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Abstract

The previously unknown crystal structure of pingguite was determined and refined from laboratory X-ray powder diffraction
data using a synthetic sample. Additional single crystal diffraction of natural pingguite confirms that the crystal structure
of the synthetic sample is identical to the natural mineral. This new crystal structure calls for a revised chemistry of the rare
mineral pingguite to BigTe,O;5 instead of the previously reported formula BigTe,O,5. Pingguite contains Te¥! only and not
Te!V as previously reported. Pingguite undergoes an irreversible phase transition around 840 °C which is characterized by a
loss of oxygen and a reduction from TeV! to Te!V resulting in a 5-Bi,0, like type structure. In addition, we report the Raman

spectroscopic data on the natural pingguite.

Keywords Pingguite - Tellurate - Crystal structure - High-temperature transformation - Blue Bell - California - USA

Introduction

Pingguite was first reported in 1994 from the Yangjia Au
deposit, Beijing municipality, China, as BigTe} O, 5 (Zhifu
et al. 1994). No crystal structure was determinable and
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the valence of Te was determined by X-ray photoelectron
spectroscopy (XPS). Subsequent occurrences of pingguite
have been found in four additional countries, a more wide-
spread distribution than many secondary tellurium minerals.
Around half of the ~90 secondary Te minerals are found
only in North America (Missen et al. 2020). Despite its low
planetary abundance, tellurium is found in an anomalously
large number of minerals (Christy 2015). This is in part due
to its complex chemistry in surface environments, including
the stability of two higher oxidation states (Te'Y and Te"")
which may coexist (Missen et al. 2020). Pingguite is the
most recently described mineral containing only bismuth,
tellurium and oxygen, following smirnite (orthorhombic
Bi,Te!VO5) (Spiridonov et al. 1987; Lopez et al. 2019) and
chekhovichite (monoclinic BizTeiVO“) (Spiridonov et al.
1987; Rossell et al. 1992). We note that smirnite and chek-
hovichite were structurally determined by means of only a
synthetic analogue.

Additionally, pingguite is one of four secondary tellurium
minerals described from China, along with chiluite (Bi;Te"!
Mo"0,,5) (Yong et al. 1989), tewite (K, s(Te; ,sW5)Wss
0O,9) (Guowu et al. 2019) and zincospiroffite (ZnZTegVOS)
(Zhang et al. 2004). The remaining described Bi—Te—O min-
erals are bodieite (Biy,(Te'V05),(SO,)) (Kampf et al. 2018),
montanite [Biy(Te"'O)-2H,0] and yecoraite [Fe}'Bis(Te""
0,),(Te'V0,)049H,0] (Williams and Cesbron 1985). We
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note that chiluite (Bi;TeY'Mo0Oj,5), montanite (Bi,TeOg-
2H,0) and yecoraite do not have known crystal structures,
with montanite (first described in 1868) listed as having
questionable status by the International Mineralogical Asso-
ciation (Pasero 2020). Therefore, additional investigations
are necessary on Bi—-Te—O-based minerals. In this contribu-
tion, we report on the structural, spectroscopic and thermal
characterization of synthetic and natural pingguite.

Experimental
Synthesis of the synthetic sample

The compound BisTe,0,5 was prepared by solid-state reac-
tion adapting the method reported previously (Sakai et al.
1994). Starting materials were Bi,0; and TeO, (99.9%
purity). The two powders were mixed in the correct molar
ratio in an agate mortar with ethanol for one hour to mix
them thoroughly. After drying, the mixture was sintered in
an uncovered Pt crucible at 650°C for 24 h in air and slowly
cooled in the furnace.

Natural pingguite description and mineralogy

Pingguite is a very rare mineral, but exceptional specimens
may be found at the Blue Bell mine, California, USA (35°
14°30” N, 116°12’16” W)—particularly near the D adit. The
Blue Bell mining area formerly produced lead, copper, silver
and gold, but has not been mined commercially for over 60
years (Mills et al. 2014). Pingguite from the Blue Bell area
is interpreted as being formed by the oxidation of primary
Bi—Te mineral phases, though few primary minerals remain
due to prevailing oxidising conditions. High-quality ping-
guite tends to form balls of radiating, plate-like crystals up
to 0.5 mm in length, with colour ranging from pale yellow
to light blue and green (Fig. 1). Pingguite may also form
powdery coatings when poorly crystallised.

