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In recent years, considerable research 
interest has been focused on the study 
of bismuth semiconductor compounds: 
vanadate BiVO4,[1–5] oxyhalides BiOHal 
(Hal = I, Cl, Br),[6–10] sulfide Bi2S3,[11–15] 
and oxysulfides.[16–23] This is due to their 
attractive photocatalytic and photoelec-
trochemical properties, as well as the fact 
that bismuth is a nontoxic, inexpensive 
material. Moreover, as a high-Z element, 
bismuth demonstrates a high attenuation 
of X- and γ-ray quanta, making promising 
the development of detectors based on its 
semiconductor compounds.[24,25]

The first bismuth oxysulfide Bi2O2S 
reported in 1984 has the same crystal-
line structure as bismuth oxyhalides.[26] 
Both classes of compounds have a lay-
ered structure, where the [Bi2O2] layers 
alternate with the layers of halogenide 
or sulfide anions.[26] Bi2O2S is a n-type 
semiconductor[16] and provides attrac-
tive photoelectric properties (band gap 
reported as 1.5[16] and 1.12 eV).[17]

Recently synthesized bismuth oxy-
sulfide Bi9O7.5S6 also has a layered structure, which consists of 
alternatingly packed [Bi2O2] and [BiS2] layers held together by 
van der Waals interaction. The band gap energy Eg = 1.27 eV 
and direct optical transitions[18] lend this semiconductor high 
perspectives for solar energy applications.

The band gap energy Eg = 0.99 eV (direct optical transi-
tions)[19] of layered oxysulfide Bi2OS2 composed of alternating 
[Bi2O2] and [BiS2] layers has the lowest value among the known 
oxysulfides, even smaller than the band gap of bismuth sulfide 
(Eg = 1.3 eV).[20]

According to X-ray photoelectron spectroscopy (XPS), bis-
muth and sulfur atoms have an oxidation state of +3 and −2, 
respectively, in semiconductor bismuth oxysulfides considered 
above.[16,18] A fundamentally different situation is observed 
in Bi4O4S3. It was found that Bi4O4S3 formed by alternating 
[Bi2O2], [BiS2], and [SO4] layers possesses superconductivity at 
temperatures less than 4.4–8.6 K.[21–23] Sulfur atoms have dif-
ferent oxidation states: –2 in [BiS2] layers and +6 in [SO4] ones. 
Oxidation states of bismuth atoms in this compound are +3 and 
+2.5 in [Bi2O2] and [Bi2S4] layers, respectively.[17] Bi4O4S3 can be 
considered as one of two stable forms of Bi4O4(SO4)1−xBi2S4, 

Nanostructured layered bismuth oxysulfide films synthesized by chemical 
bath deposition reveal a giant incident photon-to-current conversion effi-
ciency (IPCE). This study shows that surprisingly for the cathodic photo-
current in the photoreduction process, the IPCE reaches ≈2500% in aqueous 
solutions containing [Fe(CN)6]3−. The giant IPCE is observed starting from 
a certain minimal oxidizer concentration (c > 10−3 m for [Fe(CN)6]3−) and 
decreases nonlinearly with an increase of illumination intensity. Giant IPCE 
is determined by the decrease in resistivity of the bismuth oxysulfide film 
under illumination with photoconductivity gain, which provides the possi-
bility of charge carriers from an external circuit to participate in the photore-
duction process. Giant IPCE is observed not only in [Fe(CN)6]3− solutions, 
but also in electrolytes containing other photoelectron acceptors: Fe3+, I3

−, 
quinone, H2O2. In all, solution-processed layered bismuth oxysulfide films 
offer large-area coverage, nontoxicity, low cost, and compatibility with a 
wide range of substrates. Abnormally high photoelectrochemical activity, as 
well as a band gap energy value favorable for efficient conversion of solar 
light (1.38 eV, direct optical transitions), proves the potential of bismuth 
oxysulfide photoelectrodes for a new generation of high-performance 
photoconverters.

