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For the generation of hydrogen peroxide (H203), a robust electrocatalyst with high activity, selectivity and
stability under pH-universal conditions is a formidable challenge. Herein, Pd4Se nanoparticles (NPs) have been
proposed as a highly active, selective and durable electrocatalyst for H,O, production over a wide pH range for
the first time. In particular, the Pd4Se NPs show superior H,O2 production selectivities of 93.5%, 89.7%, and
86.7% in 0.1 M HClOy4, 0.1 M KCI and 0.1 M KOH electrolytes, respectively. Density functional theory (DFT)
calculations reveal that Se incorporation prevents the O—O early-cleavage issue by suppressing the excessive
electronegativity of the Pd sites. In addition, a strong p-d repulsive correlation shifts the Pd-4d band towards the
electron-depleting centre, allowing near-barrier-free electron transfer and facilitating [OOH'] stabilization.
Owing to a high energy barrier of the dissociation of [OOH], the four-electrons oxygen reduction pathway is
significantly suppressed for high HyO3 selectivity. The Pd4Se NPs are also highly stable, with only a 2.4%, 9.6%
and 3.4% decrease for Hy0 selectivity in 0.1 M HClO4, 0.1 M KCl and 0.1 M KOH electrolytes, respectively, after
5000 cycles, which shows that these NPs are a unique and robust Pd-based electrocatalyst for HyO» generation
under pH-universal conditions.

which ideally resolves many of the deficiencies related to the indirect
anthraquinone process. [8,9] Nevertheless, due to the potential explo-

1. Introduction

Hydrogen peroxide (H205) is a multifunctional and environmentally
friendly oxidant, which has been extensively applied in industry, med-
icine, environmental protection, etc. [1-5] At present, the industrial
production of Hy05 is via the hydrogenation by Hy and subsequent
oxidation with O, using anthraquinone as substrate in the organic sol-
vent system. [6,7] As the state-of-the-art large-scale production tech-
nology, this process still needs to face serious sustainability challenges,
such as safety issues, the costs of transportation and storage due to the
instability of HoO», the use of large amounts of organic solvents and the
handling of industrial wastes. The direct synthesis of HyO5 starting from
Hy and O, with the existence of catalysts offers a more efficient route,
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sive hazard from the mixture of Hy and O, safety concerns also hinder
their practical applications. Therefore, it is still of great desire to develop
a more direct, efficient, and economical HoO production method. [10,
11].

Recently, an electrochemical strategy using oxygen reduction has
gained substantial interest because it effectively addresses the issues
related to both the indirect anthraquinone method and direct synthetic
processes. [12-14] Regarding the oxygen reduction reaction (ORR), the
studies are mainly focused on finding an ideal catalyst for the selective
reduction of Oy to HyoOy through a 2e” reduction pathway from both
experimental and theoretical investigations. [15-22,48,49] Recently,
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noble metals and their alloys (Pt-Hg, [23] Pd-Au, [24] and Pd-Hg [25])
have been readily used as catalysts for the production of HyOj. For
example, Rossmeisl’s group has screened out new alloy electrocatalysts
through DFT calculations and obtained the best *OOH (adsorbed in-
termediate for HyO, production) binding values by isolating the active
site in reactive metals (i.e., Pt and Pd) with inactive Hg and, finally, high
selectivity towards Hy0, production is achieved in 0.1 M HClO4. [23]
Amal’s group have successfully established Au-Ni and Au-Pt-Ni core--
shell nanorods electrocatalysts by using Au nanorods with high-index
facets as the substrate, which showed relatively high performance to-
ward the synthesis of HyO, in 0.1 M KOH. [26] Carbon-based materials
are another class of catalysts that have been intensively studied for HyO,
electrosynthesis, this kind of electrocatalyst typically possesses a rela-
tively high specific surface area, efficient mass transfer properties, and
special active sites for oxygen activation. [27] However, the further
application of the carbon-based catalysts is hindered by the low effi-
ciency as well as poor stability under harsh environments. [28] Despite
the continuous progress of the electrocatalysts for the production of
H>03, most of them solely function in a single electrolyte. Although a
rapidly increasing body of research has been devoted to the electro-
catalysis of HpO,, the wider pH approach is still very limited yet. It is
highly desirable yet challenging to explore robust catalysts that work
under pH conditions.

Compared to the metal alloys, the selection of noble metal-based
chalcogenide shows advantages of the high abundance, low cost, and
equivalent catalytic activity, indicating their high possibility in future
applications for HyO, production. In particular, the semi-metal nature of
Se shows higher electroactivity than S, indicating the untapped potential
in Hy0; production. Herein, we report a facile wet-chemical approach to
synthesize highly monodisperse Pd4Se nanoparticles (NPs), which is
innovatively adopted for use as efficient electrocatalysts for highly se-
lective HyO, generation under pH-universal conditions. Compared to
the commercial Pd/C and Pd NPs catalysts, Pd4Se NPs exhibit a signif-
icant increase in oxygen reduction selectivity towards H,O5 production
of 93.5%, 89.7%, and 86.7% between 0.2 and 0.45 V (vs. RHE) in 0.1 M
HClO4, in 0.1 M KCl and 0.1 M KOH electrolytes, respectively. The HyO,
generated among the chronoamperometric confirmed the excellent
H20; productivity in the different electrolytes. While the superior ac-
tivity for HoO5 production at pH-universal conditions is ascribed to the
high electron density of the isolated Pd atoms, the Se atoms at the sur-
face of the NPs are believed to influence the properties of Pd, resulting in
the enhanced selectivity of the Pd4Se NPs. DFT calculations reveal that
Se-incorporation correlates with strong p-d repulsion that shifts the Pd-
4d band towards the electron-depleting centre, enabling near-barrier-
free electron transfer and facilitating [OOHT] stabilization. The
surface-engineered Pd substantially suppresses the HER and optimally
mismatches the (O—0)— 2p band to allow for excellent serial proton-
ation, which collectively results in efficient HoO4 synthesis. The Pd4Se
NPs also show excellent durability with limited HyO5 selectivity de-
creases in 0.1 M HClO4, 0.1 M KCl and 0.1 M KOH electrolytes after 5000
cycles.

