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nanorod arrays for the hydrogen evolution
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A universal plasma-assisted strategy is proposed for the fabrication of rare earth (RE)-doped FeP
nanorod arrays (RE-FeP) as a kind of potential electrocatalyst for the hydrogen evolution reaction (HER).
The energetic Ar plasma can induce the vacancy-enriched feature of the Fe-precursor, which assists in
the anchoring of RE ions. As a typical model, Sm-FeP affords a low overpotential of 71 mV at
10 mA cm™2 for the HER, which is 63 mV smaller than that of FeP and superior to most reported
Fe-based catalysts. The robust long-term stability of Sm-FeP is also demonstrated. Furthermore, the as-
assembled Sm-FeP||RuO, water-splitting electrolyzer also displays a low cell voltage of 159 V at
10 mA cm™2. Sm-induced electronic configuration modulation at the Fe site mainly contributes to the
improved HER performance of Sm-FeP relative to FeP. The combination between the Sm site and *OH
produces labile O 2p states below the Fermi level, thus weakening the co-adsorption of *OH and *H
derived from the splitting of H,O for the facilitated formation of *H. Moreover, the other RE-FeP
catalysts (e.g., Yb, Eu, La, and Er) extended by such a plasma-induced strategy also exhibit various
improved degrees in the HER, implying that RE-FeP is a promising class of electrocatalyst towards

rsc.li/frontiers-materials the HER.

Introduction

Hydrogen (H,) has attracted great attention as a clean and
renewable alternative energy source for traditional fossil fuels
due to its zero-carbon emission and high gravimetric energy
density (142 MJ kg™ ')."* The electrocatalytic water splitting is
deemed as an environment-friendly strategy to meet the rising
demands of high-purity hydrogen production.>* However, the
efficiency of water splitting is mainly decided by the electro-
catalytic performance of catalysts to lower the energy barrier of
the involved reactions such as the hydrogen evolution reaction
(HER).>"® To date, Pt-based materials are still considered the
benchmark HER electrocatalyst,” > but high-cost and limited
reserves hinder their large-scale application. Therefore, it is
highly desirable to develop earth-abundant, cost-effective, and
efficient non-Pt catalysts for the HER.">'*

Recently, a myriad of 3d-transition metal (TM)-based
catalysts, such as alloys,">'® hydroxides,"”'® nitrides,"°
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oxides, sulfides, and phosphides,*>*® have been devel-
oped to accelerate the HER process. Thereinto, FeP has been
identified as one of the prospective HER catalysts owing to its
unique proton attractivity.>’*® Meanwhile, P element with
slightly high electronegativity compared with Fe can regulate
the surface charge state of Fe and also increase the stability of
FeP through a covalent Fe-P bond.?® However, there is still a
huge performance gap between FeP and Pt-based catalysts and
bulk FeP cannot provide sufficient exposed active sites and
mass transfer channels for the HER, which is far from the
demand of renewable energy systems. To address the above-
mentioned problems, incorporation of FeP with heteroatoms
seems to be a reliable strategy to improve the HER activity.
Owing to the extensibility of the electron wave function of d
orbitals, the electronic structure of Fe can be finely adjusted by
foreign elements, which affects the adsorption behaviors of the
reaction intermediates in the HER.?>*™?

More recently, rare earth (RE) elements such as La, Ce, Nb,
Eu, Gd, and Yb have been proven as efficient promoters for
a number of electrocatalytic reactions.**™*° The unique 4f-
subshell electron configuration, flexible valence states, and
strong spin-orbital effect of RE elements can offer great
potential for tuning the electronic structures and improv-
ing the electrocatalytic performance of various TM-based

