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Abstract

Room-temperature stabilisation and optical engineering of the 5-Bi2Os cubic fluorite phase
(Fm3m) remains a key challenge for optoelectronics. We report the solid-state synthesis of
Bi17Nb34xV2xP2x033 (x = 0, 0.15, 0.45, 0.525) solid solutions, where Nb**/V>7/P5* co-
substitution successfully stabilises this high-temperature structure at ambient conditions. X-ray
diffraction confirms a systematic lattice contraction (from 5.556 to 5.503 A) driven by a
progressive decrease in average cation radius. Diffuse reflectance spectroscopy reveals an
indirect band-gap widening from 1.76 eV to 2.18 eV, attributed primarily to enhanced O 2p/Bi
6p orbital hybridisation via lattice contraction, alongside V 3d conduction-band state
contributions. Concurrently, the Urbach energy increases (280—410 meV), reflecting dopant-
induced band-tail disorder, while empirical refractive indices decrease (2.82 to 2.63) due to
reduced ionic polarisability. These results establish multi-cation co-doping as an effective,
mechanistically interpretable strategy for tuning optoelectronic properties in bismuth oxide

ceramics.

Keywords: 0-Bi:Os; Fluorite structure; Band-gap engineering; Urbach energy; Diffuse

reflectance spectroscopy
1. Introduction

Bismuth oxide (Bi2Os) occupies a prominent position in materials science owing to its rich
structural polymorphism and diverse functional properties, which have enabled applications in

solid oxide fuel cells (SOFCs), photocatalysis, and emerging optoelectronic technologies [1—



3]. Among its polymorphs, the high-temperature cubic §-Bi.Os phase (fluorite-type Fm3m) is
particularly noteworthy for its high structural symmetry, large ionic polarisability, and
exceptionally high oxygen-ion conductivity (~1 S cm™ at 750 °C) [1,4]. However, 6-Bi2Os is
thermodynamically stable only above approximately 730 °C and transforms spontaneously to
the monoclinic a-phase upon cooling, which severely limits its exploitation at ambient

conditions [1].

To overcome this limitation, considerable effort has been devoted to stabilising the fluorite
structure at room temperature through cationic substitution [5, 6]. Isovalent dopants such as
Y3*, Dy*", and Er** preserve the intrinsic oxygen-vacancy concentration of the d-phase while
modifying the local bonding environment [7, 8]. By contrast, higher-valence dopants such as
Nb** and W** progressively fill the intrinsic anion vacancies of the fluorite framework, thereby
reducing oxide-ion mobility but enhancing kinetic phase stability [7, 8]. Although rare-earth
dopants are highly effective stabilisers, their elevated cost and limited natural abundance
motivate the search for more economical alternatives. In this context, pentavalent transition-
metal ions (V**) and network-forming species (P>*) have emerged as attractive candidates owing
to their strong stabilising ability and compatibility with the Bi—O framework [9, 10]. Our
previous work demonstrated that Nb-based substitution successfully stabilises the fluorite phase
while modifying ionic transport properties [11]. However, the influence of multi-cation co-

doping on the optical and electronic structure of 3-Bi.Os remains comparatively underexplored.

Although the structural stabilisation of 6-Bi20Os through V and P co-doping has been reported
[9, 10], a detailed characterisation of the resulting optical constants is essential for evaluating
the potential of these materials in visible-light photonics and photocatalysis. Incorporation of
V5t and P°* is expected not only to stabilise the cubic lattice but also to modify the electronic
band structure, potentially shifting the absorption edge and altering defect-related optical
transitions [12]. Furthermore, high dopant concentrations inevitably introduce structural
disorder, which can be quantified through the Urbach energy (E.) — a parameter characterising
the exponential band-tail state distribution arising from lattice distortions and compositional
fluctuations [13—16]. Despite its diagnostic value, Ey is often neglected in optical studies of

complex oxides.

