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ABSTRACT: This work reports a contactless photoelectrochemical
biosensor based on an ultraviolet-assisted gas sensor (UV—AGS) with a
homemade three-dimensional (3D)-SnS, nanosheet-functionalized inter-
digitated electrode. After rigorous examination, it was found that the gas
responsiveness accelerated and the sensitivity increased using the UV
irradiation strategy. The effects of the interlayer structure and the Schottky
heterojunction on the gas-sensitive response of O, and NH; under UV
irradiation were further investigated theoretically by 3D electrostatic field
simulations and first-principles density functional theory to reveal the
mechanism. Finally, a UV—AGS device was developed to quantify the blood
ammonia bioassay in a small-volume whole blood sample by alkalizing
blood to release gas-phase ammonia with a linear range of 25—5000 M
with a limit of detection (LOD) of 29.5 uM. The device also enables a rapid
immunoassay of human cardiac troponin I (cTnl) with a linear range of
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0.4—25.6 ng/mL and an LOD of 0.37 ng/mL using a urease-labeled antibody as the immune recognition molecule. Both analyses
showed satisfying specificity and stability, suggesting that the device can be applied to practical assays and is of great potential to

increase the value of gas-sensitive sensors in chemical biosensing.

Research on photoelectrochemical biosensors is of great
interest and has generated very active research
communities in food security analysis, medical research,
disease diagnosis, and environmental monitoring in recent
years with unique technical advantages in terms of high
sensitivity, low cost, and simplicity.' > However, one of the
inevitable key difficulties remains poorly addressed as the
electrode interface relies on the electroactive material in
solution and tends to delaminate and deactivate with repeated
use.” Similar to photoelectrochemical sensors, electrically
transduced gas sensors emit an electrical response signal, which
in principle undergoes a change in the conductivity of the
semiconductor (mostly metal oxides) interface when it comes
into contact with the target gas.”” However, to achieve good
sensor performance, the temperature required by the gas
sensing working interface needs to generally be higher than
room temperature, which limits its development, especially in
the field of biosensing. Notably, some semiconductors also
have photoelectric conversion capabilities, meaning that a large
number of photogenerated carriers can be generated upon
irradiation with specific wavelengths to facilitate the adsorption
and desorption of the target gas molecules.”” Hence, the
introduction of illumination is also considered as one of the
strategies to improve the performance of gas sensors. It is
promisingly assumed that the selection of gas-sensing
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functionalized photoelectronic semiconductors to construct a
light-assisted sensing interface is the key to increasing the value
of gas sensors in the field of biosensing and also provides a
solution strategy for building non-contact photoelectrochem-
ical biosensors.

Monolayer SnS, is an n-type semiconductor with a high on/
off current ratio (~10°) and carrier mobility (~230 cm?/V-
s),"”" which can be used in a wide range of electronic devices,
including field-effect transistors (FETs),'” photodetection,"”
thermoelectric devices,"* and various types of gas sensors. !¢
The sizable band gap (1.82—2.41 eV) possessed by SnS,, used
in gas sensing, facilitates the formation of adsorbed states on
the surface by gas molecules, effectively modifying its electrical
properties.” Nevertheless, the carrier concentration generated
by monolayer SnS, NSs alone is limited to a weak electrical
current (~nA) generated by changing the Schottky barrier,
resulting in the terminal output requiring a sensitive and
inconvenient electrochemical workstation. Remarkably, three-
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dimensional nanosheet aggregates (3D-SnS, NSs) composed
of SnS, NSs can be synthesized in large quantities by simple
solvothermal treatments or water-bath deposition methods and
are therefore widely used as catalysts in photocatalytic
reactions because of their improved properties, amount of
charge carriers per unit space, and a sufficient number of active
sites.* ™ Ascribed to the advantages offered, gas sensors
developed on the basis of 3D-SnS, NSs have been
reported.'®*' However, there are still some unclear concerns
that need to be addressed. (i) Mutual superimposition of
nanosheets introduces interface potential barriers (surface
states with adsorbed oxygen) in SnS,—SnS,. (ii) The
adsorption sites within the gap structure are initially occupied
by adsorbed-O,, which is not conducive to the adsorption and
desorption of the measured gas molecules. The above
deficiencies lead to an increased response signal, accompanied
by a decrease in sensitivity and a more time-consuming
response-recover process. The usual solution is to increase the
operating temperature, but this significantly increases the
material loss and equipment energy consumption, which is
inappropriate for daily detection. Another approach is to
directly use ultraviolet (UV) irradiation onto the sensing
interface to create photogenerated holes/carriers, which can
significantly increase the adsorption and desorption rate of gas
molecules at room temperature.”> Meanwhile, UV-assisted gas
sensing systems are even more rarely used because the
mechanism is still unclear and the signal easily be disturbed.
Therefore, choosing an appropriate gas-sensitive enhancement
strategy based on those discussed above is the key to
expanding the application scenario of gas-sensing devices.

