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Computationally derived volcano curve has become the gold standard in
catalysis, whose practical application usually relies on empirical interpreta-
tions of composition or size effects by the identical active site assumption.
Here, we present a proof-of-concept study on disclosing both the support- and
adsorbate-induced restructuring of Pt-Co bimetallic catalysts, and the related
interplays among different interfacial sites to propose the synergy-dependent
volcano curves. Multiple characterizations, isotopic kinetic investigations, and
multiscale simulations unravel that the progressive incorporation of Co into Pt
catalysts, driven by strong Pt-C bonding (metal-support interfaces) and Co-O
bonding (metal-adsorbate interfaces), initiates the formation of Pt-rich alloys
accompanied by isolated Co species, then Co segregation to epitaxial CoOy
overlayers and adjacent Co30, clusters, and ultimately structural collapse into
amorphous alloys. Accordingly, three distinct synergies, involving lattice
oxygen redox from Pt-Co alloy/Cos0, clusters, dual-active sites engineering
via Pt-rich alloy/CoOy overlayer, and electron coupling within exposed alloy,
are identified and quantified for CO oxidation (gas-phase), ammonia borane
hydrolysis (liquid-phase), and hydrogen evolution reaction (electrocatalysis),
respectively. The resultant synergy-dependent volcano curves represent an
advancement over traditional composition-/size-dependent ones, serving as a
bridge between theoretical models and experimental observations in bime-
tallic catalysis.

Platinum (Pt) catalysts have been extensively studied and utilized as relatively low cost via the introduction of a second metal
across a wide range of applications involving energy conversion and component*”. Significant efforts have been dedicated over the past
environmental remediation'>. Among them, Pt-based bimetallic decades to understanding how reactions are influenced by bimetallic
materials stand out by virtue of their unique catalytic properties aswell materials and how to maximize catalytic activity®’. Despite the well-
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recognized changes in chemistry, morphology, and energy observed
on bimetallic surfaces in relative to either of the parent metal surfaces,
predicting the modifications in geometric and electronic properties of
Pt-based bimetallic surfaces and their resultant catalytic properties still
remains challenging®. This is because the number and type of active
sites, as well as their associated synergies on the bimetallic surface, are
usually complex and difficult to know a priori, as they are flexible and
can be modified drastically with environment’ ™. Hence, the rational
design and development of efficient Pt-based bimetallic catalysts
necessitate a deep understanding of the diversified active sites over
bimetallic surfaces and their underlying interplays under various pre-
paration and reaction conditions, whose mesokinetics research is the
ingress to bridge the microscopic-to-macroscopic transition in energy
and environmental catalysis'.

Volcano curve has become the gold standard in bimetallic catalyst
design, which provides a straightforward guidance for optimizing cata-
lytic performance by tuning the adsorption energies of reaction
species” ™. Further combining the Sabatier principle, which emphasizes
the importance of intermediate bonding neither being too strong nor
too weak, we can gain systematic and intuitive explanations for the
composition-/size-dependent volcano curves commonly observed in
bimetallic catalysis'®". The idea of moderate bonding suggested by the
Sabatier principle is no doubt illumining, while the interpretations of the
volcano curve derived from experience and commonsense are some-
times inconclusive and even contradictory. Exemplified by the widely
studied Pt-Co bimetallic catalyst in previous studies on the same cata-
lytic reaction, such as CO oxidation'®", ammonia borane hydrolysis* %,
and hydrogen evolution reaction (HER)*%, contradictions arise as some
recommend structures rich in Pt and poor in Co based on their reported
volcano curves, while others advocate structures poor in Pt and rich in
Co. Rationally, each bimetallic catalytic material has different optimal
active sites in terms of their synergistic promotions, which is unlike the
traditional volcano curves constructed by assuming the same active site
for all materials®. Therefore, it is highly desirable to reevaluate these
composition-/size-dependent volcano curves, and uncover the intricate
synergies underlying different active sites for obtaining a more com-
prehensive and unified guiding principle.

Inspired by the above two concepts of active site and volcano
curve for bimetallic catalysis, here we made an advance in disclosing
the atomic-scale restructuring of Pt—-Co bimetallic catalysts induced by
support and adsorbate, and the related interplays among different
interfacial sites to propose the synergy-dependent volcano curves.
Exemplified by the mentioned three representative yet disputed
reactions, namely CO oxidation (gas-phase), ammonia borane hydro-
lysis (liquid-phase), and hydrogen evolution reaction (electro-
catalysis), a series of Pt-Co bimetallic catalysts with different
compositions and sizes were prepared, whose catalytic activity can be
similarly correlated with either the catalyst composition or size by
volcano curves as previous studies. A combination of microscopic and
spectroscopic characterization, multiscale simulation, isotopic label-
ing, and steady state isotopic transient kinetic analysis (SSITKA) was
employed to unveil the atomic-scale restructuring concerning both
site activity and surface stability. Further integrating the related
mechanistic investigation, the most active yet stable synergies are
identified and quantified to establish the synergy-dependent volcano
curves. In comparison to the traditional composition-/size-dependent
volcano curves based on the same active site assumption, the synergy-
dependent volcano curves shed more insights into the interplays
among different interfacial sites to bridge the gap between theoretical
models and experimental observations in bimetallic catalysis.

Results

Composition-/size-dependent volcano curves

Platelet carbon nanofibers (CNF) with tunable surface chemistry, high
electron conductivity, and large surface area were prepared by catalytic

chemical vapor deposition (CCVD) and employed as catalyst support.
Their supported Pt-Co bimetallic catalysts with the same Pt loading of
0.75 wt% while different molar ratios (np:nc,) of 1:0, 1:1, 1:3, 1.5, and 1.7
were prepared and denoted as Pt/CNF, PtCo;/CNF, PtCos/CNF, PtCos/
CNF, and PtCo,/CNF, respectively. The HAADF-STEM micrographs of
the Pt/CNF catalyst depicted in Supplementary Fig. S1 demonstrate a
homogeneous dispersion of metal particles, attributed to the abundant
surface defects of CNF that serve as nucleation sites for metal immo-
bilization. Upon Co incorporation, as illustrated in Supplementary
Figs. S2—-S5, minor nanoparticle agglomeration is discernible, escalating
markedly in bimetallic catalysts with elevated Co content, particularly
for the PtCo,/CNF catalyst. Consequently, the corresponding average
metal particle size can be estimated based on the measurements of
more than 200 random particlesas 1.2+ 0.3,1.3+0.4,1.7+ 04,19+ 0.4,
and 2.5 £ 0.5 nm, respectively.

