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% Check for updates Developing efficient electrocatalysts for acidic electrosynthesis of hydrogen

peroxide (H,0,) holds considerable significance, while the selectivity and
stability of most materials are compromised under acidic conditions. Herein,
we demonstrate that constructing amorphous platinum-selenium (Pt-Se)
shells on crystalline Pt cores can manipulate the oxygen reduction reaction
(ORR) pathway to efficiently catalyze the electrosynthesis of H,O, in acids. The
Se,—Pt nanoparticles, with optimized shell thickness, exhibit over 95% selec-
tivity for H,O, production, while suppressing its decomposition. In flow cell
reactor, Se,—Pt nanoparticles maintain current density of 250 mA cm™ for
400 h, yielding a H,0, concentration of 113.2 g L™ with productivity of
4160.3 mmol g.,. ' h™ for effective organic dye degradation. The constructed
amorphous Pt-Se shell leads to desirable O, adsorption mode for increased
selectivity and induces strain for optimized OOH* binding, accelerating the
reaction kinetics. This selenization approach is generalizable to other noble
metals for tuning 2e- ORR pathway.

Hydrogen peroxide (H,O,) is a valuable chemical for a variety of
industrial applications, such as paper bleaching, wastewater treat-
ment, medical disinfection, and fine chemical synthesis'™*. Currently,
H,0, is almost manufactured through a large-scale indirect anthra-
quinone route, which, however, involves multiple complex processes
and generates vast organic wastes>®. An appealing alternative is the
electrochemical method through two-electron oxygen reduction
reaction (2e- ORR) that can be operated under mild conditions and
coupled with renewable energy sources’®. Over the past decades,
electrosynthesis of H,0, in alkaline conditions has been widely
explored with the use of heterogeneous catalysts as the electrode’ .

However, the produced H,O, in alkali is unstable and tends to
decompose rapidly"*¢, thus extra stabilizers (e.g., acids and halides)
are usually introduced to delay the self-decomposition for long-term
usage". In comparison, H,0, in acidic media is more stable and exhi-
bits stronger oxidation ability, which is highly desired for many
applications'®. Nevertheless, most catalysts are unstable and even
dissolvable in acids, which seriously hinders its further
development’®?°,

Compared with the carbon- and 3d transition metal-based cata-
lysts, platinum-group metal nanomaterials such as Pt represent the
most potential catalysts for the production of H,0, in acid because of

'State Key Laboratory of Physical Chemistry of Solid Surfaces, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China.
2Key Laboratory of Material Chemistry for Energy Conversion and Storage, Ministry of Education, Wuhan 430074, China. 3Hubei Key Laboratory of Bioi-
norganic Chemistry and Materia Medica, Wuhan 430074, China. “School of Chemistry and Chemical Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China. ®Innovation Laboratory for Sciences and Technologies of Energy Materials of Fujian Province (IKKEM), Xiamen 361005,
China. ®School of Materials and Energy, Southwest University, Chongging 400715, China. "Max Planck Institute for Chemical Physics of Solids, Nothnitzer
Strasse 40, Dresden 01187, Germany. 8National Synchrotron Radiation Research Center, 101 Hsin-Ann Road, Hsinchu 30076, Taiwan. °These authors

contributed equally: Zhiyong Yu, Hao Deng, Qing Yao.

e-mail: Lmyang@hust.edu.cn; hxg006@xmu.edu.cn

Nature Communications | (2024)15:9346


http://orcid.org/0000-0003-0324-2227
http://orcid.org/0000-0003-0324-2227
http://orcid.org/0000-0003-0324-2227
http://orcid.org/0000-0003-0324-2227
http://orcid.org/0000-0003-0324-2227
http://orcid.org/0000-0001-9503-0373
http://orcid.org/0000-0001-9503-0373
http://orcid.org/0000-0001-9503-0373
http://orcid.org/0000-0001-9503-0373
http://orcid.org/0000-0001-9503-0373
http://orcid.org/0000-0001-7681-4391
http://orcid.org/0000-0001-7681-4391
http://orcid.org/0000-0001-7681-4391
http://orcid.org/0000-0001-7681-4391
http://orcid.org/0000-0001-7681-4391
http://orcid.org/0000-0002-7836-212X
http://orcid.org/0000-0002-7836-212X
http://orcid.org/0000-0002-7836-212X
http://orcid.org/0000-0002-7836-212X
http://orcid.org/0000-0002-7836-212X
http://orcid.org/0000-0003-3219-4316
http://orcid.org/0000-0003-3219-4316
http://orcid.org/0000-0003-3219-4316
http://orcid.org/0000-0003-3219-4316
http://orcid.org/0000-0003-3219-4316
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53607-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53607-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53607-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53607-5&domain=pdf
mailto:Lmyang@hust.edu.cn
mailto:hxq006@xmu.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53607-5

the relatively appropriate electronic configuration and adequate
structural stability under acidic media®*’. Nevertheless, molecular O,
on the surface of pure noble metals is inclined to be reduce into H,O
via a 4e” pathway rather than the 2e~ pathway into H,0,%*. It is
therefore of great significance to regulate the structure of noble metals
to maximize the selectivity for the reaction. Engineering the surface
structures of catalysts can regulate the performance of typical elec-
trochemical processes??°, while its importance to H,0, electrosynth-
esis has been largely unexplored. Hence, manipulating the reduction
pathway on Pt nanomaterials via structure engineering provides a
feasible route for designing efficient 2e~ ORR catalysts for acidic con-
ditions. In addition to the point of catalyst design, the discrepancy of
techniques between the rotating ring-disk electrode (RRDE) and con-
tinuous flow reactors also dramatically influences the H,0, selectivity.
Different from the rapid transportation of H,0, in RRDE technique, the
additional transport factors must be considered in real devices
because of the slow diffusion rate of H,0, from the catalyst and gas
diffusion layer to the output stream?. Consequently, the generated
H,0, tends to discompose in the presence of catalysts via electro-
chemical reduction reaction or disproportionation reaction, which is
unfavorable for the accumulation of H,0,%*?°. However, much less
attention has been paid to this problem at present. Therefore,
designing active, durable, and selective electrocatalysts for con-
secutive production of H,0, in acids has remained elusive due to the
challenges of long-term operation under harsh conditions and inhibi-
tion of side reactions.

