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Platinum-Grafted Twenty-Five Atom Gold Nanoclusters for

Robust Hydrogen Evolution

Paloli Mymoona, Jose V. Rival, Nonappa, Edakkattuparambil Sidharth Shibu,*

and Chinnaiah Jeyabharathi*

A robust hydrogen evolution is demonstrated from Au,(PET)]™
nanoclusters (PET = 2-phenylethanethiol) grafted with minimal platinum
atoms. The fabrication involves an electrochemical activation of nanoclusters
by partial removal of thiols, without affecting the metallic core, which exposes
Au-sites adsorbed with hydrogen and enables an electroless grafting of
platinum. The exposed Au-sites feature the (111)-facet of the fcc-Au,
nanoclusters as assessed through lead underpotential deposition. The
electrochemically activated nanoclusters (without Pt loading) show better
electrocatalytic reactivity toward hydrogen evolution reaction than the pristine
nanoclusters in an acidic medium. The platinum-grafted nanocluster
outperformed with a lower overpotential of 0.117 V vs RHE (RHE = Reversible
Hydrogen Electrode) compared to electrochemically activated nanoclusters
(0.353 V vs RHE ) at 10 mA cm~2 and is comparable with commercial Pt/C.
The electrochemically activated nanoclusters show better reactivity at higher
current density owing to the ease of hydrogen release from the active sites.
The modified nanoclusters show unique supramolecular self-assembly
characteristics as observed in electron microscopy and tomography due to the
possible metallophilic interactions. These results suggest that the

1. Introduction

The sustainable solution to the energy and
environmental crisis relies on new tech-
nologies based on hydrogen,!! which has
been explored as a renewable energy car-
rier with high energy density. In partic-
ular, electrolysis of water, which is abun-
dant and renewable, is considered a means
to produce green hydrogen.?] For achiev-
ing high energy efficiency, inexpensive
and active electrocatalysts are needed. Plat-
inum (Pt) is the most promising hydro-
gen evolution reaction (HER) catalyst that
exhibits lower overpotentials.’] However,
Pt is the least abundant and expensive
metal, hampering commercial-scale elec-
trolyzer development.[*] Recently, nanopar-
ticles (NPs) have been studied for HER
due to their size, shape, and geometry-
dependent catalytic properties.**! How-
ever, conventional NPs display polydisper-

sity, batch-to-batch variation, and aggre-
gation tendency during the catalytic pro-
cess. Despite tremendous efforts, it still
remains challenging to develop highly ac-
tive HER catalysts based on non-Pt sources
for acidic medium.! Low-loading Pt-based
electrocatalysts are one of the ways to reduce the cost with-
out compromising the reactivity.®l Alloying Pt with other met-
als such as Ru, Mo, Ni, and Co reduces the utilization of Pt
and is shown to improve efficiency.*>”] However, the cost re-
duction is not appreciable. In this context, thiolate-protected
atomically precise noble metal nanoclusters (NCs) display well-
defined atomic and electronic structures that hold promising
applications in catalysis/electrocatalysis,®] energy conversion,!°!
photovoltaics,'% and sensing!'! owing to their small size, quan-
tum confinement, better chemical/photostability, diverse sur-
face functionalities, and unique optoelectronic properties.[8+12!
Among several thiol-protected NCs reported, well-studied exam-
ples include [Au,s (SR);5],"*) [Ausg (SR),,], ™ [Au g (SR) 4], and
so on. The electrocatalytic activity of gold (Au) NCs could be con-
siderably enhanced through their atomic-level modifications like
core size,l'® doping/alloying,['’] charge,”! types of ligands,*®!
and ligand “On and Off” effects.[1%]

Brust and Gordillo showed that reversible hydrogen adsorp-
tion and oxidation are possible on the thiolate-protected Au
NCs.[') In general, atomic NCs are known to enhance the

post-surface modification of nanoclusters will be an ideal tool to address the
sustainable production of green hydrogen.
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Figure 1. Synthesis and characterization of Au,s NCs. a) Energy-minimized structure of Au,s NCs. b) UV-vis absorption spectrum of Au,s NCs. The
inset shows the HOMO-LUMO transition. ¢) The HR-TEM image of Au,s NCs with size distribution. d) ESI-MS of the Au,5 NCs with experimental
(green) and theoretical (pink) isotopic patterns highlighted. e,f) XPS spectra of Au 4f and S 2p of Au,5 NCs.

electrocatalytic activity of surface-sensitive reactions.!*”! For HER
the pristine Au NCs possessed poor electrocatalytic perfor-
mances. However, the reactivity enhancement has been accom-
plished through various approaches, including i) doping with Pt,
Pd, Cu, Cd, and Ag,['?!] and ii) compositing with chalcogenides,
etc.[1622] These developments demonstrate promising outcomes
for electrocatalytic water-splitting applications in both aqueous
and non-aqueous media. However, in NCs, strong chemical ad-
sorption of thiolate ligands on the metal surfaces would passi-
vate the active sites and reduce the catalytic activity. Dethiolation-
based activation of the NC surface by an electrochemical method,
enhanced the reactivity of carbon dioxide reduction reactions
(CO,RR),I"d] whereas the complete removal of ligands would
promote aggregation and coalescence leading to the growth of
NCs into NPs that cost the catalytic activity. Instead, systematic
adjustment of core composition and ligands is suitable to tailor
the structure and electronic properties of NCs and enable a new
category of nanomaterials in electrocatalysis.

Herein, we report the electrochemical (EC) activation of 2-
phenylethane thiol (PET)-tethered Au,; NCs as a catalyst for
HER. Moreover, the EC-activated NCs have been modified with
Pt atoms through the electroless strategy based on the intermedi-
ates generated during EC-activation. The pristine Au,; NCs, EC-
activated Au,; NCs, and Pt-decorated Au,; NCs have been studied
in detail using various electrochemical, spectroscopic, and mi-
croscopic techniques. The EC-activated Au,; NCs behaved better
than the pristine NCs, and Pt-decorated NCs exhibited improved
HER activity very close to the commercial Pt/C. This enhance-
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ment was evident with an overpotential of 0.117 V vs RHE, at
a current density of 10 mA cm~2. These Pt-decorated Au,; NCs
also exhibited an exchange current density of 0.43 mA cm™ and
a Tafel slope of 86 mV dec™?, despite the utilization of an excep-
tionally small amount of Pt.

