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hotocatalysis is an active area of re-
P search due to its application in renew-

able and sustainable efforts such as
artificial photosynthesis and hazardous pol-
lutant removal."? Classically, wide band gap
materials such as TiO, (3.0—3.2 eV) have
been employed extensively for these pur-
poses at the laboratory scale,® but in order
to achieve commercial viability, materials
capable of absorbing and utilizing visible
light (420 < 4 < 700 nm), comprising nearly
half of the terrestrial solar spectrum, must
be developed. A particularly ambitious goal
of photocatalyst research is the develop-
ment of materials capable of acting as
photoelectrodes for water splitting, the
generation of molecular hydrogen and oxy-
gen from water.* Although a great deal of
work has been performed in this area,
further research of promising candidate
materials is needed if reasonable solar con-
version efficiencies are to be realized in such
a photoelectrochemical (PEC) system.

One such material that has seen a recent
surge of interest in the field of photocata-
lysis is BiOI.>~° This layered oxy-halide com-
pound is typically synthesized in solution by
precipitation or solvothermal methods,
leading to powders having a bright red
color indicative of its excellent band gap
for solar energy utilization (1.8—1.9 eV).>¢
Several such studies have found BiOl pow-
ders to be superior photocatalysts for the
degradation of water-borne organic con-
taminants compared to other bismuth
oxy-halides or doped TiO,.”° The high
photocatalytic activity of bismuth oxy-
halides has been attributed to their superior
charge separation and transfer as a result of
their open, layered crystal structure and
more dispersive band characteristics com-
pared to those present in transition metal
oxides such as TiO,."° Heterojunction
photocatalysts such as BiOI-TiO,, BiOI-ZnO,
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ABSTRACT

Bismuth oxy-iodide is a potentially interesting visible-light-active photocatalyst; yet there is
little research regarding its photoelectrochemical properties. Herein we report the synthesis of
Bi0l nanoplatelet photoelectrodes by spray pyrolysis on fluorine-doped tin oxide substrates at
various temperatures. The films exhibited n-type conductivity, most likely due to the presence
of anion vacancies, and optimized films possessed incident photon conversion efficiencies of
over 20% in the visible range for the oxidation of I to I; at 0.4 V vs Ag/Agl in acetonitrile.
Visible-light photons (1 > 420 nm) contributed approximately 75% of the overall photocurrent
under AM1.5G illumination, illustrating their usefulness under solar light illumination. A
deposition temperature of 260 °C was found to result in the best performance due to the
balance of morphology, crystallinity, impurity levels, and optical absorption, leading to
photocurrents of roughly 0.9 mA/cm” at 0.4 V vs Ag/AgCl. Although the films performed stably
in acetonitrile, their performance decreased significantly upon extended exposure to water,
which was apparently caused by a loss of surface iodine and subsequent formation of an
insulating bismuth hydroxide layer.

KEYWORDS: visible-light photocatalyst - solar energy - water splitting - layered
semiconductor

and BiOI-Agl have also been studied for
photocatalytic applications."” =" Thin films
of BiOl have recently been synthesized by
successive ionic layer adsorption and reac-
tion for characterization in photoelectro-
chemical solar cells, although the observed
photocurrent (0.24 mA/cm?) and efficiency
(0.09%) were somewhat low."*

One characteristic of such layered semi-
conductors is that they possess covalently
bonded slabs that are joined together by
van der Waals interactions. As a result, their
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single-crystal surfaces (formed at this so-called van der
Waals face) do not have dangling bonds and are
expected to be self-passivating, minimizing the influ-
ence of surface states and photocorrosion, making
them particularly interesting for PEC applications.'®
Additionally, the positions of the band edges of BiOl
appear to be favorable for photo-oxidizing a variety of
possible solution species.'® These characteristics pro-
vide significant motivation for the further study of BiOl
thin film photoelectrodes. Although the earliest PEC
studies on BiOl thin films demonstrated p-type behavior
and poor PEC performance,'” in this work we demon-
strate the strong PEC performance of nanostructured
films of n-type BiOl deposited by spray pyrolysis.

