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Abstract

The structural and optical properties of pristine and photoactivated surfaces of

facet [001] of 2D BiOI nanoplatelet powders synthesized with an antisolvent

method were studied using X-ray diffraction (XRD), a scanning electron micro-

scope, X-ray photoelectron spectra (XPS), visible–near infrared (vis–NIR)
absorption, and transient absorption spectroscopic techniques. The synthesized

BiOI nanoplatelets possessed a tetragonal structure with length 200–400 nm

and thickness less than 50 nm. XRD analysis showed that the photoactivation

did not affect the crystal structure. In contrast, the XPS analysis showed vacan-

cies associated with elements Bi, I, and O. The band gaps estimated from the

diffuse reflectance spectra of pristine and photoactivated samples are 1.83 and

1.80 eV, respectively. Femtosecond transient-absorption spectra measured in

the vis–NIR (2.25–0.9 eV) region showed photobleach bands associated with

the band edge, shallow trap, and deep trap states. A global fit of the transient

spectral profiles showed that all bands decay synchronously for both pristine

and photoactivated samples, but the photoactivated samples showed a greater

magnitude of carrier-carrier annihilation following photoexcitation due to

photodoping caused by defects. A carrier-relaxation model involving thermal

equilibrium between band-edge, shallow, and deep trap states is proposed to

explain the synchronous decay of all bands.
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1 | INTRODUCTION

Layered bismuth oxyhalides (BiOX) are among many novel
promising two-dimensional materials that have applications
in the fields of photocatalysis and photovoltaics.[1–7] BiOX
belongs to semiconductors of the ternary (V–VI–VII) class
with a tetragonal-matlockite structure in which a layer of
[Bi2O2]

2+ is sandwiched between layers of halogen atoms
with strong electrovalent bonds.[1–7] This unique arrange-
ment leads to an asymmetric charge distribution between

[Bi2O2]
2+ sheets and halogen sheets; as a result, an internal

static electric field is produced perpendicular to the direc-
tion of the halogen atoms along the [001] facet of BiOX.[1–7]

This internal electric field plays a prominent role in charge-
carrier separation in BiOX photocatalysts, and is responsible
also for their enhanced photocatalytic properties.[1–7]

Among BiOX, bismuth oxyiodide (BiOI), with its
small band gap, serves as an ideal candidate for photovol-
taic and photocatalytic applications as it can harvest
more sunlight than other halides of this family. BiOI can
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be grown in crystals of various shapes and sizes on vary-
ing the conditions of synthesis.[8–14] The optical and
photocatalytic properties of BiOI also vary based on the
synthetic conditions. The [001]-oriented BiOI exhibits an
enhanced photocatalytic activity as charge separation is
efficient along this direction.[8,11,15–17] Several low-
temperature methods have been developed to grow BiOI
along facet [001], as high-temperature methods typically
lead to [010] orientations. When grown in the form of a
thin sheet along [001], BiOI is highly advantageous, as
thin sheets exhibit many surface defects, a decreased
electron–hole diffusion length, and a large density of oxy-
gen on the surface, which is generally suitable for the
adsorption of reactants during photocatalytic reac-
tions.[8,11,15–17]

Defects of both metal-based cationic type and oxygen-
based anionic type play a prominent role in driving the
photocatalytic reactions as conduction and valence bands
are composed of metallic and nonmetallic orbitals,
respectively.[5,7,18–21] When tuned appropriately, defects
can thus modulate the electronic structure and enhance
the range and intensity of absorption of the photo-
catalysts. Furthermore, photoirradiation effects before
photochemical reactions can activate the surfaces on cre-
ating vacancies, so as to enhance the photocatalytic per-
formance.[22,23] It is thus essential to understand the
interplay of photoactivation processes in creating surface
defects, which are crucial in charge separation and
recombination that control the yields of photocatalytic
reactions. Transient optical spectra have provided infor-
mation on the dynamics of carrier relaxation, identifying
traps, and their role in photocatalytic reactions of photo-
catalysts such as TiO2,

