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Compared with the widespread exploitation of hot electrons in plasmonic nanoparticles (NPs), hot holes
generated from plasmonic metal interband transitions, are often overlooked in photoelectrochemistry,
including photoelectrochemical sensing. Motivated by the subtle spectral overlap between the character-
istic plasmonic bands of Ag NPs and interband transitions of Au, herein, we construct unusual core-shell
Ag@Au NPs via an anti-galvanic reaction to promote the generation of hot holes. Benefiting from the
unique plasmon resonances of Ag cores in specific wavelength regimes, Ag@Au can excite multiplied hot
holes while Au cannot under the same conditions. With satisfactory accuracy and good practicability, the
photoelectrochemical sensing platform based on Ag@Au NPs possesses a detection limit of 77 nmol/L for
glucose, exhibiting significantly higher sensitivity compared to that using Au NPs. This work exemplifies
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Photoelectrochemical (PEC) sensing is a rapidly developing ana-
lytical method that benefits from its advantages such as the negli-
gible background signal, ease of miniaturization, and low cost [1,2].
In this strategy, photo-sensitive materials including semiconduc-
tors and precious metals are indispensable to initiate the trans-
formations of photoelectronic energy toward chemical energy. Lo-
calized surface plasmon resonances (LSPR) occur via the confine-
ment of the collective vibration of free electrons in plasmonic met-
als (e.g., Au and Ag) and the electromagnetic field of the incident
light, contributing to many tremendous advances in nanoscience
[3-8]. After the light absorption into plasmonic metals, plasmons
decay by transferring the energy towards electrons in the nanos-
tructures, which induces the excitation of high energetic charge
carriers, i.e., hot electrons and hot holes [9-11]. Although plasmon-
excited hot carriers may dissipate their energy via nonphotochem-
ical pathways such as carrier relaxation, electron-hole recombina-
tion, and electron-phonon coupling, which result in that most inci-
dent photon energy cannot be harvested, plasmon-mediated pho-
tochemical transformations are continuously studied in the last
decade [12-14]. There have been numerous reports about promot-
ing catalytic reactions by hot electrons above the Fermi level of
plasmonic nanoparticles (NPs) [15,16], and a few empirical stud-
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ies on Au NPs evidenced that the photo-generated hot holes play a
role in assisting plasmonic catalysis [17,18]. Generally, in nanoplas-
monic chemistry, most studies focus on the essential performance
of hot electrons; however, improvements in the utilization of hot
holes have received limited attention.

The generation of hot carriers in plasmonic nanostructures can
occur either through intraband electron transitions within the con-
duction band (from the occupied sp-band to the empty sp-band) or
through interband excitations of electrons (caused by transitions
from other bands to the unoccupied conduction band states, i.e.,
d-band to the empty sp-band) [19,20]. Of note, the intrinsic excita-
tion from d-sp interband transitions dominates the optical absorp-
tion of plasmonic metals within the shorter wavelength regime
[21]. Compared with the plasmon-generated hot carriers, the carri-
ers excited by d-sp interband transitions have a much larger popu-
lation and longer relaxation time [22], which facilitate their par-
ticipation in photochemical reactions with matched energy lev-
els. Harnessing the energy from interband excitations of plasmonic
nanostructures is an emerging research area for energy chemistry,
in which the results show that these carriers can greatly increase
the efficiency of photocatalysis as the direct hot-hole reaction sys-
tem is Schottky-junction-free [23-26]. However, attention is sel-
dom focused on electrochemical reactions with interband-excited
hot charge carriers within plasmonic metals. Thus, we are moti-
vated to explore the merit of interband hot holes for PEC processes.
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Scheme 1. [llustration of the absorbance spectra of Au and Ag. (a) Upper: Local-
ized surface plasmon resonances (LSPR) peak of Au nanoparticles (NPs) is around
530nm. The intraband and the interband transition regimes are shown in cyan
and pink (wavelength longer or shorter than 516 nm), respectively. Lower: The LSPR
peak of Ag NPs locates in the range of 400-500 nm, which is governed by the in-
traband transition (blue regime). (b) Schematic of the interband transition of Au
(d-band to sp-band) promoted by LSPR excitation of Ag.

