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Correlating Heteroatoms Doping, Electronic Structures,
and Photocatalytic Activities of Single-Atom-Doped

Ag,s(SR),s Nanoclusters
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Atomic-level manipulation of catalysts is important for both fundamental studies
and practical applications. Here, the central metal atom in an atomically precise
Ag,s nanocluster (NC) is replaced with a single Pd, Pt, and Au atom, respectively,
and employed as a model system to study the structure—property—activity rela-
tionship at the atomic level. While the geometric structures are well-preserved
after doping, the electronic structures of Ag,s NCs are significantly altered. The
combination of Ag,s and TiO, enhances the charge separation at the interface,
exhibiting a 10 times higher hydrogen production rate in photocatalytic hydrogen
evolution reaction compared to bare TiO,. Further results show that heteroatoms
doping has a negative impact on performance, particularly in the cases of Pd and
Au doping. Ultraviolet photoelectron spectroscopy measurements and density
functional theory calculations suggest that the lower activities are due to an

energy mismatch between the levels of doped NCs and TiO,. These findings not
only reveal the impact of heteroatoms doping on the electronic properties and
photocatalytic activities of NCs, but can also guide the design of heterometallic

to the changes in the catalytic performances
of an ensemble of atoms when
the composition of the catalyst changes.
Ligand effects refer to electronic effects
due to changes in the chemical properties
of the atoms due to the presence of multiple
metal components.!' In general, it is diffi-
cult to vary the composition of heterometal-
lic nanoparticles without changing the
electronic structure of the individual metal
components and affecting the metal
distribution."” Several techniques like atom
probe tomography and low-energy ion scat-
tering spectroscopy have been used for the
characterization of metal distributions in
heterometallic nanoparticles.” However,
the characterization of metal distribution
at the atomic scale remains challenging.

NCs for photocatalytic applications.

1. Introduction

Heterometallic nanoparticles have been emerging as a type of
important nanomaterials exhibiting catalytic properties that are
substantially different from their homometallic counterparts.”~*
By altering the electronic structure or creating new active
sites, the metal components in a heterometallic nanostructure
often interplay with each other to induce synergetic effects.>~!
Specifically, the synergetic effects are divided into ensemble effects
and ligand effects.'” Ensemble effects are geometrical effects due

Metal nanoclusters (NCs) with atomic
precision are a unique family of metal
nanomaterials that are readily crystallized
into single crystals, representing ideal

models to unravel structure—property relationship at the atomic
level.'">"**! By tuning the number of metal atoms in the core, the
composition, and the protecting ligand of metal NCs, their phys-
icochemical properties can be precisely controlled.™>'® Taking
the well-studied Au NCs as an example, their ground state
and excited state electronic structures are tunable. The photolu-
minescence quantum yield of a rod-shaped Au,s NC can be
tuned from 0.1% to 40.1% by substituting gold atoms with
silver.'”) The lifetime of the excited charge carriers of gold
NCs can be as long as 5ps depending on the structures.®
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Zhu et al reported that a subtle alteration of silver NCs by central
doping with a foreign atom dramatically changed the catalytic
performance of the NCs for CO, conversion.'! Zheng et al.
reported that the protecting ligands of the NCs play an important
role in the hydrolytic oxidation of organosilanes since the ligands
were involved in the formation of reaction intermediates.2’

Recently, the utilization of metal NCs in photocatalytic
and photoelectrochemical reactions has been emerging as a new
field and gained significant attention.”’”*”! The strong, broad
light absorption ability and the long-lived excited states make
metal NCs promising candidates as photosensitizer, and might
replace traditional dyes."®* ! Their discrete energy levels allow
them to prevent charge recombination at the semiconductor
by efficiently separating the photoinduced charge carriers.*?
Moreover, these metal NCs themselves can act as active
catalysts.®*7) By replacing the protecting ligands of an undeca-
gold NC from triphenylphosphine to diphenylphosphine oxide,
the functionalized Au;;/Bi,03 composite showed high selectivity
toward the hydrogenation of the C=0 group in benzalde-
hyde.?®! Compared to the size effects of metal NCs on the photo-
catalytic/photoelectrochemical performance, studies focusing on
the doping effects, especially with a clear distinction between
geometrical effects and electronic effects, are rare.["*37~*3!

