CHINESE
CHEMICAL
SOCIETY

g ROYAL SOCIETY
PN OF CHEMISTRY

INORGANIC CHEMISTRY
FRONTIERS

CCS

PELFES

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Stabilizing Rh nanoparticles using a TiO, array
with oxygen vacancies for high-performance
pH-wide hydrogen evolutiont

Cite this: /norg. Chem. Front., 2025,
12, 2303

Guangxia Wang, (2@ Wenhui Wang,? Yaozhong Yu,® Tao Hu, 2 * Juan Ding*® and

Yongming Sui (& ¢

Active and durable catalysts are crucial for the hydrogen evolution reaction (HER). In the volcano plot,
rhodium (Rh) and platinum (Pt) are positioned closely, while the activity and stability of Rh are much
inferior to those of Pt. Here, we developed a Rh/TiO,/Ti electrocatalyst to mitigate Pt dependency. The
in situ formed TiO, with oxygen vacancies was prepared utilizing Ti foam as the Ti source. The TiO,
support can confine Rh nanoparticles and ensure charge accumulation at the Rh site, while Rh can
enhance the conductivity of TiO,. DFT calculations demonstrate that the strong interaction between Rh
and TiO, could regulate the electronic structure of Rh, thereby accelerating water dissociation and opti-
mizing the adsorption strength of *H. Consequently, compared to Rh/Ti, Rh/TiO,/Ti exhibits significantly

2in the

enhanced HER activity, requiring overpotentials of only 37.3 and 34.3 mV to reach 10 mA cm™
alkaline and acidic HER, respectively. Furthermore, the vertical nanoarray structure, surface roughness,

Received 1st December 2024, and metal-support interaction endow Rh/TiO,/Ti with remarkable durability. It works in both alkaline and
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acidic media for 120 hours at 10 mA cm™2 with unnoticeable activity decline, outperforming commercial
Pt/C. This work provides a strategy to overcome the activity and stability limitations of Rh-based catalysts,
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1.

As a clean and sustainable energy carrier, hydrogen holds great
promise due to its high-energy density. Electrocatalytic water
splitting offers a promising avenue for the production of eco-
friendly hydrogen.* The industrial application of water electro-
lysis technology primarily depends on the excellent electrocata-
lysts, which can exhibit superior catalytic performance toward
the acidic and alkaline HER.** In an acidic electrolyte, the kine-
tics of the HER is rapid, while the harsh acidic environment
lowers the stabilities of the catalysts, significantly limiting the
widespread application of acidic water splitting.> Compared to
acidic water electrolysis, alkaline water electrolysis stands as a
more favorable method for achieving large-scale hydrogen
production.®® Nevertheless, the sluggish kinetics of the Volmer
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providing references for promising catalysts for water electrolysis.

step for the alkaline HER will result in 2-3 orders of inferior
catalytic performance than that in acidic media.”® Pt-based
materials have served as benchmark electrocatalysts toward the
HER, but their scarcity and the inferior catalytic stability in alka-
line media severely hindered widespread applications.>
Therefore, there is an urgent need to develop a variety of cata-
lysts to reduce the risk of dependency on a single catalyst.
According to the volcano plot, rhodium (Rh) exhibits
physicochemical properties resembling those of Pt. Notably,
the inherent high corrosion resistance in diverse electrolytes
make Rh-based catalysts promising alternatives for the HER."®
Given the scarcity and high cost of Rh, several approaches have
been investigated to further boost the activity and stability of
Rh to elevate the atom utilization efficiency under wide pH
conditions." ™ Among them, an effective approach is to
create heterostructures by depositing catalyst nanoparticles
onto a support, which features an interaction between the
support and catalyst nanoparticles. Heterogeneous catalysts
provide stable anchoring sites for catalyst nanoparticles to
ensure their durability through strong catalyst-support inter-
actions. Additionally, the electron transfer at the catalyst-
support interface can finely regulate the electronic properties
of the catalyst and optimize the adsorption/desorption energy
of the reaction intermediates."> Consequently, supported
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catalysts offer advantages in both stability and cost-
effectiveness.'®® The support materials hold a crucial posi-
tion in determining the electrocatalytic performance.> Metal
oxides, particularly Ti-based supports, have emerged as attrac-
tive support materials replacing carbon-based supports due to
their strong metal-support interactions.'® However, the further
improvement of HER activity is hindered by the inadequate
conductivity of metal oxides. In view of the merits of the
support and metal, it is anticipated to address the electrical
conductivity issue by the fine distribution of tiny metal nano-
particles on the support.’”'**! Most of the reported catalysts
are in powder form and require organic binders to be fastened
onto working electrodes. Consequently, they encounter chal-
lenges such as mass transport limitations, significant perform-
ance decline, and susceptibility to detachment.>>>* A promis-
ing approach is direct synthesis of the active components onto
highly conductive substrates, facilitating rapid electron trans-
port and subsequently accelerating the reaction kinetics.>*>>°
For instance, Liberato Manna et al. electrodeposited Ru nano-
particles on Cu nanoplatelet arrays vertically grown on Ti
meshes. The resulting Ru@Cu-TM electrode demonstrated
high performance towards the alkaline HER.' Furthermore,
Liberato Manna engineered an electrode composed of TiO,/Cu
nanorods decorated with Ru-Cu, achieving stable HER activity
in 1 M NaOH.”” Nevertheless, a deeper investigation is still
required to understand how the relationship between metals
and the supports impacts their catalytic activity and stability.

