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ABSTRACT: In order to protect the ocean ecosystem, the pursuit
of sustainable and self-powered photodetectors is critical for
revolutionizing underwater optical communication (UOC) used
for environmental hazard sensing. This step enables energy-
efficient and real-time detection of marine ecosystem threats such
as chemical contamination, oil spill, and eutrophication. Although
layered metal dichalcogenides (LMDCs) with exceptional
optoelectronic properties and chemical stability are the most
suitable materials, their integration into UOC technology remains
largely unexplored. To address this, the present study demon-
strates and evaluates seawater-immersed photoelectrochemical
photodetectors (PEC-PDs) based on SnSe2, an emerging member
from the LMDC family. Direct vapor transport-grown SnSe2 is well
characterized in its thin-film form by X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy, atomic force
microscopy, Raman spectroscopy, and PL spectroscopy, followed by utilization as photoelectrodes in the PEC-PD devices.
Fabricated PEC-PDs exhibit a responsivity of 505.74 ± 4.65 μA/W at zero bias and 10.34 ± 0.16 mA/W at 0.4 V bias; they
outperform conventional Na2SO4-based devices by 21-fold and 82-fold, respectively. To the best of our knowledge, this is the first
report presenting an SnSe2-based PEC-PD utilizing seawater electrolyte and its performance evaluation. A proof-of-concept UOC
demonstration of the present study paves the way toward the next-generation green optoelectronic devices for self-sustainable
marine technologies.
KEYWORDS: self-sustainable, SnSe2, ocean health monitoring, optical links, marine environmental sensing network

1. INTRODUCTION
The development of efficient, cost-effective, and eco-friendly
photodetectors remains a significant focus of research, driving
exploration toward novel materials and innovative device
architectures. To convert optical energy into electrical energy,
the photodetector requires an external bias for the separation
of charge carriers. In the case of self-powered photodetectors
(SP-PDs), this separation is driven by an internal electric field.
Out of all the possible architectures of SP-PDs, PEC
photodetectors stand out for their simplified fabrication
processes, ability to operate effectively in aqueous environ-
ments, and potential for self-powered operation.1 PEC-PDs
take advantage of the internal electric field induced between
the semiconductor and electrolyte for the separation of charge
carriers, resulting in self-powered photodetection.2 Apart from
its application as a photodetector, electrochemical research has
the potential to be used for a wide range of sustainable
applications like solar cells, dye degradation, carbon dioxide
reduction, water splitting, and wastewater treatment.3−7

In the search for suitable materials for PEC photodetectors,
layered metal dichalcogenides (LMDCs) have garnered

substantial attention due to their large specific area and unique
layer-dependent optoelectronic and electronic properties.8−10

Compared to other layered materials like black phosphorus,
LMDC materials have better chemical stability.11 Unlike
graphene, these materials have layer-dependent sizable band
gaps, making them a better option for switching applica-
tions.12,13 Out of the LMDC family, SnSe2 has emerged as a
prime candidate for low and self-powered electronic and
optoelectronic sensing applications such as gas sensor, pressure
sensor, photo sensor, and humidity sensor due to its fascinating
properties like strong light−matter interaction, high con-
ductivity, suitable bandgap, higher intrinsic carrier mobility,
appropriate band structure, higher thermoelectricity, and
ability to withstand extreme temperature conditions.14−22
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SnSe2 possesses a CdI2-type hexagonal lattice structure. It has a
layered structure in which one tin atom is strongly bonded to
two selenium atoms, forming a sheet of Se−Sn−Se. One sheet
of Se−Sn−Se is weakly bonded with another sheet via van der
Waals bonds.22−24 Since Sn and Se are earth-abundant
elements, SnSe2 is an affordable material.

25 Due to its lower
melting point compared to other LMDC materials like MoSe2,
WSe2, and NbSe2, the growth of SnSe2 crystals and thin films
requires comparatively low processing temperatures.23,26−28

These properties make devices based on SnSe2 thin films
economical and technologically more feasible for large-scale
fabrication. Previous studies have shown that the influence of
metal incorporation or chalcogen substitution significantly
impacts the material properties and device performance.
Shubham et al. demonstrated that Pd incorporation into
SnSe2 leads to polymorphic PdXSn1−XSe2. In particular, crystals
with X = 0.4 formed a hexagonal-orthorhombic mix phase and
showcased a detectivity of 2.41 × 108 Jones and responsivity of
0.24 mA/W at an ultralow bias of 10 μV and a temperature of
10 K.22 Similarly, Yury et al. reported bandgap tuning of
SnS2−XSeX (where X = 0 to 2) nanosheets from 2.23 to 1.29 eV
by controlled substitution of Se into SnS2 nanosheets. The
photodetectors based on these nanosheets presented an
excellent maximum responsivity of 35 mA/W with good
stability across the UV and visible range.29 Furthermore, many
similar reports highlight stoichiometry tuning as an effective
tool to optimize material properties to enhance the device
performance.30−32

