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ABSTRACT

The composition and evolution of interfacial species play a key role during electrocatalytic process. Unveiling the structural
evolution and intermediate during catalytic process by in situ characterization can shed new light on the electrocatalytic reaction
mechanism and develop highly efficient catalyst. However, directly probing the interfacial species is extremely difficult for most
spectroscopic techniques due to complicated interfacial environment and ultra-low surface concentration. Herein, electrochemical
core—shell nanoparticle enhanced Raman spectroscopy is utilized to probe the composition and evolution processes of interfacial
species on Au@Pt, Au@Co, and Au@PtCo core—shell nanoparticle surfaces. The spectral evidences of interfacial intermediates
including hydroxide radical (OH*), superoxide ion (O,"), as well as metal oxide species are directly captured by in situ Raman
spectroscopy, which are further confirmed by the both isotopic experiment and density functional theory calculation. These
results provide a mechanistic guideline for the rational design of highly efficient electrocatalysts.
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1 Introduction

Recently, an important issue in heterogeneous catalysis is how to
unveil and understand the electrochemical interface at the
molecular or even atomic level [1,2]. Direct monitoring of the
composition and evolution of interfacial species has always been
an important field in the electrochemical process, and will greatly
contribute to designing and developing more efficient catalysts
[3-5]. Transition metal catalysts represented by platinum, which
are extensively used and involved in many classical electrocatalytic
reactions, such as oxygen reduction reaction (ORR), hydrogen
evolution reaction (HER), and hydrogen oxidation reaction
(HOR), have been the focus of energy conversion for a long time
[6,7]. The composition and evolution of species at electrocatalyst
interface play a key role in determining the activity of catalyst, and
thus in situ characterization is of great significance [8,9].
Although many research teams have revealed the roles of the
structure and composition of the catalyst itself by experimental
and theoretical methods, the detailed composition and evolution
of interface species are still not clear.

Optimizing the composition and structure of catalyst to tune

the catalytic performance is widely used in the design of efficient
catalyst [10-13]. Besides, tuning the interfacial species can also
lead a significantly improved performance [6, 14, 15]. Markovic et
al. realized an improved activity in the hydrogen/oxygen evolution
as well as CO oxidation by introducing an oxophilic metal on Pt
catalyst surface to increase the adsorption of hydroxide radical
(OHY), proposing consecutively that the strength of the OH-M as
a descriptor for catalytic activity [1, 15, 16]. Zhuang et al. studied
the influence of hydroxide anion (OH") during the hydrogen
oxidation reaction by using surface-controlled PtNi alloy
nanoparticles (NPs) as the model catalysts [17]. Our group
revealed the key role of interfacial water toward the HER on Pd
single crystal surfaces, revealing that structurally ordered
interfacial water molecules lead to a high-efficiency HER rate [2].
Due to these remarkable regulation strategies, the catalytic activity
has been greatly improved. However, the interfacial species on Pt-
based catalyst is still not clear even until today, thus, resulting in a
slow progress about catalytic mechanism understanding.

Raman spectroscopy with fingerprint identification is a
powerful tool to study catalyst itself and intermediate species
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adsorbed on catalyst surface [18, 19]. However, normal Raman
spectroscopy is hard to monitor intermediates due to its low
sensitivity towards interfacial species. Surface-enhanced Raman
spectroscopy (SERS) was invented to overcome the flaw of Raman
spectroscopy. SERS greatly improves the sensitivity of Raman
spectroscopy by using Au, Ag, and Cu, etc. nanostructures as
enhanced substrates, as low as a single molecule level [20, 21], and
has been widely applied in various fields. Nevertheless, only Au,
Ag, and Cu nanostructured materials as SERS substrates possess
high Raman enhancement, while catalytically active transition
metals exhibit very low Raman enhancement, which limits the
application of SERS in catalysis studies [22].

In this work, an extensive SERS method, named core-shell
nanoparticle enhanced Raman spectroscopy (CSERS), is used to
probe the composition and evolution processes of interfacial
species on transition metal surfaces (representative pure Pt, pure
Co, and PtCo alloy here). We construct core-shell nanostructures
being consist of Au as a core and catalyst materials (Pt, Co, and
PtCo alloy) as shells, in which the Au core is the Raman amplifier
to enhance the signals from catalyst shell surface. Combing the
both direct spectral evidence of interfacial species and density
functional theory (DFT) calculations, the composition and
evolution processes of interfacial species on catalyst surfaces are in
situ elucidated at the molecular and atomic level.