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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catalysts.*'™** For example, Sun et al. found that the combi-
nation of Yb,0O; and Ni can reduce the energy barrier of water
dissociation and enlarge the active-site density, which greatly
enhances the HER performance of Ni.** Li et al. demonstrated
that the co-doping of Y and Ce into Ni-MOF can finely tailor the
electronic structure of NiYCe-MOF/NF by a bimetallic synergis-
tic effect, resulting in greatly enhanced HER and OER
performance.*® However, compared with Fe, RE elements have
a larger atomic radius, more negative reduction potential, and
stronger oxygen affinity, which increase the difficulty of con-
trollable synthesis of RE-FeP hybrid catalysts. According to
defect theory, the unsaturated properties of atoms around
defect sites tend to possess high binding energy with metal
ions, which can act as anchoring sites for foreign atoms or
clusters. This vacancy-assisted anchoring method can effec-
tively avoid self-nucleation of heterogeneous elements due to
crystal nucleation and differences in growth factors of different
elements (e.g., atomic radius, charge, and solubility). For exam-
ple, Gong et al. reported that O-doped MoS, could generate rich
sulfur vacancies that provide specific anchoring sites for Pt and
facilitate the formation of homogeneous and monodispersed Pt
nanoparticles.”” Wang et al. also reported that Au atoms were
captured by oxygen vacancy-enriched TiO, with the local atomic
configuration of Ti-Au-Ti by a coprecipitation method.*®
Therefore, the hybridization of FeP and RE species through
the vacancy-assisted method may be a viable strategy to
improve the HER activity of FeP.
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Herein, we elaborate on a universal plasma-assisted strategy
for the synthesis of RE-FeP nanorod arrays on carbon cloth (RE-
FeP@CC) as highly efficient HER catalysts. The Ar-plasma beam
sheds the surface light atoms of the FeO(OH)@CC precursor to
form vacancies, so as to anchor glycine-stabilized RE ions
during the subsequent hydrothermal process. Taking Sm-
FeP@CC as an example, Sm-FeP@CC exhibits outstanding
electrocatalytic activity with a low overpotential of 71 mV at
10 mA cm™ 2, a small Tafel slope of 85.9 mV dec ™", and robust
stability, outperforming those of Sm-free FeP@CC and most
reported Fe-based catalysts. When utilized in overall water
splitting, Sm-FeP@CC|RuO, only requires a voltage of 1.59 V
at 10 mA cm 2. The improved HER activity of Sm-FeP@CC is
highly correlated with the Sm-induced electronic modulation of
Fe and the unique nanorod arrayed feature. Theoretical calcu-
lations demonstrate that the increased HER performance on
Sm-FeP is due to the weakened co-adsorption of *OH and *H
that is contributed by the splitting of H,O, where the labile O 2p
state in *OH denotes the weak bonding at the Sm site, which is
favored for the consecutive H, release.

Results and discussion
Synthesis and characterization

Sm-FeP@CC was synthesized by the combination of an
Ar-plasma-assisted treatment and subsequent topolo-
gical transformation with FeO(OH) as the precursor, as
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Fig. 1 (a) A schematic of the fabrication procedure of Sm-FeP@CC: (b) a schematic of the interaction between Sm** and glycine; (c) UV-vis absorption

spectra of Sm>*, glycine, and Sm**—glycine aqueous solution.
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schematically illustrated in Fig. 1(a). Firstly, the FeO(OH)
nanorod arrays were uniformly grown on the carbon cloth
(CC) substrate through a simple hydrothermal process. Then,
the FeO(OH)@CC was treated with Ar plasma for obtaining
anionic vacancies on its surface, which was further soaked in
SmCl; glycine solution. Glycine not only can be adsorbed by
anionic vacancies through electrostatic interactions but also
can coordinate with the Sm*" (Fig. 1(b)). UV-vis spectra illu-
strated that Sm’>*-glycine solution has a distinct red shift
compared to SmCl; solution (Fig. 1(c)), indicating that the
Sm®" ion was coordinated with glycine. Finally, Sm-modified
FeO(OH)@CC was topologically transferred into Sm-FeP@CC
by the phosphating process.