The Results and Discussion portion of this paper is
composed of several sections describing our study and
details regarding the various measurements con-
ducted beginning with film synthesis and concluding
with film behavior in aqueous electrolyte. Briefly, we
find that the spray pyrolysis technique can be success-
fully employed to deposit BiOl nanoplatelet films that
are photoelectrochemically active. The film deposition
temperature affects the size of the nanoplatelets as
well as their crystallinity, composition, morphology,
and optical properties. A major finding of our study is
that the deposited BiOl semiconducting films exhibit
n-type conductivity in contrast to reports employing
other deposition strategies. The assignment of n-type
conductivity is supported by (i) the measurement of
anodic currents in a PEC cell upon illumination and (ii)
Mott—Schottky measurements, the plots of which
exhibit a positive slope that decreases with deposition
temperature, indicating a change in donor density
qualitatively consistent with increased anion vacancy
concentrations at higher deposition temperatures as
suggested via EDX and XPS measurements. Regarding
the PEC activity, we find that a deposition temperature
of 260 °C yields films with the best PEC performance for
the oxidation of I~ to |5~ in acetonitrile (0.9 mA/cm? at
0.4V vs Ag/AgCl under AM1.5G). Additionally, the films
possess indirect band gaps ranging from 1.7 to 1.8 eV
and respond well to visible light with ~75% of the
photocurrent resulting from the visible portion of the
spectrum. Unfortunately, the films show poor stability
in agueous solutions due to the formation of a surface
hydroxide layer that hinders hole transfer. However,
protection of n-BiOl films via an electrocatalyst layer or
utilizing the material in a buried heterojunction
scheme may be profitable. Further details of the find-
ings reported above follow immediately.

RESULTS AND DISCUSSION

Film Deposition. Spray pyrolysis deposition param-
eters such as temperature, concentration, and num-
ber of cycles were varied in order to manipulate our
BiOl film properties. Of these parameters, deposition
temperature had the most influence on film properties.
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A precursor solution of 0.02 M Bi(NO3); and 0.04 M
NHyl in ethylene glycol was sprayed onto the
heated substrates held at various temperatures. The
spray rate was adjusted accordingly to produce uni-
form films of similar thicknesses. Ethylene glycol was
required as the solvent in order to prevent the pre-
mature reaction of Bi** with I~ and water to produce
BiOl precipitate. Since the autoignition temperature of
ethylene glycol (410 °C) is much higher than the
substrate temperatures studied, it is unlikely that there
would be any effects of ethylene glycol combustion
during deposition. Both potassium iodide and elemen-
tal iodine were tried as iodide sources in the precursor
solution, but the former resulted in a large potassium
contamination in the films and the latter did not react
to form BiOl under any of the attempted conditions
(only Bi,O5 was formed).

Film Morphology. Scanning electron microscopy
(SEM) images of films deposited between 225 and
300 °C using Bi(NO3)3 and NH,l revealed a clear trend
in size and shape with increasing deposition tempera-
ture (Figure 1a). In all cases nanoplatelets were ob-
served, and these platelets grew larger and more
square-shaped with increasing deposition tempera-
ture. At 225 °C uniform platelet coverage was not
observed over the entire sample, suggesting that high-
er temperatures were necessary to consistently form
platelets across the entire substrate. Profile SEM
images indicated that the thicknesses of typical BiOl
films were approximately 1 um (Figure 1a). Nearly all
previous studies on BiOl show platelet-type structures
as well, although the platelets are typically aggregated
into larger (1—5 um diameter) particles rather than
remaining stable as a uniformly distributed thin
film.>'872° These earlier studies also demonstrated
that BiOl platelets typically grow within the (001) plane,
meaning that the c-axis is normal to the platelet
faces.'®'®2° This results from the layered crystal struc-
ture of BiOl, which consists of nonbonding layers of
[I—Bi—O—Bi—I] slabs stacked along the c-axis.’>*" This
structure suggests that the platelet faces would nor-
mally be terminated by iodine, although vacancies
and/or substitution by other species appears to occur
in some cases. Another major implication of this
layered structure is that the electronic properties of
BiOl are anisotropic, with better electronic conductivity
within the (001) plane compared to along the [001]
direction.

High-resolution transmission electron microscopy
(HRTEM) analyses of films deposited at 260 and 275 °C
indicated that the platelets did not consistently form as
single crystals until 275 °C. The nanoplatelets depos-
ited at 260 °C were not single-crystalline in all cases,
but tended to show a preferred in-plane (010) orienta-
tion (perpendicular to the b-axis), whereas platelets
deposited at 275 °C showed an in-plane (001) orienta-
tion (perpendicular to the c-axis) (Figure 1b, c). Due to
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Figure 1. (a) SEM images of BiOl films deposited at the indicated temperatures on FTO-coated glass substrates. The scale bar
of the 250 °C SEM image applies to the other top-view images as well. (b) HRTEM image and discrete-Fourier-transform (DFT)
of a BiOl platelet deposited at 260 °C. (c) HRTEM image and DFT of a platelet deposited at 275 °C.

the layered structure of BiOl, one would expect the
(001) orientation to be the preferred structure. Esti-
mates of average platelet thicknesses measured from
SEM images increased from 24 to 43 nm as the
deposition temperature increased from 225 to 300 °C,
respectively, although the standard deviations of
the thicknesses measured in each film are 8—15 nm
(Figure 2a). X-ray diffraction (XRD) patterns of films
deposited over this temperature range also showed an
increase in peak sharpness as the deposition tempera-
ture increased, signifying the growth of larger crystals
(Figure 2b). All films showed polycrystalline patterns
corresponding to tetragonal BiOl (powder diffraction
file #01-075-5209), and in each case the preferred
orientation overall was (102) followed by (110).