2. Results and Discussion

2.1. Synthesis and Characterization of [Au,s(PET),5]” NCs

Pristine [Au,s(PET)4]” NCs (Au,s NCs) were synthesized and
purified using the modified Brust-Schiffrin method (Scheme
S1, Supporting Information).[?*! The Ultraviolet-visible (UV-
vis) absorption spectrum of purified Au,; NCs dispersed in
dichloromethane (DCM) displayed a characteristic HOMO-
LUMO peak at ~680 nm and HOMO-sp and d-sp transi-
tions at ~450 nm and ~400 nm, respectively, suggesting
the presence of monodispersed NCs (Figure 1b). The High
Resolution-Transmission Electron Microscopic (HR-TEM) anal-
ysis of the NCs shows a uniform size distribution (1.5 + 0.5 nm;
Figure 1c). The Electrospray lonization-Mass Spectrometry (ESI-
MS) showed a molecular ion peak of ca. m/z 7391, comparable
with the reported spectrum of Au,; NCs with matching exper-
imental and isotopic distribution (Figure 1d). The Au,; NC is
composed of an Au,; icosahedron core that is protected by six
pairs of Au, (PET), staple motifs (Figure 1a). These six Au, (PET),
staple motifs are arranged as V-shaped semi-rings. The icosa-
hedron has eight uncapped Au; faces and additional 12 faces
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Figure 2. Schematic (non-stoichiometric) representation of EC-activation and subsequent Pt-grafting.

are capped with the staple motifs on the icosahedral Au,, core.
The energy-minimized structure of Au,; NC optimized using the
density functional theory (DFT) is shown in Figure la. The X-
ray Photoelectron Spectrum (XPS) analysis revealed the binding
energy (BE) values of Au 4f;, 84.38 eV and Au 4f;,, 88.03 eV
(Figure le). The BE of sulfur 2p;, and 2p, , states appear 162.61
and 163.80 eV, which agrees with Au—S bonding, (Figure 1f).

2.2. Electrochemical Activation/Characterization of Au,; NCs

The cathodic treatment in polar/non-polar electrolytes is one of
the interesting activation strategies, e.g. large particles can be
corroded cathodically and redeposited as smaller particles. This
pushed the limitation of the electrochemical methods to control
the size of the deposited particles. Cherevko et al. used cathodiza-
tion for the surface modification of polycrystalline Au with Pt,
where Au—H and/or Au NCs were formed on the surface and
were utilized for Pt deposition.[?*] Two possible scenarios for the
electroless-grafting on polycrystalline Au were attributed: a) re-
duction of Ptions by Au—H; b) galvanic exchange of Pt (E° .z~ =

Ptpoly

0.742 V vs RHE )] (hereafter, all potentials are reported vs RHE
unless noted otherwise) with Au NCs formed at high cathodic
potentials. The galvanic exchange is feasible only if the standard
potential of the surface asperities/NCs is altered.?®! Here, the
standard reduction potential of gold adatom is more negative
(E° ma; =—0.135 V) than that of the polycrystalline Au (E° ac;

Attadatom Attpoly

=1.01 V). In our case, contrarily, cathodization of thiolated Au,
NCs was performed for a short period of time. This led to the
formation of activated NCs deprived of few ligands (partial de-
thiolation) due to the reductive desorption of thiols exposing free
Aus-sites. On those free-Au sites, Au—H formation is a promi-
nent process at such negative potentials in aqueous solutions.
Subsequently, the electroless-grafting of Pt over the activated
Au,s NCs was achieved by immersing it in chloroplatinic acid
(Figure 2). Because of the adsorbed hydrogen, electroless-grafting
of Pt might take place rather than the galvanic replacement of Pt
with Au atoms as discussed in the upcoming sections. Further,
pristine Au,; NCs, EC-activated [Au,s(PET),,] NCs (denoted as
EC-Au,; NCs; m — number of ligands after EC-activation), and
[Pt,-Au,s (PET),,] NCs (denoted as Pt-Au,s NCs; n — number Pt
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atoms) were used for electrochemical characterization and reac-
tivity studies.

