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Hydrogen-Induced Disproportionation of Samarium-Cobalt
Intermetallics Enabling Promoted Hydrogen Evolution
Reaction Activity and Durability in Alkaline Media
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Zhenhui Kang,* Michael Haumann, Suptish Ghosh, Wanglai Cen, Matthias Driess,

and Prashanth W. Menezes>

1. Introduction

Transition-metal nanoparticles hold great promise as electrocatalysts for

alkaline hydrogen evolution reaction (HER), however, addressing the
simultaneous challenges of ensuring sufficient active sites, promoting
favorable water dissociation, and optimizing binding energy toward hydrogen
intermediates remains a formidable task. To overcome these hurdles, a novel
gaseous hydrogen engineering strategy is proposed by in situ embedding
cobalt nanoparticles within a samarium hydride matrix (Co/SmH,) via
hydrogen-induced disproportionation of SmCo particles for efficient alkaline
HER. The as-designed Co/SmH, delivered an overpotential as low as 252 mV
at 100 mA cm~2, surpassing the performance of pristine Co by 100 mV.
Notably, this catalyst lasts remarkably long maintaining a durability at

~500 mA cm~2 for 120 h. A combination of in situ Raman spectroscopy, in
situ X-ray absorption spectroscopy, density functional theory calculation and
post-HER characterizations unambiguously unveiled that the surface SmH,
transforms into samarium (hydr)oxide during electrocatalysis. This
transformation not only inhibits the aggregation of the ultrafine cobalt
nanoparticles but also significantly enhances the water dissociation and
optimizes the binding energy of active cobalt species toward hydrogen
intermediate, resulting in concurrent improvement of kinetics,

thermodynamics, and stability of the HER process.

Hydrogen is widely regarded as the opti-
mal energy carrier owing to its clean and
renewable nature. Water electrolysis is one
of the most eco-friendly, green, and sustain-
able methods to produce hydrogen fuel.!!
However, the hydrogen evolution reaction
(HER), a crucial half-reaction in water elec-
trolysis, suffers from sluggish kinetics and
is thermodynamically uphill.>?] Typically,
noble metal-based electrocatalysts, such as
Pt, are usually required to be incorporated
for HER to reduce the energy barrier.*] Un-
fortunately, the limited resources and high
cost of Pt-based electrocatalysts present
significant obstacles to their widespread
adoption.[’] Within this context, develop-
ing electrocatalysts that offer both cost-
effectiveness and high efficiency is of great
interest for practical HER applications.
On the other hand, it is generally accepted
that an acidic medium is conducive to
the HER, given its proton-rich environ-
ment that facilitates hydrogen adsorption
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on the catalyst surface.l’l However, the corrosive acidic fog

generated by the acidic electrolyte would inevitably cause se-
vere chemical corrosion of electrolyzers and contamination
of the produced hydrogen gas.”®! Consequently, significant
attention has shifted toward alkaline HER, where the alkaline
electrolyte bears the lower vapor pressure and relatively milder
chemical environment.*1!l More importantly, non-platinum
group metals, specifically Fe, Co, and Ni, exhibit significant
promise as electrocatalysts for alkaline HER, owing to their cost-
effectiveness, abundant availability, and high conductivity.[1>1°]
Despite these advantages, these transition-metal(s still fall short
in the alkaline HER environment compared to the electro-
catalytic activity achieved by Pt. This is because they bear a
strong adsorption ability toward hydrogen intermediate and lack
effective water dissociation sites for the sluggish Volmer step of
alkaline HER (i.e., breaking of the strong H—OH bond).l”-20-%2]
Moreover, these pristine metals are susceptible to deactivation
in the longer run due to the coverage or etching of active sites
by hydroxyl groups.l’] Therefore, it is highly desired to seek a
strategy that can effectively increase the number of active sites
and water dissociation sites as well as essentially optimize the
adsorption free energy of transition-metals toward hydrogen
intermediate in alkaline HER.