Moreover, plasmons have not been employed to enhance the
interband-excited hot-hole-mediated electrochemical reactions. For
spherical NPs, the LSPR peak of Au is around 530nm, while the
plasmon resonances in Ag generally occur in the regime from 400
to 440nm (Scheme 1a). However, the interband transition energy
level is about 2.4 eV (i.e,, ~516 nm) and 3.8 eV (i.e.,, ~325nm) for Au
and Ag, respectively [27]. It is noted that the interband absorbance
in Au is quite low, indicating an ineffective hot-hole generation.
Interestingly, the d-sp interband excitation in Au is partly located
in the visible-light regime, which has an excellent spectral overlap
with the LSPR of Ag NPs. Thus, we are inspired to design unusual
Ag@Au core-shell nanostructures via an anti-galvanic replacement
reaction to enhance the efficiency of the interband excitation in
Au. Very recently, Au-decorated Ag NPs have admittedly been re-
ported in surface enhanced Raman scattering (SERS) or PEC sys-
tems. However, such Ag@Au NPs are merely explored to keep the
structure stable [28,29], to enhance the electrons transfer [30,31],
or to change the luminescence intensity and polarization direction
[32]. Notably, since the superiority of hot holes is neglected, the
strategy of improving the interband hot holes in Au by the LSPR of
Ag has not been developed.

In this contribution, we demonstrate that plasmon resonances
initiate the multiplication of hot holes generated on the surface of
Ag@Au NPs upon the light extinction within a specific wavelength
regime (Scheme 1b). Ag@Au NPs produce more interband hot holes
than Au NPs do. To actualize this design, the Ag NP cores used
as templates during the synthesis were prepared with the conven-
tional seed-growth strategy. In brief, Ag seeds were first synthe-
sized via the reduction of Ag™ precursor in the presence of tannic
acid (TA) and sodium citrate (SC). Consequently, Ag NP cores with
diameters of approximately 30 nm were synthesized through sec-
ondary growth. TEM image indicates a diameter of ~30nm and a
smooth particle surface (Fig. S1a in Supporting information). After
that, Au precursors containing Au3* were reduced by formalde-
hyde (HCHO) and continuously deposited onto the surface of Ag
cores as an Au shell, benefiting from the moderate reducing abil-
ity of HCHO in the precursor solution. Moreover, as a simple or-
ganic molecular, the oxidation of HCHO does not introduce surfac-
tants or ligands on the NPs. The generation and accumulation of
Au® contribute to the rapid growth of Au shell, resulting in Ag@Au
core-shell hybrid nanostructures [33,34]. To achieve this, different
amounts of Au precursor and reductant were added to the Ag NPs
solution together, followed by a quick and vigorous stirring. The
UV-vis spectrum recording the characteristic plasmon peak of Ag
NPs undergoes a slight red shift (from 421 nm to 426 nm) with in-
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Fig. 1. Characterizations of the synthesized core-shell Ag@Au NPs. (a) UV-vis spec-
tra for Ag@Au NPs comprised of 30nm Ag core and Au shell with different
thicknesses. (b) Representative TEM images of the prepared Ag@Au NPs. (c) Low-
magnification HAADF-STEM image and the corresponding EDS mapping images re-
lated to the elements Ag (d), Au (e), and the overlap of Ag and Au (f).

