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ABSTRACT: Benefiting from the maximum atom-utilization efficiency and
distinct structural features, single-atom catalysts open a new avenue for the
design of more functional catalysts, whereas their bioapplications are still in their
infancy. Due to the advantages, platinum single atoms supported by cadmium
sulfide nanorods (Pt SAs-CdS) are synthesized to build an ultrasensitive
photoelectrochemical (PEC) biosensing platform. With the decoration of Pt
SAs, the PEC signal of CdS is significantly boosted. Furthermore, theory
calculations indicate the positively charged Pt SAs could change the charge
distribution and increase the excited carrier density of CdS. Meanwhile, it also
suggests that Cu®" can severely hinder the photoexcitation and electron—hole
separation of CdS. As a proof of concept, prostate-specific antigen is chosen as
the target analyte to demonstrate the superiority of the Pt SAs-CdS-based PEC
sensing system. As a result, the PEC biosensor based on Pt SAs-CdS exhibits
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outstanding detection sensitivity and promising applicability.
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B INTRODUCTION

Single-atom catalysts (SACs), featured with isolated metal
atoms on the support, have created a real sensation in the
entire area of heterogeneous catalysis due to their unique
electronic structures, maximum atom-utilization efficiency, and
remarkable catalytic activity.'™* Different from the structural
complexity of metal nanoparticles, the specific structures of
single atoms are expected as ideal prototypes to reveal the
correlations between structure and performance at the atomic
scale.’™” To date, SACs have demonstrated extraordinary
power for electrocatalysis™ and photocatalysis,'*~'* such as
oxygen reduction,”’ water splitting,'* and CO, reduction
reactions.'> Despite the giant leaps of SACs in energy-related
fields, their development in bioapplications is still at the early
stage.'®'” Hence, developing biosensors with well-designed
single-atom-involved materials is of great significance.

The photoelectrochemical (PEC) biosensor, as a newly
popular sensing technique, has been recognized as an elegant
method for sensing trace analytes.'"”>’ In a PEC sensing
platform, the photoinduced current is employed as the
detection signal, which plays a decisive role in highly sensitive
detection.”*™" Currently, the deposition of noble metal
nanoparticles on the surface of semiconductors has been
widely used in many PEC sensing systems due to the
significant enhancement in photocurrent by their intrinsic
plasmonic effect.>> > Moreover, when the contact between
metal and semiconductor happens, a distinct Schottky junction
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can be established to promote the transfer and separation of
the photogenerated electrons.”*™*° Note that the ultimate
small size limit of the metal nanoparticle is a single atom,
which can be stabilized by the neighboring surface atoms on
the support.“'42 Using single atoms as alternatives to
nanoparticles, such nanostructured photoactive materials not
only reduce the noble metal dosage but also display distinct
properties. The single-atom-based photoactive material can
fully inherit the fast charge carrier separation ability in a metal
nanoparticle—semiconductor junction.*”** On the other hand,
the introduction of single atoms into the framework of the
semiconductors can effectively modulate the energy band and
electronic structures to improve their corresponding light-
harvesting and charge transport behaviors.**™*’ Meanwhile,
the interfacial redox reactions can also be remarkably
accelerated by single atoms due to the high catalytic activities
of their unique coordination configurations.”*** The promoted
interfacial redox reactions can reduce the aggregation of charge
carriers and depress the corresponding recombination at the
interface between the semiconductor and electrolyte, which
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will greatly enhance the PEC performance, as well. Therefore,
developing single-atom-based photoactive materials will
provide a great opportunity to build highly sensitive PEC
sensing platforms.

Herein, the Pt SAs-CdS is prepared to develop a novel
enzyme-free PEC immunoassay with the atomic-level hetero-
structure. Notably, the Pt SAs-CdS displays superior ability for
the transfer of photogenerated electrons and the separation of
electron—hole pairs, resulting in a significant boost of the PEC
signal. According to density functional theory (DFT)
calculations, the photoinduced electrons of Pt SAs-CdS
could be easily excited and then transfer to Pt centers because
of their higher occupation near the Fermi level and changed
orbital distribution. As a proof-of-concept application, sensitive
detection of prostate-specific antigen (PSA) is achieved with
the Pt SAs-CdS-based PEC biosensor using CuO nanoparticles
(NPs) as a mediator (Scheme 1). Upon addition of PSA, Cu**

Scheme 1. Schematic Illustration for the Mechanism of Pt
SAs-CdS-Based PEC Biosensing Platform

Pt SAs-CdS

L & ¢

ions would be released and react with the photoelectrode
materials, triggering a recession in the photocurrent signals.
Finally, the PEC biosensor based on Pt SAs-CdS displays an
applicative linear range and a low detection limit, holding
promising applicability in practical samples for the detection of
PSA. It is expected that this work can not only further expand
the application scope of single-atom-involved materials but
also provide guidelines for designing high-performance PEC
biosensors.