Herein, through selenization induced straining and phasing we
demonstrate the successful construction of a series of core-shell
structures consisting of crystalline Pt core and amorphous Pt-Se shells
with tunable thicknesses. The core-shell nanoparticles can boost the
2e” reduction of O, toward H,O, in acidic media, achieving pro-
nounced enhancements in H,O, selectivity, production rate, and
inhibition of H,0, decomposition. The catalyst with optimized shell
thickness (Se,—Pt NPs) shows high H,0, selectivity over 95% in differ-
ent acidic electrolytes and significantly inhibited electrochemical
reduction reaction and disproportionation reaction. When employed
in a flow cell reactor, the Se,~Pt NPs present long-term stability (400 h)
at 250mAcm™ for continuous electrosynthesis of H,0,, yielding
a high H,0, production rate of 4160.3 mmol g.,! h™. The ultimate
concentration of H,0, achieves 113.2gL™ for efficient removal of
organic dyes as well. Detailed experimental evidence reveals that
the formation of amorphous Pt-Se shell leads to the transformation
of isolated Pt sites that adsorb O, in an “end-on” way, which is desirable
for the preservation of O-O bond. Meanwhile, the strain generated
by mismatch between the crystalline core and amorphous shell adjusts
the electronic structures of the surface shell with weakened binding
strength toward *OOH, thus finally making it more conducive to
the production of H,0,. Significantly, the selenization induced
straining and phasing is general and readily applicable to other noble
metals for tuning ORR with 2e~ pathway. This work provides an
avenue to overcome the bottleneck of electrosynthesis of H,0, in
acidic media.

Results

The core-shell nanoparticles consisting of crystalline Pt core and
amorphous Pt-Se shells with controllable thicknesses were prepared
via a two-step post-modification method (Fig. 1a). Concretely, the Pt
NPs were used as growing seeds, and the introduction of Se can
achieve the construction of amorphous Pt-Se shell on the surface. It
should be noteworthy that the structural mismatch at the interface
further induces the strain interaction (Fig. 1a). The thickness of the
amorphous shell can be finely tuned by varying the introduced amount
of Se (Se,—Pt NPs, x represents the extent of selenization), thereby
enabling continuous modulation over the surface structure (Fig. 1b). A
series of characterizations were then conducted to exhibit the

structural evolution of Se-Pt NPs with various shell thicknesses. As
shown in the X-ray diffraction (XRD) patterns, it can be clearly
observed a continuous attenuation of peak intensity at (111) peak
(-39°) from Pt NPs to Se-Pt NPs with the deepening of selenization
degree, indicating that the crystallinity of the NPs continues to
decrease as the increasement of amorphous Pt-Se shell thickness
(Fig. 1c)*°. Correspondingly, results from the scanning electron
microscopy energy-dispersive X-ray spectroscopy (SEM-EDX) suggest
a continuously increasing trend of the Se element (Fig. 1d), which is
consistent with results from the inductively coupled plasma atomic
emission spectrometry (ICP-AES) (Table S1). To clarify the surface
species of the core-shell structure, low-energy ion scattering (LEIS)
that only probes the outmost atomic layer was conducted®-*% It can be
observed from the LEIS spectrum that the Se,—Pt NPs show an addi-
tional presence of Se signal compared to that of Pt NPs, demonstrating
that the amorphous shell on the surface is composed of Pt and Se
elements (Fig. 1e). Moreover, X-ray absorption fine structure spectro-
scopy (XAFS) was conducted to confirm the structural evolution of the
core-shell structures. As shown in Fig. 1f, compared to the pure Pt NPs,
the core-shell catalysts with thicker amorphous shells exhibit a con-
tinuously decreased peak intensity. Combined with the fitting results,
the Se-Pt NPs with thicker amorphous shells exhibit decreased coor-
dination numbers of Pt-Pt bonds but increased Pt-Se bonds, demon-
strating the deepening of selenization degree (Supplementary Fig. 1
and Table S2). In addition, the negative shift of peak position in the
wavelet transform counter plots indicates more Pt-Se coordination
because of the smaller atomic numbers of coordinated Se atoms,
which supports the coordination environment evolution of Pt atoms in
Se-Pt NPs (Fig. 1g)*.

