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Supported metals are widely used as industrial catalysts wherein the supports affect catalytic performances

remarkably through either electronic and/or geometric interactions with the metals, and/or providing

interfacial synergistic sites. Herein, we observed evidence for interfacial geometric interactions (IGIs) at

Pt–C interfaces through a combination of atomic-scale structural analysis, in situ X-ray absorption fine

structure, and electrochemical measurements for Pt/C model systems. The IGI has a long-range

attribute and affects Pt surface atoms not only at interfacial perimeters but also adjacent to interfaces.

The affected Pt surface atoms are proposed to contribute enhanced activity and stability for the oxygen

reduction reaction through retarding the formation of strongly adsorbed oxygenated intermediates. Our

work provides some necessary information for a better understanding of support effects and catalytically

active surface sites.
Introduction

Supported metal atoms, clusters, and nanoparticles (NPs) are
crucial materials in industrial catalysis.1–11 For electrocatalysis,
metals, particularly Pt, supported on a spectrum of carbons are
widely used for the oxygen reduction reaction (ORR), a key
reaction in fuel cells and metal–air batteries.1–3,12–20 Both
experiments and theoretical calculations reveal that the ORR
overpotential on Pt originates from unfavorable –O and –OH
binding energies that are about 0.2 eV and 0.1 eV stronger than
the optimal values, respectively.21–27 To weaken Pt–O/OH
binding energies, the general routes are the modulation of
chemical compositions, shapes, and core–shell structures of Pt-
based NPs and thus the production of geometric and/or
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electronic/ligand effects.14,22 Supports are reported to be
capable of affecting the selectivity and activity of supported
metals through geometric and/or electronic interactions with
metals,28,29 and/or interfacial synergistic effects.8,28,30,31

Assuming that the understanding and the control of support
effects were addressed well, the supports may provide an
opportunity for further improving Pt-based electrocatalysts.

Supports not only stabilize the metal particles but also
change their electronic structure and can tune their catalytic
activity.4,6,9,28,29,32–39 The rst-principles study of metal adatom
adsorption on graphene showed that adatoms from groups I–III
exhibit characteristics of ionic bonding and large interfacial
charge transfer (ICT) and work-function shis. Transition metal
atoms with d valence electrons, noble metals, and group IV
elements display covalent bonding characteristics with strong
hybridization of adatom and graphene electronic states.40 For
example, the hybridization between the p orbitals of the poly-
aromatic hydrocarbon surface and the d orbitals of the Pt ada-
toms enhances the back-donation of electrons to the 2p*
orbitals of the CO molecule.29 Furthermore, the electron trans-
fer may depend on the adsorption conguration of metals.
Mahmoodinia et al. showed, through the DFT, that in a complex
of Ptn-polyaromatic hydrocarbon, the atomic charge is positive
on the Pt atoms and the dimers with a parallel conguration,
while a negative charge is found on the upper Pt atom of the Pt
dimer with an upright conguration.29,33 On the other hand, in
practical nanocatalysts, discrepancy exists in the literature with
respect to the details of ICT even for the same system.6,35,36 For
This journal is © The Royal Society of Chemistry 2020
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instance, in the Pt–NbOx or Pt–NbOx/C system,6,35,36 ICT direc-
tions from Pt to O or from O to Pt,6,35,36 negligible ICT37 and
potential-dependent ICT6 were reported. Moreover, the charge
screening effect from the metal NPs is argued to limit ICT at
a sub-nm range.28,41

On the other hand, the lattice strains can modulate metal
d states and thus their binding energies to reactive intermedi-
ates, which consequently change the reactivity of the metals.
The study of the effect of strain on the reactivity of metal
surfaces was pioneered by Mavrikakis et al. by the DFT.42 The
geometrical strain effect operates by shiing the local d-band of
the involved metals up or down and thus tuning the reactivity of
metals. For metals with more than half-lled d bands, the
shortened interatomic distances (e.g. the geometrically
compressive strain) increase the overlap of d-states and thus
broaden the d-band; meanwhile to keep d-band lling constant,
the d-band shis downward.42–44 The metals with a downshied
d-band interact with the adsorbates in a weaker way and show
a reduced reactivity. Compared with ICT, the lattice strains can
inuence metal atoms in a larger range,27,41,45 which is
intriguing as the interfacial strain is theoretically demon-
strated46,47 and/or experimentally observed48–52 due to the
interfacial mismatch at metal–support interfaces. Gao et al.
observed signicant strain inside Au NPs near the stepped
surfaces of rutile.51 The interfacial compressive strain was also
seen in CoFe2O4 NPs supported on graphene oxide sheets.50