Photocondictivity
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where x can be equal to 0 or 0.5 corresponding to the Bi6O8S5 
and Bi4O4S3 formula units. Elemental ratios and basic prop-
erties of the known bismuth oxysulfides, Bi2S3 and Bi2O3 are 
summarized in Figure S1 (Supporting Information).

The mentioned layered structure of bismuth oxysulfides sug-
gests that variation in stacking of “building blocks” ([Bi2O2], 
[BiS2], sulfur layers, etc.) can provide a possibility to synthe-
size new compounds. Band gap energy favorable for efficient 
solar energy conversion can be expected taking into account Eg 
values for bismuth oxide, bismuth sulfide, and known bismuth 
oxysulfides (Figure S1, Supporting Information).

Small diffusion length of the minority charge carriers in 
light absorbing material is known to be one of the limitations 
of photoelectrochemical energy conversion efficiency. Nano-
structured photoelectrodes (arrays of nanotubes or nanorods, 
mesoporous films, as well as films formed by thin platelet-like 
crystals of nanoscale thickness) provide an attractive possibility 
to solve this problem. Indeed, a sufficient thickness of such 
nanostructured films allows efficient light harvesting, whereas 
a short diffusion distance for the minority carriers toward the 
electrolyte solution provides low recombination losses.

Photoelectrochemical and photocatalytic behavior of bis-
muth oxyhalides, bismuth orthovanadate, as well as bismuth 
sulfide Bi2S3 has been investigated to date in details.[1–15] The 
first studies of photoelectrochemical behavior of Bi2O2S and 
Bi2O2S/In2O3 heterostructure have demonstrated the possi-
bility to utilize them as n-type semiconductors; dye-modified 
Bi2O2S/In2O3 is perspective as water-splitting catalyst.[16] Nev-
ertheless, photoelectrochemistry of bismuth oxysulfides is at an 
early stage in general.

Previously studied oxysulfide compounds have been pre-
pared in many cases by high-temperature solid-state synthesis. 
At the same time, there is a rapidly growing interest in the 
preparation of materials and devices for optoelectronics and 
solar energy harvesting using solution-based approaches due to 
their simplicity and low cost.[27]

In this work, chemical bath deposition (CBD) was used to 
produce bismuth oxysulfide films for the first time (Figure S2, 
Supporting Information). Surprisingly, we detected (Figure 1) 

unique photoelectrochemical behavior of the synthesized 
films, not shown before for any known this material. Incident 
photon-to-current conversion efficiency (IPCE or Y) known as 
a number of electrons passing in a circuit per one incident 
photon reaches up to 2500% for the cathodic photocurrent.

CBD grown bismuth oxysulfide films possess a highly-devel-
oped structure formed by the randomly oriented nanoplate-
lets (Figure 2a,b). Their lateral size is of several hundreds of 
nanometers, whereas the thickness is remarkably smaller (tens 
of nanometers). The layered shape of crystallites confirmed by 
transmission electron microscopy (TEM, Figure 2c) provides 
high surface-to-volume ratio and a short path for charge car-
riers scavenged by electrolyte. Selected area electron diffraction 
(SAED, inset in Figure 2c) and high resolution TEM (Figure 2d) 
point to crystallinity of the prepared films with hexagonal lattice 
symmetry (inset in Figure 2c).

Qualitative elemental composition analysis of the synthe-
sized films performed with XPS (Figure 2g) and energy-disper-
sive X-ray spectroscopy (Figure S3, Supporting Information) 
demonstrates the presence of Bi, S, and O. Chemical analysis 
(Figure S1, Supporting Information) has shown a bismuth-
to-sulfur molar ratio Bi:S = 1.11:1, which is an intermediate 
value compared to other known bismuth oxysulfides.

XPS studies demonstrate binding energies of 159.3 and 
164.6 eV for Bi 4f7/2 and 4f5/2 electrons, respectively (Figure S4, 
Supporting Information), which is close to values reported 
for Bi2O3 and corresponds to +3 oxidation state.[28] Peaks at 
225.7 and 232.5 eV for S 2s electrons (Figure 2e) correspond 
to −2 and +6 oxidation states of sulfur, respectively.[29] Ion 
etching of the films (etching depth 10 nm) results in almost 
complete disappearance of the peak corresponding to the 
+6 oxidation state of sulfur (Figure 2f) suggesting that S6+ ions 
are formed on the surface of the film due to oxidation of S2− 
during ambient storage. Since sulfur atoms in the films have 
only −2 oxidation state, the simplest formula unit can be repre-
sented as Bi10O6S9, which differs from the atomic composition 
of all presently known bismuth oxysulfides.