The structures of Se-Pt NPs with tunable shell thicknesses were
further investigated by transmission electron microscopy (TEM).
Firstly, the corresponding mappings demonstrate the gradual dee-
pening of the spatial distribution of Se element into the core of Pt
element, proving the evolutions of Pt-Se shell thicknesses (Fig. 2a-d).
As revealed by the TEM images at different selenization stages
(Fig. 2e-h and Supplementary Figs. 2-5), the selenization process
progresses from outside to inside and it begins with the doping of Se
atoms on the surface of Pt core in the initial stage (Fig. 2f and Sup-
plementary Fig. 3). As the reaction progresses, a thin layer of amor-
phous Pt-Se shell around the Pt core is generated and the thickness of
amorphous shell is gradually getting thicker (Fig. 2g and Supplemen-
tary Fig. 4). Finally, core-shell structured nanomaterials consisting of a
well-defined crystalline core and amorphous shell can be obtained
(Fig. 2h and Supplementary Fig. 5). The electrochemical behaviors of
nanomaterials via cyclic voltammogram (CV) technique further
demonstrate the different selenization stages of nanomaterials. As
shown in Fig. 2m, the CV curve of Pt NPs exhibits typical hydrogen
adsorption/desorption peaks between 0.05-0.40V (vs. RHE)*,
whereas the Se-Pt NPs show a continuously decreased hydrogen
region until a flat profile with deeper selenization degree. Therefore, it
can be reasonably inferred that the Pt atoms in the surface will gra-
dually transform into isolated sites with the selenization progressing
until the formation of an amorphous shell, and further selenization will
lead to the insertion of Se atoms into deeper Pt lattices, being con-
sistent with the TEM results (Fig. 2e-h). Besides the amorphization of
crystal structure, the insertion of Se into the Pt lattice can also expand
the volume of the corresponding region, inducing the strain interac-
tion at the interface (Fig. 1a, b)*. The strain mapping by geometric
phase analysis shows that the color intensity, which represents the
degree of strain, varies very little throughout the Pt NPs, indicating that
the strain within the structure is negligible (Fig. 2i and Supplementary
Fig. 6). As the amorphous shell gradually forms, strain is generated and
gradually increases (Fig. 2j, k and Supplementary Figs. 7, 8), and
reaches the maximum value until the formation of an excessively thick
amorphous shell (insets in Fig. 2l and Supplementary Fig. 9)*.
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Fig. 1| Structures and characterizations of Se-Pt NPs with controlled shell
thickness. a Schematic illustration of the synthetic process of Se,~Pt NPs and
corresponding structural evolution on the surface. b Surface structures of Se;-Pt

NPs and Sez-Pt NPs. ¢ XRD patterns, (d) SEM-EDX spectra, (e) LEIS spectra for the
surface species, (f) Pt K-edge EXAFS in R space, and (g) wavelet transforms of Pt NPs
and Se-Pt NPs with different shell thicknesses.

Correspondingly, the intensity profiles of the Pt lattice near the
interface exhibit a gradual positive shift (Fig. 2n), indicating the exis-
tence of tensile strain for the crystalline Pt core. The lattice spacings
along the Pt (111) are measured tobe 2.52 A, 2.58 A, 2.68 A, and 2.69 A at
samples after different selenization degrees, which correspond to the
lattice tensions of about 2.3%, 6.3%, and 6.7%, respectively. The
intensity profiles of the Pt lattice parallel to the (200) plane also exhibit
a positive shift, indicating the existence of tensile strain (Supplemen-
tary Figs. 10, 11). On the contrary, the amorphous shell is under com-
pressive strain (Fig. 1a, b), and the compression strain decreases with
the increase of shell thickness due to the limitation of the influence
range of strain effect’®”. Furthermore, the influence of the strain on
the electronic structures of the surface Pt sites was studied using X-ray
photoelectron spectroscopy (XPS) and surface valence band spectra
(Supplementary Fig. 12). It can be found that the d-band centers of Pt
are highly sensitive to the lattice strain, shifting negatively as the
generation of strain and positively with the weakening of strain effect
(Fig. 20), demonstrating the successful regulation of the surface
structures®,

The 2e~ ORR performance of Se-Pt NPs with different shell
thicknesses was explored in O,-saturated acids through the RRDE
measurement (see Materials and methods for details, Supplementary
Figs. 13-15). As displayed in Fig. 3a, the recorded linear scan voltam-
mogram (LSV) curves exhibit the currents for O, reduction measured
on the disk electrode (solid lines) and the currents for H,0O, oxidation
detected on the Pt ring electrode (dashed lines) in 0.1M HCIO,.
Accordingly, the H,0; selectivity (%) of Se,—Pt NPs is > 95% over a wide
range of potential (0.0 V-0.6 V vs. RHE), indicating a highly active and
selective 2e” pathway with the transferred number of electrons
approaching ~2.0 (Fig. 3b and Supplementary Fig. 16). In contrast, the
Se—Pt NPs with less selenization degree display a relatively dominant
4e” pathway (H,0,% <36%, n~3.5), and the thicker ones, although
showing the characteristics of 2e” pathway (H,0,% >70%, n-2.6),
exhibit significantly larger overpotentials and lower ring currents
(Fig. 3a, b and Supplementary Fig. 16), revealing the correlation
between the 2e~ ORR performance and the thickness of amorphous
shell. Importantly, the Se,—Pt NPs can also exhibit high selectivity
toward 2e” ORR in various acidic electrolytes, including 0.1M H,SO,
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Fig. 2 | Detailed structural characterization of Se-Pt NPs with controlled shell
thicknesses. a-d HAADF-STEM-EDS elemental mappings, (e-h) HRTEM images,
and (i-1) corresponding strain mappings of (a, e, i) Pt NPs, (b, f, j) Se,-Pt NPs,

(c, g, k) Se,-Pt NPs, and (d, h, 1) Ses-Pt NPs. m CV curves at 50 mV s™ in N,-saturated

0.1 M HCIO4, n Intensity profiles taken from the corresponding region in (e-h), and
(o) surface valence band photoemission spectra of Pt NPs and Se-Pt NPs with
different shell thicknesses. The shaded area in Fig. 2m is the hydrogen adsorption/
desorption peaks.

(=95.6%), 0.5 M HCIO,4 (= 96.1%), and 0.5 M H,S0, (= 96.3%), which are
superior to most of the reported catalysts in a wider potential range
(Fig. 3¢, Supplementary Fig. 17, and Table S4).

