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Revisiting the activity origin of the PtAu,4(SR).s
nanocluster for enhanced electrocatalytic
hydrogen evolution by combining first-principles
simulations with the experimental in situ FTIR
techniquefy

*a

Fang Sun,i? Lubing Qin,1° Zhenghua Tang 2 ** and Qing Tang

Thiolate-protected metal nanoclusters (NCs) have been widely used in various electrocatalytic reactions,
yet the dynamic evolution of metal NCs during electrocatalysis has been rarely explored and the activity
origin remains largely ambiguous. Herein, using a PtAu,4(SCHz)ig NC as a prototype model, we
combined advanced first-principles calculations and attenuated total reflection surface-enhanced
infrared spectroscopy (ATR-SEIRAS) to re-examine its active site and reaction dynamics in the hydrogen
evolution reaction (HER). It has been previously assumed that the central Pt is the only catalytic center.
However, differently, we observed the spontaneous desorption of thiolate ligands under moderate
potential, and the dethiolated PtAu,4 exhibits excellent HER activity, which is contributed not only by the
central Pt atom but also by the exposed bridged Au sites. Particularly, the exposed Au exhibits high
activity even comparable to Pt, and the synergistic effect between them makes dethiolated PtAu,4 an
extraordinary HER electrocatalyst, even surpassing the commercial Pt/C catalyst. Our predictions are
further verified by electrochemical activation experiments and in situ FTIR (ATR-SEIRAS) characterization,
where evident adsorption of Au—H* and Pt—H* bonds is monitored. This work detected, for the first
time, the Au-S interfacial dynamics of the PtAu,s nanocluster in electrocatalytic processes, and
quantitatively evaluated the essential catalytic role of the exposed Au sites that has been largely

rsc.li/chemical-science overlooked in previous studies.

Introduction

Electrocatalytic hydrogen evolution reaction (HER) is essential
for efficiently producing H, from water splitting, which provides
a plausible alternative to decarbonization."™ To date, many
types of catalysts have been developed for such energy
conversion.>*” Among them, some surface engineered solid
catalysts exhibit high catalytic activity comparable to platinum.®
However, their inherent heterogeneity in the surface structure
and composition seriously hinders the precise control at the
molecular scale. Hence a highly homogeneous catalyst with an
atomically precise structure is indispensable to achieve fine-
tuning of the catalytic properties. Following the pioneering
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report by Kornberg et al.,” a class of thiolate-protected gold
nanoclusters (Au,(SR),, NCs), such as Au,s(SR);5 and Auszg(SR),4,
have attracted considerable interest because of their unique
properties and well-defined atomic structures confirmed by X-
ray crystallography.®>'*** Recently, doping foreign metals into
the Au,5(SR);s NCs has been widely explored to tailor their
electronic and catalytic properties, with PtAu,,(SR);s garnering
the most interest."*"” The existing experiments and theoretical
calculations have confirmed the Pt dopant located at the centre
of the core, replacing the central Au and ultimately resulting in
a superatomic 6-electron configuration.'””*® This substitution
leads to the splitting of the superatomic 1P orbitals accompa-
nied by an Jahn-Teller-like distortion of the metal nucleus,
making the electrochemical and optical properties significantly
altered from the undoped Au,s; NCs.'*>*

In 2017, Lee et al. reported the first electrocatalytic experi-
ment of PtAu,,(SCeH13)15 and found that this NC can efficiently
produce hydrogen, even more than the benchmark platinum
catalyst.”® The central Pt atom was suggested to be the key active
site based on the thermodynamic static calculations of H
adsorption in the intact PtAu,, NC. But is it really the case? Our
recent constant potential calculations and experimental
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spectroscopic data have verified the spontaneous electro-
chemical dethiolation of surface SR ligands in the Au,5(SCH3);5
NC, leading to the exposed under-coordinated Au atoms and
formation of free HSCH; molecule in solution.?? In other words,
the metal-ligand interface does not remain intact, but is
dynamically affected by the electrode potential and interface
microenvironment, thus the traditional static calculations
would be inaccurate in describing the reaction dynamics of
thiolated metal NCs under real electrochemical conditions.
Particularly, it can be anticipated that if the surface dethiolation
(i.e., desorption of -SR) of PtAu,, can occur spontaneously, then
the exposed new Au site, rather than the previously solely
assumed Pt site, could also be accountable for the HER activity,
which is yet to be explored.

To solve the puzzling question about the real active site of
PtAu,,, we performed advanced first-principles calculations and
in situ experimental characterization techniques to make a clear
understanding of its true active state and reaction dynamics
during the electrocatalytic HER process. Our constant potential
calculations combined with ab initio molecular dynamics
(AIMD) simulations revealed that H' from the water layer pref-
erentially attacks the S atom, weakening the Au-S bond and
ultimately stripping -SR from the PtAu,, surface. Importantly,
the exposed under-coordinated surface Au atoms are efficient
catalytic sites for hydrogen evolution. The bridged naked Au-Au
atoms can adsorb the H* intermediate appropriately and
exhibit extraordinary HER performance comparable to Pt,
especially in the reduction potential range of approximately
—0.3-0 V. Our theoretical prediction is further verified by the
electrochemical activity experiments and in situ FTIR charac-
terization. Our results showed that the surface Au sites origi-
nally passivated by thiolate ligands are reactivated via
electrochemical induced ligand removal, which has been largely
ignored in previous static calculations.