As shown in Fig. 1a, these catalysts were tested for three repre-
sentative reactions, including CO oxidation (gas-phase), ammonia
borane hydrolysis (liquid-phase), and hydrogen evolution reaction
(electrocatalysis). It can be seen in Fig. 1b that, for CO oxidation, these
catalysts deliver different conversions of CO at identical reaction
conditions. As summarized in Fig. 1a, PtCos/CNF exhibits the highest
catalytic activity of 129.6 mmolcomolp *-s™ at 140 °C, which is nearly
20 times higher than that of Pt/CNF. As can be seen in Supplementary
Fig. S6, both the composition and size of these catalysts affect this
reaction, and the former one can also be correlated with the catalytic
activity by volcano curves. In Fig. 1c for ammonia borane hydrolysis,
the addition of Co to Pt/CNF increases the initial hydrogen generation
rate (inicia) UP to @ maximum at PtCos/CNF, beyond which the reaction
was inhibited. As shown in Fig, 1a, PtCos/CNF has more than two times
the activity of Pt/CNF, and the catalytic activity can be also correlated
with the composition by volcano curve in Supplementary Fig. S7. The
Arrhenius plots presented in Supplementary Fig. S8 reveal that bime-
tallic catalysts possess lower activation energies compared to the
monometallic Pt/CNF catalyst. Notably, the PtCos/CNF catalyst exhi-
bits an optimal balance between activation energy and the pre-
exponential factor, suggesting a finely tuned catalytic performance.
For HER under Ar-saturated 1M KOH solution as shown in Fig. 1d,
bimetallic PtCo,/CNF catalysts exhibit higher HER performances than
monometallic Pt/CNF, and the overpotential of PtCo,/CNF is much
lower than that of Pt/CNF at the same current density. The corre-
sponding Tafel plots and Nyquist plots are also given in Supplementary
Figs. S9 and S10, respectively. As a result, the mass activity that nor-
malized all the samples to the Pt loading at the same overpotential
(n=0.35V) still demonstrates the composition-dependent volcano
curve in Supplementary Fig. S11. Furthermore, it is observed that the
monometallic Co/CNF catalyst displayed negligible catalytic activity
across the three reactions.

Structural characterization and identification

It is obvious that the catalytic activity for these three reactions can be
similarly correlated with either the composition or size of bimetallic
catalysts as previous studies. Generally, the composition effects
usually referred to their electronic properties in relation to the intrinsic
activity of each active site, such as ligand and strain effects’”’, while the
size effects referred to their geometric properties in relation to the
number of active sites, such as ensemble and steric effects®*. The
above two factors are not mutually exclusive, and if enhanced simul-
taneously, catalytic efficiency can be greatly improved, which is vice
versa. In this regard, the electronic and geometric properties of these
catalysts were characterized. The XRD patterns in Fig. 2a are almost
identical for these catalysts and mainly exhibit diffraction peaks at
26.4°, 42.2°, 44.4°, and 54.5° ascribed to CNF support, and the
absences of those ascribed to Pt and Co as well as their oxides are
consistent with their low loadings and high dispersions as shown in
HAADF-STEM images. In comparison, the H,-TPR profiles vary
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Fig. 1| Composition- and size-dependent volcano curves. a The composition-
and size-dependent volcano curves of Pt/CNF and PtCo,/CNF catalysts for CO
oxidation, ammonia borane hydrolysis, and HER. b-d CO conversion as a function

of reaction temperature (b), hydrogen generation volume as a function of reaction
time (c), and LSV polarization curves (d) for Pt/CNF, PtCo,/CNF, and Co/CNF
catalysts.

significantly among the catalysts in Fig. 2b. Monometallic Pt/CNF and
Co/CNF exhibit only one reduction peak at 104 °C and 334 °C,
respectively. In comparison, the reduction of bimetallic PtCo,/CNF
catalysts splits into three new reduction peaks between that of Pt/CNF
and Co/CNF, which become intensive with the addition of Co. This
indicates the presence of three kinds of Co species based on their
interactions with Pt, in which Co in a closer proximity to Pt is likely
reduced by the spillover hydrogen at a lower temperature.

The XPS Pt 4 f spectra depicted in Fig. 2c show the prevalence of
metallic Pt° species within nanoparticles, whose binding energy pos-
sesses a trend of initially increasing and then decreasing, reaching its
maximum for PtCoy/CNF with Pt° 4f;, and Pt° 4f;, at 72.10 and
75.27 eV, respectively. Considering the high electron-conductivity of
CNF and the identical Pt loading, the observed binding energy shift
mainly arises from the electron transfer between Pt and Co species,
whose direction reverses from Pt->Co to Co->Pt with the addition of Co.
This observation is very interesting as the electron transfer in either
direction, Pt~>Co’**! or Co~>Pt*>*, has been suggested for Pt-Co alloys
in numerous literatures without a consensus. To resolve this debate,
the XPS Co 2p spectra in Fig. 2d were further deconvoluted and

analyzed. The signal-to-noise ratio of Co 2p spectra is much lower than
Pt 4f spectra, particularly for PtCo;/CNF, ascribed to its lower Co
loading and smaller Co 2p sensitivity factor. In contrast, the other three
catalysts exhibit the prevalence of oxidized Co™ species instead of
metallic Co®" species with similar Co 2p signal strengths. Combining Pt
4 fspectrain Fig. 2¢, it indicates the electron transfer from oxidized Co
to metallic Pt species for these catalysts.