Single crystal X-ray diffraction

Single-crystal X-ray diffraction studies on natural pingguite
were carried out on a 50 X 10 X Spm crystal fragment at the
Natural History Museum of Los Angeles County using a
Rigaku R-Axis Rapid II curved imaging plate microdiffrac-
tometer, with monochromatic MoK, radiation. The Rigaku
CrystalClear software package was used for processing
the structure data, including the application of empirical
multi-scan absorption corrections using ABSCOR (Higashi
2001). Structure models were obtained by the charge-flip-
ping method using SHELXT (Sheldrick 2015a) and refine-
ment proceeded by full-matrix least-squares on F> using

@ Springer

Fig. 1 (a) Optical image of pingguite from the D adit of the Blue Bell
mine (specimen and photo credit: Brent Thorne; field of view: 1 mm)
and (b) backscatter mode SEM image of pingguite crystals (image
credit: Bob Housley)

SHELXL-2016 (Sheldrick 2015b). The highly absorbing
crystals (4 = 84.9 mm~') were poorly diffracting resulting
in a high R, of 0.14. Nevertheless, all non-oxygen sites
were successfully refined with anisotropic displacement
parameters; most O sites became non-positive definite when
refined anisotropically, so they were refined isotropically.
The final refinement resulted in an R, of 0.0533. Structure
data were finally standardized using the Structure Tidy rou-

tine (Gelato and Parthé 1987).
Powder X-ray diffraction

High-resolution X-ray powder diffraction data for synthetic
pingguite BigTe, 0,5 was collected on an Empyrean Alpha-1
diffractometer using monochromatic copper Ke, radiation
using an incident beam Johansson Ge monochromator and
fixed 0.125° slits. The monochromator has already an axial
divergence of about 0.02 rad and consequently only a sec-
ondary side 0.02 rad Soller slit was used. Data were col-
lected in the angular range covering 260 = 15 — 100° with
a step size of A26 = 0.0066° and a variable counting time
strategy. The XRD pattern was indexed using the program
Dicvol (Boultif and Louér 2004) run in HighScore Plus 4.9
(Degen et al. 2014) via the positions of 22 diffraction peaks.
It gives rise to an orthorhombic unit cell (M(22) = 58.8,
F(22) = 114). The resulting unit-cell was a ~ 10.61 A, b
~22.74 A and ¢ ~5.39 A. We note that those cell parameters
are in good agreement with a previous work (Sakai et al.
1994) as well as the single crystal data for natural pingguite.

A Pawley fit with symmetry P222 was carried out within
HighScore Plus 4.9 to extract the intensities. The space
group search using the systematic absences was done using
the program ExtSym (Markvardsen et al. 2008) as incorpo-
rated in the HighScore suite. A space group search suggested
the space group Pnma which described well the data. The
structure determination was performed using the program
FOX (Favre-Nicolin and Cerny 2002). Rietveld refinement
was carried out to confirm the structural model determined
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from parallel tempering. The resulting fit of the data is
shown in Fig. 2 and the resulting structural details are given
in Table 1. The final Rietveld refinement gives rise to a good
fit of the data with reasonable statistics (R,,, = 6.7% and
GoF = 1.8). Small amount of impurities were observed in
the synthetic sample which could be identified as f — Bi,04
and 6 — Bi,0;. Those phases were included in the final Riet-
veld refinement and the resulting quantification suggests a
total impurity phase content of 0.6(2)% in weight.

The temperature dependence of synthetic BigTe,O,5 was
investigated using a HTK 1200N chamber from Anton Paar
in the range 25-850°C in air using copper K, , radiation.
At all temperatures, the sample was allowed to thermally
equilibrate for few minutes prior to the start of the 13-min
data collection for cell parameter determination using a Paw-
ley fit.

