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Sulfur and fluorine substituted Sny;Nb,0- pyrochlore compounds were synthesized to produce brilliant
orange/red colors as an environmentally friendly alternative to other toxic inorganic pigments. Neutron
structure refinements indicate that the studied compositions crystallize in the pyrochlore structure with
a large number of cation and/or anion vacancies and significant local structural disorder. The cubic unit
cell decreases with increasing sulfur and fluorine content. The Sn®* cation is off-center by 0.39—0.48 A
from the ideal site, and the oxygen O’ is strongly displaced to the 32e position by an extraordinarily large
distance that has never been reported for a pyrochlore type phase. The unprecedented displacive dis-
order and unusual lattice evolution upon sulfur substitution are presumably driven by the strong lone
pair stereoactivity associated with Sn®*. Chemical analysis confirmed the existence of sulfur and fluorine,
and 9sp Méssbauer spectroscopy quantified the presence of both Sn?* and Sn** in all compositions. The
general formula representative of sulfur-containing pigments is nonstoichiometric Sn%fZ(sz,ySn;+ )O7_2-
y2-xSx with the color varying according to x. The fluorine compound is refined to be
Sn%*(Nb0A953T10,984Sn3558)05. 376F0.206 with exclusively anion vacancies. Optical characterization was
performed through diffuse reflectance and color meter measurements. The band gap is determined to be
in the range of 2.35 to 2.05 eV as sample color changes from yellow to orange/red. All powder samples
show 60—95% reflectance in the near-infrared (NIR) region, adding new functionality to the application
of these compounds as “cool” pigments.
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1. Introduction stability issues and are currently being phased out for use as pig-

ments in large scale coatings. Although some oxides, oxynitrides,

A highly sought-after goal in the pigment industry is to discover
a durable, non-toxic, inorganic, red pigment. An intense red color
can be produced in a material with an appropriate band gap if two
criteria are satisfied: first, the absorption edge must be located at
the appropriate energy (~2.0 eV) so that the red component of the
visible spectrum is not absorbed; secondly, the absorption edge
must be sufficiently sharp so that most other photon energies
within the visible range (green and blue) are absorbed. An intense
red color is obtained in the CdS;.,Sey series, along with the red
pigment vermilion (HgS), based on the band gap of the material [1].
However, all these red pigments suffer from both toxicity and
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sulfides, and oxysulfides with orange to red colors are promising
candidates to fill this role, the development into industrially
available pigments has yet to be executed, and stability problems
have not been effectively resolved [2—4]. Surprisingly, the band gap
in oxides is rarely the appropriate value to give an attractive red
color. The valence band in metal oxides is comprised primarily of O
2p states, and filling a cation s band located just above the O 2p
band could be a method of reducing the band gap to produce red
colored materials. This idea led us to explore the chemistry of ox-
ides with s? cations such as Sn*.

There are considerable efforts in industry and academia to
replace toxic Pb?* (6s% lone pair) with Sn?* (5s% lone pair) in
functional materials such as ferroelectric/piezoelectric perovskites
(e.g. PZT, PbTiO3) or orange pigments (e.g. PbCrO4/PbMo00,), which
have been met with limited success [5—7]. SnO itself is rather
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unstable, disproportionating into SnO; and Sn metal at high tem-
peratures. Using SnO in the synthesis as a given starting material
makes it increasingly difficult to control the stoichiometry and
composition of the target compounds. The Sn®* cation carries a 552
lone pair that is considered chemically inactive but sterically active,
inducing considerable local distortion or displacement in the
crystal structure [8,9]. It is hard to stabilize Sn®* in the crystal
structure as most structures prefer to have large cations in a more
symmetrical environment, such as the A site in the perovskite
structure. To our knowledge, no simple Sn®>*MO; perovskite oxides,
analogous to PbTiOs, have ever been reported. However, a growing
number of mixed oxides of Sn?>* are being prepared where the
structures can accommodate a large number of cation and anion
vacancies and/or local distortions such as pyrochlores Sn,M;07
(M = Nb, Ta) [10] and layered foordites SnNb,Og [11].

The general formula of the ideal pyrochlore structure is
AsM>060’ with space group Fd3m and 8 molecules per unit cell. In
this structure each M cation is connected to six oxygen anions
forming octahedra, corner-sharing to create the base network of
the pyrochlore structure (Fig. 1). Each A cation is surrounded by
eight oxygen anions, consisting of six O forming a puckered ring
and two O’ forming two shorter bonds with the A cation (Fig. S1(a),
see SI section). The crystal structure can be described as an inter-
penetrating network of M;0g octahedra and AO’ chains. This
description is widely used, as it is suitable for most pyrochlore
compounds including defect pyrochlores of the type JAM,0g
and A;M07.x00x (O =vacancy) where the M0g network still
forms the octahedral “backbone” of the structure [10]. The unique
nature of the pyrochlore structure has allowed a wide variety of
chemical substitutions at the A, M, O and O’ sites.

Sn (II) containing pyrochlores are known to produce oxides
ranging in color from yellow and dark orange to red/brown, where
the color originates from the band gap of the structure. For
example, deep yellow or orange colors can be obtained in the
compounds Sn;Nb,07, SnyTiNbOgF, and Sn,Tig.gTa;.1(0,F)7, adopt-
ing the pyrochlore structure [12]. Shepherd Color Company dis-
closed the successful synthesis of SnoNb,07 pyrochlore oxides and
their sulfur substituted analogues as potential non-toxic replace-
ment for currently available yellow and orange/red pigments con-
taining cadmium, lead or mercury [13]. The company has
introduced a new yellow pigment in the market based on this
parent pyrochlore compound SnyNb,07 commercially named as
Niobium Tin Pyrochlore (NTP) [14]. Although substitution of sulfur
for oxygen in the Sn—Nb—O system is reported in the patent
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Fig. 1. Representation of the ideal pyrochlore structure, with an interpenetrating
network of corner-sharing M,0g octahedra and A,0’ chains.

literature with the color ranging from yellow to orange, the exact
compositions of the phases and the origin of the color are not fully
understood [14].