Recent studies have confirmed that synergistic coupling of ox-
ophilic compounds with metal electrocatalysts is a viable strat-
egy to boost their alkaline HER catalytic performance.3-32]
Specifically, oxophilic compounds usually exhibit a strong ca-
pability to cleave the H—OH bonds in water molecules, thus
accelerating the Volmer step of alkaline HER and alleviat-
ing the coverage of (hydr)oxide ligands onto active sites.[?324]
For example, Ni/NiO,!®! Ni/Ni(OH),,l?’! Co(OH),/MoS,,!*’]
Pt/(Fe,Ni)(OH),, % Pt/Ni(OH),, 2 and Ru/Ni(OH),5*"! electro-
catalysts have been successively designed and prepared for alka-
line HER in recent years, marking significant progress. How-
ever, a notable challenge arises as these coupled transition-
metal (hydr)oxides are prone to reduction into metals at high
potentials due to their low thermodynamic stability, result-
ing in poor cycling stability.??) Compared to these transition
metal (hydr)oxides, rare earth metal (hydr)oxides possess supe-
rior oxophilicity and thermodynamic stability, rendering them a
promising class of promoters for water dissociation.2=3* On the
basis of these premises, the combination of rare earth hydroxides
with transition-metals holds the potential for enhancing stability,
yet this avenue of investigation remains underexplored. Further-
more, the challenge persists in developing a single, controllable
approach to effectively couple rare earth (hydr)oxides with tran-
sition metal nanoparticles in a well-defined manner.

More recently, we introduced an innovative gaseous hydrogen
engineering strategy that utilizes hydrogen-induced lattice strain
of LaNis precatalyst under ambient conditions.!*! This approach
effectively pulverizes particles, exposes metal sites, and acceler-
ates reconstruction during oxygen evolution reactions, resulting
in enhanced catalytic performance. Remarkably, elevating the re-
action temperature for hydrogenation to the critical point may
induce the hydrogen atoms residing in the interstitials of rare
earth-transition-metal intermetallic hydrides to trigger phase de-
composition. This process leads to the formation of rare earth
metal hydrides and transition-metal phases.***”] Furthermore,
in accordance with the Pourbaix phase diagram, it is anticipated
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that the surface of rare earth hydrides will eventually convert
into the corresponding rare earth (hydr)oxides under alkaline
HER conditions.[*®! From these aspects, it becomes evident that
gaseous hydrogen engineering holds promise as a feasible ap-
proach to in situ construct a well-defined composite composed
of rare earth (hydr)oxides and transition- metals. However, the
microstructure of the products resulting from gaseous hydrogen-
induced phase decomposition remains elusive.

Inspired by the aforementioned considerations, we utilized
gaseous hydrogen to induce the disproportionation of SmCos in-
termetallic for catalyzing HER. The selection of SmCos as our
model is based on its commercial availability and demonstrated
capability to store hydrogen within its interstitials.3*401 Further-
more, if SmH, is formed by hydrogenation, it is expected to
be converted into samarium hydr(oxide) under the harsh alka-
line HER condition in accordance with the Pourbaix diagram.[3#!
Thus, this contribution seeks to address the following research
questions: i) what are the microstructural features of gaseous
hydrogen-treated SmCos? ii) how does gaseous hydrogen-treated
SmCos perform in alkaline HER? iii) what is the phase evolution
of gaseous hydrogen-treated SmCos during HER? And iv) if Sm
species undergo changes during alkaline HER, whether and/or
how does the newly formed phase influence the HER perfor-
mance? To answer these questions, herein, a series of in situ and
ex situ spectroscopic experiments along with theoretical calcula-
tions have been performed. Our investigation reveals a complete
phase transformation from SmCos to SmH, and Co after hydro-
genation at 500 °C under 5 MPa H,, in which Co nanocrystals are
uniformly confined by SmH, nanocrystals. Subsequently, during
alkaline HER, a surface reconstruction of SmH, /Co particle takes
place wherein SmH, transforms into samarium (hydr)oxide, con-
tinuing to uniformly constrain Co nanocrystals. As anticipated,
Sm(OH), greatly optimizes the binding energy of Co to H, pro-
motes water dissociation, and stabilizes the structure of the ma-
terial. Consequently, the as-prepared precatalyst deposited on
nickel foam (NF) shows an excellent HER performance with an
overpotential as low as 252 mV at 100 mA cm~2 and long dura-
bility for 120 h at ~500 mA cm ™2, surpassing the performance of
pristine cobalt nanoparticles.