To confirm the electron transfer mentioned, theoretical calcula-
tions were performed on three different 13-atom Pt-Co bimetallic
clusters: Pt;oCos, Pt;Cog, and Pt,Coy;. Following geometry optimiza-
tion and total energy calculations, we selected the low-energy config-
urations for Bader charge analysis, as illustrated in Fig. 2e. Under
similar sizes and regardless of the cluster composition, Pt is found to
gain electrons while Co loses electrons, with a total electron transfer of
1.68, 2.59, and 1.32 electrons, respectively. This observation appears to
contradict the XPS results, which indicate electron transfer from Pt to
Co. However, it is important to note that the Bader charge refers to the
total number of electrons, rather than the number of valence electrons
(5d electron for Pt, and 3d electron for Co). Focusing on the Pt 5d band
in terms of the projected density of state (PDOS) as shown in Fig. 2f,
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Fig. 2 | Structural characterization of Pt-Co bimetallic catalysts. a-d XRD pat-
terns (a), H,-TPR profiles (b), XPS Pt 4 fspectra (c), XPS Co 2p spectra (d) for Pt/CNF
and PtCo,/CNF catalysts. XRD and XPS measurements were conducted on the fresh
catalysts. H,-TPR measurement was performed on the unreduced catalyst

precursors. ef The differential electron density isosurfaces (e) and corresponding
PDOS analysis of Pt 5d states (f) for Pt;oCos, Pt;Cos, and Pt,Coy;. g The scheme of
net electron and d electron transfer between Pt and Co within Pt-Co alloy.

number of 5d electron by integrating up to the Fermi level is 7.886,
7.889, and 7.890 e, respectively. Similarly, based on the PDOS of the Co
3d band in Supplementary Fig. S12, the number of 3d electron is cal-
culated as 7.132, 7.252, and 7.279 e, respectively. Hence, the previous
debate on electron transfer within Pt-Co alloy can be reasonably
addressed by d electron transfer from Pt to Co along with net electron
transfer from Co to Pt as schematically shown in Fig. 2g. Moreover, the
corresponding d-band center of Pt has been calculated as -1.62, -1.82,
-1.94 and -2.12 eV for Pty3, Pt;oCo3, Pt;Cog, and Pt,Coyy, respectively.
Obviously, the electrons coupling between Pt and Co in the d orbitals
significantly lowers Pt d-band center, which will be further discussed
below. Based on the above, the first reduction peak (-200 °C) in H-TPR
profiles (Fig. 2b) can be reasonably attributed to the reduction of metal
precursors to generate Pt-Co alloy, which is dominant for the PtCo,/
CNF and PtCos/CNF catalysts with a higher Pt 4 fbinding energy due to
d electron transfer from Pt to Co. The further addition of Co leads to
the dominance of the second reduction peak (-230 °C) ascribed to the
reduction of oxidized Co species by spillover hydrogen from Pt-Co
alloy, particularly for PtCo;/CNF, which has the lowest Pt 4 f binding
energy due to electron transfer from oxidized Co to Pt. Additionally,
the third reduction peak (-300 °C) could be due to some Co species
that are relatively far from Pt-Co alloy and difficult to be reduced.

Support-induced restructuring

Indeed, it is widely known that Co exhibits complete miscibility within
Pt across the entire solid solution range, resulting in the formation of
alloy. Herein, regarding the three possible types of Co-containing
species, aberration-corrected (AC) HAADF-STEM and XAS were

employed to gain more insights into these surface sites. The atomic
structure of PtCo,/CNF as shown in Fig. 3a exhibits the surface dis-
tribution of metal nanoparticles of 1-2 nm, along with some clusters
and single atoms around them. The high-resolution image, together
with the corresponding fast Fourier transform in Fig. 3b, reveals the
lattice fringe with an interplanar spacing of 2.16 A, which is much
smaller than that of pure cubic Pt. This is likely ascribed to the (111)
plane of Pt-Co alloy, and confirmed by the EDS line-scanning result.
However, the molar ratio of Pt and Co (npgnc,) based on the EDS
measurements of more than 40 nanoparticles is statistically deter-
mined to be 2:1 (Fig. 3¢) rather than the stoichiometric ratio of 1:1. This
discrepancy, along with the 3D atom-overlapping Gaussian-function
fitting mapping (Fig. 3c), suggests that the less bright, single atoms
detached from the nanoparticles are likely isolated Co species.

As indicated by the enhancement of the third reduction peak in
H,-TPR profiles, the AC-HAADF-STEM analysis of PtCos/CNF in Fig. 3d
reveals the presence of more isolated Co species surrounding the
metal nanoparticles. Moreover, it can be seen some species with low
contrast adheres to these nanoparticles. The high-resolution image of
Fig. 3e exhibits the truncated cuboctahedron morphology of the metal
particles, which is known to minimize its surface energy. The outer
surfaces of metal nanoparticles exhibit coverage by Co-containing
species, as elucidated by the EDS line-scan analysis depicted in Fig. 3f.
The above results are in line with the high oxytropism of Co, and
confirmed by the selected particles in other areas as shown in Sup-
plementary Figs. S13 and S14. Further addition of Co promotes the
formation of surface CoOy species and phase segregation to generate
the adjacent Co304 clusters, as evidenced by the interplanar spacing in

Nature Communications | (2024)15:8995


www.nature.com/naturecommunications

Article

Counts

https://doi.org/10.1038/s41467-024-53474-0

3000,
2 2000
1000

0 :
8 10 12 14

keV

4 6
Pt-Co alloy

/ 'P,,

RS

isolated Co species

CoO, R&Co CoO,

overlayer a_ﬂﬁ‘ V. overlayer

b

Fig. 3 | Microscopy characterization and analysis. a-c AC-HAADF-STEM image
(a), high-resolution image and corresponding fast Fourier transform as well as EDS
line-scanning results (b), and 3D atom-overlapping Gaussian-function fitting map-
ping as well as np:nc, determined by EDS (c) for the fresh PtCo,/CNF catalyst.
d-f, AC-HAADF-STEM image (d), high-resolution image and corresponding

Nature Communications | (2024)15:8995

projections of truncated cuboctahedron model (e), and EDS line-scanning results
(f) for the fresh PtCos;/CNF catalyst. g-i, AC-HAADF-STEM image (g), EDS mapping
result (h), and 3D atom-overlapping Gaussian-function fitting mapping (i) for the

fresh PtCos/CNF catalyst. j-1, AC-HAADF-STEM image (j), EDS mapping results of

Co-rich alloy (k) and Pt-rich alloy (I) for the fresh PtCo,/CNF catalyst.
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Fig. 3g for PtCos/CNF. These observations are verified by EDS mapping
results (Fig. 3h), the fitting mapping (Fig. 3i), and those in other areas
(Supplementary Fig. S15). These findings also support the second
reduction peak in H,-TPR profile ascribed to the formation of Co;04, as
intensified for PtCos/CNF.

