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a  b  s  t  r  a  c  t

A  new  K3Bi2(NO3)9 phase  was  discovered  at a  synthesis  of  Bi-containing  photocatalysts.  K3Bi2(NO3)9

has  cubic  structure  with  unit  cell  parameter  a  =  13.5354(20) Å,  and  belongs  to P4332  (No.  212)  space
group.  New  phase  is  isostructural  with  the  K3Ln2(NO3)9 (Ln  =  La,  Ce,  Pr,  Nd,  and  Sm)  phases.  The crystal
structure  was  refined  from  powder  X-ray  diffraction  (XRD)  data.  The  Rwp factor  at  Rietveld  refinement  was
equal to  8.62%.  The  morphology  of K3Bi2(NO3)9 was  characterized  using  scanning  electron  microscopy.

3+
eywords:
nhydrous double nitrates
ismuth nitrates
hermal decomposition
ietveld refinement

onic radius

The  value  of ionic  radius  of  Bi in  12-fold  coordination  calculated  from  the  unit  cell  parameter  was
found  to  be  1.314(5) Å.  K3Bi2(NO3)9 phase  and  products  of  its thermal  decomposition  were  studied  using
XRD,  Fourier  transform  infrared  spectroscopy  (FTIR)  methods  and  thermal  gravimetric  analysis  (TGA).  At
350 ◦C,  K3Bi2(NO3)9 phase  was  transformed  to  new  unknown  intermediate  bismuth  potassium  nitrate
that  most  likely  belongs  to  Sillen  type  of  structure.  Geometrical  solution  for  unit  cell of  this  phase  was
proposed.
. Introduction

Synthesis of anhydrous double nitrates of the lanthanides with
otassium was first reported by Carnall et al. [1].  The synthesized
aterials have the formula K3Ln2(NO3)9 (Ln = Pr, Nd, Sm,  and Er).

rystals were prepared from an eutectic melt of KNO3, Ln(NO3)3
nd LiNO3 kept at 180 ◦C for several weeks, and belong to rela-
ively rare cubic P4332 (No. 212) space group or to monoclinic
ystem (when Ln = Er). Later Guillou et al. [2] reported observa-
ion of cubic K3Ce2(NO3)9 phase. In this case material was obtained
y the evaporation at 313 K of an aqueous solution of cerous
itrate hexahydrate and potassium nitrate. Crystalline structure
nd thermal properties of anhydrous double lanthanum potassium
itrate K3La2(NO3)9 was reported by Gobichon et al. [3].  Single
rystals of K2La2(NO3)9 were obtained from evaporation of a con-
entrated nitric acid solution of KNO3 and La(NO3)3·6H2O with the
olar ratio 3: 2 at room temperature. Syntheses of Na3Nd2(NO3)9,

b3M2(NO3)9 (M = La, Pr, and Sm)  and (NH4)3M2(NO3)9 (M = La–Gd)
ith cubic structure were reported by Meyer et al. [4–6]. Until now,
ublished data about properties and structures of double nitrates

f potassium and heavy element are rather limited. The infrared
nd Raman spectral characterization were performed for Pr and Nd
alts only [1]. Magnetic susceptibility and paramagnetic resonance

∗ Corresponding author.
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were reported in [7–9] for K3Nd2(NO3)9. Chowdhury et al. [10,11]
have studied optical properties of K3Ln2(NO3)9 (Ln = Pr, Nd, and
Sm)  single crystals using low-temperature absorption and circular
dichroism spectroscopy. Thermal behaviour and crystal structure
of cerous rubidium nitrate Rb3Ce2(NO3)9 were reported by Guillou
et al. [12]. Low-temperature X-ray investigation of potassium-
neodymium nitrate K3Nd2(NO3)9 was  performed and reported by
Vigdorchik et al. [14].