Abnormally elevated levels of free ammonia in human blood
(blood ammonia) can cause hyperammonemia, which may
lead to delirium, brain damage, and even death. The
development of the rapid detection of blood ammonia in
small-volume whole blood samples has been a hot topic in
bioanalysis.”>** On the other hand, as one of the specific
markers of acute myocardial infarction (AMI),* this is of
particular importance for the sensitive detection of human
cardiac troponin I (cTnl) in a short time. Based on the above
contents, as a proof of concept, this work presents a contactless
photoelectrochemical biosensor based on 3D-SnS, NSs with a
UV-assisted gas-phase detection system for blood ammonia
and cTnl detection (Scheme 1). In brief, 3D-SnS, NSs are
prepared by a water bath deposition method and further
deposited onto interdigitated electrodes (IDEs) using a spin-
coating method to form 3D-SnS, NSs/IDEs. With further
verifying the gas-sensitive properties, the working mechanism
within the effects of UV irradiation, the structure of 3D-SnS,
NSs, and the Schottky barrier between Au and SnS,
heterojunction on the gas-sensitive response of O, and NH;
are systematically understood by three-dimensional electro-
static field simulations and first-principles density functional
theory (DFT) calculations. According to this principle, an
ultraviolet-assisted gas sensor (UV—AGS) device is designed
to detect free ammonia in whole blood. To further
demonstrate the broad applicability of this biosensor, a
sandwich-type integrated gas-phase immunoassay is con-
structed for the quantitative analysis of human ¢Tnl using a
UV—AGS device as the signal readout and urease-labeled
antibody as the immune recognition molecule.
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Scheme 1. Schematic Illustration of the UV—AGS Device
Based on 3D-SnS, NSs/IDEs for Blood Ammonia Analysis
and the Gas-Phase Immunoassay
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B EXPERIMENTAL SECTION

Preparation of 3D-SnS, Nanosheets/Interdigitated
Electrodes (3D-SnS, NSs/IDEs). The gas-sensing films
based on 3D-SnS, NSs were prepared on gold-deposited
Al,O; ceramic IDEs by the spin coating technique. Initially, the
IDE was soaked in acetone for 15 min, cleaned successively
with ethanol and ultrapure water, and then dried in vacuum at
60 °C. Then, 5.0 mg of the prepared 3D-SnS, NSs was
sonicated and dispersed in 1.0 mL of ethanol. After the
dispersion was uniform, 200 uL of the dispersion was taken out
to spread the 3D-SnS, NSs on the surface of the IDE by a spin
coater at room temperature. The spin protocol was 10 s at low
speed (400 rpm) and 20 s at a high speed (2000 rpm). Finally,
the IDEs uniformly covered with 3D-SnS, NSs were obtained
and dried under vacuum at 80 °C for 2 h.

B RESULTS AND DISCUSSION

Preparation and Structural Characterization of 3D-
SnS, NSs and 3D-SnS, NSs/IDEs. To verify that the 3D-
SnS, NSs formed the microscopic morphology of the stacked
aggregates, the characterizations were first performed by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Figure la—c shows typical SEM
and TEM images of some 1-2 pm 3D-SnS, NS irregular
aggregates embedded with stacked hexagonal nanosheets with
a surface width of about 500 nm. By further observing the edge
of 3D-SnS, NSs, it was found that the hexagonal SnS,
nanosheets are a multilayered structure (Figure 1d) with a
total thickness of about 8.5 nm, the monolayer of which is
about 0.6 nm, and a series of layers were about 14. Otherwise,
the high-resolution TEM image (HRTEM; Figure le) along
the (001) zone axis exhibits clear three diffraction fringes at
different orientations between which the maximum angle is
65°, corresponding to the (010), (1-10), and (100) lattice
plane of hexagonal SnS, with the same interplanar spacing of
0.31S5 nm. The corresponding selected area electron diffraction
(SAED) pattern (Figure S1a) shows clear and bright hexagonal
diffraction points along the (001) zone axis, indicating that the
SnS, NSs with high-quality single-crystal properties exhibit
high crystallinity. The hexagonal crystal structure of SnS, NSs
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Figure 1. (a) SEM image of 3D-SnS, NSs. (b, ¢) TEM images of 3D-
SnS, NSs (dotted line in panel (c): edge of the stacked nanosheets).
(d) Cross-sectional TEM image along the edge (white: the thickness
of the monolayer SnS, nanosheet; black: the thickness of the
multilayer SnS, nanosheet). (e) High-resolution TEM image of
nanosheets in plane view. (f) TEM image of 3D-SnS, NSs in the dark
field. Elemental mapping images of (g) Sn and (h) S. (i) Raman
spectra of 3D-SnS, NSs. (j) XRD pattern of the 3D-SnS, NSs and
corresponding PDF card [inset: comparison of peak parameters of
(001) and (110)]. (k) XPS survey spectra of 3D-SnS, NSs. High
resolutions of (1) Sn 3d and (m) S 2p spectra. (n) Comparison of the
element content.

