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ABSTRACT: The tradeoff between hydrogen adsorption binding
energy (HBE) and hydroxyl adsorption binding energy (OHBE)
critically impacts the sluggish kinetics of hydrogen oxidation
reactions (HOR), which significantly impedes the development of
anion exchange membrane fuel cells (AEMFCs). Herein, we
introduce a novel synergistic catalysis system composed of single
rare earth atoms (such as Tb, Ho, Gd, and Er) doped into graphitic
carbon nitride (GCN) supported on Pt nanoparticles (GCN-RE-Pt) to
balance the tradeoff between HBE and OHBE, thereby enhancing
HOR kinetics. In this system, the single rare earth atoms could
promote the adsorption of hydroxyl species (OH,q), facilitating
hydrogen oxidation and water generation, and induce a surface
charge redistribution in GCN, which modulates the electronic
structure of the Pt active centers and optimizes the binding energy
of adsorbed hydrogen (H,4). As a proof of concept, the optimal
GCN-Tb-Pt electrocatalyst achieved a kinetic current density of

3. GCN-Th-Pt

0.0 0.1 0.2 0.3
E (V vs. RHE)

12.67 mA-cm at an overpotential of 50 mV, which is markedly higher than that of GCN-Pt (6.49 mA-cm™) and commercial
Pt/C (7.28 mA-cm). This work opens new avenues for the rational design of highly efficient alkaline HOR catalysts through

single rare earth atoms modulating synergistic catalysis.

KEYWORDS: hydrogen oxidation reaction, synergistic catalysis, rare metal, platinum

1 Introduction

Due to the significant depletion of fossil fuels and the resulting
climate challenges, it is crucial to urgently develop clean and
renewable energy technologies [1-4]. However, the intermittent,
unpredictable, and non-continuous nature of these energy sources
necessitates advancements in energy conversion technologies.
Among them, anion exchange membrane fuel cells (AEMFCs) rely
crucially on research into catalysts for the hydrogen oxidation
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reaction (HOR) in alkaline media [5-8]. Platinum (Pt)-based
catalysts are among the most effective HOR catalysts due to their
exceptional catalytic activity. However, their performance in
alkaline conditions is compromised by high hydrogen adsorption
binding energy (HBE) and insufficient hydroxyl adsorption energy,
leading to sluggish HOR kinetics [8-11]. Researchers have
developed many strategies such as alloying and heterostructure
engineering to enhance their HOR performance. Alloying Pt with
other metals and developing heterostructures are considered
effective strategies to tune the electronic structure and d-band
center of Pt active sites, thereby optimizing HBE and enhancing the
kinetics of HOR [12-15].

In addition to optimizing HBE on Pt active sites, the oxidation of
adsorbed hydrogen (H,g) also plays a critical role in enhancing the
kinetics of the HOR and facilitating water formation. Typically, in
alkaline media, H 4 intermediates must couple with OH,4 species to
form water, a process explained by the bifunctional OH binding
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energy (OHBE) theory [10, 16]. This theory emphasizes the
cooperative adsorption of H,y and OH,q at two distinct active sites,
where H,4 is oxidized by OH,4 species from synergistic adjacent
sites, thus promoting the HOR [17-18]. Therefore, balancing the
tradeoft between HBE and OHBE is of pivotal significance to
enhancing the alkaline HOR kinetics.

