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Dynamic Surface Reconstruction Engineers Interfacial Water
Structure for Efficient Alkaline Hydrogen Oxidation

Chaoyi Yang, Zihao Dai, Jianchao Yue, Guanggin Wang, and Wei Luo*

Investigating the dynamic evolution of the catalyst and regulating the structure of interfacial water molecules on hydrogen
oxidation reaction (HOR) are essential for developing highly efficient electrocatalysts toward the practical application of
anion exchange membrane fuel cells. Herein, we report an efficient strategy to active hexagonal close-packed PtSe catalyst
through in situ reconstruction, undergoing dynamic Se leaching and phase transition during the linear sweep voltammetry
cycles. The obtained Pt-Se catalyst with surface Se atoms modified face-centered-cubic Pt-based nanocatalyst exhibits
remarkable catalytic performance toward alkaline HOR, showing the intrinsic activities of 0.552 mA cm2 (j%%) and mass
activities of 1.084 mA pg? (™ @ 50 mV). Experimental results including in situ surface-enhanced infrared absorption
spectroscopy and the density functional theory calculations suggest that the accumulated electrons on the surface-
decorated Se of Pt-Se can induce the regulation of interfacial water structure between the electrode and electrolyte surface
in the electric double layer region. Consequently, the migration of OH- species from the electrolyte to the catalyst surface
can be apparently accelerated within this disordered water network, which together with the optimized intermediate

thermodynamic binding behaviors, contributes to the enhanced alkaline HOR activity.

Introduction

For the future environmental-friendly energy demands, the
hydrogen fuel cell is one of the most promising candidates for
the replacement of fossil fuels.2 Anion exchange membrane
fuel cell (AEMFC) has been recognized as the competitive
energy conversion device owing to its merits of high energy
density, zero carbon emission and sustainability.3-> Different
from the well-developed cathodic oxygen reduction reaction
(ORR) within the precious metal-free catalysts under alkaline
media, severe dependence on the high loading noble-price-
metal catalysts of alkaline anode hydrogen oxidation reaction
(HOR) greatly hinder the practical application of the AEMFC.68
Recently, the dynamic evolution of catalysts has been
recognized during the electrocatalysis and the effects of pre-
catalytic
reaction,®! carbon

catalyst-reconstruction in various electrochemical
processes, including oxygen evolution
dioxide reduction reaction,2'14 nitrate reduction reaction,15-16
and hydrogen evolution have been widely
investigated. The reconstructed structure and the redistribution
of elements during the dynamic evolution can lead to the
boosting of the catalytic activity, which are benefit for the
design of advanced electrocatalysts. 1920 Unfortunately,
identifying the dynamic evolution process and activating the
catalytic performance through reconstruction are essential for
the rational design of advanced HOR electrocatalysts under
alkaline electrolyte, but have been rarely investigated.
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Recently, during the alkaline HOR process, the OH species
engaged in the Volmer step, knowing as the rate determined
step, has received considerable attentions.?22 Through the
advanced spectroscopy technology, the adsorbed OH species
has been detected during the alkaline HOR process by Li et al.,
directly demonstrating the involvement of OH.q. 2> Markovic et
al. proved that the metal with improved hydroxyl adsorption
may present much higher alkaline HOR activities, 2* guiding the
direction for rational designing highly efficient alkaline HOR
electrocatalysts. Consequently, plenty of studies mainly focus
on the thermodynamics energetics of OH,q4, which can dictate
the catalytic activity derived from the charge redistribution and
adjustment-induced adsorption behavior
modulation.?>-27 Besides, there is a growing recognition that the

electronic

catalytic performance does not solely depend on the inherent
structures of catalysts, but is also shaped by the electrochemical
interface and the electric-double-layer (EDL) structure formed
at the interface between the electrode and electrolyte.2®
However, owing to the decreased flexibility of interfacial water
network in alkaline media, additional energy is needed for the
migration of OH species from electrolyte to the catalyst surface,
thereby leading to the sluggish HOR kinetics under alkaline
electrolyte. 2931 Therefore, rational regulating the interfacial
water structure and decreasing the rigidity of water network to
facilitate OH species across the EDL can be an efficient way to
accelerated the alkaline HOR kinetic, but still
challenging.