[24,25] but there are few such stud-
ies for BiOX-based photocatalysts. In earlier work, Wang
et al. used transient visible absorption spectra to show
that oxygen vacancies accelerate the charge recombina-
tion of excitons while oxygen-vacancy-mediated recombi-
nation occurs on nanosecond time scales for [001]-facet
BiOBr nanoplates.[19] Similarly, Huq et al. used visible
transient absorption spectra (TAS) to study the surface
and bulk defect-mediated recombination in CVD-grown
BiOI thin films.[26] Both these works described mecha-
nisms of carrier relaxation based on the recovery of
ground-state photobleach (PB) bands located in the visi-
ble region, but direct observations of shallow and
deeptrap states, which are generally seen in the near-
infrared (NIR) region, have yet to be observed; their role
in carrier recombination is yet to be discussed.

In this work, we present the visible and NIR TAS
results of [001]-facet pristine and photoactivated BiOI
nanoplatelets synthesized via a novel antisolvent method.
The synthesized two-dimensional nanoplatelet samples
possessed a tetragonal structure; photoirradiation of these

nanosheets activated their surfaces on creating vacancies.
The TAS results showed also that photoactivated samples
display dominant carrier-carrier annihilation processes
due to photodoping caused by vacancies. A mechanism
for carrier relaxation is provided at the end of this paper.

2 | RESULTS AND DISCUSSION

The structural characterizations of BiOI nanoplatelet pow-
ders synthesized with an antisolvent method are shown in
Figures 1 and 2. Of samples of two types, one is pristine
BiOI (yellow traces); the other is photoactivated BiOI
(orange traces). The synthetic procedure is described in
detail in the Section 4. The XRD patterns shown in
Figure 1a confirm the formation of BiOI; the diffraction sig-
nals match satisfactorily the reported tetragonal struc-
ture.[8,9,17] The diffraction signals of (00k) orientations
(k = 1, 2, 4, and 5) show intensities greater than those of
(0k0) or (k00) orientations. This condition confirms that the
synthesized nanoplatelets show a preferential growth along
facet (001). As shown in Figure 1b, a BiOI nanoplatelet
exposes oxygen sites along the desired (001) facet for
enhanced photocatalytic activities. The SEM image of the
synthesized BiOI powders (Figure 1c) shows a two-
dimensional nanoplatelet structure of length 200–400 nm
and thickness <50 nm, similar to the results published
elsewhere.[17,27,28]

The Kubelka-Munk functions (F R∞ð Þ) of BiOI sam-
ples obtained from their corresponding reflectance spec-
tra are shown in Figure 1d with the absorption
increasing above 2 eV. According to the Kubelka-Munk
theory, the absorption spectra of powder samples are
obtained from their diffuse reflectance spectra on calcu-
lating Kubelka-Munk function F R∞ð Þ, which is given by

F R∞ð Þ¼K
S
¼ 1�R∞ð Þ2

2R∞
ð1Þ

here, K and S are absorption and scattering coefficients;
R∞ ¼ Rsample

Rstandard
is reflectance of a sample of infinite thick-

ness. The direct and indirect band gaps were deduced on
substituting F R∞ð Þ into the Tauc equation (2).

F R∞ð Þ:hνð Þ1=γ ¼B hν�Eg
� � ð2Þ

here, B is a parameter, Eg is the band gap, and γ is a fac-
tor equal to ½ or 2 for direct or indirect transitions,
respectively.[29,30] The direct and indirect band gaps
obtained from Equation (2) for the BiOI sample are 2.19
and 1.83 eV, respectively. The band-gap values of BiOI
samples are typically sensitive to the synthetic procedure
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and the thickness of the films.[31] The values of Eg deter-
mined for the BiOI NP sample in this report are consis-
tent with the literature.[4,31]