indicates that the exposed top and bottom surfaces of SnS,
were (001) crystal planes. The thickness of 3D-SnS, NSs after
exfoliation (in low-power <50 W) was measured by atomic
force microscopy (AFM). As observed in Figure Slb,c, the

exfoliated SnS, nanosheets were mainly distributed in two
sizes. The height of large portions above the mica plate is less
than 1.5 nm with a surface width of 50 nm, which is the single
or double layers of SnS, peeled off owing to the destruction of
interlayer van der Waals forces. When measuring the height
profile along four bright areas that is over 200 nm, the height
change is about 10 nm between nanosheets and the substrate,
suggesting similar results with those of TEM. Since the low
power ultrasonication only destroys the van der Waals force, it
can be concluded that the SnS, nanosheet cluster indeed
consists of hexagonal SnS,. Mapping analysis and energy-
dispersive X-ray spectroscopy (EDS) characterization were
used to investigate the elemental composition and content of
3D-SnS, NSs. As shown in Figure 1f=h, S and Sn elements
were evenly distributed in the SnS, NS structure. Among them,
the molar ratio of the S and Sn (S/Sn) was about 1.94 (Figure
S1d), indicating that the hexagonal SnS, nanosheets with S
vacancies were classical n-type semiconductors.*

To confirm the crystal polytype of 3D-SnS, NSs, Raman
characterization was performed. As shown in Figure 1i, there
are two characteristic peaks located at 311.6 and 203.4 cm ™,
corresponding to the A}, mode (out-of-plane vibration) and E,
mode (in-plane vibration) attributed to 2H-SnS,, respectively.
In addition, the crystallographic structure of the 3D-SnS, NSs
was determined by powder X-ray diffraction (XRD; Figure 1j).
The positions of the diffraction peaks matched well to the
standard card (JCPDS #23-0677) of the hexagonal phase of
SnS,. According to the Scherrer equation, the crystallite sizes
of the (001) plane and (110) plane were 9.5 and 43 nm,
respectively, which correspond to the thickness and width of
the SnS, nanosheets. In addition, it could be estimated that the
single SnS, nanosheet was formed by the superposition of
about 16 monolayers according to the calculation formula (

N, = th]éom) ), in which Ny is the number of layers, Dy4 (001)

is the crystallite size of SnS, on the (001) plane, and C is the
lattice constant of SnS, in the c-axis direction, approximately
5.9 A. Compared with SnS, nanosheets synthesized by CVD
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Figure 2. Photoelectric responses of the 3D SnS,/IDEs under different working conditions at room temperature. Schematic diagrams of 3D SnS,/
IDEs and corresponding I—V characteristics in (a, b) air and in (c, d) NH; atmosphere under darkness and at 365 nm UV (inset: photocurrent as a
function of illumination intensity from 1.0 to 360 mW/cm? at 0.5 V bias voltage). (e) Dynamic response curves of 3D SnS,/IDEs for NH; response
at 0—100 ppm under darkness and 365 nm UV light. (f) Corresponding response S of 3D-SnS, NSs/IDEs as a function of NH; concentration
(error bars are 95% confidence intervals for three measurements). Dynamic response curves of 3D SnS,/IDEs to 100 ppm NH; (g) in the dark and
(h) at 365 nm UV. (i) Repeated dynamic responses of 3D SnS,/IDEs for 100 ppm NHj.
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methods,”” the intensity of the characteristic peak of the (001)
plane was significantly reduced, which was attributed to the
strong shrinkage of the (001) plane with preferential
orientation, thereby forming nanosheets with fewer layers.
The above results are consistent with the analysis of TEM
characterization, which proves that the host of 3D-SnS, NSs is
few-layered SnS, nanosheets. Simultaneously, the element
valence states of 3D-SnS, NSs were determined by X-ray
photoelectron spectroscopy (XPS) characterization. The
characteristic peaks of Sn and S can be clearly observed in
Figure 1k. The Sn peaks were located at 495.1 and 486.45 eV
(Figure 11), which were Sn 3d;/, and Sn 3d;,, respectively.
The S peaks at 162.65 and 161.55 eV corresponded to S 2p, /,
and S 2p;/, (Figure 1m). The Sn/S atomic ratio was around
1:1.92 (Figure 1n) with a value of less than 0.5, suggesting S
vacancies in 3D-SnS, NSs. The results show agreement with
the results of the EDS analysis (Figure S1d). The prepared 3D-
SnS, nanosheets were further formed on the surface of IDEs by
the spin-coating method to fabricate 3D-SnS, NSs/IDEs
(Figure S2).