To achieve this aim, Pt is generally alloyed with oxyphilic metals,
leveraging the bifunctional mechanism to improve catalytic activity
[19-20]. For example, PtRu alloys exhibit outstanding HOR activity
in alkaline media by enhancing OH,y adsorption, thanks to the
oxyphilic nature of ruthenium (Ru) [5, 18, 21]. However, challenges
persist regarding the durability of PtRu alloys, as they are
susceptible to oxidation-induced passivation at high potentials.
Recent research has shown a growing interest in the synergistic
effects between Pt and non-noble metals, specifically 3d transition
metals such as Fe, Co, Ni, and Cu, as well as their oxides [22-26].
These metals or oxides can modulate the electronic states of Pt
active centers, thereby enhancing intrinsic activity and facilitating
the adsorption of OH species. However, the complexity of their
structures and coordination chemistry complicates efforts to clarify
the catalytic mechanisms and establish definitive structure-activity
relationships. More recently, several studies have suggested that
alloying Pt with rare earth (Pt-RE) displays lower alloying energy,
providing these alloys with kinetic stability against dissolution [27,
28]. Also, when rare-earth atoms are hybridized with Pt, the unique
occupancy of 4f orbitals and the La contraction effect characteristic
of rare earth can influence the electronic structure of Pt-RE hybrids,
potentially optimizing the H,q adsorption and desorption of Pt
active sites. Besides, the vacant orbitals of the RE element as a Lewis
acid can selectively absorb OH-, which helps to increase the
concentration of OH™ near the Pt active sites, thereby enhancing the
overall HOR performance [29-31]. Moreover, single atom catalysts
have demonstrated their superiority in various electrocatalytic
reactions, including HER and HOR, and have made significant
progress [32—36]. However, research on rare earth-based single
atom catalysts is relatively limited, particularly in the application of
HOR. Therefore, exploring their potential in HOR and unveiling
the underlying mechanisms is of great significance.

Herein, we introduce oxyphilic rare earth atoms as effective
promoters for HOR in alkaline media. These rare earth atoms are
doped into graphitic carbon nitride (GCN) nanosheets supported
on Pt nanoparticles (GCN-RE-Pt) to balance the tradeoff between
HBE and OHBE, thereby enhancing HOR kinetics. The presence of
Tb species facilitates the charge redistribution within the GCN-Tb
matrix, efficiently modulating the electronic states of Pt active sites,
optimizing the binding energy of adsorbed hydrogen. More
importantly, the Tb atoms also assist in the adsorption of OH,4
species, helping to oxidize adsorbed H,4 intermediates on adjacent
Pt active sites. Benefitting from their synergistic interactions, the
GCN-Tb-Pt catalysts exhibit remarkable activity and decent
durability in the HOR.

2 Experimental

2.1 Materials preparation

2.1.1 The synthesis and functionalization of GCN

The melamine (1 g) was placed in a covered porcelain boat and
calcined at 550 °C for 2 h in an air atmosphere, with a heating rate
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of 2.3 °Cmin™. After calcination, the resulting powder was
ultrasonicated in 6 mol-L™ hydrochloric acid (HCI) for 1 h and then
stirred at room temperature for 4 h. The mixture was subsequently
washed repeatedly with deionized water (DIW) seven times until
the wash water became neutral. Finally, the material was transferred
to a convection drying oven set at 60 °C and dried overnight to
obtain GCN.

2.1.2 The synthesis of GCN-Tb

180 mg of GCN and 0.06 mmol of Tb(NO3);-6H,O were dispersed
in 10 mL of deionized water and ultrasonicated for 3 h. After
ultrasonication, the mixture was freeze-dried for 48 h to obtain
GCN-Tb. The obtained GCN-Tb was then divided into three
portions, and each portion was placed in a covered porcelain boat.
These boats were transferred into a tube furnace and heated in an
Ar/H, atmosphere at a rate of 5 °C-min™ until a temperature of 450
°C was reached, followed by calcination for 3 h. After calcination,
the samples were stirred in 1 mol-L™ hydrochloric acid at room
temperature for 30 min. The samples were then washed by
centrifugation with DIW seven times until the pH became neutral.
Finally, the samples were placed in a convection drying oven set at
60 °C and dried overnight to obtain GCN-Tb.

The synthesis of other rare earth doped GCN supports (GCN-
Ho, GCN-Gd, and GCN-Er) followed the same procedure as that
for GCN-Tb-Pt, except that GCN was used instead of GCN-Tb.

2.1.3 The synthesis of GCN-Tb-Pt

18 mg of GCN-Tb was added to a mixture of 20 mL of ethylene
glycol and 15 mL of deionized water. 120 puL of 0.2 mol-L"
chloroplatinic acid was then incorporated into the solution. The
mixture was ultrasonicated for 2 h to ensure thorough dispersion,
and then transferred to an oil bath. The mixture was heated while
stirring at 120 °C for 2 h. After the reaction, the mixture was
allowed to cool to room temperature. The product was washed by
centrifugation twice with DIW, followed by two additional washes
with anhydrous ethanol. Finally, the product was placed in a
vacuum drying oven set at 60 °C and dried overnight to obtain
GCN-Tb-Pt.