creasing Au-shell thickness, which is calculated to be around 0.1-
0.5nm with the amount of Au precursor rises (Fig. 1a). The de-
tailed calculation is described in Section 2.1 in Supporting informa-
tion. This result is consistent with the simulated absorbance spec-
tra from the Finite-difference-time-domain (FDTD) calculation (Fig.
S1b in Supporting information). The dipole-dipole coupling effect
results in slightly red-shifted and broader peaks. These experimen-
tal and simulated steady absorption spectra prove the presence
of Ag@Au core-shell structure. The thinnest Ag@Au structure with
0.1nm thickness hardly exhibits an apparent plasmon response,
which is attributed to the immature formation stage of Ag@Au hy-
brid nanostructures. X-ray photoelectron spectroscopy (XPS) was
used to examine the oxidation state for Au and Ag, which further
confirms the formation of the core-shell structure (Fig. S2 in Sup-
porting information). In fact, Ag exhibits the characteristic 3ds,
and 3dsp, XPS peaks at 368.4eV and 374.4eV, respectively. Mean-
while, the XPS peaks at 84.30eV and 88.03 eV correspond to the
4fy, and 4f5, peaks of metallic Au. These results indicate that in
this core-shell structure the Au and Ag are only in the zero-valent
state [35]. We, therefore, conclude that Ag NPs are partially coated
with an uneven layer of ultra-small Au nanodots.

To further verify the formation of the proposed structure, trans-
mission electron microscopy (TEM) images were captured. Fig. 1b
shows that uniform Ag@Au core-shell NPs were seen on large
scale. The contrast of particles in the image indicates that a rough-
ness layer of Au has been formed out of Ag NPs. Moreover, the
absence of voids in the Ag-core suggests that the galvanic re-
placement or ligand-assisted oxidative etching did not occur. In-
sert in Fig. 1b shows these NPs have a uniform size and no ag-
gregation happened during the synthesis process. In addition, to
investigate the distribution of Ag and Au elements within the core-
shell nanostructures, the high-angle dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) was further conducted
with the energy dispersive spectroscopy (EDS) elemental mapping
(Figs. 1c-f). The HADDF-STEM image of an individual particle dis-
plays a gray zone in the center enclosed by a much brighter zone
on the edge, which can be attributed to the Ag core and the Au
shell, respectively. EDS mapping reveals that the characteristic X-
ray signal of Ag comes exclusively from the core of the Ag@Au
NP, and the signal of Au is mainly ascribed to the shell. There-
fore, unlike the galvanic replacement that usually involves yielding
Ag/Au alloy nanocrystals, the etching-free synthesis developed in
this work gives rise to the coating of monometallic Au on the Ag
NPs.
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Fig. 2. Comparison of the photoelectrochemical (PEC) characterization between Au
and Ag@Au NPs under different wavelengths with the same light intensity. Plas-
mon excitation-induced potential shifts on the electrode consisting of Au NPs (a)
and Ag@Au NPs (b) supported on an indium tin oxide (ITO) substrate, respectively.
The electrode was immersed in 0.5mol/L potassium nitrate and 5mmol/L sodium
citrate, followed by the irradiation of 410, 440, 470 and 525 nm light with an inten-
sity of 200 mW/cm?. (c) Histogram comparison for the difference of photopotential
between Au and Ag@Au NPs.

To investigate the PEC performance of the synthesized Ag@Au
NPs, they were deposited onto Indium tin oxide (ITO) electrodes
and irradiated in electrolyte under the light of different wave-
lengths with identical intensity. Au NPs with a diameter of around
30 nm, which can be treated as Au@Au NPs, were used for compar-
ison to investigate the critical role of the Ag core. Figs. 2a and b
show the cell potential at the current of 5 pA as a function of time
in citrate solution. Plasmonic NPs decay nonradiatively into hot
electron-hole pairs. Holes with energy greater than the oxidation
potential of citrate may be injected into adsorbed citrate ions at
the particle surface, yielding 1,3-acetonedicarbosylate via a photo
Kolbe reaction [36,37]. The photogenerated hot electrons accumu-
late as excess charge at the interfacial double layer and increase
the Fermi level of the electrode. Under light excitation in the pres-
ence of sodium citrate in the electrolyte, the potential shifts to the
negative direction. This shift indicates the generation of a negative
potential by photoinduced citrate oxidation on the NPs. Here, light
irradiation at the NPs with different wavelengths (410, 440, 470
and 525nm) could always result in a decrease in the photopoten-
tial.