Performance Characterization of the UV-Assisted Gas
Sensing System Based on 3D-SnS, NSs/IDEs. As
important factors affecting the performance of the gas sensor,
the working voltage and the radiation intensity must first be
determined, and the gas sensing photocurrent test was carried
out on the prepared 3D-SnS, NSs/IDEs (hereinafter referred
to as the test electrode) with the photoelectric sensing test
system (Scheme S1). As shown in Figure 2a,b, the photo-
current of the test electrode increased with the increasing
optical power density of UV irradiation at 365 nm in air. The
current is fitted to the irradiation power according to the
power law dependence: [, o PY, where P is the power density
of the incident UV irradiation and I is the photocurrent.”®
The exponent 6 was fitted to 0.66 for the test electrode in the
air (Figure 2b, inset). As shown in Figure 2¢,d, the 6 of the test
electrode under a NH; (100 ppm) atmosphere was 0.78. The
results show that the adsorption of O, of the air forms a surface
state of adsorbed oxygen with a lower energy level and traps
photo-generated carriers, the relationship between optical
power and current deviates from linearity, and the photo-
current tends to be saturated. Meanwhile, the adsorption of
NH; did not hinder the migration of photogenerated carriers.
When NH; occupied part of the sites where O, was adsorbed,
the trapped photogenerated electrons were released, and NH;
as an electron donor could also increase the concentration of
photogenerated carriers. Therefore, the relationship between
optical power and photocurrent was almost linear with
increasing 6. Further analysis suggested that high-intensity
irradiation generates excess electrons, leading to O, re-
adsorption and instantaneous carrier depletion, so a lower
intensity of 5 mW/ cm? was chosen as the excitation light
power of the 365 nm UV. At the same time, at a bias voltage of
0.5V, the curvature of the [-V curve changed sharply (Figure
2b,d), labeling that the gas detection response was more
pronounced at this voltage, which is the reason why 0.5 V was
chosen as the operating voltage for subsequent experiments.

Next, to determine the photoelectric responses of O, and
NH; measured by the test electrode, air with different NHj;
concentrations (0—100 ppm) was continuously fed into the
sensing chamber for dynamic gas detection response tests. The
ventilation times of the detection gas and the carrier gas were
150 and 400 s, respectively. As shown in Figure 2e,f, under the
darkness state and 365 nm UV irradiation conditions, the
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response value S (S = Ry/R, where R; and R, were the
resistances of the gas sensor in the target and background
gases) of the test electrode to the NH; concentration was less
than 1 when the concentration was less than 1 ppm and greater
than 1 when the concentration was higher than 1 ppm. Under
both test conditions, the gas-sensing responses of the test
electrodes were linearly related to the logarithm of the NH;
concentration (0—100 ppm) and the fitting coefficients R®
were 0.987 (darkness) and 0.989 (365 nm UV illumination).
The results indicate no impact on UV irradiation for the NH;
response of the test electrodes. In contrast, the S value
increased from 0.88 to 1.26 (Figure 2f) under UV irradiation,
while under darkness, it increased only from 0.94 to 1.24
(Figure 2f) in the same NHj; concentration range. For one
single response cycle, in the dark state (Figure 2g), the
response time (7,) and recovery time (7,,.) were 250 and 600
s, respectively. After 490 s, the resistance of the test electrode
was minimized. Under UV irradiation at 365 nm (Figure 2h),
both 7, and 7, shortened to 100 and 340 s, respectively, and
the resistance decreased to a minimum after 170 s of NH;
aeration. The results depict that UV irradiation can facilitate
the gas sensor signal response faster, greatly shorten the
recovery time after detection, and improve the detection
efficiency of the test electrode. Stability as an important
parameter was further investigated for NH; recognition by 3D-
SnS, NSs/IDEs. By testing NH; (100 ppm) for five cycles
under dark conditions and UV irradiation, it could be seen that
the intensities of response peaks and response-recovery times
were essentially the same in the respective cycles, showing
good reproducibility (Figure 2i). These results demonstrate
that, under a 365 nm UV irradiance of 5 mW/cm? and a
working voltage of 0.5 V, the response signal of the test
electrode fluctuates slightly, which can be considered as the
optimal working voltage and light intensity.