Besides the high performance tested in the RRDE experiment, it is
noteworthy that, in a practical flow cell reactor, the residence time of
generated H,0, on the catalyst surface would be much longer than
that of the RRDE measurement, leading to the consecutive decom-
position of H,O, on the catalyst (disproportionation reaction and
electrochemical reduction reaction, Table S3)**%°. Hence, for the
practical application of H,0, electrosynthesis, both the favourable 2e~
pathway and the supersession of decomposition reactions are essen-
tial for an ideal catalyst (Fig. 3d). We then systemically studied the
activities of the as-prepared catalysts toward disproportionation
reaction and electrochemical reduction reaction. Based on the results
of significantly lower H,O, reduction currents in electrochemical
reduction reaction (Fig. 3e) and inhibited H,O, decomposition in

disproportionation reaction (Fig. 3f, g), it can be concluded that the
construction of amorphous shell can significantly suppress the ther-
mal and electrochemical H,0, decomposition reactions. In addition,
the stability of Se,—Pt NPs in RRDE measurement was also studied. As
shown in Supplementary Figs. 18, 19, the activity and stability of Se,—Pt
NPs exhibit no obvious decays during the long-term stability test
(~15h) in 0.1 M HCIOy,, indicating superior recyclability and stability of
the catalyst for 2e” ORR performance. According to the Pourbaix dia-
gram for Se-H,O system (Supplementary Fig. 20), it can be observed
that Se predominantly exists in the form of elemental solid or high-
valent oxide solid within the potential range associated with the
2-electron ORR, suggesting that Se element in the amorphous shell can
theoretically maintain stable presence during the reaction. Further-
more, the structural characterizations of the spent Se,—Pt NPs further
confirm the excellent corrosion resistance of the core-shell structure
under harsh conditions (Supplementary Figs. 21-23).
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Fig. 3 | Electrocatalytic 2e” ORR performance of Se-Pt NPs under acidic elec-
trolytes. a RRDE voltammograms at 1600 rpm in O,-saturated 0.1 M HCIO, with the
ring current (dashed lines) and disk current (solid lines) for C support, Pt NPs, and
Se-Pt NPs with different shell thicknesses (without iR corrected) (scan rate:

10 mVs™, loading amount: 3 pgp; O, flow rate: 10 mL min™’; temperature: 25 °C).
b Values of the selectivity (%) calculated from the RRDE polarization curves. The
shaded area represents the error bar derived from three independent measure-
ments. ¢ The comparison of the selectivity values of Se,~Pt NPs in different
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30 40 50 60 Pt NPs
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electrolytes and the reported electrocatalysts. d Schematic illustration of an ideal
catalyst surface that inhibit the disproportionation reaction and electrochemical
reduction reaction. e electrochemical reduction reaction studied by following a
similar method for ORR test but using a degassed 0.1 M HCIO,4 containing 10 mM
H,0, and (f) disproportionation reaction measured by adding 10 mg catalysts into
10 mM H,0, aqueous solution at room temperature. g The photo taken after
adding 10 mg Pt NPs and Se,-Pt NPs into 10 mM H,0, aqueous solution at room
temperature.

Inspired by the promising catalytic performance and suppressed
H,0, decomposition reactions of Se,—Pt NPs, we further incorporated
the catalyst into practical flow cell reactor to continuously produce
H,0, in acids at high current density and volume (Fig. 4a). Figure 4b
and Supplementary Fig. 24 show the typical components and parts of a
flow cell device with the Pt mesh as anode electrode, Se,—Pt NPs coated
gas diffusion layer as cathode electrode, and Nafion 211 membrane for
proton transport and elimination of gas crossover. The operational
conditions (such as working temperature, liquid flow rate, and elec-
trolyte environment and volume) for electrosynthesis of H,0, in flow
cell reactor are summarized in the insets of Fig. 4c. The polarization
curve collected at a high current density of 250 mA cm? under a con-
tinuous O, flow exhibits a steady state, indicating the potential of Se,—
Pt NPs for practical application at operational conditions (Fig. 4c).
Furthermore, it can be observed from Fig. 4d that the corresponding
H,0, concentration gradually increases as the time progressing, and
the calculated Faradaic efficiency (FE) maintains high level with ~90%
along the process (Supplementary Fig. 25). After operating at
250 mA cm2 for 400 h, the accumulated H,0, concentration reaches
3328.2mmol L™ and corresponding FE remains at 89.2%, which are

well-placed among previously reported catalysts in acidic media
(Table S5) and also suggesting possibility in practical applications®’*.
As a proof of concept, the degradation experiments using Se,—Pt NPs
as the electrode were performed. Figure 4e-g show that the degra-
dation of organic pollutants including methylene blue, malachite
green, and rhodamine B solutions is achieved, demonstrating the
applicability in organic wastewater treatment.

To investigate the correlation between the 2e~ ORR performance
and the thickness of amorphous shell, detailed characterizations and
discussions have been provided to understand the mechanism. As
discussed above (Fig. 2m), Pt atoms on the surface will exhibited as
isolated sites with the insertion of Se atoms****2, This transformation
of the Pt sites leads to the change of O, adsorption mode from “side-
on” to “end-on”, which can hinder the cleavage of 0-O bond such that
H,0, can be preferentially formed (Supplementary Fig. 26)****. How-
ever, the aforementioned results partly explain the reason why Se,—Pt
NPs show a relatively dominant 4e~ pathway while the thicker amor-
phous shell (Se,-Pt NPs and Ses—Pt NPs) prefer a 2e” pathway. On the
basis of formed isolated Pt sites, it should be noteworthy that the
thicker amorphous shell causes relatively poor 2e~ ORR performance
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conditions, respectively. (mass loading: 0.2 mgp, cm™%; O, flow rate: 10 mL min’™;
temperature: 25 °C) (d) H,O, production and corresponding Faradaic efficiency of
H,0, of Se,—Pt NPs tested in the flow cell reactor with the increase of time. The UV-
vis spectra and photographs of (e) methylene blue (MB), (f) malachite green (MG),
and (g) rhodamine B (RB) solutions before and after degradation.