Table 1 Crystallographic coordinates extracted from the single crys-
tal and Rietveld refinements carried out for the natural (roman text)
and synthetic (italic) pingguite using the space group Pnma

Atom Wyckoft X y z
Bi, 8d 0.11670(15) 0.62239(8) 0.2659(2)
0.11570(9) 0.62244(5) 0.2670(2)
Bi, 8d 0.37994(15) 0.00591(7) 0.2823(3)
0.3795(1) 0.005860 0.2827(2)
Bi, 4c 0.1380(2) /4 0.7759(4)
0.1403(1) 1/, 0.7246(3)
Bi, 4c 0.3903(2) 1/, 0.2693(4)
0.3898(1) 1/, 0.2692(2)
Te 8d 0.1316(2) 0.12789(14) 0.2521(4)
0.1303(2) 0.12817(8) 0.2508(2)
0, 8d 0.004(2) 0.1628(10) 0.050(4)
0.004(1) 0.1621(6) 0.041(2)
0, 8d 0.011(2) 0.0721(10) 0.388(3)
0.014(1) 0.0740(5) 0.390(2)
(0N 8d 0.0627(19) 0.5324(9) 0.142(4)
0.061(1) 0.5332(5) 0.153(2)
(ON 8d 0.076(2) 0.1795(11) 0.505(4)
0.077(1) 0.1814(5) 0.505(2)
(OF 8d 0.2481(19) 0.1855(9) 0.124(3)
0.248(1) 0.1868(6) 0.121(2)
O¢ 8d 0.258(2) 0.0935(12) 0.450(4)
0.260(1) 0.0965(6) 0.455(2)
0O, 8d 0.313(2) 0.5764(10) 0.498(4)
0.305(1) 0.5783(6) 0.510(2)
Oq 4c 0.325(3) ', 0.640(5)
0.328(1) 1/, 0.639(3)

The refined atomic coordinates for the Rietveld refinement are shown
in italic. The corresponding cell parameters are, respectively, a =
10.637(2) A b=22. 797(4) A c=15.4136(1 1) A for natural pmggulte
and a = 10.61155(2) A b=22. 74458(4) A, ¢ = 5.399038(8) A for
the synthetic one

Counts/s

Yobs
Ycalc
Yobs-Ycalc

100

2
Position 28] (Copper (Cu)

. Nl L L

T T T
20 30 40 50 60 70 80 90
Position [°28] (Copper (Cu)

Fig.2 Rietveld refinement of BigTe,O, 5 at room temperature with the
symmetry Pnma using HighScore Plus (Degen et al. 2014). The inset
shows the fit of the data in the low 26 range emphasizing the small
peaks. Statistics: R, = 6.7%, GoF = 1.8

Corrections were applied to compensate for the height
displacement due to thermal expansion of the flange used
to hold the sample within the chamber. This correction was
carried out by measuring the direct beam and translating
the sample within the beam until complete blocking of the
beam. Then the inflection point was determined automati-
cally and the chamber with the sample was positioned at the
correct height for each temperature point. This automatic
correction ensures that the sample displacement is inde-
pendent of temperature which is of prime importance for an
accurate cell parameter determination while measuring in
reflection geometry.

For the Pawley refinements, the HighScore suite was
used, which allowed the refinements to proceed in batches;
the results file of the previous run was taken as the seed-
file for the following refinement and with the possibility to
export the refined cell parameters including their error bars
in ascii format.

Thermal analysis

Simultaneous thermogravimetry (TG) and differential scan-
ning calorimetry (DSC) were used to study the change in
oxygen content of the heated sample on a TG 2960 SDT
instrument (Artisan Technology group) with 100 mL/min
oxygen flow; the heating rate was 10°C/min over the tem-
perature range from 30 to 1000°C.

Raman spectroscopy

A Renishaw M-1000 spectrometer with a 514-nm argon ion
solid-state laser (at Division of Geological and Planetary
Sciences, California Institute of Technology) was used to
collect the Raman spectrum of natural pingguite. Scanning
was performed at 10% power and 20 X magnification result-
ing in a 5 pm spot size. A polarisation scrambler was used
to minimise polarisation effects and the energy scale was

@ Springer
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calibrated with silicon at 520.5 cm™! and a low-wavenumber
filter that allowed spectra to be recorded down to 10 cm™.,

Results and discussion
Crystal structure of Bi;Te,0,;: a new structural type
Room temperature crystal structure