2. Results and Discussion

The phase transformation from SmCo, to SmH, and Co via
gaseous hydrogen treatment was schematically illustrated in
Figure 1a. Specifically, upon the hydrogenation under 5 MPa at
500 °C, hydrogen atoms initially diffuse along the grain bound-
aries of the SmCos crystallites and partially induce the phase
disproportionation, resulting in the formation of SmH, and Co
nanocrystals. With extended hydrogenation time, a complete
phase conversion from SmCos to SmH, and Co occurs. Inter-
estingly, these Co nanocrystals were homogeneously confined
within SmH, nanocrystals. The phase transformation was first
demonstrated by X-ray diffraction (XRD) patterns. Figure S1
(Supporting Information) illustrates the dependence of phase
components on hydrogenation time, revealing an increase of the
phase transformation against hydrogenation time, and a com-
plete transformation could be achieved by 24 h of hydrogenation.
To better understand the phase structure before and after phase
disproportionation, the Rietveld refinement was performed for
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Figure 1. a) Schematic illustration for the hydrogen-induced phase disproportionation of SmCos compound. b) Rietveld refinement for the XRD patterns
of SmCos compound before (top traces) and after (bottom traces) hydrogenation (red dots, experimental data; green lines, simulations), “difference”
denotes the difference between the experimental and simulated spectra; c) XANES spectra for the SmCos compound before and after hydrogenation,
together with several cobalt reference compounds; d) Magnification of the pre-edge region of the XANES spectra; €) Fourier-transforms of EXAFS
spectra at the Co K-edge in the SmCoy compound before (top traces) and after (bottom traces) hydrogenation (green lines, experimental data; red lines,
simulations). For the corresponding EXAFS fit parameters, see Table S3 (Supporting Information).

the XRD patterns of the SmCos compound and the gaseous
hydrogen-treated SmCo; compound after 24 h. As shown in
Figure 1b and Table S1 (Supporting Information), the SmCos
compound exhibited a pure hexagonal crystalline phase before
hydrogenation, while after 24 h of hydrogenation, this phase dis-
appeared, and a mixture of new SmH, and Co phases was ob-
served. Moreover, the phase abundance for SmH, and Co phases
were 37 and 63 wt.%, respectively, which was quite close to the
theoretical value and inductively coupled plasma atomic emis-
sion spectrometry (ICP-OES) results (Table S2, Supporting Infor-
mation), i.e., the molar ratio of Co to Sm is 1:5. Note that the Co
phase predominantly crystallizes in a cubic crystal structure ac-
companied with minor hexagonal crystal structure. The X-ray ab-
sorption near edge structure (XANES) in X-ray absorption spectra
(XAS) at the Co K-edge further demonstrated the metallic state
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of Co species in as-prepared SmCos and hydrogenated SmCos
(Figure 1c,d). In addition, the corresponding extended X-ray ab-
sorption fine structure (EXAFS) spectra showed that besides the
shortest Co-Co distances in SmCos and Co metal, two Fourier-
transform peak features (at ca. 4.3 and 4.75 A) gain intensity in
the spectrum denoted Co/SmH,. These features are assigned to
Co-Co distances in the metallic Co phase (Figure 1e; Figures S2
and S3 and Table S3, Supporting Information), consistent with
previous reports.[*1*2] Meanwhile, the XANES and EXAFS spec-
tra of Sm L;-edge also demonstrated SmH, to be the dominat-
ing species after the hydrogenation of SmCos (Figures S4 and S5
and Table S4, Supporting Information). Note that very weak sig-
nals for the Sm-Co bond could also be identified, which might be
assigned to the formation of abundant heterointerfaces between
nanosized Co and SmH,. The above findings confirmed again
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Figure 2. a) FESEM image of representative FTO-supported Co/SmH, particle, b) TEM image, c) magnified and d) high-resolution (HR)TEM images,
and e) the HAADF image of representative Co/SmH, particle scratched from FTO as well as the corresponding EDX elemental mapping of f) Sm, g)
Co, and h) their mixture. i) high-resolution (HRTEM) image and j) the HAADF image of representative SmCos particle as well as the corresponding EDX
elemental mapping of k) Sm, I) Co, and m) their mixture. n) Schematic illustration for the hydrogen-induced formation of heterophases composed of

Co and SmH,.

the transformation of the SmCos phase into the Co and SmH,
phases.