Herein, Agys(SR)1s NCs (SR = thiolate) are chosen as model
catalysts to investigate the role of doping on the photocatalytic
properties, where heteroatoms (e.g., Pd, Pt, and Au) replace
the central Ag atom in Ag,s NCs. Since the main structure of
Ag,s remains unchanged after central doping, the geometrical
effects and the electronic effects can be clearly distinguished.
The photocatalytic activities of as-prepared NCs deposited onto
TiO, are investigated. The MAg,,/TiO,(M = Ag, Pd, Pt, and
Au) composite photocatalysts exhibit up to 10 times higher
hydrogen production rate in photocatalytic hydrogen evolution
reaction (HER) compared to bare TiO,. However, the heteroa-
toms doping deteriorates the catalytic activities of the silver
NCs. Density functional theory (DFT) calculations are performed
to analyze the impact of heteroatoms doping on the electronic
structures of the NCs, and UPS measurements are utilized to
analyze the charge transfer pathways of the catalysts. The deteri-
oration of the photocatalytic activities is attributed to a mismatch
in energy levels between the doped NCs and TiO,.

2. Results and Discussion

The five NCs protected by 2,4-Dimethylbenzenethiol were pre-
pared by the methods reported previously."*** The schematic
overview of the structures of the NCs is shown in Figure 1a.
Since Au, Pt, and Pd have higher cohesive energy than Ag,
the dopant atoms prefer to occupy the high-coordinated site
(center of the icosahedra Agy,) in Agys NCs.[*Y All the samples
were characterized by mass spectrometry and UV-vis absorption
spectroscopy. As determined by the electrospray ionization mass
spectrometry (Figure 1b, see also Supporting Information),
the signals at m/z 5165.4, 2582.2, 2626.2, and 5255.5 could be
assigned as Agys, PdAg,s, PtAg,, and AuAg,, respectively.
All the experimental results correspond well with the simulated
results, confirming the atomic compositions of the NCs. UV-vis
absorption spectra in Figure 1c showed the different absorption
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profiles of MAg,, NCs, where significant blue shifts were
observed for the heteroatoms doped MAg,, NCs. To correlate
the structure parameters to the optical properties of the NCs,
density functional theory (DFT) calculations were performed.
Taking the adsorption spectra of Agys NCs as an example, the
adsorption bands at around 677 and 488 nm correspond to the
LUMO + 1 « HOMO transition (a) and LUMO + 2 « HOMO-2
(P) transition, which are essentially intraband (sp < sp) transi-
tions. However, when the heteroatoms are incorporated into
the core of the MAg,, NCs, these transitions arise essentially
from interband (sp « d) transitions, indicating the perturbation
of the electronic structures induced by the heteroatoms.!*”)
The transition behaviors for Ag,s, PdAg,4, and AuAg,, NCs are
identical, however, the # transition of PtAg,, NCs exhibit
different transition behaviors, which originate from HOMO-2
orbital to high-lying LUMO + 4 orbital.

It has been experimentally verified that the core of the Agys
NCs is made up of an Ag;, icosahedral core with one Ag atom
situated at its center. The remaining 12 Ag atoms form six
Ag,(SR); dimeric staples and occupy the 12 triangular faces of
the Ag@Ag,, icosahedron, forming a core—shell structure.*¥
The electronic structures of the as-prepared NCs were also ana-
lyzed based on the DFT calculations, Figure 2 shows the Kohn—
Sham (KS) orbitals of MAg,, NCs with the contribution of each
valence orbital component marked in different colors. The high-
est occupied molecular orbital (HOMOs) and lowest unoccupied
molecular orbital (LUMOs) of the four NCs are mainly contrib-
uted by Ag(4d) and Ag(sp) orbitals, with the former contributing
more in the LUMOs, whereas the latter have stronger contribu-
tion in the HOMOs. The participation of Ag(sp) and M(sp) orbi-
tals in the PtAg,4 NCs is obviously less pronounced than that in
PdAg,, and AuAg,, NCs, this result is in accordance with the rel-
atively shorter M-Ag bond lengths among the doped NCs
(Table 1).**) A similar phenomenon could also be found in the
LUMOs of the NCs, the contribution of Pt(5d) is less pronounced
than the other two doped NCs, which indicates weaker d—d hybrid-
ization between Pt and the Ag atoms in PtAg,, NCs. Agys, PdAg,,,
and AuAg,, exhibit similar band structures with closed HOMO
and LUMO positions. However, PtAg,, shows dramatically
decreased HOMO and LUMO positions compared to the other
NCs, with the positions being —3.12 and —2.48 eV, respectively.