The preparation processes for other GCN-Ho-Pt, GCN-Gd-Pt,
and GCN-Er-Pt electrocatalysts were identical to those for GCN-Tb-
Pt. The synthesis of GCN-Pt followed the same procedure as that
for GCN-Tb-Pt, except that GCN was used instead of GCN-Tb.

2.2 Characterizations

X-ray diffraction (XRD) measurements were conducted on a
Bruker D8 ADVANCE diffractometer (A = 1.5406 A, 40 mA,
40 kV, step size of 0.02°s™). Transmission electron microscopy
(TEM) images were acquired with a JEOL JEM-2010 microscope at
a working voltage of 200 kV. X-ray photoelectron spectroscopy
(XPS) tests were carried out on a Thermo Scientific K-Alpha
instrument with monochrome Al Ka (hv = 1486.6 eV) as the X-ray
excitation source. Fourier transform infrared (FT-IR) spectra were
acquired on a Thermo Nicolet IS-20 instrument.

2.3 Electrochemical measurements

Electrochemical measurements were conducted using a CHI760E
electrochemical workstation (Chenhua, Shanghai) equipped with a
rotating disk electrode from Pine Research Instruments, USA. All
measurements were performed in a 0.1 M KOH aqueous solution
The counter electrode consisted of a platinum plate (0.5 cm X

B) 72w | Sci@pen
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0.5 cm), while the reference electrode was an Hg/HgO electrode (in
1 M KOH solution). Working electrodes were prepared by
uniformly depositing catalyst inks onto the polished surface of a
glassy carbon electrode, with a mass loading of 200 pg-cm™ for all
samples. To prepare the catalyst inks for all synthesized samples
and commercial Pt/C, 2 mg of the obtained catalysts were
combined with 0.5 mg of Vulcan XC-72 carbon black in a solution
containing 16 pL of Nafion solution (Alfa Aesar, 5 wt.%), 384 uL of
DIW, and 100 pL of isopropanol (IPA). This mixture was subjected
to ultrasonication for 2 h to ensure uniformity.

Before linear sweep voltammetry (LSV), the working electrode
was firstly cycled between —0.1 and —0.3 V vs. RHE at a scan rate of
50 mV-s for 10 cycles to activate the catalysts. LSV curves were
carried out in H,-saturated 0.1 M KOH solution with 95% iR
correction and recorded at a rotation speed of 1600 rpm with a
scanning rete of 1 mV-s™. The durability CO tolerance test was
performed at a constant voltage test (0.1 V vs. RHE) with a CO
concentration of 164 ppm in H,-saturated 0.1 M KOH solution.

CO stripping test: CO was introduced in a CO-saturated 0.1 M
KOH for 10 min to allow for CO adsorption with an amperometric
i~t test at 0.1 V vs. RHE. Subsequently, the electrode was performed
by cyclic voltammetry (CV) for two cycles in an Ar-saturated 0.1 M
KOH solution to facilitate CO desorption at a scan rate of
200 mV-s™.

Electrochemical active surface area (ECSA) was obtained using
the hydrogen underpotential deposition (Hypp) method. Cyclic
voltammetry tests were conducted in an Ar-saturated 0.1 mol-L"
KOH solution at a scan rate of 50 mV-s™, with a voltage range of
-0.095 to 1.195 V (vs. RHE). The calculation of ECSA was
determined according to the following formula

, oy QH—upd (C)
ECSA (cm’-mg™) = 0.21 (mC-cm2) x My, (g) .

where Qyy.pa is the charge of the adsorbed hydrogen, 0.21 mC-cm™
is the charge associated with the adsorption of hydrogen on a
monolayer of Pt, and Mj, is the mass of Pt.