Herein, we proposed an efficient strategy through in situ
reconstruction to boost the HOR performance of hexagonal
close-packed (hcp) PtSe alloys under alkaline electrolytes.
Compared with hcp-PtSe alloys with negligible catalytic
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Fig. 1 (a) Schematic illustration for the activation process of the leaching of Se and phase transition on the PtSe alloy during the HOR process. The green balls present
the Se atoms and the silver balls present the Pt atoms. (b) The activation process of PtSe, under the HOR polarization scans. (c) XRD patterns of PtSe, during the
activation process. (d) Typical TEM image and the corresponding size distribution of Pt-Se-2. HAADF-STEM image (e) and atomic-resolution HAADF-STEM image (f) of

Open Access Article. Published on 13 February 2025. Downloaded on 2/21/2025 12:50:05 PM.
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Pt-Se-2. (g) HAADF-STEM image and corresponding EDX mappings of Pt-Se-2.

performance, face-centered-cubic (fcc) Pt-Se formed through
the dynamic leaching of Se atoms and the follow-up phase
transition during the electrocatalysis process displays
significantly boosted HOR performance under alkaline
electrolyte (Fig 1a), with the intrinsic activities of 0.552 mA cm-
2(j0s) and mass activities of 1.084 mA pgi(*™ @ 50 mV). By the
analyses of in situ surface-enhanced infrared absorption
spectroscopy (SEIRAS) and the theoretical calculation, it is clear
that the rigid water network on the interface of Pt-Se has been
largely impaired through the regulation of the water structure
by the inducing of the surface-decorated Se atoms, leading the
facilitated migration of OH species to the catalyst surface, which
together with the optimized intermediate adsorption,
contributes to the enhanced alkaline HOR performance.

Results and discussion

2| J. Name., 2012, 00, 1-3

The PtSex alloys (x=1.5, 2, 3) with different Pt:Se ratio are
successfully synthesized through colloid method (detailed
experimental process is shown in supporting information) and
the corresponding X-ray diffraction (XRD) in Fig. S1 are both
depicted with the broad peak around 30 ° and 50 °, which can
be assigned to the hexagonal close-packed structure. 3233 The
HOR performance of PtSe alloys are tested by rotating disk
electrode (RDE) with 3-electrode system by using H,-saturated
0.1 M KOH electrolyte. As shown in Fig. 1b and Fig. S2, the PtSex
present the gradually increased current densities during the
linear sweep voltammetry (LSV) cycles and the HOR
performances finally reach the steady state after several LSV
sweeps, indicating the dynamic evolution of PtSex during the
HOR activation process. The activation processes for PtSex also
prolong with the increased content of Se. The stabilized
catalysts after in situ reconstruction are noted as Pt-Se-x (x=1.5,
2, 3), while Pt-Se-2 presenting the highest alkaline HOR

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 XPS spectra of Pt 4f (a) and Se 3d (b) for Pt-Se-2. Pt L;-edge XANES
spectra (c) and corresponding FT-EXAFS spectrum spectra (d) of Pt-Se-2 in
reference to Pt foil and PtO,. (e) WT for the k3-weighted EXAFS of the Pt Ls-
edge for Pt-Se-2, Pt foil and PtO,

performance among the three activated catalysts (vide infra).
As the activation process proceeds, the cyclic voltammetry (CV)
curves (Fig. S3) display a flat current in the hydrogen
underpotential desorption region at the beginning, and then
gradually show the underpotential desorption peaks of H (Hupd)
on Pt, implying the exposure of Pt atoms and the potential
phase transformation during the activation.343> The XRD
patterns (Fig. 1c) during the activation process clearly indicate
that the crystalline phase of PtSe, gradually changes from the
initial hcp phase to the fcc phase of Pt-Se-2, which is well
matched with the standard Pt (PDF#89-7382). Different ratio of
Pt-Se-x also show the same XRD patterns after the activation
(Fig. S4). Furthermore, the precise composition of PtSe; alloy
and activated Pt-Se-2 are both collected by the inductively
coupled plasma atomic emission spectroscopy (ICP-AES) in
Table S1. It is clear that the content of Se is significantly
decreased after the activation, indicating that the majority of Se
atoms are leaching during the activation and only part of them
can stabilized in the final catalyst. As the amount of Se feed
grows, the ratio of the stabilized Se on catalysts is enhanced as

well. Through the transmission electron microscopy (TEM) in Fig.

