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Polyhedral silver clusters as single molecule ammonia sensor based
on charge transfer-induced plasmon enhancement
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The unique plasmon resonance characteristics of nanostructures based on metal clusters have always been the focus
of various plasmon devices and different applications. In this work, the plasmon resonance phenomena of polyhedral
silver clusters under the adsorption of NHj3, Ny, Hp, and CH4 molecules are studied by using time-dependent density
functional theory. Under the adsorption of NHj3, the tunneling current of silver clusters changes significantly due to the
charge transfer from NHj to silver clusters. However, the effects of Ny, Hy, and CHy adsorption on the tunneling current
of silver clusters are negligible. Our results indicate that these silver clusters exhibit excellent selectivities and sensitivities
for NHj3 detection. These findings confirm that the silver cluster is a promising NH3 sensor and provide a new method for

designing high-performance sensors in the future.
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1. Introduction

In view of its potential harm to the surrounding environ-
ment and public health, ammonia has been one of the ob-
jects detected by gas sensor. Metal oxides have been exten-
sively studied as gas sensors based on the resistance changes
caused by the adsorption of gas molecules.!!?! Transition-
metal dichalcogenides exhibit excellent performance in gas
sensor applications due to their lower band gaps and bet-
ter conductivities.’] Owing to high mobility, excellent me-
chanical properties and high surface area, two-dimensional
materials (black phosphoene, stanane, carbon nitride, efc.)
have gradually become the candidate materials of sensors.[46]
In addition, some investigations show the potential applica-
tions of nanotube materials in high-performance ammonia gas
sensors.!”l The performance of the sensor is effectively im-
proved through strategies such as doping, hydrogenation, and
fluorination, which greatly expands the application range of
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the sensor.!®101 In recent years, gas sensors based on nan-

oclusters have been favored by researchers due to their better
sensitivities and selectivities.[! %]

Metal nanoparticles have attracted widespread attention
in the fields of science and technology due to their unique op-
tical, electronic and catalytic properties. The localized sur-

face plasmon resonance!!3~13]

maintained by the nanostruc-
ture due to its limited boundary will bring about localized
optical waveguides, charge accumulation, and localized field
enhancement near the surface.''® Many novel effects caused

by surface plasmon excitation, such as local field strength
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enhancement effect,!!”l negative refraction phenomena,!'®!
and Fano-like chiroptical response,!'®! have been applied to

(201 photocatalysis,?!! cancer treatment,??! ezc. In

biosensing,
recent years, owing to the enhancement of the electric field
strength at the sharp corners and edges, plasmonic nanoparti-
cles with various polyhedral shapes have become a research
hotspot. >3] With the rapid improvement of the process tech-
nology, silver cluster structures with different shapes have
been successfully synthesized in laboratory. Based on the
PVP synthesis process, the specific polyhedral shapes have
been successfully manufactured.?¥ So far, thermal and elec-
trochemical methods have also been used to exclusively syn-
thesize gold and silver nanoprisms. Millstone et al. reported
a synthetic procedure to produce relatively homogeneous tri-
angular gold nanoparticles which have an average edge length
of nanometer.'”> Yu et al. theoretically studied the optical ab-
sorption spectra for spherical Ag, clusters (n = 5-120) em-
bedded in solid Ne.[?®! These research results show that the
plasmonic characteristic reveals striking distinction and de-
pendence on the structure shape and size. There has not been
any research on the properties of other polyhedral silver clus-
ters at the nanometer size.

Research results have shown that the presence of
molecules that cause the local refractive index to change has
a better tuning effect on the spectrum of surface plasmon
resonance.!”’l Tt is proved that the material exhibits many
fantastic nonlinear phenomena under the influence of laser
field.””®! Yan er al.*! studied the nonlinear response of a lin-

ear silver atomic chain upon ultrafast laser excitation in real
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time by using the time-dependent density functional theory.
What is surprising is that up to the fifth-order nonlinear re-
sponse occurs in the current spectrum. Shinde and Singh ana-
lyzed the effect of the application of ultrafast and femtosecond
laser to the nonlinear electron dynamics in phosphorene. 3!
Recently, Zhang et al. investigated the ultrafast carrier dynam-
ics of plasmon-mediated photoreduction of CO, and NH3 pho-
todecomposition on silver nanoclusters at a single molecular
level. 31321 These findings provide in-depth insights into de-
signing plasmon-mediated photocatalysts with high efficiency.
However, the research of silver cluster nanostructures in NH3
sensor is still lacking.