2. Results and discussion
2.1. Crystal structure of PdsSe NPs

The 2e” reduction reaction only involves two single-proton-coupled
electron transfers (O + * + H" + ¢ - OOH*, OOH* + H" + ¢ —
H20; + *) and generates an HOO* intermediate during the ORR process.
Thus, if it ensured that OOH* is the only intermediate then Hy05 is
selectively formed. Hence, the selectivity and activity of the catalyst not
only depend on the binding energy of reaction intermediates but are also
determined by the binding behaviour that is affected by the electronic
structures of the catalyst. Recent theoretical studies have noted that the
selectivity of HyO, generation can be determined by adsorbing O,
directly onto the surface of the isolated active metal during the ORR
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process. As shown in Fig. 1la, Pd4Se NPs crystallizes in a tetragonal
symmetry with the space group P-421c (114). The projected unit cell is
composed of a periodic square array of pure Se columns surrounded by
Pd columns at the corners of each unit cell. Correspondingly, there are
two non-equivalent Se-Pd metallic bonds in the periodic square array,
characterized by a slightly shorter Se-Pd distance (2.497 A) and longer
Se-Pd distance (2.539 A) (Fig. 1b). As shown in Fig. 1c, the X-ray
diffraction (XRD) pattern is consistent with the simulated pattern of
single-crystal Pd4Se. The Raman spectrum of Pd4Se is presented in
Fig. 1d, and the spectrum reveals bands at 136, 168, 232 and 271 em’,
which correspond to Pd4Se. [29] Thus, this arrangement is conducive to
the “end-on” adsorption of Oy, thereby increasing the selectivity of Hy05
production. In contrast, due to the presence of adjacent Pd-Pd metallic
bonds in the unit cell (Fig. 1e,f), Oy adsorption is mainly "side-on" rather
than "end-on" on the surface of metals with adjacent active sites, thus
reducing the selectivity of HyO, production, being consistent with direct
synthesis energy evolution on Pd NPs (Supplementary Figure 1-5 and
Table 1).

2.2. Synthesis and characterization of the Pd;Se NPs

The promising Pd4Se NPs were synthesized by the simultaneous
reduction of palladium(II) bromide (PdBrp) and dibenzyl diselenide
(C14H14Sep) by using oleylamine as both the solvent and surfactant and
ascorbic acid (AA) as the reducing agent (see more details in the
Experimental Section). It is significant to screen the kinds of Pd-
precursor for the fine control of Pd4Se NPs. In comparison, using other
Pd-precursors only results in the products with irregular shape and
uniformity (Supplementary Figure 6). Fig. 1g and Supplementary
Figure 7a show high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and TEM images of the obtained
Pd4Se NPs. According to Supplementary Figure 7, the products are
composed of uniform spherical NPs, where the nanoparticles are uni-
formly monodispersed with an average size of 8.5 nm. The Pd/Se
composition is 64.3/35.7, as determined by scanning electron micro-
scopy energy-dispersive X-ray spectroscopy (SEM-EDS, Supplementary
Figure 7), which is in accordance with the inductively coupled plasma
atomic emission spectroscopy (ICP-AES) results. The X-ray diffraction
pattern of the Pd4Se NPs (Fig. 1c¢) possesses diffraction peaks at 31.7,
37.9, 40.2, and 41.8°, which are indexed to the (002), (201), (112), and
(211) diffractions of face-centered cubic (fcc) Pd4Se (JCPDS number
11-0498). As shown by the HRTEM image in Fig. 1h, the Pd4Se NPs
exhibit a high degree of crystallinity with a lattice spacing measured to
be 0.185 nm, which is in accordance with the value of the (220) plane of
Pd4Se. The alloyed feature of the structure was further evidenced by
HAADF-STEM elemental mapping analysis (Fig. 1i) and STEM-EELS line
scans (Supplementary Figure 7), where Pd and Se are seen to be
distributed evenly throughout the NPs.

