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 A B S T R A C T

We investigate the structural, thermodynamic, and electronic properties of bismutite (bismuth subcarbonate, 
Bi2O2CO3) using density-functional theory. A systematic comparison of the commonly assumed Imm2 structure 
with the lower-symmetry Pna21 phase identifies the latter as the energetically favored bulk ground state. 
Hybrid-functional calculations including spin–orbit coupling yield a direct band gap of about 3 eV for the
Pna21 structure, in good agreement with experiment, whereas the Imm2 phase exhibits a significantly smaller 
indirect gap. The optical response is anisotropic and strongly influenced by excitonic effects. The (001) surface 
is analyzed using slab models in combination with ab initio thermodynamics. Under ambient conditions, a CO3-
terminated surface is found to be thermodynamically stable and electronically passivated, i.e., free of mid-gap 
states. In contrast, Bi-, O-, and Bi2O2-terminated surfaces become stable under reduced oxygen and/or carbon 
dioxide chemical potentials and exhibit pronounced surface states that pin the Fermi level within the bulk 
band gap. These states originate from undercoordinated surface atoms and are accompanied by substantial 
structural relaxations. Our results provide a consistent microscopic description of bulk and surface properties 
of Bi2O2CO3 and establish a link between preparation conditions, surface stability, and electronic structure.
1. Introduction

Bismuth oxides exhibit exceptional structural versatility that has 
long fascinated solid-state chemists. A defining feature of bismuth 
oxides is the stereochemical activity of the 6𝑠2 lone pair of Bi3+, 
first emphasized by Andersson and Åström, which occupies a volume 
comparable to an anion and induces pronounced distortions in the 
local coordination environment [1]. Unlike typical trivalent cations 
that favor symmetric environments, Bi3+ exploits this activity to sta-
bilize low-symmetry, layered architectures, endowing bismuth oxides 
with remarkable structural diversity. This lone-pair-driven flexibility 
underpins the rich polymorphism of Bi2O3, which adopts at least six 
distinct forms—𝛼 (monoclinic), 𝛽 (tetragonal), 𝛾 (body-centered cubic), 
𝛿 (face-centered cubic), 𝜀 (orthorhombic), and 𝜔 (triclinic)—with rela-
tive stability highly sensitive to temperature, atmosphere, and synthesis 
pathway [2].

Among these polymorphs, monoclinic 𝛼-Bi2O3 defines the ther-
modynamic ground state under ambient conditions. In contrast, the 
metastable tetragonal 𝛽-Bi2O3 plays a pivotal role in layered bis-
muth chemistry [3]. Despite its inherent instability, the 𝛽 phase pro-
vides the recurring [Bi2O2]2+ slab that links simple binary oxides 
to the complex architectures of multinary Sillén- and Aurivillius-type 
oxysalts [4–6]. Far from being a transient phase, 𝛽-Bi2O3 serves as 
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a structural archetype underlying the structural diversity of layered 
bismuth oxysalts.

This role is most clearly revealed in the organization of bismuth 
oxysalts, where the [Bi2O2]2+ slab is conserved while the interlayer 
chemistry varies. Two principal families crystallize around this motif. 
In Aurivillius phases, [Bi2O2]2+ layers alternate with perovskite-like 
blocks, whereas in Sillén phases, the slabs are separated by anionic 
layers composed of halides or molecular groups [4,7]. Initially for-
mulated for bismuth oxyhalides, the Sillén concept was subsequently 
expanded to carbonate-, ketterite-, and related systems, as well as 
structurally analogous compounds based on Pb, W, and Sb [8,9]. Across 
this broader family, the layered topology is preserved, but the chemical 
identity, orientation, and ordering of interlayer anions subtly reshape 
the symmetry, lattice distortions, and long-range structural coherence.

Bismutite exemplifies the profound consequences of this minimal 
chemical modification. Structurally, it represents a small departure 
from the 𝛽-Bi2O3 scaffold: the [Bi2O2]2+ slabs are retained, while 
charge neutrality is achieved through the insertion of carbonate lay-
ers rather than extended oxide connectivity. Yet this subtle substitu-
tion fundamentally alters the structural framework. Early single-crystal 
studies by Grice indicated tetragonal diffraction metrics, but strict 
tetragonal symmetry led to stereochemical inconsistencies [10]. Sub-
sequent neutron diffraction by Greaves and Blower revealed additional 
https://doi.org/10.1016/j.cocom.2026.e01365
Received 19 May 2026; Received in revised form 8 June 2026; Accepted 9 June 20
vailable online 12 June 2026 
352-2143/© 2026 The Author(s). Published by Elsevier B.V. This is an open access a
26

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/cocom
https://www.elsevier.com/locate/cocom
https://orcid.org/0000-0002-9241-1864
mailto:elgwarda@mail.uni-paderborn.de
https://doi.org/10.1016/j.cocom.2026.e01365
https://doi.org/10.1016/j.cocom.2026.e01365
http://creativecommons.org/licenses/by/4.0/


