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Bismuth oxyhalides are a class of layered materials with rich potential for chemical and electronic tuning
through anionic substitution, including the less-explored incorporation of pseudohalides such as azide
(N37). Here, we develop three synthetic strategies for the synthesis of BiONs: post-synthetic exchange,
solvothermal synthesis, and coprecipitation. We present the first structural model for BiON3 that is sup-
ported by Rietveld refinement, revealing a highly disordered structure that features interdigitated azide
molecules between the layers. We then probe the effects of heteroanion incorporation on the electronic
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Introduction

Two-dimensional mixed-anion bismuth materials featuring
[Bi,O,]*" layers in their underlying frameworks have been
extensively studied over the past century for their relevance to
photocatalysis, photovoltaics, and optoelectronics." This
functionality can be attributed in part to the fact that these cat-
ionic bismuth oxide slabs support a variety of anionic species,
X, such as halides and chalcogenides, that allow for fine-
tuning of the compounds’ electronic band structures.®
Specifically, anion substitution modifies orbital contributions
to the valence band, tuning the valence band maximum posi-
tion and subsequently the band gap of the material.””® These
[Bi,0,]*" materials’ anisotropic 2D layered structures also
support internal static electric fields that facilitate the separ-
ation of photoinduced charge carriers.'®'" Further, the elec-
tronic behavior of [Bi,0,]*'-based materials can be tuned
through control of particle morphologies.™*™*

Recent studies focusing on modifying bismuth oxyanion
materials through heteroatomic substitution have done so
through heteroatom doping (i.e., small concentrations),*
tuning of anion solid solution compositions** and non-stoi-
chiometric (Bi,O,X.) phases,">'® or even through complete
exchange of anions to access new materials."’*° For example,
the substitution of chloride ions with carbodiimide ions in
BiOCl via a solid-state metathesis reaction was recently shown
to significantly modify the band gap from 3.4 eV in the parent

Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame,
Indiana 46556, USA. E-mail: ajaffe@nd.edu

This journal is © the Partner Organisations 2025

structure of BiONs, including through the synthesis of mixed azide/iodide systems. Further, we demon-
strate intriguing thermally induced reactivity in BiON3 that is suggestive of N atom transfer and subsequent
gas evolution. This work considerably expands the available routes for synthetic control of this promising

BiOCI material to 1.8 eV for the resulting product.’® The struc-
turally related Bi,O,S exhibits an even lower band gap of 1.12
eV."®2° Another recent study showcased iodide doping and
solid solution formation in BiOX materials."* The authors
observed sub-gap photoemission they attributed to self-
trapped excitonic states whose energies could be tuned
through compositional alloying. Thus, anion exchange rep-
resents a powerful design tool for the optical and electronic
modification and control of [Bi,0,]*" materials and we direct
the reader’s attention to a number of extensive reviews that
have covered this subject.®**""*?

Despite this widespread investigation of anion substitution
in [Bi,0,]*" materials, few works have explored the incorpor-
ation of so-called pseudohalide ions such as N;~, OCN~, and
SCN™ in place of traditional halides. Azide (N;™) is particularly
interesting as a low-cost and low-molecular weight ion that
also adds a functional handle for further modification such as
through N-atom-transfer or click chemistry, which have been
demonstrated in many molecular examples and to a much
more limited degree in the solid state.>'"® Intriguingly, BiON;
has been described in just a single report that only contains a
general synthetic procedure—involving precipitation using Bi
(NO3)3-5H,0 and NaN; in HNO;, which presents potential
hazards associated with evolution of HN;—and discussion of
vibrational spectroscopy of the BiON; product.”” Detailed
structural information, alternative synthetic approaches, and
in-depth electronic and thermal behaviors remain unexplored.
Herein, we report a study of the synthesis, structure, and
thermal and electronic properties of BiON; and associated
(pseudo)halide exchange reactions to provide a more compre-
hensive understanding of pseudohalide incorporation into
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[Bi,O,]*" materials and to further develop avenues for func-
tional modification of these promising compounds.

Synthetic approaches
Safety warning

Alkali azide salts and metal azides pose potential hazards associ-
ated with thermal instability, shock sensitivity, and/or the evol-
ution of toxic HN; gas under acidic conditions. Discussion of safe
standard operating procedures is available in the SI.