In the case of PtCo/CNF, which possesses the highest Co content,
while the majority of the metal particles are maintained at 2-3 nm,
discernible agglomerations of metal particles are observed on the
catalyst surface, as illustrated in Fig. 3j. EDS mapping results reveal that
these agglomerations consist of either Co-rich alloys (Fig. 3k, Supple-
mentary Figs. S16 and S17) or Pt-rich alloys (Fig. 31, Supplementary
Figs. S18 and S19). This suggests that the large agglomerations
undergo structural collapses, culminating in phase segregation into
the concomitant amorphous Co-rich and Pt-rich alloys. Typically, when
CNF serve as a support, the binding energy of its exposed surface sites
to the doped Pt atoms exhibited a range from -2.03 eV on the basal
plane to -11.01 eV on the edge plane®. Thus, it is reasonable to deduce
that the platelet CNF with the maximum edge-to-basal surface area
should form strong Pt-C bonding, triggering the observed atoms
detachment, segregation, and even particle collapse. Furthermore,
from a thermodynamic standpoint, the observations are consistent
with the established phase stability, which favors phase separation
towards the Pt-Co phase with lower Co content existing in a mixture of
two or more Pt-Co phases® . Accordingly, the possible restructuring
process of Pt-Co bimetallic catalyst by continuously adding Co can be
schematically depicted in Fig. 4a.

Figure 4b shows the normalized Co K-edge XANES spectra. The
pre-edge peak positions of these bimetallic catalysts are quite close to
that of Co30,, indicating a majority of Co exists as oxidized species
over CNF surfaces as characterized by XPS Co 2p spectra in Fig. 2d.
Moreover, the addition of Co causes the pre-edge peak to shift towards
that of Co foil as an indication of decreased valence state. This
observation is consistent with the microstructure of Pt-rich alloy along
with numerous surrounding isolated Co species for PtCo;/CNF. Typi-
cally, these isolated Co species strongly interact with CNF via Co-O
bond with a high valence state, and their percentage decreases with
the addition of Co, leading to a decrease in the average valence state of
Co. Figures 4c, d show FT Co K-edge k*weighted EXAFS spectra and
the corresponding WT-EXAFS of the Co K-edge signal, respectively,
and the corresponding fitting results are summarized in Supplemen-
tary Table S1. Clearly, the coordination number of Co-O decreases
with the addition of Co, while that of Co-Co increases. The trend of the
coordination number agrees with the formation of Co-rich alloy as
shown in Fig. 4a.

Figure 4e displays the normalized Pt Ly-edge XANES spectra,
whose white-line (WL) intensity decreases upon Co addition. Regard-
ing the well-studied relation between WL intensity and the electron
occupancy of Pt 5d band, this further confirms the above Pt 4 f XPS
results (Fig. 2c) of d electron transfer from metallic Pt to metallic Co,
which reverses from oxidized Co to metallic Pt. Figure 4f, g show FT Pt
Lyrredge k*>-weighted EXAFS spectra and the corresponding WT-EXAFS
of the Pt Ly-edge signal, respectively, and the corresponding fitting
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Fig. 5 | Restructuring of Pt-Co bimetallic catalysts under varying reaction conditions. a Comparison of the amount of metal in the fresh catalyst and acid solution by
acid leaching. b Quasi in situ XPS spectra of Co 2ps/,, O 15 and Pt 4 f region for the precursor of PtCos/CNF catalyst under reduced and oxidized atmosphere.

results are summarized in Supplementary Table S2. Clearly, the coor-
dination number of Pt-O decreases with the addition of Co, while that
of Pt-Co increases. This also supports the formation of Co-rich alloy,
which involves highly dispersed Pt species coordinated with Co, and
prevents Pt from forming Pt-O bond with adsorbed oxygen. To this
point, it is found that the support-induced restructuring of Pt-Co
bimetallic catalysts is mainly driven by the strong Pt-C bonding within
the metal-support interfaces as depicted in Fig. 4a. Initially, Co alloys
with Pt to form Pt-rich alloys along with surrounding isolated Co
species (np¢:Nc, = 1:1). Then, Co segregates to the outer surface to form
an epitaxial CoOy overlayer (np::nc, = 1:3), followed by its detachment
and generation of adjacent Coz0, clusters (np¢:nc, = 1:5). Finally, the
phases of bimetallic particles collapse and segregate into the con-
comitant amorphous Co-rich and Pt-rich alloys (np¢nco =1:7).

Surface adsorbate-induced restructuring

We further investigated these interfacial sites under varying reaction
conditions. Acid leaching was firstly carried out for these catalysts, and
the amount of metal in the acid solution was determined by ICP and
compared with that in the fresh catalyst in Fig. 5a. It can be seen that Pt
remains highly stable over CNF surface with negligible dissolution in
acid, while Co tends to be easily dissolved. However, the amount of Co
dissolution for PtCo;/CNF is lower than that for the other three cata-
lysts. Regarding the highest percentage of Pt-Co alloy for PtCo,/CNF, it
suggests that the oxidized Co species including surface isolated Co-O,
CoO, overlayer, and Co50, are easily dissolved in acid, while the
metallic Co within Pt-Co alloy is relatively stable and resistant to acid
leaching due to its strong interaction with Pt. The similar treatments
under alkaline and neutral conditions were also conducted, where the
dissolved amounts of Pt and Co were below the detection limit.
Moreover, exemplifying with the most active catalyst, the used PtCo,/
CNF catalyst shows negligible agglomeration of metal particles for HER
under alkaline conditions (Supplementary Fig. S20), with particle sizes
determined to be 1.4 nm. This finding aligns with the robust metal-
support interaction, attributed to the elevated edge-to-basal surface
area ratio of CNF, which effectively precludes metal particle agglom-
eration. A comparable phenomenon is observed in the PtCos/CNF
catalyst when subjected to nearly neutral conditions for the hydrolysis
of ammonia borane, as illustrated in Supplementary Fig. S21.

Furthermore, the structural characteristics of the PtCo/CNF catalyst
during the electrocatalytic process were elucidated through in situ
Raman and XRD analyzes. The XRD patterns, as depicted in Supple-
mentary Fig. S22, demonstrate that the primary diffraction peaks,
associated with the carbon support, remain essentially invariant
throughout the range of applied voltages. This finding implies a lack of
substantial alterations in the carbon interlayer spacing, corroborated
by the almost identical Ip/Ig ratios observed in the Raman spectra
(Supplementary Fig. S23). Moreover, the absence of new peaks ascri-
bed to metal oxides suggests the high stability. Hence, the negative
effects of metal leaching and particle agglomeration, as the causes for
active sites loss, on HER and ammonia borane hydrolysis can be
minimal.