The structure of Sny;Nb,07 has been characterized via single
crystal and powder X-ray diffraction analyses and has been shown
to contain vacancies in the Sn** and oxygen sites [15—17]. As
mentioned earlier, SnO undergoes disproportionation to SnO, and
Sn metal during synthesis, necessitating the use of 1'%Sn Mossbauer
spectroscopy in the determination of the Sn?>*/Sn** ratio and local
environment of tin in various oxides [16]. Previous '°Sn Mossbauer
analysis of Sn,Nb,07 revealed a substantial amount of Sn** present
in the octahedral M site, resulting in the formula
Sn2+3(Nbyg4Sng ' 5)06.35 [15]. This is also the case with the tin
tantalum oxide, which accommodates a similar amount of Sn**:
Sn §,4(Ta18sSng 15 )06.58 [18].

In this work, we report for the first time on detailed structural
analysis of the parent compound SnyNbyO7 as well as its sulfur
substituted analogues using powder neutron diffraction. The
structure of fluorine substituted compound Sn,TiNbOgF is also
examined for the first time via powder neutron diffraction and
Mossbauer spectroscopy. Optical properties including NIR reflec-
tance were measured for the SnyNbyO7.,Sy (x=0-0.7) and
SnyTiNbOgF samples. Our primary objective to unravel the
structure-property relationship in these interesting yet compli-
cated color materials is to provide guidance for the rational design
of environmentally benign inorganic pigments.

2. Experimental

Polycrystalline samples of SnyNby07.,,Sx (x=0.0-1.0) and
Sn,TiNbOgF were prepared through standard solid state synthesis.
Stoichiometric quantities of SnO (Johnson-Matthey, 99.9%), Nb,O5
(Alfa Aesar, 99.9+%), SnS (Alfa Aesar, 99.5%), TiO; (Sigma Aldrich,
99.9+%) and SnF, (Aldrich, 99%) were mixed thoroughly using an
agate mortar and pestle. The pelletized mixture was then sealed in
a fused silica ampule under vacuum (10~4mm Hg), and heated at
850°C in a MTI furnace for 12 h. The samples were reground and
reheated repeatedly to complete the reaction.

X-ray diffraction data were obtained using a Rigaku Miniflex
diffractometer employing Cu K, radiation with a graphite mono-
chromator on the diffracted beam. An internal standard was used
during the data collection for lattice parameter calculations. Time-
of-flight neutron diffraction data were collected for SnyNb,07 and
Sn,TiNbOgF at the Oak Ridge National Laboratory (ORNL) Spallation
Neutron Source (SNS) POWGEN beamline. Powder neutron
diffraction data for SnpNb,07.,Sx (x = 0.2, 0.4, 0.6) were collected on
the 32-counter high-resolution diffractometer BT-1 at the Center
for Neutron Research at the National Institute of Standards and
Technology (NIST). A Cu (311) monochromator, yielding a wave-
length of 1.5403(2) A, was employed. Collimation of 15’ of arc was
used before the monochromator, 20’ before the sample, and 7’
before the detectors. The samples (~10 g) were loaded into vana-
dium containers 15.6 mm in diameter and 50 mm in length. Data
were collected at room temperature over a 20 range 3—167°. Riet-
veld refinements utilized the GSAS software package with the
EXPGUI interface [19].

Diffuse reflectance data (up to 2500 nm) were collected using a
Jasco V-670 Spectrophotometer and converted to absorbance using
the Kubelka-Munk equation. A Konica Minolta CM-700d Spectro-
photometer (Standard illuminant D65) was used to measure the L*,
a*, b* color coordinates.

The '9Sn Méssbauer data were obtained on a constant-
acceleration spectrometer using a 10 mCi Ca'®™SnOj3 source. The
spectra were acquired at room temperature by using a MS-96
spectrometer (Palacky University) and at low temperature by
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using a SH-850 closed cycle cryostat (Janis Research). The mea-
surements were carried out on powder samples and the isomer
shifts were determined with reference to CaSnOs.

Thermogravimetric analysis (TGA) was performed using a TA
Instruments Model TGA Q50. The weight loss or weight gain was
assessed upon heating the samples under air or N5 flow to 800 °C
with a ramp rate of 5 °C/min.

Chemical analyses of sulfur and fluorine were carried out by
Galbraith Laboratories. Sulfur content was estimated using a com-
bustion method for Sn,Nb,07.,Sy samples with nominal x values
0.2, 0.4 and 0.6. Fluorine content was evaluated by the ion selective
electrode method. The fluoride in the compound was released
through pyrolysis at 1100 °C under a stream of moist oxygen using
vanadium pentoxide as an accelerator. The resulting fluorine in
solution was then examined by a fluoride ion-specific electrode
(ISE).