1d, the morphology of Pt-Se-2 shows the small nanoparticles
uniformly distributed on the XC-72R carbon with the average
size of 1.89 nm. In the TEM image of PtSe,, it also presents the
evenly distributed small nanoparticles on the substitute,
implying the little influence of activation on morphology (Fig.
S5). To further investigate the structure of the activated catalyst
and identify the existence form of Se after the activation, the
high-angle annular dark-field scanning TEM (HAADF-STEM) is

This journal is © The Royal Society of Chemistry 20xx
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employed. In Fig. S6, the HAADF-STEM image qf PtSez alloy
presents the hexagonal packed of the at6ms) WRKR4SCIBIME
with the results of XRD. The Pt and Se elements spread evenly
on the nanoparticles through the energy-dispersive X-ray (EDX,
Fig. S7). The HAADF-STEM image of Pt-Se-2 demonstrates that
the inner part of the nanoparticle presents apparently
crystallinity while the outside shows the obvious amorphous
atomic layers (Fig. 1e). As shown in Fig. 1f, the atomic-resolved
lattice spacings of the inner part of Pt-Se-2 are measured to be
0.195 nm and 0.225 nm, attributed to the (200) facet and (111)
facet of fcc Pt, respectively. The angle between the (200) and
(111) planes is 55°, which further indicating the face-centered-
cubic phase. The corresponding fast Fourier transform (FFT) of
STEM image in Fig. S8 also shows the crystal lattice orientated
is based on the [Oil] crystallographic direction of fcc Pt, which
is in line with the XRD pattern. The energy-dispersive X-ray (EDX)
mappings (Fig. 1g) and the line scan signals (Fig. S9) both
present that the remaining Se atoms prefer to stabilize on the
surface around the crystalline phase. In addition, the surface
elements content of Pt-Se-2 is also conducted by XPS in Table
S2. Comparing with the Se/Pt ratio in the bulk of Pt-Se-2
obtained by ICP-AES, higher atomic ratio of Se/Pt conducted by
XPS further confirms the surface decorating of Se atoms in Pt-
Se-2.

The X-ray photoelectron spectroscopy (XPS) was applied to
probe the electronic states of Pt and Se in Pt-Se-2. The high-
resolution XPS spectra of Pt 4f (Fig. 2a) can be deconvolved into
four peaks, corresponding to the Pt° 4f;/,, Pt 4fs,; electrons at
71.3 eV and 74.6 eV and Pt2* 4f;,, Pt?* 4fs/; electrons at 72.4 eV
and 75.7 eV, respectively.3® The valence state of Pt in Pt-Se-2 is
slightly higher than that of Pt (Fig. S10), indicating the electron
transfer from Pt to Se atoms. Comparing with the PtSe; alloy
(Fig. S11), the peak position of Pt for Pt-Se-2 is slightly shift to
the lower binding energies, which may contribute to the
decrease content of Se. In addition, the Se 3d spectrum (Fig. 2b)
shows the peaks located at 52.5 eV and 53.4 eV, which can be
assigned to the 3ds;; and 3ds;; of selenide, respectively.
Comparing with the Se powder (Fig. S12), the down shift of the
valence state further proves the electron transfer process in Pt-
Se-2. Specifically, no obvious peak located around 59 eV can be
observed, implying that no selenates existed on the surface.37-
38 Considering the relative low potential of HOR process, the Se
atoms were merely leaching and did not oxidize on the surface
during the LSV scans, leading the Se atoms in Pt-Se-2 still keeps
the zero-valence state after the activation, same with that
before activation (Fig. S11). Besides, the X-ray adsorption
spectroscopy (XAS) in Pt Ls-edge was performed to further
achieve the electronic state on the Pt-Se-2. As shown in Fig. 2c,
the Pt Ls-edge X-ray adsorption near edge structure (XANES) of
Pt-Se-2 shows the relatively low intensity of white line close to
that of Pt foil, revealing the metallic state of Pt in Pt-Se-2 and
the slight electron loss on Pt in line in with the XPS results. The
Fourier-transformed extended X-ray absorption fine structure
(FT-EXAFS) spectra (Fig. 2d) and the Wavelet transforms (WT)
for k3-wieghted EXAFS signals (Fig. 2e) of Pt Ls-edge both
confirm the existence of Pt-Se bond and Pt-Pt and the lack of Pt-