2.3. X-ray absorption spectroscopy characterization of Pd4Se NPs

To further verify the formation of isolated Pd atoms in Pd4Se NPs/C,
X-ray absorption spectroscopy (XAS) techniques were employed to
evaluate the local coordination environment and chemical bonding of
Pd4Se NPs/C. The Pd foil and commercial Pd/C were used as references.
The Fourier transformation of the Pd K-edge EXAFS of Pd4Se NPs is
shown in Supplementary Figure 8a and further compared with that of Pd
foil and commercial Pd/C. Specifically, the peak in the commercial Pd/C
and Pd foil located at 2.52 A, indicating the presence of the Pd-Pd bond.
An obvious transition in the first shell bond length from 2.52 A to 2.12 A
indicates that the adjacent Pd-Pd bond is not formed in Pd4Se NPs/C
(Supplementary Figure 8b). In addition, the formation of atomically
dispersed Pd was further confirmed by the EXAFS wavelet transform
(WT) analysis. According to the Supplementary Figure 8c-d, the WT
analysis of Pd4Se NPs/C indicates that there is only one intensity
maximum locating at approximately 8.7 A1, which is attributed to the
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Fig. 1. Structural characterization of Pd4Se NPs and Pd NPs. (a) Crystal structure, (b) local ball-and-stick model, (c) XRD pattern (inset is the corresponding geo-
metric model for an individual Pd4Se NP), and (d) Raman spectrum of Pd4Se NPs. (e) Local fcc-Pd model and (f) XRD pattern (inset is corresponding geometric model
for an individual Pd NP) of the Pd NPs. (g) HAADF-STEM image, (h) HRTEM image, and (i) HAADF-STEM image and elemental mapping of the Pd4Se NPs.

coordination of Pd-Se. In contrast, the intensity maximum of Pd foil
exhibits a larger positive shift to 10.5 A due to the contribution from
the longer Pd-Pd distances. The above results give solid evidence for the
existence of the isolated Pd atoms in Pd4Se NPs/C.

2.4. Electrochemical performance toward H202 synthesis of the different
catalysts

The electrocatalytic performance of the obtained catalysts towards
the ORR was evaluated using the rotating ring-disk electrode (RRDE)
method. In order to conduct the electrocatalytic studies, the Pd4Se NPs
were deposited onto carbon support (C, Vulcan) and then annealed at
250 °C under H (see more details in the Experimental Section). Such
treatment endows the Pd4Se NPs to be distributed uniformly onto the
carbon support without essentially size or compositional changes as well
as guaranteed the removal of surface capping agents. (Supplementary
Figure 9 & Supplementary Figure 19). The ORR activity of the Pd4Se NPs
was evaluated by RRDE measurements in 0.1 M HClOg4. Fig. 2a,b show
the measured oxygen reduction reaction currents and HyO5 oxidation
currents at disk electrode (solid lines) and Pt ring electrode (dashed
lines) in 0.1 M HCIO4 electrolyte. The rotating ring-disk electrode was
employed to quantify the amount of HpO generated in which the ring

electrode was fixed at 1.2 V (vs. RHE) to oxidize the HoO; generated on
the disk electrode. It can be observed from the polarization curves that
the Pd4Se NPs exhibit a noticeable higher current density and signifi-
cantly lower overpotential (~53 mV lower at 1 mA cm™) compared to
those of Pd NPs, indicating that the Pd4Se NPs exhibit a higher activity
for Hy02 production. In addition to the high selectivity of Pd4Se NPs,
they also exhibit a remarkably higher HyO3 selectivity, where the Pd4Se
NPs produce HyO, with 93.5% selectivity, while the Pd NPs show a low
H20;, generation selectivity of 39.5% (Fig. 2c¢). This indicates that Pd4Se
NPs catalyse the ORR predominately through a 2e process (n = 2.2),
whereas Pd NPs (n = 3.2) enables a mixture of the 2e” and 4e” pathways
(Fig. 2d), successfully confirming the concept of using the O, adsorption
mode to adjust the activity and selectivity of a catalyst toward ORR.

2.5. Electrochemical selectivity, potential production, and durability of
Pd,Se NPs for H20O, synthesis under different pH conditions

The electrocatalytic performance of the obtained Pd4Se NPs in
various pH environments was then explored. In an acidic environment,
the Pd4Se NPs exhibit the highest selectivity, whereas a high selectivity
is also obtained in an alkaline solution and a neutral solution. To un-
derstand the surface properties and determine the electrochemical



C. Yang et al.

Nano Energy 89 (2021) 106480

a C
100
e — - PdNPs N
5 ° 75 -
£ 0.6 4 by
o £
< 2
50 -
E 0.4 4 E
[
) W‘Q’o
024~ ~ 25+
~
~
0.0 T = — 0 T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.3 0.4 0.5
b E /V vs.RHE d E /V vs.RHE
0 4.0
14
3.5 1
L) N
£ -2
o
I~ c 3.0
£,
2.5
4
'5 T T T 2-0 T T T
0.2 04 0.6 0.8 1.0 0.2 0.3 0.4 0.5
E /V vs.RHE E /V vs.RHE

Fig. 2. Electrocatalytic properties for the synthesis of H;O on different catalysts. H,O, detection currents at the (a) ring electrode (dashed lines) and polarization
curves at the (b) disk electrode (solid lines) for the different catalysts in a 0.1 M HClO4 electrolyte. Calculated (c) selectivities and (d) number of transferred electrons
for the different catalysts at different potentials in a 0.1 M HClO4. The colour scheme in (a) applies to (b-d).