The kinetic current (J;) was calculated by the Koutecky-Levich
equation

1 1 1

S= 4=
Ik T
where ] stands for the measured current and ]y represents the
diffusion limited current, which can be calculated from the
following equation

2)

Jo=J (1-e i) (3)

where ] is the limiting diffusion current density, F is Faraday’s
constant (96,485 C-mol”), # is the overpotential, R is the gas
constant (8.314 J-mol™-K™), and T is the temperature (298.15 K).

The exchange current density normalized to the electrode area
(Jo) is obtained by fitting J, and # using the Butler—-Volmer equation

oF (a—1)F
Je=To (677”—6 "7 ”) 4)

where a represents the charge transfer coefficient.

3 Results and discussion
The XRD patterns of GCN and GCN-Tb are presented in Fig. 1(a).
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The (002) peak corresponds to the interlayer stacking reflection of
the conjugated aromatic system in GCN. Notably, the peak
positions of GCN-Tb exhibit a slightly positive shift compared to
GCN, suggesting that there is an expansion in interlayer spacing
after the introduction of Tb into GCN. Additionally, the peak
intensities of GCN-Tb are lower than those of GCN, suggesting that
the incorporation of Tb may lead to reduced crystallinity [37, 38].
The presence of the Pt (111) and Pt (200) peaks confirms the
successful loading of Pt in the GCN-Pt and GCN-Tb-Pt (Fig. S1(a)
in the Electronic Supplementary Material (ESM)) [39, 40]. The FT-
IR spectra of GCN, GCN-Tb, and GCN-Tb-Pt display a distinct
stretching peak at 810 cm™ which can be associated with the
triazine ring (Fig. 1(b) and Fig. S2 in the ESM). Furthermore,
stretching peaks corresponding to the heptazine ring are observed
in the range of 1200-1600 cm™ [41, 42]. These findings indicate
that the doping of terbium does not alter the ring structure of GCN,
thereby ensuring the structural stability of the GCN-Tb support.

The chemical composition and valence states of the GCN-Tb,
GCN-Pt, and GCN-Tb-Pt catalysts were analyzed by XPS. The XPS
survey spectrum verifies the coexistence of C, N and Pt elements in
the GCN-Tb-Pt sample (Fig. S3 in the ESM). The Tb XPS signal is
not obviousdetected due to its low concentration. Figure 1(c) shows
the Pt 4f spectra for both GCN-Pt and GCN-Tb-Pt. Notably, the
binding energy of Pt 4f,, and Pt 4f;;, in GCN-Tb-Pt positively shifts
from 71.7 and 75.1 to 71.9 and 75.2 eV, respectively, as compared
with GCN-Pt. The shift indicates a decrease in electron density
around the Pt sites following the incorporation of Tb single atoms
into the GCN substrate [43]. This binding energy shift is closely
related to the adsorption and desorption behavior of OH,. The
upshift in Pt 4f binding energy may enhance the bonding energy
between OH,4 and the Pt active sites, facilitating the desorption of
OHad and promoting the oxidation of hydrogen adsorbates [42,
44]. Additionally, Fig. 1(d) shows the N 1s spectra for GCN-Tb-Pt
and GCN-Tb, which can be deconvoluted into different nitrogen
species: pyridinic N, pyrrolic N, graphitic N, and metal-N [45]. This
indicates interfacial bonding between N sites and Pt/Tb atoms. A
negative shift of 0.2 eV in the N 1s spectrum is observed after the

(a)

(d)