BigTe, 05 crystallizes in a new crystal structure type. We
show general views of this crystal structure in Fig. 3. All
the Bi atoms are surrounded by 5 nearest neighbour oxygen
atoms forming irregular square pyramids. One sublattice is
comprised of chains of the BiO5 square pyramids of Bi; and
Bi, running along the c-direction. The square pyramids point
alternately up and down, as illustrated in Figure 4a). They
are forming chains consisting of edge- and corner-sharing
square pyramids, which are running along the c-direction.
The square pyramids of Bi; and Bi, form a ladder network
which is located above the square pyramids chains made
of Bi; and Bi, along the b-direction. This is illustrated in
Fig. 4b). Between this ladder network and those zigzag
chains, there are voids in the structure containing the TeOg

Fig.3 Crystal structure of pingguite projected along the ¢ axis. The
Te atom has an octahedral environment while all Bi atoms are coor-
dinated in square pyramidal fashion. Figure generated with ATOMS
(Shape Software)

@ Springer

a

Fig.4 a Network of BiOs square pyramids projected along the a
axis and b along the ¢ axis. For clarity, the Te atoms have been dis-
regarded in these representations. Figure generated with ATOMS
(Shape Software)

octahedra (see Fig. 3). The 6s? electron lone pairs situated
at the Bi'l atoms are stereochemically active and protrude
into the remaining voids of the structure.

Selected bond lengths obtained from the refinement are
given in Table 2. We note that the TeOg octahedra are very
regular within the reported error bars. The volume of the
square pyramids varies between 6.9 and 8.4 A3,

To confirm our structural analysis, we have made a bond-
valence analysis, presented in Table 3. For this purpose, we
used the parameters of Mills and Christy (2013) for TeV'-O
bonds and Krivovichev (2012) for Bi""-O bonds. The bond-
valence analysis suggests that a few secondary Bi—O bonds
are relevant to the Bi coordination environments.

Discussion about the oxidation state of tellurium
in pingguite

Using chemical analysis, Zhifu et al. (1994) reported a ratio
Bi:Te = 3:1. In the absence of a structural model, they used
XPS measurement to tentatively identify the oxidation state
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Table 2 Selected bond lengths (in A), respectively, for natural (sin-
gle-crystal X-ray diffraction) and synthetic pingguite (powder X-ray
diffraction, in italic) as extracted from single crystal and Rietveld
refinements of X-ray diffraction data

Te-0, 1.92(3) Bi,-0, 2.25(3)
1.92(1) 2.30(1)
Te-0, 1.95(3) Bi,-O, 2.13(3)
1.90(1) 2.15(1)
Te-0, 1.90(3) Bi,-O, 2.17(3)
1.92(1) 2.19(1)
Te-O, 1.93(3) Bi,-O, 2.55(3)
1.95(1) 2.59(1)
Te-Oy 1.89(3) Bi,-O, 2.32(3)
1.91(1) 2.36(1)
Te-0, 1.90(3) Bi;-0, 2.27(3) x 2
1.94(1) 2.24(1)x 2
Bi,-O, 2.333) Bi,-O 2.662(19) X 2
2.28(1) 2.62(1)x 2
Bi,-0, 2.58(2) Bi,-O4 2.12(4)
2.55(1) 2.12(2)
Bi,-O, 2.23(3) Bi,-O, 2.52(3)x 2
2.20(1) 2.55(1)x 2
Bi,-O, 2.27(3) Bi,-O; 2.25(2) x 2
2.22(1) 2.23(1)x 2
Bi -0, 2.65(3) Bi,-Oq 2.123)
2.55(1) 2.10(2)

of tellurium and from there suggested a chemical formula
BigTe,0; for pingguite. The measured core level Te 3ds ),
peak was 576 eV. The authors reported that the theoretical
value of the core level Te 3ds, peak for Te'¥ was 576 eV
while for TeV!'it was 577 eV. Based on this difference, they
assigned the oxidation state IV to the tellurium atom in ping-
guite. However it should be noted that this evidence for Te'"
is weak. Indeed, most of XPS spectrometers have an energy
resolution of about 1 eV, consequently, it becomes difficult
to assign a measured core level peak at 576 eV to Te!¥ with
a high level of confidence . Additionally, depending on the
chemical environment of the Te!V, this associated core level

energy can vary by more than 1 eV (Wagner 1991). Conse-
quently, the reported XPS data by Zhifu et al. (1994) are not
in disagreement with the existence of a tellurium ion with
an oxidation state of VI.