High-resolution X-ray photoelectron spectra (XPS) of
BiOI nanoplatelet samples shown in Figure 2 display sig-
nals associated with elements Bi 4f (Figure 2a), O 1s
(Figure 2b), and I 3d (Figure 2c). The XPS of Bi show two
lines associated with Bi3+ 4f7/2 and 4f5/2 at �159.9 and
165.2 eV, respectively. The XPS of O 1s show a line asso-
ciated with lattice oxygen (O2�) at 530.6 eV with a shoul-
der at 531.8 eV; this shoulder is generally associated with

surface-adsorbed oxygen or anti-site-substituted oxygen
atom.[15] XPS of oxygen also show surface-adsorbed water
molecules at energy above 532 eV. The BiOI nanoplatelets
studied here were carefully dried and showed no strong sig-
nature associated with surface-adsorbed water molecules.
The XPS of I also show two lines associated with I� 3d5/2
and 3d7/2 at �619.7 and 631.2 eV, respectively. Our BiOI
XPS results agree satisfactorily with the literature.[15,17,26,28]

This XPS analysis shows that the synthesized BiOI
nanoplatelets formed with a low-temperature method have
surface-active oxygen or anti-site-substituted oxygen atoms,
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FIGURE 1 (a) X-ray diffraction (XRD) patterns of ( ) pristine and ( ) photoactivated BiOI samples. (b) Schematic of BiOI showing

growth along direction (001). (c) Scanning electron microscope (SEM) image of BiOI nanoplatelets. (d) Diffuse reflectance spectra of ( )

pristine and ( ) photoactivated BiOI samples. (e) Tauc plots determining direct and indirect bandgaps for pristine ( ) and

photoactivated ( ) BiOI samples
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which might promote the efficiency of photocatalytic
experiments.

The photocatalytic effects on the structure and kinet-
ics of the BiOI samples were investigated on irradiating
the samples with a Xe lamp (150 W) for 12 hr. The XRD
patterns of the photoactivated samples shown in
Figure 1a indicate no change of the crystal structure
except decreased diffraction intensities. The Kubelka-
Munk function and XPS lines also showed a decreased
intensity for a photoactivated BiOI sample, as can be seen
from Figures 1d and 2. The direct and indirect bandgaps
estimated from Tauc plots shown in Figure 1e of the
photoirradiated sample are 2.15 and 1.80 eV, respectively.
The direct and indirect band gaps of the photoactivated
sample are smaller than those of a pristine sample
(Figure 1e). These cumulative observations from XRD,
absorption, and XPS indicate that the decreased intensity
might be due to the formation of vacancies. The observa-
tions from XPS of photoactivated samples shown in
Figure 2 indicate that iodine atoms are displaced more
than bismuth and oxygen. The increased signal of
surface-adsorbed oxygen for the photoactivated sample
indicates that oxygen is more likely to adopt an anti-site
substitution with iodine, as an oxygen atom is smaller
than an iodine atom. This condition indicates also that
the signal of surface-adsorbed oxygen observed in the
pristine sample might also be due to anti-site-substituted
oxygen atoms, similar to the photoactivated sample.
According to theoretical calculations, bismuth and iodine
vacancies lead to shallow defects whereas oxygen vacan-
cies and bismuth anti-site substitution with iodine lead to
deep traps.[5,26,32] The XPS of Bi 4f shown in Figure 2a do
not support anti-site substitution, unlike O 1s shown in
Figure 2b. The most likely defect states formed in our
BiOI samples are shallow defects caused by vacancies of
Bi, I, and OI, along with a deep defect caused by the
vacancy of an O atom.

The effects of the shallow and deep trap defects on
the dynamics of carrier recombination of the BiOI sam-
ples were further investigated using femtosecond TAS.
The TA spectra of pristine and photoactivated BiOI sam-
ples are shown in Figure 3. The TA experiments were
performed on exciting the samples at 490 nm and prob-
ing in the visible and near-IR regions spanning 550–
1,300 nm (2.25–0.9 eV). The TA spectra of pristine and
photo-activated samples show broad PB bands spanning
all probed regions. The evolution of PB bands occurred
within a few hundred femtoseconds; subsequent recom-
bination occurred in the sub-nanosecond regime. The TA
spectra that we recorded for facet (001) of the BiOI sam-
ples are similar to those of the CVD-grown, randomly ori-
ented BiOI samples reported elsewhere.[26] The broad PB
bands observed for BiOI samples were attributed to

flattened dispersion of the valence band along with
closely lying direct, indirect, and shallow-trap states.[26]

