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ABSTRACT: The ability to tune the electronic properties of
nanomaterials has played a major role in the development of
sustainable energy technologies. Metallic nanocatalysts are at the
forefront of these advances. Their unique properties become even
more interesting when we can control the distribution of the electronic ®
states in the nanostructure. Here, we provide a comprehensive Pt
evaluation of the electronic surface states in ultrasmall metallic
nanostructures by combining experimental and theoretical methods.
The developed strategy allows the controlled synthesis of bimetallic
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nanostructures in the core—shell configuration, dispensing of the use

of any surfactant or stabilizing agents, which usually inactivate important surface phenomena. The synthesized ultrasmall Au@Pt
nanoarchitecture (~1.8 nm) presents an enhanced performance catalyzing the hydrogen evolution reaction. First-principles
calculations of projected and space-resolved local density of states of Aug @Pty, (core—shell), AugPty, (alloy), and Pt4,
nanoparticles show a prominent increase in the surface electronic states for the core—shell bimetallic nanomaterial. It arises
from a more-effective charge transfer from gold to the surface platinum atoms in the core—shell configuration. In pure Pt,,; or
AugPty, alloy nanoparticles, a great part of the electronic states near the Fermi level is buried in the core atoms, disabling these
states for catalytic applications. The proposed experimental—theoretical approach may be useful for the design of other systems
composed of metallic nanoparticles supported on distinct substrates, such as two-dimensional materials and porous matrices.
These nanomaterials find several applications not only in heterogeneous catalysis but also in sensing and optoelectronic devices.
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hydrogen evolution reaction

O ne of the major challenges in the energy field for
affordable sustainable technologies is the development of
efficient catalysts,'” irrespective of whether the energy
conversion takes place, e.g, in photovoltaic cells, in electro-
chemical devices or in the production of fuels from renewable
sources. Among the most-studied catalytic systems, the
metallic nanostructures’ have shown remarkable properties
and improved performance in essentially all the cases cited
previously. Recently, the bimetallic systems and, more
specifically, the core—shell architectures’™® have attracted
huge attention. This structural design can result in significant
alterations on the surface electronic states, mainly due to the
charge transfer between the dissimilar metals through d-state

hybridization”* (ligand effect) and the core-induced strain on

the shell layer.”"”

The foremost synthetic route for the synthesis of metallic
core—shell architectures is the seed-mediated growth,”’12 in
which preformed nanocrystals (seeds) act as the sites for the
heterogeneous nucleation of the metal atoms that build up the
shell. This methodology has been successfully applied for the
synthesis of a huge variety of core—shell nanostructures with
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sizes in the range of 5—50 nm.° Comparatively, much less
explored are the ultrasmall nanostructures'® (1—3 nm), which
bridge the gap between molecular dispersions and larger-sized
nanomaterials. At the ultrasmall size regime, the nanostructures
exhibit unique properties due to the distinguished electronic
states and an even-higher surface-to-volume ratio when
compared with larger nanoparticles. As the size of a material
decreases to 1—3 nm, most of the atoms are located on the
surface, which is extremely important for catalytic applications.
However, along with these advantages, the challenges
regarding the atomic ordering, shape control, and stabilization
of such energetically unstable structures (having high surface
energies) during and after the synthesis become even more
complex for multimetallic systems. The use of proper capping
agents is practically indispensable, although it commonly leads
to the passivation or inactivation of catalytic sites on the
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Figure 1. Schematic illustration of the (a) synthesis procedure of the ultrasmall bimetallic nanostructures (GO/Au@Pt) in the core—shell
architecture and the cationic functional molecule covalently bonded to the surface of GO. (b) High-resolution (N Is level) XPS spectrum of the
functionalized GO/Bipy nanosheets. (¢, d) TEM image and the UV—vis spectrum and of the GO/Au (seeds). (e, f) TEM image and the size-

distribution histogram of the GO/Au@Pt nanostructures.

surface.” Considering these aspects, the ability to control the
synthesis and the stabilization of ultrasmall bimetallic
nanostructures and overcome the main drawbacks that were
pointed out before is of paramount importance for the
technological advances in the sustainable energy field.