The regularity of the TeOg4 octahedra in pingguite shows
that Te is in the VI valence state rather than IV. Te!VO, octa-
hedra tend to display high levels of distortion (Christy and
Mills 2013), with three short bonds (less than 1.95 10\) to
oxygen and three long bonds (usually greater than 2.70 A),
distortion which is not observed in the structure of ping-
guite. As a result, the bond-valence sum for the Te site is
6.06 valence units (vu), i.e. confirming that Te is present in
pingguite as Te"! (see Table 3).

High-temperature behavior

Thermal analysis study and nature of the high-temperature
phase

As the initial work on pingguite reported an anomaly in the
DTA measurement somewhere above 800°C (Zhifu et al.
(1994)), we have carried out a DSC/TGA experiment on
synthetic pingguite to probe the possible existence of a phase
transition above room temperature. We show in Fig. 5 the
obtained measurements. A clear anomaly is observed around
845 °C in the DSC signal which is concomitant with a mass
loss of about 1.88%, which perfectly fits with a release of
one oxygen molecule per formula unit (theoretical mass loss
value: 1.83%) and a corresponding reduction of the oxida-
tion state of tellurium from Te¥! to Te'", resulting in a high
temperature phase of BicTe,0;5. It has been shown that
actually this phase can be stabilized at room temperature by
quenching from the high temperature phase as reported by
Sakai et al. (1994).

To gain further insight into the nature of the high temper-
ature phase, we have carried out high temperature diffraction
at 855 °C. The observed phase is a cubic phase characterized
by a = 5.68306(6) A and space group Fm3m correspond-
ing to the 6-Bi,05 structure type. To fit the experimental
pattern, we used the disordered model proposed by Battle

Table?.a Bond-valenpe sum Bi, Bi, Bij Bi, Te s

analysis of natural pingguite -
0, 0.49 - 0.16 0.33 1.00 1.99
0, 0.29 0.58,0.12 - - 0.95 1.94
0O, 0.61 0.75, 0.69 - - - 2.04
0o, 0.21 - 0.56 0.14 1.04 1.95
Os 0.18 - 0.25 0.58 0.98 1.99
Og¢ 0.56 0.31,0.07 - - 1.06 2.00
0O, 0.25 0.50, 0.11 - - 1.04 1.91
Og 0.11 -- 0.76,0.06 0.76 - 1.69
z 2.71 3.14 2.76 2.86 6.07 -

@ Springer
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Fig.5 Thermogravimetric and calorimetric evolution of the synthetic
BigTe,0,5. The peak in the DSC signal around 845 °C corresponds
to a release of oxygen resulting in a phase BigTe,O,; above this tem-
perature
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Fig. 6 Rietveld refinement of the high temperature cubic phase exhib-
iting the 6-Bi, 05 structure. The inset shows an isoline plot illustrating
the first order phase transition with the phase coexistence between the
pingguite orthorhombic phase and the high temperature cubic phase
BigTe,0,;. Statistics: R, = 7.7% and GoF = 1.6

et al. (1983) where we have adjusted the occupation of the
Wyckoff positions 32f and 8c. The best fit which could be
obtained is shown in Fig. 6 and the corresponding refined
parameters are given in Table 4.

Thermal expansion of synthetic pingguite

The values of the cell parameters as a function of tempera-
ture are plotted in Fig. 7. The synthetic pingguite shows a
quasi-linear variation of the cell parameters as a function of
temperature with little curvature. The temperature evolu-
tion of the b cell parameter is slightly different from a and ¢
resulting in a low thermal expansion anisotropy. To quantify
the expansivity of the pingguite, we used the program EosFit
(Angel et al. 2014). The various fits were obtained using the
second-order polynomial thermal expansion equation pro-
posed by Berman (1988):

@ Springer

Table 4 Crystallographic coordinates extracted from the Rietveld
refinement carried out on powder X-ray diffraction data using the
space group Fm3m (No 225) at 855 °C with cell parameters a=
5.68306(6) A for BigTe,0;

Atom Wyckoft X y z Occ
Bi, 4a 0 0 0 %
Te, 4a 0 0 0 %
0, 8c 1 1 1 0.43
4 4 4
0, 32f 0.403(2) 0.403(2) 0.403(2) 0.095
1.030 1
1.025 4
o |
£ 1.020-
=)
>o |
5 1.0154
(9]
N
© 1.0101
£ .
o
Z 1.005+
1.000 4