Results and discussion

Thus far, the prior thermodynamic evaluation of the HER
activity of the PtAu,4(SR);s NC has solely relied on the compu-
tational hydrogen electrode (CHE) model -calculations.®
Although the CHE model has been widely used in various
electrochemical studies, it overlooks some important factors:
(1) the grand free energy is usually approximated as a linear
function of electrode potential, ignoring the capacitive contri-
butions to the energy;”* (2) the electrochemical interactions
between reaction intermediates and the surrounding solvent
cannot be explicitly described;* (3) the reaction energy is
usually computed for the cluster's most stable charge state,
which does not necessarily correspond to the charge state
occurring under experimental electrode potential.>**>¢ In
particular, the solvent effect and electrode potential are vital for
accurately evaluating the electrochemical process.

To address this issue, we firstly employed a constant-
potential hybrid-solvent model to assess the potential-
dependent reaction thermodynamics of the HER in the intact
PtAu,,(SCH3);5 NC. More details can be found in the methods
section in the ESL} A thick water slab containing 78H,0O
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molecules in conjunction with Poisson-Boltzmann implicit
constructed on the surface of PtAu,,
(Fig. S1at).>?° The average density of water layers was calcu-
lated to be around 1 g em ™ ® (Fig. $1b1).* In intact PtAu,,(-
SCH3)4s, three adsorption sites for H were considered (Fig. 1a-
c): the central Pt site, the S site from the exterior -SR ligand, and
the staple Au site. For each case, six individual simulations were
conducted at charges of Oe to 5e with decrements of 1e, and the
electrode potential (Uryg) for a given charge can be determined
(Fig. S27). The total free energy of each species can be described
as a continuous quadratic function of Ugyg by further fitting the
six potential-energy points that take into account the contri-
butions of zero-point energy, enthalpy, and entropy (Fig. S37).
With these potential-energy curves, the free energy at a specific
Urne can be obtained, thereby determining the corresponding
free energy changes of the Volmer-Heyrovsky reaction in the
HER (Volmer reaction, * + H' + e~ = H* (AG,) and Heyrovsky
reaction, H* + H' + e~ = H, + * (AG,)). Note that here we did not
consider the Tafel process where two H* intermediates are
firstly formed at contiguous active sites and then combine to
generate H,, which is kinetically much more difficult on the
surface of intact PtAu,, NCs. Moreover, the pH value is set as 3,
which is consistent with the electrolyte acidity in the experiment
(unless stated, all pH values are referred to as 3).

From Fig. 1d, the H* formation step (Volmer step, AG,) at all
three sites is identified as the potential-limiting step (PDS) of
the entire HER process, while the subsequent Heyrovsky step to
form H, could be easily achieved with a very negative AG, value.
We further focused on the Volmer H* adsorption in a narrower
Ugrpe range from —1.30 to 0 V. As shown in Fig. 1le, the
adsorption of H* at the Pt and S sites is energetically much
more favorable than the Au site, and the overall activity follows
the trend Pt > S > Au. We have to note that the Volmer H*
adsorption on Pt and S site is exothermic below Ugyg = —0.46 V,
whereas this reaction is endothermic above this threshold
potential. In other words, at a potential of —0.46 V, the bonding
of H on Pt and S reaches the most ideal state with AG, close to
0 eV. As far as the current analysis is concerned, both Pt and S
should be significant active sites for the HER, however, this
thermodynamic evaluation is not convincing, and further
kinetic calculations are required to detect the electrochemical
structural evolution of the PtAu,,(SCH;);s NC.

Hence, we further evaluated the kinetic information of
PtAu,, by combining the constant-potential hybrid-solvent
model with the state-of-the-art ab initio molecular dynamics
(AIMD) simulations at room temperature (300 K). Based on the
model used in the above thermodynamics, we pre-executed 5 ps
AIMD simulations to ensure the reasonable hydrogen bonding
network in dynamic operation. The changes in energy and
temperature during this simulation are shown in Fig. S4,}
indicating that the structure is well-equilibrated. The radial
distribution functions (RDFs) and the coordination number of
O-O and O-H pairs (Fig. S5t) further validate the proper
convergence of the water structure to bulk water behaviors,
indicating that our model can correctly describe the behavior of
liquid water.** From Fig. S6a,f an extra H;O" is placed on the
local surface of PtAu,, NC to rationalize the presence of proton
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(a—c) The geometric structures of three adsorbed H* systems at different sites on intact PtAu,4(SCHz)1g optimized under a zero charge

(Oe). Color codes: yellow, Au; purple, Pt; blue, S; grey, C; red, O; green, adsorbed H*; white, other H. (d) Free energy changes (AG) of the HER
reaction steps as a function of electrode potential Ugne in pH = 3 (AG; represents the Volmer step for H* adsorption, while AG, represents the
Heyrovsky step for H, generation), and (e) only shows the correlation between the Volmer step (AG;) and the potential from —1.30 to O V.

in an acidic system. Similarly, excess electrons were introduced
to drive a determined potential during dynamic execution,
known as the constant-potential AIMD simulation.