W. Elaggoune et al. Computational Condensed Matter 48 (2026) e01365 
reflections incompatible with a tetragonal cell, necessitating a larger or-
thorhombic description and suggesting orientational ordering of CO2−

3
groups [11]. The partial disorder of these carbonate units complicates 
refinement and long obscured the true crystallographic ground state, 
leaving the bulk symmetry of Bi2O2CO3 uncertain for decades [12–14]. 
Theoretical studies assume the orthorhombic Imm2 space group in 
modeling bismutite [12,13,15–19], while both neutron and electron 
diffraction indicate that the lower-symmetry Pna21 structure offers a 
more faithful description of the material [11,14]. To our knowledge, 
a systematic computational comparison of these two structures is still 
lacking. This is remarkable, given that bismutite is widely studied for 
its photocatalytic properties, particularly in the degradation of organic 
pollutants in water under UV or visible light [13,17,19–23]. It is also 
used in environmental remediation and as a component in catalysts due 
to its layered structure and chemical stability [24–27]. Additionally, 
it has potential applications in energy-related fields, such as in the 
development of photoelectrochemical systems and advanced functional 
materials [28–31].

The structural kinship between Bi2O2CO3 and 𝛽-Bi2O3 is intimate. 
Both share identical [Bi2O2]2+ layers, which facilitates facile and often 
reversible interconversion between the two phases [32,33]. Consis-
tently, 𝛽-Bi2O3 reacts readily with atmospheric CO2 at room tem-
perature to form Bi2O2CO3, while thermal treatment of Bi2O2CO3 at 
400 ◦C releases CO2 and regenerates the 𝛽 phase [11,34,35]. The 
layered architecture of bismutite introduces a pronounced anisotropy in 
surface stability [7] and explains the frequent plate-like morphologies 
dominated by basal facets [23]. The [Bi2O2]2+ slabs and CO2−

3  layers 
stack along the crystallographic 𝑐 axis, rendering the (001) planes as 
natural cleavage surfaces that terminate either the bismuth–oxygen slab 
or the carbonate layer [22,36–40]. However, unlike 𝛽-Bi2O3, where 
the high surface energy of (001) rationalizes limited exposure [41,
42], the stability of the various conceivable bismutite (001) surface 
terminations has not yet been explored.

These knowledge gaps motivate the present study. Total-energy 
calculations and ab-initio thermodynamics are used to determine the 
bismutite bulk and surface ground state structures. Based on the re-
laxed atomic geometries, the bulk and surface electronic structure is 
calculated and compared with the available experiments and previous 
calculations.

2. Computational methodology

Density-functional theory (DFT) calculations were performed using 
the Vienna Ab initio Simulation Package (VASP) [43]. The interaction 
between valence electrons and ionic cores was described using the pro-
jector augmented-wave (PAW) method [44,45]. Exchange–correlation 
effects were treated within the generalized gradient approximation 
(GGA) using the Perdew–Burke–Ernzerhof (PBE) functional [46].

Hybrid exchange–correlation functionals are known to improve the 
description of electronic band gaps compared to semilocal GGA func-
tionals and have been successfully applied to a wide range of oxide ma-
terials, yielding good agreement with experimental measurements [47–
49]. For this purpose, hybrid-functional calculations were performed 
using the screened Heyd–Scuseria–Ernzerhof (HSE) functional [50], 
where 25% of exact Hartree–Fock exchange was included.

The electronic wave functions were expanded in a plane-wave basis 
set with a kinetic-energy cutoff of 520 eV. Brillouin-zone integrations 
in reciprocal space were performed using 𝛤 -centered Monkhorst–Pack 
grids of (9 × 7 × 2), (6 × 6 × 2), and (6 × 6 × 1) 𝑘 points for 
the Imm2 and Pna21 bulk structures and the surface slab calculations, 
respectively [51]. Structural relaxations were carried out until the 
residual forces acting on all atoms were smaller than 0.01 eV/Å, and 
the electronic self-consistency criterion was set to 10−5 eV.

The bulk Bi2O2CO3 structures were modeled using periodic repe-
titions of the orthorhombic unit cell based on experimentally reported 
crystallographic data [11,12]. Test calculations including semicore Bi-𝑑
2 
electrons in the valence configuration yielded slightly lower total ener-
gies and were therefore adopted in all subsequent calculations.

Because of the heavy atomic mass of Bi, relativistic effects were 
included by treating spin–orbit coupling (SOC) self-consistently [52]. 
Long-range dispersion interactions were accounted for using Grimme’s 
DFT-D3 correction scheme [53].

Charge transfer and bonding characteristics were further analyzed 
through Bader charge analysis and the electron localization function 
(ELF) [54,55].