Film Composition. Preliminary energy dispersive X-ray
spectroscopy (EDX) results indicated that a stoichio-
metric (1:1) ratio of iodine to bismuth in the precursor
solution resulted in very |-deficient films. However, a
2:1 ratio of iodine to bismuth achieved only slight
iodine deficiencies in films deposited between 225
and 300 °C (Figure 2c). Only at 325 °C was significant
bulk iodine lost, presumably due to further oxidation of
the films toward Bi,Osl,, which we observed by XRD
when BiOl powders were annealed to 350 °C. EDX
analyses also showed that the films were deficient in
oxygen, although the accuracy of this technique for the
detection of such light elements is poor. BiOl powders
produced by a low-temperature precipitation method
also showed both oxygen and iodine deficiencies,
indicating that anion vacancies may not be isolated
to films deposited by spray pyrolysis alone and may

HAHN ET AL.

occur in other BiOl materials also. To better understand
the formation mechanism of BiOl, samples were de-
posited onto substrates held at lower temperatures
and analyzed by XRD (see Supporting Information,
Figure S-1). At a substrate temperature of 150 °C no
crystalline phases were observed, but at 190 °C XRD
peaks corresponding to Bil; were observed, indicating
that the reaction of the dissolved precursor com-
pounds to form BiOl likely proceeds via two steps:

Bi** + 31~ = Bil3 (1)

1
Bils +§Oz = BiOI+ 1, (2)

From X-ray photoelectron spectroscopy (XPS) ana-
lyses the average surface ratio of I:Bi was determined to
be 0.74 4 0.03 for the samples deposited between 250
and 300 °C, suggesting that surface iodine loss under
exposure to the atmosphere at these temperatures
may be unavoidable. A possible reason for this is the
substitution of OH™ species for I~ on the surface of the
films, based on the enhanced ratio of O:Bi measured by
XPS (0.8 to 1.1) relative to the bulk values measured by
EDX (~0.7). The O 1s spectrum measured by XPS for a
film deposited at 260 °C is displayed in Figure 2d along
with fitted component peaks located at 529.9, 5314,
and 532.9 eV. The lowest binding energy peak is typical
of that observed for metal oxides, indicating that it
should be assigned to lattice O in BiOI.>** The other
two fitted peaks are more difficult to assign, but likely
represent surface-bound O-containing species such as
OH and/or organic impurities.” The ratio of the lattice
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Figure 2. (a) Trend in mean platelet thicknesses measured from SEM images for various deposition temperatures. (b) XRD
patterns for films deposited at the indicated temperatures. The indices of the peaks corresponding to BiOl are labeled, and the
peaks from the FTO substrate are indicated by *. (c) EDX composition of films deposited at various temperatures. The dashed
line is added to guide the eye. (d) Deconvoluted XPS O 1s core-level spectrum obtained for a BiOl film deposited at 260 °C. The

position of each fitted peak is indicated in the legend.

O peak area relative to the adsorbate peak areas
increased monotonically with deposition temperature
from 54% at 250 °C to 65% at 300 °C, indicating that
some of these impurities may have been left behind by
solution residue that does not completely decompose
during deposition. However, part of this impurity signal
is likely from the substitution of OH groups for |,
resulting in the observed surface I-deficiency. The Bi
4f and | 3d core-level spectra for the BiOl films showed
peak positions corresponding to those expected for
Bi*"and I (see Supporting Information, Figure 5-2).%%?