The surface chemical information of samples was assessed
through X-ray photoelectron spectroscopy (XPS) spectra, and the
results are presented in Figure S6 (Supporting Information). As
shown in Figure S6a,b (Supporting Information), in addition to
the signals for metallic Co, both Co"* and Sm** were also ob-
served in the high-resolution Co 2p and Sm 3d XPS spectra of the
SmCos compound. This phenomenon, common for transition-
metals and alloys, is attributed to the presence of a passivation
layer.3643=%] After hydrogenation, the signals for these elemental
species were very similar (Figure S6, Supporting Information).
The presence of Co"* and Sm** may also result from oxygen ad-
sorption on the surface of fresh Co and SmH, upon exposure to
air.

To examine the evolution of morphology and microstructure,
we made a comparative analysis of field emission scanning elec-
tron microscopy (FESEM) results for the SmCos particles before
and after hydrogenation. As depicted in Figure S7 (Supporting
Information), the original SmCos compound exhibited an irreg-
ular pseudo-spheric shape with sizes ranging from 200 nm to
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20 um, presenting a smooth surface. Although the particle size of
the hydrogenated SmCos was largely conserved, the particles dis-
played a markedly roughened surface with a distinctive wrinkled
sheet morphology (Figure S7, Supporting Information), indicat-
ing discernible surface alterations induced by gaseous hydrogen
treatment. As we had considered evaluating the catalytic alkaline
HER onto conductive fluorine-doped tin oxide glass (FTO) sub-
strate, we further deposited the Co/SmH, powder onto a conduc-
tive FTO glass matrix (Co/SmH, @FTO), which revealed that the
Co/SmH, particles retained the same morphology as the pristine
compound (Figure 2a). In line with the FESEM results, the low-
magnification transmission electron microscope (TEM) image of
powder scratched from the FTO exhibited the identical morphol-
ogy of the hydrogenated SmCos particles (Figure 2b). Besides, the
selected area electron diffraction (SAED) pattern confirmed the
coexistence of the Co and SmH, phases (Figure S8, Supporting
Information). Interestingly, the magnified TEM image demon-
strated that the particle was composed of numerous nanocrys-
tals (Figure 2c). A further high-resolution TEM (HRTEM) image
proved the formation of heterophases, in which the Co phase
was uniformly confined by the SmH, phase. In particular, the
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Figure 3. a) LSV curves of Co, Co/SmH,, and Pt/C on FTO recorded at a scan rate of 5 mV s~'. Comparison of b) Tafel slope by steady state method,
) Cy values of Co@FTO, Co/SmH, @FTO, and FTO, and d) chronopotentiometry curve for Pt/C, Co and Co/SmH, on FTO.

lattice distances of 0.205 and 0.319 nm corresponded to the (111)
facet of the cubic Co phase and the (111) facet of the cubic SmH,
phase, respectively (Figure 2d, additional TEM images in Figure
S9, Supporting Information). To demonstrate this confinement,
high-angle angular dark field-scanning transmission electron mi-
croscopy (HAADF-STEM) images and corresponding elemental
mappings are provided in Figure 2e-h. Evidently, the signals for
Co and Sm elements were uneven, showcasing the uniform con-
finement of Co species by Sm species. This was also supported
by the HAADF-STEM and corresponding elemental mappings
with a high magnification for an entire particle (Figure S10, Sup-
porting Information). In stark contrast, the pristine SmCos com-
pound only exhibited the pure hexagonal SmCos phase when
compared to the hydrogenated SmCos compound. As presented
in Figure 2i, lattice distances 0f 0.250 and 0.292 nm corresponded
to the (110) and (101) facets of the SmCos phase, generating an in-
tersection angle of ~65° (more TEM images are shown in Figure
S11, Supporting Information). HAADF-STEM images and cor-
responding elemental mappings vividly displayed the overlap of
Sm and Co species (Figure 2j-m). Overall, the above results con-
firmed that the hydrogen-induced disproportionation strategy ef-
fectively achieves in situ homogeneous confinement of rare earth
metal hydrides toward transition metal nanocrystals (Figure 2n),
potentially triggering unexpected catalytic performance.