surface areas (ECSA) of the catalyst, CO stripping experiments were
explored. As shown in Supplementary Figure 10, the anodic wave of Pd
NPs/C (Supplementary Figure 11-12) and Pd4Se NPs/C among the
range of about — 0.2-0 V in the first cycle was attributed to the oxida-
tion of CO adsorbed on Pd. Compared with Pd NPs/C, the smaller CO
adsorption peak of Pd4Se NPs/C indicates the presence of abundant Se
atoms on the surface of Pd4Se NPs/C. In addition, the CO adsorption
peak position of Pd4Se NPs/C (—0.10 V vs. SCE) appears at a higher
potential than that of Pd NPs/C (—0.12 V vs. SCE), revealing the lower
affinity for the *OH. The ECSA of the Pd4Se NPs and Pd NPs were
measured to be 24.6 and 51.2 m? g! based on the area of CO stripping.
The significant increment of the electron density in each local Pd site
caused by the electron transformation from Se to Pd clearly explains the
reason that the fewer Pd sites in Pd4Se exhibit higher electroactivity
than the Pd NPs. Fig. 3a,d,g shows the electrochemical results of various
catalysts in different electrolytes (0.1 M HClO4, 0.1 M KCI and 0.1 M
KOH). It is shown that the Pd4Se NPs exhibit noticeable ring current
densities in the different electrolytes compared to that of the Pd NPs and
Pd/C (Supplementary Figure 13), indicating that more H,O, was pro-
duced over the Pd4Se NPs. In addition, to quantitatively compare the
activities of the different catalysts, their selectivities and average elec-
tron transfer numbers (n) (Fig. 3b,c,e,f,h,i) were calculated at various
potentials in the different electrolytes. In all cases, the PdsSe NPs
exhibited the highest ORR selectivity among all the tested catalysts.
Specifically, at 0.4 V (vs. RHE), the selectivities and electron transferred
numbers of the Pd4Se NPs are 93.5% (2.2), 89.7% (2.2), and 86.7% (2.3)
in 0.1 M HCIOy4, 0.1 M KCl, and 0.1 M KOH, respectively, while the Pd
NPs and the commercial Pd/C show much lower selectivities and higher
electron transfer numbers (Supplementary Table 2). Besides the high
selectivity, Pd4Se NPs/C exhibits the optimized mass activity of 21.5A g

lpd at 0.65 V (vs. RHE) in 0.1 M HClOy4. In addition to common acidic
conditions, the Pd4Se NPs/C also exhibits superior ORR activity for HyO4
generation in neutral conditions (0.1 M KCl, 165.4 A g'lpd at 0.65 V vs.
RHE) and alkaline conditions (0.1 M KOH, 183.6 A g'lpd at 0.65 V vs.
RHE), which subverts the general viewpoint that precious metals based
electrocatalysts solely function in the single electrolyte. Finally,
although the reported carbon-based electrocatalysts display excellent
activity for ORR to Hy0> in neutral and alkaline conditions, their per-
formances in the acid condition still display the low Hy0; selectivity
with the high over-potential. Therefore, Pd4Se NPs/C achieves superior
performance for ORR to Hy05 under pH-universal conditions, which
exceeds most previously reported catalysts (Supplementary Table 3-6).

The Hy0; selectivity during the synthesis is also employed to eval-
uate the electrocatalytic performance of a catalyst, which needs to
measure the potential production of HyO5 in the catalysis process. The
amount of HpO5 generated in different electrolytes was detected by
using electrochemical H-cells. Fig. 4a shows the productivity of Pd4Se
NPs in an Og-saturated 0.1 M HCIO4 electrolyte, which is normalized
over the reaction time and produced at various potentials ranging from
0.2 to 0.3 V (vs. RHE). According to the results, the HyO2 productivity
increases with the applied potential becoming increasingly negative
over the investigated potential range. Furthermore, the production rate
of the catalyst increased linearly with the enhancement of time,
demonstrating continuous and stable HyO2 production. This stability in
H30, formation was further confirmed via the corresponding steady
reduction current, which was measured over 2h in a 0.1 M HClO4
electrolyte (Supplementary Figure 14). Additionally, the corresponding
H30; production rates were measured in 0.1 M KCl and 0.1 M KOH
electrolytes. The production rate of H,0; is significantly influenced by
the pH in electrolytes (Fig. 4d,g & Supplementary Table 7). HaO2
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Fig. 3. Electrochemical measurements of the different catalysts for HO, synthesis in different electrolytes. Polarization curves at the disk electrode (solid lines) and
simultaneous H,O, detection currents at the ring electrode (dashed lines) for (a) Pd4Se NPs, (d) Pd NPs and (g) Pd/C in different electrolytes. Calculated selectivities
and number of transferred electrons of (b, ¢) Pd4Se NPs, (e, f) Pd NPs and (h, i) Pd/C at various potentials in different electrolytes. The colour scheme in (a) applies to

(b-1).

productivity of 9.31 mmol L1 h'! is obtained in 0.1 M KOH at 0.2 V (vs.
RHE), which is 1.14 and 1.85 times higher than that in 0.1 M KCI and
HClO4 respectively, and is likely attributable to the different production
mechanisms of HyO, over Pd4Se NPs in different electrolytes. The cor-
responding Faradaic efficiency of Pd4Se NPs in the production elec-
trolysis was also presented (Supplementary Figure 15). The electrolyte
pH shows an impact on reactant (H,O or H'), the type of the peroxide
species (HOy™ or Hy05), and the consequent standard electrode poten-
tial of the reaction. The standard electrode potential in alkaline medium
(UgP¥H02- — 0,76 V vs. RHE, O, + Hy0 + 2e” — HOy + OH") is higher
than that in acid medium (UOOZ/ H202 _ 0.7 V vs. RHE, Oy + 2" + 2H"
— H305), indicating Hy0; is easier to form in alkaline electrolyte.