Optical Characterization. Optical characterization of
films deposited at temperatures between 225 and
300 °Cwas performed using UV—vis diffuse reflectance
measurements. Measured transflectance (transmittance +
reflectance) values of both the films and a reference
fluorine-doped tin oxide (FTO) substrate were used to
calculate absorbance values for each BiOl film (Figure 3a).
Qualitatively, the films' light absorption properties
changed somewhat with deposition temperature. In
particular, a noticeable shoulder was observed at
about 640 nm in the spectrum of the film deposited
at 225 °C, but this feature diminished as deposition
temperature increased, indicating that it is probably an
impurity signal from the incomplete decomposition
and/or reaction of the precursors. Aside from this
feature, the films' qualitative optical properties are
similar, although the low coverage of the 300 °C film
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Figure 3. (a) Absorbance spectra of films deposited at
various temperatures calculated from UV—vis transflec-
tance measurements in an integrating sphere. (b) Tauc plots
created for the absorbance values above, with linear extra-
polations to (ahv)'? = 0.
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Figure 4. (a) Typical photoluminescence emission spectra
of BiOl films deposited at various temperatures on glass
with dotted lines indicating the observed peak positions.
The excitation wavelength was 400 nm. (b) Photolumines-
cence emission spectrum (¢, = 400 nm) and absorbance
spectrum of a film deposited at 260 °C.

resulted in significantly lower absorbance values
across all wavelengths. When Tauc plots of (athy)'’?
vs photon energy were generated from the absor-
bance spectra, the films' indirect band gaps were seen
to increase from about 1.7 to 1.8 eV over the given
deposition temperature range (Figure 3b). This in-
crease in the apparent band gap probably originates
from the removal of impurity states near the band
edges. The indirect band gap reported for BiOl typically
lies between 1.7 and 1.9 eV,>”#'6 and the ability of BiOI
to absorb a large fraction of the visible spectrum is
clearly one of its most interesting features as a pro-
spective photocatalyst.

Room-temperature photoluminescence (PL) emis-
sion spectra were measured for films deposited on
glass substrates at temperatures ranging from 225 to
275 °C (Figure 4). An excitation wavelength of 400 nm
was employed for convenient comparison with pre-
vious studies.’*?° Films deposited at 300 °C were not
studied since their low coverage led to interference
from the relatively more fluorescent glass substrate.
The studied films were only very weakly fluorescent,
indicating that at room temperature the primary
means of recombination are nonradiative, which is
typical of indirect band gap semiconductors.? All films
showed similar emission spectra with three primary
features: a sharp peak at 440 nm and two broader
peaks at 530 and 660 nm, respectively. Although there
is little information regarding the PL spectra of BiOl in
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the literature, the peak at 440 nm has been assigned to
electron and hole recombination across the direct
band gap of BiOl, which must therefore lie at approxi-
mately 2.8 eV.2° The other peaks have not yet been
identified for BiOl, although defects such as oxygen
vacancies have been implicated as sources of broad
sub-band-gap PL emission from Bi,O3 nanostructures
due to carrier trapping and recombination at these
states.®* Similarly, anionic vacancies are expected in
these films due to their exhibiting n-type behavior, as
discussed below, and the two broader peaks may
originate from these vacancies. In general the PL
emission spectra are quantitatively quite similar to
one another, although the emission intensity of the
films deposited at 275 °C was slightly higher than the
others. This could indicate that recombination pro-
ceeds more quickly in these films than in others, or
the difference could simply be due to an increase in
the radiative recombination rate relative to nonradia-
tive recombination as a result of increasing vacancy
concentrations.

Photoelectrochemical Properties. The PEC perfor-
mances of films deposited at different temperatures
were tested in 0.25 M Nal/acetonitrile. In these experi-
ments |~ acted as a hole scavenger, minimizing the
influence of slow charge transfer kinetics to the solu-
tion and allowing the bulk charge separation and
transport within the films to be analyzed more directly.
PEC performance was assessed using both incident
photon conversion efficiency (IPCE) calculations under
monochromatic illumination and linear sweep voltam-
metry (LSV) under 100 mW/cm? illumination from a
solar simulator. In all cases clear cathodic shifts in open
circuit potential under illumination and anodic photo-
currents were observed, indicating that these films
were n-type, which is surprising given the fact that
BiOl formed by the anodization of bismuth films in KI
electrolyte was reported to be p-type in the earliest
study of the PEC properties of BiOL.'” We observed
n-type behavior in both aqueous and nonaqueous
solutions and for a number of different electrolyte
species, indicating this is not an artifact of solution
choice.