In this context, the present work focuses on the synthesis and comprehensive optical
characterisation of Nb/V/P co-doped 6-Bi:Os ceramics with nominal composition

Bi17Nb3.4xV2xP2x033. Beyond confirming structural stabilisation by X-ray powder diffraction



and scanning electron microscopy, we employ diffuse reflectance spectroscopy (DRS)
combined with the Kubelka—Munk formalism to determine the optical band gap via Tauc
analysis. We further extract the Urbach energy to quantify band-tail disorder, and estimate the
static refractive index using established empirical relations, with the aim of elucidating the
relationship between multi-cation substitution, structural disorder, and optoelectronic

behaviour.

2. Experimental Procedure

2.1. Sample preparation

The synthesis of the powder with the composition Bij7Nb34xV2xP2xO33 (x = 0, 0.15, 0.45,
0.525) was performed using the solid-state reaction technique. A stoichiometric mixture of
dried oxide powders of Bi2O3 (Riedel-De Haen, 99.9% purity), V20s, (NH4):HPO4, and Nb2Os
(Riedel-De Haen, 99.9% purity) was homogenized by prolonged grinding in an agate mortar.
The reaction mixture was placed in an alumina crucible and pre-heated at 350 °C overnight to
decompose (NH4):HPO4 and eliminate NHs and H.O. Two successive heat treatments were
carried out at 820 °C for 15 h each, with intermediate grinding to improve reactant

homogeneity. The phases were prepared according to the following reaction:

8.5Bi203 + (1.5 - Z.X)Nb205 + xVZOS + 2.X(NH4)2HP04
- Bi17Nb3_4_xV2xP2x033 + 4XNH3 T +BXH20 T

The reacted powders were reground and pelletised into cylindrical pellets between successive

thermal treatments.

Table 1. Nominal compositions for the synthesized Bi17Nb3_4xV24P2,Os3 solid solutions.

Composition Compound formula
x=0 Bi17Nb3Os;
x=0.15 Bi17Nb2.4P03V03033
x=0.45 B117Nb1.2P0.9V0.9033
x =0.525 Bi117Nbo.9P1.0sV1.05033

2.2. Sample characterization

The crystalline structure and phase purity of the synthesized powders were examined by X-

ray powder diffraction (XRD) using a PANALYTICAL X'PERT POWDER diffractometer



with Cu Ka radiation (. = 1.5406 A). The diffraction patterns were recorded at room
temperature over a 20 range of 10° to 80° with a scan step of 0.05°. The XRD patterns were

indexed using X'Pert Highscore Plus software with the ICDD database.

The surface morphology of the samples was examined using a Scanning Electron Microscope
(SEM, SUPRA 40 VP GEMINI ZEISS COLUMN), coupled with an Energy Dispersive X-Ray
Spectroscopy (EDX, Oxford Instruments X-Max 20 mm?) analyzer.

2.2.1. Lattice Parameter and Structural Parameter Determination

The lattice parameter (a) of each cubic composition was determined analytically from the
positions of five diffraction reflections — (111), (200), (220), (311), and (222) — identified
in each pattern. The interplanar spacing d_hkl was calculated from the measured peak

position 260 using Bragg's law:

g = A
Rkl ™ 2 5ind

where A = 1.54056 A (Cu Kou) and 0 = (20_measured)/2. The lattice parameter was then

obtained from:

a = dhklv hZ + kZ + l2

The reported value for each composition is the arithmetic mean of five independently
calculated values; the associated uncertainty is the standard deviation. The average cation

radius (7) was calculated from the nominal stoichiometry using Shannon ionic radii [17]:

1773+ + (3 - 4X)TNb5+ + 2xTps+ + 2x1ys+
- 20

(r)

where Bi** = 1.17 A (CN = 8), Nb>" = 0.64 A, V5" =0.54 A, P>* = 0.38 A (CN = 6 for all
dopants) [17]. Since CN = 8 values are unavailable for V>* and P**, the CN = 6 values are used
as the best available approximation; (r) values should therefore be interpreted as qualitative

compositional trend indicators. All structural parameters are compiled in Table 2.