The extent of exposed Au sites in Au,; NCs was assessed
by measuring the electrochemically active surface areas (ECSA)
in deaerated 0.1 M H,SO, from —0.25 to 1.45 V at 50 mV s~}
(Figure 3a; Figure S1, Supporting Information for results in oxy-
gen saturated electrolyte). The voltammetric response of Au,
NCs displayed only the capacitive features, indicating that the sur-
face is passivated with thiol ligands. The voltammogram of EC-
Au,s NCs showed the onset of Au oxidation at 1.0 V vs Ag/AgCl
with a peak potential of 1.2 V vs Ag/AgCl and a cathodic gold
oxide reduction at ~0.9 V vs Ag/AgCl, confirming the exposition
of Au sites on the surface of NCs. Upon the electroless-grafting
of Pt atoms on EC-Au,; NCs, the onset potential of surface oxi-
dation is shifted by 0.25 V vs Ag/AgCl to less-positive potentials
since Pt is oxidized prior to Au. Also, the anodic Au oxidation
peak is obscured and the intensity of the gold oxide reduction
peak at 0.9 V vs Ag/AgCl is suppressed, which is due to the
Pt-decoration on exposed Au atoms. In addition, a cathodic peak
was observed at 0.4 V vs Ag/AgCl corresponding to platinum
oxide reduction followed by underpotential deposition (UPD) of
hydrogen and subsequent hydrogen evolution. All these signa-
tures ensure that the Pt is decorated over the EC-Au,; NCs. The
H-UPD was also oxidized in the positive-going potential sweep,
which was utilized to evaluate the ECSA. Moreover, the surface-
sensitive Pb-UPD measurement was also employed to assess the
extent of ligand removal from the pristine Au,; NCs by determin-
ing ECSA from the Pb-UPD charge.l?’”] Figure 3b shows the Pb-
UPD cyclic voltammogram of Au,s, and EC-Au,; NCs measured
between the potential of —0.4 to 0.3 V vs Ag/AgCl with a scan
rate of 20 mV s7'. The pristine Au,; NCs showed no peaks in
the Pb-UPD region, which implied that their Au sites are passi-
vated. A weak Pb-UPD signature started appearing at —0.26 V vs
Ag/AgCl after EC-activation. This indicates the removal of a few
of the ligands of Au,; NCs exposing free Au sites. This Pb-UPD
signal may be attributed to the defective Au sites since the poten-
tial does not correspond to any identifiable crystallographic orien-
tation. Cycling of the EC-Au,; NCs in the Pb-UPD potential win-
dow shows the evolution of different identifiable Pb-UPD peaks
attributed to terraces and steps of Au, indicating the possible elec-
trochemical ripening of NCs. The stripping peaks at ~—0.27 and
~0.03 Vvs Ag/AgCl are attributed to Au(110) terrace and the peak
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Figure 3. Electrochemical characterization of NCs. a) cyclic voltammogram of Au,s (green), EC-Au,s (blue), and Pt-Au,s (pink) NCs in deaerated 0.1 m
H,SO, at 50 mV s~'. b) Cyclic voltammogram of Pb-UPD on Au,5 and EC-Au,s with background curve at 20 mV s~'. ¢) ECSA of the Pt/C, EC-Au,5 and
Pt-Auys NCs. d) UV-vis absorption spectra of EC-Au,5 NCs before and after Pb-UPD cycling.

at #—0.19 V vs Ag/AgCl is attributed to Au(111) terrace (Figure
S2, Supporting Information). The observation of the characteris-
tic peaks suggests the possible exposure of few-atom width steps
and terraces upon electrochemical ripening. The evolution of the
Pb-UPD signal is similar to the removal of a self-assembled thiol
monolayer from the Au surface by hydroxyl radicals.[?8] The UV-
vis absorption spectra of EC-Au,; NCs after Pb-UPD cycling show
unaltered absorption spectra after cycling in the UPD potential
window. This indicates the refinement of exposed Au sites re-
taining the core structure (Figure 3d). It is well known that Au,
NCs possess the fcc lattice structurel'®] and thus the exposition
of the surface sites would possess the characteristics of Au(111)
and Au(110), which are highly stable low-index planes. To the
best of our knowledge, this is the first observation of detecting
the fcc structure of Au,; NCs using Pb-UPD. In addition, from
the charge of gold oxide reduction, the ECSA of EC-Au,; NCs
was measured by considering the charge related to gold oxide
reduction as 390 pC cm=2. The results show that EC-Au,; NCs
have an ECSA 0f 0.0113 cm?, which is similar to the ECSA calcu-
lated from the Pb-UPD stripping peak (0.0114 cm?). The ECSA
of Pt-Au,; NCs was calculated by integrating the charge asso-
ciated with H-UPD desorption on the Pt is 0.0145 cm? (Figure
S3a,b, Text S2, Supporting Information). Similarly, the ECSA of
the commercial Pt/C catalysts was calculated (Figure S4, Sup-
porting Information) and is found to be 0.1747 cm?. The dif-
ference in ECSA is due to the ultra-low loading of Pt on Au,
NCs. The loading of Pt achieved through the electroless decora-
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tion process was determined to be 0.8 pug cm =2 from the hydrogen
stripping charge (30.45 pC). It is worth noting that this loading is
seven times lower when compared to the Pt/C (Text S3, Support-
ing Information). The ECSA values are presented as a histogram
(Figure 3c) and are tabulated in Table S1 (Supporting Informa-
tion). The method of calculation of ECSA is explained in the Text
S1 (Supporting Information).

The integrity of the structure of pristine, EC-Au,s, and Pt-
Auys NCs was studied by comparing their UV-vis absorption
spectra (Figure 4a). The unchangeable HOMO-LUMO transi-
tion (=680 nm) in EC-Au,; NCs (blue line) and Pt-Au,; (pink
line) confirms the stability of core Au,; NCs toward EC-activation
and subsequent electroless grafting of Pt. Furthermore, the ESI-
MS pattern of Au,; NCs shows an intense peak at m/z 7391
(Figure 4b). However, after EC-activation, the pattern was shifted
to a lower mass, which might indicate the thiol removal. After
Pt-decoration, the pattern was still in the lower mass region, but
with minor changes in the position. Here, counting the num-
ber of thiols removed and Pt atoms decorated is challenging due
to one-second EC-activation, very small mass difference (1.882
amu) between Au (196.966 amu) and Pt (195.084 amu), and lim-
ited resolution of the mass-spectra. A similar mass spectrum of
single Pt-doped Au, thiolated NCs was observed by Jin et al.[?”]
To quantify the amount of thiol removed during EC-activation,
we have recorded Gas Chromatography-Mass Spectrometry (GC-
MS) of EC-Au,5 NCs. Figure S5a (Supporting Information) shows
the GC-MS experimental data of four standard PET solutions
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Figure 4. Spectroscopic characterization of Au,s, EC-Au,s, and Pt-Au,s NCs. a) UV-vis absorption spectra ofAu25, EC-Auys, and Pt-Au,s NCs with the

highlighted HOMO-LUMO region. b) ESI-MS of Au,s, EC-Au,s, and Pt-Au,s NCs. XPS spectra of ¢) Au 4f and (E

NCs. d) Pt 4f spectrum of Pt-Au,s NCs.

with known concentrations and an unknown solution with and
without the addition of a standard (1000 ng mL™). The removed
thiols are detected matching with the standard data with a re-
tention time of ~6.86 (Figure S5b, Supporting Information). The
GC-MS analysis confirms the removal of thiol from NCs during
the EC-activation, and the amount of thiol removed from 4 ug
of NCs is calculated to be ~0.0625 pg (1.5% of total NC content)
(Figure S5c, Supporting Information). The UV-vis spectra, ESI-
MS, and GC-MS results suggest that the core-NC structure was
not affected by the EC-activation. Hence, the galvanic replace-
ment of Au with Pt is not possible on the EC-Au,; NCs, and the
only possibility for Pt-decoration is through adsorbed hydrogen
formed at —4 V. The standard potential of H-Au,; with the re-
dox state of —1/0, is —0.70 V_which is more negative than the
standard potential of gold adatom, —0.135 V and thus, thermody-
namically, the Pt-decoration through the electroless-grafting in-
volving adsorbed hydrogen is favored.*”) The utilization of ad-
sorbed hydrogen for Pt-decoration is a self-terminating process
without allowing further growth.