However, the ne understanding of interfacial geometric
interactions (IGIs, or, interfacial strains) and particularly their
inuence on the properties of metals remain difficult due to
these reasons. (a) The metal–support interfaces are buried
underneath metal NPs and thus hard to observe directly. (b)
Both metal NPs and supports have structural heterogeneity in
practical nanocatalysts. (c) The metal surfaces likely restructure
in a reactive environment or during catalysis adopting
geometric and electronic structures distinctly from their ex situ
state. (d) The ICT and IGI are oen interrelated in a catalyst and
it is hard to distinguish their single contribution to catalysis. To
this end, Resasco et al. recently highlighted catalyst character-
ization via a combination of site-specic atomic-level
measurement, for example, in situ transmission electron
microscopy (TEM) and sample-averaged techniques; for
example, infrared spectroscopy is effective for the elucidation of
the structure–property relationships of supported catalysts.53

Due to heterogeneous surface sites on themetals, the additional
complex issue is where the catalytically active sites are located.
The surface atoms at interfacial perimeters have been
frequently suggested as active sites for catalysis.8,46,54 Given the
long-range attribute of IGI, the activated surface sites by IGI may
be beyond interfacial perimeters.

In this work, we observed evidence for IGI by side-by-side
comparing Pt/C model systems whose interfacial properties
were controlled by the types of carbon support and the shapes
and sizes of Pt NPs using a combination of atomic-scale struc-
tural analysis, in situ X-ray absorption ne structure (XAFS) and
electrochemical measurements. The IGI benets both the
activity and stability of Pt NPs for the ORR, representing
a desired structural effect for practical electrocatalysts. The Pt
This journal is © The Royal Society of Chemistry 2020
surface atoms not only at interfacial perimeters but also adja-
cent to interfaces are suggested with enhanced ORR activity by
the IGI effect.

Results and discussion
Atomic-scale evidence for the IGI

We hypothesized IGI having a “long-range” attribute and
impacting surface atoms more than a few atomic layers far from
stressed metal–support interfaces, as seen in core–shell struc-
tured NPs27 and heterogeneous thin lm systems.45 Thus, it is
possible to directly observe the inuence of IGI, for example,
changed interplanar spacings on metal NPs that have a thick-
ness of only several atomic layers. To this end, ultrane Pt NPs
were controllably prepared and supported on two distinct
carbon materials—carbon microcoils (CMCs, see Fig. S1, ESI†)
and Ketjen Black (KB)—to produce different Pt–C interfacial
properties. The controllable synthesis of size- and shape-
uniform Pt NPs was conducted using a pH-tuned ethylene
glycol reduction method (see Experimental details). The use of
Pt/C is to avoid the alloying inuences that can induce
geometric and/or electronic effects. However, several structural
factors still affect lattice strains of Pt NPs, for example, their
sizes55 and shapes.56 Meanwhile, carbon surfaces are structur-
ally complex resulting from their intrinsic structural defects,
surface doping, chemically functional groups, surface curvature
and so on, which is, unfortunately, hard to control at a statis-
tical level. With careful considerations of structural heteroge-
neities from both Pt NPs and carbon surfaces, we thus analyze
lattice strains at the single-particle level in order to reduce
structural variables as much as possible. We imaged individual
Pt NPs and carbon surfaces using aberration-corrected trans-
mission electron microscopy (ATEM). Meanwhile, in situ XAFS
and electrochemical measurements provide statistical-level
structure–property information.