2.3. Optical Characterization

The optical properties were investigated using UV-Vis-NIR Diffuse Reflectance

Spectroscopy (DRS). The optical diffuse reflectance spectra (Ry) were recorded at room



temperature using a JASCO V-700 UV-Vis spectrophotometer equipped with an integrating
sphere. To account for scattering effects inherent to the powder samples, the raw reflectance
data was converted into the equivalent absorption coefficient using the Kubelka-Munk (K-M)
remission function, F(Rw):

(1-R,)*  «

F(Ry) = T S

where Ry is the absolute reflectance, a is the absorption coefficient, and S is the scattering

coefficient.

The optical band gap energy (Ey) was determined using the Tauc method, by plotting
[F(Rw)hv]" against photon energy (hv), where n = 1/2 for indirect allowed transitions, consistent
with the reported band structure of 8-Bi-Os [18, 19]. Furthermore, the structural disorder and
the density of localized states in the band tails were quantitatively assessed through the
calculation of Urbach energy (E.), derived from the slope of In(F(Rw)) versus photon energy

within the lower energy region.
3. Results and Discussion
3.1. Structural and Morphological Analysis

The phase purity and crystalline integrity of the synthesised powders were assessed by X-ray
powder diffraction. All reflections could be indexed to the face-centred cubic fluorite structure
(space group Fm3m ), consistent with the high-temperature 8-Bi.Os phase and related
Bi17M30s3-type compounds [20-22].

No reflections attributable to secondary phases, unreacted precursor oxides, or segregated
dopant-rich regions were detected across the full 20 range examined, noting that XRD phase
detection sensitivity is typically limited to crystalline phases present at >2-3 wt%. The
persistence of single-phase cubic symmetry across the entire composition range — from Nb-
dominated (x = 0) to near-equal V/P/Nb occupancy (x = 0.525) — is noteworthy given the
substantial structural demands imposed by P** incorporation and underscores the robustness of

the fluorite framework as a host for multi-cation substitution.
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Fig. 1. X-ray powder diffraction (XRD) patterns of the synthesized Bi17Nb3.4xV2xP2xO33 solid
solutions at room temperature.

The main reflections observed are consistent with the face-centred cubic (Fm3m) fluorite-
related structure derived from 8-Bi2Os (ICDD card no. 00-047-1057) [12, 14, 15]. For the parent
composition Bii7NbsOss, the analytically determined lattice parameter is a = 5.556 + 0.020 A
(Table 2), with principal d-spacings: d(111) = 3.1 A (20 = 28°), d(200) =~ 2.7 A (26 = 33°),
d(220)= 1.9 A (20 = 46°),d(311)= 1.6 A (20 = 55°), and d(222) = 1.6 A (20 = 57°). The single-
phase cubic nature of all compositions up to x = 0.525 confirms that the fluorite cation cage can
accommodate the combined substitution of three crystallographically distinct pentavalent
species without structural decomposition — a result that is not a priori guaranteed given the

pronounced size mismatch of P5* (r = 0.38 A for CN = 6) relative to the host Bi** site.

A systematic shift of the principal fluorite reflections — most clearly observed for the (111)
peak — toward higher 20 values is observed with increasing V°* and P°* content (Fig. 1),
qualitatively consistent with Vegard's law [23]. This contraction reflects a net decrease in
average cation radius as Nb** (0.64 A) is progressively replaced by the smaller V** (0.54 A) and
P+ (0.38 A) species (CN = 6 [17]; note that CN = 8 values are unavailable for V>* and P5*,
making a strict crystallographic comparison approximate). It is important to note, however, that
the three dopants are not crystallographically equivalent: Nb>" and V**, as transition-metal d°
ions, are well-suited to the fluorite cation environment and act primarily as structural stabilisers.
P**, by contrast, strongly prefers tetrahedral coordination in most oxide systems and therefore

introduces severe local distortion when constrained to the 8-coordinate fluorite site [12]. Its role



is thus best described as that of a controlled disorder-inducing species rather than a simple size-

filling substituent.