Moreover, both Au and Ag@Au NPs perform more decreased
photopotential under shorter wavelengths. This result indicates
that interband transition produces more population of hot carriers
than intraband transition does. The 410 nm light, which possesses
higher energy, can excite the interband transition of Au. In this
case, both Ag@Au and Au NPs produce the changed photopotential,
which is calculated to be 126.8 mV and 35.4 mV relative to that in
the dark condition, respectively (Fig. 2c). It is noted that the pho-
topotential reduction of Ag@Au is approximately 3.58 times of that
for Au NPs. This phenomenon confirms that under the light excit-
ing interband transitions, Ag@Au NPs are able to produce more hot
holes, which outperform Au NPs. As the wavelength of light source
goes longer, the potential continuously decreased. At 440 nm and
470 nm, the photopotential variation for Ag@Au is about 50.19 mV
and 31.49 mV relative to that of dark reaction, respectively, which
are 2.45 times and 1.68 times larger than that for Au NPs under the
same condition. It should be pointed out that when the spectrum
of incident light overlaps the LSPR of Au NPs (i.e., 525nm light
is used), Au NPs generate a photopotential reduction of 11.9mV,
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Fig. 3. Photoelectronic response (a) and EIS (b) of Ag@Au compared with that of
Au NPs in phosphate buffer (PB) solution containing AA under dark and light, re-
spectively. (¢) Scheme of the fabrication of photoelectrode and the design of PEC
enzyme sensor based on the multiplied interband hot holes in Ag@Au.
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which is slightly higher than 10.76 mV corresponding to Ag@Au.
This is ascribed to the light excited intraband transition of Au NPs.
The result substantiates that when the incident light locates out of
the interband regime of Au, the hot hole multiplication in Ag@Au
NPs would not occur. As the LSPR of Ag is around 400-440nm,
it effectively overlaps and couples with the interband transition of
Au. Accordingly, the Ag core effectively promotes the generation of
more interband hot holes in the Au shell by the plasmon resonance
of Ag in the wavelength regime of the characteristic Ag LSPR band.

As a concept of application of the plasmon-resonated hot hole
multiplication in Ag@Au, a PEC biosensing platform is designed
with the aid of electron donor ascorbic acid (AA). To figure out
the roles of AA, the analysis of photoelectronic response in the
presence of AA was given. The photoelectronic responses of Au
NPs (black) and Ag@Au NPs (red) are plotted in Fig. 3a. The re-
sults verify that Ag@Au NPs can obviously improve the photocur-
rent, which is approximately 10 times larger than that of Au NPs.
It is suggested that AA can be used as an electron donor to reduce
the photogenerated holes, which could block the recombination
of photogenerated holes and electrons. Electrochemical impedance
spectroscopy (EIS) was employed to investigate the mechanism of
charge transfer in photoelectrode. EIS of Ag@Au and Au NPs under
dark and light are shown in Fig. 3b. Charge transfer resistance (Rct)
of Au NPs is always larger than that of Ag@Au NPs either in dark
or under the light, respectively. This result further confirms that
Ag@Au NPs can produce more interband hot holes and accelerate
the charge transfer between AA and photoelectrode.

Inspired by the rapid development of PEC enzymatic biosen-
sors [38-40], herein, we combine the advantages of Ag@Au and
enzyme sensing for enhanced hot holes generation, which pro-
vides great potential for PEC detection of glucose. Fig. 3c exem-
plifies the mechanism of the PEC biosensors. The details of the
fabrication process of the photoelectrode are presented in the ex-
perimental section of Supporting information. As mentioned above,
because Ag@Au generates more interband hot holes under 410 nm
light irradiation (Eq. 1 in Fig. 3c), the density of hot carriers on
the photoelectrode increases, and the lifetime of hot carriers is
lengthened. Then, AA was added into the solution as an electron
donor. AA could deplete the photogenerated hot holes due to the
matched energy band, which hinders the recombination of pho-
togenerated electron/hole pairs and stabilizes the photoelectronic
response (Eq. 2 in Fig. 3c). As a result, the initial photocurrent is
generated depending on the extent of the oxidization of AA by
interband hot holes. On the contrary, glucose is injected into the
electrolyte containing AA and glucose oxidase (GOx), followed by
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Fig. 4. (a) Photocurrent response of Ag@Au NPs with different concentrations of
glucose (0.1 pumol/L to 1 pmol/L) irradiated by 410 nm light of 200 mW/cm?. The
light was turned on at 50s and off at 100s. (b) Corresponding histogram of the
change in photocurrent after the addition of glucose. Al is defined as the difference
between I and Iy, where [ is the photocurrent at 100s and Iy is the dark current at
50s. (c) Linear calibration plot (Al vs. the logarithm of glucose concentration) for
glucose detection from 0.1 umol/L to 1 umol/L under the light (red line) and in
dark (blue line). Error bars represent the standard deviations from six repetitive ex-
periments. (d) Specificity test of the prepared PEC sensor for glucose. The effect of
adding different substrates on the photocurrent response for the Ag@Au modified
electrodes is recorded. Al is resulted from the sample without any substrates.
Here, the blank solution is 38 mL PB containing 20 mmol/L AA. The final concentra-
tions of all substrates are 1 pmol/L. Other conditions were the same as those used
in the sensitivity study. All experiments were repeated three times.