We explored three synthetic routes to isolate BiON3; under
relatively mild conditions (Fig. 1): post-synthetic exchange (PSE),
solvothermal synthesis (ST), and coprecipitation (CP). In the
post-synthetic exchange strategy, a BiOI precursor was syn-
thesized via precipitation from Bi(NO;);-5H,0 and KI (Fig. S1).%*
BiOCl and BiOBr were synthesized through the reaction of Bi,O;
with the corresponding hydrohalic acid (Fig. S2), using con-
ditions detailed in the SI. These bismuth oxyhalide precursors
were then combined with aqueous NaN3, followed by evaluation
of reaction progress as a function of varying reactant
molar ratios through powder X-ray diffraction (PXRD) and infra-
red (IR), Raman, and X-ray fluorescence (XRF) spectroscopies
(Fig. S3-S13). With attempted exchange using a 1:10 ratio of
BiOCl: NaN; (yielding PSE-BiOCI-10) or BiOBr:NaN; (yielding
PSE-BiOBr-10), respectively, full conversion is not obtained
(Fig. S3-S7). Instead, mixtures of the BiOX reactant and the
desired product phases are observed. Re-reacting these partially
converted samples with subsequent ten-fold excess of NaNj;
diminishes but does not eliminate remnant BiOX. Complete
conversion of the BiOCl to BiONj; is observed when an even
larger excess of NaN; was utilized for the post-synthetic exchange
reaction (PSE-BiOCI-100) (Fig. 2A-C, Fig. S8 and S9). To investi-
gate if this exchange process is reversible, a mixed N3 /Cl™
sample synthesized through PSE at room temperature over seven
days using a 1:50 ratio of BiOCl:NaN; (PSE-BiOCl-50) was
exposed to 50-fold excess of NaCl, which yielded BiOCl (Fig. S8
and S9). Reacting PSE-BiOCI-50 with a 50-fold excess of NaNj
shows further conversion to the BiON; product.

R

Post-Synthetic Exchange

W 85°C, 7 days, NaN, N

BiOlI L

r 180°C, 1-4 days, NaN,

o
L "

Bi(NO,),5H,0 BiON,

Se0!

Solvothermal

Fig. 1 Schematic of BiON3 synthetic strategies. Bi, O, |, and N atoms are
represented by tan, red, purple, and blue spheres, respectively. Disorder
is omitted for clarity.
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In contrast, when deriving materials from BiOI, PXRD
suggests a single microcrystalline phase is obtained from the
reaction of bismuth oxyiodide with NaN; in a 1:5 ratio (Fig. 2,
Fig. $10). Given its more facile apparent anion exchange, the
BiOI system was therefore utilized for further exchange studies
to more deeply investigate potential solid-solution and/or
doping behavior (Fig. S10—S13). Here, PSE reactions using
BiOI: NaN; ratios of 1:1, 1:2, 1:5, 1:7, and 1:10 (Table S1)
are denoted PSE-BiOI-1, PSE-BiOI-2, PSE-BiOI-5, PSE-BiOI-7, and
PSE-BiOI-10, respectively. Diffraction patterns indicate that the
lowest angle peak for BiOI at 9.81° 26—corresponding to the
(001) reflection and indicative of the interlayer spacing—begins
to shift to slightly higher angles with increasing concentration of
NaN;. Meanwhile, the (110) and (102) reflections at approxi-
mately 29.8° and 31.8°, respectively, attributed to the BiOI pre-
cursor, are still present after reacting with NaN; in a 1:1 ratio
and disappear entirely in the PSE-BiOI-2, PSE-BiOI-5, PSE-BiOI-7,
and PSE-BiOI-10 samples (Fig. S10). Additionally, after reaction
with NaNj; in a 1:2 ratio, the appearance of peaks at approxi-
mately 25.5°, 30.9°, 33.5°, and 35° 20 further indicates formation
of a new phase. Successful incorporation of the N3~ into the
BiOX structure is corroborated by vibrational spectroscopy
(Fig. 2B and C, Fig. S11 and S12). Characteristic N;~ peaks
associated with asymmetric stretches (v,s), symmetric stretches
(vs), and bends (8) are observed in IR and Raman spectra in all
PSE samples ca. 2100 cm™, 1300 cm™*, and 600 cm™, respect-
ively (Fig. 2B and C), which are in agreement with the early
report by Dehnicke.”” We note that a weak lower-energy peak
that we assign as an A;, Bi-I mode (v(Bi-1)) is observed in
Raman spectra for PSE-BiOI-1 and PSE-BiOI-2 (Fig. S11) at
approximately 90 cm .?>*° This suggests the presence of
remnant I". Further, in IR spectra of PSE-BiOI-1, three peaks are
observed at 1474, 1386, and 848 cm™, as well as two more in
PSE-BiOI-2 at 1195 and 1019 cm ™" (Fig. S12). We attribute these
features to modes associated with (NO,)” species, though the
complex speciation and wide-ranging binding motifs available
for (NO,)” make more detailed assignment challenging.*' These
peaks diminish in intensity for the PSE-BiOI-5 sample, and are
not observed in PSE-BiOI-7 and PSE-BiOI-10, suggesting that
with higher concentrations of NaNj, the (NO,)™ species that pre-
sumably remain from the Bi(NO;);-5H,0 precursor can be
removed from the material.