To gain insights into the surface states of pristine Au,s, EC-
Au,s, and Pt-Au,; NCs, XPS spectra were recorded (Figure 4c). In
the deconvoluted spectrum of EC-Au,s NCs, there was a shift to
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) S 2p of Auys, EC-Auys, and Pt-Auys

the lower BE by ~0.22 eV [Au 4f; , 84.16 eV and Au 4f;, 87.85 eV]
compared to that of pristine NCs [Au 4f; , 84.38 eV and Au 4f; ),
88.03 eV]. This BE shift suggests that the free-Au sites are ex-
posed after activation have a less electropositive character.?! The
deconvoluted spectrum of Pt-Au,; NCs exhibited similar BE val-
ues [Au 4f;, 84.17 eV and Au 4f;, 87.85 V] of EC-Au,5 NCs.
The Pt 4f;, and 4f;;, peaks were located at 72.3 eV and 75.5 eV,
in the XPS spectrum of Pt-Au,; NCs, which is attributed to the
presence of NC-bound Pt atoms exhibiting strong electropositive
character (Figure 4d). The deconvoluted spectra of S 2p of EC-
Auys and Pt-Au,s NCs have the BE values of S 2p,, 162.48 eV
and S 2p,, 163.72 eV; S 2p; , 162.65 eV and S 2p, ;, 163.80 eV, re-
spectively, which is comparable to the BE values of pristine NCs
(Figure 4e). This suggests that the chemistry of the NCs is not al-
tered after EC-activation and Pt-decoration. Then we determined
the composition of Au,s, EC-Au,; and Pt-Au,; NCs by compar-
ing the atomic percentage ratios of Au, S, and Pt using the cor-
responding XPS data. The Au/S ratio in the pristine Au,; NCs is
1.13, whereas in EC-Au,; NCs, it is 1.52. In the case of Pt-Au,g
NCs, the ratio is 1.30. These findings strongly imply the removal
of thiol molecules from the pristine NCs (Table S2 and Text S10,
Supporting Information).
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Figure 5. Electrocatalytic performances. a) iR-corrected, geometric area normalized HER polarization curves of the Pt/C, Au,s, EC-Auys, and Pt-Au,s
NCs in 0.1 M H,SO, at 5 mV s™'. b) Comparison of overpotentials at 5 and 10 mA cm~2 of Pt/C, Auys, EC-Auys, and Pt-Au,s NCs. c) iR-corrected, ECSA
normalized HER polarization curves of Pt/C, EC-Au,s, and Pt-Au,s NCs. d) A comparison of overpotentials at 10 mA cm~2 with respect to geometrical
area and ECSA of Pt/C, EC-Auys, and Pt-Au,s NCs. e) iR-corrected Tafel plots of Pt/C, EC-Au,s, and Pt-Au,s NCs. f) EIS Nyquist plots for Au,s, EC-Auys,

and Pt-Au,s NCs (Inset: EIS of Pt-Au,s NCs).

2.3. Electrocatalytic Performance of Modified NCs

The electrocatalytic HER activity of pristine Au,s, EC-Au,s, and
Pt-Au,; NCs was compared with that of commercial Pt/C.
Figure 5a shows the iR-corrected HER polarization curves
of Au,;, EC-Auy, Pt-Au,; NCs, and Pt/C (20 wit%) catalysts
(5.7 pg cm~?) with geometric surface area normalized current
density. The EC-Au,; NCs showed higher HER activity than pris-
tine Au,; NCs, whereas Pt-Au,; NCs outperformed, and the ac-
tivity was very close to Pt/C. The HER performance in terms of
overpotentials at 10 mA cm~2 follows the order of Pt/C (0.099 V)
> Pt-Au (0.205 V) > EC-Au,; (0.456 V) > Au, (0.956 V). Though
a limited number of Pt was loaded on the NC surface, the over-
potential difference between the Pt/C and Pt-Au,; NCs is only
0.106 V. The overpotential of HER on Pt-Au,; NCs at different
current densities is provided in Figure S6 (Supporting Informa-
tion). The improved reactivity can be understood from the effi-
cacy of Pt and the redox chemical character of Au NCs. The re-
dox chemical characteristics of NCs might facilitate the kinetics
of HER by mediating the electron transfer processes in addition
to the exposition of the surface sites of Au and the decoration of
Pt.'7"] Evidence for this is observed as a reduction wave with dif-
ferent onset potentials prior to the HER in all Au,; NCs (Figure
S7, Supporting Information). The HER overpotential at a current
density of 5.0 and 10.0 mA cm™ of Au,s, EC-Au,s, Pt-Au,s NCs,
and Pt/C catalysts is compared in Figure 5b. Additional control
experiments were carried out, to optimize the EC-activation time
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of Au,; NCs (Figure S8 and Text S4, Supporting Information), in-
vestigate the impact of immersion time of EC-Au NCs in chloro-
platinic acid (Figure S9 and Text S5, Supporting Information), ex-
plore the influence of various counter electrodes (Figure S10 and
Text S6, Supporting Information) and working electrodes (Figure
S11 and Text S7, Supporting Information), assess the effect of
electrolyte concentration (Figure S12 and Text S8, Supporting In-
formation), and evaluate the impact of catalyst loading (Figure
S13 and Text S9, Supporting Information).