The crystalline structure of Sm-FeP@CC was analyzed by
X-ray powder diffraction (XRD), as shown in Fig. 2(a). The
characteristic diffraction peaks for FeP were observed at
32.7°, 37.1° and 48.3°, which are well indexed to (011), (111),
and (211) facets of orthorhombic-phase FeP (JCPDF no.
65-2595), demonstrating that the introduction of Sm element
does not change the host crystalline structure of FeP. Two
obvious diffraction peaks of about 26.5° and 44.0° correspond
to the lattice planes of carbon cloth. The magnified (211) facet
peak of Sm-FeP shows an obvious shift to a lower angle region
compared with FeP (Fig. S1, ESI{), which can be ascribed to
the lattice expansion due to the lager atomic radius of Sm.
Sm-FeP@CC was converted from the orthorhombic FeO(OH)
phase (Fig. S2, ESIt). The existence of Sm in Sm-FeP@CC was
also confirmed by the energy dispersive spectroscopy (EDS)
spectrum (Fig. S3, ESIT). The molar content of Sm in Sm-FeP
was calculated to be about 1.37% by inductively coupled
plasma mass spectrometry (ICP-MS). The surface composition
and valence information of Sm-FeP@CC were further investi-
gated by X-ray photoelectron spectroscopy (XPS). The
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coexistence of Fe, P, Sm and C was clearly observed in the
survey scan spectrum for Sm-FeP@CC (Fig. S4, ESIt), consistent
with the analysis of EDS. The Sm 3d peaks of Sm 3d5/2 and Sm
3d3/2 were found at two distinct binding energies of 1083.3 and
1110.5 eV (Fig. 2(b)). The binding energy difference between the
two spin-orbit peaks is about 27.2 eV, indicating that Sm
presents the +3 oxidation state in the host.*” For the high-
resolution Fe 2p spectrum (Fig. 2(c)), the deconvoluted peaks
located at 711.1 and 724.3 eV are ascribed to Fe** species, while
the deconvoluted peaks at 713.7 and 727.1 eV are assigned to
Fe’" species with two satellite peaks.’>" Besides, a pair of
sharp peaks represented at 720.2 and 707.6 eV are ascribed
to FeP.>>* The binding energy of the Fe 2p3/2 peak for Sm-
FeP@CC shifts to a lower position by about 0.3 eV compared
with FeP@CC (Fig. 2(c)), while a significant positive shift of
about 0.50 eV of Sm 3d5/2 was also observed in Sm-FeP@CC
compared to Sm,O; (Fig. S5, ESIt). This indicates that the
introduction of Sm optimizes the electronic structure of FeP
owing to the different electronegativities of Sm and Fe.’**®
Such spontaneous electron migration can equilibrate the
adsorption energies of intermediates and improve the hydro-
gen evolution performance.’®>® The high-resolution P 2p spec-
trum (Fig. 2(d)) of Sm-FeP@CC is disassembled into one peak
of P-O at 133.9 eV originating from surface oxidation of the
phosphides and other peaks centered at 129.5 eV and 130.3 eV
belong to P 2p3/2 and P 2p1/2 peaks of the P-metal bond.***°
The strong P-O bond can be ascribed to both surface oxidation
caused by exposure to air and the deposition of PO;*~ species
due to the decomposition of sodium hypophosphite.®* After Sm
doping, the Sm-FeP@CC exhibits a higher electron spin response
(ESR) signal intensity at a g value of 2.004 than FeP@CC (Fig. 2(e)),
which implies the presence of high concentration P vacancies in
Sm-FeP@CC. Sm with a flexible 4f-subshell electron configuration
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Fig. 2 (a) XRD pattern of Sm-FeP@CC; (b) Sm 3d XPS spectrum of Sm-FeP@CC; (c) Fe 2p XPS spectra of Sm-FeP@CC and FeP@CC; (d) P 2p XPS

spectrum of Sm-FeP@CC; (e) ESR spectra of Sm-FeP@CC and FeP@CC.
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Fig. 3 Morphology and structure characterization of Sm-FeP@CC: (a), (b) SEM images; (c), (d) TEM images; (e) HRTEM image and (f) HRTEM images after
noise elimination and corresponding integrated pixel intensities. (g) Contact angle with a water drop; (h) HAADF-STEM image and (i) EDS line scan

profiles. (j) Elemental mapping images.

and the strong spin-orbital effect can significantly decrease the
formation energy of vacancies, which may result in the vacancy-
rich feature of Sm-FeP@CC.%*%