the GOx-catalyzed transformation into gluconic acid and H,0, (Eq.
3 in Fig. 3c). Here, H,0, decreases the photoelectronic response
as a signaling molecule because the reduction potential towards
H,0,/H,0 is higher than hot electrons, according to Eq. 4 in Fig.
3c. Thus, the photoelectronic response decreases with the addi-
tion of glucose, and this trend is opposite to that with the addi-
tion of AA into the system. Due to the high reduction potential of
H,0,/H,0, a new reaction between H,0, and AA occurs (Eq. 5 in
Fig. 3¢). It means that H,O, competes with hot holes to consume
AA, which reduces the reaction rate of AA oxidization with hot
holes, leading to a reduction in the photoelectronic response (see
details in Section 4 in Supporting information). Benefiting from the
improved amount of interband hot holes of Ag@Au that produces
a larger initial AA oxidation photocurrent, a sensitive PEC enzyme
sensing strategy for glucose detection is constructed.

To test the photostability of the proposed biosensors, the
Ag@Au modified photoelectrode was exposed to 410 nm light in
the electrolyte without glucose for 1 h. As the result in Fig. S4
(Supporting information), the photocurrent after illumination only
decreased by approximately 8% compared with the initial pho-
tocurrent before exposure. This result confirms that Ag@Au pos-
sesses a high photostability, benefiting the usage in PEC sensing.
Furthermore, to improve the performance of the proposed PEC
biosensor, the applied potential, the casting amount of Ag@Au NPs,
the pH of the reaction solution, and the concentration of AA and
GOx were systematically optimized (Figs. S5-S9 in Supporting in-
formation).

Under the optimized conditions, as the glucose concentration
rises, the hot hole-induced photoelectronic response decreases ac-
cordingly (Fig. 4a). In order to show the advantages of the Ag@Au
NPs-based biosensor more intuitively, we performed the same glu-
cose detection with Au NPs (Section 7 in Supporting informa-
tion). As expected, an anodic photocurrent is observed for both
ITO/Ag@Au and ITO/Au electrodes due to the good electrocon-
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ductibility of Ag@Au NPs and Au NPs (Fig. 4a and Fig. S10a in
Supporting information). The current density of photoelectrodes
lessens with the increase of glucose concentration for the two
systems. However, if no glucose is added to the solution, the
ITO/Ag@Au electrode shows an obviously enhanced anodic pho-
tocurrent. It is noted that the photocurrent from ITO/Ag@Au elec-
trode is more than 10 folds of magnitude higher than that from
ITO/Au electrode (Fig. 4b and Fig. S10b in Supporting information),
which elucidates that Ag@Au NPs could produce more interband
hot holes toward AA oxidation than Au NPs do. This behavior is
beneficial for enhancing the analytical capability of signal-off PEC
biosensors.