2 Results and discussions

The structural information about commercial 40 wt.% Pt/C
catalyst was analyzed by the normal Raman spectroscopy, two
strong D and G bands being assigned to carbon as well as a weak
and broad band at the range of 300-700 cm™ ascribed to PtO, are
presented in Fig 1(a) [23,24]. These results verify that the
interfacial structure is difficult to be resolved by normal Raman
spectroscopy because of its weak Raman enhancements of Pt NPs.
Besides, the three-dimensional-finite-difference time-domain (3D-
FDTD) results show that the maximum Raman enhancement of
pure Pt NPs (5 nm in diameter) is only 10° times (Fig. S1(a) in the
Electronic Supplementary Materail (ESM)).

Schematic diagram (Fig. 1(b)) shows the enhanced mode of
core-shell NPs (transmission electron microscopy (TEM) image
of core-shell NPs in Fig. 1(c)). The Au NPs around 55 nm in
diameter are used as the core and Pt-based materials around
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1.4 nm thickness are coated on the Au NPs to form core-shell
nanostructures. The maximum enhancement of core-shell
nanostructure is 10° times, much larger than that of pure Pt NPs
(Fig. S1(b) in the ESM), indicating that CSERS can directly detect
interfacial species on Pt-based materials surface.

X-ray diffraction (XRD) was carried out to examine lattice
parameters of Au@Pt and Au@PtCo core-shell NPs (Fig. 1(d)).
The XRD results of Au@PtCo and Au@Pt catalysts show
analogous diffraction peak positions to Au and Pt, respectively.
The higher diffraction angle of the Au@PtCo XRD curve indicates
the formation of a PtCo alloy. As evidenced by inductively
coupled plasma optical emission spectrometry (ICP-OES)
measurements, the content of PtCo shell in Au@PtCo colloidal
solutions is shown in Table S1 in the ESM with the atomic ratio of
Pt:Co being around 6.7:1.

The Raman spectra of Au@Pt, Au@Co, and Au@PtCo in air
were obtained by CSERS, as shown in Fig. 2(a). Four bands are
observed in the spectrum of Au@Co. According to the normal
Raman spectra of a-Co(OH), and CoOOH in Refs. [25, 26], the
broad band at the wavenumber from 400 to 700 cm™ is attributed
to the collection of bivalent Co (Co*) and trivalent Co (Co*) from
a-Co(OH), and CoO, matters. The surface valence of Co shell
(Au@Co NPs) was further investigated by X-ray photoelectron
spectroscopy (XPS). As shown in Fig. S2 in the ESM, four pairs of
peaks can be obtained after fitting the original data. The peaks at
7769 and 793.7 eV corresponding to Co 2ps;, and Co 2p,,
respectively represent unoxidized metallic Co (Co°). The peaks at
781.6 (Co 2ps),) and 797.4 eV (Co 2p,,) represent Co*. The peaks
at 785.1 (Co 2ps,) and 803.1 eV (Co 2p,,) represent Co™. Besides,
a pair of satellite peaks locate at 788.2 (Co 2p;,) and 806.9 eV (Co
2py;). These Raman and XPS results indicate that the shell
contains pure Co, a-Co(OH),, and CoOOH. A broad band at the
range of 400-700 cm™ is well observed in Au@Pt CSERS
spectrum, which is attributed to PtO, species [24]. The CSERS
spectrum of Au@PtCo shows two obvious bands about CoO, and
PtO, species. These results clearly confirm that there are abundant
oxygen containing species on catalyst surfaces.

Electrochemical cyclic voltammograms (CVs) were used to
study the behaviors of Au@Pt, Au@Co, and Au@PtCo NPs under
alkaline condition (Ar-saturated 0.1 M KOH solution). The CV of
pure Au NPs is shown in Fig. S3 in the ESM as a reference. The
whole potential windows in the CVs are discussed by dividing into
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Figure1 Characteristics of core-shell nanoparticles. (a) Normal Raman spectrum of Pt/C catalyst (Pt 40% loading). (b) Schematic diagram about the enhanced mode
of core-shell NPs. (c) TEM image of Au@PtCo NPs. (d) XRD patterns of Au@Pt and Au@PtCo and the standard patterns of Au and Pt.
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Figure2 Spectral and electrochemical behaviors of core-shell NPs. (a) CSERS spectra of Au@Co NPs, Au@Pt NPs, and Au@PtCo NPs under air condition. (b) CVs
of Au@Co, Au@Pt, and Au@PtCo NPs in Ar-saturated 0.1 M KOH with a scan rate of 50 mV-s”. ORR activity of (c) Au@Pt and (d) Au@PtCo NPs with oxide and

without oxide in O,-saturated 0.1 M KOH solution with a scan rate of 10 mV-s™.

hydrogen region, pre-oxidation region, as well as oxidation region.
In hydrogen region (Fig.2(b)), there are no obvious hydrogen
adsorption/desorption peaks on Co surface in the CV of Au@Co
NPs. A pair of redox peaks at —0.3 and 0.04 V versus the reversible
hydrogen electrode (RHE) are observed, attributing to the a-
Co(OH), to metallic Co in accordance with the previous results
[27]. We only observed the hydrogen adsorption/desorption on Pt
surface at the range of 0-04 V in the CVs of Au@Pt and
Au@PtCo NPs.