To better track the impact of potential, we initiated a series
of dynamic potentiostatic simulations (Fig. S71), and the results
revealed the potential-dependent desorption of the -SCHj;
ligand from the PtAu,, surface. In particular, only at a moderate
reduction potential (Ugyg = —0.99 V), the S atom is able to
spontaneously capture the surrounding H from H;O' and
weaken the Au-S bonds, ultimately causing the -SCH; group to
detach from the bonding of the surface Au and the staple Au
and then form a free HSCH; molecule in the solution (Fig.-
S7et). Otherwise, the proton would either be transferred to
water by hydrogen bonding to form a Zundel (H50,") cation
(Fig. S7a,T Ugryg = —0.24 V) or the proton binds to the S atom in
an adsorbed H* form, which can only break one surface Au-S
bond and is not sufficient to completely peel off the -SCH;,

16144 | Chem. Sci, 2024, 15, 16142-16155

ligand (Fig. S7b-d,t Ugug = —0.29 V, —0.66 V, —0.87 V). Based
on this, we propose that —0.3 Vgyg could be the critical
potential for cleaving the surface Au-S bond, and the entire
thiolate group can be completely stripped at negative potentials
=-1.0 Vgug (Fig. 2a). To trace a more detailed dynamic
response of the —-SR etching behavior, we focus on the local
region around the broken bond during AIMD and label these
key atoms (the detailed labeling can be found in Fig. S6b and
the inset in Fig. 2e). Fig. 2b-e show the relative distance
between representative atoms under different Ugryg. Obviously,
the S'* atom is first disconnected from the surface Au (labeled
as Au'’) at potential =—0.3 V, and ultimately the distance of
Au'’---S' reaches greater than or equal to 3.5 A which is
considered to be completely disconnected (Fig. 2b). However,
only when the potential is sufficiently negative can the other
Au'® (staple)-S'* bond be completely broken, otherwise they
would still form a strong chemical bond with an equilibrium

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the structural evolution of PtAu,4 NC with the applied electrode potential. (b—e) Statistics of the relative

distance between representative atoms during the equilibrated AIMD simulations under different potentials. The inset of (e) is the corresponding
local structures. The transferred H atom from HzO" to S atom is highlighted in turquoise.

distance of 2.40 A (Fig. 2c). In addition, we observed that the
fracture of the Au-S bonds is accompanied by a significant
increase in the distance between the Au'’ (surface) and Au'®
(staple) atoms (Fig. 2d), and then shortened to 2.53 A after SR
desorption. Note that the more negative the applied potential,
faster the breaking kinetics of the Au-S bond. For example, at
the lower potential of —1.0 V, the Au'”(surface)/Au’®(staple)-S**
bonds are the most easily broken, which can be completely

© 2024 The Author(s). Published by the Royal Society of Chemistry

detached at around 1.13 ps and 1.79 ps (marked by the red star
in Fig. 2b and c), respectively. Overall, our constant potential
AIMD simulations clearly tracked the preference of proton
attack for S atom in the electrochemical process, which is stably
attached to S** (Fig. 2e) while simultaneously inducing the Au-S
bond separation and Au-Au bond change. Therefore, the
surface of PtAu,, NC should spontaneously promote
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dethiolation under moderate electrochemical potential, and
then expose the under-coordinated Au sites.

The dynamic origin of this unique SR etching behavior is
attributed to the spatial accessibility around the S atom that can
trigger the proton attack with the presence of its lone pair
electron.” What's more, the analysis of the radial distribution
function (RDF) further confirmed that the average bond lengths
of Au-Au, Au-Pt, Au-S and S-C bonds only fluctuated slightly
before and after the ligand removal (Fig. S87), suggesting that
the PtAu,, NC could maintain the excellent structural stability
under moderate electrochemical potential. However, it is crit-
ical to know whether the released -SR ligand can be recovered if
the electrode potential is switched off to 0 V vs. RHE. This
involves the evaluation of whether the active site can be stably
retained after an electrochemical treatment. Fig. S9 verifies
that the etching of the SR ligand is irreversible. Regardless of
whether the Au-S bond is unilaterally or completely broken, the
structural framework of the de-ligated PtAu,, is well maintained
after converting the potential from —0.3 V and —1.0 V to 0 V.
Obviously, the electrochemical treatment is an ideal strategy for
creating stable active sites without destroying the structural
framework of the metal NCs. However, in order to balance the
electrocatalytic activity and the cluster stability, the applied
potential should be moderate, otherwise the excessively nega-
tive potential can cause serious distortion of the metal frame-
work (Fig. S7f,7 Urpg = —1.42 V).

According to the current kinetic results, it is undeniable that
the —-SCHj; ligand can spontaneously detach when subjected to
a suitable reduction potential, yet the estimated threshold
potential for the complete SR removal (around —1.0 V) needs to
be further finalized. In the actual acidic electrolyte, since
multiple protons are available on the catalyst surface, the
exposed available surface Au site after the breaking of the first
Au (surface)-S bond could be possibly passivated by the adsor-
bed proton (Fig. S10at). To confirm this hypothesis, we con-
structed an adsorbed H on the exposed bridging Au sites for
geometric relaxation at two different potentials. As shown in
Fig. S10b and c,T as the potential becomes more negative, the
distance of the other Au (staple)---S expands from 2.6 A to 3.1 A.
Obviously, the hard-to-split Au (staple)-S bond is greatly weak-
ened due to the binding of another H on the exposed surface Au
site. This result emphasizes that the above threshold potential
for ligand shedding (around —1.0 V) may be overestimated if the
proton occupation at the bare Au site is ignored in the electro-
chemical process.