Mechanistic Investigation of the UV-Assisted Gas
Sensor of 3D-SnS, NSs/IDEs. To more systematically
understand the essential mechanism of the UV-assisted gas
sensor with improved performance, further investigations are
needed to explore the difference in the O, and NH; adsorption
exhibited by the SnS, electrodes using first-principles DFT for
the theoretical analysis (Figures S3—S6 and Table S1). The
electron transfer path diagram at the SnS, electrode surface
before and after the adsorption of O, and NH; is drawn
(Figure 3). Since SnS, is an intrinsic n-type semiconductor, the
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Figure 3. Schematic representation illustrating (a) the O, and (b)
NHj; adsorption mechanism.
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charge carriers are electrons and the Fermi level is close to the
bottom of the conduction band (CB). The Fermi level on the
surface of SnS, is much lower than that in its interior when O,
is adsorbed as an electron acceptor (Figure 3a), so the
electrons in the CB are more inclined to enter the oxygen-
adsorbed surface state of the low Fermi surface. Then, the
electron concentration decreases, causing the overall Fermi
level of SnS, to decrease while the energy level of the adsorbed
surface state increases. When the adsorption and desorption of
O, reach equilibrium (in electron transfer equilibrium), the
absorbed oxygen-related surface states are at the same level as
the Fermi level of SnS,. With regard to the localization of the
electrons in the surface state of adsorbed oxygen on the SnS,
surface, a charge depletion layer is generated on the surface
and the built-in electric field bends the CB upward, resulting in
a higher potential barrier to be crossed when electron carriers
migrate between different 3D-SnS, NSs, manifesting macro-
scopically as a decrease in the overall SnS, conductivity. When
NH, is adsorbed as an electron donor (Figure 3b), the Fermi
level on the SnS, surface is higher than that on the interior, and
the electrons of the adsorbed ammonia-related surface states
are injected into the CB, thereby increasing the carrier
concentration and the Fermi level of SnS,. The energy level of
the adsorbed ammonia-related surface states decreases. The
surface state with adsorbed ammonia is at the same level as the
SnS, Fermi level when the equilibrium of NH; adsorption is
reached. Since the delocalization at the SnS, surface from the
electrons of the adsorbed NHj leads to a charge accumulation
layer and causes the reverse built-in electric field to bend down
the CB at the surface, this means that there is a lower energy
barrier to cross during electron transition, thereby accelerating
electron migration between the SnS, NSs. Additionally,
electron injection by adsorbed NHj also increases the entire
carrier concentration, which macroscopically manifests as an
increase in the conductivity of SnS,.

In addition, the conductivity changes of 3D-SnS, NSs
induced by UV irradiation were further considered. Here, the
3D-SnS, NS thin-film field-effect transistor (FET) device
underwent explication of the transfer characteristics in the
atmosphere at room temperature under darkness and UV
irradiation. As shown in Figure 4a, with the drain-source
voltage constant, the drain-source current increased with the
gate voltage, indicating that the device belongs to a classical n-
type FET. The effective carrier mobility (y.4) of 3D Sn52 NS
films can be calculated using the following formula:”

_dlgy Lk
Rt = Qv ZeegVig
Here, Igp is the source-drain current of the FET, Vj is the
gate voltage, L is the electrode length (3 mm), and € and ¢, are
the relative permittivity of SiO, and vacuum permittivity (8.86
X 1072 F/m).*® h is the thickness of the SiO, layer (300 nm),
Z is the source-drain spacing (100 ym), and Vyp, is the source-
drain voltage (S V). The effective carrier mobility was
calculated to be 82.7 cm?/(V-s) in the dark state at a cutoff
voltage of about 5 V, indicating that the device exhibited
enhanced n-type semiconductor transfer characteristics. The
internal carriers of SnS, were depleted, so a forward gate
voltage was required to counteract the internally generated
positive charge when the FET was turned on,”’ which could be
blamed on a large amount of O, adsorption on the SnS,
surface in the darkness. With the 365 nm UV irradiation, the
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Figure 4. (a) Relationship between I, and Vg for Vg, of 3D-SnS,
NSs ranging from 1 to S V without (left) and with UV illumination
(right). (b) Isp—Vgp curves of 3D-SnS, NSs without and with UV
illumination at 0 V gate voltage. (c) Topography image of SnS,
nanosheets attached to a metal electrode and corresponding surface
potential maps of nanosheets (d) in the dark and (e) under 365 nm
UV illumination. Schematic diagram of the stacking structure of 3D-
SnS, NSs assembled by (f) 120 nm, (g) 40 nm, and (h) 10 nm
nanosheets with adsorbed oxygen. Distributions of the carrier
concentration in multilayer SnS, with (i) 120 nm, (j) 40 nm, and
(k) 10 nm thickness in the dark.

cutoff voltage decreased to —1 V and the effective carrier
mobility increased to 155.2 cm®/(V-s). This was promoted by
UV irradiation to generate abundant photoelectrons inside the
3D-SnS, NSs and initiate O, desorption on the SnS, surface,
thus decreasing the cutoff voltage and enhancing the carrier
migration between SnS, NSs. The conductivity (o) of the
electrode in darkness and UV exposure could be calculated to
be about 6 X 1077 and 2.5 X 10™° S/cm (Figure 4b),
respectively, which was based on the formula 6 = Y gnu; =
qhegheg Furthermore, the p ¢ of the 3D-SnS, NSs increased by
2 orders of magnitude from 4.5 X 10'° to 1.0 X 10'%/cm?® with
UV irradiation, suggesting that reducing O, adsorption at the
electrode surface effectively boosts the carrier density. In
summary, the surface O, adsorption decreases, and the
conductivity of 3D-SnS, NSs increases when UV irradiation
is present.