Figure2 (a) The HADDF-STEM image of GCN-Tb. (b) The TEM image of GCN-

GCN-Tb-Pt. (e) and (f) The STEM EDS mapping of GCN-Tb-Pt.
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deposition of Pt nanoparticles, suggesting charge transfer from Pt to
N and further indicating the formation of Pt-N bonds. The
presence of Pt-N bonds between Pt and the GCN support is
confirmed by comparing the N 1s spectra of GCN-Pt with that of
the GCN support (Fig. S4 in the ESM). Similarly, Tb-N bonding is
validated by comparing the N 1s spectra of GCN-Tb with that of
the GCN support (Fig. S5 in the ESM). The formation of Tb-N
bonds leads to charge redistribution between Tb and the GCN
substrate, thereby modulating the electronic structure of the
deposited Pt nanoparticles. Additionally, the mass ratios of Pt were
determined to be 17.4 wt.% for GCN-Pt and 12.9 wt.% for GCN-Tb-
Pt, as measured by inductively coupled plasma-optical emission
spectrometry (ICP-OES) with mass spectrometry. Furthermore, the
content of Tb in GCN-Tb-Pt reached 0.16 wt.%.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of GCN-Tb demonstrate an
even distribution of Tb single atoms across the GCN supports
(Fig. 2(a)). The TEM images of GCN-Tb-Pt and GCN-Pt display
that the Pt nanoparticles are uniformly distributed on the GCN-Tb
and GCN supports (Figs. 2(a) and 2(b) and Fig. S6 in the ESM).
The observed d-spacing of 0.23 nm corresponds to the (111) crystal
plane of Pt. Additionally, the elemental mapping of GCN-Tb-Pt
(Figs. 2(e) and 2(f)) confirms the uniform distribution of C, N, Pt,
and Tb elements within the composite. A semiquantitative analysis
of the elemental content was performed using energy disperse
spectroscopy (EDS), and the result reveals that the Tb content is
0.18 wt.%, while the Pt content is 7.61 wt.%.

The HOR performance of catalysts was evaluated using a
rotating disk electrode (RDE) in a three-electrode system. GCN-Tb-
Pt shows the lowest onset potential and the highest current density
as compared with those of the GCN-Pt and commercial Pt/C
catalysts, indicating that the doping of Tb species plays a crucial role
in promoting the activity of GCN-Tb-Pt catalyst (Fig. 3(a)). The
LSV curves for GCN-Tb-Pt, GCN-Pt, and Pt/C at various rotation
speeds are presented in Fig. 3(b), and Figs. S7(a) and S8(a) in the
ESM. As the rotation speed increases, the current density also rises,
indicating enhanced mass transfer capabilities. The Koutecky-

Tb-Pt. (c) The HRTEM image of GCN-Tb-Pt. (d) The HADDF-STEM image of
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Figure3 The electrochemical characterization of GCN, GCN-Tb, and GCN-Tb-Pt samples. (a) The LSV curves carried out in 0.1 M KOH at the scan rate of 0.1 mV-s™.
(b) The corresponding Tafel plots. (c) The LSV curve at various rotation rates. (d) The Koutecky-Levich plots at an overpotential of 50 mV. (e) Comparison of j, and
current density normalized with the Pt mass at an overpotential of 50 mV. (f) Long-term durability performed at 0.1 V (vs. RHE) for 3 h in H,-saturated 0.1 M KOH.

Levich plots (Fig. 3(c), and Figs. S7(b) and S8(b) in the ESM) reveal
a linear relationship between the inverse current density (J*) and
w™ at 50 mV (vs. RHE). The slopes obtained from the linear
fits for GCN-Tb-Pt, GCN-Pt, and Pt/C are 4.69, 546, and
5.03 c*mA™s™”, which are close to the theoretical value of
4.87 cm*mA s for the two-electron HOR, confirming that the
two-electron HOR reaction is indeed occurring. The Tafel plots
illustrate the relationship between the kinetic current J, and voltage,
derived from the Koutecky-Levich equation, shown in Fig. 3(d).
This plot further demonstrates that GCN-Tb-Pt enhances the
kinetics of the HOR. Figure 3(e) presents the exchange current
density J,, obtained through fitting with the Butler-Volmer
equation, alongside the kinetic current density J, at an overpotential
of 50 mV (vs. RHE). The J, value for GCN-Tb-Pt is 4.36 mA-cm?,
which exceeds that of Pt/C (3.05 mA-cm?) and GCN-Pt
(2.71 mA-cm™). Furthermore, GCN-Tb-Pt exhibits a significantly
higher kinetic current density of 12.67 mA-cm? compared to
7.28 mA-cm™ for Pt/C and 6.49 mA-cm™ for GCN-Pt at 50 mV (vs.
RHE). These findings significantly indicate that the introduction of
Tb atoms substantially enhances the activity of GCN-Tb-Pt
electrocatalysts. Besides, durability tests were performed using the
chronoamperometry (CA) method in an H,-saturated 0.1 M KOH
solution at 0.1 V (vs. RHE). As illustrated in Fig. 3(f), after 3 h of
testing, the current density of GCN-Tb-Pt decreased by 32.5%,
which is significantly lower than the reductions observed for Pt/C
(47.7%) and Pt-GCN (36.7%). The enhanced stability can be
attributed to the strong interfacial bonds formed between GCN-Tb
and Pt nanoparticles, which strengthen the structural stability of the
GCN-Tb-Pt catalyst.