The iR-corrected HER polarization curves of Pt/C, EC-Au,;
and Pt-Au,; NCs normalized by ECSA are shown in Figure 5c.
The overpotentials at a current density of 10 mA cm~? followed
the same order of Pt/C (0.079 V) > Pt-Au,s (0.117 V) > EC-Au,s
(0.353 V), but there is a positive shift in overpotential by 0.103
and 0.088 V for EC-Au,; and Pt-Au,; NCs, respectively. The shifts
in overpotential indicate higher reactivity of NCs after the EC-
activation and Pt-decoration with the least number of active sites.
A comparison of the reactivity of NCs normalized to the geomet-
rical and ECSA is shown in Figure 5d. To understand the inher-
ent HER activity of EC-Au,s and Pt-Au,; NCs, Tafel slopes were
calculated. The Tafel plots corresponding to polarization curves
normalized with ECSA are presented in Figure 5e, which exhibits
the Tafel slopes of 151, 86, and 37 mV dec™! for EC-Au,s, Pt-Au,.
NCs, and Pt/C, respectively. The exchange current density (j;) is
one of the factors that shows the intrinsic activity at equilibrium
potential. Here, j, values are calculated by extrapolating the Tafel
lines to zero overpotential. The j, value of the EC-Au,s, Pt-Auys,
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and Pt/C is measured to be 0.01, 0.43, and 0.18mA cm~2, respec-
tively. The j, of Pt-Au,; NCs is found to be ~43 times higher
than that of EC-Au,; NCs (Figure S14a, Supporting Informa-
tion). Notably, this value is higher than the literature value on Pt
NPs.[?2] Furthermore, the specific activity of Pt-Au,; NCs is simi-
lar (75.79 mA cm™?) at the overpotential of 0.25 V and is ~/56-fold
higher than that of EC-Au,; NCs (1.35 mA cm~2) (Figure S14b,
Supporting Information).

To further confirm the catalytic enhancement of EC-Au,. and
Pt-Au,ys NCs, their charge-transfer resistance (R) was obtained
using Electrochemical Impedance Spectroscopy (EIS) at an over-
potential of 0.30 V vs Ag/AgCl. The Nyquist plots of Au,s, EC-
Au,s, and Pt-Au,; NCs are shown in Figure 5f, in which the Ran-
dles equivalent circuit was used for fitting the experimental data
(inset in Figure 5f). In the Nyquist plot, Pt-Au,; NCs showed
the smallest semicircle (inset in Figure 5f) with an R, value of
549.3 Q compared to EC-Au,; NCs (642 kQ) corroborating well
with the higher j, for Pt-Au,; NCs. The enhanced kinetics dur-
ing the electrocatalytic HER is attributed to the exposed Au sites
after the EC-activation of Au,s NCs. Further, EIS of Au,;, EC-
Auys, and Pt-Au,; NCs at different overpotentials (0.200, 0.250,
0.300, 0.350, 0.400, and 0.450 V vs Ag/AgCl) were performed to
evaluate the dependency of potentials on R, (Figure S15a,b,d,
Supporting Information). The R, values of all catalysts were de-
creased with increasing the applied overpotential, in accordance
with the increased driving force. The EIS of all catalysts measured
at open circuit voltage (OCV) is shown in Figure S15¢ (Support-
ing Information). Nyquist plot of Pt-Au,; NCs (inset in Figure
S15c, Supporting Information) showed lower R, compared to
Auys and EC-Au,; NCs confirming their higher catalytic activity.
In the Nyquist plot of Pt-Au,; NCs at an overpotential of 0.30 V
vs Ag/AgCl and at OCV (Figure S15e, Supporting Information),
the R, value corresponding to OCV is found to be 100 Q lower
than that of 0.30 V4, ,q; applied potential. From the above data,
it is clear that the catalytic activity of Pt-Au,s NCs is slightly in-
ferior to Pt/C but highly superior to pristine Au,s NCs. Com-
pared to EC-Au,;, the Pt-Au,; NCs showed the lowest overpo-
tential of 0.117 V at 10 mA cm™2,, the lowest Tafel slope of
86 mV dec™!, and the smallest R, of 549.3 Q indicating the high-
est HER kinetics and catalytic efficiency with ultralow loading of
Pt. Another important factor is the long-term stability of the cat-
alysts. To understand the stability of EC-Au,; and Pt-Au,; NCs,
chronoamperometric measurements were conducted at a poten-
tial of —0.70 and —0.45 V vs Ag/AgCl, respectively, for 12 h. As
shown in Figure S16a (Supporting Information), Pt-Au,s NCs ex-
hibited a steady current density response. However, in the case
of the EC-Au,; NCs, the current density was increased with time,
possibly due to the exposition of sites blocked by organic debris
after EC-activation during HER. In contrast to the trend observed
at low current densities, the commercial Pt/C and Pt-Au,; NCs
exhibit lower reactivity at a higher current density (100 mA cm=2?
than that of the EC-Au,; NCs (Figure S16b, Supporting Informa-
tion), although it has the lowest ECSA (Figure 3c). This might be
a result of bubble nucleation and growth and their release.

In general, larger bubbles and higher bubble coverage at the
surface could obstruct the active sites. Moreover, the electrically
insulating bubbles would tend to reduce the available active sites
and thereby increase the resistivity.*}! Rapidly releasing bubbles
produced at a high reaction rate is crucial for ensuring: i) the
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mechanical stability of the catalysts, ii) the continuous exposure
of the active sites, iii) the efficiency of charge transfer kinetics,
and iv) the optimization of mass transfer efficiencies.**"! The
smooth j—E characteristics of EC-Au,; NCs even at 100 mA cm—2
presumably arise due to the easy removal of the bubbles at the
reaction sites, which eventually facilitates the HER kinetics at
higher overpotentials. Based on these observations, a modified
Volmer—Heyrovsky mechanism (as observed in thiolated Au NPs)
is proposed, in which the adsorbed molecular hydrogen is ini-
tially formed in the Heyrovesky step [Equations 1 and 3]#®! The
subsequent slow desorption [Equation 4] of hydrogen would fa-
cilitate the formation of many smaller bubbles at the NC sur-
face without any coalescence and formation of larger bubbles. On
the other hand, Pt-Au,; NCs follow the Volmer-Tafel mechanism
[Equations 1 and 2], where no adsorbed hydrogen molecule is ex-
pected, might result in faster formation and coalescence of bub-
bles leading the larger bubbles. The Pt catalyst follow the Volmer—
Tafel mechanism, even on the sub-nanometer Pt clusters.!3¢!