In this work, we constructed a robust Rh/TiO,/Ti electroca-
talyst consisting of small-sized Rh anchored on vertical TiO,
nanoarrays through metal-support interactions. Notably, TiO,
nanoarrays have abundant oxygen vacancies (Vo) and are
grown in situ on Ti foam without an additional Ti source.
Additionally, the vertical orientation and mechanical robustness
of the TiO, nanoarray facilitate effective reactant diffusion and
gas transport. Consequently, the unique structure and catalyst—
support interaction endow Rh/TiO,/Ti with excellent HER
activity and stability (120 hours). Rh/TiO,/Ti exhibits low overpo-
tentials of 37.3 and 34.3 mV to reach 10 mA cm™ in alkaline
and acidic electrolytes, respectively. These performances are
much superior to that of Rh/Ti, as well as the commercial Pt/C
catalyst and reported Rh-based catalysts. The experimental
results and density functional theory (DFT) calculations indicate
that the charge transfer between Rh and TiO, could modulate
the d band center of Rh and regulate the relative strength of
reactants and intermediates, resulting in exceptional perform-
ance of Rh/TiO,/Ti. Therefore, we proposed a strategy to over-
come the activity and stability limitations of Rh-based catalysts,
which provides references for the development of potential cata-
lysts for practical water electrolysis.

2. Experimental section
2.1 Materials

Hydrochloric acid (HCl, 36.0-38.0%) was obtained from
Guangzhou Chemical Reagent Factory. Rhodium(u) chloride
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trihydrate (Cl3HsO3Rh, 98%) was purchased from Bide pharm.
Ethylene glycol (EG, 99%) and carbamide (urea, 99%) were
from Macklin and Aladdin, respectively. Commercial Pt/C
(20 wt%) was obtained from Hesen. All chemicals were used
directly as obtained, without additional purification steps.
Deionized water, with a resistivity of 18 MQ cm, was sourced
from an ultra-pure water purification system.

2.2 Sample preparation

2.2.1 Synthesis of vertical TiO, nanoarrays. Ti foam was
sequentially immersed in hydrochloric acid (2.4 M), acetone,
water, and ethanol for ultrasonication treatment for about
15 minutes, respectively. Then, it was blown dry with nitrogen
gas. After cleaning, the Ti foam was cut into pieces of 2 cm
with 3 cm dimensions. One piece of the Ti foam, 15 mL of
ethylene glycol and 1 mL of hydrochloric acid was placed into
a 30 mL stainless steel reactor. The reactor was transferred to
an oven and heated at 200 °C for 20 hours. After cooling down,
the resulting sample was removed from the reactor and
washed thoroughly with ethanol. Finally, TiO, nanoarrays were
obtained after being dried in an oven at 60 °C for 2 hours.

By altering the solvent, such as mixing ethylene glycol and
water in volume ratios of 2:1, 1:1, and 1:2, and using pure
water as the solvent, TiO, with different morphologies were
obtained.

2.2.2 Synthesis of Rh/TiO,/Ti nanoarrays. 12.6 mg
rhodium(u) chloride trihydrate and 120 mg urea were dis-
persed in 6.0 ml of ethylene glycol. After ultrasonic treatment,
the mixture was transferred into a reaction vessel which had a
piece of TiO,/Ti (1 cm x 2 cm) inside. The reaction vessel was
heated in an oil bath at 160 °C for 12 hours. After cooling
down, the collected product of the Rh/TiO,/Ti sheet was
washed with ethanol and dried in an oven at 60 °C for 2 hours.

In this process, replacing TiO,/Ti with Ti foam allows for
the synthesis of a Rh/Ti catalyst.