The morphological characteristics of the samples were char-
acterized by scanning electron microscopy (SEM). The precur-
sor of FeO(OH)@CC presents an array structure consisting of
abundant one-dimensional (1D) nanorods on the surface of
carbon cloth (Fig. S6, ESIt). After the plasma treatment and
topological transformation, the Sm-FeP@CC still maintains a
good rod-like array structure (Fig. 3(a)). The average length of
Sm-FeP nanorods is about 160 nm and the thickness is about
50 nm (Fig. 3(b)). Likewise, FeP@CC displays a similar struc-
ture characteristic of Sm-FeP@CC (Fig. S7, ESIt), implying that
Sm doping did not affect the morphology of Sm-FeP@CC. The
Sm-FeP nanorods present a porous feature, as verified by
transmission electron microscopy (TEM) in Fig. 3(c) and (d),
which favors the exposure of more active sites. As shown in
Fig. 3(f), the integrated pixel intensity derived from Fig. 3(e)
shows two lattice fringe values of 0.280 nm and 0.322 nm,
which are slightly larger than those of the FeP (103) and FeP
(113) planes (0.276 nm and 0.320 nm). This can be attributed to
the lattice expansion of FeP caused by Sm-doping. The nanoar-
ray structure generally increases the active surface area and
facilitates contact with the electrolyte,®*®® which leads to good

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

hydrophilicity of Sm-FeP@CC and FeP@CC with small contact
angles of about 23° and 36° (Fig. 3(g)). The high-angle annular
dark-field scanning TEM (HAADF-STEM) image (Fig. 3(h)) and
the line scanning profiles (Fig. 3(i)) demonstrate the uniform
distribution of Sm, Fe and P elements in Sm-FeP, in accordance
with elemental mapping images (Fig. 3(j))-

Electrocatalytic performance for the HER

The HER performance of Sm-FeP@CC was explored by using a
typical three-electrode cell in an Ar-saturated 1 M KOH solution
and compared to those of FeO(OH)@CC, FeP@CC, and com-
mercial Pt/C. Fig. 4(a) shows the linear sweep voltammetry
(LSV) curves of all catalysts at a scan rate of 5 mV s~ . As
observed, the FeO(OH)@CC shows almost no HER activity. The
Sm-FeP@CC requires an overpotential of merely 71 mV to yield
the current density of 10 mAcm 2, which is 63 mV more
negative than that of FeP@CC (Fig. 4(b)). The overpotential of
Sm-FeP@CC at a high current density of 100 mA cm™? is about
175 mV, much smaller than that of FeP@CC (281 mV) and
commercial Pt/C (237 mV), indicating that Sm-FeP@CC is
expected to be developed for practical industrial application.
The good HER performance of Sm-FeP at a high current density
may have contributed to the nanorod arrayed structure and the
heteroatom Sm doping, which facilitates the mass transfer

Mater. Chem. Front., 2023, 7, 4132-4141 | 4135
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Fig. 4 Comparison of the HER activity of Sm-FeP@CC with other samples in 1 M KOH solution: (a) HER polarization curves; (b) overpotentials at
10 mA cm™2 and 100 mA cm™2; (c) Tafel plots derived from (a); (d) HER performance comparison of Sm-FeP@CC with other recently reported Fe-based
catalysts; (e) the H, yield and faradaic efficiency of Sm-FeP@CC for the HER; (f) HER polarization curves of Sm-FeP@CC before and after 3000 cycles of
CV, where the inset shows the i—t curve of Sm-FeP@CC; (g) Cq values and (h) EIS Nyquist plots of the catalysts.