There are mainly three excited-state species included in MAg,,
NCs: 1) the higher excited-states; 2) surface-states; 3) a state con-
sisting of low-lying LUMOs centered on the metal core.[***”!
According to the energy evolution and the above-mentioned
relaxation process, the MAg,, NCs could be readily sorted into
two types—type A (PtAg,4) and type B (Agys, PdAg,,, and AuAg,,),
where the orbital coupling is stronger between LUMO +1
and the other high-lying LUMOs in type B. Compared to type
B NCs, type A NCs present narrower HOMO-LUMO gaps and
wider energy gap between LUMO + 1 and the other high-lying
LUMO orbitals, which leads to slower electron relaxation from
high exited-states to low-lying LUMO orbitals.*®! Moreover, due
to the faster loss of quantum coherence, type A NCs exhibit stron-
ger electron-vibration interactions and elastic scattering upon het-
eroatoms doping, which further prolongs the electron relaxation
time [49:50

The direct visualization of the HOMOs and LUMOs is
presented in the insets of Figure 2. The frontier orbitals
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Figure 1. a) Schematic illustration of the structure of MAg,4 nanoclusters (NCs). b) Simulated (Black) and experimental (Red) electrospray ionization
mass spectrometry (ESI-MS) spectra of the as-prepared NCs. c) UV-Vis absorption spectra of the as-prepared NCs. d) Electronic energy levels of the NCs.

match well with the characteristics of the superatom concept,
where the doubly degenerate LUMO of Ag,s and HOMO of
PdAg,, NCs present superatomic d-type and p-type orbitals
(Figure 1d and top part of Figure 2), respectively.’”
However, the cases are different for PtAg,, due to a larger effec-
tive number of valence electrons participating in alloying. The
electrons in singly degenerate HOMO are delocalized further
away from the central Pt atoms in PtAg,, NCs than that in other
NCs, while the triply degenerate LUMO is rather localized
(Figure 1d and bottom left of Figure 2). Interestingly, PtAg,,
exhibit d-type HOMO and p-type LUMO which is different from
the other three NCs. For AuAg,, NCs, the triply degenerate
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HOMO shows superatomic p-type orbitals and the doubly
degenerate LUMO shows d-type orbitals (Figure 1d and bottom
right of Figure 2).

To analyze the charge distribution across the scaffold of the
NCs, charge density contour plots were mapped from the Z-axis
(Figure 3a). The charge density surrounding the core atoms is
much higher than the ligands in all the NCs, this phenomenon
is more evident in Ag,s and PtAg,, than in the other doped NCs.
The stronger charge density in the metal cores would polarize the
metal atoms and orbitals to form a permanent internal electric
field (IEF) within the core, thus driving the electrons and holes
to the metal core and ligands, respectively.®?~>* The heteroatom
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Figure 2. Kohn-Sham (KS) orbitals and visualized HOMO and LUMO orbitals of MAg,4 NCs obtained from density functional theory (DFT) calculations.
The different colors in the energy levels show the contribution of the stated atomic orbitals.

Table 1. The positions of the energy levels of MAg,4 NCs and the average
M-Ag (du.ag) bond lengths of the NCs at the lowest energy.

HOMO?

respectively. All the samples were measured under UV-vis light
illumination. As is shown in Figure 3Db, a trace amount of hydro-
gen was detected on the pristine TiO, catalyst after 18 h of illu-

NCs LUMO LUMO+1  Erem Em  Evii  dung® mination, which is 9.80pmolgee 'h™'. Notably, the
Agas -370  -237 —1.95 -366 133 042 2764 composite Ag,s/TiO, catalysts exhibited a much higher HER rate
PdAg,e 367 226 182 _365 140 044 2754  than the bare TiO, (102.94 pmol g, ~ " h™"). We also measured
PtAg,  -302  —248 ~130 330 064 118 2750 the HER rates for the doped MAg,,/TiO, catalysts to investigate
AAg. 368 226 193 364 142 033 2774 the impact of heteroatoms doping on the catalytic activities.

?Efermir position of the Fermi level, Ey, energy difference between HOMO and
LUMO; Ep i, energy difference between LUMO +1 and LUMO; dpyag the
distance between the core metal atoms and the Ag atoms at the inner shell.

doping also takes effect in the adsorption behaviors of the NCs,
where the adsorption peaks of the doped MAg,, NCs are more
significantly blue-shifted than the Ag,s NC. Other features could
also be observed in the density of states (DOS) of MAg,, NCs:
heteroatoms doping degenerates the electronic states and indu-
ces the impurity levels in the pseudo gap impurity levels
(Figure S1, Supporting Information).®*

Photocatalytic H, evolution reaction was selected as a model
reaction to investigate the impact of the heteroatoms doping
on the catalytic activities. The as-prepared NCs were loaded onto
TiO, and used as catalysts. For clarification, they were named
as Agys/TiO,, PdAg,,/TiO,, PtAgy./TiO,, and AuAg,,/TiO,,
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All the doped MAg,,/TiO, catalysts still exhibit better perfor-
mance than the bare TiO,. However, there are deteriorations
in the catalytic activities after Pd or Au doping compared to
the undoped Ag,s/TiO, catalyst.