Here, we demonstrate the synthesis of ultrasmall (<2 nm)
Au@Pt core—shell nanostructures supported on functionalized
graphene oxide (GO) nanosheets without the use of any
passivating or capping agents. The developed synthetic route is
based on the seed-mediated approach, starting from the in situ
growth of the Au nanocrystals (core), followed by the
heterogeneous nucleation of an ultrathin Pt shell. Density
functional theory (DFT) calculations revealed significant
differences on the electronic structure of the Aug;@Pto,
core—shell nanomaterial in comparison with Pt;,, and
AugiPty, (alloy) nanoparticles, highlighting a prominent
increase on the density of states (DOS) near the Fermi level
(Eg) for the Pt atoms on the shell (surface) for the Aug,@Pty,.
The electrocatalytic activities evaluated experimentally for the
hydrogen evolution reaction (HER) corroborate with the
calculated hydrogen adsorption Gibbs free energy (AGy) and
clearly reflects the observed alterations in the surface electronic
states.

The first step in the synthesis of ultrasmall Au@Pt
nanostructures involves the preparation of the Au core
(seeds) by following a protocol reported for the synthesis of
highly stable Au NPs supported on mesoporous silica.'*'> As
illustrated in Figure la, the anionic gold precursor (AuCl,”) is
initially adsorbed on the surface of the GO nanosheets
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previously functionalized with cationic bipyridinium groups
(Bipy), as confirmed by the X-ray photoelectron spectroscopy
(XPS; N 1s) measurements (Figure 1b).'® The ion-exchange
properties of the functional molecules retain the AuCl,™ anions
strongly attached on the surface by electrostatic interactions.
The gold precursor is then converted into ultrasmall Au seeds
by chemical reduction with NaBH,.

Figure lc shows a representative transmission electron
microscopy (TEM) image of the GO/Au sample in which is
possible to observe a low contrast of the metallic
nanostructures supported on the GO nanosheets, evidencing
their reduced sized. The absence of plasmonic bands in the
visible range of the electromagnetic spectrum (Figure 1d)
corroborates with the TEM observations and suggests that the
Au seeds are small and homogeneous, with most of the
particles at the size regime (<2 nm), where no surface plasmon
resonance is observed.'”'® The cationic bipyridinium groups,
in combination with GO, may have an additional important
role in stabilizing the Au seeds, thus avoiding uncontrolled
growth and aggregation into larger nanoparticles."*

The growth of the Pt shell was subsequently carried out at
room temperature by adding a plating solution containing the
Pt precursor (PtCl,"") and ascorbic acid (weak reducing
agent) to the GO/Au (seeds) in aqueous suspension. Under
these conditions, the reaction is expected to proceed via the
controlled deposition of the Pt atoms on the surface of the
preformed Au cores, and not by the undesired self-nucleation
process of new Pt nuclei. The TEM images of the GO/Au@Pt
can be seen in Figures le and S1, where the ultrasmall nature
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Figure 2. High-resolution XPS spectra of the (a—c) GO/Au and (d—f) GO/Au@Pt samples.
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Figure 3. (a) HAADF-STEM image and the corresponding EDX mapping of (b) Au and (c) Pt for the Au@Pt sample. (d) The HAADF-STEM

image with the EDX maps and (e) the line scan data.

of the metallic nanostructures is evident. The size histogram
can be visualized in the Figure 1f Scanning electron
microscopy (SEM) images of GO/Au and GO/Au@Pt
materials can also be seen in Figure S2. The resulting
bimetallic system shows a narrow particle size distribution
and high homogeneity, with an average size of ~1.8 nm
(ultrasmall regime), even without the use of stabilizing agents.
Such reduced final size strongly suggests the obtaining of an
atomically thin shell layer, thus maximizing the benefits from
the electronic coupling and/or the strain effects imposed by
the core on the outermost shell, which is extremely important
for catalytic applications. As observed for the Au cores, the
ultimate nanostructures are also highly stable on the surface of

the functionalized GO, with no tendency for the formation of
larger—sized nanostructures or aggregates.