The rate of lattice contraction is expected to decelerate at higher x values, since the
compositional increments in V>* and P>* become smaller relative to the total cation content, and
the remaining Nb°" provides a stabilising structural framework. The average-structure
contraction observed by XRD is therefore accompanied by increasing local structural
heterogeneity — a direct structural antecedent of the progressive band-tail broadening observed
optically (Section 3.2). The resulting decrease in lattice parameter introduces local strain within

the fluorite cage that is expected to influence both the electronic band structure and the oxygen

sublattice disorder [19, 24-25].

The lattice parameters, extracted analytically from five independent reflections for each
composition and summarised in Table 2, decrease monotonically across the series, from a =
5.5560 + 0.020 A for Bii"NbsOs3 (x = 0) to a = 5.5031 £ 0.006 A for Bii7Nbo.oP1.0sV1.0s033 (X =
0.525), representing a total contraction of Aa = 0.0529 A (0.95%). This contraction is
accompanied by a corresponding decrease in the calculated average cation radius (r) from
1.0905 A (x = 0) to 1.0737 A (x = 0.525), confirming qualitative adherence to Vegard's law
[18, 23].

Notably, the rate of contraction is not constant across the series: the largest incremental
change occurs between x = 0 and x = 0.15 (Aa = —0.0342 A), followed by a markedly smaller
step between x = 0.15 and x = 0.45 (Aa =—0.0073 A), before recovering to —0.0114 A between
x = 0.45 and x = 0.525. This non-linear behaviour is physically consistent with partial strain
compensation at intermediate compositions, where the opposing contributions of decreasing
Nb** content and increasing V**/P* content create a near-balanced multi-cation occupancy that
temporarily reduces the net rate of lattice contraction. The subsequent acceleration at x = 0.525

reflects the growing dominance of the highly mismatched P5* ion (r = 0.38 A, CN = 6).

Importantly, this structural deceleration and recovery directly mirrors the non-monotonic
evolution of the Urbach energy discussed in Section 3.2, providing a crystallographic basis for
the observed optical behaviour and confirming that the average-structure evolution measured
by XRD and the local structural disorder probed optically are complementary descriptions of

the same underlying compositional transformation.



SEM micrographs (Fig. 2) reveal a dense, agglomerated microstructure for all compositions.
The particles exhibit irregular polyhedral morphologies with evidence of grain necking and
inter-particle contact area development, consistent with significant mass transport and particle
coalescence during high-temperature sintering at 820 °C. The qualitative homogeneity of the
microstructure across the composition series is consistent with the single-phase XRD result,
suggesting that the multi-cation co-substitution does not induce large-scale phase segregation
detectable by SEM. EDX spectra confirm the presence of Bi, Nb, V, P, and O in each
composition, broadly consistent with the nominal stoichiometries. It should be noted that
quantitative EDX analysis of P is subject to uncertainty owing to the partial spectral overlap
between the P Ka emission line (2.013 keV) and the Bi M line (2.044 keV); the P detection
should therefore be regarded as qualitative confirmation of incorporation rather than precise
quantification. The absence of discrete secondary-phase particles or compositional segregation
zones in the SEM/EDX data provides supplementary evidence for solid-solution formation,

complementing the XRD phase analysis.

Table 2. Structural parameters of Bii7Nbs-4V2:P2:033 solid solutions derived from X-ray

powder diffraction at room temperature.

Parameter | Bit7ND3033 | Bi17Nb2.4P0.3V0.3033 | Bi17Nb1.2P0.9V0.9033 | Bi17Nbo.oP1.0sV1.05033
X value 0 0.15 0.45 0.525
Space _ _ _ _

Fm3m Fm3m Fm3m Fm3m
group
Structure
Fluorite Fluorite Fluorite Fluorite
type
5.5560 +
a (A) 5.5218 £0.010 5.5145 +0.002 5.5031 +0.006
0.020
Aa from
- —0.0342 —0.0415 —0.0529
x=0 (A)
Aa (%) - —0.62% —0.75% —0.95%
(r)_cation
1.0905 1.0851 1.0743 1.0716
A)
A(r) from -
—0.0054 —0.0162 —-0.0027
x=0 ()
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Fig. 2. SEM micrographs and corresponding EDX spectra for Bi17Nb3z4xV2xP2xO33



The structural evolution described above — progressive lattice contraction with increasing
local heterogeneity — provides the direct crystallographic basis for interpreting the optical
behaviour discussed in the following section. Specifically, the average-structure contraction
drives band-gap widening through enhanced orbital hybridisation, while the growing local
structural disorder manifests optically as increasing Urbach energy. The two phenomena are
therefore complementary and self-consistent descriptions of the same underlying compositional

evolution.