2.2.3 The preparation of catalyst ink of commercial Pt/C
(20%). To prepare the catalyst ink, 1.72 mg commercial Pt/C
was dispersed in a mixture containing 600 pL of isopropanol,
200 pL of ultrapure water, 150 pL of anhydrous ethanol, and
50 pL of Nafion solution (5 wt%). Following an hour of ultra-
sonic processing, 20 pl of this ink was applied to a 5 mm dia-
meter glassy carbon electrode (GCE) and allowed to dry
naturally.

2.3 Electrochemical measurements

The hydrogen evolution performance was evaluated using a
CHI 660E electrochemical workstation (Chenhua, China). A
carbon rod acted as the counter electrode, and a 1 cm x 2 cm
Rh/TiO,/Ti plate (with the lower 1 cm x 1 cm portion sub-
merged in the electrolyte) was employed as the working elec-
trode. A calomel electrode (SCE) was used as the reference elec-
trode for acidic conditions, while a mercury/mercury oxide
electrode (Hg/HgO) was used for alkaline conditions. Linear
scanning voltammetry (LSV) curves were recorded at a scan
rate of 5 mV s~! with 90% iR-compensation in both acidic and
alkaline electrolytes. EIS measurements were conducted in the

This journal is © the Partner Organisations 2025
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frequency range of 10000 Hz to 1 Hz with an amplitude of
5 mV at —0.29 V (vs. SCE) in an acidic electrolyte and —0.98 V
(vs. Hg/HgO) in an alkaline electrolyte. To evaluate the dura-
bility of the catalyst, the chronopotentiometry (CP) test was
conducted at a steady current density of —10 mA cm™2. The
electrochemical double-layer capacitance (Cq;) was assessed
from cyclic voltammetry (CV) scans at various rates ranging
from 25 to 150 mV s~ . All potentials in this study were refer-
enced to the reversible hydrogen electrode (RHE) as follows:

E (vs. RHE) = E (vs. SCE) + 0.0591 x pH + 0.2415

E (vs. RHE) = E (vs. Hg/HgO) + 0.0591 x pH + 0.0977.

3. Results and discussion
3.1 Material characterization

The self-supported catalyst of Rh/TiO,/Ti was prepared by a
two-step process as illustrated in Fig. 1a. Initially, TiO, nanoar-
rays were vertically grown in situ on titanium (Ti) foam using a
hydrothermal technique. In this process, Ti foam was used as
the Ti source, and ethylene glycol (EG) with a small amount of
added HCI served as the solvent. In the second step, Rh nano-
particles were deposited onto TiO, nanoarrays with EG and
urea as reducing agents to obtain the final catalyst Rh/TiO,/Ti.

The scanning electron microscopy (SEM) technique was
employed to investigate the morphological features of the pre-
pared samples. As shown in Fig. 1b-d, representative SEM
images illustrate the one-dimensional (1D) morphology of
TiO,/Ti, featuring a uniform diameter of 15.41 nm and a
smooth surface. Images from different angles confirm the
complete encapsulation of Ti foam by the TiO, nanoarray
layer, which not only prevents the Ti foam from hydrogen-
ation-induced degradation but also offers favorable anchoring
sites for metals.”® The surface of TiO, nanoarrays become
rougher after the deposition of Rh nanoparticles, as depicted
in Fig. 1e-g. To confirm the successful deposition of Rh nano-
particles, elemental mapping and EDX spectroscopy were con-
ducted and the images are provided in Fig. S1.7 The elements
of Ti, O, and Rh are distributed uniformly and the mass ratio
of Rh is 0.64% as tested by EDX, far higher than the value of
0.03% measured by ICP-MS testing. It might be attributed to
the fact that the Ti substrate cannot be detected totally during
the EDX test because of the complete coverage by TiO, arrays.
According to the ICP-MS result, the mass loading of Rh is
35 pg cm > These results demonstrate the successful anchor-
ing of Rh nanoparticles on the surface of the vertical TiO,
array.

To investigate the influencing factors in the preparation of
TiO, nanoarrays, we conducted explorations focusing on sol-
vents and their proportions. As shown in Fig. S2a,t when pure
water is used as the solvent, the TiO, rods are relatively coarse
without a vertical growth morphology. The photograph reveals
severe fragmentation of the Ti substrate. By adding a small
amount of ethylene glycol to the aqueous solution, the frag-
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mentation of the Ti sheet is significantly alleviated. When the
volume ratio of water to EG is 1:1, robust and thinner nano-
rods begin to appear. As the volume of ethylene glycol in the
solvent increases to 80%, uniformly thick and dense TiO,
nanoarrays are obtained, accompanied by more black spots
visible on the electrode photograph. When the solvent is
entirely EG, as previously described, vertically grown nanorrays
with a diameter of 15.41 nm can be observed. The photograph
of the electrode is shown in Fig. S1f;} it exhibited a pure black
color. The difference in morphology caused by different sol-
vents might be attributed to differences in polarity and reac-
tion rates.