Fig. 1 shows ultrane Pt NPs, uniformly distributed on
carbon surfaces (Fig. 1a and b), which have an average size of
about 2.1 nm (the insets in Fig. 1a and b) and adopt the shape of
a cuboctahedron (Fig. 1c and d). As the free surfaces without
constraint from the supports contract inward and appear
coordination-dependent,57 here to separate the origins of
contraction from free surfaces and the inuence of the support,
we strictly compared the two particles that have the same size,
shape/facet distribution, and composition. As such, the coor-
dination number-dependent surface contraction will be the
same for the two Pt NPs and their difference in lattice strains
could be safely ascribed to the different interfacial properties.
The two Pt NPs—KB-particle-1 from 2.1 nm Pt/KB and CMC-
particle-1 from 2.1 Pt/CMC (Fig. 1c and d, respectively)—were
selected because of their identical sizes and shapes. The aver-
aged d{111} spacing for CMC-particle-1 (Fig. 1f) is 2.21 Å, which
appears compressive relative to the value of 2.29 Å for KB-
particle-1 (Fig. 1e). In the {002} orientation, a similar phenom-
enon but contraction to a different extent was observed
(Fig. S2†). The anisotropic contraction at different orientations
may originate from an anisotropic combination at Pt–CMC
interfaces. As discussed above, the observed differences in
J. Mater. Chem. A, 2020, 8, 1368–1377 | 1369
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Fig. 1 Atomic-scale evidence for the IGI. (a and b) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images for 2.1 nm Pt/KB (a) and 2.1 nm Pt/CMC (b). (c and d) Atomically resolved ATEM images for KB-particle-1 (c) and CMC-particle-1 (d). (e and
f) Single-particle-based analysis of d{111} interplanar spacing for KB-particle-1 (e) and CMC-particle-1 (f). Scale bars in (a and b) and (c and d) are
50 and 1 nm, respectively. The insets in (a and b) and (c and d) are particle size distribution histograms and possible geometric configurations of Pt
NPs on carbon, respectively.
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interplanar spacings between the two Pt NPs stem from distinct
Pt–C interfacial properties and indicate the “long-range” attri-
bute of IGI.27

The supplementary evidence arises from observing two Pt NPs
that are both from 2.1 nm Pt/CMC and have similar sizes but
different interfacial areas, that is, CMC-particle-2 at the edge of
CMC (Fig. 2a–c, g and h) and CMC-particle-3 completely sup-
ported by CMC (Fig. 2d–f). Interestingly, CMC-particle-3 with
larger contact areas with CMC displays smaller interplanar
spacings (d{111} ¼ 2.17 Å), as compared with CMC-particle-2 (d
{111}¼ 2.26 Å). The ne examination of CMC-particle-2 is shown
in Fig. 2a and S3.† A much smaller d{111} on the supported Pt
region (2.18 Å) than on the unsupported domain (2.37 Å) was
observed in CMC-particle-2. This is direct evidence for the exis-
tence of IGI because (i) supported and unsupported regions are
in the identical nanoparticle with a small-enough size, about
2.3 nm; (ii) if there are any unknown factors, besides the IGI,
affecting d{111} spacing, these factors should have equivalent
effects on supported and unsupported regions; (iii) the only
sharp difference is with and without Pt–CMC interfaces between
them. Additionally, in CMC-particle-2, we observed the local
dislocations that initiate at the nanoscale border and develop
toward the unsupported Pt domains presumably due to the
uneven distribution of IGI. The dislocation is a kind of line
defects and could induce local surface strain in lattices relative to
the normal atomic arrangement. In this regard, the dislocation
should affect the reactivity of NPs and deserves further study. In
commercial Pt/C (TEC10E50E-HT, TKK), the Pt particle at the
edges of carbon displays a similar phenomenon observed in
CMC-particle-2 (Fig. S4†), thereby suggesting an extension of IGI
to other carbon-supported metal systems. Notably, only statisti-
cally limited information obtained from the atomic-scale struc-
tural analysis is an inherent characteristic of the high-resolution
TEM technique. Here, to make individual NPs more
1370 | J. Mater. Chem. A, 2020, 8, 1368–1377
representative of overall NPs, the main efforts were made in
terms of controllable synthesis of shape- and size-uniform Pt
NPs. Additional analysis of other Pt NPs from 2.1 nm Pt/CMC is
shown in Fig. S5.†
In situ spectroscopic evidence for the IGI