Optical properties of the ground-state bulk phase were calculated 
using the HSE functional. Optical spectra are affected by local-field 
and electron–hole attraction effects. They are included here by solving 
the Bethe–Salpeter equation (BSE) [56–58]. For numerical reasons, we 
use a model dielectric function in the BSE [59,60] and neglect SOC 
effects in the optical response. In the BSE calculations, 12 valence and 
12 conduction bands were included and a Gaussian broadening of 0.05 
eV was applied.

Surface properties were investigated using slab geometries derived 
from the optimized bulk structure. The Bi2O2CO3 (001) surface was 
modeled using periodically repeated slabs with a thickness of approxi-
mately 23 Å. A vacuum region of about 32 Å was introduced along the 
surface normal to avoid spurious interactions between periodic images.

To verify the numerical reliability and physical validity of the 
surface configuration, systematic convergence tests were carried out for 
the CO3-terminated surface by extending the slab thickness from 23 Å to 
37 Å. This significant thickness expansion altered the calculated surface 
free energy by an exceedingly small value of less than 0.24 meV/Å2, 
which is well below standard strict convergence thresholds. The largest 
structural variation observed between the baseline and thicker slab 
configurations is confined to the terminal C–O bonds, which show a 
minor deviation of only 0.02 Å. These combined findings definitively 
confirm that the chosen baseline slab model ensures an excellently 
converged and physically reliable description of the Bi2O2CO3 surface 
properties.

The slab models were constructed symmetrically in order to elim-
inate artificial dipole moments perpendicular to the surface. During 
structural relaxation, atoms near the surface were allowed to relax 
freely, whereas atoms in the inner layers were constrained to their bulk 
positions to preserve bulk-like geometry.

The stability of different surface terminations was analyzed using
ab initio thermodynamics [61–63]. The surface free energy is given by 

𝛾 = 1
2𝐴

(

𝐸slab −
∑

𝑖
𝑛𝑖𝜇𝑖

)

, (1)

where 𝐸slab is the total energy of the slab, 𝐴 is the surface area, 𝑛𝑖
denotes the number of atoms of species 𝑖, and 𝜇𝑖 is the corresponding 
chemical potential. The factor of 2 accounts for the two equivalent 
surfaces in the symmetric slab model.

The chemical potentials are constrained by thermodynamic equilib-
rium with bulk Bi2O2CO3. Considering Bi bulk as the reference state 
and O2 and CO2 as gas reservoirs, the equilibrium condition can be 
written as 
2𝜇Bi +

3
2
𝜇O2

+ 𝜇CO2
= 𝜇bulk

Bi2O2CO3
(2)

The formation enthalpy of bulk Bi2O2CO3 was obtained from DFT total 
energies as 

−𝛥𝐻𝑓,Bi2O2CO3
= 𝐸Bi2O2CO3

−
(

2𝐸bulk
Bi + 3

2
𝐸gas
O2

+ 𝐸gas
CO2

)

(3)

The chemical potentials are conveniently expressed relative to their 
reference states using a system of aligned definitions:
𝛥𝜇Bi = 𝜇Bi − 𝜇bulk

Bi (4)

𝛥𝜇O2
= 𝜇O2

− 𝐸gas
O2

(5)

𝛥𝜇CO2
= 𝜇CO2

− 𝐸gas
CO2

(6)
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Under thermodynamic equilibrium with bulk Bi2O2CO3, these chemical 
potentials satisfy 

2𝛥𝜇Bi +
3
2
𝛥𝜇O2

+ 𝛥𝜇CO2
= 𝛥𝐻𝑓,Bi2O2CO3

(7)

The upper limits 𝛥𝜇O2
= 0 and 𝛥𝜇CO2

= 0 correspond to O2-rich and 
CO2-rich conditions, respectively, while lower limits are determined by 
the stability of Bi2O2CO3 with respect to competing phases. Within the 
ideal-gas approximation, the temperature and pressure dependence of 
the gas-phase chemical potentials is given by 

𝛥𝜇𝑖(𝑇 , 𝑝) = 𝑘𝐵𝑇

[

ln

(

𝑝𝜆3𝑖
𝑘𝐵𝑇

)

− ln𝑍rot
𝑖 − ln𝑍vib

𝑖

]

(8)

where 𝑖 = O2 or CO2, 𝑘𝐵 is the Boltzmann constant, and 𝜆𝑖 is the de 
Broglie thermal wavelength, 

𝜆 =

√

2𝜋ℏ2
𝑚𝑘𝐵𝑇

(9)

while 𝑍rot and 𝑍vib denote the rotational and vibrational partition 
functions of the molecules.