As evident from the characterization of thin-film FETs,
surface O, adsorption negatively impacts the conductivity of
the 3D-SnS, NS electrode. In light of this, the morphology and
surface potential were characterized by AFM with a xenon
lamp light source considering the difference in the surface O,
adsorption of different intrinsic structures. The height of
prepared 3D-SnS, NSs was about 120 nm (Figure 4c). The
surface potential of the Au film was about —105 mV in a dark
environment, which was used as the zero point of the contact
potential difference to calibrate the surface potential of 3D-
SnS, NSs. As pointed out in Figure 4d,e and Figure S7, the
surface potential of 3D-SnS, NSs is about 247 mV in the dark.
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Taking the potential (0 mV) of a Au film with a work function
of 5.1 eV as a reference,”” it could be obtained that its work
function was approximately 4.853 eV. The surface potential of
3D-SnS, NSs increased and stabilized at 685 mV with the
stepwise increase in UV illumination power. This result was
attributed to the gradual increase in the photogenerated hole
concentration caused by the enhancement power of the UV
irradiation, which accelerated the desorption of negatively
charged O, at the SnS, surface. The increased surface potential
over the process of UV illumination was defined as surface
photovoltage (SPV). The SPV increased and tended to 438
mV in the last stage, demonstrating that the complete
desorption of surface-adsorbed O, and the built-in potential
barrier disappears. The SPV at this point was about 4.415 eV,
which could be used to assess the work function of 3D-SnS,
NSs without O, adsorption. The work function change (A®)
of 3D-SnS, NSs under the dark and UV irradiation could be
approximated as the A® of SnS, caused by O, adsorption in
the darkness. The surface carrier concentration of 3D-SnS,
NSs was 1.63 X 10®/cm® according to the calculation (the
calculation process is in the Supporting Information). Under
UV irradiation, the distance between the surface conduction
band and the Fermi level (ES C—Ep) gradually decreased to
0.165 eV with increasing irradiation intensity, and the carrier
concentration returned to 3.72 X 10%/cm’. This result
demonstrated that O, adsorption could significantly reduce
the surface carrier concentration of 3D-SnS, NSs, thereby
severely limiting carrier transfer between SnS, nanosheets, and
was consistent with the characterization analysis of the thin-
film FET.

Considering that 3D-SnS, NSs were assembled from few-
layered SnS, nanosheets, the relationship between O,
adsorption sites and the finite size (thickness) of nanosheets
aroused our interest. The 3D-SnS, NSs tended to be
nanoblocks with a thickness of 120 nm (Figure 4f), indicating
that the O, adsorption sites were only on the top and bottom
surfaces. When the thickness was reduced to 40 nm (Figure
4g), the 3D-SnS, NSs were formed by stacking a small number
of nanoblocks with increasing surface O, adsorption sites.
Reduced further to 10 nm (Figure 4h), the 3D-SnS, NSs were
visualized as a flower-like structure with a substantial number
of O, adsorption sites per unit space. On the other way, surface
potential analysis proved that O, adsorption would decrease
the surface carrier concentration. In the situation where the
size was smaller than the depletion region width (W) caused
by O, adsorption, the distance between the CB inside the
semiconductor and the Fermi level (EB C—Ey) improved and
further depleted the charge carriers inside the material.”®
Therefore, the 3D electrostatic field constructed the space
charge model of SnS, NSs (10, 40, and 120 nm) and simulated
their internal potential and carrier concentration distribution.
The W,y generated by O, adsorption was derived at 54.2 nm
by substituting the measured SPV (0.438 eV) into the
simulation equation. The voltage gradually approached 0
with closer to the center, and the carrier concentration
gradually increased. The EB C—Eg of O, adsorption in the dark
was equal to the SPV (0.438 V) in the 120 nm SnS,
nanoblocks (Figure 4i and Figure S8a). At this time, the
central voltage was 0, and the central carrier concentration
reached 3.72 X 10%/cm®. When the thicknesses of the
nanosheets were 40 nm (Figure 4g and Figure S8b) and 10 nm
(Figure 4k and Figure S8c), the central voltages were —0.047
and —0.25 V, respectively, and the internal carrier concen-
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trations decreased by several orders of magnitude to 6.11 X
10" and 2.32 x 10"/cm? respectively. For an ES C—EB of
0.438 eV, the surface electric field intensity was 1.89 X 107 V/
m with 120 nm SnS, and the surface charge density (Qs) was
2.86 X 107 C/cm? according to Gauss’s theorem:

Q= eeoi—‘:lro. At the same time, it could be known that the
density of the adsorbed oxygen-related surface states (n)
formed in SnS, was calculated by the formula n, = % to be

1.78 X 10"/cm? When the thicknesses were reduced to 40
and 10 nm with the surface potential remaining unchanged,
their surface electric fields gradually decreased to 1.06 X 10’
and 5.66 X 10° V/m and the corresponding energies of surface
state (E) were 9.97 X 10" and 5.30 X 10'3/cm?® Further
analysis verified that, when the W_, generated by O,
adsorption was less than half the thickness of SnS, (60 nm),
the SPV generated by UV irradiation was regarded as ES C—
EB C, resulting in no effect on the carriers inside the CB.
Conversely, if the W, was greater than half the thickness of
SnS, (20 or S nm), then part of ES C—EB C was converted to
EB C—Ey. At this time, ES C—EB C decreased, the surface
electric field strength of SnS, reduced, and the surface charge
density decreased. However, the increase in EB C—Eg caused
rapid depletion of internal carriers, and the ng of O, adsorption
on the thinner SnS, surface decreased under the same SPV to
have a larger impact on the total carriers. From these results, it
could be concluded that, when O, was adsorbed on a thinner
SnS, (<W._,,) in the same n, the SPV decreased and the work
function of SnS, increased due to the lower surface electric
field strength, which meant that the holes generated by the
same UV irradiation intensity had less ability to destroy the O,
adsorption on the surface. Therefore, the electron-withdrawing
effect of O, adsorption per unit was enhanced, and the SnS,
became more sensitive to the adsorption and desorption of O,.