To explore the inuence of IGI on the ORR performances of Pt
NPs, we utilized in situ XAFS, a sample-averaging technique, to
characterize Pt NPs under the reaction conditions.58–60 In situ Pt
L3-edge X-ray absorption near edge structure (XANES) spectra
were collected as a function of applied potentials versus
reversible hydrogen electrode (RHE). The in situ XANES data
reveal that the normalized white-line peak intensities (mnorm) of
Pt L3-edge for both 2.1 nm Pt/CMC (Fig. 3a) and 2.1 nm Pt/KB
(Fig. S6†) increase with applied potentials due to the chemi-
sorption of oxygenated species on Pt surfaces.58,61–64 However,
the strong oxygen adsorption was suppressed on 2.1 nm Pt/
CMC at 1.0 V (Fig. 3b) compared to 2.1 nm Pt/KB. Further-
more, we analyzed the potential-dependent Dm-XANES for the
Pt-L3 edge, which can reveal changes in the surface chemi-
sorption of oxygenated species when changing potentials and
represent a surface-sensitive technique.21,44–47,65 Pt L3-edge Dm-
XANES was obtained relative to the mnorm at 0.4 V, a potential at
double layers relatively free of surface adsorbates. As shown in
Fig. 3c, the Dm-XANES differs between the two catalysts.
Specically, when raising potentials from 0.4 to 0.8 V, the Dm

amplitudes are similar for the two catalysts; however, when
elevating potentials from 0.8 to 1.0 V, a remarkably smaller Dm
amplitude was observed on 2.1 nm Pt/CMC than on 2.1 nm Pt/
KB, suggesting inhibited adsorption of strongly bonded
oxygenated species on 2.1 nm Pt/CMC. As it has been well
documented that the compressive strains on Pt can shi the d-
band center down and weaken the binding strength to
This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/c9ta12456j


Fig. 2 Atomic-scale evidence for the IGI. (a, d, g and h) Atomically resolved ATEM images. (b and e) Analysis of d{111} interplanar spacing. (c and f)
Fast Fourier transform electron diffraction patterns. The Pt NPs in (a–c, g and h) and (d–f) are CMC-particle-2 and CMC-particle-3, respectively.
The insets in (a and d) illustrate the discrepancy in interfacial areas between Pt NPs and CMC. Scale bars in (a, d, g and h) are 1 nm.
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oxygenated species,25,27,42 the in situ XANES difference between
the two catalysts is, thus, consistent with the observed
compressive strains in 2.1 nm Pt/CMC as shown in the analysis
of atomic-scale lattice strains. Extended X-ray absorption ne
structure (EXAFS) spectra provide the local environment around
the target atoms. The Fourier transformed EXAFS (FT-EXAFS) at
0.4 V in Fig. 3d shows that both 2.1 nm Pt/KB and 2.1 nm Pt/
CMC did not present any scattering peaks that could be
assigned to Pt–C or Pt–O shells except Pt–Pt peaks, suggesting
that the possible ICT is too weak or too few (if any) to be visible
in EXAFS.