Au+H* +¢ — Au—H Volmer step (1)
2Au — H — H, Tafel step (2)
Au-H+H" +¢ - Au- H, Modified Heyrovsky step (3)
Au - H, = Au+ H, Hydrogen desorption step “)

Scheme S2 (Supporting Information) illustrates the impact of
lateral gas bubble accumulation, resulting in the formation of
gaseous interphase that subsequently affects the reactivity of EC-
Au,s and Pt-Au,s NCs. Itis important to note that PEM electrolyz-
ers are carried out in flow conditions and higher pressures (10—
30 bar), where the bubble removal from the reaction site is easier.
This implies that the Pt-Au,s NCs catalyst would exhibit higher
current density at lower overpotentials. Providing the ease of bub-
ble removal as in the case of EC-Au,; NCs under quiescent con-
ditions, we assume that the reactivity would be still comparable
with the Pt-Au,; NCs at higher current densities. The overall HER
activity of Au,s, EC-Au,s, Pt-Au,s, and Pt/C are summarized in
Table 1.

2.4. Morphology of Modified NCs

After EC-activation and Pt grafting, the morphology of NCs was
studied using Field-Emission Scanning Electron Microscopy
(FE-SEM). The FE-SEM micrographs (Figure 6 a,f) show self-
assembled superstructures of EC-Au,; and Pt-Au,s NCs (Figure
S17a-d, Supporting Information, for higher magnification
images). TEM images of EC-Au,s and Pt-Au,s NCs also found to
be in good agreement with FE-SEM (Figure 6b,g). The HR-TEM
images suggest that the size of NCs is still intact even after the
EC-activation and Pt-grafting (Figure 6¢,h). The formation of
self-assembled structures of EC-Au,; NCs is presumably due to
possible metallophilic interactions between the neighboring NCs
due to partial dethiolation. A similar type of assembly is also seen
in the case of Pt-Au,; NCs. In both cases, the TEM images show
a nearly uniform size distribution of NCs (1.5 # 0.5 nm; inset of
Figure 6¢,h; Figure S18, Supporting Information). The EC-Au,
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Table 1. HER activities of the EC-Au,s, Pt-Au,s NCs, and Pt/C.

www.small-journal.com

Catalyst Overpotential at Overpotential at Tafel ECSA [cm?] R, [Q] Jo

10 mAcm=2,, V] 10 mA cm~2gcon [V] [mVdec™"] [mA cm™2]
Augs NCs 0.956 - - - -
EC-Au,s NCs 0.456 0.353 151 0.0114 642 x 10 0.01
Pt-Au,s NCs 0.205 0.117 86 0.0145 549.3 0.43
Pt/C 0.099 0.079 37 0.1747 - 0.18

NCs assembly showed uniform contrast and electron trans-
parency. However, Pt-Au,s NCs assembly showed lower contrast
and uneven electron transparency due to the lack of aurophilic
interactions after Pt-grafting. This is in line with cyclic voltam-
metry data, where the gold oxide reduction peak is suppressed
after Pt-grafting (Figure 3a). Further, the EC-Au,; and Pt-Au,
NCs were examined through Energy-Dispersive X-ray Spectro-
scopic (EDS) elemental mapping (Figure S19a-h, Supporting
Information). Based on the atomic wt% of EC-Au,s and Pt-Au,
NCs the amount of Pt decorated is found to be very low compared
to the amount of Au and the ratio is 0.06. The Gray level intensity
profile from the EDS map of Pt of Pt-Au,; NCs suggests that the
distribution of Pt spans across the entire circular self-assembly
(Figure S21, Supporting Information). We further analyzed the
surface topography of these self-assembled NCs using Atomic
Force Microscopy (AFM) imaging (Figure S20a,b, Supporting
Information). From the 3D view (amplitude) of EC-Au,; and
Pt-Au,; NCs (Figure S20c,d, Supporting Information) and corre-
sponding line profiles (Figure S20e,f, Supporting Information),
the average thickness of the circular assemblies of EC-Au,; and
Pt-Au,; NCs is measured to be 35 + 5 and 30 + 5 nm, respectively.
To gain further insights into the assembly, TEM tomography
(ET) was performed for EC-Au,; and Pt-Au,; NCs. Figure 5d,e,i,j
shows the ET-reconstructed tomogram of EC-Au,s and Pt-Au,
NCs in different orientations, respectively ((TEM and ET re-

construction movies of EC-Au,; (Movies S1 and S2, Supporting
Information) and Pt-Au,; NCs (Movies S3 and S4, Supporting
Information). The thickness of the assembly is 40 and 35 nm
for EC-activated and Pt-decorated NCs as measured from the
tomogram. The ET data are in good agreement with AFM data.