Different techniques such as chemical vapor deposition,33,34

molecular beam epitaxy,35−37 and mechanical exfoliation38−40

have been used previously to obtain LMDC materials,
including SnSe2 with high crystallinity for various electronic
and optoelectronic applications. These techniques suffer from
drawbacks such as limited area coverage, substrate limitation,
small domain size, and expensive instruments.11,41 This work
utilizes physical vapor deposition due to its speed, simplicity,
low cost, and ability to produce large area films compared to
other methods. This makes our approach particularly suitable
for large-area growth and economic production. Furthermore,
fabricating a self-powered P−N junction photodetector
increases the fabrication steps, resulting in high production
cost. Using the Schottky junction to fabricate the photo-
detector based on SnSe2 is a difficult task because of its higher
work function (ϕ = 5.3 eV) compared to the conventional

metals.42 As a result, the PEC device architecture emerges as a
promising solution for developing self-powered and affordable
photodetectors based on SnSe2. While PEC-PDs based on
layered materials using conventional electrolytes such as
Na2SO4,

43 H2SO4,
44 and KOH11 have been reported, the use

of actual seawater as an electrolyte remains largely unexplored.
This research gap presents a compelling opportunity to
advance the sustainability of LMDC-based photodetectors by
harnessing the abundant and eco-friendly resource of seawater
as an alternative to conventional electrolytes.
To address this gap, this study evaluates the performance of

seawater-immersed SnSe2 PEC-PD under varying incident light
power and applied bias conditions. The performance is then
compared with the PEC-PD utilizing Na2SO4 as an electrolyte
to determine the influence of the choice of the electrolyte on
the efficiency of the device. The PEC-PD device utilizing
seawater exhibited an impressive responsivity of (0.505 ±
0.004) mA/W and a high specific detectivity (D*) of (9.47 ±
0.09) × 108 Jones, without applying an external bias.
Furthermore, the photodetector showcased rapid temporal
response characteristics with rise and decay times of 45 and 20
ms, respectively. By applying a small bias of 0.4 V, a
responsivity as high as (10.34 ± 0.16) mA/W and a high
specific detectivity (D*) of (38.1 ± 0.66) × 108 Jones were
achieved. Additionally, this study demonstrated the practical
application of this device in optical communication by
successfully detecting light pulses encoded with ASCII
messages and converting them into photocurrent pulses,
which can be decoded to obtain the original message. These
exceptional results not only highlight the potential of seawater
as an electrolyte in LMDC-based PEC-PDs but also lead to
sustainable, high-performance optoelectronic devices suitable
for various applications, including marine environmental
monitoring and underwater optical communication systems.

2. EXPERIMENTAL DETAILS
2.1. Material Synthesis and Thin Film Deposition. Selenium

(99.99%) and tin (99.99%) elemental powders were procured from
Alfa Aesar and used without any further chemical treatments for
purification. High-quality SnSe2 crystals were grown by using the
direct vapor transport (DVT) technique. In this method, quartz was
chosen as the ampule material because it can withstand temperatures
as high as 1700 K. The quartz ampule was thoroughly cleaned using
HCl and H2SO4. Once the ampule was cleaned, HF was used to etch
the inner surface of one end of the ampule to provide nucleation sites

Figure 1. (a) Schematic diagram of a dual zone furnace and temperature cycles used for the growth of SnSe2 crystals. (b) Schematic diagram of the
experimental setup for the determination of photoresponse characteristics.
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during the crystal growth. Then it was rinsed with distilled water and
heated to 373 K to remove the moisture. After the ampule was
completely dried, fine powders of tin (4.29 g) and selenium (5.71 g)
were mixed in stoichiometric proportion and inserted inside the
quartz ampule. The ampule was evacuated to a vacuum of 10−5 mbar
and sealed off.
Then, the ampule was loaded into the horizontal dual zone high-

temperature furnace, as shown in Figure 1a. It consists of two zones:
source zone and growth zone. One end of the ampule, which was kept
in the source zone, contains the source materials, and the other end
having the inner rough surface was kept in the growth zone. Crystals
were grown systematically in three steps using the DVT technique. In

the first step, the source zone and growth zone were heated to 1073
and 1023 K at a heating rate of 16 K/h and 15 K/h, respectively, to
turn the material into its vapor phase. In the following step, the
temperature was maintained for 70 h for providing a suitable
environment for the source materials to react with each other to form
the desired compound material in the vapor phase. During this step,
the temperature gradient of 50 K between two zones establishes a
vapor pressure gradient between the two zones, which in turn directs
the flow of vapor to the growth zone from the source zone. In the final
step, the temperature of the source zone and growth zone was cooled
down to room temperature at the rate of 10 K/h. As a consequence,
shiny crystals were grown at one end of the ampule kept at the growth