The absence of strong ICT in 2.1 nm Pt/KB and 2.1 nm Pt/
CMC helps the exploration of the IGI effect as the strong
geometric and electronic interactions are oen interrelated and
This journal is © The Royal Society of Chemistry 2020
coexist in other systems.4,6,9,35–39 On the other hand, the tted
structures at 0.4 V (other results are in Table S1, ESI, Fig. S7 and
S8†) reveal a shortened Pt–Pt bond distance of 2.741� 0.004 Å in
2.1 nm Pt/CMC compared to 2.749 � 0.012 Å in 2.1 nm Pt/KB, in
line with the atomic-scale analysis of lattice strains. The relatively
small difference in Pt–Pt bond length between the two catalysts
may be due to that the EXAFS is a sample-averaging technique
and detects all atoms in a catalyst. Moreover, the extent of lattice
strains or particle deformation depends strongly on the strength
of metal–support interactions. Thus, an additional factor for only
a small decrease in Pt–Pt bond length may be the moderate
metal–C interactions in 2.1 nm Pt/CMC compared to other strong
metal–metal oxide interactions. For instance, a clearly decreased
Pt–Pt bond distance and a strong ICT have been detected by
J. Mater. Chem. A, 2020, 8, 1368–1377 | 1371
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Fig. 3 In situ spectroscopic evidence for the IGI. (a and b) In situ Pt L3-edge XANES spectra of 2.1 nm Pt/CMC and 2.1 nm Pt/KB. (c) In situ XANES
analysis on Pt L3-edge Dm. (Dm¼ m(E)norm � mnorm (0.4 V)). (d) In situ k3-weighted Pt L3-edge FT-EXAFS spectra at 0.4 V. The light blue rectangular
region highlights that no Pt–C or Pt–O peaks can be assigned to 2.1 nm Pt/CMC and 2.1 nm Pt/KB.
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EXAFS in the Pt/NbOx/C system.6 However, the weak or negligible
ICT as compared to the decent lattice strains in 2.1 nm Pt/CMC
provides an opportunity to study the inuence of IGI on the
electrocatalytic performances of Pt NPs.
Inuence of IGI on the electrocatalytic performances of Pt NPs

Enhanced ORR activity by the IGI. The ORR was used as
a model reaction to scrutinize the inuence of IGI on the elec-
troactivity of Pt NPs. In Fig. 4a, the ORR polarization curves for
2.1 nm Pt/CMC show an anodic shi demonstrating its
improved activity as compared with 2.1 nm Pt/KB. The calcu-
lated specic activity (SA, normalized by the electrochemical
surface areas of Pt) and mass activity (MA, normalized by the
mass of Pt) are about 2.1- and 2.0-times higher on 2.1 nm Pt/
CMC than on 2.1 nm Pt/KB, respectively. A similar trend in
ORR activity was observed for 2.1 nm Pt/CMC and commercial
2.0 nm Pt/C (TEC10E20E, Fig. S9†). From the combination of
lattice strain analysis, in situ XAFS data, and previous
studies,21–27 the improved SA on 2.1 nm Pt/CMC is ascribed
mainly to IGI-induced compressive strains that shi the d-state
of Pt surface atoms down and thus weaken their binding
energies to ORR intermediates.

Size-dependent IGI effect. We explored a size-dependent IGI
effect as the sizes of metal NPs affect overall interfacial areas
and the fraction of surface atoms activated by IGI. As such,
5.0 nm Pt/CMC (4.7 � 1.1 nm, Fig. S10†) and 5.0 nm Pt/C
1372 | J. Mater. Chem. A, 2020, 8, 1368–1377
(TEC10E50E-HT) were scrutinized. The 5.0 nm Pt/CMC still
exhibited an enhanced SA relative to 5.0 nm Pt/C for the ORR
(Fig. S11†), whereas its enhancement factor is about 1.5, which
is smaller than the value of 2.1 for the 2.1 nm Pt/CMC. This size-
dependent enhancement factor can be rationalized as that
small-sized metal NPs have improved interfacial areas and an
increased fraction of surface atoms that could be activated by
the IGI. Notably, the metal clusters can present an unusual
nonequilibrium nature during reactions including large struc-
tural disorder, librational motion of the center of mass, and
uctuating bonding.34,66,67 In this case, the dynamic exible
behaviour of metal clusters in order to respond to the reaction
conditions may have a much larger effect than the long-range
IGI discussed here.34 To describe the dynamic physical picture
for exible nanoclusters tethered to the support surface needs
a close combination of theoretical simulations and operando
characterization techniques.