We acquired X-ray fluorescence spectra to better assess
residual I” (Fig. S13, Table S2). These XRF spectra indicate
that all PSE samples contain iodide in at least trace quantities,
supporting the observation of Bi-I related peaks in their
Raman spectra. Interestingly, PSE-BiOI-2 and PSE-BiOI-5
appear to have the least amount of 1", while the 1:1 sample
unsurprisingly has the highest concentration. Overall, while
this analysis indicates that PSE is a viable method for incorpor-
ation of N5~ in the [Bi,O,]** slabs of BiOX, these exchanges are
often incomplete, since Cl7, Br™, and I" remain present in all
samples despite their apparent phase purity in powder diffrac-
tograms. As discussed below, the continued presence of mixed
anions has important implications for the optical and elec-
tronic behavior of these BiOX.

This journal is © the Partner Organisations 2025
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Fig. 2 Characterization of BiON3 isolated through multiple synthetic strategies. (A) Powder X-ray diffraction patterns. For clarity, the (001), (110),
and (105) reflections are labeled. (B) Raman spectra. The regions in which the v, 1,5, and § N3~ modes appear are highlighted in pink. The asterisk
denotes (NO,)™ species. (C) FT-IR spectra. Similarly, the regions in which the v, 1,5, and § N3~ modes appear are highlighted in pink. Asterisks denote

peaks that are attributed to the presence of (NO,)™ species.

We next explored solvothermal syntheses as an alternative
route to the isolation of BiONj;. In our solvothermal approach,
we compared the use of Bi(NO3);-5H,0 and BiOI as bismuth-
containing precursors, using NaN; as the azide source. When
utilizing bismuth nitrate, reactant ratios of 1:1 (ST-Bi(NO3);-1)
and 1:2 (ST-Bi(NOs);-2) were used, while BiOI and NaNj; were
combined in ratios of 1:2 (ST-BiOI-2) and 1:5 (ST-BiOI-5).
Full synthetic details can be found in the SI. When using
bismuth nitrate, the powder diffraction pattern of ST-Bi(NOj3);-1
shows a mixture of two phases (Fig. S14): the desired BiONj;
product and a reported orthorhombic Bi,0,(OH)(NO3)
material.***? In contrast, ST-Bi(NO;);-2 appears to show full
conversion to BiON; with no apparent reflections associated
with Bi,0,(OH)(NO3). The v,5(N;7) stretch is observable in IR
spectra for both samples at 2090 cm™" (Fig. S15). Similar peaks
are also observed in the Raman spectra (Fig. S16). However, we
note that the IR spectra also exhibit (NO,)~ peaks similar to
those described above.’" This suggests that while higher N3~
concentrations result in more complete azide integration, the
(NO,)™ ions may either be incorporated as heteroionic dopants
or bind to particle surfaces.

Powder diffraction patterns from solvothermal reactions
employing BiOI precursor (Fig. S17) indicate incomplete conver-
sion from BiOI in ST-BiOI-2, as well as the appearance of new
peaks at 28.8°, 36.2°, and 41.7° 26, that are not attributable to
either the BiOI precursor or the desired BiON; product.
However, diffraction analysis of ST-BiOI-5 corroborates more
complete conversion to BiON; material (Fig. 2) and Raman and
IR spectra support the incorporation of N;~ (Fig. S18 and S19).
Nevertheless, the Raman analysis of ST-BiOI-5 still shows the A,
(Bi—T) mode at 88 cm™, implying that the BiON; product con-
tains some I~.”>*° This residual iodide presence is corroborated
by the XRF spectroscopy of the ST-BiOI-2 and ST-BiOI-5 samples
(Table S3 and Fig. S20), where remnant iodide is observed in
both samples. As expected, there is a higher content of iodide
present in the ST-BiOI-2 sample: 22(9) atom percent compared
to 3.0(6) atom percent for the ST-BiOI-5 sample. Analogous to a
PSE approach, our investigation indicates that solvothermal

This journal is © the Partner Organisations 2025

syntheses represent a viable route to single-phase BiONj;
materials yet also leads to doping of heteroanionic species in the
form of (NO,)” and/or I".