3. Results and discussion
3.1. Structure analysis

Powder X-ray diffraction data of sulfur substituted samples
SnyNb,07.,Sx (0 <x < 1.0) are shown in Fig. 2. The sample color
varies from yellow to reddish or dark orange as a function of the
sulfur content. The nominal formula SnyNb,07_,Sx is used here for
convenience as the actual general formula is more complicated,
consisting of a large number of vacancies and distortions:
Sn3*,(Nb;.,Sny")07.2.y/2xSx. The maximum miscibility limit of
sulfur is found to be x = 0.6, after which the X-ray patterns start to
show the appearance of SnNb,Og (foordite) as a major impurity
phase (Fig. 2). Chemical analyses for x =0.2, 0.4 and 0.6 samples
confirmed the presence of sulfur in the solid solution. Thermog-
ravimetric analysis (TGA) for x =0 and 0.6 samples indicated that
these compounds were fairly stable up to 800°C when heated
under nitrogen flow (Fig. S2(a), see SI section). When heated in air,
both samples underwent a color change, although the parent
compound SnyNb,07 did not show significant weight gain. The
sulfur containing sample x = 0.6 however showed 8% weight gain
(Fig. S2(b), see SI section) due to the formation of SnSO4 as indi-
cated by XRD analysis of the TGA residue, providing further
experimental evidence to the presence of sulfur in the system.

XRD patterns of all pure samples can be indexed well in cubic
space group Fd3m. Cell edges are calculated by LeBail fits using
GSAS/EXPGUI software [19]. The variation of lattice parameter a
with increasing nominal sulfur content is shown in Fig. 3. There is a
very good agreement between the refined X-ray and neutron
values, and the cell edges determined for zero and low sulfur
compositions fall within the range previously observed for non-
stoichiometric phases in the Sb-Nb-O system [17]. Nonetheless, the
slight decrease seen in the lattice dimension with increasing sulfur
substitution is not expected, as the anionic radius of sulfur is much
larger than that of oxygen [20]. The reduction of small amount of
Sn** upon sulfur substitution may account for some lattice
contraction since the ionic radius of Sn** (0.69 A) is slightly larger
than that of Nb°* (0.64 A), but this weak effect would then be
counteracted by replacing oxygen with sulfur. The situation could
further be complicated by growing number of vacancies that may
also contribute to the lattice variation. More likely this abnormality
can be rationalized by considering the parent compound Sny;Nb,07
that shows behavior unlike other related pyrochlore niobates.
Lattice parameters versus ionic radii of divalent A cations (CN=6
and 8) is plotted in Fig. 4, comparing known pyrochlore niobates
with the formula A;Nb,07 (A = Sn, Cd, Ca, Hg, Pb, TI) [10,15,20—23].
The ionic radius of Sn?* is estimated using the bond valence sum
approach with Brown's standard values for Sn(Il) [24,25]. The
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Fig. 2. (Top) X-ray diffraction patterns of sulfur substituted samples with the nominal
formula SnyNb,05.,S,. A foordite impurity phase (peak positions denoted by asterisks)
arises after x = 0.6, signaling solubility limit of the pyrochlore solid solution. (Bottom)
The corresponding sample color as a function of the nominal sulfur content. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 3. Lattice parameters vs nominal sulfur content for SnyNb,07_,Sy solid solution.
Both X-ray and neutron data are displayed. A dashed line is drawn to guide the eye, and
the estimated uncertainties are smaller than the plotted marker size.
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deviation of SnoNb;07 from the unit cell trend line is unanticipated
based on the position of tin in the periodic table and its ionic radius.
Notice that the cell edge of SnpNb,O7 is even larger than that of
Hg,Nb,07 and comparable to that of Pb,Nb,0; The deviation is
more pronounced for CN = 6 without counting two oxygen neigh-
bors of A with the longest A-O bonds. This anomalous structural
behavior of Sn;Nb,07 can be attributed to a strong lone-pair effect
exhibited by Sn®>* 5s® in oxides due to considerable interaction
between Sn 5s and O 2p orbitals. Electronic structure calculations
showed that the stereochemical activity of the Sn®* lone pair de-
creases in tin monochalcogenides as one descends from SnO to
SnTe across the periodic table, and the Sn electron distribution
becomes more spherically symmetric [8]. This is due to the weak-
ening of the interaction of anion X p states (X=0, S, Se, Te) with Sn
5s states which in turn reduces the coupling of Sn 5s/Sn 5p, leading
to less stereoactive Sn(Il) lone pair from SnO to SnTe. As a conse-
quence of the anion-dependent lone pair effect, larger chalcogen-
ides have the tendency to form less distorted phases, like SnTe
which favors the more symmetric rocksalt structure compared to
SnO. Similarly, when substituting sulfur for oxygen in chalcogen-
ides like Sny;Nby07.4Sx, more regular pyrochlore structures (the
trend line in Fig. 4) and hence smaller unit cells are expected owing
to the reduced lone pair stereoactivity upon sulfur substitution.
Although the crystal structure of the parent compound
SnyNb,O; was previously characterized by single crystal and
powder X-ray data [15,17], a neutron diffraction study has never
been reported, especially for the sulfur and fluorine containing
pyrochlore phases. The pyrochlore structure (A2M>060’) is known
to tolerate both cation and anion deficiencies [10], and neutron
diffraction is more efficient than X-ray diffraction for precisely
locating light atoms like oxygen as well as for determining oxygen
vacancies in the defect oxides. In this work, the least-squares re-
finements are performed on powder neutron data of the SnyNb,07.
xSx (x=0.0, 0.2, 0.4, 0.6) series in cubic space group Fd3m. The re-
sults are summarized in Table 1 and more details can be found in
the CIF files (see SI section). The representative Rietveld fits (x = 0.0
and 0.4) in Figure S3 (see SI section) and Fig. 5 show good agree-
ment between the calculated and the observed intensities. The total
amount of impurity phases, such as SnNb,Og (foordite), SnO, and
SnS, was found to be <1% for phases with low sulfur content and
<3% for the x = 0.6 sample. The metallic Sn impurity is not always
noticeable in the diffraction patterns, but it is readily seen under an
optical microscope as small shiny spheres and can be removed by
an acid wash using diluted HCI. The refined formulas show the
expected non-stoichiometry that is normally encountered in the
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family of tin pyrochlores. The disordered crystal structure is
compared with the ideal pyrochlore structure in Fig. 6, showing a
large amount of static disorder associated with this Sn®>* containing
system. The local environment of divalent Sn and O’ for x = 0.0 and
0.2 is also shown in Figures S1 and S4 (see SI section), highlighting
the displacement with respect to the ideal A and O’ positions.