In the present work we  report about finding of a new crystalline
phase K3Bi2(NO3)9 and present its detailed structural, morpho-
logical and thermal characterization. We  presented here a part
of the results obtained under the ongoing experimental study
aimed at a development of new Bi-based photocatalysts with using
Bi(NO3)3·5H2O as source of bismuth. Other new phases discovered
in reaction products obtained in due course of this study were
reported in [13,15,16].  We believe that that detailed information
about structure, morphology, chemical composition and thermal
stability of the newly found K3Bi2(NO3)9 phase would be of interest
for diverse sections of research community.

2. Experimental

2.1. Synthesis
The material, in which the new K3Bi2(NO3)9 phase has been discovered, has been
synthesized by a crystallization from evaporated solution in ambient atmosphere.
All  the reagents were purchased from Sigma–Aldrich and were used as received
without further purification. Bi(NO3)3·5H2O (99.0%) (10 mmol) was mixed with dis-
tilled water (30 mL)  and stirred at room temperature for 20 min. Subsequently, KCl

dx.doi.org/10.1016/j.jallcom.2011.10.066
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Crystallographic data for K3Bi2(NO3)9.

Color White
Empirical formula K3Bi2(NO3)9

Crystal data
Crystal system Cubic
Space group P4332 (No. 212)
Lattice parameters a (Å) 13.5354(20)
Volume (Å3) 2479.8(11)
Formula units, Z 4
Density (g/cm3) 2.9284(13)

Structural refinement
Software TOPAS v.3
Diffractometer Bruker D8 Advance
2� range 5–90
No. of reflections (theoretical) 128
No. of data points 4250
No. of structural parameters 28
No. of refined parameters 37
Background function Chebyshev polynomial
Profile function Pseudo-Voigt
Rexp (%) 6.23
Rwp (%) 8.62

angles) for K3Bi2(NO3)9 is resulted in Supplementary material.
The values of bond lengths and bond angles resulted in Table 3

are in good agreement with the earlier published results for

Table 2
Refined atomic coordinates for K3Bi2(NO3)9.

Site Atom x y z Occ. Beq (Å−2)

K (12d) K1+ 0.125 0.3116(6) −0.0616(6) 1 1.09(9)
Bi  (8c) Bi3+ 0.2999(4) 0.2999(4) 0.2999(4) 1 1.11(3)
N1  (12d) N5+ 0.4869(5) −0.2369(5) 0.125 1 0.7(3)
O1  (24e) O2− 0.4010(4) 0.7460(3) 0.0806(4) 1 1.9(2)
O2  (12d) O2− 0.5509(4) −0.3009(4) 0.125 1 1.8(2)
Fig. 1. SEM image and EDS spectrum (inset) of a dry as-synthesized material.

5  mmol) was  added and stirred for 15 min. The slurry was heated in a tube fur-
ace to 200 ◦C at a heating rate of 1 ◦C/min, and was kept in this temperature for 2 h.
efore loading, the furnace was pre-heated to 100 ◦C. A white powder was  obtained.

.2. Material characterization

X-ray diffraction data were collected with D8 Advance diffractometer (Bruker
XS, Karlsruhe, Germany) with Göbel Mirror parallel-beam optics. XRD patterns

rom 5◦ to 90◦ 2� were recorded at room temperature using CuK� radiation
� = 0.15418 nm)  with following measurement conditions: step scan mode with a
tep size 0.02◦ 2� and counting time of 1 s per step for preliminary study and 12 s
er  step for structural refinement. TOPAS-v.3 [17] software was  used for structure
efinement.

Morphological observations and chemical analysis were performed with envi-
onmental scanning electron microscope (ESEM) Quanta 200 (FEI Company,
etherlands) equipped with EDS detector (EDAX-TSL, USA). Pure �-Bi2O3 (Aldrich)
as used for justification of standardless quantification procedure applied to EDS
ata. FTIR spectra were acquired with APLPA-P Module (Bruker Optics GmbH) with
iamond ATR object. For the thermal gravimetric analysis Mettler TC10A/TC15 TA
ontroller and Mettler M3 thermobalance (Greifensee, Switzerland) were used. Sam-
les of 20–25 mg  were weighed and heated to 25–700 ◦C at a rate of 2 ◦C/min.