High-resolution XPS spectra (Figures 2 and S3) of the GO/
Au and GO/Au@Pt samples show the characteristic (C 1s)
peaks of the graphene oxide, attributed to C—C, C-0O, and
C=0, and the Au 4f signals corresponding to the Au metallic
cores (seeds).'” After the growth of the Pt shell, a significant
decrease in the intensity of the Au signal with respect to Pt is
observed, which is consistent with the surface covering of the
Au cores by the Pt layer. A small amount of metal oxide species
(higher binding energy tails), usually observed on the XPS data
of noble metal nanoparticles, is also detected on the GO/Au
and GO/Au@Pt samples. The C 1s peaks of the GO/Au@Pt
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Figure 4. (a) Ball-and-stick model of ultrasmall Augg, Pt,; Auss@Pty, (core—shell), and AugsPty, alloy nanostructures. (b) The respective
projected density of states (PDOS). (c) Local density of states (LDOS) for low-energy quasiparticles for Pt,,;, Auss@Pt,,, and AugPto, alloy across

the plane shown in the left panel.
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Figure S. (a) Schematic illustration of three catalytic sites on the surface of the Auss@Pto, nanostructure and the correspondent AGy (hydrogen
adsorption). (b) Free energy diagram of hydrogen evolution for the most active sites of Augs, Pt,4;, Auss@Ptoy, and Pt (111). (c) HER polarization
curves of GO/Bipy, GO/Au, GO/Pt, GO/Au@Pt, and Pt bulk electrodes carried out at 10 mV/s in 0.5 M H,SO,.

sample show minimal differences when compared to the GO/
Au and indicate that the carbon support is slightly more
reduced, probably due to the additional reduction step carried
out to obtain the Au@Pt nanostructures.

Further evidence of the formation of the core—shell (Au@
Pt) nanoparticles comes from the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and the energy-dispersive X-ray spectrometry (EDX) (Figure
3). The HAADEF-STEM image with the corresponding EDX
data (maps and line scan) of Au and Pt of the metallic
nanostructures clearly reveal that a thin Pt shell was
successfully grown only on the surface of the Au seeds,
forming the core—shell architecture. Neither segregated Pt
clusters nor pure Pt nanoparticles were observed.

Metallic nanoparticles were modeled by first-principles
methods based upon density functional theory. The structural
and electronic properties were calculated for icosahedral
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nanoparticles:** (i) Augs (1.20 nm), (i) Pty, (1.71 nm),
(iii) Augs@Pty, (1.74 nm), and (iv) AugPty, randomly
distributed alloy (1.74 nm). The icosahedral shape was chosen
based on the formation energies of the Au core calculated for
several geometries (Table S1). Figure 4a shows the ball-and-
stick model for the optimized geometries of these metal
nanostructures. The calculated projected densities of states
(PDOS) for the four nanoparticles are shown in Figure 4b. For
nanoparticles larger than 1.5 nm, the core and shell atoms were
selected for electronic-state projections. Analyzing the
electronic states near the Fermi level, we note that for Pt,,,
and AugPty, alloy nanoparticles, there is a significant number
of states located in the metal core. However, in the Auss@Pto,
core—shell configuration, a more-effective electronic transfer
from gold to platinum is observed due to the differences in the
work function of these metals. We can also note that there is a
peak in the PDOS of the Pt shell around 0.5 eV below the
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Fermi level. For a more-detailed analysis of these states, we
calculate the space-resolved local density of states (LDOS) for
low-energy quasiparticles (—1 eV < E — E; < 0). This energy
range is shown as the shaded area (in gray) in Figure 3b.

In Figure 4c, we show the LDOS cross-section for Pty
Augs@Pty,, and AugsPty, alloy. For Pt;, the low-energy
quasiparticles are homogeneously distributed in all Pt atoms.
Meanwhile, in the Augs@Pty, nanoparticle, the low-energy
quasiparticles are localized on the Pt shell. For comparison, we
also calculated the LDOS for low-energy quasiparticles of the
AugsPty, alloy, but these states are buried in the core. Other
cross-sections are shown in Figure S4 in the LDOS
tomography for low-energy quasiparticles. The high availability
of electrons near the Fermi level can enhance surface
phenomena, which are important, for instance, in heteroge-
neous catalysis and energy applications.