To distinguish between these various transitions is diffi-
cult. The overlap of several transitions can be realized
through the observation of a weak positive photoinduced
absorption (PIA) band after the recovery of the PB bands
for both pristine and photoactivated samples. The long-
lived and weak PIA band must hence be a signature of
shallow traps. Theoretical calculations indicate that
vacancies due to Bi and I and anti-site substitutions of OI

lead to shallow trap states that are resonant at or near
band edges.[5,26,32] The recombination periods from shal-
low traps are typically greater than band-to-band recom-
bination as trapping and detrapping processes retard the
recombination mediated by shallow trap states. This
assignment of the long-lived PIA band to a shallow trap
state is thus reasonable.

The PB bands observed in the near-IR part of the TA
spectra indicate depletion from deep trap states according
to transient spectral results published elsewhere.[33] The PB
bands observed for deep traps indicate that defects of
electron-donating type form these traps, possibly anions
(O2�), as the population is depleted following photoexcita-
tion. The TAS results for the existence of shallow and deep
defects thus agree satisfactorily with the XPS results
reported above. The photo-activated effect on the TA spec-
tra of BiOI samples was not prominent. The slight differ-
ence observed in the spectral shape in the visible region of
both samples might be due to a rearrangement of the den-
sity of shallow defect states followed by photoirradiation.

As shown in Figure 4a–c, the transient profiles of band-
edge carriers, shallow, and deep trapped carriers were
monitored at 1.77, 1.46, and 1.08 eV, respectively, for both
pristine and photoactivated samples. The observed kinetics
were fitted to a triple exponential function; the fitted results
are summarized in Table 1. All transient decay profiles were
fitted to the same set of time coefficients, 15 ps (τ1), 152 ps
(τ2), and 6 ns (τ3), with changes only in the pre-exponential
factors depending on the probed wavelength. A global-fit
analysis was performed on the transient kinetics with
each 10-nm interval according to the results summarized
in Table 1; the pre-exponential factors are indicated
in parentheses. The results of the global fit are shown in
Figure S1. The TAS of pristine and photoactivated BiOI
samples are decomposable into three features based on the
pre-exponential factors of the fitted function, namely hot
carriers, cold carriers in shallow trap states, and cold car-
riers in deep trap states. A comparison of TA spectra
between pristine and photoactivated samples is shown in
Figure S1a, for which photoirradiation slightly altered the
band curvature and increased the photodoped carriers. The
change of band curvature between the two samples is dis-
cernible from the smaller blue shift and smaller amplitude
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of the photo-bleach signals of the hot carriers in the NIR
region for the photoactivated sample than for the pristine
sample. The increased photodoped carrier density of the
photoactivated sample is reflected in an increased ampli-
tude of the hot-carrier spectrum shown in Figure S1b. The
reason for all spectral bands decaying with the same time
coefficients can be understood from the flat structure of the
valence bands and a thermal equilibrium between close-
lying bands associated with excitons, shallow traps, and
deep traps.

A mechanism for carrier relaxation in BiOI samples is
shown in Figure 5. BiOI is an indirect band-gap