To this end, we further address this concern from a dynamic
perspective. Based on the equilibrated AIMD snapshot of
PtAu,4(SCH3;),5 with one broken Au (surface)-S bond at —0.3 V,
we placed a H;0" near the bridged Au atoms (Fig. S11a and bf)
and similarly performed AIMD simulation lasting 8 ps under
the same potential. As expected, the H from H;0" eventually
spontaneously capped the two exposed Au atoms in a bridging
manner, and in the meantime, the adsorbed HSCH; molecule
was completely dissociated into the solution (Fig. S11c and dt).
The corresponding locally magnified structures with key atomic
markings from the initial and final AIMD snapshots can be seen
in Fig. 3a and b. Specifically, the proton from H;0" is stably
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attached to the two bare Au'” and Au'® atoms at a distance of
~1.73 A accompanied by the weakening of the Au (staple)-S
bond, and the S atom remained disconnected from the
surface Au'’, and then completely separated from the other
staple Au'® to quickly transform into a free HSCH; molecule at
~2.94 ps (Fig. 3c). The resultant two under-coordinated Au'’
and Au'® atoms are then bonded closer with a shortened
distance of 2.74 A compared to that in the intact PtAu,, NC (3.4
A). Obviously, the re-evaluated Uryg = —0.3 V should be the real
critical point for the complete dethiolation (Fig. 3d). Note that
the adsorbed H* at this bridge site (marked by the green circle)
should be an active state, and further desorption may occur
under the reaction potential, which can then be replenished by
adsorbing another proton from the solution. This process can
be alternatively regarded as a Volmer reaction in the HER,
therefore, it is reasonable to speculate that such exposed gold
atoms could be the active HER sites.

Clearly, based on the above kinetic results, the thiolate-
protected PtAu,, clusters would undergo facile dethiolation
under a moderate electrochemical potential. Based on this, we
applied a constant-potential method to revisit the HER activity
of the singly dethiolated PtAu,4(SCHj3);, with the consideration
of a hybrid-solvent acid environment at pH = 3. After prelimi-
nary screening, the sites for H adsorption include the newly
exposed Au-Au dual metals as well as the Pt and S atoms
(Fig. S127). Similarly, for each case, a set of calculations with
a different system charge was conducted (Fig. S131), which can
establish the relationships between the free energy and the
electrode potential (Fig. S141). As shown in Fig. 4, the adsorbed
H* is singly bound to the central Pt (Fig. 4a) and exterior S atom
(Fig. 4b) with Pt-H and S-H bond length of 1.70 A and 1.35 A,
but is readily adsorbed to the dethiolated Au-Au site in
a bridging manner with a distance of 1.73 A (Fig. 4c). Fig. S15+
shows the corresponding free energy changes AG of the Volmer
(AG;) and Heyrovsky (AG,) steps as a function of electrode
potential Ugyg, wherein the results at a selected potential from
—0.52 V to 0 V relevant for the HER experiments have been
outlined separately in Fig. 4d for better clarity. For the S site, the
Volmer H* adsorption has always been the PDS, while for the Au
and Pt sites, the two elementary reactions both exhibit inter-
sections around a potential of —0.07 V. In other words, the HER
activity of the ligand S site is determined by the initial Volmer
reaction, while the activity of Pt and the exposed bridging Au
sites is determined by the Volmer reaction only when the
potential is below —0.07 V, otherwise (—0.07 V < Ugyg < 0 V) it
depends on the subsequent Heyrovsky reaction. Since the crit-
ical potential for the PDS crossover (—0.07 V) is almost close to
0V, we can still assume that the HER performance at these three
sites mainly relies on the Volmer step. A closer inspection of the
Volmer H* adsorption (Fig. 4e) indicates that the central Pt site
exhibits the most optimum H binding (JAG,| = 0.15 eV) except
for a better outperformance of the Au-Au bridge site in a narrow
potential range of —0.08-—0.13 V. Note that the formation of H*
on the dethiolated Au sites is thermodynamically more sup-
ported than the ligand S site above Ugryg = —0.27 V, which is
reversed below this potential.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Au'7-S"

Au'e.g"3
Au'7-Au'®
Au'7-H21

Fig. 3 The corresponding local structures with some atomic markings from the initial (a) and final (b) AIMD snapshots of H adsorption to the
bridging Au site in PtAu,4(SCH3)1g after the breaking of the first Au (surface)-S bond under Urye = —0.3 V. (c) Statistics of the relative distance
between representative atoms during the equilibrated AIMD simulation at Urue = —0.3 V. (d) Updated schematic illustration of the structural

evolution of PtAu,4 NC with electrode potential.