. Results and discussion

Fig. 1 shows SEM image and energy-dispersive (EDS) spectrum
cquired at a dry as-synthesized material. Under back-scattered
lectrons (BSEs) imaging the powder is a mixture of micron-size
right regions with well-defined flake-morphology and darker
egions without clear morphological features. This result indicates
nhomogeneous distribution of chemical elements through the
bserved powder. According to EDS analysis, the material consists
f Bi, K, Cl, N and O. Therefore, we suggest that bright flakes should
e enriched by heavier Bi as compared to darker phase in which
nrichment with K, N and O may  be expected.

Careful examination of an XRD pattern obtained from a pow-
er specimen reveals that the specimen contains two crystalline
hases. The first phase is known BiOCl (PDF 01-73-2060). Peak’s
ositions and intensity of the second phase well correspond to
he same for a K3Pr2(NO3)9 phase (PDF 04-09-6738). The unit cell
arameter a of cubic phase was about 13.53 Å. Therefore we  have
ssumed that the synthesized phase is Bi-structural analog of a

3Pr2(NO3)9 phase. Indeed, both elements have 3+ active valence,
nd many cases of Bi-lanthanides substitution in crystal structures
ere reported [15,18–20].  Following this primary finding, we  tried

o synthesize a pure K3Bi2(NO3)9 phase, but our attempts were
Rp (%) 6.71
Goodness of fit 1.38

not successful. Addition of a distilled water and a subsequent dry-
ing at a room temperature lead to formation of bismuth nitrates.
Minor change in synthesis conditions resulted in formation of
K–Bi–O–N phases of Sillen-type with tetragonal or orthorhom-
bic structure. We  suggest therefore that a window of conditions
for preparation of a pure potassium-bismuth nitrate from used
components is very narrow. Therefore for detailed characteriza-
tion and Rietveld structural refinement we chose a two-phase
sample (as-synthesized) containing K3Bi2(NO3)9 and BiOCl. Tak-
ing into account the aforesaid K3Pr2(NO3)9 structure has been
chosen as base model at structure refinement. We  wish to note
here that although K3Pr2(NO3)9, K3Nd2(NO3)9 and K3Sm2(NO3)9
phases are attributed to P4332 (No. 212) space group, its counter-
parts K3Ce2(NO3)9 and K3La2(NO3)9 are both attributed to P4132
(No. 213) group. The P4332 (No. 212) and P4132 (No. 213) space
groups are enantiomorphic space groups and cannot be distin-
guished based on XRD spectra. Therefore we use original attribution
of K3Pr2(NO3)9 to P4332 (No. 212) space group in our model.

The graphical result of Rietveld structural refinement is shown
in Fig. 2. Site occupancy factors for all atoms were fixed. Preferred
orientation was  corrected using the spherical harmonics method
[21]. The data were corrected for peak asymmetry due to axial
divergence [22]. Each of the refined parameter was  accepted only
if it was physically meaningful. The final refined structural param-
eters and selected bond distances are given in Tables 1–3.  Full
Rietveld refinement report (with full set of bond lengths and bond
N2  (24e) N5+ 0.3876(6) 0.1645(6) 0.1475(8) 1 1.4(4)
O3  (24e) O2− 0.3112(3) 0.1406(4) 0.1979(6) 1 1.9(2)
O4  (24e) O2− 0.4272(5) 0.1071(4) 0.0899(3) 1 1.9(2)
O5  (24e) O2− 0.4255(5) 0.2466(4) 0.1664(6) 1 1.8(2)
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Fig. 2. Graphical representation of Rietveld refinement results for the sample containin
shown  by vertical bars (upper and lower, respectively).

Table 3
Selected bond lengths and bond angles for K3Bi2(NO3)9.