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) The HOR polarization curves of Pt-Se-2 and commercial Pt at the
rotating speed of 1600 rpm with a scan rate of 10 mV s in H,-saturated 0.1
M KOH. (b) Linear-fitting curves in the micro-polarization region of HOR
polarization curves of Pt-Se-2 and commercial Pt. (c) Polarization curves of
Pt-Se-2 in H,-saturated 0.1 M KOH electrolyte at the rotating speeds varied
from 2500 to 400 rpm. (d) Tafel plots with the Butler—Volmer fitting lines of
Pt-Se-2 and commercial Pt. (e) Comparison of the specific activities(j%*) and
the mass activities (*™)(@ 50 mV) of Pt-Se-2 and commercial Pt. (f) HOR
polarization curves of Pt-Se-2 in H,-saturated 0.1 M KOH at a rotating speed
of 1600 rpm before and after 1000 CVs.

O bond, further reveal the Pt atoms are not oxidized during the
activation process.

The HOR activities of Pt-Se-x samples were evaluated by the LSV
in the fresh 0.1 M KOH electrolyte as shown in Fig. S13.
Calculating the linear fitting of micropolarization regions from -
5 to 5 mV through the simplified Butler—Volmer equation (Fig.
S14), the exchange current density (j°) normalized by the
geometric area of the glassy carbon electrode (GCE) can be
obtained.3?-40 With the increase of content of Se, the exchange
current density (/°) of Pt-Se-x increase at the first and then
decline, indicating the existence of the optimized Se content for
the HOR performance. Fig. S15 shows the LSV curves of Pt-Se-x
at the rotation rates from 2500 to 400 rpm and the
corresponding fitting of the Koutecky-Levich plots.#! Calculating
by the Butler-Volmer equation, the Tafel plots of kinetic current
densities (j*) can be obtained in Fig. S16, still presenting the
same tendency as j°. The mass activities (*™) which is
normalized by the mass of the Pt content obtained from the ICP-
AES results (Fig. S17) show the same volcano correlation,
confirming the Pt-Se-2 possesses the highest mass activity at 50
mV among the three catalysts. Through Cu underpotential
deposition (Cu-UPD) stripping, electrochemical surface areas
(ECSAs) were procured to further evaluate the intrinsic activities
(/%) of Pt-Se-x (Fig. S18). After normalized the exchange current
density (j°) by the ECSA, the Pt-Se-2 still shows much higher
intrinsic activities (j%°) comparing with Pt-Se-1 and Pt-Se-3 (Fig.
$17).

4| J. Name., 2012, 00, 1-3

To further estimate the HOR performance of Rt;$e:2,0the
commercial Pt is considered for comp@f$oA.10RAtR4Th@S1I3sY
curves of Pt and Pt-Se-2 in Fig. 3a, the exchange current density
(/%) calculated by the micropolarization regions (Fig. 3b) of Pt-
Se-2 is apparently higher than that of commercial Pt. The
different rotating rates of LSV curves of Pt-Se-2 and Pt are
collected in Fig. 3c and Fig. S19. The kinetic current densities (j*)
of Pt-Se-2 reaches 7.13 mA cm-2 at 50 mV, exceeding the 4.24
mA cm-2 of Pt (Fig. 3d). Besides, the calculated mass activities
(™) of Pt-Se-2 also presents as 1.084 mA ug*at 50 mV (Fig. 3e),
which is over two times higher than that of commercial Pt
(0.416 mA pgl). After normalized the ECSA by Cu stripping, the
Pt-Se-2 displays remarkable intrinsic activities (j%¢) of 0.552 mA
cm2, showing 2-fold improvement compared with commercial
Pt (0.292 mA cm?) (Fig. 3e and Fig. S20). Remarkably, the
intrinsic activities (j%¢) and mass activity of Pt-Se-2(j*™)(@ 50
mV) exceed those of most noble metal-based HOR catalysts
reported in previous studies (Table S3). The stability of Pt-Se-2
was also evaluated through the accelerated degradation test
(ADT). 42 As depicted in Fig. 3f, the Pt-Se-2 maintains more than
80% of current density after the 1000 cycles, while the
commercial Pt presents almost 40% decay of the HOR activity
(Fig. S21), implying the significantly improvement of stability
with the protection of surface-modified Se. After the stability
test, the Pt-Se-2 still maintains the previous crystalline phase
(Fig. S22), morphology (Fig. S23), nanoparticle size (Fig. S24) and
chemical states (Fig. S25). Considering that the natural gas
reforming is still the most widely used method for the
production of H,, the inevitable CO in H, which may poison the
active sites during the HOR process leads the anti-CO property
become the desirable characteristic for HOR catalysts. To
evaluate the CO tolerance of the catalysts, the long-term
electrocatalysis in CO-containing (100 ppm) H; saturated 0.1 M
KOH was tested to poison the catalysts. As shown in Fig. S26,
commercial Pt only maintains the 64.9% HOR performance after
the CO poisoning, while the Pt-Se-2 can keep 79.3% activity
comparing with that before the CO poisoning, suggesting the
improved CO tolerance on Pt-Se-2.