By taking the advantage of the improved amount of interband
hot holes toward AA oxidation from Ag@Au NPs, a sensitive PEC
enzyme sensing strategy for glucose detection is constructed. As
depicted in Fig. 4b, different glucose concentrations generate vari-
able photocurrents, which convert biological signals into electrical
signals. The linear regression equation of the photocurrent could
be expressed as AI=0.08076 —0.07865logC (where AlI=I1-1Iy; Iy
is the initial current before light illumination, and I is the pho-
tocurrent at the end of light illumination), with a correlation co-
efficient R? =0.989 (Fig. 4c, red line). However, the change of cur-
rent under the same time interval but without light excitation is
very little (Fig. 4c, blue line). It means that the improvement of
detection performance is mainly ascribed to the Ag@Au enhanced
interband hot hole production under light excitation. Notably, for
Au NPs, the photocurrent response does not depend on the glu-
cose concentration, making it impossible to establish a linear range
(Fig. S10b). Thus, compared with Au NPs, the Ag@Au NPs accumu-
lating interband hot holes show an extended linear range of 0.1-
1 pmol/L and a lower limit of detection (LOD) of 0.077 pumol/L at
a signal-to-noise ratio (S/N) of 3. Benefiting from the characteris-
tics of Ag LSPR-improved interband transition of Au, the PEC en-
zyme biosensor based on Ag@Au achieved satisfactory sensitivity.
Particularly, the performance of the proposed biosensor is at the
top of the range compared with other recently reported PEC or
electrochemical glucose biosensors (Table S1 in Supporting infor-
mation). The enhanced PEC sensing performance is attributed to
the hot-hole harvesting at the particle’s surface from the interband
transition of Au which is multiplied by the LSPR of the Ag core.
Anti-interference ability is one of the critical indexes to evaluate
the practicability of a sensor. To challenge the specificity of the
proposed PEC strategy, some potential interfering substances such
as AA, maltose, fructose, sucrose, lactose, Na*, and uric acid (UA)
were investigated using the biosensor constructed in this contribu-
tion. As shown in Fig. 4d, the detecting solution of 38 mL PB only
containing 20 mmol/L AA was used to produce the initial photocur-
rent, which is marked as Al Following the addition of differ-
ent substances into the system, only glucose produces an obvious
differential of the photocurrent. Therefore, the fabricated biosensor
possesses superior selectivity towards glucose, which is mainly due
to the specificity of the enzyme.

To verify the feasibility of the Ag@Au NPs-based PEC biosen-
sor for practical usage of glucose analysis, the proposed biosensor
was employed for the detection of glucose in real human serum
samples. In brief, to a 38 mL PB solution (pH 7.4), 38 pL of the un-
treated serum was added. Subsequently, various volumes of stan-
dard glucose solution were injected to make their final concentra-
tion in the systems to be 0.1, 0.2, and 1 pmol/L. The chronoam-
perometry result is displayed in Table S2 in Supporting informa-
tion, which suggests that the recoveries of the standard glucose
were 108.0%, 100.5%, and 107.3% with corresponding relative stan-
dard deviation (RSD) of 1.70%, 2.21%, and 4.09% for the 0.1, 0.2,
and 1 pmol/L samples, respectively. This result exemplifies that the
Ag@Au NPs-enhanced PEC biosensor is adequate to detect glucose
in practical application scenarios.
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In summary, core-shell Ag@Au NPs were successfully con-
structed, in which the plasmons in Ag effectively resonate with
and promote the hot-hole generation in Au. Through systematic
PEC study and relevant investigations, we proved that the multipli-
cation of hot holes is ascribed to the spectral overlap between the
characteristic LSPR of Ag core and the interband transition of the
Au shell. By introducing the electron donor of AA, the H,0, from
GOx-mediated glucose oxidation competes against the holes accu-
mulated on the Ag@Au NPs photoelectrode for redox reactions, en-
abling the fabrication of the PEC glucose enzyme sensor. Compared
with biosensors based on Au NPs, Ag@Au NPs help achieve a lower
detection limit of 77 nmol/L. The improved sensitivity is attributed
to the increased amount of hot holes produced in Ag@Au NPs. The
above results suggest that the strategy of accumulating interband
transition hot holes with LSPR has broad feasibility and promising
prospects in designing PEC sensors with better performance.
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