3.2. Optical Properties and Band Gap Tuning

Both direct and indirect Tauc analyses were performed for comparison (Fig. 3 and Fig.4).
The indirect model (n = 1/2, Fig. 3) provides a superior linear fit in the band-edge region and
is consistent with the reported indirect band structure of 5-Bi.Os [18]; accordingly, the indirect

Eg values are adopted throughout this work.

The optical behavior of Bi17Nb3.4xV2xP2xO33 differs significantly from pure Bii7NbsOss, for
which an indirect optical band gap of 1.76 eV was determined from Fig. 3. Upon introduction
of pentavalent dopants, the absorption edge shifts toward higher energies. For
Bi117Nb2.4P0.3V0.3033 (x = 0.15), the band gap increases to 2.13 eV, while Bi17Nb1.2Po.oV0.0033 (x
= 0.45) and Bi17Nbo.9P1.0sV1.0s033 (x = 0.525) reach 2.18 eV and 2.16 eV, respectively.

The overall trend reflects the interplay between two competing contributions: a geometric
effect, in which progressive lattice contraction enhances O 2p/Bi 6p orbital hybridisation and
widens the fundamental gap; and an electronic effect, in which the progressive replacement of
Nb3* (4d°) by V** (3d?) partially lowers the conduction band minimum through the introduction
of lower-energy V 3d states. The slight decrease in Eg from 2.18 eV (x =0.45) to 2.16 eV (x =
0.525) is consistent with the V 3d contribution becoming increasingly significant at higher V
loadings, partially offsetting the geometric widening. An additional contribution from band-tail
broadening — as evidenced by the rising Urbach energy — may introduce a small systematic

shift in the Tauc extrapolation at high dopant levels [18, 19].

The origin of the ~0.42 eV blue shift is multifactorial. Although the Burstein—Moss effect can
occur in donor-doped oxides, the absence of carrier density measurements limits this
interpretation [17]. Instead, systematic lattice contraction is proposed as the dominant driving

force, though the partial replacement of Nb>* (4d°) by V** (3d°) introduces a secondary
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electronic contribution that modifies the conduction band minimum and accounts for the
observed non-monotonic E; evolution across the series. Shorter Bi—O bond distances enhance
the orbital overlap between O 2p states at the valence-band maximum and the Bi 6p (and, to a
lesser extent, 6s) states at the conduction-band minimum, widening the fundamental gap
through increased covalent hybridization. Additionally, the replacement of highly polarisable
Bi** (6s? lone pair) by the less polarisable pentavalent dopants modifies the local dielectric
environment and reduces the excitonic binding contribution to the optical gap, providing a

secondary contribution to the blue shift [26-33].

To quantify the structural disorder accompanying this blue shift, the Urbach energy (E.) was

evaluated from the linear region of the absorption tails using the exact derivative relation:

_ [dUnF R )]
E”_[ d(hv)

Eu increases from 280 meV (Bii7NbsOs3) to 360 meV (x = 0.15), 350 meV (x = 0.45), and
410 meV (x = 0.525) (Fig. 5). The slight decrease from x = 0.15 to x = 0.45 — a difference of
only 10 meV, which approaches the estimated uncertainty of the linear fitting procedure — may
reflect partial strain compensation as the lattice adapts to a more homogeneously mixed multi-
cation environment at intermediate compositions. The subsequent sharp rise to 410 meV at x =
0.525 indicates that the cumulative size mismatch, particularly from P** (r = 0.38 A for CN =
6), ultimately dominates and generates a higher density of band-tail localised states. Taken
together, the overall increase in Ey across the series confirms that multi-cation co-substitution

introduces progressive structural disorder into the fluorite cation sublattice [13, 16, 34-36].
3.3. Theoretical Refractive Index Evaluation