0 100 200 300 400 500 600 700 800 900
Temperature (Celsius)

Fig.7 Relative expansion of synthetic pingguite. Variation of cell
parameters normalized to values at 25 °C as a function of tempera-
ture. The solid line is the best fit of the data to Eq. (1)

L(T)=L25[1+a0(T—T25)+a1(T—T25)2], )

where L refers to volume or cell parameter and from which
one can obtain the linear thermal expansion:

% = ap = ag+ 20, (T = Ts). 2
We present, respectively, in Figs. 7 and 8, the resulting fit of
the thermal expansion of the unit-cell volume and of the cell
parameters. From those fits, one can extract the volumetric
thermal expansion ay, and the linear thermal expansion coef-
ficient o;(i = 1-3) along the principal crystallographic axes.
The various a; and @, are reported in Table 5. The quality of
the extracted values is confirmed by the excellent agreement
between Zi:l a; with ay, as the expected relationship is ay,
= q, + &y, + a3; for an orthorhombic cell.

We note that pingguite exhibits a linear thermal expan-
sion which is almost twice as small as the thermal expansion
reported for other Te based minerals such as tellurobismu-
thite (Pavlova et al. 2011). In addition, despite the consider-
ably different unit-cell parameters, the thermal expansion of
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Fig. 8 Relative expansion of synthetic pingguite. Variation of the vol-
ume normalized to values at 25 °C as a function of temperature. The
curve is the best fit of the data to Eq. (1)

Table5 Volumetric linear thermal expansion and linear thermal
expansion coefficients a;(i = 1-3) along the principal crystallographic
axes obtained using the Berman (1988) equation (see Eq. 2 for a;, and
@)

Component ay (X103 K1) a; (1078 K2
o 0.93(1) 0.72(2)
) 0.77(1) 0.46(4)
s 1.07(1) 0.44(2)
ay 2.77(4) 1.64(8)
Zi:l a; 2.77(3) 1.62(8)

pingguite is not very anisotropic with a;, being very similar
10 a33.

Raman spectroscopy

We present in Fig. 9, the Raman spectrum recorded on
natural pingguite. The spectrum shows the presence of
octahedral Teog_ anions in pingguite and confirms that
pingguite is an anhydrous mineral. The spectrum is rela-
tively complicated due to the presence of minor impuri-
ties. Above 1500 cm™', the spectrum is flat, indicating that
there are no O—H or H,O groups present in pingguite,
consistent with the crystal structure. The orthotellurate
band (the symmetric v, stretching mode of the octahedral
Teog‘ anion) is centred on 730 cm™!, similar to the major
tellurate bands in the tellurate minerals bairdite (721 cm™';
Kampf et al. 2013a) and eckhardite (729 cm™!; Kampf
et al. 2013b). The major tellurite (Te™-O) stretching
mode tends to have a higher Raman shift than the stretch-
ing mode of tellurate (e.g. 761 cm~! in bodieite; Kampf
et al. 2018), further evidence that the Te in pingguite is

160000 ~
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Fig.9 Raman spectrum of natural pingguite. The major tellurate
symmetric v, stretching mode is centred on 730 cm™!

TeV!. The antisymmetric v, stretching mode of the tellurate
anion is centred on 662 cm~'. Peaks below 500 cm™! are
attributable to bending modes of the tellurate anion, Bi—-O
modes and lattice modes.

Conclusion

We have precisely determined the crystal structure of syn-
thetic and natural pingguite for the first time, along with the
thermal behavior of this bismuth tellurate. The crystal struc-
ture determination of the natural pingguite confirmed by the
synthetic sample calls for a redefinition of the chemical for-
mula of this rare mineral. The chemical formula is BigTe,
0,5 evidencing the presence of Te¥! and not Te'V as initially
reported. Its thermal expansion shows that it exhibits a low
thermal anisotropy prior to undergoing an irreversible phase
transition around 840 °C towards a 6-Bi,05-type phase with
mixed occupancy of Te and Bi atoms, concomitant with a
release of oxygen leading to the formula BigTe} O, 5.
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