To elucidate the mechanism behind the enhanced HOR activity
for GCN-Tb-Pt catalyst originating from the synergistic effects of
Tb species, CO stripping measurement was conducted to access the
binding strength of OH species. As shown in Fig. 4(a), the onset
potential of CO stripping for GCN-Tb-Pt catalyst reaches 0.36 V,
which is significantly lower than those of GCN-Pt (0.50 V) and
Pt/C (0.52 V), suggesting an improved OHBE for the GCN-Tb-Pt
sample, thereby facilitating the oxidation of CO. The CO tolerance
was further evaluated by the CA test at 0.1 V (vs. RHE) in CO
164 ppm H,-saturated 0.1 M KOH solution (Fig. 4(b)). Clearly, the
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current density of GCN-Tb-Pt sample reduces by 27% after 3600 s,
while the current density of GCN-Pt and Pt/C catalysts decline by
54% and 55%, respectively. This demonstrates that the
incorporation of Tb enhances the OHBE, accelerates the oxidation
of CO, and improves the CO resistance. Additionally, the hydrogen
underpotential deposition (Hupd) peak of GCN-Tb-Pt (0.208 V) is
notably lower than those of GCN-Pt (0.218 V) and Pt/C (0.226 V),
as shown in Fig. 4(c), indicating that GCN-Tb-Pt exhibits a weaker
HBE at the Pt active sites. The decreased HBE for GCN-Tb-Pt is
attributed to the incorporation of Tb atoms, which tunes the
electronic redistribution within the GCN matrix, thereby adjusting
the electronic structure of the Pt active centers and optimizing the
HBE. Furthermore, the GCN-Tb-Pt catalyst presents optimal
hydrogen evolution reaction (HER) activity, achieving a current
density of 10 mA-cm™ with a driving overpotential of only 73 mV,
surpassing that of GCN-Pt (85 mV) and Pt/C (93 mV) at the same
current density (Fig. 4(d)).

The impressive HOR performance of GCN-Tb-Pt can be
attributed to the unique synergetic catalysis system. In alkaline
solutions, the rate-limiting step of the HOR on Pt typically involves
the adsorption and oxidation of hydrogen. It has been suggested
that OH" from the alkaline medium can directly participate in the
oxidation of adsorbed hydrogen atoms on the Pt surface, following
the HBE mechanism. However, a more commonly accepted
pathway involves free OH" reacting with H,4 at or near the Pt active
sites through a bifunctional mechanism. As shown in Fig. 5(a), Tb
atoms can induce local charge redistribution in the GCN-Tb
support, which effectively modulates the electronic structure of Pt
and enhances the HBE of Pt active centers. More importantly, the
presence of Tb atoms could promote the adsorption of OH" species,
facilitating the oxidative removal of H,4 and thereby improving the
kinetics of the HOR for GCN-Tb-Pt catalysts.

To further validate the general applicability of rare earth atoms in
this synergetic catalysis system, we also synthesized other rare earth
atom-doped GCN matrices supported Pt nanoparticles (GCN-RE-
Pt, RE = Er, Ho, Gd) for the alkaline HOR. The XRD patterns and
FTIR spectra have demonstrated the successful synthesis of GCN-
RE-Pt (Figs. S9-S11 in the ESM). As shown in Figs. 5(b) and 5(c),
the onset potentials (E,,) for the GCN-Er-Pt, GCN-Ho-Pt, and
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Figure5 (a) Illustration of synergistically catalytic process between Tb atoms and adjacent Pt sites. (b) The LSV curves at various rotation rates for GCN-RE-Pt and Pt/C.