To probe the catalytic activity toward alkaline HER, the
as-prepared Co/SmH, powder was deposited onto FTO
(Co/SmH, @FTO), which was then served as a working
electrode in 1.0 M KOH. For comparison, the catalytic activ-
ity of pristine Co particles with an average size of 2 um and
commercial Pt/C deposited onto FTO with the same mass

Adv. Funct. Mater. 2024, 34, 2402699 2402699 (5 Of11)

loading were also examined under identical conditions (Figure
S12, Supporting Information). As shown in Figure 3a, the
overpotential of Co/SmH,@FTO at 10 mA cm™2 was 251 mV,
which was far lower than that (326 mV) of Co@FTO. This result
strongly suggested the significant improvement of HER activity
for Co achieved through the strategic confinement of SmH,.
While slightly lower in activity than the commercial Pt/C@FTO
(150 mV), the Tafel slope of Co/SmH, @FTO (88 mV dec™) is
much lower than that of CO@FTO (117 mV dec™!), which is also
close to that of Pt/C@FTO (79 mV dec™). This observation im-
plies that the presence of SmH, effectively enhances the reaction
kinetics of HER. This result could also be validated by the elec-
trochemical impedance spectrum (EIS) (Figure S13, Supporting
Information), where Co/SmH, @FTO exhibited a significantly
lower charge transfer resistance (11 Q) compared to Co@FTO
(37 Q). Cy values of bare FTO, Co/SmH, @FTO, and Co@FTO
derived from CV curves at potential scan rates from 20 to 120 mV
s~ (Figure S14, Supporting Information) are also shown and
compared in Figure 3¢, which indicated the close number of po-
tential active sites for catalysis. This result also implied the more
favorable catalytic activity of Co/SmH, than Co. Furthermore,
the chronopotentiometry test (CP at a constant 10 mA cm™2) was
performed for Co/SmH, @FTO, Co@FTO, and Pt/C@FTO, and
the results are shown in Figure 3d. Evidently, Co/SmH, @FTO
displayed high stability without any activity decay, which was
much higher than those of Co@FTO and Pt/C@FTO, further
verifying the crucial role of SmH, in stabilizing the activity. Note
that, because SmCos exhibits permanent magnetic properties,
we deposited it onto FTO (SmCog/FTO) with the same mass
loading by using Nafion binder instead of EPD for HER. As
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Figure 4. a,b) TEM images and c¢) HAADF image of representative post-HER SmH, /Co particle and the corresponding EDX elemental mapping of d)
Sm, e) Co, and f) their mixture as well as g) O. h) magnified TEM and i) HRTEM images recorded for material in Figure 4a.

shown in Figure S15 (Supporting Information), it delivered an
overpotential of 401 mV at 10 mA cm—2.

In order to unveil the origin responsible for the superior cat-
alytic activity of Co/SmH, @FTO, the electrodes after the CP
test were systematically characterized by XRD, XPS, ICP, FE-
SEM, and TEM. The XRD results revealed that the phase com-
position remained essentially unaltered after alkaline HER CA,
that is, in addition to the diffraction peaks corresponding to
FTO (i.e., SnO, phase), only peaks associated with SmH, and
Co were observed, implying a surface-oriented phase transition
(Figure S16, Supporting Information). Further FESEM results
suggested observations highlighted a notably roughened surface,
with more wrinkled sheets (Figure S17, Supporting Informa-
tion), confirming the occurrence of surface reconstruction. In-
terestingly, the surface of pristine Co nanoparticles after HER
CA displayed enormous ultrathin sheets, likely resulting from
OH~™ etching on the particle surface (Figure S18, Supporting
Information). Low-magnification TEM images of the post-HER
Co/SmH, @FTO revealed a particle morphology similar to the
fresh state (Figure 4a). However, in contrast to the pristine con-
dition, the edge of the particle exhibited a less defined crys-
talline structure (Figure 4b). To further support this point, The