The initial refinement for x = 0.0 assuming the ideal pyrochlore
model resulted in excessively large atomic displacement parame-
ters (ADPs) at both A (16d) and O’ (8b) sites. The values of these
ADPs are too large to be attributed to the thermal motion of Sn?*
and O ions at room temperature. Furthermore, significant
discrepancy remains between the observed and calculated in-
tensities. After removing A and O’ ions from the crystal structure,
difference Fourier maps clearly reveal off-center nuclear density
around the 16d and 8b sites, indicating static disorder. The shape of
the nuclear density is a bicapped torus around the centric A site,
and that around the O’ site is a group of four spherical lobes ar-
ranged tetrahedrally along the 3-fold axis. A disordered model is
therefore adopted for structural refinements, in which the A-site
cations are displaced to the 96h (0, y, y) and 96g (x, x, z) sites and the
O’ anions to the 32e (x, x, x) site, giving rise to reasonable ADPs,
better R factors (Table 1), and good agreement between the
observed and calculated profiles (Figure S3, see SI section). The data
refined to generate a final formula of SnfESO(Nbl_moSngfgoo)
060"0.5120'0,018. Only trace amount of tunnel oxygen O’ stays in the
ideal 8b position. The Sn?* at 96g and 96h sites is displaced by
0.39 A and 0.44 A, respectively, from the centric position, consistent
with the single crystal and powder studies [15,17]. The O’ ions
however are found to be significantly displaced from the 8b posi-
tions by 0.704(4) A, almost twice the displacement of the Sn>*. The
A-site off-centering has also been observed for Bi** pyrochlores,
where the off-centering is related to the influence of stereo-
chemically active 6s® lone pair electrons on Bi>* [26—29]. The
donut-shaped scattering density around the A site can be
adequately represented by moving Bi>* to either the 96h or 96g
site. In the case of Sn®* with 5s? lone pair electrons, a combination
of 96h and 96g sites makes better simulation for the bicapped
torus-shaped scattering density around the A site. Our structural
refinements show appreciable occupancy of Sn?* on both sites with
96h more preferred (Table 1). Compared with stereochemically
active Sn?* and Bi**, Pb?* with 6s° lone pair electrons is relatively
inert and no static disorder was found for Pb-containing defect
pyrochlores [30]. A similar structural model is applied to sulfur
substituted samples and the neutron refinement results are shown
in Table 1. The refined sulfur content is consistent with that found
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Fig. 4. Lattice parameters vs ionic radii for niobate pyrochlores A;Nb,07 (A = Sn, Cd, Ca, Hg, Pb, Tl) [10,15,20—23], with coordination numbers of A (a) CN = 6; (b) CN = 8. The ionic
radius for Sn?* is estimated using Ro and B values reported by L.D. Brown and the approach of bond valence sum: S = exp((Ro-R)/B) [24,25]. Dashed trend lines are drawn to guide
the eye, and the estimated uncertainties are smaller than the plotted point size. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Table 1

Crystallographic data for Sn;Nb,07.,S series and Sn,TiNbOgF*".
Nominal Content x 0.0 0.2 0.4 0.6 Sn,TiNbOgF
a(A) 10.595(1) 10.589(1) 10.584(1) 10.579(1) 10.472(1)
WRp (%) 418 6.54 6.28 6.34 3.10
0 (48f) x 0.3138(1) 0.3134(1) 0.31313(7) 0.3130(2) 0.3155(1)
0" (32e) x 0.3367(2) 0.3396(6) 0.3396(6) 0.3391(7) 0.3406(4)
Sn+* (96h) y 0.2792(11) 0.2778(9) 0.2768(3) 0.2768(5) 0.2776(4)
Sn+ (96g) x 0.4803(10) 0.472(5) 0.4685(23) 0.469(6) -
Sn?* (96g) z 0.5240(18) 0.510(4) 0.5096(30) 0.509(5) -
0” occup.© 0.512(4) 0.368(3) 0.316(3) 0.256(3) 0.324(3)
S/O’ occup. 0.018(4) 0.14(1) 0.18(2) 0.23(2) 0.052(3)
F occup. - - - - 0.206
Nb>* occup.? 1.700 1.824 1.920 1.948 0.958(3)
sSn** occup.® 0.300 0.176 0.080 0.052 0.058
Ti** occup.? - - - - 0.984(3)
Sn* (96h) occup.® 1.044(12) 1.284(9) 1.308(3) 1.296(8) 1.872(5)
Sn?* (96g) occup.® 0.636(12) 0.312(9) 0.228(2) 0.216(7) -
Sn* (16d) occup.” - — - - 0.128(30)
0 Uiso (A%)2 x 1072 0.98(2) 1.31(3) 1.37(3) 1.30(3) 0.94(2)
0" Uiso (A%) x 1072 1.2(1) 1.9(3) 2.2(3) 1.8(5) 0.9(2)
0'/SJF Uiso (A%) x 1072 1.0(3) 0.9(3) 1.8(3) 2.1(4) 5.2(2)
Nb>*/Sn**[Ti** Uiso (A%) x 1072 1.01(1) 1.14(2) 1.20(2) 1.16(2) 0.8(1)
Sn?* (96h/96g) Uiso (A%) x 1072 0.98(9) 0.8(2) 1.0(1) 0.97(18) 1.3(1)
Sn?*—0” Avg. ( x 8) (A)" 2.407 2.393 2.391 2.391 2.346
Sn%t—0 Avg. ( x 6) (A)" 2.737 2.743 2.746 2.745 2.684
Sn?*—0'[S/F Avg. ( x 2) (A)" 2331 2328 2.325 2324 2.285
0"-0'[S[F (A) 0.704(4) 0.650(12) 0.649(11) 0.658(13) 0.623(6)
Nb>*+/Sn**Ti**—0 ( x 6) (A) 1.9912(1) 1.9886(3) 1.9867(2) 1.9852(2) 1.9741(1)