Bond lengths (Å)
Bi–O1 2.768(4) O3–O4 2.191(9)
Bi–O2 2.640(5) N1–O1 1.329(5)
Bi–O3 2.565(6) N1–O2 1.224(9)
Bi–O5 2.584(7) N2–O3 1.280(1)
K–O4 2.809(6) N2–O4 1.220(1)
O1–O2 2.209(8) N2–O5 1.250(1)

Bond angles (◦)
O1–N1–O1 119.7(4) O3–N2–O5 116.6(8)

K
i
d
a
o
(
g
a
o

O1–N1–O2 120.5(4) O4–N2–O5 121.0(8)
O3–N2–O4 122.2(8)

3Ln2(NO3)9 [1].  The fragment of K3Bi2(NO3)9 structure is shown
n Fig. 3. The atomic arrangement is practically identical to that
escribed in detail in [1,3]. The Bi3+ cations are situated in center of

 somewhat distorted icosahedron and are surrounded by twelve
xygen atoms belonging to nitrate groups (with the short Bi–O3

˚ ˚
2.565(6) A) and long Bi–O1 (2.768(4) A) distances). The nitrate
roups have two  different configurations, and the geometry of NO3
nions slightly deviates from the regular triangle. In nitrate group
f the first type (N1) every oxygen atom is bonded to Bi atoms.

Fig. 3. The fragment of K3Bi2(NO3)9 structure (the view along its c-axis).
g BiOCl and new K3Bi2(NO3)9 phase. Peak positions of BiOCl and K3Bi2(NO3)9 are

The O(2) atom simultaneously belongs to two  bismuth atoms and
is thereby bridging, while the two  other O(1) atoms are divided
between Bi and K. In the second type nitrate groups, two oxygen
atoms O(3) and O(5) are bound to one Bi atom, while O(4) atom
is bound exclusively with K atoms. The obtained values of bond
lengths and bond angles for the nitrate group are close to published
data [1,2].

The structure parameters (unit cell parameter a and Bi–O bond
distances) obtained for the new phase K3Bi2(NO3)9 allow to cal-
culate ionic radius of Bi3+ in 12-fold coordination. The previously
published data for its value differs substantially. Gomah-Pettry et al.
[23] reported on value 1.3 Å, Xue et al. [24] – 1.03 Å, Jayaprakash and
Shanker [25] – 0.855 Å and Padmini and Kutty [26] – 1.29 Å. Unfor-
tunately these results were obtained for crystalline phases, in which
bismuth was  located on sites with the mixed occupation. Based on
the reported structural data on K3Ln(NO3)9 family phases, we ana-
lyzed a relationship between the values of unit cell parameters and
the ionic radii of lanthanides (La, Ce, Pr, Nd and Sm). In Fig. 4a we
show this relation graphically by using the values of ionic radii pub-
lished in Table 5-2 [27]. The linear dependence of ionic radius on
unit cell parameter a is obvious, and could be described by a lin-
ear regression equation Ri = 0.3968a − 4.0564 (where Ri is an ionic
radius and a is an unit cell parameter). Substitution of a parame-
ter value obtained for the new K3Bi2(NO3)9 phase (13.535(2) Å) to
the equation above we  get the value of 1.314(2) Å  for ionic radius of
Bi3+ in 12-fold coordination. This value is close to the data published
in [23]. Shannon [28] has shown that almost linear relation exists
between coordination number and a value of ionic radius. Fig. 4b
shows that calculated value of ionic radius is in a good agreement
with this rule.

The FTIR spectrum acquired from the tested material is shown
in Fig. 5. Six IR active modes arising from the NO3

− vibrations
are observed. These IR frequencies at 736.7 cm−1, 803.5 cm−1,
1030.3 cm−1, 1297 cm−1 and 1433.6 cm−1 fits well to the data
reported by Carnall et al. [1] for K3Pr2(NO3)9 and by Bünzli et al.
[30] for nitrate groups in anhydrous lanthanide nitrates and oxyni-
trates. A specific fine structure of strips is clearly seen in a spectrum.
According to [30] the fine structure of the lower frequency bands
at 1297 cm−1, 803.5 cm−1 and 736.7 cm−1 is very sensitive to the
dryness of the nitrates; it disappears when the salts get hydrated.
The presence of this fine structure of the strips confirms, there-
fore, an anhydrous character of synthesized phase. The vibration in
the absorption region between 250 cm−1 and 600 cm−1, is typical
of the cubic structure of the oxides [30]. Group of vibrational fre-
quencies in 500 cm−1 region can be attributed to BiOCl phase [31].