process and charge-transfer rate between the electrolyte and
electrode.’®®® Tafel slope is a good indicator of reaction
kinetics and the rate-determining step of electrocatalytic reac-
tions. The Sm-FeP@CC exhibits a much lower Tafel slope of
85.9 mV dec ' than that of FeP@CC (184.3 mV dec '), which is
close to commercial Pt/C (63.9 mV dec '), demonstrating the
favorable HER Kkinetics via the Volmer-Heyrovsky route
(Fig. 4(c)). Besides, such remarkable HER performance of
Sm-FeP@CC surpasses that of most recently reported Fe-
based catalysts in alkaline electrolyte, as listed in Fig. 4(d)
and Table S1 (ESIt). The HER selectivity of Sm-FeP@CC was
further studied by a sealed drainage gas collector system
(Fig. S8, ESIt). As displayed in Fig. 4(e), the experimental H,
yield of Sm-FeP@CC is close to the theoretical value and the
faradaic efficiency is close to 100%, indicating the high HER
selectivity. The Sm-FeP@CC also displays good electrocatalytic
stability for the HER. As indicated in Fig. 4(f), the polarization
curve after 3000 cyclic voltammetry (CV) cycles overlaps the
initial one; while the current density barely changes after more
than 40 hours of the i-t chronoamperometric test, which is
better than that of FeP@CC (Fig. S9, ESIT). After the i~ test, the
nanorod array structure and composition of Sm-FeP@CC are
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well maintained (Fig. S10 and S11, ESIt), which is probably
the main reason for the excellent stability. The above electro-
catalytic results confirm that Sm-FeP@CC is a highly active
and stable HER electrocatalyst. To elucidate the superior
HER activity of Sm-FeP@CC, the reactive active sites were
studied through the electrochemical surface area (ECSA),
which was calculated by the double-layer capacitance (Cqj).
The CV curves at different scan rates in the non-faradaic
region were provided in Fig. S12 (ESIf). In Fig. 4(g), the
Sm-FeP@CC has a much larger Cq; value of 31.2 mF cm™?
than that of FeP@CC (22.7 mF cm ?) and FeOOH®@CC
(4.78 mF cm™?). Based on the obtained Cq4 values
(Fig. 4(g)), the ECSA of Sm-FeP@CC was calculated to be
about 780 cm ™2, which is much higher than that of FeP@CC
(567.5 cm™ %) and FeO(OH)@CC (119.5 cm ™ ?), demonstrating
the significant improvement of ECSA after the phosphating
and the Sm doping. The fast charge transport and high
electron conductivity also contribute to the excellent HER
performance of Sm-FeP@CC. The electrochemical impe-
dance spectroscopy (EIS) Nyquist plots show that the charge
transfer resistance (R.;) for Sm-FeP@CC is smaller than that
for FeP@CC and FeO(OH)@CC (Fig. 4(h)).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Theoretical analysis

Density functional theory (DFT) calculations were performed to
measure the enhanced HER activity after the Sm modulation
over FeP. For the slab model, we compared the surface for-
mation energy of (010), (011), and (101). Afterward, the (011)
surface was used for mechanism investigation due to its lowest
surface formation energy according to our tested results. After
the cleavage of FeP bulk into the (011) slab model, the projected
density of states (PDOS) for Fe-3d donates a certain occupancy
around the Fermi level (Eg), indicating the metallic behavior of
FeP for electronic conductivity (Fig. 5(a)). After the introduction
of Sm into FeP, the metallic behavior is still conserved and
accordingly, the induced Sm exhibits the large occupancy of the
valence 4f states below the Ey (Fig. 5(b)). However, such Sm-4f
states exhibit the orphaned property, which can be attributed to
the localized nature that is hard to participate in the chemical
bonding, also noted as low covalency in the Sm-P bond. For the
HER performance, we completely consider the splitting of the
H-OH bond to produce the co-adsorption of *H and *OH and
the consecutive H, formation (Fig. 5(d) and (e)). For the co-
adsorption state on FeP, both the *H and *OH are bonded with
surface Fe sites, where the adsorption of *OH leads to the
obvious bonding states contributed by Fe-3d and O-2p (Fig. S13,
ESIT), while for Sm-FeP, the lower contribution of Sm-4f for
covalency leads to the limited orbital overlap between the Sm
site and *OH, which can be confirmed by the promotion of
O-2p states (around 2 eV in PDOS) from bonding states,
equipping O-2p states as the labile property (Fig. 5(c)). Such a
limited orbital overlap between the Sm site and *OH can
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decrease the adsorption of *OH, which is also confirmed by
free energy calculation in Fig. 5(f). For FeP, the desorption of
*OH step is a non-spontaneous process with a great step uphill,
which is assigned as the potential-determining step (PDS) in
the HER. When introducing Sm into FeP, the limited orbital
overlap between Sm and *OH can greatly decrease the step
downhill for the formation of *H + *OH, resulting in a thermo-
dynamic spontaneous process for the desorption of *OH step
for Sm-FeP. As a result, the PDS process for Sm-FeP was
switched to the formation process of H,. As a result, with the
modulation effect of Sm into FeP for decreased co-adsorption
of *H and *OH, the Sm-FeP delivers the facilitated formation of
*H from the water splitting. For the consideration of hydro-
philicity, the free energy of H,O adsorption for Sm-FeP was
calculated to be —3.05 eV (Fig. S14, ESIt), indicating the
spontaneous coverage of H,O molecules for good hydrophilicity
of Sm-FeP.