Adv. Funct. Mater. 2024, 34, 2402699 2402699 (6 0f11)

SAED pattern focused on the edge displayed a distinct halo with
a weak diffraction ring, alongside the maintenance of metallic
Co phases, suggesting an amorphous feature (Figure S19, Sup-
porting Information). To elucidate the composition differences
between the edge and center, HAADF-STEM (Figure 4c) images
and corresponding elemental mapping results were provided,
which indicated the uniform confinement of Co species by Sm
species, with the edge predominantly featuring Sm species rather
than Co species (Figure 4c—g). Further, a magnified TEM image
revealed the homogeneous distribution of numerous nanocrys-
tals within the particles (Figure 4h), and HRTEM images demon-
strated that these nanocrystals were primarily composed of Co
phases (Figure 4i). This observation suggested the conversion of
surface SmH, into a dominant state of amorphous samarium
(hydr)oxide phases. The XPS characterization of the surface post
HER CA indicated that there was basically an increase in oxida-
tion state for both Co and Sm species (indicating oxidation of
Co due to exposure of cycled sample with a fresh active surface
to air and/or electrolyte; Figure S20, Supporting Information).
Elemental composition results showed a very small decrease
in Sm species after HER (Table S2, Supporting Information),
implying the slight dissolution of surface Sm species during
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Figure 5. In situ Raman spectra of the Co/SmH, electrocatalyst recorded within a wavenumber range from a) 200 to 1200 cm~" and b) 1500 to 2500
cm™!in N,-saturated 1 M KOH, spanning a voltage window of 0.0 to —0.8 V versus RHE. Additionally, the Raman spectra are presented in the reverse
direction after the forward test from 0.0 to —0.8 V versus RHE. c) Free energy diagram for 2e~ HER on Co(111) and Co(111)/Sm(OH); at U =0 V.
d) Kinetic barrier of water dissociation on Co(111) and Co(111)/Sm(OH);. e) Atomic configuration of simulated water dissociation process on the
calculated Co(111)/Sm(OH);. Inset in (c): differential charge density distribution between Co(111) slab and Sm(OH); cluster, where the green, red,
blue, and pink spheres represent the Co, Sm, O, and H atom, respectively, while the yellow and blue color isosurface means the positive and negative

charge, respectively.

reconstruction, which might contribute to generating the rough
or porous surface for mass transfer. Thus, the above results in-
dicated that Co/SmH, serves as a precatalyst for HER, where
surface SmH, undergoes a transformation into samarium
(hydr)oxide . This transformation continues to confine Co, tun-
ing the catalytic activity and stability. It is noteworthy that the core
part retains the Co/SmH,, establishing a core—shell architecture
after electrochemical reconstruction, ensuring better conductiv-
ity for catalysis.

To gain a profound insight into the catalytic dynamics of
Co/SmH, during the alkaline HER, we employed in situ Raman
spectroscopy for detailed characterization. Figure 5a presents the
in situ Raman spectra covering a band range from 200 to 1500
cm~!. The spectra revealed that the signals at 515 and 680 cm™!
and for the fresh Co/SmH,, could be attributed to the Sm—H
bond, while the minor peak located at 475 cm™! was assigned
to the Sm—0 bond, likely a consequence of exposure to air.[7:43]

Adv. Funct. Mater. 2024, 34, 2402699 2402699 (7 of 11)

Upon applying an HER potential to 0.1 V versus RHE, two new
small peaks positioned at ~303 and 375 cm™! emerged, which
gradually intensified with the peak positioned at 477 cm~!. This
indicated the formation of Sm(OH), during the HER process.[*!
Especially, the peaks located at 303 and 375 cm™" were assigned
to the translational modes of Sm(OH),, while the band at 477
cm™! was designated as the librational model of Sm(OH);.l*"]
Even upon reverting the potential to 0 V versus RHE, these three
peaks maintained their high intensity, indicating an irreversible
phase transition from SmH, to Sm(OH);. On the other hand,
Figure 5b displayed the in situ Raman spectra across a band range
from 1500 to 3000 cm™'. As shown in Figure 5b, as the applied
HER potential reached -0.2 V versus RHE, a new peak appeared
at ~2129 cm™!, which could correspond to the Co—H bond.l>"]
Notably, the intensity of this peak gradually increased with rising
potential. Upon reverting the potential to 0 V versus RHE, the
peak signal weakened significantly, suggesting its catalytic site