Improved ORR durability by the IGI. Robust stability with
high activity is indispensable for practical electrocatalysts. We
examined the inuence of IGI on stability by an accelerated
durability test (ADT) as shown in Fig. 4c. Aer 30 000 loading
cycles between 0.6 and 1.0 V RHE, 2.1 nm Pt/CMC lost only
21.3% MA and appears much more stable than 2.1 nm Pt/KB
(54.2% MA loss, Fig. 4d and S8†). Moreover, the STEM images
and elemental distributions of 2.1 nm Pt/CMC between the
initial state (Fig. 4e) and that aer ADT (Fig. 4f) only show
a small difference. These results demonstrate the improved
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Influences of the IGI on the activity and durability of Pt NPs for the ORR. (a) The ORR performances of catalysts evaluated via the anodic
polarization in an O2-saturated 0.1 M HClO4 electrolyte at 1600 rpmwith IR correction. (b) Size-dependent enhancement factors induced by the
IGI on the basis of comparisons of the specific activity (SA) for 4.7 nm Pt/CMC vs. 5.0 nm Pt/C (TEC10E50E-HT) and 2.1 nm Pt/CMC vs. 2.1 nm Pt/
KB. (c) The durability of 2.1 nm Pt/CMC after 30 000 potential cycles. (d) Comparisons of the durability between 2.1 nm Pt/KB and 2.1 nm Pt/CMC
according to their mass activity (MA) loss after the ADT. (e and f) STEM-EDS images for 2.1 nm Pt/CMC before (e) and after (f) ADT. Scale bars in (e)
and (f) are 200 and 100 nm, respectively.
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stability for 2.1 nm Pt/CMC probably due to the cooperative
effect between Pt NPs and Pt–CMC interfaces: (i) Pt–C interfaces
are buried underneath and thus protected by Pt NPs; (ii) in turn,
the IGI weakens Pt–O/OH binding and inhibits the electro-
chemical oxidation and dissolution of Pt NPs. This cooperation
makes IGI more robust compared to other non-precious metals
This journal is © The Royal Society of Chemistry 2020
that induce lattice strain through an alloying effect but easily
dissolve in a harsh ORR environment.
Interfacial strain eld

Attributes of the IGI. Here, to discuss the inuence of IGI on
the electroactivity and stability of Pt NPs for the ORR, we
J. Mater. Chem. A, 2020, 8, 1368–1377 | 1373
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Fig. 5 Interfacial strain field model for the IGI. (a) Long-range, anisotropic and robust attributes for the IGI. Due to the atomic scale interphase or
lattice mismatch at Pt–C interfaces (here Pt–CMC), the geometric strain initiates at Pt–C interfaces, evolves toward vicinal surface atoms and
impacts their surface structure and catalytic behavior over several atomic layers far from the Pt–C interfaces. (b) Classification of surface sites in
terms of their strained states and geometry locations. For clarity, a large part of Pt atoms was omitted in the particle at the left of (b). The upper
portion of the particle at the right of (b) was raised to highlight the interfacial/interface-on Pt atoms.
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introduce a model of interfacial strain eld (ISF) in Fig. 5a. The
IGI induces an interfacial strain eld for Pt atoms both at the
interfaces and adjacent to interfaces. The term “eld” high-
lights the attribute of “long-range” impacting structures and the
reactivity of Pt surface atoms more than a few atomic layers
away from the interfaces.27,41,43,45 And the “anisotropy” attribute
may be due to that the ISF varies at different crystallographic
orientations (see the atomic-scale structural analysis). The
“robust” attribute indicates the cooperative effect between Pt
NPs and Pt–C interfaces making ISF more durable than do base
metals (see the discussion in the stability section).

Pt surface atoms affected by the IGI. Based on the strained
states and geometric positions, Pt atoms in a cuboctahedron are
classied into three types (see Fig. 5b). The Pt atoms at the
center of the interfaces are strongly strained but unexposed to
ORR reactants. Secondly, the Pt atoms along interfacial perim-
eters are strongly strained and simultaneously available for ORR
reactants. Thirdly, the Pt atoms adjacent to the interfaces are
strained by the long-range IGI and also accessible for ORR
reactants. The enhanced ORR activity is, thus, contributed by
the Pt surface atoms not only at interfacial perimeters but also
adjacent to the interfaces.