3. Conclusion

In this work, we successfully demonstrated a facile and robust
method for the preparation of highly active Pt-Au,; NCs using
electrochemical activation enabled electroless-grafting of Pt on
[Auys (PET)4]” NCs. Grafting of Pt atoms is a self-termination
process as it utilizes adsorbed hydrogen formed over exposed
Au-sites upon dethiolation at —4 V for 1 s. Pt-Au,s NCs exhibited
enhanced electrocatalytic activity toward HER with the over-
potential of 0.117 V at 10 mA cm™2, exchange current density
of 0.43 mA cm~2, and the Tafel slope of 86 mV dec™!, even
with ultra-low loading of Pt. Notably, this enhanced activity
surpassed that of EC-Au,s NCs, which displayed an overpotential
of 0.353 V, exchange current density of 0.01 mA cm~2, and
Tafel slope 151 mV dec™!. The EC-Au,; and Pt-Au,; NCs exhibit
remarkable stability over a twelve-hour period. The catalytic
effect of Pt along with Au,; NC-mediated electron transfer is
responsible for enhanced catalytic activity. Besides, EC-Au,
NCs possessed superior reactivity at high current density than

g5 0
Diameter (nm)

Figure 6. Morphology of EC-Auy,s, and Pt-Au,s NCs. a,f) FE-SEM images of EC-Auj,s, and Pt-Au,5 NCs. b,g) HR-TEM images of self-assembled superstruc-
tures of EC-Au,s, and Pt-Auys NCs and c,h) corresponding higher magnification images with size distributions. Electron tomograms of self-assembled
superstructures of d,e) EC-Au,s NCs and i,j) Pt-Au,s NCs projected in different orientations.
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Pt-Au,; NCs owing to the better bubble removal kinetics. The
EC-activation uncovers unique supramolecular self-assembly
characteristics of NCs enabled by metallophilic interactions.
Our new strategy offers a wide opening for a variety of NCs in
the area of electrocatalysis and robust hydrogen production to
address the global energy and environmental crisis.

4. Experimental Section

Reagents and Materials:  All the chemicals and solvents are analyti-
cal grade and used without any further purification. Gold(lll) chloride
trihydrate (HAuCl,-3H,0), 2-phenylethanethiol (PET), tetraoctylammo-
nium bromide (TOAB), sodium borohydride (NaBH,), potassium hydrox-
ide (KOH), potassium bicarbonate (KHCOj3), potassium chloride (KCI),
sodium perchlorate (NaClOy), perchloric acid (HCIO,), lead perchlorate
(Pb(ClO,),), sulfuric acid (H,SO,), methanol, acetone, tetrahydrofuran
(THF), dichloromethane (DCM), acetonitrile, and toluene were purchased
from Sigma—Aldrich. All the electrochemical measurements were per-
formed using ultrapure water (Milli-Q, 18.2 MQ cm resistivity).

Instrumentation and Characterization:  UV-vis absorption spectra were
recorded using a VARIAN Cary 500 Scan spectrometer. High-Resolution-
Transmission Electron Microscopy (HR-TEM) images, along with Scan-
ning Transmission Electron Microscopic images, Energy Dispersive X-ray
Spectroscopy (EDS) and elemental mapping were obtained utilizing an FEI
Talos F200S transmission electron microscope operating at 200 kV. Field-
Emission-Scanning Electron Microscopic (FE-SEM) images and EDS ele-
mental profile were acquired employing a Carl-Zeiss SUPRA 55VP micro-
scope. AFM images were acquired using an Agilent Technologies 5500 se-
ries AFM/SPM microscope equipped with Pico View 1.14.1 software, and
the images were processed using WSxM 5.0. XPS spectra were collected
using a Thermo Scientific ESCALAB 250Xi instrument with an XR6 Micro-
focused Monochromator, utilizing AlKa X-rays. Electrospray lonization-
Mass Spectrometric (ESI-MS, Negative ion mode) measurements were
performed using a Waters Synapt G2-Si high-definition mass spectrome-
ter. GC-MS analysis was conducted using an Agilent 7890a GC and a 5975c¢
Mass GC-MS spectrometer, equipped with a 30 m x 250 uym x 0.25 um
column. High-purity Helium served as the carrier gas, flowing at a rate of
1.0 mL min~" with a split ratio of 10:1. Injections of 1 uL were carried out
at 275 °C. The GC oven temperature was initially set at 70 °C and held for
2 min, followed by a ramp at 15 °C min~! to 200 °C, where it was held
for 5 min. A subsequent ramp at 20 °C min~! elevated the temperature
to 290 °C, which was maintained for the remainder of the 13 min data
collection period. MassHunter software was employed for data analysis.
All electrochemical experiments were executed using a SP-200 BioLogic
workstation.

Synthesis of [Au,s5(PET) 5]~ NCs:  Au,5 NCs were synthesized using a
previously established procedure. In a solution containing HAuCl,-3H,0O
(20 mg 2 mL~" THF), TOAB (33 mg 1.75 mL~! THF) was introduced and
stirred at 400 rpm for 15 min at room temperature. The initial yellow color
of the solution underwent a transformation to deep red during the stirring
process. Following this, PET (34 uL; 5 mol equivalents relative to gold)
was gradually introduced while maintaining the same stirring rate. The
deep red shade gradually transitioned from red to yellow and eventually
became colorless after roughly 1 h of stirring. The resultant Au-thiolate
solution was then subject to further reduction by injecting a freshly pre-
pared ice-cold aqueous NaBH, solution (19 mg 1.25 mL~"; 10 mol equiv-
alents relative to gold). This resulted in an instantaneous black coloration
of the solution, which was then continuously stirred for an additional 8—
9 h. Upon the completion of the reaction, separation of the organic and
aqueous phases was carried out using a separating funnel (augmented
with 2 mL of toluene for enhanced partitioning). The organic layer was
subsequently subjected to multiple washes with Millipore water to elim-
inate excess thiol and other impurities. The excess thiol and impurities
were further removed by precipitating the NCs with the addition of 4 mL of
methanol. This washing procedure was repeated three times. To eliminate
insoluble Au—S polymers from the crude mixture, the NCs were extracted
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using DCM (dichloromethane). Ultimately, the NCs were re-suspended in
acetone to eliminate byproducts (resulting in Auy44 NCs). The dried Auys
NCs were preserved at 4 °C for subsequent characterization purposes.