(Fig. 3a, b). An ideal catalyst for 2e” ORR should not only suppress the
0-0 bond cleavage in *OOH (the key intermediate during ORR) but
also possess suitable binding strength toward *OOH’*. For pure Pt
nanomaterials, which bind the *OOH intermediate relatively too
strongly, it is therefore essential to lower the binding strength for the
subsequent reactions. With the formation of appropriate shell thick-
ness (Se,—Pt NPs), the d-band center of surface Pt sites shifts negatively
because of the compressive strain, indicating the reduced binding
strength toward intermediates (Fig. 1a)*, which is beneficial for the
production of H,0, with respect to the pure Pt. In comparison, the
surface active sites on Se;-Pt NPs with an excessively thick shell
thickness are under weaker strain effect (Fig. 1b), leading to the posi-
tive shift of the d-band center and enhancing the binding strength with
the intermediate®®.

The density functional theory (DFT) calculation was then con-
ducted to gain deeper understanding of the influence of selenization
degree on the catalytic performance and selectivity. Systematic DFT
calculations have demonstrated that the incorporation of Se atoms
induces surface amorphization of Pt NPs, with a thicker amorphous Pt—
Se shell formed as the amount of Se introduced increases (Supple-
mentary Fig. 27). The structural evolution agrees well with the results
observed in the experiment. The calculated total density of states

(TDOS) and projected density of states (PDOS), as depicted in
Fig. 5a, b, reveal the metallic nature of all four catalysts with excellent
electronic conductivity, a crucial factor for facilitating rapid charge
transfer and promoting the ORR. Furthermore, the orbital overlap and
hybridization between catalysts and intermediates demonstrate the
effective charge transfer and formation of bonding interactions. The
free energy diagrams of ORR on four contrastive catalysts at selected
potentials are shown in Supplementary Fig. 28 and Tables S6, S7. It can
be inferred that both Pt NP and Se,—Pt NPs exhibit a 4e” pathway, as
*O*OH tends to dissociate due to the presence of continuous active
sites. Conversely, Se,-Pt NPs and Se;—Pt NPs with increased Se content
display isolated Pt sites on their surface. Consequently, O, is adsorbed
in end-on mode where the O-O bond is less prone to breakage,
resulting in the formation of H,0,. In addition, from the perspective of
reaction kinetics, the CI-NEB method is used to search for the transi-
tion states for the key elementary step (*fOOH > H,0,/*O + H,0). As a
benchmark, the continuous Pt/Au sites in pure Pt/Au surface were
demonstrated to follow the 4e~ pathway via the structural optimization
and kinetic barrier analysis (Supplementary Fig. 29 and Table S8).
Based on the calculated results in Fig. 5¢ and Supplementary
Figs. 28-30, it can be inferred that the reaction barriers for 2e (4e")
pathway on Se,—Pt NPs and Se;-Pt NPs are determined to be 0.42 (0.91)
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Fig. 5 | Theoretical calculation and mechanism investigation of Se-Pt NPs in
acidic 2e” ORR. a, b Density of states of OOH adsorbed on Pt, Se;-Pt, Se,~Pt, and
Ses-Pt. ¢ The 2e7/4e” ORR path and corresponding energy barriers for Se,-Pt and
Ses-Pt. d The planar-average-potential along with differential charge density at the
interface between amorphous Pt-Se shell and crystalline Pt core with the adsorp-
tion of OOH intermediate (cyan and yellow represent charge depletion and

Surface of Se,—Pt NPs

accumulation, respectively). The planar-average-potential along with differential
charge density distribution on (e) OOH intermediate, and (f) active-site Pt atoms
with OOH intermediate. g The d-band centers of the active-site Pt atoms in various
catalysts. h Schematic illustration of the reaction mechanism on the surface of Pt
NPs and Se,—Pt NPs.

eVand 0.79 (2.06) eV, respectively. The barriers of the 2e” pathway are
significantly lower than those of the 4e~ pathway in both catalysts,
indicating that the former is the predominant process. Furthermore,
the barrier for the 2e~ pathway on Se,—Pt NPs is even smaller compared
to that on Ses-Pt NPs, thereby demonstrating superior catalytic per-
formance of Se,-Pt NPs in H,O, production.

More importantly, in order to gain insights into the strain effect
caused by selenization on the activity, we performed in-depth elec-
tronic structure analysis on the catalysts, intermediates, and active
sites from different perspectives by using different characterization
tools. The charge density distribution on different objects studied at
the interface between amorphous Pt-Se shell and crystalline Pt core is
illustrated in Fig. 5d-f and Supplementary Fig. 31. Specifically, the
optimal state of charge transfer between the interface and the active-
site Pt atoms is achieved when an appropriately thick amorphous shell
is formed, which plays a significant role in activating oxygen-
containing intermediates. However, as the thickness of the Pt-Se

amorphous shell increases, the influence of interface charge transfer
gradually diminishes. We then further calculated the d-band centers of
the active-site Pt atoms to elucidate the impact of the various interface
on the surface-active sites (Fig. 5g). It can be concluded that the d-band
center of the active-site Pt atoms follows the order g4(Pt) > £4(Se;—
Pt) > £4(Se3-Pt) > £4(Sex-Pt), highlighting the crucial influence of
amorphous shell thickness, which aligns with experimental observa-
tions. Therefore, with the increase of selenium content, amorphous Pt—
Se shells are formed and the corresponding strain effects are gener-
ated. The appropriate shell thickness induces optimized charge
transfer and d-band center of the surface Pt sites owing to the stron-
gest interaction between the amorphous shell and crystalline core.In a
nutshell, with the detailed experimental evidence and analyses, it can
be concluded that the active and selective 2e- ORR performance of
Se,—Pt NPs is derived from the construction of amorphous Pt-Se shell
with appropriate thickness, which leads to the formation of isolated Pt
sites and downshift of d-band center, thereby changing the O,
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Fig. 6 | The universality of selenization induced straining and phasing on
boosting the 2e- ORR performance. a XRD patterns of different catalysts before
and after selenization. Insets are the corresponding surface structural evolution
before and after selenization. b, ¢ RRDE voltammograms in O,-saturated 0.1M
HCIO, for catalysts before and after selenization of (b) Pd NPs and Se-Pd NPs, (c)

commercial Pt/C and Se-commercial Pt/C (without iR corrected). d Comparison of
the selectivity (%) and (e) average transferred electrons (n) calculated from the
RRDE polarization curves of catalysts before and after selenization. The shaded
area represents the error bar derived from three independent measurements.

adsorption mode and decreasing the binding strength toward
"OOH (Fig. 5h).