We turned to coprecipitation for the isolation of BiONj, as
well as to provide finer control over the generation of potential
solid solutions of the form BiOLNj;_,. Here, Bi(NO;);-5H,0
was combined with Nal and NaN; in ethylene glycol at room
temperature for 4 h in Nal:NaN; ratios of 1:0, 0.75:0.25,
0.50:0.50, 0.25:0.75, and 0:1. Powder diffraction patterns of
the 1:0 sample match the simulated pattern of BiOI (Fig. S21).
In the 0.75:0.25 sample, a shift in the (102) reflection is
observed from 29.7° in the BiOI phase to 29.1° in the new
phase, indicating an increased interplanar d-spacing. This
increase may be attributable to the incorporation of the larger
N;~ polyatomic anion into the structure. This observation
coincides with an increase in the full-width-at-half-maximum
(fwhm) of this peak from a value of 0.8 to 1.4, suggesting either
a decrease in the crystallite domain size or strain/disorder being
present in the sample.>* Given that the neighboring (110) reflec-
tion shows little shifting and a constant fwhm value of 0.5
between the 0:1 and 0.75:0.25 samples, it is more probable
that the behavior observed in the (102) reflection arises from
microstrain and/or disorder rather than domain size increase. In
the 0.50:0.50 sample, the (110) reflection begins to shift to
higher angles, suggesting a decrease in the interplanar
d-spacing. A similar shift is observed for the (200) reflection
from 45° to 46° 20. Additionally, broadening is observed and is
much more pronounced in this sample compared to the 1:0
and 0.75: 0.25 samples, though some of this may be attributable
to variation between instrumental peak profiles (see SI). The
powder pattern of the 0.25: 0.75 sample shows a loss in intensity
of all previously observed reflections, signaling a loss in the crys-
tallinity of the sample. Coinciding with this is the growth of new
reflections consistent with the proposed BiON; phase.
Combination of Bi(NO3);-5H,0 and NaN; without BiOI (i.e., the
0:1 sample) yields a powder pattern that is consistent with that
observed for other BiON; samples without extraneous peaks
(Fig. 2A).
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Raman spectra of the 1: 0 sample (Fig. S22) match BiOI syn-
thesized via previous routes (see above), further indicating suc-
cessful isolation of bismuth oxyiodide. In the 0.75:0.25
sample, there is a loss in intensity of the peak at 150 cm™
assigned as the E, mode, implying a lower amount of I".
Further, with increasing concentration of NaN;, we observed
the growth of a peak at 158 cm™*, which we assign as the
growth of a y(Bi—N) mode. Dehnicke reports similar peaks for
AgN; and TiN3, however no analogous peak was observed for
BiON; in that report.>” In the 1:0, 0.75:0.25, and 0.50: 0.50
samples containing I", a peak assigned to the E, v(Bi—I) mode
is observed at 151 ecm™*.**?° This y(Bi—I) peak diminishes in
intensity with increasing azide content. Curiously, while a
peak attributed to the v,s(N;”) mode is observed in the
0.75:0.25 and 0.50:0.50 samples at 2048 cm ™', no vy(N;")
peak can be identified. Conversely, in the 0.25:75 and 0:1
sample, only the peak corresponding to v4(N;~) is observed at
1334 cm ™' and 1304 cm™", respectively. This may suggest that
bulk symmetry changes associated with an increasing concen-
tration of N3~ and decreasing concentration of I” within the
lattice are responsible for determining which vibrational peaks
are symmetry-allowed, but this warrants further investigation.
The IR and Raman spectra for the 0:1 sample show no evi-
dence of the previously observed (NO,)™ peaks (Fig. 2B, S22).
The incorporation of iodide in the coprecipitated samples was
further corroborated by XRF and IR spectroscopies (Fig. S23
and S24, Table S4). In XRF spectroscopy, it is observed that the
Ly and Lg; peaks associated with iodine decrease in intensity
with increasing equivalents of NaN; being used in the reac-
tion. Supporting evidence from the IR spectra of the samples
confirms the presence of v,s N3~ modes at approximately
2040 cm™! in the 0.75:0.25, 0.50:0.50, 0.25:0.75, and 0:1
samples. We surmise that the loss of iodide observed by XRF
is due to the successful incorporation of N3~ into the
materials. Coprecipitation therefore represents an intriguing
approach to the isolation of new bismuth oxypseudohalides,
while precluding their doping with remnant heteranions. It
also allows for finer control of anion ratios in mixed-anion
systems.