Electrochemical Measurements:  The electrochemical experiments were
conducted using a two-electrode and three-electrode configuration and a
biologic electrochemical workstation. Before utilization, the 3 mm diame-
ter glassy carbon (GC) electrode underwent initial cleansing through pol-
ishing with 0.05 um alumina powder, followed by a wash and 5 min soni-
cation in Milli-Q water. Post-cleansing, the GC electrode was modified by
depositing 2 pL of synthesized Au,s NCs (obtained from 1 mg of NCs
dissolved in 500 pL of dimethyl formamide) via drop-casting. The elec-
trode was subsequently left to air-dry for 2 h at room temperature. The
EC-activation was performed with two electrodes where the GC electrode
drop-cast with Auys NCs functioned as the cathode and a graphite rod
(5 mm dia) as anode. For the HER studies, the NC-coated GC electrode
acted as a working electrode with an Ag/AgCl (3 m KCl) electrode and
Pt wire serving as the reference and counter electrodes, respectively. The
HER performance of NCs was assessed using linear sweep voltammetry
(LSV). The LSV measurements for the HER were conducted in a deaerated
0.1 M H,SO, solution. The scan rate for these measurements was set at
5mV s~!, and the potential window ranged from 0.2 to —1.2 V vs Ag/AgCl
at room temperature. The Pt/C catalyst ink was prepared by ultrasonica-
tion dispersing 1 mg of Pt/C 20 wt% in 750 uL of H,O; 200 pL isopropyl
alcohol; 50 uL Nafion 5 wt% solution. After 1 h, a homogeneous solution
ink was obtained. The GC surface was modified by coating 2 uL of the Pt/C
ink.

All potentials reported in this study have been calibrated with respect
to the reversible hydrogen electrode (RHE), and all the CV and LSV were
recorded with 85% of iR compensation.

Electrochemical Activation and Pt Decoration of Au,5 NCs:  The process
of dethiolating Au,5 NCs was carried out through an electrochemical (EC)
activation approach. A glassy carbon electrode was employed as the cath-
ode, where Au,s NCs were uniformly deposited (2.64 pg of gold) via drop-
casting. Through chronoamperometry, EC activation was performed at a
potential of —4 V for a duration of 1 s. Following this, the Au,5 NCs on
the glassy carbon electrode (EC-Au,5 NC) were meticulously rinsed with
ultrapure water to eliminate left-over salts and subsequently treated with
methanol to remove the detached thiol molecules.

Next, the Pt decoration process on the dethiolated EC-Au,s NCs was
conducted by immersing the electrode in a T um solution of chloropla-
tinic acid at room temperature for 5 min. This step led to the formation
of Pt-Auys NCs on the electrode surface. The resulting Pt-Au,; NCs ma-
terial was extensively washed with ultrapure water to eliminate any excess
chloroplatinic acid.

The dethiolated EC-Au,s and the Pt-decorated Pt-Au,s NCs were sub-
sequently utilized for conducting analysis of HER.

Pb-UPD Measurements: The Pb-UPD experiment involved conduct-
ing cyclic voltammetry within a deaerated solution comprising a mix-
ture of 0.1 m NaClO, and 0.01 m HCIO, with T mm Pb(ClO4), solu-
tion. A constant potential of —0.42 V was maintained for 60 s to facilitate
under-potential deposition. Subsequently, the cyclic voltammetric curve
was recorded from —0.42 to +0.3 V vs Ag/AgCl at a scan rate of 20 mV s~ .
Prior to the measurements, the electrolytes underwent de-aeration by sub-
jecting them to N, bubbling for a duration of 20 min. The traces of oxygen
in the nitrogen was scavenged by passing the nitrogen through alkaline
pyrogallol scrubber before purging in the electrochemical cell.

EIS Measurements: EIS measurement was performed at open-circuit
potential and at different overpotentials using conventional three-
component electrode systems. The sinusoidal potential with the ampli-
tude of 5 mV was superimposed over the ocp or dc-potential with the
frequency range of 100 kHz to 1 mHz and at 10 points per decade. The
in-buit Z-fit software in BioLogic SP-200 potentiostat was used for fitting
the Nyquist plot.

Calibration of Ag/AgCl Reference Electrode to RHE: The potential was
measured against Ag/AgCl (3 M KCl) reference electrode and corrected to
the RHE scale by measuring RHE potential. The RHE potential is measured
using a Pt rotating disc electrode (RDE) at 900 rpm in 0.1 m H,SO, by
purging high-purity hydrogen for 30 min.
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Gas Chromatography-Mass Spectrometry (GC-MS) Experiments:  Prepa-
ration of standard solutions for GC-MS calibration: Fresh stock solution
of the PET (0.1 mm) was prepared in 10 mL of acetonitrile. Aliquots of this
stock solution were mixed in the predefined molar ratios to yield a total of
500, 1000, 1500, and 2000 ng of PET in 1 mL of acetonitrile. The thiol
samples with unknown concentrations were prepared by washing Au,s
NCs/GCE after EC-activation with fresh water to remove salts and then
washed to 1 mL of acetonitrile to remove the detached thiols. The experi-
ment was repeated 20 times with a total NC amount of 80 pg (20 X 4 pg
= 80 pg). The samples were then analyzed on an Agilent 7890a GC and
5975¢c Mass GC-MS spectrometer.

The quantification of the removed thiol was calculated using a standard
linear calibration curve obtained from the peak area of standard solutions
analysis. The calibration curve was constructed using the standard solu-
tions and the linear correlation was observed (500-2000 ng mL~" of PET
with the equation, y = 22.854x—228.2) with the linear regression coefficient
(R?) 0f 0.9926. The amount of removed PET was 1250 ng mL~", which was
calculated by comparing the experimental area from the GC-MS peak at the
RT of 6.86 with the calibration curve.

Microscopic Studies: HR-TEM images were acquired by drop-cast and
dried ~100 um of [Auy5(PET):5]~ NC in DCM onto a copper grid with a
carbon-supported film. Following EC-activation and Pt-decoration, the EC-
Auys and Pt-Auys NCs were detached from the glassy carbon electrode
(GCE) surface by dissolving them in DCM. They were then drop-cast onto
a carbon-supported copper grid for HR-TEM and on silicon wafer substrate
for FE-SEM, and AFM analysis.

Supporting Information

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