semiconductor in which photoexcitation creates carriers
in direct, indirect, shallow, and deep trap states as instan-
taneous photo-bleach signals are formed at probed
regions. Hot carrier cooling occurs for holes and electrons
via carrier-carrier annihilation with time coefficient
15 ps. A significant portion of the TA signal recovers
through carrier cooling, indicating that both pristine
(�60%) and photo-activated (�80%) samples have excess
background or photodoped carriers due to vacancies.
Recombination mediated by a shallow trap state occurs
with time coefficient 152 ps; deep trap recombination
occurs with time coefficient �6 ns. Generally, carriers in
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shallow trap states, which lie in energy near the band
edge, decay more slowly than in deep traps, which lie
near the Fermi levels as shallow trap recombination
involves trapping and detrapping due to thermal equilib-
rium in the band edge, whereas such processes are inac-
cessible for deep traps. In the present case, we propose a
consecutive relaxation mechanism for a thermal equilib-
rium established between band edge, shallow trap, and
deep trap states; the density of states increases as we
move more deeply inside the forbidden region. Such a
mechanism of thermal equilibrium should delay the
recombination from the deep trap states. Accordingly, we
assign τ1 to hot carrier cooling via carrier-carrier annihi-
lation and τ2 to shallow (surface)-mediated recombina-
tion, which agrees satisfactorily with the assignments
and time scales reported for CVD-grown randomly
oriented BiOI films. The assignment of τ3 to deep-trap-
mediated recombination associated with oxygen vacan-
cies is also consistent within the ns time scale reported
for oxygen-vacancy-mediated recombination for BiOBr
nanoplatelets.[19,26] Theoretical calculations indicate

that Bi and I vacancies form more easily than O
vacancies,[5,26,32] but the pristine sample prepared for
this work was an oxygen-rich sample with many
adsorbed oxygen atoms, as shown in Figure 2b. It fol-
lows that both shallow and deep trap states should be
present in both samples because all atoms involved
show vacancies in the XPS in Figure 2. The TA spectra
and dynamics presented herein hence reveal the role of
shallow and deep defects of BiOI in extending the
absorption and carrier lifetimes below the bandgap
regions, as clearly demonstrated in Figure 5.

3 | CONCLUSIONS

BiOI nanoplatelets with a major occurrence of facet [001]
were synthesized with an antisolvent method. The synthe-
sized nanoplatelets showed a tetragonal crystal structure
with dimensions length 200–400 nm and thickness less
than 50 nm. Photoactivation of nanoplatelets affected nei-
ther the crystal structure nor the morphology of the sam-
ples. XPS also showed that the synthesized nanoplatelets
were robust, as they showed no structural change upon
photoactivation of their surfaces except decreased intensities
because of the formation of vacancies. Tauc plots obtained
after applying a Kubelka-Munk transformation to diffuse
reflectance spectra showed that BiOI nanoplatelets belong
to indirect-bandgap materials with direct and indirect
allowed transitions at 2.19 and 1.83 eV, respectively. Photo-
activation of BiOI nanoplatelets shows a slight red shift
with direct and indirect allowed transitions at 2.15 and
1.80 eV, respectively. Femtosecond TAS measured in region
2.25–0.9 eV show continuous and indistinguishable broad
features associated with band-edge, shallow, and deep trap
states due to a close allocation of these states, for both pris-
tine and photoactivated samples. A global fit of the tran-
sient spectra shows a consecutive relaxation with three
decay coefficients, 15 ps (τ1), 152 ps (τ2), and 6 ns (τ3) for
both pristine and photoactivated samples. Photoactivated
samples display a greater magnitude of more rapid decay

TABLE 1 Curve-fitted results for TA decay bands of pristine and photoactivated BiOI nanoplatelet samples monitored at 1.77, 1.46 and

1.08 eV respectively

BiOI
samples

1.77 eV (700 nm) 1.46 eV (850 nm) 1.08 eV (1,150 nm)

τ1/
ps (A1%)

τ2/
ps (A2%)

τ3/
ps (A3%)

τ1/
ps (A1%)

τ2/
ps (A2%)

τ3/
ps (A3%)

τ1/
ps (A1%)

τ2/
ps (A2%)

τ3/
ps (A3%)

Pristine 15
(58.6)

152 (37) 6,000
(4.4)

15
(54.9)

152 (36.3) 6,000
(8.8)

15
(36)

152 (46.8) 6,000
(17.2)

Photo
activated

15
(78.2)

152
(21.8)

6,000
(0.05)

15
(65.7)

152
(30.6)

6,000
(3.73)

15 (37.7) 152 (47.9) 6,000
(14.4)

Note: The decay bands were fitted to a triple exponential function.