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) LSV curves of Co/SmH,, Co, Pt/C supported on NF in 1.0 m KOH, b) CA test curve by using Co/SmH, @NF as both cathodic and anodic
electrode in 1.0 M KOH at an applied potential of 2.11V, c) Comparison of alkaline HER performance between Co/SmH, @NF and recently reported
NF-supported Co-based electrocatalysts,[>>~¢°] more details can be seen in Table S7 (Supporting Information).

nature. On the other hand, the quasi in situ XAS spectra at the
Co K-edge and Sm L;-edge in Co/SmH, @FTO before and after
the HER CP test shown in Figures S21 and S22 (Supporting In-
formation) (simulation results summarized in Tables S5 and S6,
Supporting Information) reveal that the metallic Co phase was
basically maintained after HER CP while Sm species were largely
transformed to hydr(oxide) after HER CP. The obtained results
are consistent with the ex situ characterization results for post-
HER Co/SmH,.

In order to further decouple the mechanism of samarium
(hydr)oxide for the improved intrinsic catalytic activity of Co, den-
sity functional theory (DFT) calculations were performed to com-
pare the catalytic behavior of Co/Sm(OH), with that of pristine
Co. Notably, since rare earth oxides have been demonstrated to be
beneficial for the HER activity of transition metal, the role of rare
earth metal hydroxide was discussed in this work. First, the struc-
tural models of Co (111) and Co(111)/Sm(OH), were constructed
based on observed facets from HRTEM. Given the predominantly
amorphous nature of Sm(OH);, a corresponding cluster model
was rationally devised to simulate the phase structure.[®**?] The
free adsorption energy of H* (AGy.) is the critical indicator to
estimate the alkaline HER activity of electrocatalysts.['®] An ideal
HER electrocatalyst should bear moderate free adsorption energy
toward H* (AGy;:), which means that the binding ability of the
active site to the H atom should be neither too strong nor too
weak. Prior to the calculation of AG,., the differential charge
density for the Co/Sm(OH), interface was calculated and pre-
sented in the inset of Figure Sc, from which the accumulated
charge density was clearly observed. This implied synergistic in-
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teractions between Co and Sm(OH),, being beneficial for elec-
tron transfer. Figure 5c compares the AGy,. values for Co(111)-
H and Co(111)/Sm(OH);-H systems with the most energetically
stable configurations (Figure S23, Supporting Information). In
terms of Co, the AG,;. was calculated to be —0.44 eV. This indi-
cated the strong binding ability of H on these sites, resulting in
the difficult desorption of H from active sites and unsatisfactory
HER performance. As expected, coupling of Co with Sm(OH),
could optimize the AGy,.. of Co (—0.39 eV), which would favor
the conversion of H* to H,. The d-band center of the interfa-
cial Co atom in Co/Sm(OH); (Figure S24, Supporting Informa-
tion) negative shift, leading to reduced adsorption energy of Co
toward H*. Furthermore, the energy barrier for water dissocia-
tion is another crucial indicator to evaluate the intrinsic catalytic
activity for alkaline HER, which was calculated for both the pure
Co surface and the Co/Sm(OH), interface (Figure 5d). The en-
ergy barrier for water dissociation on the Co(111) surface was
calculated as large as 0.72 eV, indicating sluggish water disso-
ciation (Figure 5d). However, the energy barrier for water disso-
ciation could be remarkably lowered to 0.38 eV on the interface
of Co(111)/Sm(OH); (Figure 5d), suggesting that the coupling of
Sm(OH); could effectively expedite the water dissociation step
on Co, being in good agreement with the Tafel slope and EIS
findings. This reduced energy barrier was even comparable to
that of Pt surface (0.56 eV),[*] demonstrating that the incorpo-
rated Sm(OH), was an effective promoter for water dissociation.
This also assured the adsorption of sufficient hydrogen protons
onto the active Co sites of the Co(111)/Sm(OH), interface, facili-
tating the subsequent Tafel or Heyrovsky process. As depicted in