For comparison we  show the FTIR spectrum of a pure BiOCl phase
in Supplementary materials (Fig. S1).

Fig. 6 shows TGA results obtained for the two-phase sam-
ple containing BiOCl and the new K3Bi2(NO3)9 phases. We  also
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Fig. 4. (a) Values of ionic radii vs unit cell parameter a for cubic K3Ln(NO3)9 phases (adopt
from  [28] (Bi3+ ionic radius in 9-coordination adopted from [29])). Calculated value of ion
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a peak at 23.65◦ 2� as the strongest reflection of a KNO3 that indi-
◦

ig. 5. FTIR spectrum of as-synthesized material containing two  phases: BiOCl and
he  new K3Bi2(NO3)9.

cquired TGA curve from a pure BiOCl at the same heating con-

itions (shown in Supplementary materials, Fig. S2).  A pure BiOCl
xhibited no weight losses up to 750 ◦C that coincides with the
reviously reported data [29]. In contrast, the two-phase sample
nderwent weight losses under heating to 250–350, 450–550 and

ig. 6. TGA curve obtained at heating of two-phase sample (BiOCl and K3Bi2(NO3)9)

p to 750 ◦C. Upper and lower curves represent TGA curve and its first derivative,
espectively.
ed from [27]); (b) values of Bi3+ ionic radii vs coordination number of Bi3+ (adopted
ic radius of Bi3+ in 12-coordination is labeled by asterisk.

650–700 ◦C. These weight losses could be caused by transforma-
tions occurred in new. Earlier thermal decomposition of hydrated
and anhydrous double potassium lanthanum nitrates was  studied
in detail by Gobichon et al. [3].  They reported that the decomposi-
tion of the pure phase K3La2(NO3)9 up to 600 ◦C takes place with
the successive formation of X�, X�, and also cubic La2O3. These con-
clusions were confirmed by temperature-dependent X-ray powder
diffraction study and differential scanning calorimetry. It is clear
our results are in good agreement with these data.

In order to identify the transformations observed at thermal
analysis, we  heated the two-phase sample to the temperatures in
which sufficient weight losses were detected (at 350 ◦C and 700 ◦C)
and then analyzed heat treated samples using XRD and FTIR meth-
ods. The results of this experiment are shown in Fig. 7 and in
Supplementary material. As is seen in Fig. 7b, after heating to 350 ◦C
for 30 min, peaks of K3Bi2(NO3)9 phase disappeared, while peaks of
BiOCl remained practically unchanged as compared to the pattern
obtained from the as-synthesized powder (Fig. 7a). We  identified
cates the presence of KNO3 traces in the sample heated to 350 C.
Suggesting the presence of only one more crystalline phase in the
heat treated material, we indexed all other unidentified reflections

Fig. 7. XRD patterns acquired from: (a) as-synthesized two-phase material (BiOCl
and K3Bi2(NO3)9); (b) two-phase material heat treated at 350 ◦C for 30 min; and (c)
two-phase material heat treated at 700 ◦C for 30 min. Peak’s positions of BiOCl are
labeled.
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from the phase obtained at thermal decomposition) with using the
rysfire software [32]. Two of the suggested geometric solutions
ith the highest figure of merits were obtained: (i) a tetrago-
al body-centered cell with a = 3.87 Å and c = 24.11 Å (F20 = 43.3),
nd (ii) an orthorhombic body-centered unit cell with a = 3.86 Å,