As a summary, the adsorption behavior of adsorbed gas
molecules (O, and NH;) on the surface of SnS, nanosheets
was studied using the classical Wolkeinstein semiconductor
surface gas molecule chemisorption model.”*** By meliorating
the model and adding the UV irradiance factors, the reasons
for the improved responsivity of O, and NH; molecular
sensors with UV were clarified. With the parameters discussed
above, the surface space charge models of SnS, under O, and
NH; were simulated to delineate the electron transfer
pathways of SnS,/IEDs under UV irradiation in the presence
of target gas molecules (Figure 5). When SnS,/IEDs were

Figure 5. Schematic illustration of the mechanism of (a) O, and (b)
NHj; adsorption on the surface of SnS,/IDEs under UV irradiation.
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Figure 6. (a) Schematic depiction of UV—AGS design. (b) Photoelectric response vs time trace and (c) absorbance vs time trace for NH,
measurement in a whole blood sample. The linear relationship showed in (d) the UV-assisted gas sensor and (e) the colorimetric assay kit between
the signal response and the logarithm of the NH,Cl concentration (0.0025—10,000 M) for NH; measurement in a whole blood sample. (f)
Correlative analysis of ammonia measurement and (g) Bland—Altman plot of two methods for NH; measurement in a whole blood sample. (h)
Selectivity test of UV—AGS for NH; measurement in a whole blood sample (NH;: 100 1M, each amino acid: 1 mM). (i) Stability test of UV—AGS
devices for NH; measurement in the (black) water sample and in the (gray) whole blood sample and cTnl measurement in the (white) buffer
sample in the long-term storage (error bars are 95% confidence intervals for three measurements).

exposed to UV illumination, the addition of photogenerated
electrons/holes rapidly increased the carrier concentration, and
the photogenerated holes reacted with the adsorbed oxygen
under the built-in electric field further leading to the oxygen
desorption. Afterward, the original adsorption equilibrium was
broken, and both O, and NH; in the mixed gas had equal
opportunities to combine with SnS, surface adsorption sites.
Since the larger adsorption energy of NH; makes it more
dominant in the adsorption process on the surface of SnS,, it
leads to improved NH; responsivity. At the same time, O, in
the mixed gas could also be reabsorbed on the SnS,, and the
Fermi level of SnS, was increased by light compared to the
dark state. In this case, when the O, concentration was further
increased, the responsiveness of O, reabsorption was also
improved compared to darkness. This difference in response
was further amplified under UV illumination due to the
difference between O, and NH; as electron donors and
electron acceptors. In addition, the Schottky barrier formed by
the Au electrode and SnS, could also regulate the migration of
carriers. Under UV irradiation, the Schottky barrier increased
by O, adsorption while the NH; condition decreased the
barrier, consistent with the condition that the interval barrier
between SnS, was exceeded. Therefore, there appears to be a
promising analysis of O, and NH; in the mixed gas with UV
illumination.

Construction and Performance Exploration of the
Bioanalytical Platform. To realize the idea of constructing
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the contactless photoelectrochemical biosensor based on the
test electrode, an integrated UV-assisted gas sensing (UV—
AGS) device (Figure 6a and Figure S9) was utilized to analyze
the NH,Cl standard sample (hereinafter referred to as the NH,
standard) as a feasibility test. As presented in Figure S10,
associations between the photoelectric response (S) and
logarithm of the NH; concentration in the NH; standard
within a specified range (5—5000 yM) were assessed using a
linear regression of the fitted equation § = 0.1420 lg(Conc.
[NH,]) + 0.7431 (n = 3, R = 0.9804). The limit of detection
(LOD) for this method was 10.1 uM with a relative standard
deviation (RSD) ranging from 1.2 to 2.5%.