Figure 2. (a) Raman spectrum of the SnSe2 thin film along with a schematic illustrating the stretching behavior of Raman active modes in SnSe2.
(b) PL spectrum of the SnSe2 thin film. (c) Structural presentation of SnSe2. (d) XRD pattern of the SnSe2 thin film. (e) XPS survey scan spectrum
of the SnSe2 thin film. High energy resolution XPS spectra of (f) Sn 3d5/2 and 3d3/2 and (g) Se 3d5/2 and Se 3d3/2. (h) Cross-sectional and (i)
surface FESEM image of the SnSe2 thin film. (j) 2D AFM image and (k) 3D image of the thin film surface.
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zone. The grown crystals were crushed using a mortar pestle. The
resulting fine powder was used for the deposition of SnSe2 thin films
using a Hind High-Vac 12A4D Vacuum Coating Unit. FTO-coated
glass slides were purchased from Sigma-Aldrich (transparency ∼80%,
surface resistivity ∼7 Ω/sq) and used as substrates after thorough
cleaning using DI water, followed by sonication in acetone. These
substrates were dried at 373 K to remove the moisture using the
vacuum oven. The thin films were deposited at the rate of 1 Å/s and a
vacuum level of 10−6 mbar to ensure the high quality and uniformity
of the thin films. The substrates were kept at 10 cm from the
evaporation source, and deposition was carried out, keeping the
substrates at room temperature. As-deposited thin films were
annealed at a temperature of 423 K in a vacuum of 10−1 mbar
using a vacuum oven and utilized for characterization and PEC-PD
application subsequently.

2.2. Materials Characterizations. Raman and PL spectra were
recorded using the high-resolution Confocal Raman Spectrometer
with PL (STR500Airix). Structural confirmation was done by a
powder X-ray diffractometer (Bruker) with a radiation source of Cu
Kα having a wavelength of 1.5418 Å. X-ray photoelectron spectros-
copy (XPS) was carried out for elemental confirmation using ESCA+
(Omicron Nanotechnology). JEOL JSM-7600F FEG-SEM was used
to investigate surface morphology, and a multimode scanning probe
microscope (Bruker) was employed to explore surface topology. UV−
visible-NIR absorption spectra were recorded using a Shimadzu UV-
2600 spectrophotometer to analyze the optical properties of the thin
films.

2.3. Experimental Setup for Transient Photoresponse.
Experimental arrangement for characterizing the photoresponse of
the fabricated PEC-PD is shown in Figure 1b. It consists of a laser
source (wavelength = 405 nm, power = 200 mW), mechanical
chopper controlled by an Arduino microcontroller, linear translation
stage, microscope objective lens (100×, NA = 0.85), and PEC-PD and
Keithley 4200 semiconductor characterization system (SCS). To
determine the power-dependent photoresponse of a photodetector, it
is required to be exposed to different known power levels, and the
corresponding response needs to be recorded. One of the ways to
obtain different power levels from the same source is to use neutral
density filters of different optical densities. However, creating multiple
levels of power density requires a large number of neutral density
filters or their combinations, which makes it an expensive and
cumbersome approach. Another method is to generate a point source
from a laser and use the properties of the inverse square law. This law
states that for a point source that is capable of radiating
omnidirectionally with no obstructions in the vicinity, the intensity
I decreases as the square of the distance (d) from the source.45

Mathematically, it can be expressed as

I
d
1

2 (1)

Thus, by varying the distance, different power levels can be
obtained for determining the power-dependent photoresponse of a
photodetector. Moreover, by using a point source kept at a distance, a
uniform intensity can be approximated in the region of interest.
Figure 1b demonstrates a schematic experimental setup for the

determination of the photoresponse characteristics of the fabricated
PEC-PD. In this arrangement, a SnSe2 thin film was used as a working
electrode, and a copper plate was used as the counter electrode. Both
electrodes were immersed in a chamber containing the electrolyte. A
diode laser working at 405 nm was utilized for the excitation of charge
carriers. The light was converted into pulses using a mechanical
chopper controlled by an Arduino microcontroller. This then passes
through a microscope objective lens to create a point source at the
back focal plane of the lens, which is then allowed to expand. The
PEC-PD was mounted on a linear translation stage, enabling
adjustment of the distance between the cell and a point source. By
variation of this distance, different power levels were obtained and
directed onto the sensitive area of the photodetector. The incident
power on the device was calibrated as a function of distance traveled
on a linear translation stage using a laser power meter (Thorlabs PM-
400).

3. RESULTS AND DISCUSSION
The 2H polytype, which is the most common polytype of
SnSe2, has three atoms in the unit cell. These results in nine
normal modes, including three Raman active modes.46 In this
work, two Raman active modes (Eg and A1g) were observed
experimentally. The Raman spectrum of the SnSe2 thin film
shown in Figure 2a was recorded under the excitation of a 532
nm laser. This figure reveals two significant peaks at 117.3
cm−1 and 178 cm−1, corresponding to the in-plane Eg and out-
of-plane A1g Raman active modes, respectively.