Taking the Gibbs free energy of H adsorption |AG,;| =< 0.3 eV as
the reference criteria for an active HER catalyst, the compre-
hensive thermodynamic analysis suggests that both the Pt and
the bare Au atoms are the favored active sites for the HER under
a moderate reduction potential, however, when subjected to
a more negative potential, the protons would prefer to bind at the
Pt and exterior S atoms. This raises the question whether the
similar Au-Au bridge sites, like the exposed Au sites in undoped
Au,5(SR); 5 clusters,® are also activated and possess high HER
activity. To answer this, we also evaluated the HER performance
of the activated Au sites in Au,; NCs at the same computational
level. The constant-potential results are shown in Fig. S16,T and
their energy-potential relationships are summarized in Fig. S17.}
Apparently, a similar activity trend can be observed in the
dethiolated Au,s5(SCH3);; NC, where the exposed Au sites also
exhibit excellent HER activity within a certain potential range
(Fig. S16at). The crossover potential of the two elementary reac-
tions is at —0.2 V, indicating that the Volmer reaction is the PDS
below —0.2 V, but above this potential the reaction is mainly
limited by the Heyrovsky process. Compared with the doped
PtAu,4(SCH3),- system, the performance of the exposed Au sites
in both Au,5(SCH3),7 and PtAu,,(SCH;);, are comparable, but the
active potential range in Au,s5(SCH;),; is wider (—0.6-—0.1 V,
Fig. S16bt). However, given the ability to span a wider potential
range (—1.3-—0.1 V) for an active HER (JAG;| =< 0.3 eV) and the

© 2024 The Author(s). Published by the Royal Society of Chemistry

extraordinarily active Pt site, the PtAu,,(SCH;);; shows overall
superior HER performance than Au,;(SCH3), 5.

Noteworthily, since both the central Pt atom and the exposed
Au sites are active for H adsorption, can these two adsorbed H*
further combine to generate H, through the Tafel step (*2H =
H, + *)? For this purpose, we conducted further calculations
(Fig. S18 and S19t). If this mechanism is feasible, it is firstly
necessary to ensure the binding of two H on the two active sites
(Fig. S19aft). Our results show that when U = —0.36 V, both the
Pt and the bare bridging Au sites can each stably bond with an H
(Fig. S19bt), and the adsorption of H on the exposed Au sites
below —0.53 V (Volmer-2) is superior to the competitive Heyr-
ovsky reaction on the Pt site (Fig. S19ct), which means that the
subsequent Tafel step can be triggered only at potential lower
than —0.53 V. However, further prediction of the reaction
energy for the Tafel step indicates significant energy hindrance,
with an endothermic AG up to 1 eV even at a very negative
potential of —1.3 V (Fig. S19df). Hence, the Volmer-Tafel
mechanism is impossible, where the Tafel step is highly
blocked, and our further constrained Kkinetic results also
confirm this (Fig. S19e and S20,7} the criterion for the end of this
reaction is the formation of H, (0.75 A)), where a high barrier of
1.50 eV is required for the H, formation at Ugyg = —0.60 V.
Therefore, both the Pt and the bare Au sites would prefer the
Volmer-Heyrovsky pathway. These observations indicate that
the source of HER active sites in metal NCs is significantly
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influenced by the applied potential, and conducting detailed
kinetic studies to track its structural evolution is of great
significance in accurately revealing the underlying mechanism.

Overall, the investigated PtAu,, NCs undergo spontaneous
electrochemical etching of the surface thiolate ligands under
moderate potential, transforming from pre-synthesized fully
ligand-protected catalysts into stable and truly catalytic
dethiolated NCs. As shown in Fig. 5a, the originally inert Au site
is activated due to dethiolation, and the adsorption of proton on
the exposed bridge Au site becomes energetically favorable,
greatly enhancing the Au-H interaction; the Pt-H bond is also
enhanced under a higher potential, which is possibly due to the
desorption of the electron-withdrawing -SR ligand that
enhances the interaction between surface Au and staple Au
while weakens the metal bond between Pt and the surface Au,
thus strengthening the adhesion of H to Pt; however, the
binding of the remaining exterior S atom to H is weakened after

16148 | Chem. Sci,, 2024, 15, 16142-16155

dethiolation. Our above analysis has identified that the HER
activity of PtAu,, NCs mainly depends on the Volmer reaction
(AG,), that is, the electrochemical adsorption of proton is the
PDS. If the activity boundary is set as |AG;| = 0.3 eV, then Pt and
the bridged Au-Au atoms are both ideal HER active sites, while
the S site tends to adsorb proton to assist in ligand stripping. As
the number of detached ligands increases, the electrochemical
etching of ligands would become increasingly difficult because
of the gradually weakened affinity of the remaining S atom to H.

Furthermore, the dethiolation effect can also be reflected by
the changes in Bader charge and projected density of states
(PDOS) in PtAu,,(SCH;);s and PtAu,4(SCH;);; NCs. Fig. 5b
clearly shows that only the exposed Au atoms have negative
charges while the other thiolate-capped Au atoms show positive
charges, indicating that the surface dethiolated Au is indeed
activated for electrocatalysis. Although the central Pt atom is
always negatively charged, its charge has significantly increased

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The structures concerning the initial and final states are denoted as IS and FS, respectively.