Modification of the electronic band structure influences the optical constants of the material
[37]. Based on the measured band gap values (Ey), the refractive index (n) was estimated using

empirical relations proposed by Moss [32], Ravindra [30], and Hervé—Vandamme [34]:

. 4|95
Moss Relation: n = |—
Eg

Ravindra et al. Relation : n = 4.084 — 0.62(E;)
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Table 3. Indirect Optical Band-Gap Energies (Eg) and Theoretically Estimated Refractive
Indices (n) for the Bi17Nb34xV2xP2xO33 Series

Refractive Index n
Compound Ez(eV) n(Moss ) n(Ravindra) V:;};flzren_e)
Bii7Nb3O33 1.76 2.71 2.99 2.82
Bi17Nb2.4P0.3V0.3033 2.13 2.58 2.76 2.65
Bi17Nb1.2P0.9V0.9033 2.18 2.57 2.73 2.63
Bi17Nbo.9P1.05V1.05033 2.16 2.57 2.74 2.64

The estimated values are summarised in Table 3. Although these models were originally
derived for classical semiconductors and should be regarded as first-order approximations for
complex oxides, they are widely applied when experimental dispersion data (e.g., from
spectroscopic ellipsometry) are unavailable. All three models yield a consistent and
monotonically decreasing refractive index with increasing band gap, a trend well described by
the Moss—Ravindra relation [38—42]. The reduction in n is attributed to the progressive
replacement of the highly polarisable Bi** cation (bearing a stereochemically active 6s? lone
pair) by the smaller, less polarisable pentavalent dopants, which reduces the electronic
polarisability of the lattice and hence the high-frequency dielectric constant. These results
suggest potential interest in these ceramics for dielectric coating applications, warranting future

experimental verification of the optical dispersion by ellipsometry [43, 44].

4. Conclusion

In summary, Bii7Nb3.4xV2xP2xO33 solid solutions (x = 0.15, 0.45, 0.525) were successfully
synthesised by solid-state reaction, and the room-temperature stabilisation of the 5-Bi-Os-type
cubic fluorite structure was confirmed by X-ray powder diffraction for all compositions. A
systematic decrease in lattice parameter with increasing V*'/P>" content was observed,
consistent with Vegard's law and the smaller ionic radii of the pentavalent dopants relative to
Bi**. Scanning electron microscopy revealed a dense, sintered morphology with polyhedral
grain morphology. The observed band-gap widening of up to ~0.42 eV is attributed primarily
to enhanced O 2p/Bi 6p orbital hybridisation driven by systematic lattice contraction, with a
secondary contribution from the progressive modification of the conduction band minimum as
V 3d states partially replace Nb 4d states with increasing x. The non-strictly-monotonic Eg

evolution — reaching a maximum of 2.18 eV at x = 0.45 before decreasing slightly to 2.16 eV



at x = 0.525 — is consistent with this competing-mechanism interpretation. Although a
Burstein—Moss contribution cannot be entirely excluded in donor-doped systems, its magnitude
is expected to be negligible in the present stoichiometrically balanced compositions in the
absence of experimental carrier-density data. The overall increase in Urbach energy from 280
to 410 meV across the series confirms growing structural disorder with increasing dopant
loading, though the slight non-monotonicity observed at intermediate compositions (360 meV
at x = 0.15, 350 meV at x = 0.45) suggests partial local strain compensation at balanced multi-
cation occupancies. Empirical refractive index estimates reveal a correlated decrease in n with
increasing Eg, consistent with classical polarisability arguments. Collectively, these results
demonstrate that multi-cation Nb/V/P co-substitution is an effective strategy for engineering
the optoelectronic properties of bismuth-based oxide ceramics, with potential relevance to

visible-light photocatalysis and dielectric coating applications.
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