In situ surface-enhanced infrared absorption spectroscopy
(SEIRAS) within the potential range from 0 V to 0.2 V has been
applied to investigate the interfacial water structure of the
catalysts. As shown in Fig. 4a and 4b, the bands from 3000 to
3600 cm are contributed to the O-H stretching mode of
interfacial water, and can be deconvoluted into three distinct
components. Specifically, the bands located near 3200 cm-! can
be assigned to the tetrahedrally coordinated H-bond water (i.e.
ice-like water); the higher bands around 3400 cm-! belong to the
trihedarlly coordinated H-bond water (i.e. liquid-like water); the
highest bands positioned at 3600 cm can be attributed to
weak-bond water (i.e. free water). 4345 |t is clear that the ice-
like water nearly takes half proportion among the three
components on Pt, implying the interfacial water structure on
the surface of Pt is rigid with the strong hydrogen bonding (Fig.
4c). 3146 This rigid water structure may lead to the much higher
energy barrier for the reorganization of interfacial water,
hindering the H,O*/OH* transfer process (Fig. 4e). 30
Functioned as the electron acceptors, the surface decorated Se

This journal is © The Royal Society of Chemistry 20xx
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on the Pt-Se-2 can be used to reorient the interfacial water
molecules. 314749 |t is clear that on Pt-Se-2, the proportion of
ice-like water apparently decreases while the proportion of the
liquid-like water around 3400 cm- is significantly enhanced (Fig.
4d). Since this kind of asymmetric coordinate water is reported
to be more flexible than the ice-like water, 4430 the relatively
disordered interfacial water network can be generated on the
surface of Pt-Se-2, which can efficiently accelerate the
H,O*/OH* transport across the EDL, thereby leading to
enhanced number of available OH species on the surface, and
accelerated HOR kinetics in alkaline electrolyte (Fig. 4f).31.50
Besides, it is also reported that comparing with the ice-like
water, the water molecules located at higher frequencies is
more sensitive to the local electric field and much closer to the
surface, 3051 which may lead the stronger electron interaction
between water molecules and the surface of catalysts,
accelerating the charge transfer and promoting the reaction at
the same time. 43 The in situ SEIRAS of the catalysts with
different content of Se were also collected in Fig. S27. As the
increased amount of Se, the proportion of the ice-like water is
decreased, indicating the strong water structure regulation of
surface-decorated Se. However, the volcano relationship
between HOR activity and the content of Se indicates that the

This journal is © The Royal Society of Chemistry 20xx

induced high content Se may lead to the decrease of the H
donors and acceptors, and unfavorable HOR kinetics (Fig. 4g). 5%
53