Structural analysis

To elucidate how N3~ ions are oriented between the [Bi,O,]**
slabs, we carried out Rietveld refinement using powder diffrac-
tion data collected for the coprecipitated BiONj3; sample
(without the presence of an iodide source) to yield the first
structural description of BiONj; (Fig. 3, Tables S5—S7, see SI for
refinement details). After collecting diffraction data from
5-100° 26, the powder pattern was indexed using N-TREORO09
implemented in EXP02014.>%® Two plausible space groups
were determined: P4/n and P4/nmm. Since BiONj; is adequately
modelled using the higher-symmetry tetragonal P4/nmm space
group, and further, this is the reported space group for other
bismuth oxyhalides, we selected this space group for further
refinement. Rietveld refinement yields lattice parameters of
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Fig. 3 Rietveld refinement performed on BiONz synthesized via copre-
cipitation. Symmetry-related disorder of Bi and N atoms is omitted for
clarity.

a =b = 3.79812(8) A and ¢ = 9.01606(23) A, with a unit cell
volume of 130.063(5) A® (Table S5). In our initial model, the
bismuth and azide nitrogen atoms were located at high-sym-
metry special positions with respect to their x and y coordi-
nates. However, examination of calculated vs. observed reflec-
tion intensities (Fig. S25), refinement statistics, and unmo-
deled electron density within Fourier difference maps (Fig. S26
and S27) suggests that the bismuth centers and nitrogen
atoms may exhibit symmetry-related disorder (Fig. S26A, S26D,
and S27A). Moving the Bi atoms off their special positions—
also reducing their site occupancies to maintain the BiONj;
formula—and allowing their coordinates to refine freely
improves the fit (Fig. S28) and electron density modelling
(Fig. S26B, S26E, and S27B). However, disagreement between
calculated and observed intensity at certain reflections (e.g.,
29° 20) persists, additional minor unmodelled electron density
is observed, and the azide atoms’ isotropic thermal displace-
ment parameters, Ui, refine to large values, similarly indicat-
ing the potential for disorder. Moving the azide N atoms from
their special positions in a similar manner to the Bi atom
yields substantial further improvement in the fit (Fig. 3,
Fig. S26C, S26F, and S27C). As such, the nitrogen and bismuth
atomic positions were then allowed to refine freely, along with
isotropic displacement parameters for all atoms. The oxygen
atoms remain on special positions. In addition to refinement
of particle size and strain,?” we note that preferred orientation
was modelled using spherical harmonics, since a pattern col-
lected on an instrument in a Debye-Scherrer geometry using
sample rotation—though of insufficient resolution for Rietveld
—shows more similar relative peak intensities to the model’s
simulated pattern (Fig. S29). Full discussion of the refinement
is available in the SI. The final refinement (Fig. 3) resulted in
adequate fit with Ry, = 9.390% (Table S5). The refined model

This journal is © the Partner Organisations 2025
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suggests that the azide binds in a tilted, end-on fashion, and
both this molecular unit and the Bi centers feature symmetry-
related disorder about the four-fold axis.

In the structure of BiONj;, we note the average Bi-O-Bi angle
of 110(3)° is almost the same as 114.015(134)° for BiOCl, though
more acute than in BiOI (117.939).>*° Such changes may mani-
fest in altered orbital overlap, thereby tuning electronic band
structure. The closest Bi-N distance is 2.6928(1) A for the termin-
ally bound, disordered azide. However, we note that the pendant
nitrogen atom on the other end of the azide ion is relatively
close to the bismuth atoms of the adjacent layer, with a distance
of 3.54820(5) A to the nearest Bi while also sitting in a position
that would bridge between four equivalent Bi sites if the azide
was not tilted. This distance is slightly larger than the Bi-I dis-
tance of approximately 3.38 A in BiOL* The closer approach of
the azide ion to the [Bi,O,]*" slabs and overall different binding
mode when compared to BiOCI (3.0678(35) A)*® again may ulti-
mately impact the electronic structure of the compound, such as
by increasing participation of azide states within bonding and
antibonding interactions.

Electronic property tuning

The introduction of new ions into the [Bi,0,]*" slabs should
have a significant effect on the band structure and sub-
sequently the electronic properties of these materials, as
described above. Specifically, the valence band of bismuth oxy
(pseudo)halide materials is primarily derived from (pseudo)
halide p orbitals along with bismuth 6s and O 2p orbitals,
whereas the conduction band is primarily comprised of
bismuth 6p orbitals.”®*>*! As a function of this electronic
structure, experimentally determined band gaps decrease from
3.22-3.37 to 2.64-2.82 to 1.77-1.95 eV within the series of
BiOCI, BiOBr, and BiOI, respectively,’***™** due to the intro-
duction of higher-energy halide p orbitals that elevate the
valence band maximum.®® We hypothesized the substitution
of azide-based nitrogen 2p orbitals and removal of halogen p
orbitals would provide an avenue for band gap tuning, as
would changes in orbital overlap as a function of interatomic
distances.® Therefore, we sought to monitor changes in these
materials’ band gaps as they relate to the identity and concen-
tration of the ions incorporated to ultimately provide guiding
principles for their future optoelectronic tuning. Diffuse reflec-
tance ultraviolet-visible spectra were acquired for BiONj;
samples synthesized through the PSE, solvothermal, and
coprecipitation methods. Transformation of the diffuse reflec-
tance data using the Kubelka-Munk equation yields spectra in
the form of a/S vs. energy, where « is the absorption coefficient
and S is the scattering coefficient.”>*® Band gaps can be calcu-
lated via linear extrapolation from these plots—the Tauc
method of plotting (aAv)? vs. hv or (ahv)"? vs. hw for direct-gap
or indirect-gap semiconductors, respectively, is not appropriate
given two-dimensional materials’ lack of energy-dependence
for their density of states at the band edge (see SI for
discussion).*”*8