To our knowledge, this is the first claim of n-type
conductivity put forth for BiOl in the literature. All
recent studies employing particulate BiOl photocata-
lysts appear to have assumed, based on the original
thin film study, that BiOl particles are p-type, despite
the fact that a few of these recent studies show anodic
photocurrents generated by films consisting of BiOl
particles.'"'2 Clearly, the common assumption of
p-type conductivity in BiOl is not necessarily correct
in light of the present results, which suggests that
synthesis method may affect the majority carrier type
of BiOl. The origin of n-type conductivity in the present
films most likely arises from the formation of anion
(I or 0*") vacancies, which are probably formed due
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Figure 5. (a) LSV behavior in 0.25 M Nal/acetonitrile for
BiOl films deposited at the indicated temperatures. The
dashed lines indicate the zero current axes for the plots.
The anodic scan rate employed was 25 mV/s. (b) Photo-
current values measured at 0.4 V vs Ag/AgCl for these
films.

to the elevated synthesis temperatures relative to those
employed for the anodic synthesis of p-BiOL'” EDX
analyses indicated that the films were deficient in both
oxygen and iodine, although precise quantification,
especially of light elements, is difficult employing EDX.
Typical LSVs in Nal/acetonitrile under intermittent
illumination for films deposited at various tempera-
tures are displayed in Figure 5a. In general, films
deposited at higher temperatures (260—300 °C)
showed smaller dark currents and larger photocur-
rents. Films deposited at 260 °C typically showed the
highest photocurrents, reaching 0.9 mA/cm? at 0.4 V vs
Ag/AgCl, which is over 20 times higher than the
photocurrent density observed for p-BiOl films depos-
ited by anodization (Figure 5b)."” Films deposited in
this temperature range also showed a photocurrent
onset at approximately —0.35 V vs Ag/AgCl, whereas
the onset of significant dark current occurred near
0.5 V. For lower deposition temperatures, the films
exhibited relatively high dark currents over a wide
potential range, which may be caused by the higher
impurity concentration suggested by the optical ab-
sorbance spectra. Although the removal of impurities
and the improvement in crystallinity would be ex-
pected to improve PEC performance at even higher
temperatures, these properties may be offset by the
decreased light absorption and higher anion va-
cancy concentrations.
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Figure 6. (a) LSV plot using a three-electrode configuration
in 0.25 M Nal/acetonitrile both with and without a 420 nm
cut-on filter for an optimized film deposited at 260 °C. The
anodic scan rate was 25 mV/s. (b) IPCE spectrum recorded at
0.4V vs Ag/AgCl for a typical film deposited at 260 °C with a
peak light intensity of 476 ;/W/cm?,

When a filter was employed to remove UV light (1 <
420 nm), the photocurrents remained roughly 75% of
those measured under full spectrum illumination for all
the films, revealing their excellent PEC activity in the
visible range (Figure 6a). The ability of a photocatalyst
or photoelectrode to respond to visible light effectively
is very important for solar utilization. In this respect
these n-BiOl films outperformed other nanostructured
photoanodes, such as those composed of TaON or
a-Fe,03 nanotubes, which yielded visible-light photo-
current fractions of 47% and 50%, respectively, in an

earlier work.”

IPCE data measured at 0.4 V vs Ag/AgCl in Nal/
acetonitrile confirmed the strong spectral response of
these films for wavelengths greater than 420 nm. IPCEs
for a typical film deposited at 260 °C are displayed in
Figure 6b, showing reasonably high conversion effi-
ciencies of up to 25% at 360 nm. The IPCE values
decreased significantly above 500 nm and became
negligible (<1%) above 620 nm. When the IPCE values
were integrated over the AM1.5G solar spectrum,®® an
overall photocurrent of 1.45 mA/cm? was calculated.
However, the measured photocurrents for these films
under simulated AM1.5G illumination are approxi-
mately 1 mA/cm?, suggesting that the photoconver-
sion efficiency was light intensity dependent. Indeed,
when the light intensity was decreased from 100 mW/cm?
to 67 and then 50 mW/cm? a sublinear power law
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dependence between the photocurrent and light in-
tensity (J o< [°°°) became apparent, in contrast with the
linear dependence observed under low-intensity mono-
chromatic (1 = 460 nm) illumination (Figure 7).

Deviation from linear photocurrent vs intensity
behavior could be caused by several factors such as
the direct recombination of conduction band electrons
with valence band holes in the space charge region
(Langevin recombination) or by surface defects.?’*® As
an example of the latter case, Parkinson et al. observed
a pronounced sublinear dependence for single crystals
of the layered compounds n-WS; and n-MoS, contain-
ing many surface steps. Crystals with well-cleaved
surfaces, on the other hand, showed linear photocur-
rent vs intensity response even at high intensities,
suggesting that surface states can play a significant
role?® White et al. also observed an influence of
unpassivated surface states on the light intensity de-
pendence of another layered compound, n-Wse,.?
Their results suggested that exposed non-van der
Waals faces (surface states) could facilitate the transfer
of conduction band electrons to oxidation reaction
products such as I3, which are present at higher
concentrations when high light intensities are em-
ployed. This is a very reasonable explanation for the
observations in the present study since these films
expose many such non-van der Waals surfaces.

|-V behavior was also measured using a two-
electrode configuration and the 17/I5~ redox couple
(see Supporting Information, Figure S-3). Short circuit
current densities of ~0.48 mA/cm® were attained
under AM1.5G illumination, which are twice as high
as those measured in a previous study on BiOl nano-
flake solar cells.'* However, the open circuit voltage we
observed is lower than that reported in the previous
study (0.45 vs 0.62 V). Further optimization of PEC cell
geometry and electrolyte may afford further improve-
ments in these properties.