Here, we conduct the simulation study of the plasmonic
performance of several polyhedral Ag clusters under the ac-
tion of femtosecond laser. The effects of NH3, N, CHy, and
Hj adsorption on the optical properties of silver clusters are in-
vestigated. Time-dependent density functional theory proves
to be an effective method. The tunneling current spectrum of
silver clusters change significantly upon interaction with NH3
molecules. However, the plasmon resonance behaviors of sil-
ver clusters are not sensitive to the N, nor Hy nor CHy ad-
sorption. These findings demonstrate that silver cluster nanos-
tructures have superior application prospects in ammonia gas

detection sensors.

2. Computational methods

Our simulation calculations were carried out by using
OCTOPUS software based on time-dependent density func-
tional theory.!33! In the calculation process of ground state
and excited state, the method of local-density approximation
(LDA) was applied to the exchange correlation potential.[34]
These atoms in these systems were determined by Troullier—
Martins pseudopotential.[>>! The radius of the sphere centered
on each atom was 6 A and simulation area was divided by a
uniform grid of 0.3 A. The spectra of absorption and tunneling
current were obtained by propagating Kohn—Sham wave func-
tions for some time. We considered the optical properties un-
der impulse excitation E (¢) = Epd(¢) and Gaussian wavepack-
ets of laser pulses. For the time evolution, we used the total
time of 907/eV = 60 fs in time steps of 0.0037/eV ~ 0.002 fs.

In this study, we chose the polyhedral Ag; (decane-
dron), Agg (dodecahedron), Ag;g (triacontahedron) nanoclus-
ters as the research objects. The optimized structural pa-
rameters are consistent with the results reported in previ-
ous literature. 3438 The geometry of these Ag clusters is al-
most unchanged upon adsorption. In the optimization pro-
cess for Ag,—gas, we fixed the silver atom. This treatment
hardly affected the plasmon resonance frequency of these sys-
tems. These optimized structures of these research systems are
shown in Fig. 1.
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Fig. 1. Schematic diagram of Ag, (n =7, 8, 19) and Ag,—gas nanostructures.

3. Results and discussion

In order to explore the possibility of the silver clusters
as gas sensors for NHj3 detection, we first examine the op-
tical absorption spectra for Ag clusters with different shapes
and the effect of NH3 molecular adsorption, and the results
are shown in Fig. 2. The polarization direction of the inci-
dent laser pulse is selected to be parallel to the Z axis direc-
tion. Sharp contrasts are observed in the spectral behavior of
these systems. We find that the absorption spectra of these
nanostructures reveal many sharp peaks, which is attributed
to the obvious dispersion of electronic energy levels caused
by the quantum confinement effect.[*63%) As the size of the
structure increases, the plasmon resonance also exhibits a red
shift. This arises from the continuous decrease of the energy
level spacing of the silver clusters caused by the superposition
of single electron orbitals.[*”) Meanwhile, the strength of the
most significant absorption peak is enhanced with size increas-
ing. This phenomenon reveals that more electrons participate
in collective oscillation. This phenomenon is consistent with
those of other materials, such as noble metal nanospheroids
and aluminum nanoparticle.[*!*?! In the case of NH3 adsorp-
tion, there is a distinct shift of absorption peak. It is also inter-
esting to note that there are some smaller resonance peaks for
Ag,—NH3. This stems from the hybridization of NH3 molecu-
lar orbitals and Ag atomic orbitals and the number of orbitals
increasing with the number of atoms.