The synergistic employment of density functional theory (DFT)
provides a deeper the
mechanism of Pt-Se-x in HOR process. The Se atoms binding on
the hollow sites of Pt (111) facet is used as the model of Pt-Se-
2 and the model of Pt with the (111) facet exposed also
established for comparison (Fig. S28). As shown in Fig. 5a, the

calculations comprehension for

electrons of Pt on the surface tend to flow to the Se atoms,
which consistent with the increase valence of Pt in the results
of XPS, leading to electron accumulation on the Se site.
According to the optimal theoretical structures of the H,O
adsorption on Pt and Pt-Se-2 (Fig. S29), it is clear that the H,0
molecule trends to transfer from O-down to parallel within the
inducing of Se. 314753 Electron localization function (ELF)
evaluations are also employed for the excess kinetic energy
density. >* As shown in Fig. 5b, the strong binding of Pt-O result
in this ‘O-down’ structure on the surface of Pt. Through the
topological image in Fig. 5c, it is clear that the strong
distribution of valence electrons in Se atoms leads to increased
electron localization and formation of strong bond interaction
with the O atoms of water molecules, testifying the structure
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transform of interfacial water presented in the in situ SEIRAS. 5%
56 Besides the transform of water structures, the adsorption
energy can also be regulated through the electron
redistribution owing to the introducing of Se. The OH binding
energy of Pt-Se-2 clearly enhance comparing with that of Pt (Fig.
5d), which can also contribute to the improvement of HOR
performance. According to the orbital coupling state diagram of
Pt and Pt-Se-2 within the OH adsorption state (Fig. 5e), the
electron cloud coincidence degree of Pt and O on Pt-Se-2 is
obviously deeper than that of Pt, demonstrating increased
filling of the bonding orbitals, and enhanced OH binding
energy.5’-58 Furthermore, the apparently lowered CO-stripping
peak of Pt-Se-2 in Fig. 5f comparing with Pt reveals the
increasing OH adsorption within the introduction of Se, proving
the conclusion of the calculation.>-%0 To further examine the
relationship between the Se and HOR
performance, the modules with different amount of Se have
been established to correspond to Pt-Se-1.5 and Pt-Se-3 (Fig.

concentration

6 | J. Name., 2012, 00, 1-3

S30). Similar to the water structure of Pt-Se-2, the water
molecules also transfer to the parallel structure owing to the
induce of the Se atoms on the surface (Fig. S31). Through the
theoretical calculation in Fig. S32 and the CO stripping curves in
Fig. S33, the OH binding energy of Pt-Se-x depicts the volcano
correlation with the enhancement of Se, in line with the change
of HOR performance. In addition, the adsorption of hydrogen
atoms is taken into consideration (Fig. S34 and Fig. S35).
Comparing with the Gibbs free energy of H (AGy) on Pt, the AGy
of Pt-Se-x extremely decrease and the Pt-Se-2 demonstrates the
AGy closest to zero, greatly promoting the HOR performance as
well.61-62 Furthermore, the reaction path for the HOR process of
Pt and Pt-Se-2 are calculated in Fig. 5g. The steps of adsorption
of H*¥*/OH* and the formation of water are both spontaneous
for Pt and Pt-Se-2 while the water desorption step and the
adsorption of H*+OH* is endothermic. Specially, the adsorption
of H*+OH* for both Pt and Pt-Se-2 presents the highest energy
barrier which can be considered as the rate determining step

This journal is © The Royal Society of Chemistry 20xx
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(RDS). Owing to the enhanced adsorption of OH, decreased
energy barrier is demonstrate on the Pt-Se-2, contributing to
the promoted HOR process.

Conclusions

In summary, the HOR-inactive PtSe catalyst can be successfully
activated though dynamic Se leaching and phase transition
during the LSV cycles. The obtained Pt-Se-2 sample with surface
Se atoms modified Pt-based nanocatalyst presents the elevated
intrinsic activity of 0.552 mA cm-2(j%5) and mass activity of 1.084
mA pgl(jkm @ 50 mV), outperforming most of the reported
catalysts toward alkaline HOR. Combining experimental results
including in situ SEIRAS and DFT calculation, we reveal that the
Se atoms on the surface can gather the electrons of the catalysts,
and efficiently regulate the water structure, thereby leading to
increased flexibility of the interfacial water network on Pt-Se
surface, and facilitated migration of OH- species across the EDL
to the surface of electrode, which together with the optimized
thermodynamic adsorption, contributes to the enhanced
alkaline HOR performance. Our work not only expands the
horizon of the dynamic evolution of catalysts during the HOR
process, but also provides a new strategy for the rational design
of advanced electrocatalysts through interfacial water structure
engineering toward HOR and beyond.
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