Electrochemical Impedance Spectroscopy. Further investi-
gation of films deposited at various temperatures
was accomplished using electrochemical impedance
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Figure 8. (a) Mott—Schottky plots measured in 0.5 M Nal/
0.05 M |, in acetonitrile for a film deposited at 260 °C. (b)
Derived Mott—Schottky plot parameters at a frequency of
1 kHz displayed as a function of deposition temperature.

spectroscopy (EIS) in a solution of 0.5 M Nal and 0.05 M
I, in acetonitrile. Impedance data was collected over a
range of potentials between —0.2 and 0.5 V vs Ag/AgCl,
and the results for frequencies between 0.5 and 5 kHz
were fitted by an RC circuit to generate Mott—Schottky
plots of C;c 2 vs potential, where C, is the space
charge capacitance of the semiconductor electrode.
The slopes and x-intercepts of such plots are often used
to estimate the donor density (Ng) and flat-band
potential (Eq,) of semiconductor films. Although these
particular films are not ideal for Mott—Schottky anal-
ysis due to their nanostructured, polycrystalline nature,
restricting the frequencies of measurement to moder-
ately high values allowed for consistent results to be
obtained.

Representative Mott—Schottky plots using different
frequencies for a film deposited at 260 °C are shown in
Figure 8a, indicating their linear character as well as
their frequency dependence caused by the nonideality
of the film—solution interface. The flat-band potentials
derived from Mott—Schottky plots (frequency = 1 kHz)
for films deposited at various temperatures are shown
in Figure 8b and range from —0.23 to —0.39 V vs Ag/
AgCl, which are similar to the photocurrent onset
potentials observed during LSV scans. Films deposited
at 300 °C did not yield reliable EIS results due to their
lack of coverage of the FTO substrate, however. To
further corroborate the flat-band potential measure-
ments, open circuit potentials measured under high-
intensity (400 mW/cm?) illumination were measured.
Values of approximately —0.3 V vs Ag/AgCl were ob-
served for all deposition temperatures (Figure 9),
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Figure 9. Open circuit potential measurements performed
in 0.5 M Nal in acetonitrile under 400 mW/cm? illumination
for films deposited at various temperatures.

similar to the results of the Mott—Schottky analyses
in this solution, and these results indicate that the
flat-band potential does not change significantly
with deposition temperature.

Another observation that could be made regarding
the Mott—Schottky plots is that their slopes decreased
consistently as the deposition temperature increased
(Figure 8b). This implies that the donor concentration
in the films depends on deposition temperature, which
would be expected if the electron donors in these films
are indeed anion vacancies, the concentration of which
would likely be elevated by the higher temperature
conditions. The removal of charge-compensating im-
purities may also result in the apparent increase in
donor density, especially between 225 and 250 °C.
Differences in electrochemically active surface area
could also partly explain some of the differences in
the Mott—Schottky slopes, although the growth of
larger features at high temperatures should have the
opposite effect compared to the observed trend.

Aqueous Electrolyte Behavior. Although good PEC per-
formance was observed in acetonitrile, the PEC activity
and stability of BiOl in aqueous solutions are of parti-
cular interest for practical application. To assess film
activity and stability, BiOl films were tested at various
pH's and, at times, with the addition a hole scavenger,
505" In general, photocurrents measured in aqueous
solutions were somewhat lower than those measured
in acetonitrile, which seems to have been caused by
the reaction of water with the films, particularly at high
pH, as discussed below. Markedly different behavior
was observed between aqueous 1 M Na,SOsz and
1 M NaSQ, solutions at neutral pH (Figure 10). Adding
hole scavenger species clearly resulted in much higher
photocurrents, particularly at more cathodic poten-
tials, and greatly diminished the transient photocur-
rent behavior, indicating that charge transfer kinetics
were improved. The oxidation of SO5%~ to either 50,2~
or 5,042 is known to be quite thermodynamically
favorable, with an initial hole transfer potential of 0.63
V vs NHE3° Without SO52™ in the electrolyte the only
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Figure 10. (a) LSVs for BiOl films deposited at 260 °C
recorded under intermittent illumination both with and
without a hole scavenger species at pH 7. (b) Photocurrent
vs time plots at a constant potential of 0.5 V vs Ag/AgCl in
the same solutions.

possible fates of valence band holes in n-BiOl are
trapping and recombination with electrons (evidenced
by the transient photocurrents), the oxidation of
water, or the surface oxidation of BiOl with water
(photocorrosion).