For the linear molecules O2 and CO2, the rotational partition func-
tion was evaluated within the high-temperature approximation as [64] 

𝑍rot =
𝑇
𝜎𝜃𝑟

(10)

where 𝜎 is the symmetry number set to 2 for both O2 and CO2, and 𝜃𝑟
is the rotational temperature defined by 

𝜃𝑟 =
ℎ𝑐𝐵
𝑘𝐵

, (11)

with 𝐵 being the rotational constant of the O2 and CO2 molecules taken 
from experimental spectroscopic data [65]. The vibrational partition 
function was computed within the harmonic approximation, including 
only the thermal vibrational contribution [66] 

𝑍vib =
∏

𝑖

1
1 − exp

(

−𝜃𝑣,𝑖∕𝑇
) , (12)

where 𝜃𝑣,𝑖 = ℎ𝑐𝜈𝑖
𝑘𝐵

 is the characteristic vibrational temperature associated 
with the 𝑖th vibrational mode of frequency 𝜈𝑖. The zero-point energy 
(ZPE) was added explicitly to the DFT total energy when constructing 
the 0 K reference for the gas-phase chemical potentials. Surface phase 
diagrams were constructed as a function of the oxygen and carbon 
dioxide chemical potentials to identify the thermodynamically stable 
surface terminations.

3. Results and discussion

3.1. Bulk atomic structure

Two orthorhombic space groups are commonly discussed for
Bi2O2CO3: Imm2 (No. 44) and Pna21 (No. 33). The former is conve-
niently used in computational studies, e.g. Refs. [15,18,67]. Here we 
perform full structural relaxations for both models using computational 
settings on the same footing. In either structure, the Bi atoms are 
coordinated by oxygen atoms belonging both to the oxide layers and 
to the carbonate units, forming a distorted Bi–O polyhedral environ-
ment. For the relaxed Imm2 structure we determine within DFT-PBE 
equilibrium lattice constants 𝑎 = 3.60 Å, 𝑏 = 4.57 Å, and 𝑐 = 13.91 Å, 
as well as nearly uniform C–O bond lengths of about 1.29 Åwithin 
the carbonate groups. In contrast, the equilibrium Pna21 structure has 
lattice parameters 𝑎 = 5.53 Å, 𝑏 = 5.57 Å,  and 𝑐 = 27.90 Å. The reduced 
symmetry introduces small distortions in the carbonate units, reflected 
in slightly different C–O bond lengths of 1.29 and 1.31 Å, and modified 
O–C–O bond angles. In Fig.  1 both relaxed atomic structures with key 
structural parameters are shown.
3 
Total-energy calculations show that the Pna21 structure is energeti-
cally more stable within DFT-PBE. We calculate an energy difference 
of 0.265 eV per formula unit. This clearly establishes Pna21 as the 
thermodynamically preferred structure for bismutite. This is supported 
by experiment. Powder neutron diffraction [11] determined lattice 
parameters 𝑎 = 5.47 Å, 𝑏 = 5.47 Å, and 𝑐 = 27.32 Å, close to the DFT-PBE 
calculation. The slight overestimation in the calculations is expected, 
as the generalized gradient approximation tends to overestimate lattice 
constants. Moreover, temperature effects are neglected in the calcu-
lations. The thermodynamic preference of the Pna21 phase originates 
from the additional structural degrees of freedom that become avail-
able upon lowering the symmetry relative to the Imm2 structure. In 
the Pna21 phase, the carbonate groups undergo slight distortions, as 
evidenced by the inequivalent C–O bond lengths and deviations from 
the ideal trigonal O–C–O geometry. These distortions allow a more ef-
ficient accommodation of the surrounding Bi-O framework and reduce 
local strain within the layered structure. Simultaneously, the reduced 
symmetry enables a stronger expression of the stereochemically ac-
tive Bi 6𝑠2 lone pairs, leading to asymmetric Bi–O coordinations and 
off-centering of the Bi atoms.

These structural features are consistent with the bonding character-
istics obtained from the ELF and Bader charge analysis [54], shown in 
Fig.  1. The ELF provides a real-space representation of the electronic 
localization, where high values indicate strongly localized electrons 
associated with covalent bonding or lone pairs, whereas low values 
between atoms are characteristic of more ionic or delocalized interac-
tions. In both structures, the ELF maps show pronounced localization 
around the oxygen atoms and along the C–O bonds, confirming the 
strong covalent character of the carbonate (CO3) units. In contrast, 
the regions between Bi and O atoms exhibit much weaker localization, 
consistent with the largely ionic nature of the Bi–O bonding network. 
The Bader charge analysis supports this picture. In the Pna21 structure, 
Bi atoms carry a charge of about +2.10 𝑒, while O atoms exhibit approx-
imately −0.90 𝑒, indicating significant charge transfer from Bi toward 
O. Carbon atoms display a smaller positive charge of roughly +0.40 𝑒, 
consistent with their role in the covalently bonded carbonate groups. 
A similar bonding motif is obtained for the Imm2 structure; however, 
the charge redistribution is somewhat different, with O atoms carrying 
about −1.11 𝑒, Bi atoms about +1.92 𝑒, and C atoms approximately 
+1.73 𝑒. Despite the overall similarity of the bonding network, the ELF 
distribution in the Pna21 structure exhibits slightly stronger localization 
within the bonding regions of the carbonate units, whereas the Imm2
structure shows a more diffuse electronic distribution. This difference 
indicates stronger covalent contributions in the Pna21 structure, consis-
tent with its lower total energy and supporting its identification as the 
thermodynamically stable ground-state structure.