To explore the universality of selenization induced straining and
phasing in improving the 2e- ORR performance, we then extended
other nanomaterials and investigated their electrocatalytic perfor-
mance under the same catalytic conditions. As shown in Fig. 6a and
Supplementary Fig. 32, in comparison with Pd NPs, the selenated Pd
NPs exhibit the characteristics of the formation of amorphous shell,
indicating the successful construction of the structure consisting of
crystalline core and amorphous shell (Se-Pd NPs). Interestingly, the
Se-Pd NPs show a dominant 2e™ reduction pathway with significantly
improved ring currents compared to that of Pd NPs (Fig. 6b). Fur-
thermore, this strategy is general and can be even extended to com-
mercial catalysts (commercial Pt/C and commercial Pd/C) (Fig. 6a and
Supplementary Fig. 33). Figure 6c and Supplementary Fig. 34
demonstrate that the construction of amorphous shell can sig-
nificantly modulate the reduction pathway of commercial catalysts.
Specifically, the Se-Pd NPs show remarkably enhancement of H,0,%
over 80% between 0.15 and 0.47 V (vs. RHE) compared to Pd NPs with
~0%, and the Se-Commercial Pt/C and Se-Commercial Pd/C also
exhibit obviously improvement in H,0,% form -0% to ~55% and ~7% to
~67% (Fig. 6d and Supplementary Fig. 35a). Moreover, based on the
statistical results (Fig. 6e and Supplementary Fig. 35b), it can be
inferred that the construction of core-shell structure transforms the
nanomaterials from a primary 4e™ reaction pathway catalyst to a cat-
alyst dominated by 2e” pathway, demonstrating its regulation toward
ORR pathway and the universality of selenization induced straining
and phasing.

Discussion

In summary, we have demonstrated that the strategy of selenization
induced straining and phasing on noble metal nanomaterials can
enhance the reduction of O, toward H,0, with high activity and
selectivity in acidic media. The optimized Se,-Pt NPs composed of
crystalline Pt core and amorphous Pt-Se shell exhibit pronounced

enhancements in H,0, selectivity, production rate, and inhibition of
side reactions. Impressively, Se,—Pt NPs exhibit high H,O, selectivity
over 95% under various acidic electrolytes and significantly inhibited
electrochemical reduction reaction and disproportionation reaction.
Significantly, when employed in a flow cell reactor, Se,—Pt NPs present
long-term stability (400 h) under 250 mA cm? to reach high H,0,
concentration of 113.2 g L™ with production rate of 4160.3 mmol g, *
hL, With the detailed experimental proofs, it can be concluded that the
formation of amorphous Pt-Se shell transforms Pt atoms into isolated
sites, which adsorbs O, in the desirable “end-on” way, and the strain
generated between the crystalline core and amorphous shell leads to
the surface sites with weakened binding strength toward ‘OOH, thus
finally making it more conducive to the production of H,O,. Moreover,
the selenization induced straining and phasing is general and readily
applicable to other noble metals for tuning ORR with 2e~ pathway. This
universality of selenization induced straining and phasing in improving
electrocatalytic activity is of great significance for designing highly
efficient and selective metal-based nanomaterials toward acidic H,O,
electrosynthesis and beyond in sustainable energy applications.

Methods

Chemicals

Platinum (1) acetylacetonate (Pt(acac),, 99%), palladium (II) acet-
ylacetonate (Pd(acac),, 99%), ascorbic acid (AA, C¢HgOg, reagent
grade, 99.0%), Nafion (5%) and commercial Pd/C (10 wt% Pd) were
purchased from Sigma-Aldrich. Polyvinylpyrrolidone (PVP, K58) was
purchased from Energy Chemistry. Selenous acid (H,SeO3, >95.0%),
ethylene glycol (EG, C;HgO,, >99.7%), ethanol (C,HgO, analytical
reagent, >99.7%), acetone (C3HgO, analytical reagent, >99.5%), iso-
propanol (C3HgO, analytical reagent, >99.7%), trichloromethane
(CHCl3, analytical reagent, >99.0%), perchloric acid (HCIO,, analytical
reagent, 70.0 to 72.0%), and sulfuric acid (H,SO,4, analytical reagent,
95.0 to 98.0%) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Commercial Pt/C (20 wt% Pt) was purchased
from Johnson Matthey (JM) Corporation. All the chemicals were used
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as received without further purification. The water (18 MQ cm™) used
in all experiments was prepared by passing through an ultra-pure
purification system (Aqua Solutions).

Preparation of Pt NPs and Pd NPs

In a typical synthesis of Pt NPs, 9.8 mg Pt(acac),, 36.0 mg AA, 20.0 mg
PVP, and 10.0 mL EG were added into a glass vial (volume: 30 mL). The
mixture in the capped vial was ultrasonicated for 1h. After that, the
homogeneous mixture was then heated from room temperature to
180 °C and maintained at 180 °C for 3 h in an oil bath. After cooling to
room temperature, the products were washed with ethanol/acetone
mixture and then collected by centrifugation. The synthetic proce-
dures for Pd NPs are the same as that of Pt NPs except for changing
9.8 mg Pt(acac), with 7.6 mg Pd(acac),.