Comparing the photocurrent vs time behavior of
these films in the two solutions revealed that photo-
corrosion is a major factor in aqueous solutions, espe-
cially without a hole scavenger (Figure 10). This indi-
cates that the kinetics of film photocorrosion are more
facile than those of water oxidation, which probably
results from a lack of overpotential available for water
oxidation in the absence of a multielectron transfer
catalyst on the surface of BiOI.3' Without such a catalyst
water oxidation probably proceeds via the single hole
oxidation of H,O to OHe, which requires an electro-
chemical potential of 2.73 V vs NHE, which is a full 1.5V
more positive than the potential for the four-hole
oxidation of H,O to 0,.%° The predicted valence band
edge of BiOl (roughly 2.4 V vs NHE)"*? is insufficiently
positive to drive this initial charge transfer step effi-
ciently using photogenerated holes. Indeed, a number
of studies have suggested that OHe species are not
produced on BiOl by valence band holes under illumi-
nation in aqueous solutions,'>'® consistent with the
results reported here.

Although the addition of SO5>~ to aqueous solu-
tions impeded photocorrosion to a large extent, it

VOL.6 = NO.9 = 7712-7722 = 2012 ACSN\AA

J

WL

N

Na

WWW.acsnano.org

7719



w7 ]

-0.2

-0.41

j(mA/em?)

-0.5

-0.6 T T

b) T T T T T T T

CPS

536 535 534 533 532 531 530 529 528
Binding Energy (eV)

Figure 11. (a) Photocurrent performance at 0.4 V vs Ag/
AgClin 1 M Na,SOs; of a film deposited at 260 °C measured
(i) before and (ii) after 20 min soaking in the dark at pH 7. (b)
XPS O 1s spectrum recorded after soaking a film (deposited
at 260 °C) in water for several hours.

clearly did not fully suppress the degradation of the
PEC activity of n-BiOl, in contrast to the stable behavior
observed in acetonitrile solutions containing I~ (see
Supporting Information, Figure S-4). Upon further test-
ing, it became clear that even simply immersing the
BiOl films in water for an extended period of time led to
their deactivation. For example, the photocurrent of a
film was measured briefly in 1 M Na,SOs, after which it
was allowed to soak in this solution in the dark for
20 min. Following this soaking period, the same test
was performed, yet the photocurrent was roughly 25%
of the initial value (Figure 11a). Similar results were
obtained for films soaked in pure water as well.

XPS analyses performed on a film before and after
immersion in water for an extended period of time
showed substantial differences in the O 1s spectra
(Figure 11b), particularly in the pronounced growth
of the OH peak at 531.3 eV compared to that observed
in Figure 2d. However, no differences existed between

METHODS

Precursor solutions containing bismuth and iodine were
prepared by dissolving Bi(NO3)3-5H,0 (Alfa) and NH,4l (Acros)
in ethylene glycol (99+%, Acros). Ethylene glycol was employed
as the solvent in order to dissolve bismuth nitrate and prevent
its premature reaction with NHyl. This precursor solution was
loaded into a syringe and pumped through an ultrasonic spray
nozzle (130 kHz, Sonotech) positioned above a hot plate in a
ventilated enclosure. The spray parameters were controlled by a
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XRD patterns for the films before and after soaking.
This suggests that only a surface layer of bismuth
hydroxide may form on these films upon their expo-
sure to water, which would act as an insulating layer,
inhibiting charge transfer. This reaction appeared to be
more favorable at higher pH's, as the photocurrents
measured in basic solution (pH > 12) were very low. The
films appeared to be more stable in acidic electrolytes
(pH 1—3) by comparison, but more concentrated acid
solutions (pH < 1) led to their fast dissolution. Unfortu-
nately, the chemical instability of BiOl appears to inhibit
its use as a photoelectrode in aqueous solutions, de-
spite many reports of its utilization for aqueous photo-
catalysis. It may be that the surface changes inhibiting
the PEC activity in this case have a less drastic effect on
the photocatalytic mechanisms typically studied. The
coating of a cocatalyst layer, however, may improve
both stability and activity in aqueous environments.