To explore the feasibility of NH3 molecular detection of
Ag7 cluster, we investigate the effect of adsorption of molec-
ular gases (NH3, N, Hy, CHy) on the tunneling current re-
sponse under the action of laser with the frequency 2.41 eV.
We present the optical response of these systems to ultrafast
femtosecond laser pulses, which are expressed by the equation
of the time variation of optical field E () as

E(t) = Eyexp [—(t—to)z/h'2 cos(ot — wtp). 1)

The maximum intensity of laser field is Eg = 0.01 V- A~ l, and
we set the width T = 3.3 fs, and #y) = 10 fs. The frequency, o,
is determined, which is dependent on the photoabsorption en-
ergy peak of research objects. The evolution of the laser over
time is shown in Fig. 3.
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Fig. 2. Absorption spectra of Ag, and Ag,—NH3 nanostructures with polar-
ization direction parallel to Z axis.

0010k @= 1.17 €V (799 nm)

(eV/A)

0.005F

—0.005F

E-field intensity

—0.010

0 10 20
t (fs)

Fig. 3. Laser oscillograph with maximum laser intensity Epax = 0.01 V/A.

The current plane is located in the central plane between
Ag7 cluster and gas molecule. For the Ag; structure, the cur-
rent plane is at the same position. The current density is given
by

J(zt) = —izh;{w/fvfpk (z,1) = (2,1) Vo (z,)}. (2)

The current can be obtained by integrating over the specified
plane S which is parallel to the XZ plane, specifically is ex-
pressed as

1(1) = [5J(z,1)-dS. ©)

The current spectrum in the frequency domain can be obtained
by taking the Fourier transform as follows:

(o) = /I(t)ei“”dt. )

The time evolution of tunneling currents of Ag; cluster in the
presence of different molecules are shown in Fig. 4(a). For

comparison, the tunneling current of isolated Ag; cluster is
also given. In addition, the obtained current as a function
of excitation energy is displayed in Fig. 4(b). For different
molecular adsorption situations, the tunneling current exhibits
distinct oscillation modes. For Ag7—H, and Ag7—CH4, the tun-
neling currents seem to vanish with the attenuation of the laser
field. But for other systems, the tunneling currents exhibit
coherent oscillation in the duration of the laser pulse. After
the external field decays, the tunneling current appears as a
continuous oscillation for each of different waveforms. For
the NH3 adsorption, the strength of tunneling current is the
largest, reaching 0.002 mA. This is consistent with the strong
absorption intensity at this frequency in Fig. 4(b). These phe-
nomena are consistent with the previously reported nonlinear
resonance of plasmonic system that can be distinctly tuned by
coupling with molecules. This phenomenon is attributed to the
influence of the adsorption environment on the plasmon reso-
nance of the material. According to the above analysis, we can
predict that the Ag cluster may be a very effective sensor for
detecting NH3 from N;, H,, and CH4 by measuring the signal
of the tunneling current responsing to gas adsorption.

In order to explore the physical mechanism of oscilla-
tion modes at different frequencies, we analyze the Fourier
transform distribution of induced charges at the resonance
frequency. The charge density distribution appears as a
quadrupole mode for the isolated Ag; cluster as shown in
Fig. 4(c). However, the density response presents a second or-
der charge transfer pattern of dipolar plasmonic excitation for
NH3 molecule adsorbed on the Agy cluster (Fig. 4(d)). This
is considered to be an excitation behavior of a multiple-order
oscillation mode. This phenomenon is consistent with the
plasmon excitation mode in the silver atom chain.!?®! For the
Ag7-N; system, the induced charge density shows the dipolar
characteristics along the excitation direction of the laser pulse
(Fig. 4(e)). It is also worth noting that the induced charge con-
centration in Ag7;—NH3 is an order of magnitude higher than
that in other systems, which explains the relatively strong res-
onance peak of the tunneling current. These results indicate
that different plasmonic modes are excited in these systems
under the action of laser pulse.