43 The lower
frequency Eg mode exhibits in-plane stretching, while high
frequency mode A1g is characterized by out-of-plane stretching
behavior, as depicted in Figure 2a.46,47 The inset of Figure 2b
depicts PL spectra of the SnSe2 thin film obtained using a 532
nm excitation laser. This spectrum shows a sharp peak at
1087.9 nm (∼1.1 eV), which corresponds to the bandgap of
the thin film. For better visualization of this peak, an enlarged
view of the PL spectrum in the range of 1080−1100 nm is
presented in Figure 2b. The narrow fwhm (0.92 nm) of the PL
peak suggests a high material purity with minimal defects.

Figure 3. Schematic illustration of the working mechanism of PEC-PD based on a SnSe2 thin film employing (a) Na2SO4 and (b) seawater as an
electrolyte.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.5c03239
ACS Sustainable Chem. Eng. 2025, 13, 12010−12021

12013

https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c03239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Analyses of the Raman and PL spectra confirm the high quality
of deposited SnSe2 films. The bandgap energy is further
confirmed by UV−visible−NIR spectroscopy, as shown in the
Supporting Information Figure S1. The Tauc plot presented in
Figure S1a indicates a bandgap of approximately 1 eV, while
the inset shows an absorbance spectrum. The absorbance
spectrum (inset of Figure S1a) and the transmittance spectrum
(Figure S1b) together confirm strong a light−matter
interaction due to significant optical absorption in the SnSe2
thin film. The crystal structure of SnSe2 is shown in Figure 3c,
where it is represented as a layered CdI2-type hexagonal
system. Each Sn atom in the structure is octahedrally bound to
six Se atoms, thus giving rise to the characteristic Se−Sn−Se
sandwich layer. Hexagonal structure and crystalline nature of
SnSe2 thin films are confirmed by X-ray diffraction (XRD)
patten, as shown in Figure 2d. The XRD spectra of SnSe2
demonstrate typical diffraction peaks at 2θ values of 14.6° and
29.68° corresponding to (001) and (002) planes, respectively.
Meanwhile, two relatively weak peaks are observed at 51.64°
and 68.78° corresponding to (111) and (202) planes,
respectively. A dominant sharp peak detected at 14.6° indicates
the (001) plane as the preferred plane of orientation. These
diffraction peaks are in good agreement with previously
reported data.28,48 There were no additional peaks observed in
XRD spectra, suggesting successful deposition of crystalline
SnSe2 thin films having a hexagonal lattice structure. Lattice
parameters are found to be a = b = 3.71 Å and c = 6.04 Å. The
unit cell volume was determined to be 71.95 Å3.
The XPS survey scan of SnSe2 thin films was carried out for

confirmation of elemental composition and analysis of the
bond configuration. Figure 2e illustrates the full spectrum of
SnSe2, in which peaks for O are from the FTO substrate and
peaks for Sn as well as Se elements are from the SnSe2 thin
film. The high energy resolution spectra of Se 3d and Sn 3d
were analyzed to confirm the binding state of elements present
in the SnSe2 thin film, as displayed in Figure 2f,g, respectively.
The symmetrical shape of the Sn 3d energy state shown in
Figure 2f indicates the presence of only one valence state of the
Sn element. Figure 2f reveals two orbital peaks of Sn 3d
belonging to Sn4+, located at 486.9 eV (3d5/2) and 495.33 eV
(3d3/2) with an energy difference of 8.43 eV.49 Figure 2g
demonstrates Se 3d energy state deconvoluted into two states
Se 3d3/2 (55.70 eV) and Se 3d5/2 (54.8 eV) using Gaussian−
Lorentz functions. These XPS results are matching with
previous reports, further confirming the purity of the deposited
SnSe2 thin film.49,50 Cross-section and surface morphology
were analyzed using field emission scanning electron
microscopy (FESEM). The thickness of the SnSe2 thin film
was determined to be ∼240 nm from the cross-sectional
FESEM image, as shown in Figure 2h. Figure 2i shows the
presence of randomly oriented rod and platelet-shaped
microstructures on the SnSe2 thin film surface, similar to
those previously reported by Gupta et al. for SnSe2 thin films.

28

The close packing of these crystallites suggests a high degree of
crystallinity and strong film coverage, indicating that the film
has a well-formed and uniformly distributed microstructure
appropriate for optoelectronic applications. The surface
topography of the SnSe2 thin film was analyzed using atomic
force microscopy (AFM). Figure 2j demonstrates a 2D AFM
image, which reveals a granular surface structure distributed
uniformly across the scanned area with minimal defects. The
rms roughness of the surface was determined to be 7.64 nm,
indicating overall smoothness of the film. The 3D image of the