The ORR durability of the Pd4Se NPs was evaluated. To this end, the
ORR performance of the PdsSe NPs was studied before and after 5000
cycles stability test. According to Fig. 4b,e,h, the ORR polarization
curves of the Pd4Se NPs in different electrolytes exhibit minor changes
even after 500 sweeping cycles. As shown in Fig. 4c,f,i and Supple-
mentary Table 8, the Pd4Se NPs show only 2.4%, 9.6% and 3.4% loss in
the Hy02 production activity after the 5000-cycle durability tests in
0.1 M HClO4, 0.1 M KCI and 0.1 M KOH electrolytes, respectively.
Furthermore, the stability of electrocatalysts is evidenced by the Fara-
daic efficiency (Supplementary Figure 16). The electrocatalysts after the

stability test were also characterized by HRTEM, TEM and SEM-EDS,
where no obvious changes have been noted in the Pd4Se NPs after
5000 cycles (Supplementary Figure 17-18). Therefore, the Pd4Se NPs
not only exhibit excellent HyO2 production activity but also superior
durability.

2.6. Surface characterization of the Pd4Se NPs for H,02 synthesis

To understand the excellent activity and selectivity of Pd4Se NPs
toward H302 production, X-ray photoelectron spectroscopy (XPS)
measurement was then performed to study the surface of the Pd,Se NPs
(Fig. 5a,b & Supplementary Figure 19). The Pd XPS of the Pd4Se NPs
exhibits peaks of 3ds,, and 3ds3,2, which could be split into doublets
related to Pd°® and Pd?*, respectively. The peaks at the B.E. of 54.3 and
54.9 eV are ascribed to the orbitals of Se 3ds,2 and 3ds/, which are
referred to the oxidation state of — 2 for Ses (Sezz’). An additional peak
located at 58.3 eV suggests a Se species in an oxide state (SeOx) (Sup-
plementary Figure 19). [30-34] Compared to the B.E. of Pd® in Pd NPs
(336.1 eV), the lower BE of Pd® in the Pd4Se NPs (335.9 eV) indicates a
higher electron density on Pd, mainly caused by the electron trans-
formation from Se to Pd. The higher electron density of the
surface-residing Pd in the Pd4Se NPs benefits the adsorption of OOH*,
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Fig. 4. Electrochemical potential production and durability of PdsSe NPs for HyO, synthesis. HoO5 production over the reaction time at various potentials of Pd4Se
NPs in Og-saturated (a) 0.1 M HClIOy4, (d) 0.1 M KCI and (g) 0.1 M KOH. Polarization curves at the disk electrode (solid lines) and simultaneous H,O, detection
currents at the ring electrode (dashed lines) and calculated selectivity for Pd4Se NPs at various potentials in (b, ¢) 0.1 M HClOy, (e, f) 0.1 M KCl and (h, i) 0.1 M KOH

before (orange) and after (blue) durability tests.

which is also confirmed by the surface valence band photoemission
spectra (Fig. 5b). [35-37] In general, both 2e” ORR to Hy0, and 4e” ORR
to HyO start with the formation of OOH* via the reduction of Oo* and H™
(02* + € + H" — OOH*), which means that the stronger adsorbed
OOH* species benefit to HyO, production as well as 4e° ORR to Hy0.
Subsequently, the selectivity of HyO; is determined whether OOH* is
further reduced to HOOH* (OOH* + e + H™ — HOOH*) or dissociates to
OH* and O* (OOH* + * — OH* + O¥). Based on the result of structural
analysis (Supplementary Figure 8) and performance tests (Fig. 3), we
conclude the proposed reaction pathway for O, reduction on the cata-
lytic surface of the Pd NPs and Pd4Se NPs (Fig. 5c). For Pd NPs, the
side-on mode is energetically favorable than the end-on mode due to the
presence of adjacent Pd sites, thus, OOH* adsorption mainly follows the
mode of “side-on” rather than the “end-on” adsorption. In detail, the
“side-on” adsorption mode of O, weakens the O-O bond, thereby
inducing the 4e” process, which involves the O-O dissociation (Fig. 5c,
left). In contrast, the O, will absorb on the surface in end-on mode at the
presence of isolated Pd atoms and both HyO and Hy0, are the final
products via competitive 4e” (dissociation of O-O bond) or 2e” (desorp-
tion of *OOH) pathways, respectively (Supplementary Figure 8). [14]
Additionally, the presence of Se atoms on the surface of Pd4sSe NPs
separates the continuous Pd atoms to form the active isolated Pd sites.

The monatomic Pd sites suppress the dissociation of OOH* to O* and
OH* and thus increases the selectivity of HoOy production (Fig. 5c,
right).