3.2. Bulk electronic structure

The measured and previously calculated bismutite band gaps scatter 
broadly. UV–Vis data by Zheng et al. [23] were interpreted in terms 
of a 3.1 eV band gap. Sponge-like, rose-like and plate-like bismutite 
samples were measured to have band gaps of 2.9, 3.0, and 3.3 eV, 
respectively [68]. A band gap of 3.4 eV has been determined by Huang 
and co-workers [12]. These measured values are considerably larger 
than the DFT values of 0.8 eV and 2.30 eV calculated by Reshak and 
Auluck [15] and Guan et al. [18], respectively. While the apparent 
underestimation of the measured band gap in the latter case may be 
attributed to the DFT band gap problem, the calculated value of 0.8 eV 
seems hard to reconcile with experiment. It has to be said, however, 
that both calculated values were obtained assuming Imm2 symmetry.

Here the bismutite electronic properties are investigated for both
Pna21 and Imm2 structures. Owing to the presence of heavy Bi atoms, 
relativistic effects are expected to be noticeable in the electronic band 
structure, especially for states near the band edges. Therefore, the band 
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Fig. 1.  Relaxed bismutite atomic structures assuming Pna21 and Imm2 symmetry. (a,d) Top views and (b,e) side views, respectively, showing the most relevant 
bond lengths and bond angles. Respective values of 2.32 Å, 2.55 Å, 2.54 Å, 1.29 Å, 62.95◦, and 118.55◦ are calculated for 𝑙1-in, 𝑙1-out, 𝑙2-out, 𝑙3, 𝜃1, and 𝜃2 in Pna21
symmetry. For Imm2 we calculate 2.39 Å, 2.32 Å, 1.29 Å, 1.31 Å, 56.81◦, and 120.59◦ respectively for 𝑙1-out, 𝑙2-out, 𝑙3, 𝑙4, 𝜃1, and 𝜃2. Bottom panels present the 
average Bader charge transfer and 2D ELF contour maps for both structures. The color scheme used here is also applied in the subsequent figures.
Fig. 2. Band structures and orbital-resolved densities of states of Bi2O2CO3 calculated within the HSE06+SOC approach for the (a) Pna21 and (b) Imm2 structures. 
The band gap is indicated by dotted lines, and energies are referenced to the valence-band maximum.
Table 1
Calculated bismutite band gaps and lowest energy transitions in the Brillouin 
zone.
 Structure Method Band gap (eV) Transition 
 Imm2 PBE 1.10 (id) ZU → Y𝛤  
 PBE+SOC 0.70 (id) ZU → 𝛤  
 HSE+SOC 2.27 (id) ZU → 𝛤  
 Pna21 PBE 2.14 (d) 𝛤 → 𝛤  
 PBE+SOC 1.77 (id) 𝛤 → 𝛤Z  
 HSE+SOC 3.03 (d) 𝛤 → 𝛤  

structures were evaluated at the PBE, PBE+SOC, and HSE06+SOC level 
of theory.

The calculated band structures together with the total and projected 
densities of states (TDOS and PDOS) obtained within the HSE06+SOC 
approach are shown in Fig.  2, and the band-gap values for all computa-
tional schemes are summarized in Table  1. At the PBE level, the Pna21
structure exhibits a direct band gap of 2.14 eV. The inclusion of SOC 
leads to a pronounced modification of the band dispersion, reducing 
the gap to 1.77 eV and inducing a transition from direct to indirect. A 
similar trend is observed for the Imm2 structure, where the band gap 
decreases from 1.10 to 0.70 eV upon inclusion of SOC. This behavior 
4 
reflects the strong spin–orbit interaction of Bi-derived states, which lifts 
band degeneracies near the band edges and shifts the relative position 
of the conduction-band minimum across k-space.