3 Crystal structures are refined in space group Fd3m, where Nb>*, Sn** and Ti** are at the 16¢ (0, 0, 0) site, O at the 48f(x, 1/8, 1/8) site, O” at the 32e (x, x, x) site, S, 0’ and F at
the 8b (3/8, 3/8, 3/8) site. Sn>* at both 96h (0, y, ¥) and 96g (x, x, z) sites for the sulfur containing series and at 96h and 16d (1/2, 1/2, 1/2) sites for the fluorine sample,
respectively. Numbers in parentheses are the standard deviations in the last significant figure.

b The refined formulas for the sulfur series Sn;NbyO7.,S, (x=0, 0.2, 0.4, and 0.6) are Sn3§g,(Nb;700SNE500)060”0.5120'0.018, SN 5gs(ND1 83057 70)060”0.36850.14,
Sn2%,6(ND1.920SNg g0 )060”031650.18,  and  Sn2%,,(NDy 04gSNg5s5)060" 02565023, respectively. The refined formula for the fluorine sample Sn,TiNbOGF is

Sn3 " (Nbg.9s5Tio.084Sng 55 )Os-376F0.206-
€ This is 4 x the occupancy of O” at the 32e site.
d This is 2 x the occupancy of Nb>*/Sn**/Ti*" at the 16c site.
¢ This is 12 x the occupancy of Sn?* at the 96h and 96g sites.
f This is 2 x the occupancy of Sn®* at the 16d site.
i Anisotropic U values are given in the CIFs (see SI section).

i This is the distance between 8b and 32e sites, not a bond distance.
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Fig. 5. The Rietveld fit of neutron data for Sn;Nb,07.,Sy (x =0.4). Reflection lines
represent phases, from top to bottom, (pink) the major pyrochlore phase, (teal) the
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this article.)

Average bond distances. Individual bond distances are given in the CIFs (see SI section).

by chemical analysis. Figure S4 (see SI section) shows an inset of the
local environment for the x = 0.2 phase. Compared with that of the
x = 0.0 phase, we see a more dramatic disorder of the 96h/96g sites,
exacerbated by sulfur incorporation, although the total amount of
Sn? is decreasing. The refined formulas for the Sn;Nb,07.,S series
(x=00, 02, 04 and 0.6) are Sn?gg,(Nb1700SNE500)06530,
Sn? Los(ND15245n 176)06.36850.14, SN 536(Nb1.920Sn3 h30)06-31650.18
and SH%E]Z(Nb1.g4gsﬂgB?)05.25550.23, respectively, indicating
16—24% vacancy at the Sn“" sites. The number of cation and anion
vacancies increases with increasing sulfur substitution, and
meanwhile the content of both Sn** and Sn** decreases. The total
amount of tin (Sn?* plus Sn**) per formula unit is 1.980, 1.772,
1.616, 1.564, respectively, all less than 2.

The pyrochlore structure can support local distortions and de-
viations from the ideal stoichiometry through cation and anion
partial occupancy and disorder, but these factors are generally
correlated and can cause perturbations that would not otherwise
occur [26,28—32]. The Sn®* vacancy makes it impossible for all
oxygen ions in the 8b positions to be tetrahedrally coordinated as in
the ideal pyrochlore structure. The existence of Sn?* vacancies and
off-centering causes oxygen ions to deviate from their ideal 8b site
(0"), moving toward a face of the A cation tetrahedron to occupy the
32e position (0”). This is demonstrated in the difference Fourier
map as extra scattering density along the [111] direction toward the
disordered Sn* position nearby. As sulfur is larger than oxygen it
preferentially occupies the ideal 8b position and the displacement
to the 32e site only occurs for the oxygen ions, confirmed through
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96h

96g Q

Fig. 6. Comparison of the ideal pyrochlore A,M,0- (left) with refined crystal structure of SnoNb,0- in this work (right). From left to right, cation A (purple) is displaced from its ideal
16d position to the 96h/96g positions, and oxygen (olive) at the 8b site moving to the 32e site along the [111] direction. The 48f oxygen atoms located at the vertices of the M (16¢)
centered octahedra are omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

structure refinements (Table 1). This type of distortion commonly
occurs in anion and cation defect pyrochlores. In this work, we find
the magnitude of oxygen displacement from 8b to 32e site is in the
range between 0.65 and 0.70 A for all compositions, which is about
2—6 times as large as those reported for bismuth pyrochlores
[26,28,29,32]. This unprecedented movement of oxygen ions, away
from the ideal 8b position, is presumably the consequence of much
stronger lone-pair stereoactivity on Sn>* in comparison with other
cations with the ns? electronic configuration.