This journal is © the Partner Organisations 2025

View Article Online

Research Article

In agreement with prior reports,*® we observe that band gap
decreases with increasing principal quantum number within
the halide series (Fig. 4): BiOCl, BiOBr, and BiOI exhibit band
gaps of 3.54(1), 2.90(1), and 2.21(1) eV, respectively. We note
that this BiOI—synthesized via coprecipitation from bismuth
nitrate and KI—displays a slightly larger apparent band gap
than the 1.77-1.95 eV gap that is described in some literature
reports,”'>?® although we do observe a small degree of absorp-
tion below the absorption edge—closer to 1.95 eV and there-
fore more similar to previous work. While some of this differ-
ence may also be attributable to differences in how band gap
values are experimentally determined (see SI for discussion),
we attribute this larger band gap to the presence of the trace
(NO,)” that presumably comes from the bismuth nitrate pre-
cursor. Indeed, materials such as the BiOI-derived post-syn-
thetic exchange sample PSE-BiOI-1 and the solvothermally syn-
thesized ST-BiOI-2 feature lower absorption onsets of 2.05(4)
eV (Fig. S30) and 2.08(2) eV (Fig. S31), respectively, that are
much more similar to the literature-reported band gap for
BiOl. In both cases, our earlier analysis showed remnant BiOI
from the incomplete conversion to BiONj, corroborated here
by additional potential absorption onsets at higher energy that
suggest a biphasic mixture. We therefore suggest that the
additional reaction steps may allow for removal of (NO,)~ from
this remaining BiOlI, thereby lowering the observed absorption
onset closer to the reported value. This provides an early indi-
cator of the substantial effects that even minor heteroanion
inclusion have on the materials’ electronic structures (Fig. 4,
Fig. S30—S33; Table S8).

Bismuth oxyazide samples synthesized from oxyhalide pre-
cursors further exemplify the important effects of anion substi-
tution. For example, BION; acquired via PSE on BiOCI exhibits
a lower band edge than BiOCI: its band gap ca. 3.37(1) eV is
approximately 150 meV lower than the band gap of BiOCl

BIOCI E, = 3.54(T) eV
ST-BI(NO),2 E, = 347(3) eV
PSE-BIOCI100 E, = 3.37(1) eV
CP-Bi(NO,),-0:1 E, = 3.32(4) eV
PSE-BIOI-5 E, =3.28(6) eV
ST-BIOI-5 E, = 3.15(1) eV
BIOBr E, = 2.90(1) eV

BiOI E, = 2.21(1) eV

aS™!

T
1.5 2.0 2.5 3.0 3.5 4.0
Energy(eV)
Fig. 4 Diffuse reflectance spectra of BiONs isolated via multiple