2.7. Theoretical investigation

To understand the enhancement of performance observed in the
experiments, we characterize the excellent performance for HyO, syn-
thesis with DFT calculations. The bonding and anti-bonding orbitals
near the Fermi level (Er) demonstrate different surface electronic den-
sity distributions brought about by adsorption, which further modulates
the electroactivity. (Fig. 6a). The site-dependent electroactivity trend of
the Pd-4d band was identified from the projected partial density of states
(PDOSs). The centre of the Pd-4d band shifts towards Ey-2.2 eV, which is
higher than that of the original Pd-fcc (Ey-2.6 eV, Ey = 0 for Eg), sup-
porting a smaller barrier for electron transfer. From the deep bulk (Pd-
db) to near-surface (Pd-ns) and surface (Pd-s) regions, the Pd-4d band
monotonically shifts upwards towards Ey-1.5 eV near Eg, which in-
dicates an electron-depleting role allowing for better electron transfer to
the O/H-species (Fig. 6b). The interplay of the Pd-4d and Se-4p orbitals
has been illustrated. A strong p-d coupling between the Pd-4d and Se-4p
sites leads to variations in the behaviours of the local electronic
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Fig. 5. Surface characterization of the Pd,;Se NPs and proposed mechanism for H,O, synthesis. (a) XPS patterns of Pd 3d from the Pd NPs and Pd4Se NPs and (b)
surface valence band photoemission spectra. (¢) Schematic showing the proposed mechanism for O, reduction on the catalytic surface of the Pd NPs (left) and Pd4Se
NPs (right). Red is O and white is H. The relative intermediate binding strength is indicated by the hashed wedged bond (in the top right corner).

environment. PDOSs analysis shows that the Se-4p and Pd-4d bands are
both sensitive to changes in the different bonding environments and the
lattice relaxation. Such a trend crucially facilitates the stabilization of
[OOH'] species and their subsequent protonation into HyO5 (Fig. 6¢). We
further demonstrate the individual contributions of the 1 s/2p-bands
from the H/O-related species during H,O catalysis. The difference of O-
2p bands between the free and adsorbed O.- indicates that electron
transfer from the O-2prn lone-pair towards the deep-lying O-2pc band.
The relative position of the O—O0 2p state to that of the modified Pd-4d
band is key to the optimal preservation of [OOH’] without an early
scissoring effect (Fig. 6d).

We further illustrate the unique role of the surface Pd sites. For Oy
adsorption, the Pd-4d band evidently downshifts to a lower position,
becoming more electron-rich. This characteristic is an essential step
necessary for preventing an excessive electron population on the *0=0
molecules, leading to the potential O0—O bond cleavage by strong pn-pn
Coulombic repulsion (Fig. 6e). For stabilizing [OOH'], PDOSs analysis
confirms that the Pd-4d band efficiently transfers electrons between
adsorbed *O=0 and 2 H* , assisted by the upshifting of the Pd-4d band
from Ey-2.6 eV to Ey-1.5 eV in the case of [OOH]-adsorption (Fig. 6f).
We further compared the Pd-4d band centres for the different cases of
H,0; formation and other intermediates that deviate from the synthetic
route for HoOy. The high-lying Pd-4d band facilitates H-adsorption and
electron transfer between the H and O species via the Pd-4d orbital. The
modified Pd-4d band plays a facilitating role in electronically stabilizing
the [OOH] for secondary protonation (Fig. 6g).

Theoretical calculations further confirm the preference of end-on
mode on the SePd surface than the Pd NPs regarding both adsorption
energies and structural configurations. In addition, the much stronger
adsorption strength of *OOH is noted on both Pd surfaces and nano-
particle structures. Both conditions result in the further dissociation of
0O-O bond, which significantly lowers the selectivity towards HyO9
(Supplementary Figure 20). The synthesis approach under different
environments has been considered. For the acidic environment, the
continuous pathway with each step scale around 0.71 eV has been
identified, which is close to the equilibrium potential of 0.7 V under the
acidic environment. This indicates a low overpotential based on the
efficient electron transfer for generating HyO,. The competing four-
electron pathway has also been demonstrated to reveal the origins of
high selectivity for SePd electrocatalyst, in which the electrochemical
barriers determine the selectivity. Notably, the formation of HyOq *
(0.14 eV) shows a much smaller energy barrier than the dissociation of
*OOH (0.55 eV), which guarantees the high selectivity of H,O, gener-
ation (Fig. 7a & Supplementary Figure 21). Meanwhile, for the base/
alkaline environment, the equilibrium potential slightly increases. As a
consequence, the two charge-transfer steps show the reaction free en-
ergies of the same magnitude equal to the equilibrium potential of
0.76 eV/electron transfer, also supporting the remarkable performance
of HyO2 production. Although the generation of water is thermody-
namically favorable, the large barrier of 0.44 eV for *OOH dissociation
to *O and *OH leads to the dominating 2-electron pathway to the gen-
eration of HyO3 (Fig. 7b & Supplementary Figure 21). Beyond the typical
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Fig. 6. Electronic structures and activities of SePd for the synthesis of H,O. (a) The real spatial contour plots for the bonding and anti-bonding orbitals near Er of
SePd with different adsorbed H/O species. (b) Variations in the PDOSs behaviour of the site-dependent 4d-band of the Pd-sites within the SePd system with reference
to the Pd-fce bulk state (where s = surface, ns = near-surface, and db = deep bulk regions of SePd). (c) Site-dependent PDOSs correlations between the Se-4p and Pd-
4d bands. (d) PDOSs for different s/p-band ranges of the various H/O species. (e) PDOSs of the different structural configurations of O, adsorbed onto SePd. (f) PDOSs
of the different structural configurations of OOH adsorbed onto SePd. (g) Variation trends for the PDOSs of the Pd-4d band for the successful formation of H,O,
compared with those of the H/O intermediates, which deviate from the synthetic route.