from 0.14 to 0.22 due to partial dethiolation, supporting the
improvement in HER performance. In addition, the apparently
negative charge of S atoms, combined with their spatial acces-
sibility, can also explain their affinity for proton adsorption. The
adsorption strength of H* is highly related to the electronic
structure, and the d-states energy of active metal relative to the
Fermi level is a good indicator of the bond strength. As shown in
Fig. S21,t while the s-states change very little, the d-states of the
active Pt and Au-Au atoms in PtAu,,(SCH3),; are located
considerably higher in energy than those in intact PtAu,(-
SCH3)y5, which explains its stronger H* adsorption. According
to the quantified d-band center (e4), the 4 of Pt (—1.64 eV) and
bare Au (—2.43 eV) in dethiolated systems shift upward closer to
the Fermi level compared with the fully ligand-protected NCs
(—1.95 and -3.19 eV, respectively), also supporting the
enhanced Pt-H/Au-H interactions. These results clearly explain
the electronic origin of the extraordinary HER activity present in
dethiolated PtAu,, NCs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Combined with the thermodynamic calculations and the
electronic structure analysis, we have successfully identified the
possible HER active sites of PtAu,, and the activity trends. To
better understand the concerned PDS Volmer reaction in
dethiolated PtAu,, catalyst, the reaction kinetics are further
examined. The “slow-growth” method was employed to monitor
the free energy barrier for solvated proton (H;O") adsorption on
three different sites at —0.1 V. This potential is chosen because
it is an approximate crossover potential (Uc,oss) between the two
scaling lines in the AG;-U curve in Fig. 4e, where the Gibbs free
energy of H adsorption at the Pt and Au site are equivalent,
suggesting the comparable activity and similar Faraday effi-
ciency for H, production. The dynamic sampling results in
Fig. 5c-e reveal that the H in H;0" gradually separates with the
elongation of the H---O bond, and is eventually donated to the
active site. This step of proton transfer and adsorption has
a lower free energy barrier for Pt and Au-Au bridge sites (0.56
and 0.60 eV), indicating the favorable kinetic promotion of H
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adsorption, while a relatively higher barrier of 0.9 eV is required
at the S site. It has been known that the affinity of S atom for H
from H;0" should spontaneously facilitate the dethiolation and
finally form a free HSCH; molecule in solution. Therefore, it
should be difficult to produce H, through the subsequent
Heyrovsky reaction after the adhesion of H to the S site. To verify
this, we further performed constrained AIMD simulations to
explore the protonation of H* by an explicit hydronium, i.e., H*
+ H;0" + e~ = H, + * + H,0. Unsurprisingly, this process is
greatly hampered at the S site, with a reaction free energy up to
2.08 eV (Fig. S227). However, this Heyrovsky process is nearly
barrierless at the Pt (0.25 eV) and dethiolated Au sites (0.27 eV)
(Fig. S231). Thus the HER activity of dethiolated PtAu,, should
be mainly contributed by the Pt and Au atom, which have
comparable reaction kinetics.

To verify our theoretical predictions, we then synthesized the
Au,,Pt(SCH,CH,Ph); g (Au,,Pt in short) and Au,5(SCH,CH,Ph), ¢
(Auys in short) nanoclusters and investigated their HER
performances. Moreover, the attenuated total reflection surface-
enhanced infrared spectroscopy (ATR-SEIRAS) technique was
used to further study the reaction kinetics of Au,; and Au,,Pt in
the HER process, and the different roles of Au and Pt active sites
in the HER process were also identified clearly.

Fig. 6a shows the UV-vis absorbance of Au,,Pt and Au,s in
CH,Cl,. The characteristic absorption peaks of Au,,Pt are
located at 596 nm and 369 nm, while the characteristic
absorption peaks of Au,; are situated at 440 nm and 676 nm,
and there are two weak absorption bands at 395 and 790 nm.
The absorbance feature of these two clusters is in good agree-
ment with the results reported previously.'®** The molecular
composition of Au,,Pt NC was then determined by electrospray
ionization mass spectrometry (ESI-MS). As shown in Fig. 6b, it
only displays one main peak in the m/z ranging from 3000 to
6500 Da. Careful analysis of the high-resolution mass data
reveals that the main peak at m/z = 3695.9547 Da is ascribed to
[Au,,Pt(SCH,CH,Ph),]**, whose isotopic pattern perfectly
matches the simulated pattern (see the inset, Cal.:
3695.9505 Da, deviation: 0.0042 Da). Besides, the ESI-MS
spectra also show a strong diffraction peak at m/z =
3942.9692, which belongs to [Au,sPt(SCH,CH,Ph),,]*" (=[Au,s-
Pt(SCH,CH,Ph);s]** + Au(SCH,CH,Ph),” + Na*, Cal.:
3942.9855 Da, deviation: 0.0163 Da). The results of UV-vis
absorption and ESI-MS concurrently confirm that high purity
Au,,Pt(SCH,CH,Ph);s and Au,s5(SCH,CH,Ph);; NCs were
obtained.