For CO oxidation, we took the example of the most active PtCos/
CNF catalyst for studying its stability under reaction conditions. Quasi
in situ XPS measurements were performed to probe the structural
changes under reduced (H, for catalyst reduction) and oxidized (CO
and O, for catalytic reaction) atmosphere, and the results are shown in
Fig. 5b. Under reduced atmosphere, increasing the temperature facil-
itates the reduction of non-metallic precursors to metallic Pt species,
which exhibit the highest binding energy by transferring d electron to
Co species. After cooled down to room temperature and passivated by
1% O,/Ar, there is a significant decrease in Pt 4 f binding energy as an
indication of electron gain from the generated CoO, overlayer. In
contrast, there were negligible signals in the Co 2p;/, region, which is
also observed in Fig. 2d for PtCo,/CNF involving Pt-Co alloy and iso-
lated Co species. Accordingly, it is very likely that under the reduced
atmosphere, both Pt and Co mainly exist as metallic state in the form of
Pt-Co alloy, along with some isolated Co species. Interestingly, the Co
2p signal appears after switching to the oxidized atmosphere, and is
dominated by the oxidized Co*" and Co*" species. This agrees with the
segregation of Co from Pt-Co alloy to the formation of CoO, overlayer
and further adjacent Cos0,4 nanoparticles, which are promoted by
rising the reaction temperature regarding the strong Co-O bonding.
Correspondingly, the signal ascribed to lattice oxygen in Cos0,
nanoparticles also appears and becomes intensified in the O 1s region.
In the Pt 4 f region, the binding energy exhibits a decreased trend by
rising temperature, ascribed to the segregation of Co from Pt-Co alloy
and the simultaneous oxidation, which reverses the electron transfer.
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Moreover, Pt remains stable in a metallic state within the Pt-Co alloy
and resists oxidation under 150 °C. Such trend was further verified by
the measurement of near-ambient-pressure XPS (NAP-XPS) as shown
in Supplementary Fig. S24. In contrast, the monometallic Pt/CNF cat-
alyst, as depicted in Supplementary Fig. S25, demonstrates that both
the binding energy and the relative abundance of Pt species remain
nearly constant up to 150 °C; however, upon further temperature
elevation, a partial oxidation of Pt is observed.

Classical molecular dynamics (CMD) simulations were conducted
to gain a deeper understanding of the above restructuring, and a
dynamic view of the mechanism is shown in Supplementary Movie S1.
As illustrated in Fig. 6a, the PtCos nanoparticle, at the outset of the
energy relaxation phase (0 ps), retains a stable face-centered cubic
(FCC) truncated octahedral structure consisting of 201 atoms (34 Pt
and 167 Co). The homogeneous distribution of Pt and Co atoms within
the nanoparticles is clearly demonstrated in Fig. 6b, c, respectively.
Upon introducing oxygen, the PtCos nanoparticle experiences a sig-
nificant deformation, transitioning into an amorphous form due to its
strong interaction with CNF. Simultaneously, Co species move to the
surface, forming a proximal oxidized cobalt cluster (100 ps).
Prolonging the simulation duration to 500 ps reveals the emergence of
a Co4 cluster and individual Co atoms detaching from the bimetallic
nanoparticle onto the support CNF surface, culminating in oxidation
by the end of the simulation (1000 ps). Correspondingly, the surface Pt
atoms migrate inward and enriches the interior nanoparticles in
Fig. 6b. Furthermore, oxygen species, enriched on the CNF surface at
the initial stage, migrate and form a volcano-like overlay above the
nanoparticle, as shown in Fig. 6d, indicative of epitaxial CoOy

overlayers and consistent with experimental observations. These
migration behaviors are verified by the calculated radial density
function of Pt and Co atoms in relative to the particle mass center as
depicted in Supplementary Fig. S26.

The bond strengths of Co-O-bonds, primarily about 0.5 as shown
in Fig. 6e, show that oxygen forms strong ionic bonds with Co, and a
small part of the bond level is between 0.6-0.8, ascribed to the
migration of oxygen within nanoparticle to form a stronger Co-O
bonding. Consequently, the initial sharp increase in Co-O bond
numbers, seen in Fig. 6f, suggests that solute oxygen diffuse to Co-Pt
interfaces via an interexchange mechanism®. Once oxygen reaches the
interfaces, the stronger Co-O bond in comparison with Pt-O bond
favors Co segregation. Given that the outward diffusion coefficients of
Co exceed the inward diffusion of oxygen into the nanoparticle, Co
forms an oxidized overlayer on the particle surface, and thus the
strong Co-0 bonding serve as the driving force behind the adsorbate-
induced restructuring. Such migration trends were further confirmed
by aberration-corrected environmental scanning transmission elec-
tron microscope dark field (ESTEM-DF) analysis in Supplementary
Fig. S27. The transition from a reduced to an oxidized environment
induces Co segregation to the outer surface of bimetallic nanoparticle,
leading to the formation of oxidized CoOx overlayers, with some
detached Co species undergoing nucleation and growth onto the CNF
surface.