surface was constructed from the height data obtained through
a 2D AFM image, as shown in Figure 2k, which provides a
detailed representation of the height variation and surface
features. A textured surface morphology with peak-to-valley
fluctuations ranging from around −24.6 nm to +25.4 nm
highlights the nanoscale roughness of the film, which is
advantageous for applications like photovoltaic or photo-
detection systems that need strong light−matter interaction via
improved absorption.
The PEC system is used to assess the photodetection

properties of the SnSe2 thin film, which also provides insights
into its potential for energy harvesting applications. The
schematic in Figure 3a,b represents the electrochemistry
process involved in the present work, which is responsible
for the photoresponsive property and charge transfer
mechanism in SnSe2 thin film-based PEC-PDs. In this kind
of photodetectors, the substrate acts as a mechanical support
for the semiconductor film while serving as the back-contact to
collect photogenerated charge carriers and carry them into the
external circuit. A good substrate must be chemically stable in
the electrolyte, electrically conductive so that it maintains low
series resistance, and must be optically transparent to the
working spectrum of light. FTO fulfils all these requirements; it
is transparent, well over 80% in visible light, has a low sheet
resistance, and retains these properties even after high-
temperature annealing.51 Moreover, FTO is very chemically
stable in acidic and alkaline environments, which makes it a
suitable substrate for PEC-type photodetector applications.52

The system containing both electrodes is immersed in an
aqueous electrolyte solution. When the SnSe2 thin film that
exhibits an n-type (confirmed using the hot-probe method)
semiconducting nature comes into contact with an electrolyte,
electrons are transferred from the semiconductor to the
electrolyte to establish electrochemical equilibrium. This
transfer causes upward band bending at the SnSe2/electrolyte
interface, as shown in Figure 3a,b. This leads to the formation
of a space charge region at the interface, resulting in an
induced internal electric field. This electric field enables the
PEC-PD to work without any external bias.1,2,42,53 Herein, the
SnSe2 thin film serves as the photoelectrode, generating
electron−hole pairs (e−−h+) within the material due to its
photoactive properties when exposed to light. In the case of a
neutral electrolyte like Na2SO4, due to the built-in electric field
at the SnSe2/electrolyte interface, electrons are collected by the
FTO and travel toward the counter electrode through the
external circuit and take part in hydrogen evolution reaction
(HER): 2H2O + 2e− = 2OH− + H2. Meanwhile, as a result of
upward band bending, photoexcited holes are likely to
accumulate at the interface and undergo the oxygen evolution
reaction (OER): 2H2O + 4h+ = O2 + 4H+.49,54 A circuit is
completed by the counter electrode via its participation in the
redox reactions occurring in the ionic channel of the
electrolyte. The resultant photocurrent can be measured by
using a source measure unit (SMU). When seawater is used as
the electrolyte, its slightly alkaline nature modifies the
interfacial reactions. During the OER in alkaline media, four
holes at the semiconductor surface oxidize hydroxide ions
(OH−) into O2, while the HER reaction at the cathode
remains same as neutral media. Moreover, because seawater is
primarily composed of Na+ and Cl−, chloride ions (Cl−) at the
anode are oxidized to form hypochlorite (ClO−) via the
reaction: Cl− + 2h+ + 2OH− = ClO− + H2O.

55 The oxidation
of other ionic species present in seawater can be ignored due to
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their very low concentration compared to Cl−. OER involves
the transfer of 4h+, which makes it a kinematically slow
process. As a result, holes are accumulated at the interface,
leading to a higher recombination rate, as in the case of
Na2SO4, as shown in Figure 3a. Unlike the OER, hypochlorite
formation is much faster due to the requirement of just two
holes. Due to the high concentration of Cl− and alkaline nature
of seawater, hypochlorite formation competes with the OER at
the photoanode and reduces the hole accumulation at the
interface. This leads to lower recombination losses, providing
seawater with an edge as an electrolyte in PEC systems.
To assess the potential of this PEC-PD, its photodetection

characteristics are first evaluated using the conventionally used
Na2SO4 electrolyte, followed by testing with seawater for
comparative analysis and its applicability in marine underwater
optical communication and sensing networks. The pulsed
photoresponse characteristics of the PEC photodetector were
analyzed under varying external biases applied to the detector
and the power of incident light. To evaluate the pulsed
photoresponse characteristics, PEC-PD was exposed to
illumination of 10 s from the back of the FTO-coated glass
to ensure maximum light reaches the SnSe2 thin film. Figure

4a,b illustrates variation in pulsed photo current under
different powers of incident light without any external bias
applied to the detector with Na2SO4 and seawater electrolytes,
respectively. Herein, the pulse height increased as the incident
power rose from 5.4 to 85.8 mW, demonstrating the power-
dependent behavior of the photodetector in both electrolytes.
One characteristic of the photoresponse that stands out is the
overshooting of current that occurs when light strikes the PEC-
PD. This initial current spike, previously reported in PEC-PD
devices, is well explained in the literature and is mainly
attributed to the surge of carriers.56 The subsequent decay is
caused by fast surface recombination due to the presence of
defects.50,57−60 Here, the photocurrent (Iphoto) is determined as
Iphoto = Ilight − Idark. Here, Ilight is the current of the PEC-PD
when light is switched on, and Idark is the current when the
light is turned off. Herein, the photocurrent is found to be
enhanced upon increasing incident power. The number of
photons striking the material increases with increment in the
incident power, which leads to more absorption of photons by
the SnSe2 thin film and hence generation of a greater number
of electron−hole pairs. These additional carriers contribute to
a higher photocurrent. Moreover, enhancement in the carrier