We subsequently employed these two NCs as model catalysts
for the HER. Fig. 6¢c presents the polarization curve of
commercial Pt/C, Au,,Pt and Au,; after electrochemical activa-
tion, and the required overpotentials are 301 mV, 242 mV and
288 mV, respectively, to afford a current density of 10 mA cm ™2,
indicating that the HER catalytic activity could be significantly
enhanced by replacing the central Au of the Au,; cluster with Pt,
which even surpasses the commercial Pt/C catalyst. It is worth
noting that, without activation, the overpotentials of Au,,Pt and
Au,;s under the same conditions are as high as 587 and 599 mV,
respectively (Fig. S241). The enhanced performance is caused by
the effective exposure of the active site due to ligand shedding

16150 | Chem. Sci,, 2024, 15, 16142-16155
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from the cluster surface after activation, which is more condu-
cive to the adsorption and desorption of H* on the catalyst
surface. Further characterization of electrochemical activation
also confirmed that ligands on the surface of Au,,Pt decreased
as the applied potential decreased, as shown in Fig. S25,1 which
was consistent with Au,s.”*> However, under the same condi-
tions, the number of remaining ligands on the surface of Au,,Pt
is significantly higher than that of Au,s, indicating that Au,,Pt
has higher stability in an electrochemical environment. In
addition, the XPS spectra of Au,,Pt at different activation
potentials revealed that the binding energy of the Au 4f orbitals
is almost identical to the original Au,,Pt (Fig. S25bt), further
demonstrating that the Au active sites on the Au,,Pt surface are
not further reduced after ligand detachment, and the overall
structure of Au,,Pt remains intact during the electrochemical
testing. The Tafel plots of the two tested samples are shown in
Fig. 6d, and the Tafel slope of Au,,Pt (113 mV dec™ ') is lower
than that of Au,s (127 mV dec™), implying that the energy
barrier for its rate-determining step (RDS) in the Volmer reac-
tion is lower, and its activity is better.

We further performed the electrochemical impedance spec-
troscopy (EIS) and electrochemical active surface area tests, and
the EIS fitted results are compiled in Table S1.} As shown in
Fig. S26a and S27,} Au,,Pt exhibits a much smaller semi-circle
than Au,s, indicating faster reaction kinetics. Based on the
simulation results of the equivalent circuit diagram (insets in
Fig. S277), the R, (charge transfer resistance) values for the
activated Au,,Pt and Au,s are 74.19 and 148.1 Q, respectively,
suggesting that Au,,Pt exhibits markedly lower charge transfer
resistance than Au,s. To further understand the difference in
their HER performances, the electrochemical active surface area
(ECSA) values of the two samples were compared. The cyclic
voltammetry curves of the two samples at different scanning
rates are shown in Fig. S28,1 and the double layer capacitance
(Cqp) of the two samples can be obtained. The Au,,Pt catalyst
(1.06 mF cm™?) has a larger capacitance than the Au,; sample
(0.87 mF cm ™ ?) (Fig. S26bt). Note that the ECSA value is linearly
proportional to the Cy; value, therefore, Au,,Pt has a much
larger ECSA value, which accounts for the superior HER activity.
Similar to the results of the pre-activation polarization curve,
the impedance and Cgy; values of the two samples before acti-
vation are much lower than those after activation (Fig. S267). It
is noteworthy that Au,,Pt exhibits a larger ECSA value than Au,s.
Therefore, determining whether the superior HER performance
of Au,,Pt compared to Au,;s is due to the difference in intrinsic
electrochemical activity or merely the effect of the area becomes
necessary.”” The HER polarization curves of Au,s and Au,,Pt
normalized by ECSA are shown in Fig. S29.1 At the same current
density, the overpotential of Au,,Pt is significantly lower than
that of Au,s, indicating that the superior HER performance of
activated Au,,Pt arises indeed from its higher intrinsic elec-
trochemical activity compared to Au,s.

So far, the experimental results are consistent with our
theoretical predictions, that is, Au,,Pt shows better HER
performance than Au,s. However, the underlying mechanism
predicted by theory at the atomic level also needs to be further
verified by the experimental data, especially the specific roles of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experimental and simulated isotope patterns. (c) LSV curves of commercial Pt/C, Au,4Pt and Au,s after activation in 0.5 M NaySO4 (pH = 3). (d)

Corresponding Tafel plots of Au,4Pt and Au,s after activation.

Au and Pt in the HER. To that end, the ATR-SEIRAS technology
was employed to investigate the reaction kinetics and key
adsorption species of Au,,Pt and Au,; in the HER. As shown in
Fig. 7a, the ATR-SEIRAS test is carried out in a special H-cell
where the catalyst was cast on the surface of a mono-
crystalline Si coated with an Au film. The Au film is able to
express a surface-enhanced infrared absorption effect for the
adsorbed species on the catalyst surface.*

As shown in Fig. 7b and c, for Au,,Pt, with the decrease of the
applied potential, the intensity of the absorption peaks at
3374 cm ‘and 1650 cm ™ from the adsorbed *H,O and *OH
increases.*** From the in situ ATR-SEIRAS spectra in Fig. 7b and
d, the absorption peaks for water in Au,,Pt are higher and
sharper compared to Au,s. The difference in the position of the
water peaks was caused by the different adsorption capacity of
the catalyst to water. Au,,Pt has stronger adsorption capacity for
water, resulting in the shift of the water peak of Au,,Pt to a lower
wavenumber. Moreover, the two-dimensional (2D) spectrum
indicates the absorbance through the contrast of colors and sets
the highest peak as red. According to Fig. 7b and d, as the
potential increases, the absorption peak for water in Au,s is