Based on these observations, the UV—AGS apparatus further
performed blood ammonia analysis of NH; measurements in
whole blood samples (hereinafter referred to as NH; whole
blood samples) and the gas-phase immunoassay for cTnl
dissolved in buffer solution (hereinafter referred to as cTnl
buffer). To further validate the analytical performance of the
UV—AGS device, the response curves of the UV—AGS method
(Figure 6b) and the commercial assay kit in colorimetry
(Figure 6¢) were plotted for different sample concentrations.
There was a good linear relationship between the S and NH;
concentration (25—5000 M) in the whole blood sample with
the UV—AGS device and was determined by a fitted regression
equation of S = 0.1263 lg(Conc.[NH;]) + 0.7965 (n = 3, R* =
0.9770) with an LOD of 29.5 uM, and the RSD range was
between 0.9 and 1.3% (Figure 6d). The LOD with lower
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sensitivity may be due to the influence of non-specific
substances such as fibrinogen in NH; whole blood samples
on the detection results, but its analytical performance can still
match the clinical practice. As to the colorimetric method
(Figure 6e), the NH; concentration (100—2500 pM) in the
NH; whole blood samples showed a good linear relationship
with the ODg;5 of the test solution. The fitted regression
equation is Ig(ODg;s) = 0.8675 lg(Conc.[NH;]) — 2.906 (n =
3, R* = 0.9712) with the LOD in 141.6 4M, and the RSD range
is between 5.3 and 7.6%. It is noted that the LOD of the
colorimetric detection is much higher than that of the UV—
AGS device in blood ammonia analysis, indicating the presence
of nonspecific substances in the whole blood samples that
interfere with the colorimetric reaction. Therefore, colorimetry
is unsuitable for the direct blood ammonia analysis with whole
blood samples. To examine the consistency of the UV—AGS
device and the commercial kit, a series of NH; whole blood
samples (25—1000 uM) were tested using two methods to plot
a calibration curve in variables of the test results. Figure 6f
represents the slope of the UV—AGS method, and the
commercial kit for NH; whole blood samples is 1.028 with
the Pearson correlation coefficients of 0.9524 (p < 0.845) and
0.9799 (p < 0.914), indicating that the two methods exhibit
good correlation in the tested concentration range. To examine
the consistency analysis among continuous variables, Bland—
Altman analysis was performed for the two methods. As shown
in Figure 6g, for the detection of NH; whole blood samples,
the average deviation of the two methods was —24.14 M and
most of the method differences of the samples were all within
two SD. The analysis results became positively biased at low
concentrations by the UV—AGS device and slightly positively
biased by the colorimetric kit at high concentrations. In
general, good consistency was observed between the UV—AGS
method and the commercial kit in analyzing the test samples.
In addition, the agreement of the two methods for NH;
standard and cTnl buffer samples has been also carefully
analyzed (Figures S11 and S12) and also shows good
consistency. Furthermore, the deviation of the test value and
the true value of the sample concentration was explored. The
parameters of the test results of the three sample groups were
compared and analyzed (Table S2) to assess whether both
methods reflect the authenticity of the analyte concentrations.

Considering that small molecules containing primary amines
in blood also respond to the generation of signals, 20 essential
amino acids were selected as interfering substances for NH;
analysis to evaluate the specificity of the UV—AGS method.
The photoelectric response of each amino acid was normalized
according to the signal of NH;. The highest responding amino
acids were alanine (Ala) and lysine (Lys) with the relative
response values of only 0.223 and 0.341, respectively (Figure
6h), showing that the UV—AGS device had good specificity for
blood ammonia analysis. The specificity of detection of NH;
standards and cTnl buffer for the UV—AGS device is
summarized in Figure S13. To investigate the test stability of
the UV—AGS device, 3D-SnS, NSs/IDEs of different storage
periods (0—12 weeks) were selected to analyze NH; standards,
NH; whole blood samples, and c¢Tnl buffer samples in the
same concentration (Figure 6i). The photoelectric response
decreased to 96.8 and 97.6% after 12 weeks of storage in the
concentration determination of NH; standards and whole
blood samples with the maximum values in the RSD of the test
results of 2.2 and 3.1%, respectively. In the cTnl buffer test, the
response was weakened to 99.4% of baseline at 12 weeks, with
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a maximum RSD of 3.2% throughout the test. The above
results indicate that there is stable signal output for both blood
ammonia analysis and ¢Tnl immunoassay based on the UV—
AGS device, which is benefited from the fact that the 3D-SnS,
NS/IDE electrodes are stored in the vacuum after each test has
been dried to avoid moisture air for a long time.

Bl CONCLUSIONS

In this work, the UV-assisted gas sensor based on 3D-SnS, NSs
was developed, which could be used for direct blood ammonia
detection in small-volume whole blood samples and cTnl
immunoassays. 3D-SnS, NSs/IDEs were fabricated as gas
sensing electrodes for O, and NH; detection obtained by
simple water bath deposition and spin coating methods.
Analysis tools for theoretical calculations such as three-
dimensional electrostatic field simulations and first-principles
DFET allow a deeper perspective on the occurrence of gas
sensing at the electrodes. The process of signal amplification by
UV irradiation and the response to O, and NHj of various 3D-
SnS, NS structures were further elucidated. The UV—AGS
obtained by 3D printing was designed from the guidance of gas
sensing principles. It is a device that separates the response
identification process and the signal generation process, which
can largely avoid the damage to the response electrode,
simplify the design of the semiconductor interface, and also
achieve a certain degree of portability and high sensitivity.
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