methods, shown in comparison to BiOCl, BiOBr, and BiOl. The asterisks
denote an artifact resulting from a bulb changeover.
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(Fig. 4). Though the foregoing results suggest that some CI~
remains in the system, this implies the valence band behavior
is largely dictated by azide states. Compounds derived from
BiOI, such as PSE-BiOI-2, PSE-BiOI-5, PSE-BiOI-10, and the
solvothermally synthesized ST-BiOI-5 show similar though
slightly smaller band gaps of 3.23(6) eV, 3.28(6) eV, 3.21(8) eV,
and 3.15(1) eV, respectively (Fig. S30—S31). These values
suggest that in each case, N;~ dominates valence band behav-
ior, though trace I may mildly elevate the valence band. The
PSE-BiOI-7 has an anomalously small band gap of 3.07(5) eV.
One potential explanation is an intermediate concentration of
both I and N3~ leading to cooperative effects: (a) the greater
electronegativity of the azide may lower the Bi-derived conduc-
tion band edge position while (b) the higher energies of I 5p
orbitals raise the valence band maximum. Alternatively, the
presence of some pre-edge absorption, i.e., Urbach tails, in the
PSE-BiOI-7 and PSE-BiOI-10 samples may suggest the presence
of mid-gap defect states.® UV-visible spectra of BiON;
samples that contain (NO,)”, such as ST-Bi(NO;);-1 and ST-Bi
(NO3);-2, show band gaps of 3.396(2) and 3.47(3) eV (Fig. 4,
Fig. S32). Since Bi,O,(OH)(NO;) has a reported band gap of
between 3.17-3.25 eV,*"*" these larger band gaps may similarly
arise due to simultaneous effects from (NO,)” and N;~ that
cooperatively widen the gap. Finally, when considering the
BiO(N3);—,I, samples synthesized via coprecipitation, an
expected increase in band gap is observed with increasing N3~
content (Fig. S33, Table S8). The trend is consistent with
valence band behavior being dominated by I" 5p states at low
N;~ concentration and by N3~ states at high azide concen-
tration, thereby raising the valence band maximum. Overall,
across the different methods employed to synthesize BiONj,
the band gaps remain similar though the inclusion of heteroa-
nionic species allows for a “tuning knob” to vary this value.

Temperature-induced evolution

To our knowledge, the thermal behavior of BiON; has not
been studied, yet its investigation can point to its synthetic
utility to form new potential species: the thermolysis of N3~
features entropic and enthalpic driving forces to break the N-
N bond to form N, and possible nitride species. This so called
atom-transfer has not be well explored in solid-state systems,
though synthesis of metal nitrides through presumed metal
azide precursors has been reported via solvothermal
methods.*” We carried out thermogravimetric analysis coupled
to differential scanning calorimetry (TGA-DSC) as well as ther-
molysis experiments under oxidative and inert atmospheres.
The TGA-DSC data for BiON; shows a distinct two-step feature
between 200 °C and 400 °C (Fig. 5), corresponding to a mass
loss of 11%. This two-step mass loss also corresponds to two
exothermic events. Another mass loss event of 1.1% is
observed between 400 °C and 500 °C, accompanied by an
endothermic event centered at approximately 400 °C.

To further elucidate this thermal decomposition behavior,
we conducted thermolysis experiments on BiONj; in both inert
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Fig. 5 TGA (blue) and DSC (yellow) traces for PSE-BiOCI-100. The gray

trace indicates the first derivative of the mass loss. N, flow gas was used

for this experiment, with a heating rate of 1 °C min™2.

and aerobic atmospheres (Fig. S34—S37). Thermolysis in air
was carried out in a box furnace within an alumina crucible,
heating overnight at 200 °C, 300 °C, and 450 °C, respectively.
The powder diffraction pattern of the sample heated to 200 °C
(PSE-BiOCI-100 @200 °C) indicates retention of the BiONj
phase (Fig. S34), but the wider diffraction peaks suggest
decreased crystallinity: the fwhm of the (001) reflection
increases from 0.31° to 0.68° 20 from the BiON; to the
PSE-BiOCI-100 @200 °C sample, respectively. The sample ther-
molyzed at 300 °C (PSE-BiOCIl-100 @300 °C), indicates new
reflections at 23.8°, 28.7°, 32.3°, and 46.5° 20 and loss of all
reflections attributed to the BiON; material. The new reflec-
tions are broader than those of the BiON; and PSE-BiOCI-100
@200 °C samples, with fwhm values of 0.75°, 1.6°, 0.78°, and
1.3° 26, consistent with reduced crystallinity. Finally, the
powder pattern of the material heated at 450 °C (PSE-BiOCI-
100 @450 °C) matches the simulated pattern of a-Bi,O3—
though non-crystalline phases may also be present—confirm-
ing loss of N5~ and subsequent oxidation by 0,.>>