FIGURE 5 Mechanism of carrier relaxation for a BiOI

photocatalyst, an indirect bandgap material. Following

photoexcitation carriers relax to the indirect band edge with time

coefficient τ1 and further recombine via shallow- and deep trap-

mediated recombination paths with time coefficients τ2 and τ3,

respectively
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component (τ1) than a pristine sample because of photo-
doping of bands caused by defects for the former than for
the latter. A clear picture is given on hot carrier relaxation
proceeding through cooling (τ1), shallow trap (τ2), and deep
trap (τ3) energy states.

4 | EXPERIMENTAL SECTION

4.1 | Materials

All materials were used without purification: bismuth
iodide (BiI3, 99%, Sigma Aldrich), N,N-dimethylformamide
(DMF, anhydrous, 99.8%, Sigma Aldrich), 2-propanol (IPA,
Sigma Aldrich).

4.2 | Synthesis of BiOI nanoplatelets

BiOI nanoplatelets were synthesized with an antisolvent
method. BiI3 (0.2 mmol) was placed in a glass vial (5 ml)
and dissolved in DMF (2 ml) on heating at 70�C until the
solution turned orange and transparent. This orange liquid
was rapidly injected into IPA (40 ml) maintained under
continuous stirring in a spherical flask. After injection, DI
water (10 ml) was added to the IPA; the solution was stirred
for 10 min. For purification of the solid, the colloidal solu-
tion was centrifuged (5,000 rpm, 15 min) to separate BiOI
nanoplates. Nanoplatelets were dispersed in IPA and again
centrifuged to remove residual DMF. The nanoplatelets
were dispersed in IPA for further experiments.

4.3 | Structural and morphological
characterizations

X-ray diffraction (XRD) patterns of pristine and photo-
irradiated BiOI nanoplatelet powders were obtained with
an X-ray diffractometer (Bruker AXS, D8 Advance, Cu
Kα irradiation, λ = 154.18 pm). A field-emission scanning
electron microscope (FESEM, Hitachi SU8010) was used
to observe the two-dimensional platelet structures of BiOI
samples. XPS (Thermo K-α Surface Analysis) provided
elemental analysis and surface composition. Drop-cast
samples prepared from suspensions of BiOI particles dis-
persed in IPA on an indium-titanium-oxide (ITO) sub-
strate were used for XPS experiments.

4.4 | Optical methods

Diffuse reflectance spectra of pristine and photo-
irradiated BiOI samples were recorded in the visible and

NIR regions (JASCO spectrophotometer V-780, equipped
with an integration sphere, ISN-9011, JASCO). Data anal-
ysis was performed on recorded reflectance spectra with
Kubelka-Munk transformations and Tauc plots to esti-
mate the absorption spectra and band gaps of these sam-
ples. Femtosecond transient absorption (TAS) was
measured in the visible and NIR regions with a pump-
probe spectrometer (ExciPro, CDP) in combination with
a femtosecond Ti-sapphire-amplified laser system
(Coherent, Legend USP, 1 kHz, 795 nm, 3 mJ, 45 fs).
Excitation wavelengths for pump and probe were gener-
ated using optical parametric amplifiers (TOPAS). BiOI
nanoplatelet powder samples cast on a circular glass
(25 mm, BK7) substrate of thickness 1 mm were excited
with light at 490 nm and pulse energy 0.2 mJ/cm2. The
samples were probed in the visible and NIR regions using
a white-light supercontinuum generated from a sapphire
crystal of thickness 5 mm. The pump wavelengths were
set to 1,300 and 800 nm to generate a white-light contin-
uum in the visible and NIR regions. The pump light and
second-order light were blocked with appropriate ban-
dpass filters. Pump-probe experiments in the visible
region were performed using a Si array detector, whereas
an InGaAs array detector was used for NIR experiments
(1,000–1,300 nm). The polarization between pump and
probe was set to a magic angle.
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