B RESULTS AND DISCUSSION

The synthetic procedures of Pt SAs-CdS are displayed in
Figure la. First, the CdS was synthesized by a facile one-pot
solvothermal seeded-growth procedure. Afterward, Pt SAs-CdS
was successfully obtained using CdS as the support to stabilize
Pt SAs. The following heat treatment was adopted to enhance
the interaction between unsaturated sulfur atoms and the
isolated Pt atoms of CdS. The morphology of the as-prepared
samples was characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
displayed in Figure 1b, Pt SAs-CdS possesses a rod-like
structure with regular diameters ranging from 53.9 to 66.6 nm,
which is similar to that of CdS and Pt NPs-CdS (Figures S1
and S2). According to the elemental mapping images, the well-
distributed elements of Cd, S, and Pt are observed for Pt SAs-
CdS (Figure 1c). This result is in accordance with the energy-
dispersive spectroscopy (EDS) spectrum of Pt SAs-CdS in
Figure S3a. The high-angle annular dark-field scanning
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transmission electron microscope (HAADEF-STEM) image
(Figure S3b) shows the clear lattice fringes of 3.34 A, which
correspond to (002) planes of CdS. Meanwhile, white bright
dots in the corresponding aberration-corrected HAADEF-
STEM (AC-HAADF-STEM) image (Figure 1d) reveal the
atomically dispersed Pt. Furthermore, the crystal structure of
the samples was characterized by X-ray diffraction (XRD). In
Figure S4, Pt SAs-CdS exhibits the characteristic diffraction
peaks of standard CdS (JCPDS 77-2306), and no other
diffraction peaks are found, revealing the absence of Pt-based
crystalline phases. In addition, the local atomic coordination
and electronic structure of Pt were further studied with X-ray
absorption spectroscopy (XAS). As shown in the X-ray
absorption near-edge structure (XANES) analysis of the Pt
L;-edge, the absorption edge position of Pt SAs-CdS is located
between those of the Pt foil and PtO,, suggesting that the Pt
single atoms are positively charged (Figure le). On the basis of
extended X-ray absorption fine structure (EXAFS) analysis in
Figure 1f, Pt SAs-CdS exhibits a prominent peak at about 1.76
A, which is associated with Pt—S scattering. Notably, the signal
from the Pt—Pt contribution (2.6 A) is not observed,
demonstrating the single-atom Pt sites in Pt SAs-CdS. For
comparison, the sample of Pt NPs-CdS was also prepared by
anchoring Pt NPs on the surface of the CdS. As depicted in
Figure S2b, the existence of Pt NPs could be confirmed.