The positions of lines in X-ray diffraction (XRD) patterns of 
the synthesized compound (Figure 2h) differ from those for any 
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Figure 1. Photoelectrochemical behavior of bismuth oxysulfide films: a) dependence of IPCE on electrode potential for cathodic and anodic photo-
currents derived from b) cyclic voltammogram with chopped illumination during anodic scan of electrode potential.
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oxysulfides described in the literature, which correlates with 
the chemical analysis results presented above. A large width of 
lines may originate from a high defect density in the films, a 
small thickness of the nanoplatelets and tensile/compressive 
strains due to their curvature (Figures 2a,d), which impedes a 
reliable identification of crystalline structure. The films were 
heat treated in Ar atmosphere to improve their crystallinity and 
to investigate thermal stability.

As seen from Figure 2h, heat treatment at 200 °C does not 
influence the intensity of XRD lines and their position, whereas 
annealing at 300 °C gives rise to formation of Bi2S3 crystal-
line phase. After annealing at 400 °C, elemental bismuth and 
bismuth oxysulfide Bi2O2S are registered along with Bi10O6S9 
and Bi2S3. Formation of Bi0 seems to be due to Bi3+ reduction 
by S2− anions. Heat treatment at 500 °C leads to the destruction 

of oxysulfides and their conversion to oxide Bi2O3 and oxysul-
fate Bi2O(SO4)2.

The thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) curves of bismuth oxysulfide sample 
from room temperature to 1000 °C under argon are shown in 
Figure S5 in Supporting Information. It is observed from the 
TGA that the weight loss (2.7 wt%) at 30–100 °C is related to 
the elimination of the physisorbed water, and then up to 340 °C 
(3.5 wt%) to the volatilization of organic residues. Sharp weight 
loss at 400–490 °C (6.9 wt%) can be attributed to partial loss of 
sulfur and solid-state transformations including a formation of 
new bismuth oxysulfide and sulfide phases. This observation can 
be confirmed by DTA that gives a broad split exothermic peak 
(at 469, 486 °C) corresponding to the formation of elemental 
bismuth and bismuth oxysulfide Bi2O2S (registered along  
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Figure 2. Structural characterization of bismuth oxysulfide: a) top-view and b) cross-sectional scanning electron microscopy (SEM) images of the film; 
c) transmission electron microscopy (TEM) image with selected area electron diffraction (SAED) pattern in inset; d) high-resolution transmission 
electron microscopy (HRTEM) image; e–g) X-ray photoelectron spectroscopy (XPS): e,f) S 2s high resolution spectra before and after surface etching; 
g) survey spectrum; and h) X-ray powder diffraction (XRD) of initial and heat treated samples.
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with Bi10O6S9 and Bi2S3) accordingly XRD data. Weight loss at 
800–1000 °C is associated with oxygen and sulfur elimination 
from bismuth oxide, oxysulfate, and oxysulfides.

The synthesized bismuth oxysulfide films absorb visible 
light well (Figure S6, Supporting Information) and demon-
strate cathodic photopotential revealing properties of a n-type 
semiconductor similar to Bi2S3

[30] and Bi2O2S.[16] Both anodic 
and cathodic photocurrents can be generated depending on 
the electrode potential (Figure 1b). The most prominent prop-
erty in photoelectrochemical behavior of the synthesized films 
is extremely high value of cathodic photocurrent in solutions 
containing electron acceptors (for example, [Fe(CN)6]3−), which 
corresponds to IPCE up to 2500% (Figure 1). The cathodic 
photocurrent increases with cathodic polarization being com-
parable to the dark current in the entire range of electrode 
potentials. It should be noted that the giant IPCE effect in 
0.5 m K3[Fe(CN)6] solution is rather stable: on the same electrode 
we have observed giant photocurrents in photoelectrochemical 
experiments periodically performed throughout the year.