Synergy-dependent volcano curves
Upon disclosing the important role of the strong Pt-C and Co-O
bondings behind the support- and adsorbate-induced restructuring,
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SSITKA was conducted to correlate them with catalytic performance.
As shown in Supplementary Fig. S28, PtCos/CNF exhibits a small
amount of *0™0 via the isotopic switch from C0+0,+Ar to
C'%0 + 80, + Ar under steady state. The observed *0'®0 is stable after
reaching the maximum, indicating that it originates from the impurity
in the feed gas '®0,. Furthermore, not only C**0*0 but also C*0, can
be detected in the products, ascribed to the isotopic exchange within
the reaction intermediate (from #0*80-C*°0 to *0*'*0-C*'®0) via
CO-assisted rather than direct O, dissociation. Because the reaction
between C°0 and lattice *0/*®0 only yields C*0,/C'*0'*0, the detec-
tion of C'®0, in products suggests another pathway of CO-assisted O,
dissociation (CO + 0, > OCOO -~ CO, + O) as a competitor of the lattice
oxygen pathway (CO + lattice O > CO,). TKA was further conducted to
evaluate the competition between these two pathways. It can be seen
in Supplementary Fig. S29 that, after switching from Ar to
C'°0 +'80, + Ar, the bimetallic PtCo,/CNF catalysts demonstrate a step
of first increase then decrease in the signal of C**0,, which is absent for
the monometallic Pt/CNF catalyst. Accordingly, this step is likely
ascribed to the reaction between C**0 and lattice O within Co oxides.
PtCos/CNF with the highest intensity of this step could involve the
largest amount of lattice oxygen, thus providing the highest reaction
rate for the lattice oxygen pathway. Moreover, the similar intensity of
C80, for these bimetallic catalysts indicates the similar reaction rates
for the CO-assisted O, dissociation pathway. Therefore, the abundant
Co50,4 nanoparticles over PtCos/CNF surface provide more lattice
oxygens to the adjacent Pt-Co alloys for the adsorbed CO oxidation,
which significantly promotes the lattice oxygen redox pathway.
Hence, for CO oxidation as shown in Fig. 4a, the highest CO
conversion was achieved by PtCos/CNF, which has the site structure of
Pt-Co alloy along with adjacent Cos0, clusters. This is because the
transfer of d electrons from Pt to Co can decrease the electron occu-
pancy of Pt 5d band, resulting in lower CO site coverage to promote its
association with oxygen. More importantly, the adjacent Co3;0O4
nanoparticles provide abundant lattice oxygen species that can
transfer to Pt-Co alloy to react with CO. Such promotional effect has
been also demonstrated by Song et al., where the participation of
lattice oxygen from CoO at the formed Pt-CoO interfaces significantly
enhances CO oxidation®. Such synergy offers an almost 20-fold
increase in catalytic activity for CO oxidation in comparison with
monometallic Pt. For ammonia borane hydrolysis, the highest hydro-
gen generation rate was achieved by PtCos/CNF, which has the site
structure of Pt-Co alloy with an epitaxial CoOy overlayer (1-2 atomic
layers). Generally, water dissociation is considered as the key step for
monometallic Pt catalyst, regarding its strong ability to activate
ammonia borane®. In contrast, water dissociation can occur more
easily on metal oxides, particularly on amorphous metal oxides with
abundant surface defects*. Therefore, the Pt-Co alloy and epitaxial
CoO, overlayer act as the active sites for the activation of ammonia
borane and water, respectively, significantly promoting hydrogen
generation. For HER, the highest catalytic performance was achieved
by PtCoy/CNF in the form of Pt-Co alloy. This can be ascribed to the
enhanced coupling of electrons between Pt and Co in the d orbitals to
afford a lower Pt d-band center as discussed above, which can
remarkably minimize the Pt-H bond energy and reduce the Gibbs free
energy of H adsorption to promote the HER kinetics***. Hence, a
quantitative comparison of synergy among different interfacial sites
can be further made in Supplementary Figs. S30-S32 based on the
estimation of their dispersions as shown in Supplementary Note. Fur-
ther incorporating the above mesokinetics information, the resultant
synergy-dependent volcano curves as depicted in Fig. 7 represents an
advancement of traditional composition-/size-dependent volcano
curves in Supplementary Figs. S6, S7, and Sl11, which enable the
microscopic-to-macroscopic transition to rationalize the Pt-Co bime-
tallic catalyst design for the three reactions”. Moreover, the synergy-
dependent volcano curves gained from this work can inform the

Normalized TOF

Fig. 7 | Synergy-dependent volcano curves. The synergy-dependent volcano
curves of bimetallic platinum-cobalt catalysts for CO oxidation, ammonia borane
hydrolysis, and hydrogen evolution reaction.

development of computational models and machine learning algo-
rithms that may, in the future, provide even more accurate a-priori
predictions of catalyst performance.

Discussion

In conclusion, we present a proof-of-concept study by revealing both
the support- and adsorbate-induced restructuring of Pt-Co bimetallic
catalysts, and the related interplays among different interfacial sites to
propose the synergy-dependent volcano curves. Exemplified by three
representative yet disputed reactions, namely CO oxidation (gas-
phase), ammonia borane hydrolysis (liquid-phase), and hydrogen
evolution reaction (electrocatalysis), a series of CNF-supported Pt-Co
bimetallic catalysts were prepared, whose catalytic performances can
be similarly correlated with either the catalyst composition or particle
size by volcano curves as previous studies. Microscopic and spectro-
scopic characterization, theoretical calculation, isotopic labeling, and
SSITKA were employed to unveil the atomic restructuring induced by
support and adsorbate. Driven by the strong Pt-C bonding within the
metal-support interfaces and Co-O bonding within the metal-
adsorbate interfaces, the introduction of Co into Pt catalysts initiates
the formation of Pt-rich alloys alongside isolated Co species. Subse-
quently, Co segregates to the outer surface of the Pt-Co alloy, forming
an epitaxial CoOx overlayer. This is followed by migration and the
formation of adjacent Cos0, clusters. Ultimately, the bimetallic parti-
cles undergo phase collapse into concomitant amorphous Co-rich and
Pt-rich alloys.

Upon investigation of active site stability and related reaction
mechanism, the interplays among different interfacial sites have been
disentangled. For CO oxidation, Pt-Co alloy along with adjacent Co;0,
clusters can not only remove d electrons from Pt to lower CO site
coverage but also provide abundant lattice oxygen species. Such
synergy is promoted under reaction conditions, which facilitates the
lattice oxygen-promoted pathway rather than the CO-assisted O, dis-
sociation pathway to significantly enhance CO conversion. For
ammonia borane hydrolysis, Pt-Co alloy along with an epitaxial CoOy
overlayer acts as the active site for the activation of ammonia borane
and water, respectively. Such synergy lowers the activation energy to
significantly promote hydrogen generation. For HER, the exposed
Pt-Co alloy can avoid the detrimental steric effects of CoO, overlayers
or adjacent Co30; clusters, and its internal electron coupling in the d
orbitals affords a lower Pt d-band center. Such synergy minimizes the
Pt-H bond energy to reduce H adsorption and promotes hydrogen
evolution. As a result, three distinct synergies, involving lattice oxygen
redox from Pt-Co alloy/Co50, clusters, dual-active sites engineering
via Pt-rich alloy/CoOy overlayer, and electron coupling within exposed
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alloy, were identified and quantified to establish the synergy-
dependent volcano curves. The introduction of these synergy-
dependent volcano curves marks a significant advancement over tra-
ditional composition- or size-dependent ones, offering improved
methods for benchmarking and designing highly efficient Pt-based
bimetallic catalysts.

Methods

Catalyst preparation

Carbon nanofibers (CNF) were employed as catalyst support and
prepared by catalytic chemical vapor deposition (CCVD) according to
the following steps: a certain amount of Fe;0, catalyst was preloaded
in a tubular furnace and heated to 600 °C at a ramp rate of 5°C-min*
under a flow of Ho/Ar mixture (25/75 mL-min™). After 3 h reduction, the
inlet gas was switched to CO/H, (80/20 mL-min™) for CNF growth,
which was maintained at the same conditions for another 24 h. After
cooling down to room temperature under Ar, the as-prepared CNF was
further purified by mixing with a diluted HNOj3 solution (Sinopharm
Chemical Reagent Co., Ltd., China) under vigorously stirring for 24 h at
80 °C. The purified CNF was filtered and washed by deionized water for
several times, and then dried at 120 °C for 12 h.