As Sn?* undergoes disproportionation to produce Sn** and Sn°
during synthesis, some Sn** replaces Nb>* in the octahedral sites,
owing to their identical jonic radii (Sn** 0.69 A and Nb>* 0.64 A).
Quantitative analysis of Sn** by diffraction methods is challenging
in view of similar scattering power of Sn** and Nb>* (neutron
scattering lengths: Sn 6.225; Nb 7.054). Conventional determina-
tion of relative Sn** content in the presence of Sn>* is by °Sn
Mossbauer spectroscopy Previous studies [15,17,33] of the
Sn2 *,(Nb; ySn *+)07.2-yj2 phases reported 10.1%, 11.5% and 13.3%,
respectively, of the total tin present as Sn** in the octahedral M
sites. Our '9Sn Mossbauer spectra obtained at 10K are shown in
Fig. 7 (a) for x =0.0, 0.1 and 0.6 samples. Each spectrum consists of
three well resolved peaks: a doublet and a singlet with chemical
isomer shifts characteristic of Sn>* and Sn**, respectively. The data
are summarized in Table 2. Note that the fitted line width for the
two lines in the Sn?* doublet, ~1 mm/s, is not exactly the same,
with about 5% variation, which is indicative of a distribution of
environments due to defects [12,15,16]. The isomer shift and
quadrupole splitting of Sn?* and Sn** are similar to the literature
values except for the relative Sn** content, which is somewhat
higher than previously reported for x=0.0 phases [15,17,33]. In
order to properly quantify the atomic percentage of Sn**
Mossbauer spectra were acquired at a low temperature, T= 10K,
for all samples. Furthermore, the relative areas of Sn** and Sn**
were corrected for different Lamb-Mossbauer factors by using a
Debye model for the temperature dependence of the spectra and
for differences in zero-point motion [16,17]. This atomic percentage
of Sn** derived from Méssbauer data is used to estimate the con-
centration of Sn** in the octahedral sites. The quadrupole splitting
value of 1.7-1.8 mm/s for the Sn®>* component is substantially
larger than that in SnO (1.35 mmy/s) [34], which is another indica-
tion of significant site distortion and stereoactive Sn®* not at the
center of symmetry of the A site [17]. The Sn?* content at the off-
center A sites could be refined independently from the neutron
data as these sites are only occupied by Sn**. By combining
Mossbauer and neutron results we could estimate the amount of

Sn** and use it to calculate the amount of Nb>* as the M site is fully
occupied with Nb>* and Sn4+. The ratio of Sn**/Nb>* is varied ac-
cording to the refined Sn®** content and the final formula confirms
the data collected via Mossbauer analysis. For the Sn ,(Nby ¥Sn4+
0O7-2y2-xSx solid solution, the amount of both Sr144r and Sn<t
creases as sulfur content increases (Fig. 8). The decrease in Sn**
content with increasing sulfur substitution at the M site arises from
the reduced propensity for SnS to disproportionate to SnS; and Sn
metal when compared with SnO.

The corner-sharing octahedral M,0g framework is very rigid in
the (A0 )M30¢ pyrochlore structure. The refined M,0¢ (M = Nb/Sn,
mainly Nb) is of regular octahedral shape with M—O distances of
1.99 A and 0—M—0 bond angles close to 90°, regardless of sulfur
substitution. Asymmetric local environment, typical of lone-pair
cations like divalent Sn, has been found in many oxides such as
SnWOy, SnSO4 and SnO [17]. In the ideal pyrochlore structure, the
eight-coordinated A cation is at the 3m site, surrounded by six
equivalent A-O long bonds and two identical A-O’ short bonds
(directly opposite each other). In pyrochlores where the A site is
occupied by off-center Sn?>* however the stereoactivity of the lone
pair on Sn?* induces severe local distortion, resulting in: (1) six
Sn—O0 (Sn at 96h/96g and O at 48f) bond distances ranging from
2.36 A to 3.11 A, with a weighted average distance of 2.74 A; (2) two
Sn—0Q"” (Sn at 96h/96g and O” at 32e) bonds with a weighted
average distance of 2.40 A. The overall average Sn—0 bond length is
therefore 2.66 A, in reasonable agreement with previously reported
data [15,17]. The shortest Sn—0” distance is found between Sn?* at
the 96g site and oxygen at the 32e site, however the bonding sit-
uation is hard to describe given the high degree of disorder and
large amount of vacancies around these sites. The Sn>*—0 bond
distance as short as ~2.1 A was found in tungsten bronzes of the
type Sn2"WOs [35]; it is 2.103 A in SnsWOg [9], 2.125 A in Sny;WOs
[9], 2.15 A in SnHPO4 [36], and 2.18 A in SnNb,0g [37] and SnWO4
[38]. Our refined Sn?>*—S distance (2.33 A) is also shorter than ex-
pected according to Shannon radii [20], it is however much longer
than what was reported for SnS (2.11 A) [39]. The variation of
average bond distances as a function of sulfur content is shown in
Fig. 9 for Sn>*-0" (32e) (weighted), Sn>*-0'/S (8b), Sn’>*-0 (48f)
(weighted), and Nb>*/Sn**—0 bonds. The average bond distances
decrease with increasing sulfur substitution as the cell edge con-
tracts, with the exception of Sn>*—0 (48f). When Sn®* and Sn**
competing for the octahedral oxygens at 48fsites, it is expected that
the Sn?>"—0 bond distance increases while the other decreases.