To confirm the effect of Pt single atoms on the properties of
photoactive material, the PEC and spectroscopic tests were
systematically performed. The electronic structures of Pt SAs-
CdS, Pt NPs-CdS, and CdS were carefully analyzed by X-ray
photoelectron spectroscopy (XPS) measurements. As a result,
the binding energies of S 2p and Cd 3d in Pt SAs-CdS
positively shifted by 0.4 and 0.6 eV, respectively, relative to
those of CdS, indicating the electron depletion after
introducing Pt SAs (Figure 2a and Figure S6a). The strong
electronic coupling between Pt SAs and CdS suggests the
formation of an effective heterojunction, which favors the PEC
performance. Moreover, the deconvoluted peak at 163.04 eV is
observed with Pt SAs-CdS, which could be ascribed to the
signal of newly generated Pt—S coordinated bonds.”® Mean-
while, electron paramagnetic resonance (EPR) spectroscopy
was employed to elucidate the photoinduced electron injection
process, as well (Figure S7). After irradiation for 10 min, the
sample of Pt SAs-CdS shows one single Lorentzian line
centered at 322.4 mT (g = 2.105).”" Compared with the bare
CdS, a stronger EPR signal of Pt SAs-CdS indicates a higher
concentration of unpaired electrons, which can facilitate
separation efficiency of the photoinduced electron—hole
pairs.”> Generally speaking, the steady-state photolumines-
cence (PL) phenomenon is closely related to the recombina-
tion of photogenerated electrons and holes in a semiconductor.
A strong PL signal of the semiconductor means serious
radiative recombination, leading to a poor PEC performance.
As described in Figure 2b, the sample of Pt SAs-CdS exhibits a
strongly quenched PL intensity compared with the pristine
CdS, indicating the recombination of photogenerated electrons
and holes is largely suppressed by the decorated Pt SAs.
Moreover, Pt SAs-CdS presents a conductivity better than
those of CdS and Pt NPs-CdS due to the smaller charge
transfer resistance in electrochemical impedance spectroscopy
(EIS) (Figure 2c). Then, the transient photocurrent responses
with consecutive on—off light irradiation were studied at 0 V
(Figure 2d). As expected, the photoelectrode based on Pt SAs-
CdS manifests a significant PEC response, which is nearly 1.8
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Figure 1. (a) Schematic diagram for the preparation of Pt SAs-CdS. (b) TEM, (c) EDS mapping, and (d) AC-HAADF-STEM images of Pt SAs-
CdS. (e) XANES and (f) EXAFS spectra of Pt SAs-CdS, Pt foil, and PtO,.

and 5.2 times higher than those of Pt-NP-CdS and bare CdS
NRs, respectively. In addition, the photoresponse of Pt SAs-
CdS and CdS was also studied by linear sweep voltammetry
(LSV) tests (Figure S10), which were recorded under a bias
potential range between —0.2 and 0.2 V (vs Ag/AgCl). The
photocurrent of Pt SAs-CdS increases rapidly with the positive-
scanning potential steps, manifesting a typical n-type semi-
conductor feature. The excellent PEC response could be
attributed to the boosted electron—hole pair separation
efficiency in the photoactive material of Pt SAs-CdS, which
is in accordance with the above characterizations. To reveal the
influence of Pt SAs on light absorption properties and energy
structure, the UV—vis diffuse-reflectance spectra were acquired
in the range of 200—800 nm (Figure S8a). CdS is observed
with the typical light absorption edge of 525 nm,>” whereas the
slightly red-shifted absorption edge is realized after the
introduction of Pt species, which is conducive to enhance
the light-harvesting ability of photoactive material. Then, the
band gap energy (E,) of CdS is calculated as 2.36 eV according
to the Tauc plot transformed from the UV—vis diffuse-
reflectance spectrum of CdS (Figure S8b).>* To obtain the
band structure of CdS, the Mott—Schottky curve was
measured (Figure S9) and the flat-band potential (Eg) of
CdS was —0.97 V vs SCE (—0.72 V vs NHE). The slope of the
tangent of CdS in the Mott—Schottky spectrum is positive, also
indicating its n-type characteristic. Generally, the Eg is 0.1 eV
more positive than the conduction band potential (Eg).>
Hence, the Eg, of CdS is approximately —0.82 eV vs NHE, and
the valence band potential (E,;) of CdS is calculated to be 1.54
eV accordingly. As a result, the energy band structure diagram
is illustrated in Figure 2e, and the corresponding mechanism
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on Pt SAs facilitating the photoelectron transfer is proposed.
During the PEC process, Na,SOj; acts as the hole-scavenging
agent to prevent photocorrosion and improve the stability of
the working electrode.

