin, LS) or 0.645 Å (for high spin,HS). Interestingly,
the tin inMn-doped sample revealed the higher quadrupole splitting (QS=0.77 mm s−1) value. In other
words, the local environment of tin atom ismostly distortedwhen SnO2 is dopedwithmanganese.

Fe-doped SnO2

In case of Fe-doped SnO2, we assume it is dealt with Fe in 3+ oxidation state (HS).Wewill argument that in the
next section. Its ionic radius, of 0.645 Å, which, again, is smaller than Sn4+ ionic radius, explains the volume
contraction of Fe-doped SnO2 sample in comparisonwith the un-doped one.

Co-doped SnO2

In accordancewith the XRD results, Co-doped SnO2 powders have the biggest lattice volume among the doped
samples, including the un-doped SnO2. This is an indication of the fact that a bigger ion substitutes for Sn

4+. In
case of Co3+, the radii are 0.61 Å (HS) and 0.545 Å (LS). From the other hand, Co2+has 0.745 Å (HS) and 0.65 Å
(LS). Due to these considerations, onlyCo2+ (HS) can be responsible for the expansion of the lattice of Co-doped
SnO2. This is consistent with the fact that the salt used for dopingwas CoCl2where the cobalt clearly is inCo

2+

state.We believe that in the core of the nanoparticles cobalt remainsmainly in the original oxidation state, while
in the surface due to the exposition to oxygen,most of theCo get oxidized achievingCo3+ oxidation state. From
Mössbauer spectroscopy, inCo-doped SnO2 sample, the tin is at a distorted environment (QS=0.56 mm s−1)
with a quadrupole splitting value close to the one corresponding of the un-doped SnO2 (0.52 mm s−1).

General remarks
As it is well known, XPS technique is suitable for studying surfaces (nearly 3 nmdeep), meanwhile XRDgives
information about significantly deeper layers (microns). Thatmeans XRD technique ‘sees’ thewhole crystallite
(up to 20 nm- size), not its surface. In accordance with themodel we propose, SnO2 doped nanoparticle is a
core–shell one, where the core contains the cationwith lower oxidation state (for example, here, Co2+), and the
shell contains the cationwith higher oxidation state (here, Co3+). Because of thatmentioned above, XPS spectra

Table 3.Deconvolution of Sn 3d5/2
photoelectron peak.

Sample BE1 (eV) BE2 (eV)

SnVO 486.41 (58%) 487.82 (42%)
SnMnO 486.60 (50%) 488.36 (50%)
SnFeO 485.94 (70%) 487.67(30%)
SnCoO 486.82 (45%) 488.22 (55%)
SnO2 486.3(88%) 487.3 (12%)

Table 4.Values of the ionic radii (angstroms) of Sn, and the doping elements present in the
nanoparticles, all for 6-coordination. LS-low spin,HS-high spin.

Sn4+ V5+ V4+ Mn4+ Mn3+ Fe3+ Co3+ Co2+

0.69 0.54 0.58 0.53 0.58 (LS) 0.64 0.54 (LS) 0.65 (LS)
0.64 (HS) 0.61 (HS) 0.74 (HS)
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of the dopants (figure 5)do not give a whole quantitative panorama about the populations of the dopants in the
doped nanoparticles. Instead, showing the surface state, it gives rather an idea about qualitativemodel that could
take place fromour point of view. It should beworth noting, the proposedmodel is compatible with XRD and
MS results.

Moreover, the value of cobalt content, extracted fromEDX analysis, reinforces our suggestion about the
core–shellmodel (where the doping elements in the core are of a lower oxidation state) for the systemunder
investigation. Cobalt content inCo-doped SnO2 nanopowders is somewhat lower that the nominal one, and
even though that content (roughly 4 at%)was enough to have the SnO2 lattice expanded (the only case from
those investigated). That is possible only if a bigger ion (than Sn4+) enters predominantly the host lattice. This is
the argument in favour of themodel proposed (here, Co2+(HS)).