 = 3.87 Å and c = 24.12 Å (F20 = 34.5). Both solutions are obtained
ith use of Treor 90 utility [33]. These solutions are almost geomet-

ically equivalent and cannot be distinguished using conventional
RD data. By comparing these possible geometrical solutions with

he published data about the crystalline structure of similar chem-
cal compounds [34–38],  we conclude that the additional X-phase
ormed at 350 ◦C is most likely belongs to Sillen type of structure.
he main feature of these phases is the presence of the metal-
xygen ([Bi2O2]2+) layers in their structure, and halogen atoms or
ther atomic groups are located between these layers. It is nec-
ssary to note that the FTIR spectrum of the sample heated at

 = 350 ◦C was very similar to that obtained from the as-synthesized
ample (see Supplementary material, Fig. S3).  Therefore we  con-
lude that the additional phase appearing under heating of an initial
hase mixture of BiOCl and K3Bi2(NO3)9 is most probably potas-
ium bismuth nitrate. Detailed studying of crystal structure of this
hase will be continued. Thus, the phase transformation at 350 ◦C
f K3Bi2(NO3)9 could occur by following scheme:

3Bi2(NO3)9 + BioCl
heating at 350 ◦C−→ X-phase + BiOCl (1)

In order to emphasize that the heated material contains a BiOCl,
hich does not change at this temperature, we have written BiOCl

oth on the left and right sides of this equation. The proposed
ransformation is very similar to reported by Gobichon et al. [3]
or potassium lanthanum nitrate.

As well as we may  conclude, this transformation occurred within
he new K3Bi2(NO3)9 phase only, while BiOCl phase remained
eyond this reaction. The proposed transformation is very similar
o reported by Gobichon et al. [3] for potassium lanthanum nitrate.

As is seen in Fig. 7c, at heating to 700 ◦C for 30 min  a phase
ixture of BiOCl and K3Bi2(NO3)9 was completely converted into

our crystalline phases: �-Bi2O3 (PDF 73-6885), Bi12O17Cl2 (PDF
7-0702), KCl (PDF 02-4543) and Bi12.8O19.2 (PDF 81-0563). The
oncentration of KCl by results of the semi-quantitative XRD analy-
is was about 15.2%. This corresponds to the total 8 wt%  potassium
oncentration that fits well the results of EDS analysis of the ini-
ial as-synthesized material. Thus, the transformations occurring
t 700 ◦C can be described as:

3Bi2(NO3)9 + BiOCl
annealing at 700 ◦C−→ �-Bi2O3 + Bi12O17Cl2 + KCl

+ Bi12.8O19.2 (2)

We conclude that unlike a low-temperature process occurring at
50 ◦C, the high temperature decomposition of 700 ◦C completely
estroys both co-existing phases of the as-synthesized material.

. Conclusion

K3Bi2(NO3)9 phase was observed for the first time and is the
tructure analog of the K3Ln2(NO3)9 (Ln = La, Ce, Pr, Nd, and Sm)
hases. In spite of the fact that we no succeeded to obtain the
ure K3Bi2(NO3)9, its structure has been successfully refined from
owder XRD data and its thermal behaviour has been studied.
mploying the structural similarity between the K3Bi2(NO3)9 and

he known anhydrous double potassium lanthanide nitrates, we
alculated the value of ionic radius of Bi3+ in 12-fold configura-
ion. It was found to be 1.314(2) Å. By applying TGA, we found
hat the new K3Bi2(NO3)9 phase was unstable under heating from

[

[

ompounds 514 (2012) 30– 34

room temperature up to 750 ◦C. Products of its thermal decomposi-
tion were identified by XRD analysis, and geometrical solutions for
new unknown low temperature intermediate bismuth potassium
nitrate (X-phase) were proposed. Obtained FTIR and TGA results
are in good agreement with previously reported data for anhydrous
double nitrates of the lanthanides.

We  hope the article can be of interest to our colleagues working
in the area of Bi-based photocatalysts with using Bi(NO3)3·5H2O as
source of bismuth.

Further details of the crystal structure investigation can be
obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (crysdata@fiz.karlsruhe.de)
on quoting the depository number CSD-422618.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jallcom.2011.10.066.
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