The tunneling current response of the Agg and Agjg clus-
ter can be conveniently manipulated by adsorption environ-
ment. It is obvious that the current response signals show sig-
nificant distinctions under laser excitation for silver clusters
with different configurations. For these two clusters, we use
the laser excitation with frequencies of 3.06 eV and 1.17 eV,
respectively. As shown in Fig. S1, it shows the time evolu-
tion of the tunnel currents for Agg cluster without and with
gas molecule. For the Agg cluster, the tunneling current in-
tensity of the silver cluster system increases twice when NH3
is adsorbed. The tunneling current intensity of the silver clus-

017302-3


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac6daf

Chin. Phys. B 32, 017302 (2023)

ters hardly change, in view of the consideration of N;, H,, and
CH4 adsorption. From the spatial distribution of the induced
charge response at the resonance frequency, it follows that the
distribution of induced charges is not affected by N, nor H»
nor CHy (Fig. S2). It is worth noting that the charge concentra-
tion involved in plasmon resonance increases in the Agg—NH3
system, which is consistent with the stronger absorption peak
appearing in the tunneling current spectrum (Fig. S3). For the
Agj9 cluster, our results show superior selectivity toward the
NH3 molecule. However, the tunneling current signal is rela-
tively weak (Figs. S4 and S5). To enhance the intensity of the
detection signal, we consider the effect of the laser intensity
on the cluster tunneling current response. The results show
that the tunneling current signal of Ag—NH3 complex can be
enhanced by using a stronger laser (Figs. S6 and S7). In addi-
tion, we investigate the larger size Ag clusters, and the results
show that Agjs cluster still presents the excellent performance
in NHj3 sensing with the increase of structure size (Fig. S8).
The effect of NH3 adsorption on the optical response

of Ag clusters is attributed to the charge transfer. To con-
firm this argument, figure 5 shows the tunneling current res-
onance as a function of electron doping. Adding net elec-
trons, the Ag clusters exhibit a tunneling current induced by
the laser pulse. Moreover, the oscillation mode and strength
of the tunneling current is strongly associated with the quan-
tity of charge. We can see that the induced charge density
distribution is significantly distinct at different resonance fre-
quencies. The regulation of plasmon performance by adding
or removing electrons has been observed in one-dimensional
(BN)n/Cm/(BN)n quantum-well structures.*3 In order to bet-
ter explain the mechanism of the tunneling current resonance
phenomenon, we further investigate the localization distribu-
tion characteristics of electrons as shown in Fig. 6. For these
different complexes, only in the case of adsorption of NH3
molecules can the charges transfer from cluster to adsorbed
molecules. This is consistent with what we observed and also
confirm the argument for induced charge transfer.
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Fig. 4. (a) Time evolution of tunnel currents for Ag7 cluster without and with gas molecule, with incident laser pulse frequency being 2.41 eV. (b)
Corresponding tunneling current spectra for Agz cluster without and with gas molecule. (c)—(e) Fourier transform of time-evolved charge densities
projected in the YZ plane at different peak frequencies for the Ag;, Ag;—NH3, and Ag;—N», with @, denoting frequency of the resonance peak.
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Fig. 5. (a) Time evolution of tunnel currents for Agy cluster with different net charges, where incident laser pulse frequency is 2.41 eV. (b) Tunneling current
spectrum of Agy cluster as a function of net doped charge Q/e. (c)—(g) Induced charge density distributions of Agy cluster with different net charges at

resonance energy point.
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Fig. 6. Electron localization function (ELF) of silver clusters without and with different gas molecule: (a) ELF of Agy cluster, (b)—(e) ELF of Ag; cluster

with NH3, N,, Hy, and CHg, respectively.

4. Conclusions

According to the time-dependent density functional the-
ory, we have studied the plasmonic properties of NH3, Np,
H,, and CH4 molecules on the polyhedral Ag clusters. The
plasmon resonance frequency depends on the shape of clus-
ter, which is the reason for selecting different excitation fre-
quency of the laser pulse. The adsorption of NH3 molecule
triggers off remarkable change in tunneling current spectrum
of Ag, clusters. We demonstrate that the regulation of plas-
mon performance by NHj3 adsorption is attributable to the
charge transfer between NH3 molecules and clusters. To date,
atomically precise metal cluster structures with various shapes
have also been successfully synthesized experimentally.[#+43]
Therefore, it is feasible to fabricate silver cluster nanosensors.
Overall, the present work proves that these clusters’ structures

can be used as a promising gas sensor for NH3 detection.
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