electrocatalyst, we also considered the direct synthesis of H,O5 (DSHP),
which shows a more complex mechanism. Regarding the direct pro-
tonation of [OOH], the formation of HyO5 is shown to be energetically
favorable (—0.97 eV), and the related desorption step has an energy
barrier of only 0.22 eV. In comparison, such direct protonation has been
significantly suppressed on the Pd NPs due to the intensive energy
barrier of 1.54 eV. The consecutive desorption also requires 0.73 eV,
indicating the low selectivity of HoO2 on Pd NPs. The initial adsorption
of O3 and 2 H on Pd4Se gains — 0.52 eV of energy compared to the free
molecular state. We notice that the process for forming [OOH'] has a
barrier of 0.25 €V in the primary protonation step, which is also denoted
as the potential determining step (PDS). This barrier height is close to
the desorption energy of HoO, resulting in a catalytic performance with
a substantially high rate (Fig. 7c). The energetic gain indicates that the
local active sites substantially promote the Se-Pd transfer and inhibit the
0-0 bond cleavage through the energetic competition. Detailed binding
energies comparisons support weak desorption of OOH and weak
adsorption of [HOOH] guarantee the stable protonation of [OOH] and
efficient generation of HyO» (Supplementary Figure 20). Further, the
local structural configurations of *O—0 and * [OOH'] exhibit similar
“end-on” structural configurations, which are advantageous for serial
protonation and O-O cleavage suppression. This agrees with a consistent

trend that the O-O bonding preservation among the Pd-sites and species
is the crucial factor for excellently preserving [OOH] (Fig. 7d). Beyond
the thermodynamic investigation of the reactions, we also interpret the
kinetics simulations to demonstrate the dynamic behaviors of each step
for the generation of HpO3 in Supplementary Information (Supplemen-
tary Figure 22-28, Table 9-15).

3. Conclusion

In conclusion, we first show that Pd4Se NPs as efficient catalysts for
electrochemical HyO5 production under pH-universal conditions. The
Pd4Se NPs exhibit superior HpOy production selectivity of 93.5%,
89.7%, and 86.7% in 0.1 M HCIO4, 0.1 M KCl and 0.1 M KOH electro-
lytes, respectively. The remarkable activity of the Pd4Se NPs is ascribed
to the high electron density of the isolated Pd atoms owing to the
electronic interaction between Se and Pd, and the superior selectivity is
due to the existence of Se in Pd4Se NPs, which passivates the isolated Pd
atoms to prevent OOH* from being further reduced. The Pd4Se NPs
deliver stable and continuous H205 production at different applied po-
tentials. DFT calculations reveal that the surface engineered Pd-sites,
upon Se incorporation, optimally elevate the Pd-4d electron-transfer
efficiency allowing for direct synthesis of HyO, within self-locked-in
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Fig. 7. H,0, general energetic pathway in different environments. (a) Comparison of HyO, synthetic pathway with 4-electrons pathway on the SePd under acidic
environment. (b) Comparison of H,O, synthetic pathway with 4-electrons pathway on the SePd under alkaline environment. (c) H,O, synthetic pathway on SePd and
Pd based on DSHP. (d) Structural configuration evolution of the synthesis of HO, during the catalytic process on SePd.

dynamics and suppression of four-electron pathway. A strong Coulombic and composition after 5000 cycles of a durability test, thus providing a
repulsive correlation between the Se-4p, and Pd-4d'°-t, ¢ States not only new class of robust Pd-based nanocatalysts with high performance for
mismatches the O-2p band to excellently preserve side-on O=—O electrochemical HyO2 production under pH-universal conditions.

adsorption but also facilitates [OOH] stabilization through efficient
electron transfer, collectively resulting in optimal preservation of the
0O—O0 and [OOH] species for efficient HyO5 synthesis. Finally, the Pd4Se
NPs are very stable and largely maintain their performance, morphology
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3.1. Experimental section

3.1.1. Synthesis of Pd,sSe Nanoparticles (NPs)

In a typical synthesis of Pd4Se NPs, 6.1 mg PdBr3, 1.9 mg C;4H;4Ses,
35.6 mg CgHgOg and 5 mL oleylamine (OAm) were added into a vial
(volume: 30 mL). The mixture was ultrasonicated for around 0.5 h, after
the vial had been capped. The obtained homogeneous mixture was then
heated from room temperature to 160 °C for about 0.5 h and kept at
160 °C in an oil bath for 5 h. After cooling to room temperature, the
colloidal product was washed 3 times with 0.5 mL cyclohexane and
8 mL ethanol, and collected by centrifugation at 12,000 rpm for 2 min

3.1.2. Preparation of supported catalysts

Pd4Se NPs were mixed with VC-X72 carbon powder in 10 mL of
cyclohexane and followed 0.5 h sonication to deposit Pd4Se NPs onto C
powder. The product was washed by centrifugation and sonication 3
times with cyclohexane and ethanol. The Pd4Se NPs/C was then mixed
with 0.5 mL acetic acid (HAc) and 5 mL ethanol followed by sonication
with 10 min for further cleaned. The powder was finally washed with
deionized water and annealed at 250 °C in a 5% H3/95% N atmosphere
for 1 h.