Figure 4. Pulsed photoresponse of the PEC-PD under varying incident power densities with (a) Na2SO4 and (b) seawater as electrolytes.
Photoresponse under different applied biases using (c) Na2SO4 and (d) seawater. Responsivity and detectivity of the PEC-PD as a function of bias
when using (e) Na2SO4 and (f) seawater. Bar diagram comparing responsivity and detectivity for both electrolytes at (g) zero bias and (h) 0.4 V
bias. (i) Stability test showing the photocurrent of the self-biased PEC-PD with the seawater electrolyte under 105 on/off cycles for ∼2000 s.
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concentration at a higher power can mitigate the space charge
effect and improve charge transport, which results in an
upsurge in photocurrent. The photocurrent obtained for
seawater is about 3.83 μA, which is approximately 6 times
higher than that obtained for Na2SO4 at a power of 85.1 mW.
It is widely known that photodetectors are highly sensitive to
applied bias. The photocurrent is also noticed to be increased
with the applied external bias while keeping the incident power
constant at 5.4 mW with both the electrolyte, as shown in
Figure 4c,d. Herein, the built-in electric field at the SnSe2/
Na2SO4 interface promotes the separation of photogenerated
electron−hole pairs and allows the device to operate effectively
without an external bias. The photocurrent tends to attain the
maximum value with increasing bias up to 0.4 V, suggesting
enhanced carrier separation under higher electric fields. Since
applied bias decreases the recombination of light-induced
charge carriers, photocurrent has been found to be increased in
both the cases. However, the photocurrent obtained for
seawater is about 56.05 μA, which is significantly higher than
that obtained with Na2SO4 under the identical applied bias
condition of 0.4 V.
Responsivity as well as detectivity are paramount in

characterizing photodetectors to define the performance of
the device and are determined using the following
equations23,61,62

=R I pS/( )photo (2)

= *D R
S

qI2 dark (3)

where S = sensitive area of the PEC-PD (0.64 cm2 in the
present work), p = incident power density and q = charge of
the electron.
Figure 4e,f depicts variation in responsivity and detectivity

with applied bias for PEC-PD using Na2SO4 and seawater as
electrolytes, respectively. In both cases, it was observed that
responsivity increases with the applied bias because applied
bias acts in harmony with the internal electric field, leading to
more effective separation of electron−hole pairs and
consequently reducing the recombination rate. As an outcome

of increasing bias, the dark current also increases. Since
detectivity is proportional to responsivity (R) and inversely
proportional to dark current (Idark), the synergetic effect of
both the parameters determines the variation in detectivity
(D). In the case of the Na2SO4 electrolyte, the detectivity of
PEC-PD increases up to 0.1 V initially, which demonstrates a
saturation by reaching its maximum value of about 3.16 × 108
Jones, followed by a reduction at a higher bias. However,
detectivity rises sharply with applied bias and achieves its
maximum value of about 3.81 × 109 Jones at 0.4 V in the case
of seawater electrolyte. The power-dependent responsivity and
detectivity for PEC-PDs using Na2SO4 and seawater electro-
lytes are presented in Figure S2. In both cases, responsivity and
detectivity were found to decrease with an increase in incident
power. This could be due to the fact that a higher number of
photo-induced carriers are generated at higher power, which in
turn increases the probability of recombination.63 Additionally,
at elevated power levels, the device may go under self-heating,
further increasing recombination.64 As the recombination rate
increases, fewer carriers contribute to photocurrent, leading to
a reduction in both responsivity and detectivity at higher
power levels. Figure 4g,h presents a comparative analysis of
responsivity and detectivity of PEC-PD for Na2SO4 and
seawater as electrolytes through bar diagrams. Figure 4g
presents the comparison at zero bias, in which responsivity
portrayed by PEC-PD is much lower of about 23.47 μA/W in
Na2SO4, and it reaches 505.74 μA/W in seawater, which is
significantly greater compared to that of Na2SO4. Seawater-
immersed PEC-PD also demonstrated a significantly higher
detectivity of 9.47 × 108 Jones in a comparison with the
Na2SO4 immersed system. Similarly, at the applied bias of 0.4
V, as illustrated in Figure 4h, the responsivity of PEC-PD in
seawater exhibited a dramatic rise to 10.33 mA/W, which is
approximately 82 times higher than that in Na2SO4. Addition-
ally, PEC-PD utilizing seawater far outperforms the one with
Na2SO4 by displaying a remarkable detectivity of about 3.81 ×
109 Jones, which reflects its exceptional photo sensing
capabilities even at the low applied bias of 0.4 V. These
outcomes suggest that the PEC-PD in seawater exhibits strong
sensitivity and the capability to detect weak signals both in self-
biased and externally biased operating conditions. Herein, it is