The CNF supported monometallic Pt and bimetallic Pt-Co cata-
lysts were prepared by incipient wetness impregnation method.
Typically, a certain amount of CNF was mixed with the solution of
H,PtClg - 6H,0 (Sinopharm Chemical Reagent Co., Ltd., China) and
Co(NO3),'6H,0 (Sinopharm Chemical Reagent Co., Ltd., China). The Pt
loading was kept at 0.75 wt% for all the catalysts, while the Co loading
was adjusted with the molar ratio of Pt to Co, npgnc,, of 1:1,1:3, 1:5, and
1:5. The impregnated samples were dried at ambient conditions and
then at 80 °C for 12 h each. The as-obtained catalyst precursors were
reduced by a continuous flow of pure H, (60 mL-min™) at 500 °C. After
2 h reduction, the as-prepared catalysts were cooling down to room
temperature under Ar atmosphere, followed by passivated under a
flow 0f 1% O,/Ar (60 mL-min™) for 20 min to prohibit bulk oxidation. As
aresult, the as-obtained catalysts were denoted as PtCo,/CNF, where x
represents the molar ratio of Co to Pt.

Catalyst characterization

In this study, those that do not specifically mention in situ character-
ization are ex situ characterizations. X-ray diffraction (XRD) char-
acterization was conducted on a Rigaku D/Max 2550VB/PC
diffractometer using Cu Ka radiation. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) analysis
were carried out on a Tecnai G2 F20 S-Twin instrument. The
aberration-corrected high-angle annual dark-field STEM (ACHAADF-
STEM) and energy dispersive X-ray (EDS) analyzes were carried out on
a Hitachi HF5000 scanning transmission electron microscope with a
Cs corrector working at 200 kV. H, temperature-programmed reduc-
tion (H,-TPR) measurements were carried out using a Micromeritics
AutoChem II 2920 instrument equipped with a TCD-detector. X-ray
photoelectron spectroscopy (XPS) was performed on a Kratos XSAM-
800 spectrometer using a Mg Ka radiation source. For high-resolution
measurements, a monochromatic Al Ka X-ray source (hv =1486.6 eV)
was employed in conjunction with a SPECS PHOIBOS 150 electron
energy analyzer, which provided a total energy resolution of 0.50 eV.
The binding energy was calibrated using a polycrystalline Ag foil. Quasi
in situ XPS spectra were captured using a VG MultiLab 2000 spectro-
meter, equipped with an Omicron Sphera Il hemispherical electron
energy analyzer. The system utilized a monochromatic Al Ka X-ray
source, operating at an anode voltage of 15kV and a power of 300 W,
which could provide an energy resolution of 0.47 eV. The catalysts
were treated under the real reaction conditions with elevated tem-
perature in a homemade reaction chamber under ambient pressure,
and then transferred to the XPS analysis chamber for XPS measure-
ment through a load-lock gate without exposure to air. The metal

leaching experiments were performed by treating these catalysts in
alkaline, neutral, and acidic conditions, respectively. Specifically,
0.50 g catalyst was mixed with 50 mL diluted HNO3 (0.01 M, Adamas),
water, and KOH solution (0.01 M, Adamas) under magnetic stirring for
30 min at room temperature, respectively. The treated catalysts were
filtered, washed and dried at 80 °C for 12 h. The contents of Pt and Co
in catalyst and acid solution were determined by inductively coupled
plasma atomic emission spectrometer (ICP-AES) on a Varian 710-ES
apparatus.

X-ray absorption fine structure (XAFS) spectroscopy at the Pt Ly-
edge and Co K-edge was performed at the BL11B beamline of the
Shanghai Synchrotron Radiation Facility (SSRF), which operates at
3.5GeV with a current of 220 mA. A double-crystal Si(111) mono-
chromator was utilized to provide the monochromatized X-ray beam,
achieving an energy resolution of AE/E ~1.4 x10™%. The XAFS spectra
were collected in fluorescence mode using an Ar-filled Lytle detector.
Before the measurement, the sample was reduced under H, at 500 °C
for 2hours, then pressed into a wafer (approximately 20 mg) and
sealed with Kapton tape, which was carried out under a post-reduction
and atmospheric exposure state. The absorption edge of a pure Pt foil
was used to calibrate the X-ray energy. XANES and EXAFS analyzes
were conducted using Athena and Artemis, which are implemented in
the Demeter program package. The first shell was fitted (magnitude
and imaginary parts) in the range R=1.6-3.0 A. The energy shift (AEo)
was constrained to be the same for all scatterers. Wavelet-transformed
k3-weighted EAXFS was employed using the Hama Fortran code. A
Morlet function with k=10, 0 =1 was used as the mother wavelet to
provide an overall distribution. NAP-XPS measurements were carried
out at Beamline 20U in Shanghai Synchrotron Radiation Facility
(SSRF). In situ XPS spectra were recorded with a Hipp-2 analyzer
(ScientaOmicron) using a monochromatic Al Ka radiation source
(hv =1486.6 eV, SPECS). In situ Raman measurements were performed
on a Renishaw inVia Qontor Raman Microscope system at room tem-
perature. The electrode potentials were set with reference to HER
electrolysis experiments (-0.57, -0.67, —0.77, -0.87, -0.97, -1.07,
-1.17,-1.27 V vs. RHE). A Leica 50% long working distance objective lens
was employed for precise focusing. The excitation source wasa 532 nm
laser with an intensity set to 10%. In situ XRD measurements were
conducted on a Bruker Db ADVANCE multifunction X-ray dif-
fractometer, with electrode potentials aligned with those of the Raman
measurements. Aberration-corrected environmental scanning trans-
mission electron microscope dark field (ESTEM-DF) images were
recorded on a Hitachi HF5000 microscope at 200 kV.

Catalytic testing

The catalytic test of CO oxidation was performed in a fixed bed reactor.
The catalyst was sieved to the particle size of 0.075-0.106 mm before
the reaction. Then, 0.02 g catalyst was preloaded on the quartz wool,
which was placed in the center of a U-shaped reactor. The reactant gas
composition was 1.0 vol.% CO + 20.0 vol.% O, in Ar, and the flow rate of
was 20mL'-min? to reach a gas hourly space velocity of
60,000 ml-g.,. ' - h™. The influent and effluent gases were analyzed by
an online Agilent 7890 gas chromatograph (GC) equipped with a
thermal conductivity detector (TCD).