We have reported earlier the substitution of anions such as
fluorine in the O’ 8b site of the pyrochlore structure Sn;TiNbOgF,
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Sn** content as a function of temperature, for the fluorine-containing pyrochlore
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where the Ti 3d band lies below the Nb 4d levels, resulting in a
reduction of the band gap and a shift from yellow to orange color
[12]. In this case, the charge difference from the substitution of
fluorine is compensated through the addition of titanium into the
M site. It is hypothesized that the color in these compounds comes
from the transfer of electrons from the Sn®* 5s to the Ti**/Nb>*
mixed empty d-orbitals. In this work, Sn,TiNbOgF was synthesized
in the same way as the SnyNb,07.,Sy series. The '9Sn Méssbauer
spectra confirmed the presence of Sn** with an atomic percentage
of ~3% as shown in Fig. 7 (b), close to that seen for sulfur containing
samples at high substitution levels (x = 0.6). The starting material
SnF, does not disproportionate like SnO which explains the low
Sn** content relative to the parent compound. No impurities were

Table 2

1195n Mossbauer data for the Sn,Nb,0.,S solid solution.
X Sn(Iv)° IS(IV)© IS(I)° Qs(ny¢
0.0 15.0(=)% 0.15(1) 3.45(1) 1.82(2)
0.05 93(5)% 0.15(1) 3.44(1) 1.82(2)
0.10 10.0(5)% 0.17(1) 3.45(1) 1.79(1)
02 10.0(5)% 0.12(1) 3.44(1) 1.72(1)
04 5.8(5)% 0.13(2) 3.46(1) 1.71(2)
06 3.5(5)% 0.10(2) 3.47(1) 1.68(1)

2 x stands for the nominal sulfur content.

b The atomic percentage of Sn** as in total Sn. Only Sn(IV) intrinsic to the pyro-
chlore phase is included here. Consistently good fits are obtained at 295 K and 10 K.

¢ The isomer shift (IS) values for Sn(IV) and Sn(II).

4 The quadrupole splitting (QS) is only shown for Sn(ll). The quadrupole splitting
for Sn(IV) in the pyrochlore phase was fixed at 0.3 mm/s, a value corresponding to
the average for fits of different samples. This parameter is not strongly determined
by the spectra.
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Fig. 8. Sn** content determined by ''°Sn Mossbauer (filled circles) and Sn®* content
determined by neutron refinements (filled squares) as a function of nominal sulfur
content. The estimated uncertainties are smaller than the plotted point size.

detected by X-ray diffraction and no shiny Sn metal particles were
found under the microscope. In order to understand the relation-
ship between the structure and the color, we performed the Riet-
veld refinement using neutron powder diffraction data. The refined
formula for this compound is SnZ*(Nbyg.ossTioos4SNg hsg)
06.376F0.206, Where the Sn?* was independently refined at the 96h
and 16d sites, respectively. The detailed results are shown in Table 1
and Figure S1(c) (see SI section). Based on difference Fourier maps,
a disordered structural model was adopted with Sn>* at both 16d
and 96h/96g sites. When Sn’* was refined in the 96g position, the
occupancy was consistently a negative value, indicating the
absence of Sn* at this site. Most Sn®* cations are displaced to the
96h position and only ~6% found at the ideal 16d site, the sum of
which giving rise to a fully occupied A site. The M site is also
completely occupied, with the amount of niobium and titanium
refined and Sn** fixed at the value determined by Mossbauer
spectroscopy. Because of their similar neutron scattering lengths it
is difficult to differentiate between oxygen and fluorine using the
diffraction technique. The fluorine content was then experimen-
tally determined by elemental analysis, and the structure was
refined with fluorine in the 8b position as assumed by previous
reports [10,12]. The nonstoichiometric concentration of fluorine
could be the consequence of synthesis inside quartz tubes (to
mitigate Sn?* disproportionation), which tends to produce a white
coating on the inner walls of the tube due to the reaction of fluorine
with SiO,. Compared with the parent compound SnyNb,07 and its
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sulfur containing counterpart, the fluorine substituted Sn,TiNbOgF
pyrochlore has less defects/disorder, a smaller unit cell (10.472 A)
and shorter bond distances as a result of replacing Nb>* with
smaller Ti*" in this more symmetric structure. The success in
fluorine substitution suggests that while adding sulfur results in
darker colors, there is more than one avenue to achieve the intense
orange/red colors in tin pyrochlores.
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Fig. 10. Normalized diffuse reflectance spectra of the SnyNb,07.,S series.

3.2. Optical properties

The systematic color change from yellow to dark orange with
increasing amount of sulfur indicates a decrease in the band gap
with sulfur addition. The reported band gap for the parent com-
pound SnyNby07 is 2.4 eV [40] whereas the ideal band gap is ~2 eV
for a red pigment such as CdS;-,Sex or HgS [1]. Diffuse reflectance

2351 " .
2.30 .
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Band Gap (eV)

205+

Sn2Nb207-xSx

2.00 E

05 0.6

00 01 02 03 04
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Fig. 11. Band gap variation as a function of sulfur substitution. Selected sample images
showing the corresponding color change. The trend line is guide to the eye. The
estimated uncertainties are smaller than the plotted point size. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)



40 G. Giampaoli et al. / Solid State Sciences 81 (2018) 32—42

spectra for the SnyNby07.,Sx series are depicted in Fig. 10.
Compared with x =0 the band gap is red-shifted by 0.13—0.30 eV
upon sulfur substitution. The absorption edge shifts abruptly at first
and then slowly thereafter as x increases. This initial abrupt change
could be ascribed to the significant modification of the band
structure by small amount of sulfur. Apparently sulfur plays a major
role in inducing the orange color because previous work on the Sn-
Nb-O system always resulted in the yellow color regardless of
variation in the Sn:Nb:O ratios [17]. The gradual shift at higher x
may be due to the gradual shortening of the Nb-O bond. The
extrapolated values of band gap are shown in Fig. 11, ranging from
2.35 to 2.05 eV for nominal sulfur content of x = 0—0.6. The band
gap of the fluorine substituted pyrochlore SnyTiNbOgF is 2.15 eV
derived from the spectral data in Fig. 12, with a red shift of ~0.2 eV
upon fluorine substitution. The band gap for Sn,TiNbOgF was pre-
viously reported as 2.3 eV [12].