Concerning over the valence state of Fe in SnO2, we strongly believe that in 5 at%Fe-doped SnO2 sample,
there are no other irons for exception of Fe3+. On one hand, the synthesis of the sample implied FeCl3 salt, where
Fe is 3+. It would be improbable to expect Fe2+ in such a situation because this would imply reduction of the
oxidation state what is very unlikely in nature. So far, we do notfind any chemical argument to a favour of the
formation of Fe2+ during the synthesis by co-precipitationmethod.On the other hand, in our experiments
published previously [11], in 10 and 15 at%Fe-doped SnO2 nanoparticles, only Fe

3+ species were detected. This
last fact reinforces very strongly our initial guess on Fe3+ oxidation state in our samplewith 5 at%of Fe. If the
samplewith 5 at%had irons in 2+oxidation state, then the samples withmore amount of the same species
would naturally havemore fraction of them in the same oxidation state. In those experiments, no Fe2+ ionswere
detected by theMössbauer analysis.

A higher isomer shift is related to an increase in the valence electron density (mainly, s electrons) at tin nuclei.
Undoubtedly, one of the possible contributions to the value of IS is the change of the bonding length due to
distinct dopant sizes substituting for Sn.Other possible contribution is well described byAragon et al [8]. They
found that themean particle size reduction of un-doped SnO2 leaded to an increase in the IS values, ascribing
that effect to the generation of s-type electrons due to the increase of oxygen vacancies at the nanoparticle
surface.Moreover, substituting Sn4+ by divalent (for example, Co2+) or trivalent (Fe3+) ions leads to the
generation of oxygen vacancies tomaintain the charge balance. Interestingly, our un-doped SnO2 andCo-doped
SnO2 powders have the largest size of the crystallite among all the samples (and the lowest values of the IS). So far,
we cannot discard the above-mentioned factors as the ones that could influence the IS.

The increasing of the quadrupole splitting in ionicmaterials is usually attributed to amore distorted local
environment around the probe atom. This is becauseQS results on the interaction between the nuclear
quadrupolemoment and the tensor of the electric field gradients at the nucleus. From figure 3, it can be
appreciated how the dopant presence impacts the local environments of the Sn in SnO2matrix. Themain reason
is, undoubtedly, the difference in the size of the Sn and the dopant, but, also, the presence of oxygen vacancies
could not be discarded as the other source of anisotropic charge density around Snnucleus. The existence of the
oxygen vacancies can be suggested by two binding energies for Sn atomas it was corroborated by the
deconvolution of Sn 3d5/2 photoelectron spectra.

Summarizing, we have shown that in sub-20 nmSnO2 nanoparticle systemwhen doped nominally at label of
5 at%ofV,Mn, Fe or Co the dopant enters the host lattice as can be seen fromXRDandMS techniques. XPS
suggests the coexistence of V,Mn andCo ions in bi-valence state, where from the suggestedmodel, the lower
valence ions are inside of the nanoparticles.While the higher valence ions aremore superficial ones. Besides that,
XPS gives clear indication of Sn4+with two slightly distinct environments. One of them is in accordancewith
binding energy of Snwith six nearest oxygen, while the second one is ascribed to the tin atomwith an oxygen
vacancy nearby. The last could be the consequence of the substitution of Sn by the dopant element of the valence
distinct from4+.

Conclusions

Sn0.95M0.05O2 nanoparticle systems (M:V,Mn, Fe, Co)were investigated byXRD,Mössbauer spectroscopy
(MS) andXPS techniques in order to reveal the effect of the dopants on hyperfine parameters of tin in SnO2

matrix. XRD showed that in all the samples studied, only the diffraction peaks of the rutile structure of SnO2

without secondary phases were present, which is a sign that the dopants have been incorporated into the host
lattice. FromRietveld analysis of theXRDpatterns we took into account themodification of the cell parameters
and, therefore, the unit-cell volume; thismodification is a conclusive evidence that the dopant has been inserted
in the lattice of SnO2.

119Sn transmissionMS revealed that the presence of the dopant indeed influences the
hyperfine parameters of the tin in the host SnO2matrix: both IS andQS values. As it can be seen, there is a clear
tendency for the change of the cell volumewith IS andQS.With the information about the oxidation states given
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byXPS, we found that considering the individual dopant ionic radii (Shannon table), we could explain the
modification of the lattice’ size of SnO2 and the hyperfine parameters of tin by the incorporation of the dopants.
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