3.1.3. Electrochemical Measurement

The oxygen reduction reaction (ORR) activities were performed
using the rotating ring-disk electrode (RRDE) setup with a potentiostat
in a three-electrode beaker cell. The three electrodes arrangement
include saturated calomel electrode (SCE) as reference electrode, a
platinum (Pt) wire as counter electrode, and a glassy carbon electrode
consist of rotating disk electrode (RDE, 0.196 cm?) and rotating ring-
disk electrode (RRDE, 0.247 cm?) measurement with a Pt ring. To pre-
pare working electrode with the catalyst-coated, the catalysts were then
dispersed in a mixture containing Nafion (5%) and isopropanol to form a
1.0 mgpg/mL dispersion. After sonication, the catalyst ink was dropped
onto the newly polished glassy carbon electrode to obtain a working
electrode after the solvent was naturally dried. All potentials are
referred to the reversible hydrogen electrode (RHE).

ORR measurement was conducted in the aqueous solution of 0.1 M
HClO4, 0.1 M KCl, and 0.1 M KOH with O, purged during the mea-
surement. The scan and rotation rate for ORR measurement were
10 mV s and 1600 rpm, respectively. The ring currents were detected
by fixing the ring potential at 1.2 V (vs. RHE) in order to collect the
amounts of HyO5 produced on disk electrode. The stability tests were
performed in the aqueous electrolyte (0.1 M HClO4, 0.1 M KCl, and
0.1 M KOH) with the potential cycled between 0.4 and 0.8 V (vs. RHE)
for 5000 cycles at 100 mV s~ L. After 5000 sweeping cycles, ORR mea-
surement was performed in O-saturated solutions by applying the cyclic
potential with O, purged during the measurement. The rotation rate and
scan for ORR measurement were 1600 rpm and 10 mV s’ respectively.
The collection efficiency (N = 29%) of the RRDE electrode was deter-
mined by using the reversible [Fe(CN)6]4’/ [Fe(CN)6]3’ reaction. The
selectivity of the electrocatalysts toward HoO5 generation was calcu-
lated by the following Eq. (1):

H202% =200 x (IR/N)/(IR/N - IID') (1)

where Ip is the disk currents and I is the ring currents. The number of
transferred electrons (n) during oxygen reduction reaction was calcu-

lated using the following Eq. (2):
n =4 x lIpl/(Ig/N - Ip) (2)

The Faradaic efficiency during the oxygen reduction process is

defined as the following Eq. (3):
Faradaic efficiency (%) = 100*(Ig/N)/IIpl 3

The Faradaic efficiency of the generated HyO5 in the electrolysis can
be calculated using formula (4):
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H,0, faradaic efficiency (%) =2 x F C V/Q (€))

Where F, C, V, and Q represent the Faraday constant (96,485 C mol D),
the HyO5 concentration (mmol L'l), the volume of the electrolyte (L),
and the amount of charge transferred in the process (C).

H505 concentration measurement. The H,O, concentration was
determined by a traditional cerium sulfate Ce(SO4), titration method
according to the mechanism that the yellow solution of Ce*" is reduced
by H30, to colorless cedt (Eq. (5)). Thus, the concentration of ce*t
before and after the reaction is measured by UV-Vis spectroscopy. The
wavelength used for the measurement was 316 nm.

H,0, + 2Ce*T = 2Ce** + 2HT + 0, (5)

Therefore, the amount of HyO5 (M) evolved can be determined as
twice the molar of Ce** consumed.

3.1.4. Computational details

We carried the DFT + U [37] calculations by CASTEP code. [38] The
Hubbard-U parameter has been self-consistently determined for the
pseudized Pd-4d by our linear response method for U determination.
[39,40] The geometry optimization used the
Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm through all cal-
culations. The PBE functional was chosen for PBE + U calculations with
a plane-wave basis set cutoff energy of 750 eV. The ensemble DFT
(EDFT) method [41] is used for improving convergence of transition
metal based system. For the Pd4Se-core model, the Pd4Se (220) surface
has been cleaved within the symmetry group of P-421c. The primitive
cell lattice constants are a = b = 5.31 A, and ¢ = 5.79 A. The supercell is
chosen with 2 x 2 x 1 with 448 atoms and 4 layers thick. The vacuum
thickness is fixed to be 15 A, and we set full free relaxation of all layers.
For the Monkhorst-Pack k-point sampling, the reciprocal space inte-
gration was performed using the mesh of 2 x2x 1 [42] with
Gamma-center-off, which was self-consistently selected for total energy
minimization. With these special k-points, the total energy is converged
to less than 5.0 x 107 eV per atom. The Hellmann-Feynman forces on
the atom were converged to less than 0.001 eV/A.

The Pd, Se, O and H norm-conserving pseudopotentials are generated
using the OPIUM code in the Kleinman-Bylander projector form, [43]
and the non-linear partial core correction [44] and a scalar relativistic
averaging scheme [45] are used to treat the (Pd, Se) spin-orbital
coupling effect. We chose the (4d, 5s, 5p), (4s, 4p), (2s, 2p) and (1s)
states as the valence states of Pd, Se, O, and H atoms respectively. The
RRKJ method is chosen for the optimization of the pseudopotentials.
[46] The Hubbard U parameter has been self-consistently determined
based on our previous developed method. [47] For all of the electronic
states calculations in Pd4Se surface models, we use the self-consistent
determination for the U correction on the localized 4d orbitals to cor-
rect the on-site Coulomb energy of the electron spurious self-energy. By
that method, the Hubbard U parameters on the half-filled shell of 4d'?
orbitals of Pd is self-consistently determined to be Uq = 9.69 eV, based
on our devised linear response method. [47].
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