© 2024 The Author(s). Published by the Royal Society of Chemistry

comparatively lower, consequently, when plotting the 2D contour
map (Fig. 7c and e), the water peak of Au,,Pt is green and that of
the Au,s is yellow. Meanwhile, two weak absorption bands are
also observed at ~1370 cm™ " and ~2100 cm ™, and the absorp-
tion peak at 1370 cm™ ' corresponds to the bridged Au-H*
bonding.** To obtain more in-depth understanding, we also
carried out in situ infrared (ATR-SEIRAS) tests on Au,s and
commercial Pt/C (20 wt%) catalyst under the same conditions.
The strong absorption peaks of *H,O and *OH can be easily
identified in the in situ infrared spectrum of the Pt/C catalyst
(Fig. S301). One may notice that there is one peak location slightly
different from that of the cluster catalyst, specifically, Pt/C has an
obvious absorption peak at 2024 c¢cm™', which is a typical
absorption peak of the Pt-H* bonding.** In the case of Au,s, in
addition to *H,O and *OH, the adsorption of bridging Au-H*
bonding was observed at 1370 cm ' (Fig. 7d and e) and its
intensity was higher than that in Au,,Pt, indicating that the Au
active sites in Au,; have a better adsorption capacity for bridging
H* than that in Au,,Pt. Such a finding is highly consistent with
the activity of the exposed Au sites of PtAu,, vs. Au,s as we pre-
dicted earlier (Fig. S16b7). More importantly, there is an obvious
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absorption peak at 2087 cm ™, while no peak can be identified at
this position in Pt/C, indicating that the adsorption species is
independent of the carbon substrate. Moreover, the infrared
absorption peak of the S-H bond (~2500 cm™") is also distin-
guished from this peak. Note that the shape and position of this
peak are very close to Pt-H* (~2024 cm ). Since Au and Pt are
adjacent elements in the periodic table, it can be concluded that
the absorption peak at 2087 cm™ " corresponds to the adsorption
state of the staple Au-H* bonding. In addition, we also per-
formed the cyclic voltametric measurements for Au,s and Au,,Pt
before and after activation to understand their surface features at
—0.2 V to 1.45 V (vs. Ag/AgCl). As illustrated in Fig. S31,} the
voltammetric response of Au,s and Au,,Pt before activation dis-
played only the capacitive features, indicating that the surface is
passivated with thiol ligands. The activated clusters exhibit
a higher current density, and the voltammetry of Au,,Pt shows
the oxidation peak of Au and the cathodic gold oxidation-
reduction peak, but the reduction peak of oxidized Pt is not
observed. The voltammetries of Au,,Pt and Au,s are very similar
overall, indicating that Au,,Pt exposes Au sites during the elec-
trochemical reaction process.

Based on the above analysis and the corresponding adsorp-
tion states of different catalysts, we believe that the absorption
peak at ~2100 cm ' in the in situ infrared spectrum of Au,,Pt
should correspond to staple Au-H* and Pt-H*. Although Pt has
a better adsorption capacity for H* than Au, the Pt atom in Au,,Pt
is located in the center of the cluster and there is only one single
Pt atom, thus the Pt-H* infrared absorption peak generated by
the active Pt site is much weaker than the Pt/C. Meanwhile, the
doping of Pt would weaken the adsorption of H* by the periph-
eral Au active sites in Au,,Pt, resulting in the weakening of the
absorption peaks of both staple Au-H* and bridged Au-H*
bonds, consequently leading to the formation of a weak and wide
absorption band at ~2100 cm™". These results indicate that the
excellent HER performance of Au,,Pt is not only due to the
adsorption capacity of the central Pt for H*, but also ascribed to
the strong adsorption capacity of the Au active sites for *H. The
synergistic effect of the Pt and Au makes Au,,Pt an excellent
electrocatalyst for the HER.

Our current experiments and calculations have confirmed
that thiolate-protected metal clusters in electrochemical
processes can spontaneously promote dethiolation and expose
available metal sites, thus significantly improving their catalytic
activity. From this, we can infer that metal clusters protected by
other ligands may have similar structural evolution behavior
during electrochemical processes, such as halogen ligands and
alkynyl ligands. Some recent studies have shown that ligands on
these surfaces should also partially shed during electro-
catalysis,*”* indicating that the spontaneous desorption of
ligands on metal clusters under electrochemical treatment may
be a relatively common behavior, which further stimulates the
far-reaching significance of our study.

Conclusion

In summary, using the prototype PtAu,,(SCH;);3 NC as a model
catalyst, we tracked its dynamic structural evolution under

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrochemical potential via advanced constant potential
AIMD simulations, and observed the spontaneous desorption of
peripheral thiolate ligands. The activity prediction indicates
that the dethiolated PtAu,, exhibits excellent HER activity,
which is contributed not only by the suitable adsorption
capacity of the central Pt atom for H*, but also by the bonding
affinity of exposed Au active sites for H*, where the two exhibit
comparable reaction kinetics. The synergistic effect between Pt
and Au makes PtAu,, an extraordinary HER electrocatalyst,
which even surpasses the state-of-the-art platinum catalyst.
Electrochemical measurements and in situ FTIR (ATR-SEIRAS)
characterization further validated our predictions. Our
research indicates that the surface passivated Au sites can be
reactivated under moderate electrochemical potential, which is
sensitive to external potential and can even exhibit high elec-
trocatalytic HER activity comparable to Pt, thus needs to be
given special attention when unraveling the reaction mecha-
nisms of ligand-protected metal nanoclusters.
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