The performance of the MAg,, NCs were 74.08, 37.89, 71.13,
and 37.14 mmol gNCsflhf1 for Ag,s, PdAg,s, PtAg,4, and
AuAg,, NCs, respectively (Figure 3c). To further investigate
the charge dynamics and the structure—activity relation-
ships of MAg,, NCs, the energy band alignments of the
MAg,4/TiO, composite catalysts were investigated by X-Ray
photoelectron spectroscopy (XPS) and UPS. Obvious shifts
toward lower binding energy of ~0.15eV could be observed
upon the deposition of MAg,4 NCs, indicating an upward band
bending (Figure 3d). The valence band maximum (VBM) of
TiO, was located at 3.20 eV below the Fermi level according
to the UPS spectra (Figure 3e), while the HOMO of Ags
NCs was found to be at ~1.26eV (Figure S2, Supporting
Information). Thus, the conduction band minimum (CBM)
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Figure 3. a) Charge density plots of MAg,, NCs mapped from the Z-axis. b) Hydrogen evolution reaction (HER) rates of bare TiO, and Ag,s/TiO,
catalysts. c¢) HER rates correlated by NCs. d) The shift of Ti 2p;/, of bare TiO, and Ag,s/TiO,. e) Valence band X-Ray photoelectron spectroscopy

(XPS) spectrum of pristine TiO,.

and LUMOs could be determined according to the values of
HOMO-LUMO gaps (Table 1).3%>¢]

Based on the results obtained earlier, the energy diagram of
the Ag,s/TiO, composite catalyst could be deduced (Figure 4a).
Upon the contact of Agys NCs, a band bending occurred on the
surface band of TiO, and the Fermi levels align, leading to a
change in the near-surface space-charge region.””) While the
LUMO of Agys NC is lower than the CBM of TiO,, the
LUMO + 1is higher than the CBM. When the Ag,s/TiO, catalyst
is illuminated, a staggered Type II charge transfer scheme with
high charge separation efficiency is formed: the photoinduced
electrons in the LUMO + 1 or higher energy states of the NC are
transferred to the CB of TiO, for reduction reaction, while the
photoinduced holes from TiO, are transferred to the HOMO
of the NC for the oxidation reaction.”®*% Since the main absorp-
tion band at 677 nm corresponds to the LUMO + 1 <~ HOMO
transition, the role of LUMO + 1 in the charge transfer process
is important (Figure 1d). Moreover, the LUMO + 1 orbital of
Agys NCs exhibits diffuse superatomic d-type orbitals, where
strong hybridization would occur among the interfacial atoms
and thus facilitate the transfer of photoinduced electrons in
space, further contributing to the electron-hole pairs separa-
tion.*?! Therefore, it could be concluded that the improved
charge separation in Ag,s/TiO, leads to greatly enhanced photo-
catalytic activities compared to the bare TiO,.

To elucidate the impact of heteroatoms doping on photocata-
Iytic activities, the energy-level diagrams of the other composites
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were also studied. Since the LUMO of PtAg,, NC is lower than
the CBM of TiO,, the charge transfer in PtAg,,/TiO, follows a
similar process as Ag,s/TiO, (Figure 4c). Electrons that are
excited to the LUMO are not involved in the interfacial charge
transfer. Instead, the prolonged electron relaxation time in
PtAg,, allows for reactions between the photoinduced electrons
in LUMO and the protons adsorbed on the NCs. This partially
accounts for the best performance of PtAg,,/TiO, among doped
samples. The cases for PdAg,,/TiO, and AuAg,4/TiO, catalysts
are different. As is shown in Figure 4b,d, the LUMO positions of
PdAg,, and AuAg,, NCs are both above the CBM of TiO,, indi-
cating that the electrons that are excited to the LUMO of the NCs
will also transfer to the CB of TiO,. The charge density contour
plots in Figure 3a provide further evidence of the difference in
the catalytic HER rates of the catalysts. It is known that the metal
sites of NCs are recognized as the active sites for H" reduction
into molecular H,, the relatively lower charge density in the
core metal atoms of PdAg,, and AuAg,, NCs make them less
favorable for hydrogen evolution compared to the Ag,s and
PtAg24 NCS.[GO]

3. Conclusion

In conclusion, we investigated the impact of single heteroatom
(Pd, Pt, and Au) doping on the electronic structures and photo-
catalytic activities of Agys NCs. While the geometric structures