Infrared spectroscopy was utilized to track loss of azide and
appearance of new potential Bi-N related peaks in the aerobi-
cally heat-treated samples (Fig. S35). FT-IR spectra of the
PSE-BiOCI-100 @200 °C sample display all N; -related peaks
observed in the BiON; starting material, though a small
change in the v,(N;7) peak profile is observable. In
PSE-BiOCI-100 @300 °C samples, the v4(N;~) peak disappears
and the v,4(N;") peak at 2048 cm ™' decreases in intensity. It is
interesting to note that the higher-energy v,4(N;™) peak red
shifts from 2105 cm™" at room temperature to 2065 cm™* and
2048 cm™" upon heating to 200 °C and 300 °C, respectively.
This suggests a large potential change in the chemical environ-
ment of the azide. Additionally, the appearance of peaks at
1445 cm™, 1324 cm™, 1048 cm™!, and 852 cm™' in
PSE-BiOCI-100 @300 °C is consistent with the formation of
(NO,)™ species. Subsequently, in PSE-BiOCI-100 @450 °C, we
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observe the complete disappearance of v,4(N;~) peaks,
suggesting full loss of the azide. The previously observed
peaks attributed to the formation of (NO,)~ in the PSE-BiOCl-
100 @300 °C are also present in the PSE-BiOCl-100 @450 °C
sample. These peaks shift to 1455 cm™, 1388 cm™", and
845 cm™' and grow in intensity. Finally, we observe peaks at
approximately 1630 cm™' in PSE-BiOCI-100 @200 °C and
PSE-BiOCl-100 @300 °C that we attribute to water, likely
adsorbed from the atmosphere. In the PSE-BiOCI-100 @450 °C
sample, the peak at approximately 1630 cm™" is absent, in
agreement with the relatively low hygroscopicity of a-Bi,0;.

To gain a better understanding of the decomposition pro-
ducts under inert conditions, thermolysis under argon atmo-
sphere was conducted at 320 °C (PSE-BiOCI-100 @320 °C) in a
glovebox. The resulting solid was then isolated and measured
under air-free conditions using a capillary. Interestingly, PXRD
patterns (Fig. S36) show the appearance of peaks that are con-
sistent with elemental Bi, suggesting reduction of the bismuth
centers under inert conditions.”® Reduction of BiOCl by NaN;
decomposition has been reported as means of forming oxygen
vacancies and subsequently improving photocatalytic perform-
ance.”? Additionally, there have been reports of formation of
catalytically active elemental Bi with exposed (003) facets via
the electrochemical reduction of BiOX materials.”> However,
the mechanism of reduction in our system remains to be deter-
mined, including the nature of the accompanying oxidized
species and whether any amorphous phases are produced.
When the thermolyzed product is exposed to an oxidative
atmosphere, a mixture of phases appears, as indicated by two
sets of reflections, some sharp and some broader. The sharp
reflections observed at 23.4°, 24.9°, 33.5°, 38.0°, and 48.4° 26
have not yet been assigned. The second phase shows peaks at
28.4°, 32.6°, 47°, and 55° 26 and are similar to those observed
in the PSE-BiOCl-100 @300 °C sample. They may potentially
be attributed to formation of the metastable -Bi,0, °° The IR
spectrum of the PSE-BiOCI-100 @320 °C sample exhibits a
vas(N37) peak, indicating azide is still present in the sample
after heating at 320 °C. This is consistent with the mass losses
observed in the TGA-DSC, which suggest that at this tempera-
ture, only half of the azide molecules have decomposed. The
IR spectra of the thermolyzed sample after exposure to air
shows the growth of four peaks at 849 cm™, 1041 cm™,
1323 em™*, and 1438 cm ™", which we attribute to (NO,)~ for-
mation (Fig. S37). It is worth noting that these peaks were not
observed in sample heated to 320 °C that was stored in the glo-
vebox and are consistent with peaks observed in PSE-BiOCl-
100 @300 °C sample.

Conclusions

Herein, we have developed synthetic approaches for BiON;—
an unexplored BiOX material—through three routes: post-syn-
thetic exchange using azide salts, hydrothermal synthesis via a
bismuth nitrate or BiOI precursor, and coprecipitation. We
have demonstrated that these approaches provide a means of
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modifying the electronic behavior of layered bismuth oxy
(pseudo)halide materials through formation of apparent
mixed-anion solid solutions and/or low-concentration heteroa-
nionic doping. Further, we have determined the structure of
BiON; crystallographically for the first time. Rietveld refine-
ment suggests the N3~ ion is oriented in a tilted, end-on
fashion disordered over four positions and bound to a four-
fold-disordered bismuth center, while also in proximity to
bismuth atoms of the adjacent layer. The pendant azides are
therefore interdigitated between [Bi,O,]*" slabs. Exploration of
the thermal response of BiON; has then revealed intriguing
reactivity to related to N3~ loss, which results in reduction to
elemental Bi under inert atmosphere. Investigation of samples
thermolyzed in an inert atmosphere and exposed to air
suggests the formation of (NO,)™ species, yielding promising
implications for further modification of the material through
nitrogen atom-transfer. This potentially offers a new synthetic
route to mixed anion oxide and nitride materials that have
been documented as promising battery electrode materials
and electrocatalysts for ammonia formation.””*® Overall, pseu-
dohalide incorporation into BiOX is a promising new frontier
for the tuning of [Bi,0,]*"-based materials that can enable
their future implementation in photocatalysis, nonlinear
optics, and optoelectronics.
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