Possible factors affecting IGI. Herein, our observations
suggest that smaller metal NPs, for example, 2 versus 5 nm, have
a larger enhancement factor presumably due to an increased
fraction of surface atoms activated by the IGI as compared with
the larger NPs. Moreover, STEM energy dispersive spectroscopy
(STEM-EDS) mapping shows that platinum highly overlaps with
oxygen (Fig. S12†) because the oxygenated groups on the carbon
surface oen act as anchoring sites for adsorption of the metal
precursor and subsequent deposition of metal NPs. On the
other hand, the metal NPs at stepped surfaces or edges of the
support are reported to strain or deform signicantly.49,51 Here,
the oxygenated groups on carbon surfaces may also promote IGI
through strengthening the interfacial affinity to Pt NPs to some
extent. Theoretical calculations showed that the larger the
concentration of oxygenated groups is and the closer they are to
the Pt adatom, the stronger is the Pt binding energy to the
carbon support.32 However, there are huge complexities arising
from both metals and supports in practical catalysts, the
1374 | J. Mater. Chem. A, 2020, 8, 1368–1377
differences in lattice strains between NPs occur even in a cata-
lyst (see the above HRTEM analysis). A comprehensive discus-
sion is beyond the scope of the current work and can be found
in a recent review.28

Conclusions

In summary, we provided evidence for the presence of interfacial
geometric interactions (IGI) at metal–support interfaces on the
basis of a combination of atomic-scale analysis of lattice strains,
in situ XAFS, and electrochemical measurements. The IGI shows
long-range, anisotropic and robust attributes and impacts the
surface reactivity of the metals over several atomic layers far from
the stressed metal–support interfaces. The surface atoms not
only at interfacial perimeters but also vicinal interfaces are
affected by the IGI and make their contribution to ORR activity
enhancement. The current experimental ndings and insights
are expected to hold good for other metal–support systems.

Experimental section
Chemicals

Carbon micro-coils (CMCs) were provided by CMC General
Research Institute in Gifu, Japan. Ethylene glycol, chlor-
oplatinic acid hexahydrate, nitric acid, sodium hydroxide, and
perchloric acid (TraceSELECT®) were all purchased from
Sigma-Aldrich (research-grade) and used without further puri-
cation. Ultra-pure water (18 MU cm) puried in a Millipore
system was used in all experiments.

Chemical activation of CMC

CMC was chemically activated using 3 M nitric acid solution at
60 �C for 48 h in which the surface graphene layer was partially
oxidized to produce oxygenated species.

Preparation of 2.1 nm Pt/CMC, 2.1 nm Pt/KB and 4.7 nm Pt/
CMC

Syntheses of 2.1 nm Pt/CMC, 2.1 nm Pt/KB and 4.7 nm Pt/CMC
were based on an ethylene glycol reduction method as follows.
This journal is © The Royal Society of Chemistry 2020
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Taking 2.1 nm Pt/CMC as an example, 100 mg of CMC, 20 mL of
ethylene glycol and 0.136 mL of 0.310 M chloroplatinic acid
solution were added to a 150 mL pressure vessel. Aer 15 min
stirring and 30 min ultra-sonication mixing, the pH of the
mixing solution was adjusted to 10.0 using 0.1 M KOH solution.
Then, the vessel was heated at 160 �C in an oil bath for 1 h. The
obtained samples were ltered and rinsed using a mixture of
ethanol and acetone (v/v ¼ 1/1), followed by drying at 60 �C
under vacuum. 2.1 nm Pt/KB was synthesized by a similar
procedure except that 0.410 mL of 0.310 M chloroplatinic acid
solution was added. 4.7 nm Pt/CMC was synthesized by
a similar procedure without adjusting the pH. Commercial Pt/C
with an average size of around 2.0 nm (TEC10E20E, 19.0 wt%
Tanaka Kikinzoku Kogyo (TKK)) and Pt/C with an average size of
4–5 nm (TEC10E50E-HT, 50.9 wt% TKK) were also used for
comparison.