Table 1. Performance Comparison of a Previously Reported PEC-Type Photodetector Based on 2D Layered Materials with the
Present Study

no materials method
illumination

used
intensity
(mW/cm2) bias electrolyte

responsivity
(μA/W)

rise time/decay
time (ms) references

1 SnSe2
nanosheets

liquid phase exfoliation (LPE) white LED 100 0 0.5 M
Na2SO4

1.3 400/800 43

2 SnSe/SnSe2 physical vapor deposition simulated
light (SL)

100 0.4 0.5 M
Na2SO4

597 13/14 49

3 InSe
nanosheets

LPE SL 100 1 0.2 M
KOH

3.3 7000/7000 70

4 SnS physical vapor deposition SL 100 0 0.5 M
Na2SO4

6.3 600/320 71

5 Sb2Te2Se LPE 380 nm 0.32 0.6 1 M KOH 744.17 ∼200/∼200 72
6 Nb2C

MXene
HF etching + tetrapropylammonium
hydroxide-assisted delamination

400 nm 5.22 0.6 1 M KOH 3.7 150/100 73

7 SnSe2 DVT, physical vapor deposition 405 nm 8.4 0 0.5 M
Na2SO4

23.4 45/27 present
work

8 SnSe2 DVT, physical vapor deposition 405 nm 8.4 0.4 0.5 M
Na2SO4

126.1 34/27 present
work

9 SnSe2 DVT, physical vapor deposition 405 nm 8.4 0 seawater 505.7 45/20 present
work

10 SnSe2 DVT, physical vapor deposition 405 nm 8.4 0.4 seawater 10,342 90/180 present
work
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observed that PEC-PD in the seawater electrolyte showcases
enhanced noise resistance and a superior capability of
detecting weak signals compared to PEC-PD with Na2SO4.
Along with responsivity and detectivity, rise time and decay
time of the photodetector are the crucial parameters that need
to be determined. The rise time of a photodetector is defined
as the time required to reach the 90% value of photocurrent
from its 10% value. In a similar manner, decay time is defined
as the time required to drop to 10% of the photocurrent from
90% of its value. At the zero applied bias, PEC-PD based on
SnSe2 with seawater as an electrolyte showcased a quick rise
time of 45 ms and decay time of 20 ms. Figure 4i demonstrates
the stability of the PEC-PD using the seawater electrolyte
under 105 continuous periodic illumination on/off cycles over
approximately 2000 s, demonstrating excellent operational
stability with negligible change in steady-state photocurrent.
High responsivity and detectivity, along with fast response time

and good stability, achieved using seawater, make the SnSe2-
based PEC-PD a prime candidate for marine underwater
optical communication and sensing networks. Table 1 shows a
comparison of this PEC-PD with that of the previously
reported photodetectors.
The noteworthy variation in performance underscores the

benefit of seawater’s increased electrochemical activity and
ionic conductivity in promoting effective charge carrier
generation as well as separation. The results of the present
investigation highlight the importance of electrolyte selection
to enhance PEC-PD performance. Herein, seawater is
emphasized as a more efficient electrolyte as compared to
the conventionally used Na2SO4. The high performance of
PEC-PD observed in the seawater electrolyte compared with
that of Na2SO4 can be attributed to several factors. Apart from
NaCl, seawater contains a variety of dissolved salts, resulting in
the presence of various ionic species such as magnesium

Figure 5. (a) Schematic diagram showing the potential application of SnSe2-based PEC-PD for marine environmental monitoring. (B)
Experimental setup mimicking the underwater data transmission. (C) Binary current pulses generated by the PEC-PD and the corresponding digital
message.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.5c03239
ACS Sustainable Chem. Eng. 2025, 13, 12010−12021

12017

https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c03239?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c03239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Mg2+), calcium (Ca2+), potassium (K+), and sulfate (SO4
2−).

This leads to a larger concentration and variety of charge
carriers, in contrast to Na2SO4. These ions contribute to a
higher ionic conductivity of seawater and promote better
charge transport channels within the electrolyte by lowering
resistance and boosting the total photocurrent.65 Similarly,
Zhang et al. showed that the Na+ and Cl− in seawater enhance
the conductivity and accelerate the redox reaction at the
electrode interface.66 The presence of a variety of charge
carriers not only contributes to ionic conductivity but also
stabilizes the photocurrent generation by effectively suppress-
ing the Coulombic attraction between the electron−hole pair
and contributes to enhanced photocurrent. According to Li et
al., seawater ions get adsorbed onto oppositely charged facets
of the photoelectrode, leading to a significant increase in
carrier lifetime.67 Due to this, holes and electrons remain apart
for a longer time, resulting in a lower recombination rate.
Meanwhile, Na2SO4 solution operates with less ionic strength,
thereby less charge screening and higher recombination rates
compared to those in seawater. Furthermore, Iguchi et al.
proposed that adding Cl− is one of the most effective ways for
obtaining a hole scavenger in aqueous photochemistry.68