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure S25 (Supporting Information), the oxygen atom in the wa-
ter molecule was adsorbed on the Co site, initiating cleavage into
a hydrogen proton and hydroxyl ligand, both adsorbed on the Co
site. In contrast, for the Co(111)/Sm(OH), interface, the oxygen
atom of water was absorbed on the Sm site of Sm(OH),. Subse-
quently, the water molecule cleaved into a proton and hydroxyl
ligand, adsorbed by Co and the surrounding Sm atom, respec-
tively (Figure 5e). This dual effect of lowering the dissociation
energy barrier for water molecules and optimizing AG,, high-
lights the synergistic enhancement of HER kinetics in an alkaline
medium, as experimentally confirmed.

Stimulated by promising outcomes, we further deposited the
material on NF (Figures S26 and S27, Supporting Information)
and evaluated its alkaline HER performance. The LSV results
showed an impressive overpotential at 100 mA ¢m~2 was only
252 mV (Figure 6a), in addition, the material could maintain a
current density of ~500 mA cm™ for 120 h with little perfor-
mance degradation (Figure 6b). The alkaline HER performance
at such a large current density was close to that of Pt/C and ex-
ceeded those of most currently reported NF-supported Co-based
electrocatalysts (Figure 6¢). The morphology after cycling indi-
cated a similar structural feature as compared to the fresh one
(Figure S28, Supporting Information).

3. Conclusion

In summary, we have successfully addressed the research ques-
tions (i)—(iv) as mentioned above in the introduction. With re-
spect to question (i), an innovative gaseous engineering strategy
was proposed to induce the phase disproportionation of SmCos
to enable the in situ confinement of SmH, nanocrystals toward
Co nanocrystals. To answer questions (ii)—(iv), the as-prepared
Co/SmH, was electrophoretically deposited on FTO and explored
for the alkaline HER for the first time. Further ex situ and in
situ spectra characterization and results from DFT calculation
uncovered that the Co/SmH, acts as a precatalyst, in which sur-
face SmH, was transformed to the samarium (hydr)oxide dur-
ing alkaline HER that further uniformly confined and tuned the
coupled SmH,. This in situ coupling mechanism not only cur-
tailed the aggregation of Co nanocrystals, ensuring high struc-
tural stability but also reduced the energy barrier for water dis-
sociation while optimizing free adsorption energy toward H,
greatly enhancing the intrinsic reaction kinetics and thermody-
namics. Furthermore, the unconverted inner Co/SmH, part en-
sured better electron transport during HER. After a thorough in-
trinsic HER activity measurement of Co/SmH, on FTO, it was
deposited on nickel foam, which demonstrated an excellent over-
potential of 252 mV at 100 mA cm~? and sustained stability at
500 mA cm~2 for 120 h. This alkaline HER performance sur-
passed the majority of previously reported transition metal-based
electrocatalysts. This study not only introduces a novel design
concept for cost-effective, stable, and efficient earth-abundant
rare earth-transition metal-based electrocatalysts but also pro-
vides profound fundamental insights into the correlation among
composition-structure-activity. Furthermore, to the best of our
knowledge, this is the first case to show the hydrogen-induced
disproportionation of intermetallics for enhancing the hydro-
gen evolution activity of transition metals. Actually, owing to the
high binding energy of rare earth to hydrogen, many rare earth-

Adv. Funct. Mater. 2024, 34, 2402699 2402699 (9 of 1 1)

www.afm-journal.de

transition metal based intermetallics, especially for the AB -type
intermetallics (A = rare earth metal, B = transition metal, x = 2,
3,3.5,4, 5) can be converted into the composite composed of rare
earth hydrides and transition metals by gaseous hydrogenation.
Notably, surface oxidation can occur for many rare earth metal hy-
drides under air, but this will hardly affect the surface catalytic be-
havior of the designed composite as these surface hydrides would
be eventually converted to rare earth (hydr) oxides after alkaline
catalysis. This encouraging work is expected to trigger more in-
teresting investigations in the future.
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