Specifically, the splendid nature of the single-atom-based
photoactive material is favorable to create an ultrasensitive
biosensor. Taking PSA as a representative analyte, the as-
prepared Pt SAs-CdS was then tested for PEC immunoassay
using CuO NPs for signal labeling. According to the UV—
visible spectra, Cu,O-Ab, displayed a broad peak in the range
of 230—310 nm compared with that of Ab, (Figure S11),
which may be caused by the overlay of CuO NPs and Ab,. To
further confirm the combination of CuO NPs and Ab,, the
confocal laser scanning microscopy (CLSM) analysis was
adopted. As disclosed in Figure S12, a red fluorescence region
in the images of CLSM for CuO-Ab, was observed, indicating
the successful immobilization of Ab, on CuO. Meanwhile, the
Fourier transform infrared (FT-IR) spectra also demonstrate
the above result due to the appearance of vibration peaks of
—NH, and —COOH in Figure S13. CuO NPs can be
dissociated into Cu®' ions under acidic conditions, which
subsequently convert CdS into CuS, via an ion-exchange
reaction during this process, changing the properties of the Pt
SAs-CdS photoelectrode To gain an in-depth understanding
of the influence of Cu®* ions on the properties of the Pt SAs-
CdS photoelectrode, PL emission spectra of the samples with
or without Cu®* ions were collected. In Figure S14, a higher PL
intensity is obtained in the presence of Cu®" ions, implying that
the addition of Cu** could induce the electron—hole
recombination in Pt SAs-CdS. Moreover, the time-resolved
photoluminescence (TRPL) spectra (Figure 2f) were also
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Figure 2. (a) S 2p XPS results of CdS and Pt SAs-CdS. (b) Steady-state PL spectra of CdS and Pt SAs-CdS. (c) EIS and (d) photocurrent
responses for CdS, Pt SAs-CdS, and Pt NPs-CdS. (e) Schematic band structure of Pt SAs-CdS. (f) Time-resolved transient photoluminescence
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Figure 4. (a) Schematic illustration of Pt SAs-CdS-based biosensing. (b) Photocurrent responses of Pt SAs-CdS/ITO with different concentration
target PSA. (c) Calibration curve. (d) Selectivity of this immunosensing platform against PSA (10 ng/mL), PR (1 mg/mL), ER (1 mg/mL), HER2
(1 mg/mL), BSA (1 mg/mL), CEA (1 mg/mL), and Glu (1 mg/mL). (e) Stability of Pt SAs-CdS/ITO.

conducted to reveal the changes in photogenerated charge
transfer dynamics after introducing Cu®" ions, in which all
spectra were fitted with the fast (71, 72) and slow (z3) lifetime
components (Table S1).°” Similar values of 71 (0.23—0.24 ns)
and 72 (2.30—2.39 ns) are yielded, whereas 73 largely increases
from 5.50 to 8.98 ns after adding Cu** ions. The slow decay
time indicates a sluggish dynamic of photogenerated electron—
hole pair separation. As a result, the average lifetime of Pt SAs-
CdS is lengthened from 8.14 to 11.51 ns upon addition of Cu®*
ions, indicating that the commendable charge transfer channels
provided by Pt SAs are destroyed after adding Cu®* ions. Based
on the above, the photocurrent responses of Pt SAs-CdS
before and after adding Cu®" ions are presented in Figure S15a,
and a depressed PEC performance is observed with the
presence of Cu®* ions. In addition, the EIS measurement was
also performed after the introduction of Cu®" ions, and a larger
charge transfer resistance is observed, which is in accordance
with the decreased photocurrent (Figure S15b).
Furthermore, density functional theory (DFT) calculations
were performed to demonstrate the geometric and electronic
structures of the Pt and Cu adatom-doped CdS (001) surface,
which could be helpful to understand the different electron
transfer behaviors during the PEC process. Two different
loading modes were studied here (Figure S16), and the most
relatively stable structures are shown in Figure 3a,d, where S-
terminated CdS (001) with one Cd atom near the surface was
replaced with a Pt or Cu adatom. The lowest orbital
distributions of the conduction band in Figure 3a,d are
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different, and the localized orbital on Pt—S4 bonds could be
beneficial to concentrate excitons. In Figure 3b, Hirshfeld
charge analysis reveals that the Pt adatom could induce a
charge trapping state of S-terminated CdS (001), which is
favors receiving photogenerated electrons, whereas this
phenomenon is inconspicuous in the Cu-embedded structure
in Figure 3e. These different orbital and electron distributions
between Pt and Cu doping systems could be further revealed
by their partial density of states in Figure 3¢, and the Pt-
embedded S-terminated CdS (001) structure shows higher
occupation near the Fermi level (see the curves of the density
of states in the transparent blue region). This result implies
that the photoinduced electrons could be easily excited and
transfer to the Pt active sites, leading to a remarkably enhanced
PEC performance. Additionally, the conduction band of the
Cu-embedded structure was positively shifted compared to
that with pure CdS (001) (see Figure 3f), resulting in the
decreased excitation for photogenerated electrons. Conse-
quently, the DFT calculations support that the as-synthesized
Pt SAs-CdS can realize directional migration of photoinduced
exciton to the Pt—S4 area and further supply an efficient
separation of electron—hole pairs. On the contrary, when the
Cu** was added in Pt SAs-CdS, the separation of a
photogenerated exciton could be prevented, leading to an
inferior photocurrent.