For most niobates the valence band has predominantly O 2p

Absorbance

Sn, TiNbO _F
Sn,Nb,0,

1 L 1 " 1 " 1 " 1

1.0 1.5 2.0 25 3.0 3.5 4.0

Energy (eV)

Fig. 12. Diffuse reflectance spectra for the parent compound and the fluorine
substituted pyrochlore, along with the corresponding sample images.

Sn, TiNbOF

character and the conduction band is primarily empty 4d states of
Nb>*. Metal niobates usually have band gaps large enough so that
there is no optical absorption in the visible spectrum, giving rise to
white samples like KNbO3 and SroNb,0-. Introducing Sn(Il) to the
niobates results in a strong Sn 5s contribution at the top of the
valence band which decreases the band gap. This decrease is
enough to produce an intense yellow color for the Sn(II) containing
niobates [12,17]. A similar band gap decrease is also seen in sulfur
substituted compounds like TiO, and InGaZnO4 that do not contain
any tin [41—43]. When sulfur is substituted into the lattice of the tin
niobate, the addition of the S 3p band to the valence band increases
valence band maximum and accordingly decreases the band gap
(close to 2 eV), accompanied by a color change from yellow to or-
ange to red. This color change may also be enhanced by a decrease
in the Sn** content (with filled 4d orbitals) at the octahedral sites
when sulfur is substituted for oxygen, by increasing the probability
of charge transfer from filled O 2p to empty Nb>* 4d orbitals. In the
fluorine substituted analogue, the color arises from the electron
transfer from O 2p to empty Ti 3d orbitals, the presence of which
lowers the band gap and produces a redder color. Schematics of
band structures are illustrated in Fig. 13 for the parent compound
SnyNb,07, along with the possible modifications after incorpo-
rating S, F and Ti. In contrast, the tantalum containing pyrochlores
with Ta 5d states are all white due to much larger band gap energy
(Figure S5, see SI section). The actual band structure calculation
would be complicated due to the existence of large amount of
disorder and vacancies.

The CIE color space measurements [44] were performed for the
SnyNb,07.,Sy solid solution (Fig. 14) and Sn,TiNbOgF. The L* a* b*
color coordinates for SnyNby07.4Sx (x=0.0 and 0.6) and Sn,TiN-
bOgF samples are listed in Table 3, along with measured values of
commercial Fe;03 and a red pigment (lead chromate/molybdate)
from PPG industries for comparison. The L* values refer to bright-
ness, positive a* values refer to the red character and positive b*
values refer to the yellow character of a pigment. With addition of
sulfur and fluorine, both positive L* and b* values decrease and
positive a* values increase, indicating a shift towards red in color
while losing some brightness and yellow hue. Compared with the
commercial lead-containing red pigment, our SnyNb,07.4Sx and
Sn,TiNbOgF samples showed comparable L* and b* values but lower
positive a* values. While comparing with iron oxide our pigments
are brighter and more red with greater yellow hue. The Sn,TiNbOgF

Sn,Nb,O,_S,

Nb 4d

Nb 44 + Ti 3d

E,=235eV

Energy

Fig. 13. Schematics of the band structures for the parent compound, sulfur substituted compound and fluorine/titanium substituted compound.
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Table 3

L* a* b* color coordinates for selected pigments.
Sample L* a* b*
SnyNb,05 65.72 10.97 73.46
SnyNb,06.4S0.6 41.98 32.90 33.53
Sn,TiNbOgF 45.65 3342 4141
Fe,03 25.86 27.91 22.02
Lead Chromate/Molybdate 43.46 48.30 41.77

sample is brighter than SnyNb,07.,Sy (x =0.6) with identical red
character a* and more yellow hue.

In addition to color, another desired property of pigments is the
ability to reflect heat. NIR reflectance spectra exhibit ~60% reflec-
tance for SnyTiNbOgF (Figure S6, see SI section) and 75—95%
reflectance for the sulfur substituted series (Fig. 15) in the near
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Fig. 15. Near-infrared spectra for the sulfur substituted series Sn;Nb,07._,Sy.

infrared region, categorizing the materials as “cool” pigments.
Practical applications require pigments that are durable under solar
radiation and some severe conditions. It has been reported that
pigments reflecting solar energy can help to delay warping and
weathering, and resist heat build-up [45]. In regard to acid tests,
our pigments show excellent stability in diluted nitric, hydrochloric
and sulfuric acids.

4. Conclusion

Compounds with the nominal composition SnyNbyO7.Sx
(x=0.0—0.6) and Sn,TiNbOgF were synthesized and characterized
structurally and optically. There is a 0.2% decrease in the cell edge as
a function of sulfur addition, essentially resulting from the
increased symmetric nature of the cubic pyrochlores containing
Sn** with stereochemically active lone pair electrons. 9Sn
Mossbauer spectroscopy evaluated the coexistance of Sn®* and
Sn** in all compositions, showing Sn>* in a distorted environment
and Sn** in a site of high symmetry. The presence of sulfur and
fluorine was confirmed by chemical analysis. Rietveld refinements
by neutron diffraction revealed a great departure from the ideal
SnyNb,07 stoichiometry for the sulfur substituted series, while less
number of defects was found in the fluorine substituted analogue.
Deviations from the ideal crystallographic sites were observed for
both Sn®* cations and non-octahedral oxygen anions. Displacement
of the non-octahedral or tunnel oxygens, from 8b to 32e positions,
is found to be much larger than previously reported for similar
pyrochlore systems. The band gap energies were tuned to achieve
orange and red colors through anion substitutions, and the color
change in SnpNb,07.,Syx and SnyTiNbOgF is directly related to S and
Ti, respectively. The resulting samples exhibit fairly high heat
reflectance desired for “cool” pigment applications.
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