The giant IPCE remains the same for films heat treated at 
200 °C, but disappears after heat treatment performed at higher 

temperatures correlating with changes in phase composition of 
the films (Figure 2h).

The IPCE value for the cathodic photocurrent depends signif-
icantly on the [Fe(CN)6]3− concentration in solution and exceeds 
100% only for oxidizer concentration c > 10−3 m (Figure 3a). The 
IPCE decreases with the light intensity increase (Figure 3b) 
demonstrating a power-like dependence of photocurrent on 
illumination intensity jph ∼ Is, with an exponent s ≈ 0.7.

The giant IPCE is observed not only in [Fe(CN)6]3− solu-
tions, but also in electrolytes containing other photoelectron 
acceptors: Fe3+, I3

−, H2O2, quinone (Figure S7, Supporting 
Information). Strong concentration dependence of the photo-
current testifies that an effective capture of photoelectrons at 
the semiconductor/electrolyte interface is required for giant 
IPCE observation.

Only anodic photocurrent is observed for bismuth oxysulfide 
electrodes in the absence of photoelectron acceptors in the solu-
tion. The prepared bismuth oxysulfide films generate an anodic 
photocurrent in aqueous Na2SO3 solution (Figure 3c) and in 
solutions, which contain other acceptors of photoholes, for 
example, hydroquinone, Fe2+, [Fe(CN)6]4−. Photoelectrochemical 
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Figure 3. Photoelectrochemical behavior of bismuth oxysulfide films: a) dependence of IPCE for cathodic photocurrent on electrode potential at dif-
ferent concentrations of K3[Fe(CN)6]: 1–1 × 10−4 m; 2−5 × 10−4 m; 3–1 × 10−3 m; 4–5 × 10−3 m; 5–1 × 10−2 m; 6–5 × 10−2 m; 7–1 × 10−1 m; b) dependence 
of IPCE for cathodic photocurrent on electrode potential at different illumination intensities, mW cm−2: 1–0.004, 2–0.008, 3–0.016, 4–0.04, 5–0.08, 
6– 0.16, 7–0.40; c) cyclic voltammogram in Na2SO3 solution under chopped illumination during anodic scan; d) spectral dependence of IPCE for anodic 
photocurrent; inset: the same in the Tauc coordinates for direct optical transitions.
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activity of the bismuth oxysulfide films in anodic processes is 
also high: the IPCE reaches ≈40% in Na2SO3 solution at λ = 400 
nm (Figure 3d). Extrapolation of anodic photocurrent spectra 
linearized in (Y·hν)2 – hν coordinates (direct optical transitions) 
demonstrates a band gap energy of bismuth oxysulfide equal 
to 1.38 eV (Figure 3d, inset). It should be noted that determi-
nation of Eg from IPCE (not absorption) spectra seems to be 
more reliable due to minimal impact of other absorption mech-
anisms besides the fundamental interband transitions.

To obtain additional information about photoelectrical prop-
erties of the prepared films, solid-state measurements were also 
performed. A thin Au layer was sputtered on the bismuth oxy-
sulfide film grown on FTO glass substrate. It allowed a current 
flow through the film in direction normal to its plane.

The FTO/Bi10O6S9/Au structure exhibits a long-time persis-
tent photoconductivity (Figure S8, Supporting Information). We 
have found that the growth and decay of the conductivity after 
light switching-on and switching-off, respectively, are described 
well by stretched exponential functions 
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where τ1 = 1.07 × 103 s, τ2 = 6.84 × 103 s, β1 = 0.71, and  
β2 = 0.7. Such long-time relaxations of conductivity are known 
to be inherent to highly disordered semiconductors and are 
determined by a wide distribution of parameters of deep charge 
traps within a forbidden gap.[31]