A more reliable description is obtained within the HSE06+SOC 
framework. In this case, the Pna21 structure is found to be a direct-
gap semiconductor with a band gap of 3.03 eV, whereas the Imm2
structure exhibits an indirect gap of 2.27 eV. The difference in band-
gap magnitude between the two structures can be attributed to the 
symmetry lowering in the Pna21 structure, which modifies the orbital 
overlap and leads to a stronger separation between valence and con-
duction states. The calculated gap for the Pna21 structure of about 
3 eV is in excellent agreement with the experimental values ranging 
from 2.9 ⋯ 3.4 eV [12,23,68], while the HSE+SOC value of about 2.3 
eV for the Imm2 structure is clearly outside the measured range. We 
further note that experimental studies report a direct band gap, [69] in 
agreement with our HSE+SOC results for the Pna21 phase, whereas in-
direct gaps reported in the literature are predominantly associated with 
calculations based on the Imm2 structure. This consistency between the 
calculated direct gap and experiment provides additional support for 
identifying Pna21 as the correct bismutite ground-state.

Further insight into the electronic structure is obtained from the 
orbital-resolved densities of states shown in Fig.  2. In both structures, 
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Fig. 3.  Imaginary parts of the dielectric function for the 𝑃𝑛𝑎21 phase of 
bismutite calculated on the HSE and HSE+BSE levels of theory. Here 𝜀∥
is obtained by averaging the in-plane components of the dielectric tensor, 
whereas 𝜀⟂ corresponds to the [001] direction.

the valence-band maximum (VBM) is dominated by O-𝑝 states, while 
the conduction-band minimum (CBM) is primarily composed of Bi-
derived states, with additional contributions from O-𝑝 orbitals. The 
contribution of C states near the band edges is comparatively small. 
The overlap between Bi and O states in the same energy range indicates 
significant hybridization, which governs the nature of the band edges 
and is consistent with the mixed ionic–covalent bonding character 
discussed above.

Concerning the comparison of measured and calculated band gaps 
in Table  1, a word of caution is in order. The experimental band gaps 
are derived from optical spectroscopy and may thus be affected by 
excitonic effects.

To assess their influence, HSE optical response calculations for the
Pna21 phase were performed, both with and without excitonic effects, 
the latter included by solving the BSE. The resulting imaginary parts 
of the dielectric function, 𝜀2(𝜔), are shown in Fig.  3. The optical 
response of bismutite is strongly anisotropic. The onset of absorption is 
dominated by in-plane components, whereas the strongest absorption 
peak arises from 𝜀⟂. This anisotropy may account for the pronounced 
deviations between the measured absorbance of different bismutite 
samples reported by Zheng et al. [23]. The inclusion of electron–
hole interactions leads to a redistribution of spectral weight toward 
lower energies. In particular, the absorption peak associated with 𝜀⟂
is sharpened and red-shifted. Clearly, the reduced dielectric screening 
and the structural anisotropy of the layered bismuth-oxide framework 
give rise to strong and anisotropic excitonic effects that hinder a direct 
interpretation of UV–Vis spectra in terms of single-particle bands.

3.3. Surface structure and thermodynamic stability

The (001) surface of Bi2O2CO3 is the dominant facet, a feature 
attributed to the layered stacking of alternating [Bi2O2]2+ and [CO3]2−

units along the 𝑐 axis [36,42]. This structural motif naturally promotes 
oxygen-rich terminations upon cleavage [22]. Within the bulk 𝑃𝑛𝑎21
structure, the Bi–O coordination exhibits a pronounced anisotropy, with 
elongated out-of-plane bonds (𝑙1-out = 2.39 Å and 𝑙2-out = 2.32 Å, see Fig. 
1), defining the preferential cleavage planes and driving the subsequent 
surface relaxation.
5 
Here four surface termination models-denoted as 𝑇1 (𝐶𝑂2 termi-
nated), 𝑇2 (Bi terminated), 𝑇3 (O terminated), and 𝑇4 (Bi2O2 termi-
nated) are considered. They result from Pna21 bulk by successive layer 
removal. The surface structures, shown in Fig.  4 were fully relaxed 
to account for the coordination changes and stereochemical activity 
of the Bi 6𝑠2 lone pairs at the vacuum interface. Upon relaxation, 
the surface layers exhibit significant atomic displacements relative to 
the bulk structure, with variations depending on the termination. For 
𝑇1, the atoms exhibit relatively small displacements of approximately 
0.10–0.35 Å. The configuration thus remains close to the ideal bulk 
truncation, characterized by only slight rotations of the CO3 groups. A 
marginally larger relaxation is observed for 𝑇2, where surface Bi and 
C atoms exhibit the highest mobility with displacements reaching up 
to 0.40 Å, suggesting a weak surface rearrangement and CO3 rotation 
while still preserving a largely bulk-like geometry. In contrast, 𝑇3 shows 
significantly enhanced relaxation along the surface normal, with typical 
displacements ranging from 0.25 to 0.50 Å. This structural response is 
primarily driven by the outermost Bi atoms, which shift to accommo-
date the additional oxygen species and the associated modification of 
the local bonding environment; notably, unlike 𝑇1 and 𝑇2, the CO3 units 
in 𝑇3 exhibit negligible rotation, with oxygen atoms contributing most 
significantly to the observed surface disorder. The largest distortions 
occur in 𝑇4, where the atomic displacements reach 0.35–0.60 Å. This 
pronounced surface relaxation is driven by the tilting of oxygen atoms 
to satisfy the altered Bi coordination at the surface.