To guarantee sensitive biosensing, the detection condition
was carefully optimized. First, the loading content of Pt SAs at
the surface of CdS was finely adjusted, and the Pt SAs-CdS
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with a feed ratio of 0.4% exhibits the largest photocurrent
(Figure S17a). Afterward, the thicknesses of the photo-
electrode were studied by drop-coating with different volumes
of photoactive material, which is necessary for the light-
harvesting and charge transport. As plotted in Figure S17b, the
strongest PEC signal is achieved by a volume of 13 yL of Pt
SAs-CdS, which is used for the following tests. To ensure a
sufficient reaction with Cu®" ions, the photocurrent of the
different samples with the reaction time ranging from 5 to 35
min was measured in Figure S17c. It is found that the
photocurrent signals are almost unchanged after incubation for
25 min. As schematically illustrated in Figure 4a, the single-
atom-based photoactive material with the excellent PEC
performance was used to build a negatively correlated
biosensor. Considering the CuO NPs-labeled sandwich
immunocomplexes induced PEC signal inhibition, the relation-
ship between the PSA concentrations and photocurrent
inhibition was well-developed. As a result, the photocurrent
values of Pt SAs-CdS linearly decreased with the PSA
concentrations from S pg/mL to 10 ng/mL (Figure 4b).
The linear regression equation (Figure 4c) can be expressed as
(I = I)/I, = 0.1585 log(Cpss) + 0.5057 (R® = 0.9952), and the
limit of detection is 0.92 pg/mL (signal-to-noise ratio of 3). As
displayed in Table S2, different methods for the detection of
PSA are also compared, and the as-prepared PEC biosensor in
this work is among the best-known results.

The selectivity of the PEC immunoassay was also studied by
introducing some interferences, including progesterone
receptor (PR), human epidermal growth factor receptor-2
(HER2), estrogen receptor (ER), bovine serum albumin
(BSA), carcinoembryonic antigen (CEA), and glucose (Glu).
Even using a 100-fold higher concentration than PSA (10 ng/
mL), the photocurrent suppression rates of the interferences
are still ignorable, proving the excellent selectivity of the
fabricated biosensor for PSA (Figure 4d). Furthermore, the
developed Pt SAs-CdS photoelectrode exhibits outstanding
PEC stability under a periodic on—off light for 400 s (Figure
4e). To verify the practical usability and reliability of the as-
obtained PEC biosensor, the detection of PSA in human serum
samples was carried out. As depicted in Table 1, the test results

Table 1. Comparison of the Pt SAs-CdS Biosensor and the
Test Result from the Hospital

serum samples biosensor relative standard deviation
(ng/ng (ng/mL) (%)
1 0.2952 0.3019 + 0.01 4.090
2 0.4080 0.4065 + 0.01 2.020
3 0.7380 0.7337 + 0.02 2.120
4 1.930 1.948 + 0.0S 2.590

based on this PEC biosensor in human serum samples are
close to the values detected by the hospital with the
chemiluminescence method. The relative standard deviations
are less than 4.09%, implying the feasibility of the developed
biosensor for real sample tests.

B CONCLUSION

In this work, an advanced PEC sensing platform was developed
using Pt SAs-CdS with ultrahigh photoactivity for detecting
PSA. Aberration-corrected HAADF-STEM and XANES results
fully demonstrated the monatomic characteristic of as-prepared
Pt SAs-CdS. As a direct result, the maximum atom utilization
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efficiency of the noble metals is realized by the isolated
platinum centers of Pt SAs-CdS, displaying a PEC performance
much higher than that of Pt NPs-CdS and CdS owing to the
accelerated photogenerated charge carries separations. Finally,
the Pt SAs-CdS-based PEC biosensor exhibits a good linear
relationship range from S pg/mL to 10 ng/mL PSA with a very
low detection limit of 0.92 pg/mL. In addition, the Pt SAs-
CdS-based PEC sensing platform exhibits good selectivity and
promising detection in human serum samples. Expectantly, the
single-atom-based photoactive material opens a new avenue for
designing high-performance PEC biosensors and further
expands the application scope of single-atom-involved
materials.
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