To explain the observed anomalous photoelectrochemical 
behavior of the prepared films, one should take into account 
that the electrode resistance is the primary factor limiting the 
current under cathodic polarization of n-type semiconductor 
in electrolyte with sufficiently high oxidizer concentration. In 
this case, the photocurrent arising under illumination is related 
to decrease in semiconductor resistivity (Figure 4) and is 
described by the well-known expression (the case of low absorp-
tion is considered for simplicity)[32]

( )ph e n n p p
α
ν

τ µ τ µ= +j
U

l
q

I

h
 (2)

where jph is the difference between current density under illu-
mination and in dark (i.e., the photocurrent density), U is the 
voltage drop across semiconductor, l is the interprobe distance, 
qe is the electron charge, I is the illumination intensity, α is the 
light absorption coefficient, hν is the quantum energy, and τn, 
τp, μn, μp are the lifetimes and mobilities of electrons and holes, 
respectively.

Equation (2) demonstrates no limitations in quantum effi-
ciency values; in other words, the number of electrons passing 
in the external circuit can exceed the number of incident quanta 
in many times (photoconductivity gain). At a moderate conduc-
tivity of the semiconductor, the main drop of electrode poten-
tial in this photoelectrochemical system occurs within the film 
(potential drop in the Helmholtz layer is insignificant). Increase 
in cathodic polarization gives rise to the growth of electric 
field strength in the film (multiplier U/l in Equation (2)) and, 
hence, to IPCE increase in agreement with experimental results 
(Figure 1a).

According to Equation (2), high photocurrent can be achieved 
in the case of a large lifetime of charge carriers. Such situation 
takes place in semiconductors with high density of defects, 
which act as traps for the carriers of particular sign and prevent 
their recombination with the carriers of opposite sign.[33] For 
example, high photoconductivity of nanocrystalline Bi2S3 has 
been explained taking into account the capture of photoholes by 
the traps in the forbidden gap.[11] Apparently, a similar situation 
occurs in the layered oxysulfide crystals. A large concentration 
of traps in the studied films is in a qualitative agreement with 
their persistent photoconductivity.

Equation (2) could also explain the observed decrease of 
quantum efficiency with illumination increase (Figure 3b). 
Indeed, the lifetime of nonequilibrium charge carriers is inde-
pendent of the illumination intensity only at low excitation level 
(when the concentration of the photoexcited charges is much 
smaller compared with the equilibrium charge concentration) 
and decreases with the increase of excitation level. Another 
possible reason of IPCE decrease with the increase of optical 
power density can be related to the trap filling, which promotes 
recombination.

As is seen from Figure 3a, giant IPCE values for cathodic cur-
rent cannot be achieved at low oxidizer concentrations. There-
fore, the rate of the photoelectrochemical process (expressed 
in the terms of cathodic photocurrent density) is determined 
not only by the concentration of photogenerated carriers, but 
also, to a large extent, by parameters of the double electric 
layer, where discharge of electroactive species takes place. A 
combination of these factors determines the overvoltage of the 
photoelectrochemical process, which has a pronounced diffu-
sive nature at low oxidizer concentrations.

In summary, it is discovered that the nanolayered bismuth 
oxysulfide films synthesized by CBD reveal unique—not 
shown for any known photoelectrochemical systems—prop-
erties demonstrating a giant IPCE. For cathodic photocurrent 
(photoreduction process), the IPCE reaches about 2500% in 
aqueous solutions containing electron acceptors ([Fe(CN)6]3−, 
Fe3+, I3

−, quinone, H2O2). A giant IPCE is observed starting 
from a certain minimal oxidizer concentration (c > 10−3 m for 
[Fe(CN)6]3−) and decreases nonlinearly with the increase of illu-
mination intensity. Giant IPCE is determined by the decrease 
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Figure 4. Sketch of giant IPCE effect.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702387 (6 of 6)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2017, 1702387

in resistivity of the bismuth oxysulfide film under illumination, 
which provides the possibility of charge carriers from external 
circuit to participate in the photoreduction process (Figure 4). 
Abnormally high photoelectrochemical activity as well as a 
band gap energy value favorable for efficient conversion of solar 
light (1.38 eV) assures that oxysulfide photoelectrodes will form 
the basis of a new generation of high-performance photoe-
lectrochemical solar cells and photodetectors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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