The structural relaxation was further quantified by evaluating the 
evolution of key bond lengths and angles relative to their bulk coun-
terparts. The [CO3]2− groups exhibit high structural rigidity, with C–O 
bond lengths deviating by only 2.3% to 3.8% (1.24–1.32 Å) from the 
bulk 1.29 Å. This internal stability is further reflected in the internal C–
O–O bond angles (𝜃2), which deviate from the bulk 120.59◦ to a range 
of 79.0◦–121.0◦. This spread indicates that the structural response is 
largely governed by collective tilting of the carbonate units, although 
noticeable internal angular distortions are also present.

Conversely, the Bi–O–O bond angle (𝜃1) remains remarkably stable, 
shifting from 56.81◦ in the bulk to only 57.49◦ after relaxation. In 
contrast, the Bi–O coordination environment shows significantly larger 
deviations governed by local stoichiometry and symmetry breaking. 
The out-of-plane Bi-O bonds (𝑙1-out = 2.39 Å) shift by up to 5.4% 
(2.26–2.41 Å), while the second set of out-of-plane bonds (𝑙2-out =
2.32 Å) exhibits a pronounced redistribution spanning 2.06 to 2.58 Å. 
This 11.2% deviation reflects substantial local rearrangements where 
stereochemical 6𝑠2 lone-pair activity is most prominent.

To our knowledge, there are no previous first-principles calcula-
tions addressing the structures and stabilities of Bi2O2CO3 surfaces. 
Nevertheless, the properties and bonding characteristics calculated here 
are consistent with previous findings for Bi-related surfaces [70–72]. 
Specifically, the exceptionally rigid nature of the internal [Bi2O2]2+

network preserved in our slab core confirms the behavior of the oxide 
layer acting as an unperturbed structural unit, directly matching the 
BiOX block stability observed by Cabeza et al. [72]. To accommodate 
the broken covalent bonds and the resulting ‘‘electron spilling’’ at the 
vacuum boundary highlighted by Huang et al. [70], the outermost 
surface skin undergoes a localized symmetry break. This distortion 
is mostly absorbed by the terminal carbonate groups. Because this 
geometry relaxation is highly confined to the outer layer, the interior 
core rapidly recovers bulk-like properties. This localized screening 
mechanism mirrors the thickness-dependent protection found in non-
van der Waals Bi2O2X blocks [71]. The strong confinement of the 
surface relaxation to the outermost surface layers is also proven by the 
very minor changes of the surface properties upon slab expansion as 
discussed in the method section.

The relative thermodynamic stability of the four terminations
𝑇1 ⋯ 𝑇4 is evaluated by calculating the surface phase diagram in de-
pendence on the oxygen and carbon dioxide chemical potentials, see 
Fig.  5. A clear hierarchy of stability emerges. The 𝑇  termination 
1
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Fig. 4.  Side and top views of the four relaxed (001) surface terminations of Pna21-Bi2O2CO3: (a) T1 (CO2-term), (b) T2 (Bi-term), (c) T3 (O-term), and (d) T4 
(Bi2O2-term). The crystallographic directions are indicated.
Fig. 5.  Surface phase diagram of the (001) facet of Bi2O2CO3, showing the stability regions of the four surface terminations (𝑇1−𝑇4) as a function of the oxygen 
and carbon dioxide chemical potentials, 𝛥𝜇O2

 and 𝛥𝜇CO2
. The thermodynamically allowed range, as defined by Eqs. (4) and (5), is indicated by dashed lines. 

The shaded regions denote representative experimental conditions, with the upper-right region corresponding to ambient conditions and the lower-left region to 
ultra-high vacuum (UHV). The top and right axes show the corresponding partial pressures at 𝑇 = 300 and 600 K.
occupies a broad range of the phase diagram corresponding to ambi-
ent conditions. 𝑇1 thus represents in many instances the most likely 
observed termination. In contrast, 𝑇2 is stable only in a very narrow 
region characterized by CO2-rich and O2-poor conditions. Similarly, 𝑇3
is favorable in a small region of the phase diagram characterized by 
under oxygen-rich conditions. 𝑇4, finally, is stable for wide range of 
preparations conditions characterized by low pressure. Interestingly, 
however, ultrahigh vacuum conditions are outside the stability range 
of the phase diagram. This agrees with the experimental finding that 
high temperatures (or low pressures) destabilize bismutite [11,34,35].
6 
3.4. Surface electronic structure

In Fig.  6, the 𝑇1 ⋯ 𝑇4 surface electronic bands calculated within DFT-
PBE within the bismutite bulk band region are shown together with the 
surface projected bulk band structure. In addition, the orbital character 
of the corresponding states at selected 𝑘 points is shown by evaluating 
their squared wavefunctions.