Meanwhile, in pre-oxidation region, the oxidation/reduction
peaks between 0.4-0.7 V are observed in the CV of Au@Co NPs
due to the phase transformation of a random a-Co(OH), phase to
an ordered a-Co(OH), phase, according to the previous scanning
tunneling microscopy (STM) results and our in sifu Raman results
(detailed Raman discussion later). A broad pre-oxidation peak at
around 0.77 V and a reduction peak at 0.66 V are observed in the
CV of Au@Pt NPs. The oxidation/reduction peaks about Co and
Pt appear synchronously in the CV of Au@PtCo, indicating that
the Co and Pt exist in the shell.

In oxidation region, obvious oxidation/reduction peaks at
1.12/1.07 V about the Co* to Co* transition are observed in the
CV of Au@Co in linear with the previous results [25]. However,
there are no obvious Co* to Co™ transition peaks in the CVs of
Au@Pt and Au@PtCo. The PtCo alloy formation causes a
hysteresis about the transiton of Co* to Co™ during
electrochemical process.

We further studied the role of oxygen species on Au@Pt,
Au@Co, and Au@PtCo NPs surfaces during ORR process, as
shown in Figs. 2(c) and 2(d). A 102 mV overpotential attenuation
at 5 WA current is observed according to the ORR linear sweep
voltammetry curves of Au@Pt (0.894 V) and oxidized Au@Pt
(0792 V) surfaces due to the adsorption of oxygen species.
However, only 80 mV attenuation is observed on Au@PtCo
(0.898 V) and oxidized Au@PtCo (0.818 V) surfaces. The PtCo
alloy is more stable than pure Pt, resulting in the exposure of more
active sites toward ORR [28].

The evolution processes of oxygen species on Au@Co surface in

a 0.1 M KOH solution are probed by the in situ CSERS. Three
obvious Raman bands at 426, 502, and 860 cm™ at 0.165 V initial
potential are observed in the spectra (Fig. 3(a)). The frequencies
and shapes of bands at 426 and 502 cm™ are similar to those of a-
Co(OH), according to the normal Raman results [25]. The
electrochemical CV results also show the formation of a-Co(OH),
at 0.165 V. Therefore, these two bands are attributed to the Co-O
vibrations of a-Co(OH),. To further confirm the attribution of
Raman bands, a D,O isotopic substitution experiment was carried
out under same experimental condition. We find that the bands at
426 and 502 cm™ shift to 415 and 482 cm™, respectively, in the
D,0 isotopic experiment (Fig.3(b)). Considering the difficult
replacement of bulk OH in Co(OH), and only 11 or 17 cm™
wavenumber shifts indicate that the formation of hydrogen bonds
between the a-Co(OH), and H,0O (a-Co(OH),--H,0). The
hydrogen bond networks cause such a small wavenumber shift. In
addition, the band at 860 shifts to 645 cm™ (75% wavenumber
shift) in D,O experiment, indicating that the band is assigned to
OH* species. DFT calculation was used to confirm the detailed
attribution and adsorbed sites about OH*. The DFT results show
that the frequency of Co-O-H bending mode of OH* on Co top
site of a-Co(OH), (111) locates at 862 cm™, being closest to the
experimental results (Figs. 3(c) and 3(d) and Table S2 in the ESM).
Meanwhile, the in situ CSERS spectra and CV of Au@Co both
demonstrate that a-Co(OH), exists in shell at the presence of OH*
potential range (0.165-0.765 V). Therefore, this band at 860 cm™
is attributed to OH* adsorbed on a Co top site of a-Co(OH),. This
band fades away at 0.765 V due to the deprotonation process of a-
Co(OH), to CoO, species.