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. Schematic energy level diagrams of a) Agys/TiO,, b) PdAgy/TiO,, c) PtAg,4/TiO,, and d) AuAg,4/TiO, composite catalysts, respectively.

are well-preserved after doping, the electronic structures of Ag,s
NCs were significantly altered. The combination of Ag,s and
TiO, enhanced the charge separation at the interface, exhibiting
a 10 times higher hydrogen production rate in the photocatalytic
HER compared to bare TiO,. Further results showed that heter-
oatoms doping deteriorated the catalytic activities of the NCs,
following the order of Ag,s>PtAg,,>PdAg,,>AuAg,,. UPS
measurements and DFT calculations allowed to conclude that
the lower activities are mainly due to the mismatch in energy
levels between the doped NCs and TiO,. These findings not only
reveal the impact of heteroatoms doping on the electronic struc-
ture and photocatalytic activities of NCs, but also suggest an
important criterion for the design of heterometallic NCs for pho-
tocatalytic applications. We hope that this study will stimulate
more studies focusing on the band alignment between metal
NCs and the targeted support while tuning the electronic struc-
tures of the desired metal NCs, in which way the charge transfer
is facilitated and the utilization of solar energy is improved.

4. Experimental Section

Synthesis of MAgz4 NCs: All the NCs were synthesized according to the
reported reference without any further modifications.!'®*4!

Synthesis of MAg,4/TiO, Catalysts: 0.5 g of commercial anatase TiO,
powder was first dispersed in 5 mL of dichloromethane. Then 6 wt% equiv-
alent amount of NCs solids was added into the mixture, which was further
allowed to be stirred under ambient conditions until the adsorption equi-
librium had been reached.

Photoelectron Spectroscopy Characterization: The characterization of the
bare TiO, and MAg,4/TiO, was performed using UPS and X-Ray photo-
electron spectroscopy (XPS) with a hemispherical electron analyzer
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(PHOIBOS-100, SPECS) using a the non-monochromated Al Ko
(1486.6 eV) radiation of a dual anode X-ray source (SPECS XR 50) and
a monochromated Hela (21.22eV) discharge lamp (Scienta Omicron
HIS13 combined with a VUV5K monochromator). A — 10V bias voltage
was applied during the measurement of the secondary electron cutoff
(SECO). All measurements were performed at room temperature. All ener-
gies are referred to as the Fermi-level (EF).

Mass Spectrometry: The samples were analyzed with a Synapt G2-S
HDMS mass spectrometer, Waters Co., USA. The ionization and transfer
conditions of the mass spectrometer were optimized for the maximal
intensity of the cluster (Agas NCs) and used unchanged for all other
samples. Negative ESI-MS with a capillary voltage of 1.46 kV was used.
The source temperature was set to 40 °C, the desolvation temperature
was set to 120°C. The sampling cone and source offset voltages were
set to 25 and 40V. The desolvation gas flow was 400.0 Lhr'. IMS
Bias and Trap DC Bias were lowered to 1.5 V. All Measurements have been
performed in resolution mode (R & 25 000). Initial calibration for m/z 400
to 8000 was performed utilizing a 2 mgmL™" Csl solution (Csl: analytical
standard for high-resolution mass spectrometry, Fluka, CH, Solvents: 3:1
ULC/MS-grade 2-Propanol: ULC/MS-grade water, purchased at BioSolve
BV, NE). LockSpray (ESI-L low concentration Tuning Mix, Agilent
Technologies, USA, diluted 1:10 with ULC/MS grade ACN, with peaks
at m/z 1033.9881 and m/z 2833.8731) was used throughout the experi-
ments to improve mass accuracy. All samples have been dissolved in
Dichloromethane (stabilized with Ethanol, HPLC grade).

DFT Calculations: All calculations were performed using the first-
principles DFT with the exchange-correlation energy function of the
generalized gradient approximation (GGA) by adopting the Perdew—
Burke—Ernzerhof (PBE). The calculations were conducted by using the
VASP package, in which the ultrasoft pseudopotentials were employed
for all atoms with the accuracy set as Accurate. The cluster was put in
a 30 x 30 x 30 A% cubic box, and the initial structure of the cluster was
from the crystallographic information file provided by the reported refer-
ences. All the ligands and hydrogen atoms were included in the models
and were well-relaxed via geometry optimization before the energy
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calculations. An energy cutoff of 400 eV and a Monkhorst—Pack grid with a
1 x 1 x 1 K-point set were chosen for the calculations. All the calculated
data were post-processed with the VASPKIT package.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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