Electrochemical measurements

All glassware for electrochemical measurements was treated
with aqua regia and then with boiled water and washed with
Millipore water thoroughly. A 0.1 M HClO4 solution was
prepared using perchloric acid (TraceSELECT®, Sigma-Aldrich)
and 18.2 MU cm Millipore water. The electrocatalyst ink
formulation was 1 mg electrocatalyst/0.5 mL Millipore water/
0.4 mL isopropanol/0.005 mL 5 wt% Naon®. The testing
temperature was room temperature. Pt foil and RHE were used
as the counter and reference electrodes, respectively. Electro-
catalyst thin-lm working electrodes were prepared by a spin
coating method on a 5mm rotating disk electrode (RDE). The Pt
loading on the RDE was about 12.2 mgPt cm

�2. The working
electrodes were treated by an electrochemical activation process
over repeated potential cycles (typically 50 cycles) from 0.02 to
1.2 V at a scan rate of 100 mV s�1 in N2-saturated 0.1 M HClO4

until a stable response was obtained. Cyclic voltammetry was
performed at a scan rate of 50 mV s�1 in N2-saturated 0.1 M
HClO4. Electrocatalytic performances for the oxygen reduction
reaction (ORR) were estimated by linear sweep voltammetry
(LSV) from 0.0 to 1.05 V at a scan rate of 20 mV s�1 in O2-
saturated 0.1 M HClO4 at 1600 rpm. The measurements were
repeated three times and the maximum current among them at
0.9 V was used for calculation of mass activity (MS) and surface-
specic activity (SA). The solution resistance Rsol was measured
by the i-interrupter method and used for IR-compensation.
Accelerated durability test (ADT) for loading cycles: ADTs were
conducted via rectangular-wave 0.6–1.0 V potential cycles of 3 s
at each of 0.6 and 1.0 V up to 30 000 cycles in O2-saturated 0.1 M
HClO4.

TEM and STEM-EDS

TEM and STEM samples were prepared by dispersing electro-
catalysts in ethanol by sonication, putting the dispersed elec-
trocatalysts on carbon lm deposited on Cu grids, and drying.
We measured the interplanar spacing using a state-of-the-art
microscope JEM-ARM200F that allows observation of lattices
with a spatial resolution of 0.7 Å (TEM mode). All imaging and
analysis of interplanar spacing employed the same JEM-
This journal is © The Royal Society of Chemistry 2020
ARM200F apparatus and followed the same method for the
two catalysts (2.1 nm Pt/CMC and 2.1 nm Pt/KB). Expectedly,
there is the same statistical error produced by imaging and
analysis of interplanar spacing of Pt NPs for the two catalysts.
Part of TEM and STEM-EDS images were measured on a JEM-
2100F equipped with an energy dispersive spectrometer (EDS)
at 200 kV.
In situ X-ray absorption ne structure (XAFS)

All electrodes used for in situ XAFS measurement were electro-
chemically pretreated by a procedure that is same with elec-
trocatalytic measurements except for particular statements.
Electrocatalysts covered on rotating disk electrodes (RDEs) were
used as the working electrode for in situ XAFS in N2-saturated
0.1 M HClO4 in a home-made electrochemical cell at 1600 rpm.
The measurements of in situ XAFS spectra at the Pt L3-edge were
performed in uorescence mode by using a Si(111) double-
crystal monochromator and an ion chamber (I0: Ar 5%/N2

95%) for incident X-rays and a 21 Ge-element detector for
uorescent X-rays at the BL36XU station in SPring-8 similar to
the previous reports.58,60 X-ray absorption near-edge structure
(XANES) spectra were normalized using Athena soware. The
XAFS spectra were treated with the data analysis program
IFEFFIT (version 1.2.11c). Theoretical phase shis and ampli-
tude functions for Pt–Pt were calculated using FEFF 8.4. The
extracted EXAFS oscillations were k3-weighted and Fourier
transformed to R-space. The curve ttings of k3-weighted EXAFS
data in R-space were carried out with an Artemis.
XRD

X-ray diffraction patterns were measured on a Rigaku RINT2000
with Cu Ka irradiation at 40 kV and 40 mA in the 2q range of 10–
90� at a step scan speed of 0.02� s�1.
XRF

X-ray uorescence (XRF) analysis for bulk composition was
conducted with a Rigaku ZSX Primus2.
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M. G. Willinger, Angew. Chem., Int. Ed., 2015, 54, 4544–4548.
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