The intensity of band at 426 cm™ increases with the potential
shifting from 0.165 to 0.665 V, then decreases until 0.965 V. The
intensity of band located at 502 cm™ decreases with the potential
shifting from 0.165 to 0.465 V, then increases until 0.665 V. Both
bands fade away at 1.065 V. Meanwhile, the band width at half
height of 502 cm™ becomes narrow after 0.465 V, indicating the
formation of more ordered phase of a-Co(OH),, which is consist
with the phase transformation peak from 0.4 to 0.7 V in the CV of
Au@Co. A new band at around 568 cm™ appears at 0.765 V,
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Figure 3 Raman and DFT results. Electrochemical in situ CSERS spectra of Au@Co in 0.1 M KOH ((a) H,O and (b) D,0) solution. DFT calculated models of OH*
adsorbed on (c) Co(OH), (111) and (d) Co (111) surfaces with a Co top site. Ru, O, and H atoms are showed as blue, red, and white balls, respectively.

which is attributed to CoO, with +3 valence. This band shifts to
558 cm™ in D,0 experiment indicating the formation of hydrogen
bonds between the CoO, and H,O. This band becomes stronger
and shifts to 603 cm™ at 1.065 V, finally being stable at 1.365 V.

We investigated the evolution processes of interfacial species on
Au@Pt surface in alkaline condition (Fig. 4(a)), which are like the
Au@Co in situ CSERS experiment. As the potential positively
shifts from 0.165 V, a band centered at 1142 cm™ appears at
0.365 V. With a further increase in the potential, this band
becomes stronger until 0.665 V, and then disappears at 0.965 V. A
D,0O isotopic substitution experiment was also conducted to
confirm the attribution of Raman band, and we find that the band at
1142 cm™ does not exhibit obvious shifts (Fig. S4 in the ESM).
Thus, this species at 1142 cm™ is supposed to contain no H atoms.
DFT results show that a close frequency of O-O stretching mode
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of O, on Pt (111) with top site is 1177 cm™ (calculated model in
Fig. 4(c)). Meanwhile, the previous results [29] also point that the
frequency of O, on Pt (111) surface in alkaline condition locates
at 1150 cm™, closing to our results. Therefore, according to above
information, we confirm that the band at 1142 cm™ should be
attributed to the O-O stretching mode of O, on Pt (111) with a
top site. A broad Raman band centered at 569 cm™ appears at
0.965 V and the intensity of this band becomes strong when the
potential continues to increase to 1.365 V. This band is attributed
to Pt—O vibration of PtO, species.

We further investigated the evolution processes of interfacial
species on Au@PtCo surface in an alkaline solution. Two Raman
bands at 853 and 1152 cm™ are observed (Fig. 4(b)). Same D,O
experiment was carried to confirm the band attribution as shown
in Fig. S5 in the ESM. The Raman band at 853 shifts to 674 cm™
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Figure4 Raman and DFT results. Electrochemical in situ CSERS spectra of (a) Au@Co and (b) Au@PtCo in 0.1 M KOH solution. DFT calculated models of (c) O,
adsorbed on Pt (111) surface with a top site, (d) OH* adsorbed on PtCo (111) surface with a Co top site, and (e) O, adsorbed on PtCo (111) surface with a Pt top site.

Ru, Pt, O, and H atoms are showed as blue, silver, red, and white balls, respectively.
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and the band at 1152 cm” does not shift, indicating that the bands
at 853 and 1152 cm™ are assigned to OH* and O, species,
respectively. DFT calculations also show the close frequencies
about OH* and O, species on PtCo surface and reveal that the
adsorbed site of OH* is Co top site and O, is Pt top site shown in
Figs. 4(d) and 4(e) (the frequencies in Table S2 in the ESM). There
is a collection of interfacial species on Co and Pt surfaces. We note
that the band at 853 cm™ of OH* is quite weaker than on pure Co
surface. This is due to the low content of Co in the PtCo alloy shell
(the content results in Table S1 in the ESM). There is a slight
decrease in frequency of OH* and a slight increase in frequency of
O, on PtCo than on Pt surface.

3 Conclusions

In summary, electrochemical CSERS was used to systematically
investigate the composition and evolution processes of interfacial
species adsorbed on Pt, Co, and PtCo alloy surfaces and obtain
direct spectral evidences of OH*, O,, and metal oxide. There is
obvious adsorption of oxygen species on Pt, Co, and PtCo alloy
surfaces. During the in situ electrochemical Raman process, the
adsorbed OH* and a-Co(OH), exist on the Au@Co surface at
lower potentials, and the OH* will disappear and the Co shell
becomes high valence oxide at higher potentials. Meanwhile, on
Au@Pt surface, only O, species is observed on Pt surface during
in situ experiment. The accumulation of OH* and O, on the
surface of PtCo alloy is observed. With this information and
experimental capability, our results help understand more deeply
about the interfacial electrocatalytic reaction process and
mechanism.
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