Preparation of Se-Pt NPs with different shell thicknesses

In a typical synthesis of Se-Pt NPs with different shell thicknesses, a
certain amount of H,SeO3 is dispersed in EG to form a solution with an
H,SeOj3 concentration of 2 mg/mL, and then 65 pL, 320 pL, and 800 pL
solution were introduced into the above Pt NPs solution that has been
cooled down. The above mixture was heated from room temperature
to 140 °C and maintained at 140 °C for 2 h in an oil bath for the pre-
paration of Se;—Pt NPs, Se,—Pt NPs, and Ses—Pt NPs, respectively. After
cooling to room temperature, the products were washed with ethanol/
acetone mixture and then collected by centrifugation.

Preparation of Se-Pd NPs, Se-commercial Pt/C, and Se-
commercial Pd/C

In a typical synthesis of the Se-Pd NPs, 320 pL of the EG solution
(H,SeO5 concentration: 2 mg/mL) was added into the above Pd NPs
solution that has been cooled down. The mixture was then heated
from room temperature to 140 °C and maintained at 140 °C for 2 h in
an oil bath. After cooling to room temperature, the products were
washed with ethanol/acetone mixture and then collected by cen-
trifugation. The synthetic procedures for Se-commercial Pt/C and
Se—commercial Pd/C are the same as that of Se-Pd NPs.

Preparation of supported catalysts

9.8 mg carbon black (VXC-72) and 3 mL trichloromethane were added
into a 30 mL vial. After that, as-prepared nanomaterials dispersed in
2 mL ethanol/ trichloromethane (v:v = 1:1) solution were mixed with the
above mixture under ultrasonicated for 1h. Afterwards, the products
were washed with acetone via centrifugation and then dried under
ambient conditions.

Preparation of acidic electrolytes

In the preparation of 0.1M and 0.5M HCIO, solution, 3.95mL and
19.75 mL HCIO, were diluted to a volume of 0.5L, respectively. For
0.1Mand 0.5 M H,SOy, solution, 2.72 mL and 13.60 mL were diluted to a
volume of 0.5L, respectively. The obtained acidic electrolytes were
placed in a dry, shady, and well-ventilated place for further utilization.

Characterization

Transmission electron microscopy (TEM) was conducted on a JEM-
1400 transmission electron microscope at an accelerating voltage of
100 kV. High-resolution TEM (HRTEM) and high-angle annular dark-
field scanning TEM (HAADF-STEM) were conducted on FEI Tecnai F30
transmission electron microscope at an accelerating voltage of 300 kV.
Low-resolution EDX was performed on a scanning electron micro-
scope (SEM, ZEISS Sigma 300). X-ray diffraction (XRD) patterns were
collected on the Ultima-IV diffractometer with a Cu Ka X-ray source
(A=1.540598 A). X-ray photoelectron spectroscopy (XPS) was carried
out on a Thermo Scientific XPS Spectrometer (ESCALAB 250 XI). The
carbon peak at 284.8 eV was used as a reference to correct for charging
effects. The loading amount of Pt was determined by the inductively

coupled plasma atomic emission spectroscopy (ICAP 7000, Thermo-
Fisher, USA). Low-energy ion scattering (LEIS) was performed on Qtac-
100 LEISS-XPS. X-ray absorption spectra (XAS) data at Pt L-edge were
collected at the TPS-44A beamline of the National Synchrotron
Radiation Research Center (NSRRC, Hsinchu, Taiwan). Data were pro-
cessed according to standard procedures using the Demeter program
package (Version 0.9.24)%.

Strain analysis around the boundary of crystalline core and
amorphous shell

The geometric phase analysis method is used for quantifying dis-
placements and strain fields at atomic resolution, which is based on the
reciprocal space of the HRTEM image and ER-C plugin in DigitalMi-
crograph software. The diffraction spots we choose were (0—22) and
(20—2) along the face-centered cubic zone [111] axis to obtain the
strain distribution via the ¢, field.

Electrochemical measurements

The ORR measurements were performed by using a rotating ring-disk
electrode (RRDE; Pine Research Instrumentation; disk diameter,
5.61mm, disk area, 0.2475cm? ring inner diameter, 6.25mm, ring
outer diameter, 7.92 mm, ring area, 0.1866 cm?) connected to the
installation of rotating electrode speed control (Pine Research Instru-
mentation, model: AFMSRCE) and CHI660 electrochemical station
(Chenhua, Shanghai). The raw test data was acquired directly and
further processed in the subsequent charting process. The catalysts
were dispersed in the mixture containing isopropanol and Nafion (5%)
(v:v=1:0.005) to form the homogeneous catalyst ink by sonicating for
30 min. The concentration of Pd was controlled to be 0.6 mgpq/p, mL™
based on ICP-AES measurement. 5 pL catalysts ink was dropped on the
glassy carbon disk of RRDE and the corresponding mass of Pt was
estimated to be 3 pg. A saturated calomel electrode (SCE) was used as
the reference electrode, and a graphite rod was used as the counter
electrode. The activity and selectivity for electrosynthesis of H,0,
were conducted in O,-saturated acidic solutions (0.1M HCIO,4, 0.1M
H,S0,, 0.5 M HCIO,4, 0.5 M H,SO,) at the scan rate of 10 mV s from 0.0
to 1.0V (vs. RHE) with a rotation rate of 1600 rpm for independent
measurements three times (without iR corrected). In the ORR polar-
ization curves, the current densities were normalized to the geometric
area of the electrode area. The potential applied to the Pt ring of RRDE
is 1.2V (vs RHE) during the entire testing process to oxidize the pro-
duced H,0, from the disk electrode. The H,0, selectivity of the cata-
lyst on RRDE was calculated based on the current of the disk electrode
and ring electrode (Eq. 1).