() The corresponding onset and half-wave potential.

GCN-Gd-Pt catalysts are 0.04, 0.05, and 0.042 V, respectively, all of
which are lower than that of Pt/C (E, = 0.052 V). Additionally,
the half-wave potentials (E,;,) for GCN-Er-Pt (0.020 V), GCN-Ho-
Pt (0.023 V), and GCN-Gd-Pt (0.022 V) are also notably smaller
than that of Pt/C (0.025 V). These results demonstrate that the
introduction of single rare-earth atoms into the GCN-RE-Pt
catalysis can be an effective strategy to enhance the alkaline HOR
performance of Pt through tuning the HBE and OHBE.

To elucidate the enhanced intrinsic activity of GCN-Tb-Pt
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catalysts for the alkaline HOR, Density functional theory (DFT)
calculations were conducted. Figure 6(a) presents the optimized
atomic structures of GCN-Pt and GCN-Tb-Pt electrocatalysts. The
charge density difference, illustrated in Fig. S12 in the ESM,
indicates significant electron transfer from Pt to the GCN-Tb
support, agreeing with the XPS results. As shown in Fig. 6(b), the Pt
sites in GCN-Tb-Pt (GCN-Tb-Pt@Pt) exhibit an optimal hydrogen
adsorption energy (AGy) of —0.46 eV, which is more favorable than
that of GCN-Tb-Pt@Tb (-0.67 €V) and GCN-Pt@Pt (—0.49 eV).
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Figure 6 (a) Optimized atomic structures of GCN-Pt and GCN-Tb-Pt electrocatalysts. (b) Free-energy diagram for H adsorption on Pt sites of GCN-Pt and GCN-Tb-Pt,
as well as on Tb sites of GCN-Tb-Pt. (c) The binding energy for OH adsorption on Pt sites of GCN-Pt and GCN-Tb-Pt, along with Tb sites of GCN-Tb-Pt. (d) DOS plots

of GCN-Pt and GCN-Tb-Pt.

Additionally, GCN-Tb-Pt@Tb demonstrates stronger OHy
adsorption (Fig. 6(c)). Given that OH,4 adsorption is a critical factor
in the bifunctional OHBE mechanism, the enhanced OH,4 binding
facilitates greater OH adsorption, which couples with H, to
promote its oxidation and removal [46—-48]. This accelerates the
Volmer step through the bifunctional OHBE mechanism.
Figure 6(d) shows the density of states (DOS) for Pt in both GCN-
Pt and GCN-Tb-Pt. In GCN-Tb-Pt, the d-band center of Pt shifts
further below the Fermi level compared to GCN-Pt, leading to
weaker Pt-H bonds and aligning with the observed lowest AGy;.
Consequently, the balanced H,y and OH,4 adsorption behaviors,
driven by the synergistic interaction between adjacent Pt and Tb
sites in GCN-Tb-Pt, play a crucial role in enhancing HOR kinetics
in alkaline electrolytes.

4 Conclusion

In summary, the introduction of single rare-earth atoms into the
GCN-RE-Pt synergistic catalysis system could significantly enhance
the HOR performance of Pt via modulating the HBE and OHBE.
The rare earth atoms could promote the adsorption of hydroxyl
species (OH,y), accelerating the oxidative removal of Hy
intermediates and facilitating the formation of water. Furthermore,
it could also induce the local surface charge redistribution, which
modulates the electronic structure of Pt active sites, optimizing the
HBE and enhancing HOR kinetics. The optimized GCN-Tb-Pt
shows superior performance, achieving a high kinetic current
density at a low overpotential, surpassing both GCN-Pt and
commercial Pt/C. This single rare earth atoms-induced synergistic
catalysis approach provides a promising strategy for the design of
efficient alkaline HOR electrocatalysts.
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Electronic Supplementary Material: Supplementary material (the
additional XRD patterns, TEM images, XPS survey spectra, fitting
results of XPS spectra, LSV curves, and FTIR spectra for the
samples) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907349.
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