Application exploration and universal adaptation

Based on the excellent HER catalytic activity of Sm-FeP@CC, we
carried out the explorations of practical application and
universal adaptation. A two-electrode OER|HER electrolyzer
was assembled to investigate a feasible catalyst candidate of
Sm-FeP@CC for overall water splitting. The Sm-FeP@CC ||RuO,,
requires a cell voltage of 1.59 V to achieve a current density of
10 mA cm * (Fig. 6(a)), which exceeds FeP@CC. As the cell
voltage increases, large amounts of hydrogen and oxygen escape
from the surface of the carbon cloth, respectively (Fig. 6(a), inset).
Besides, the current density increases sharply following the
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Reaction progress

(a) PDOS of Fe-3d and P-3p in FeP (011); (b) PDOS of Fe-3d, P-3p and Sm-4f in Sm-FeP (011); (c) PDOS of Fe-3d, P-3p, Sm-4f and O-2p in Sm-FeP

(011) + (*H + *OH); geo-optimized model of (d) FeP and (e) Sm-FeP in the HER; and (f) Gibbs free energy diagram on the Sm-FeP(011) and FeP(011).
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Fig. 6 (a) Polarization curves of Sm-FeP@CC||Pt/C and other counterparts;
voltage comparisons of Sm-FeP@CC| Pt/C and other counterparts at current densities of 10, 100, and 200 mA cm
curves of different RE-doped FeP@CC in 1 M KOH solution; and (d) overpotentials of different RE-doped FeP@CC at 10 mA cm™ <.

increase of the cell voltage for the Sm-FeP@CC| RuO, (Fig. 6(b)),
which leads to a low cell voltage of 1.74 and 1.78 V at 100 and
200 mA cm™ 2 respectively. The stability of overall water splitting
on Sm-FeP@CC|RuO, was evaluated by the i~t curve (Fig. S15,
ESIt). As observed, the operating current density of Sm-FeP@
CC||RuO, shows a small attenuation up to 25 h, which is better
than that of the FeP@CC||RuO, electrolyzer, verifying that the
HER activity of Sm-FeP@CC was well retained. To explore
the universality of rare-earth-doped FeP for improving the HER,
the FeP samples doped with different rare earths (such as Yb, Eu,
La and Er) were prepared by a similar method as with
Sm-FeP@CC. The successful doping of rare earths on carbon
cloth-loaded FeP was confirmed by elemental mapping images
(Fig. S16, ESIt), suggesting a universal synthesis strategy. Fig. 6(c)
and (d) show that the HER activity of the catalysts after rare earth
doping has been improved to varying degrees, implying that rare-
earth-doped FeP is a promising class of HER catalyst.

Conclusions

In summary, a series of RE-doped FeP catalysts was synthesized
through a universal plasma-assisted strategy for improving the
HER performance. An Ar-plasma beam with high energy can
shed the surface light atoms to form vacancies, which facil-
itates the doping of RE elements. Taking Sm-FeP as an example,
it exhibits high electrocatalytic performance for the HER
including a low overpotential, a small Tafel slope and good
long-term stability, which exceeds the pure FeP catalyst. The
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as-assembled Sm-FeP@CC|RuO, electrolyzer performs well in
water splitting (1.59 V at 10 mA cm ™ 2). Theoretical calculations
reveal that the increased HER performance on Sm-FeP is due to
the weakened co-adsorption of *OH and *H that are contrib-
uted by the splitting of H,0, where the labile O 2p state in
*OH denotes the weak bonding at the Sm site. As a result, the
formation of *H by removing the *OH is favored for the
consecutive H, release. Finally, the plasma-assisted strategy
proved to be useful for the synthesis of other RE-FeP
(RE = Yb, Eu, La, and Er) catalysts in general, which also
exhibited varying degrees of performance enhancement towards
the HER.
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