For 𝑇1, the bulk band gap is essentially free of states. There are no 
bound surface states apart from a weakly dispersive band close to the 
bulk valence-band maximum (VBM). The corresponding wavefunction 
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Fig. 6. (a–d) Projected surface band structures of the four terminations (𝑇1 − 𝑇4) of Bi2O2CO3 (001) (blue solid lines), superimposed on the projected bulk 
band structure of the Pna21 structure (light gray shading). Energies are referenced to the valence-band maximum of the bulk. Left and right panels show the 
corresponding squared wavefunctions at the X point, illustrating the surface states V1 and V2 in the valence band and C1 and C2 in the conduction band.
is localized at the surface oxygen atoms. The electronic passivated 
character of 𝑇1 is in line with its thermodynamic stability. In contrast, 
𝑇2 shows a Fermi-level pinning by surface states in the upper part of 
the band gap. The empty surface states C1 and C2 lie slightly below 
the bulk conduction-band minimum (CBM). These states are localized 
at surface Bi atoms. In the lower half of the band gap, there are 
occupied surface states V1 and V2 that show strong localization on 
surface oxygen atoms, with only minor contributions from Bi orbitals. 
In case of 𝑇3, the Fermi level is pinned by surface states in the lower 
half of the band gap. The surface state V1 is located close to the VBM 
and arises primarily from subsurface oxygen atoms within carbonate 
groups and exhibits a predominantly nonbonding O-𝑝 character, with a 
minor contribution from Bi orbitals. In addition, unoccupied surface 
states related primarily to empty Bi states appear within the gap at 
about 1 eV below the CBM. A higher density of surface states within the 
band gap is also found for 𝑇4. Surface Bi-related states and subsurface 
O states pin the Fermi level below the bulk CBM.

For all terminations, the ELF (not shown here) shows strong local-
ization around the oxygen atoms and along the C–O bonds, confirming 
the covalent character of the carbonate groups, whereas the weaker 
localization between Bi and O reflects the ionic nature of the Bi–O 
framework. Differences between terminations arise mainly in the spa-
tial distribution of the ELF near the surface: 𝑇1 exhibits a charge density 
largely confined within the slab, whereas 𝑇2 shows a more diffuse 
distribution extending toward the vacuum region. The 𝑇3 termination 
displays non-uniform localization indicative of charge polarization, 
while 𝑇4 presents a strongly heterogeneous distribution associated with 
significant surface reconstruction. This behavior is supported by the 
Bader charge analysis. For 𝑇1, the charges remain close to bulk values, 
with Bi (+2.0–+2.2 𝑒), O (−0.8 to −1.0 𝑒), and C (+0.3–+0.5 𝑒), confirm-
ing minimal surface-induced charge transfer. In contrast, 𝑇2 exhibits 
a broader charge distribution, with more negatively charged oxygen 
(down to ∼−1.2 𝑒) and variations in Bi and C charges, indicating a 
distortion of the carbonate units. 𝑇3 shows intermediate behavior with 
noticeable charge polarization across the slab, while 𝑇4 exhibits the 
highest deviations (Bi (+1.6–+2.1 𝑒), O (−0.6 to −1.0 𝑒), and C (up 
to ∼ + 1.0 𝑒)), with strongly inhomogeneous charge states reflecting 
pronounced rearrangement.
7 
4. Summary

We present a comprehensive density-functional theory study of the 
bulk and (001) surface properties of bismutite (Bi2O2CO3). A sys-
tematic comparison of the commonly assumed Imm2 structure with 
the lower-symmetry Pna21 phase reveals the latter to be energeti-
cally favored and in better agreement with experimental observations. 
This structural refinement leads to a significantly larger band gap, 
with hybrid-functional calculations including spin–orbit coupling (SOC) 
yielding a value of about 3 eV, consistent with available measure-
ments. The electronic structure is found to be strongly influenced 
by SOC effects, which modify band dispersion and gap character. In 
addition, excitonic effects are show to affect strongly the bismutite 
optical response. Surface properties are investigated using ab initio
thermodynamics, identifying a CO3-terminated (001) surface as the 
thermodynamically stable configuration under ambient conditions. This 
termination exhibits an electronically passivated character with no 
significant surface states within the bulk band gap. In contrast, alter-
native terminations stabilized under non-ambient conditions introduce 
pronounced surface states that pin the Fermi level within the gap. 
These states originate from undercoordinated Bi and O atoms and 
reflect substantial surface relaxation. The results provide a consistent 
microscopic picture of the interplay between structure, stability, and 
electronic properties in Bi2O2CO3, and offer guidance for tailoring its 
surface-dependent behavior in catalytic and photoactive applications.
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