Considering these intensified surface electronic states, we
calculate the quantitative descriptor for hydrogen evolution
reaction (HER), given by the hydrogen adsorption Gibbs free
energy (AGy). From the Sabatier principle,” the catalytic
activity is at its maximum at AGy = 0. This descriptor was
calculated for various catalytic sites of the Augs, Pt;,;, and
Augs@Pty, nanostructures. Figure Sa shows the Gibbs free
energy for three different Pt-sites on the Auys@Pty,
architecture. The most active site for HER refers to Pt atoms
with the AGy value closest to zero (AGy = —0.09 eV). The
catalytic activity varies with the coordination number (Cy) of
the Pt atoms. The Pt atoms with Cy = 8 shows the highest
activity, followed by the Pt atoms with coordination number of
9 and 6. The Pt sites with Cy = 8 are the most frequent in the
Pt shell, covering about 65% of the nanostructure surface.
Besides these three sites, we calculate the catalytic activity for
the hydrogen atoms bound to two metal atoms (bridge site)
and three metal atoms (hollow site).”” These sites and
corresponding catalytic activity are shown in Table S2. Figure
Sb shows the Gibbs free energy for the most active site for
Augs, Pty;, and Augs@Pty, nanostructures. For comparison
purposes, the AGy for the Pt(111) surface is also shown.” It is
observed that the Aug;@Pty, and the Pt(111) are expected to
have about the same catalytic activity and the highest among
the evaluated materials. The most-active site for the Aug
(hollow site) has a very weak interaction with H* (AGy = 0.52
eV), while the most-active site for Pt,,, (bridge site) has a very
strong interaction (AGy = —0.22 eV) for HER. According to
the AGy values, it is expected the following trend in the
catalytic activity: Augs < Pty,; < Pt(111) =& Augs@Pt, 4.

These observations were successfully confirmed by the
experimental results, shown in Figures 5S¢ and S5. The HER
curves for the Pt (bulk) electrode and ITO substrates modified
with thin films of GO/Bipy, GO/Au, GO/Pt, and GO/Au@Pt
samples indicate exactly the same trend in terms of the
catalytic activity as the one predicted by the first-principles
calculations. The overpotential required for the hydrogen
evolution reaction is much more favorable for the ultrasmall
core—shell Au@Pt when compared to the monometallic Pt
nanostructure.

In conclusion, we established an efficient route for the in situ
synthesis of highly stable ultrasmall Au@Pt (~1.8 nm)
nanostructures supported on functionalized graphene oxide
nanosheets. Our route is highlighted by the absence of any
passivation or capping agents. The DFT calculations of
electronic properties show a charge transfer from the core
(Au) to the surface atoms (Pt) in the core—shell Aug@Pts,
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architecture, with a substantial increase of the surface
electronic states when compared with equivalent Pt,; or
AugPty, alloy nanoparticles. The AGy; was also studied to have
an in-depth understanding of the catalytic activity of the
developed materials for HER. The predicted catalytic activity
trend is consistent with the experimental results, highlighting
the enhanced performance of the Auss@Pty, nanomaterial.
Finally, this work describes an attractive way for designing
novel nanostructured metallic electrocatalysts by optimizing
the active electronic states on the surface from both the
experimental and the theoretical perspectives.

B EXPERIMENTAL AND THEORETICAL METHODS

Synthesis and Functionalization of the Graphene Oxide
Nanosheets. The synthesis and functionalization of the graphene
oxide with the bipyridinium alkoxysilane (GO/Bipy) were carried out
according to the procedure recently reported by our group.”*

Synthesis of the GO/Au (Seeds). At first, 36 mL of the GO/
Bipy was mixed with 360 uL of a HAuCl, aqueous solution (1% w/v).
The mixture was kept under magnetic stirring for 4 h at room
temperature and protected from light. The suspension was washed by
centrifugation and resuspended in 36 mL of water. After that, the
suspension was mixed with 3.2 mL of an iced cold aqueous solution of
NaBH, (10 mmol/L) and stirred for 2 h. The final material was
washed by centrifugation and resuspended in 36 mL in water (GO/
Au). The same procedure was carried out for synthesis of Pt
nanoparticles on the functionalized GO nanosheets (GO/Pt).