CONCLUSIONS

BiOl nanoplatelet films have been synthesized by
spray pyrolysis for the first time, and their properties
have been studied for various deposition conditions.
Deposition temperature affected the platelets' size and
crystallographic properties in addition to modifying
their chemical composition and optical properties. The
films exhibited n-type conductivity, contrary to that
commonly reported. Although the origin of n-type
conductivity is not definitive, this behavior appears to
originate from anion vacancies, as suggested by the
compositional analyses and Mott—Schottky results.
PEC testing revealed that 260 °C was the optimum
substrate temperature during deposition for achieving
high anodic photocurrents from the oxidation of I~ to
I3~ in acetonitrile (0.9 mA/cm? at 0.4 V vs Ag/AgCl
under AM1.5G). The films responded well to visible
light (~75% photocurrent contribution) and possessed
indirect band gaps ranging from 1.7 to 1.8 eV, indicat-
ing that n-BiOl films have favorable properties as
photoanodes. However, the films showed poor stabi-
lity in aqueous solutions due to the formation of a
surface hydroxide layer, which hindered hole transfer
to electrolyte species. The protection of n-BiOl films
with a catalyst layer or employing them as a bottom
layer in a buried heterojunction scheme may allow
their stable use for aqueous photoelectrochemistry.

syringe pump (New Era), which was programmed to spray
intermittently (a spray pulse, followed by a rest period) for a
set number of deposition cycles. Various nozzle heights and
spray parameters were investigated, and those selected for
further study were a nozzle height of 12 cm, flow rates between
1.0 and 1.5 mL/min, a pulse volume of 0.3 mL, and a rest time of
25 s. The FTO substrates were mounted on a hot plate using a
stainless steel mask, which allowed for a controllable deposition
area. Prior to mounting, the substrates were ultrasonically
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cleaned with ethanol, rinsed with water, and dried in air. The
substrate surface temperature was calibrated for various hot
plate settings using an infrared pyrometer (Microepsilon).

SEM and EDX were performed using a Quanta FEG 650
electron microscope (FEI). HRTEM was performed using a JEOL
2010F microscope with an accelerating voltage of 200 kV. XRD
experiments utilized a Bruker D8 diffractometer. Mean grain size
was calculated using the Scherrer equation:

K
" Bcoso

(3)

Here D is the mean crystallite size, 4 is the X-ray wavelength
employed (0.154 nm), and /3 is the full-width at half-max of the
diffraction peak of interest. K'is a shape factor, typically approxi-
mated as 0.9.3% XPS was performed using a Kratos AXIS X-ray
photoelectron spectrometer. The XPS spectra were calibrated
to the adventitious carbon peak at 284.5 eV. Total transmit-
tance and diffuse reflectance spectra were measured with a
Cary 500 UV—vis—NIR spectrophotometer attached to a Lab-
sphere DRA-CA-5500 integrating sphere. A bare FTO substrate
was employed as a baseline standard, and corrected values of
transmittance (T) were used to calculate the absorbance (A)
using

A = —og;o(M (4)

Photoluminescence spectroscopy was performed at room
temperature using a Fluorolog-3 spectrofluorometer (Horiba
Scientific).

The electrochemical and photoelectrochemical properties of
each sample were tested using a three-electrode electrochemi-
cal cell with a Ag/AgCl reference electrode and Pt wire counter
electrode. All potentials are given relative to Ag/AgCl unless
otherwise stated. The working electrode (the photoanode
consisting of the BiOl film) with illuminated area 0.21 cm? was
immersed in the desired electrolyte (typically 0.25 M Nal in
acetonitrile) and illuminated by a 150 W solar simulator with an
AM1.5G filter (Newport), the overall power density of which was
calibrated to 100 mW/cm? at the sample surface using a
thermopile (Newport). A 420 nm cut-on filter was employed
at times to remove UV light. Anodic currents were plotted on
the negative axis of the /—V plots. A monochromator (Newport)
was employed to study spectral response and was used in
conjunction with a monochromatic power meter and photo-
diode (Newport) to calculate the IPCE from the measured
photocurrent density (J,n) and photon flux () at a given
wavelength (1) according to

Jpn(A)
1)

For each IPCE test, the monochromatic light power incident on
the film was calibrated to 100 uW (476 uW/cm?) at 460 nm,
which was the wavelength of highest intensity. Monochromatic
intensities ranged from this value down to 190 uW/cm?, de-
pending on the wavelength selected (see Supporting Informa-
tion, Figure S-5). A potentiostat (CH Instruments, CHI660D) was
operated by a desktop computer to perform electrochemical
measurements.
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