These ions act as hole scavengers by providing an alternate
path to the OER for hole consumption, thereby mitigating hole
accumulation at the interface.69 This improved charge
separation ultimately leads to an enhanced photocurrent.
Meanwhile, SO4

2− ions in Na2SO4 are passive ionic species and
do not engage in such reactions, leading to hole accumulation
and higher recombination losses. Thus, the constituent ionic
species of seawater provide a better conduction channel for
charge transport, scavenge holes for efficient charge transfer,
and create suitable conditions that reduce recombination losses
and increase photocurrent generation. This not only enables
underwater optical communication but also establishes sea-
water as a superior choice over the conventionally used
Na2SO4 electrolyte.
Figure 5a illustrates the schematic representation of proof of

concept for functioning of SnSe2 PEC-PD in the potential
applications of self-powered marine environmental monitoring
devices through integration with various sensor nodes
consisting of chemical, physical, biological sensors, remote
operated research vehicles (RORV), and submarines. In such
systems, the data or messages transmitted by these nodes can
be intercepted by self-powered PEC-PDs and generated
current pulses can be measured by a portable workstation
system present on the floating buoy. These data can be
transmitted to the ground station via a solar-powered antenna,
where it can be decoded to obtain the digital data. Figure 5b
shows the experimental setup used to mimic this data
transmission process to showcase the potential of the SnSe2-
based PEC-PDs for self-powered and wireless underwater data
transmission in a marine environment. As depicted in this
schematic, messages entered by a user or data obtained from
the sensors are converted into binary codes using extended
ASCII schemes, which are subsequently transmitted to an
Arduino controller-assisted mechanical chopper that chops the
light accordingly for conversion of data into pulsed radiation.
This pulsed radiation is detected by the SnSe2-based PEC-PD
utilizing seawater as an electrolyte, generating the correspond-
ing ASCII-coded current pulses. These current pulses are
analyzed and decoded to obtain the original digital message
with the help of an indigenously developed Python-based
graphical user interface (GUI). Figure 5c shows the binary

current pulse generated by the PEC-PD without external bias
in response to the incident light pulses. These binary pulses
accurately match the binary ASCII code of the digital message
sent by the user. Herein, the characters “SPU” were
transmitted wirelessly and decoded to obtain the digital
message, which serves as a proof of concept for practical and
robust application of SnSe2-based PEC-PD for data acquisition
as well as real-time monitoring in marine underwater optical
communication and sensing networks.
Overall, SnSe2-based PEC-PD displayed impressive perform-

ance in seawater compared to Na2SO4, which indicates its
potential for sustainable optoelectronic applications. The
inherent nature of seawater enables superior ionic conductivity
and carrier transport, which is responsible for this enhance-
ment. Additionally, it is economically advantageous for a
device to work at self-bias conditions in seawater, portraying
SnSe2 PEC-PD’s capacity for an ecologically acceptable and
economically viable platform for optical communication under
water.

4. CONCLUSION
This study demonstrates seawater-powered highly efficient
PEC-PD based on a thermally evaporated SnSe2 thin film. A
DVT-grown SnSe2 compound is converted into a well-
characterized thin film, which exhibits a layered hexagonal
structure. This film is utilized as a working electrode to explore
the photoresponse of the SnSe2 thin film, in which PEC-PD
achieved noteworthy results, demonstrating a high responsivity
of (0.505 ± 0.004) mA/W and detectivity of (9.47 ± 0.09) ×
108 Jones at self-bias in seawater. Seawater’s better ionic
conductivity is responsible for the augmented photoresponse
of PEC-PD. The device performance is further improved upon
applying a small bias of 0.4 V and exhibits a high responsivity
of (10.34 ± 0.16) mA/W and detectivity of (3.81 ± 0.06) ×
109 Jones. This PEC-PD also displayed a rapid response time
of about 45 ms rise time and 20 ms decay time. These results
are far superior to those obtained for the same device with the
conventional Na2SO4-based PEC-PD. The combined effect of
seawater’s higher ionic conductivity, redox active species, and
pH stability creates a suitable environment for efficient charge
transfer and generation of large photocurrent in contrast to
Na2SO4. To validate the potential of technology transfer, a
concept validation of underwater optical communication is
conducted, in which SnSe2 PEC-PD immersed in seawater
successfully decoded the message sent via encoded optical
pulses of the word “SPU”. This pioneering work showcases the
potential of seawater-powered SnSe2 PEC-PD for advancing
the field by rapid as well as high photoresponse, paving the way
to revolutionize future underwater optical communication
technology.
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