The catalytic test of ammonia borane hydrolysis was performed
in a three-necked flask equipped with a Teflon-coated magnetic
stirring bar, which was immersed in a water bath to control the
reaction temperature. Prior to the reaction, 0.1g catalyst was pre-
loaded in the flask, which was connected with a water-filled gas
burette. The reaction was started by rapid injection of an aqueous
ammonia borane solution (5 mL and 0.01g-mL™) into the flask via a
syringe. During the reaction, an electronic balance was employed to
monitor the volume of discharged water, which can be further con-
verted into the volume of generated hydrogen to calculate the cat-
alytic activity.
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The catalytic test of electrochemical measurements was per-
formed with an electrochemical workstation (CH Instruments elec-
trochemical analyzer, Model CHI760D) in 0.1M KOH electrolyte. A
saturated Ag/AgCIl (saturated KCI) electrode was employed as the
reference electrode, a graphite rod was employed as the counter
electrode. To prepare the working electrode, 1 mL ethanol (Sinopharm
Chemical Reagent Co., Ltd., China) was mixed with 30 pL Nafion 5 wt.%
solution (DuPont Inc.), followed by the addition of 5 mg catalyst under
ultrasonication for at least 60 min to form a homogeneous ink. Then
5 pL of the ink was dropped onto a glassy carbon electrode (GCE) with
a diameter of 3 mm, and the as-obtained GCE was dried at ambient
conditions under air. Before the test, the electrolyte was degassed by
bubbling N, for at least 30 min, and the catalysts were activated by 20
cyclic voltammetry (CV) scans from O to —0.5 V (vs. RHE) at a scan rate
of 100 mV-s™. Linear sweep voltammetry (LSV) was conducted
between -1.27 and —0.57 V (vs. RHE) with a scan rate of 5 mV-s™. Cyclic
voltammetry (CV) tests were conducted between -0.87 and 0.03 V (vs.
RHE) with a scan rate of 50 mV-s™’. The electrochemical impedance
spectroscopy (EIS) measurements were conducted from 100 kHz to
1Hz, and the amplitude of the sinusoidal potential signal was 5 mV.

(Steady-state isotopic) transient kinetic analysis

For transient kinetic analysis, as similar to the above, 20 mg catalyst
was preloaded in the U-shaped reactor, and subjected to 1.0 vol.%
C!%0 +20.0 vol.% °0, in Ar with the flow rate of was 20 mL-min™’. Upon
reaching steady-state at 100 °C, the feed gas was switched to a flow of
Ar with the same flow rate. After reaching stable, the feed gas was
switched to 1.0 vol.% C°0 +20.0 vol.% 80, in Ar with the flow rate of
was 20 mL-min™. For steady-state isotopic transient kinetic analysis,
the feed flow was switched between 1.0 vol.% C°O +20.0 vol.% 0, in
Ar and 1.0 vol.% C*0 +20.0 vol.% 0, in Kr with the flow rate of was
20 mL-min™. The temperature and pressure were kept as 100 °C and
1.85 bar, respectively. The effluent gas stream was monitored by a
TILON LC-D200 mass spectrometer (MS).

DFT calculations

All DFT calculations were conducted utilizing the Vienna ab initio
simulation package (VASP) with the generalized gradient approxima-
tion (GGA) for the electron-electron exchange-correlation function as
formulated by Perdew, Burke, and Ernzerhof (PBE), and the projector-
augmented wave (PAW) potential for the valence electron-ion
interaction***. We used a cutoff energy of 400eV for Kohn-Sham
orbitals, a Monkhorst-Pack grid for the k-points sampling in the Bril-
louin zone and a second-order Methfessel-Paxton smearing with a
width of 0.05eV¥. The Pt,Cos cluster is placed in a 14 x14 x14 A
cubic box with periodic boundary conditions, and thus the interaction
between the cluster and its periodic image is negligible. A 3x3x3
Monkhorst-Pack k-point mesh within the surface Brillouin zones was
used for these models. In all models, the geometry optimizations were
conducted by using a force-based conjugate gradient method. Con-
vergence of saddle points and minima were believed to reach when the
maximum force in each degree of freedom was less than 0.03 eV-A™.
In order to obtain the atomic charges, a fast algorithm operating on a
charge density grid was carried out for Bader charge analysis*®*’. The
resultant charge density difference is plotted by using VESTA visuali-
zation software.

CMD simulations

Hybrid potential classic molecule dynamic simulations were per-
formed in a constant volume and constant temperature (NVT)
ensemble’® using LAMMPS simulation package®™ to simulate the
catalyst restructuring, with model construction details provided in the
Supplementary Note. Using a hybrid potential approach, we employed
accurate interatomic potential second nearest-neighbor modified
embedded atom method (MEAM) coupled with charge equilibration

(2NNMEAM+Qeq) for Co-0 oxidize system®, the 2NN MEAM formal-
ism for Pt-Co binary systems®”, and a semi-empirical interatomic
potential for graphite carbon®® combined with 12-6 Lennard-Jones (LJ)
potentials for other pairs as shown in Table S3. We included two-body
LJ potentials with a cutoff distance of 12 A to describe the interactions
among the support, bimetallic nanoparticle, and gas molecules, which
can be written as:

o= 99 sagy| (%) (%) <1>
T T\ Ty

After energy minimization, the system is initialized at a tempera-
ture of 300 K, ensuring that the velocities of the atoms conform to a
Gaussian distribution. Subsequently, the system temperature was
initially at 300 K for 1000 ps using Nosé-Hoover thermostat™ with a
time step of 0.25fs, and then increased rapidly at a rate of 8 K/ps until
it reached target temperature 700 K. Subsequently, a 0.5 fs time step
for 2 x10° iterations was applied at 700 K using the Berendsen ther-
mostat with a 100 fs damping constant. The initial distance between
particle and its images was approximately 25.4 A. This distance is
deliberately larger than the chosen van der Waals long-range cutoff
(12.0A) to avoid long-range interactions”. Moreover, the shortest
distance between particle and its images during the simulation was
approximately 12.2 A, and still larger than the cutoff of 12.0 A.

Data availability

The authors declare that all the important data to support the findings
in this paper are available within the main text or in the Supplementary
information. Extra data are available from the corresponding author
upon request.
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