Synthesis of the GO/Au@Pt Core—shell Nanostructures. A
total of 5 uL of H,PtCls (1% w/v) was added to 100 uL of GO/Au.
The suspension was diluted with 375 uL of H,O followed by the
addition of 20 uL of 12.5 mmol/L fresh ascorbic acid aqueous
solution. The mixture was vigorous stirred for 1 min. The reaction was
aged for 2 h at room temperature, protected from light and without
agitation. Finally, the washing step (centrifugation) was carried out to
interrupt the reduction reaction. The resulting material (GO/Au@Pt)
was resuspended in 500 uL of water.

Characterization. TEM measurements were performed in a JEOL
JEM-2100 microscope operating at 200 kV. HAADF-STEM and EDX
analysis were performed in Titan Themis Cubed FEI equipment with
aberration correction operating at 300 kV. This microscope has a
spectral resolution of 100 meV, lower than most electron micro-
scopes, and guaranteed confidence in the identification of elements
with very close energies such as Au (9.712 keV) and Pt (9.441 keV).
The samples were deposited on lacey carbon TEM grids. X-ray
photoelectron spectroscopy was performed on a Thermo Scientific
Ka spectrometer. All spectra were taken using an Al Ka microfocused
monochromatized source with a resolution of 0.100 eV, pass energy of
50 eV, and a spot size of 400 um. The XPS data processing was
carried out using the Thermo Scientific Avantage Software, including
its peak deconvolution routines and the database of spectra to support
the peak fitting. The peaks were fitted by using the Powell fitting
algorithm and a Gaussian—Lorentzian product form function for all
spectra. UV—vis spectroscopy was performed on a Thermo, Genesys
10S UV—vis Spectrophotometer. HER measurements were carried
out using a Metrohm Autolab Potenciostat (model no. PGSTAT204)
and a three-electrode cell configuration. Graphite rods and Ag/AgCl
were used as auxiliary and reference electrodes. H,SO, (0.5 mol/L)
aqueous solution was used as the supporting electrolyte. The working
electrodes were prepared by drop casting 1 uL of the aqueous
suspensions of the samples (GO/Bipy, GO/Au, GO/Pt, and GO/
Au@Pt) on indium—tin oxide (ITO) coated glass slides (2 cm X 0.5
cm). The electrochemical curves were obtained at a 10 mV/s scan
rate.

DFT Calculations. The first-principles calculations based upon
DFT>>*® were performed as implemented in the SIESTA package.”’
We used the DZP localized basis, an energy shift of 0.03 eV, norm-
conserved Troullier-Martins pseudopotentials,”® and a mesh cutoff of
350 Ry. The exchange-correlation functional used was based on
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Perdew—Burke—Ernzerhof approximation.”” All geometries were

relaxed with maximal forces smaller than 0.030 eV/A. The
nanostructures were simulated in vacuum within a 27 nm® cubic
cell. The electronic properties calculations were based on PDOS with
Gaussian smearing of 0.04 eV and local density of states (LDOS) with
an energy range of 1.0 eV below Fermi level. Data visualization of
LDOS volume slices was performed with the VESTA program.*

The quantitative descriptor for HER was based on hydrogen
adsorption Gibbs free energy, given by:

AGy = Ay + AE,p; — TASy

where:
AE, = E(M + H*) — E(M) — %E(HZ)

is the semiclassical approximation for hydrogen adsorption energy on
a material M. E(M + H*) is the total energy of the material M with a
hydrogen adsorbed, E(M) is the total energy of the material M when
clean, and E(H,) is the total energy for a H, gas. AE;p; is the first-
order quantum correction for the semiclassical approximation, the
zero-point energy (ZPE) difference between adsorbed hydrogen (H*)
and H, gas. ASy is the difference in entropy between adsorbed
hydrogen and H, gas. Because the term AE;p; — TASy relies weakly
on the material M, we can use the Norskov approximation:**

AGy = AE, + 024eV
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