(Ir=N)

Sel (%) =200 x Trem+id

@

Where I, 4, and N represent the ring current, the disk current, and the
collection efficiency (0.330 after calibration), respectively. The num-
ber of transferred electrons (n) at the disk electrode during the oxygen
reduction process was calculated with (Eq. 2)

Id

=GN TId

@

Electrosynthesis of H,0, in practical conditions was evaluated using a
flow cell reactor. The resistance value was measured to be 1.9+ 0.1 Q
through iR compensation in CHI660 electrochemical station (Chen-
hua, Shanghai). The Se,-Pt NPs catalyst (1mg, 20wt% Pt) were
homogeneously mixed with 1000 L ethanol and 30 L of 5 wt.% Nafion
by ultrasonicating for 0.5 h. Afterward, the obtained catalyst ink was
pipetted onto the carbon paper (1x1cm?, Pt loading: 0.2 mgp, cm™)
and dried under ambient conditions as the working electrode in the
flow cell device. A saturated calomel electrode (SCE) and a platinum
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mesh were used as reference electrode and counter electrode,
respectively. The Nafion 211 membrane (thickness: 183 um, size:
1.5x1.5cm? was used to separate the chambers. The Nafion 211
membrane was first treated in a 5% H,0O, solution at 80°C for 1h,
followed by a soaking in deionized water for 0.5 h. Then, it was treated
in a 5% dilute H,SO, solution at 80 °C for 1h, followed by another
soaking in deionized water with 0.5 h for further use. The cathode and
anode compartments were filled with 0.1M HCIO, (500 mL). After
introducing the continuous O, flow into the reactor, the production
rate and stability of the catalyst were tested at a constant current of
250 mA cm™. H,0, concentration was quantified by cerium sulfate
titration based colorimetric method’, and the amount of H,0, can be
calculated as half of the consumed Ce* (1 Ce* -~ 1/2 H,0,). The con-
centrations of Ce*" before and after the reaction were determined by
ultraviolet-visible spectroscopy at a wavelength of 316 nm (Eq. 3).

H,0,+2Ce** — 2Ce**2H" +0, 3)

The 1.0 mmol L™ Ce*" standard solutions were obtained by dissolving
33.2mg Ce(SO4), in 100 mL 0.5M H,SO,. The produced H,0, can be
acquired through mixing the sample solution with the standard Ce**
solution for calculating the consumed Ce*". The produced H,0,, Far-
adaic efficiency (FE), and H,0, concentration were calculated as fol-
lows (Eqgs. 4-6):

(CCe“ , before chnsumed cet* ) —(Ceet+ Jafter * (Vconsumed cett V removed electmlyte))

Ch,0,(MM) =

2x Vremoued electrolyte
@
FE= CHZOZ X Vtotal electrolyte X2x96485 (5)
Q
_1\ _ CH,0, X34
pu0,(8L7) = 550 ©

Where Cpzo2 is the molarity of generated H,0,, Ccesrpefore is the
molarity of the Ce*" standard solution before test, Ccesrafier is the
molarity of the Ce** solution after test, Vonsumea ces+ iS the volume of
the standard Ce*" solution, Viemoved etectromee i the volume of the
removed electrolyte for test, Vipar etectronee is the total electrolyte
volume, and Q is the amount of charge during the test.

DFT calculations

Spin-polarized density functional theory (DFT) computations are
performed for the present systems (pure Pt and different degrees of
selenization Pt-Se core-shell nanoparticles) based on Vienna ab initio
simulation package (VASP)*'. The generalized gradient approximation
(GGA) in the form of Perdew-Burke-Ernzerhof (PBE) functional is
employed for the exchange -correlation interactions between
electrons*®. The projector-augmented wave (PAW) method is used to
describe the interactions between ions and electrons®. A dispersion
correction using the DFT-D3 method is used to describe the van der
Waals (vdW) interactions®. The construction of the structural model
for calculation is as follows. First, a 2 x 2 x 2 supercell is constructed
from the face-centered cubic platinum, then a 6-layer slab model Pt
(111) (96 atoms) is established with a vacuum layer of about 15A to
avoid the interactions between adjacent layers. Through relatively
reducing Pt atoms and increasing Se atoms in the first few layers (one
to four) of 6-layer slab model Pt(111), the Pt-Se core-shell structural
models with different degrees of selenization (Se;—Pt, Se,-Pt, and Ses—
Pt) corresponding to different experimental samples can be obtained.
All the structures are fully relaxed. The plane wave cutoff energy is set
to 450 eV. The convergence thresholds in all structure relaxation cal-
culations are 0.02eV/A and 10° eV for the force and energy,

respectively. The k-points are set to 3x3x1 and 6x6x1 with I'-
centered Monkhorst-Pack grids for geometry optimization and elec-
tronic structure calculations (DOS, charge, etc), respectively. The
Bader charge and charge density difference are employed to obtain
the information of charge transfer, charge redistribution and analyze
the bonding interactions between the intermediates and active sites,
the isosurface level of the charge plots is set to 0.0026 e/A>

The Gibbs free energy change (AG) for each elementary step is
calculated by the following equation based on the computational
hydrogen electrode (CHE) model* (Eq. 7):

AG = AE + AEzp; — TAS + / C,dT+AGy +AGy, @)

where AE is the energy change based on DFT calculations, AEzp is the
zero-point energy difference. TAS (T=298.15K) and [C,dT are the
contribution of entropy and enthalpy, respectively. AGy = neU, where
n is the number of electrons involved in reaction and U is the applied
electrode potential. AGy represent the free energy correction of pH.
The elementary step with the maximum free energy change is defined
as the potential-determining step (PDS) of the reaction (AGpps).

In order to obtain kinetic information of the reaction and com-
petitive selectivity between different reaction pathways, climbing-
image nudged elastic band (CI-NEB)** method is used to identify the
transition state and estimate the kinetic barrier in the reaction path-
way. Six images are interpolated between the initial state and the final
state to determine the minimum energy barrier. The minimum energy
path was optimized using the force-based conjugate-gradient method
until the total energy and force threshold are less than 1x107 eV and
0.05 eV/A, respectively. The original data of computational models are
provided in Supplementary data 1.

Data availability

All data supporting the findings of this study are available in the main
text or Supplementary Information. Source data are provided with
this paper.
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