We also studied the effect of the substrate (TiO,/Ti sheet,
TiO,/Ti foam, and Ti foam) on the distribution of Rh nano-
particles. The SEM images of the as-obtained TiO,/Ti sheet,
Rh/TiO,/Ti sheet, and Rh/Ti foam are illustrated in Fig. S3.7
When Ti foam is replaced with a Ti sheet, uniform and verti-
cally grown TiO, nanoarrays could still be obtained using the
same method (Fig. S3a-ct). Upon the loading of Rh, the struc-
ture of TiO, nanoarrays remains unaffected, while an augmen-
tation in surface roughness is observed (Fig. S3d-ff). When
the Rh-loaded substrate is Ti foam, as depicted in Fig. S3g-i,T
it is evident that Rh particles grown directly on Ti foam exhibit
noticeable agglomeration and possess significantly larger
dimensions in comparison with those particles grown on
TiO,/Ti foam. Therefore, TiO, nanoarrays serve as an effective
anchoring medium for Rh nanoparticles, facilitating a more
refined and homogeneous distribution.

X-ray diffraction (XRD) patterns of Rh/TiO,/Ti and other
samples are presented in Fig. 1h. It can be observed that the
peaks of Ti foam match well with the standard peaks of Ti (Ti
PDF #89-5009). Comparing Rh/TiO,/Ti, TiO,/Ti, and Ti foam, it
was observed that the TiO, nanoarrays exhibit characteristic
diffraction peaks corresponding to TiO, (PDF #88-1173), which
are marked with diamonds in the diagram. Specifically, no
additional diffraction peaks are observable after the deposition
of Rh nanoparticles onto TiO,/Ti, possibly due to the low
loading quantity of Rh or its excellent dispersion.

Further confirmation of the Rh/TiO,/Ti structure was
achieved through Transmission Electron Microscopy (TEM)
images. In Fig. 2a, the distinct lattice fringes of TiO, validate
its crystallinity. Fig. 2b presents the corresponding Selected
Area Electron Diffraction (SAED) pattern, suggesting the
single-crystal structure of TiO,. The lattice spacing is measured
along a and g directions in Fig. 2c. As depicted in Fig. 2d and
e, the lattice distance of 0.325 nm and 0.224 nm correspond to
the (110) and (200) planes of rutile TiO,, respectively. Fig. 2f-i
demonstrates the successful loading of Rh nanoparticles onto
TiO,. The particle size distribution was analyzed as shown in
Fig. S4.7 It shows that the average particle size of Rh is around
3.33 nm. Moreover, the High-Resolution TEM (HRTEM) image
reveals a close interfacial contact between the Rh nanoparticles
and TiO,. This finding also suggests that TiO, possesses the
capability to hinder the agglomeration of Rh, thereby ensuring
the abundance of catalytically active sites. The structural
characterization of the Rh nanoparticles within the marked

Inorg. Chem. Front,, 2025, 12, 2303-2314 | 2305
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(a) Schematic diagram of the preparation process of Rh/TiO,/Ti. (b—d) SEM images of TiO,/Ti. Inset shows the diameter size distribution

diagram. (e—g) SEM images of Rh/TiO,/Ti. (h) XRD patterns of Rh/TiO,/Ti, TiO,/Ti and Ti foam.

area in Fig. 2f, as shown in Fig. 2h, reveals the existence of the
Rh (111) plane. The elemental mapping shown in Fig. 2i
demonstrates the homogeneous distribution of Ti, O, and Rh
within Rh/TiO,/Ti. These morphologies and microstructural
characterization indicate the successful preparation of TiO,/Ti
and Rh/TiO,/Ti nanoarrays.

X-ray photoelectron spectroscopy (XPS) was used to reveal
the electronic configurations and the surface compositions of
Rh/TiO,/Ti. As shown in Fig. 3, the XPS spectrum of Rh/TiO,/
Ti verifies the coexistence of Rh, Ti, and O. The high-resolution
Rh 3d spectra of Rh/TiO,/Ti and Rh/Ti are depicted in Fig. 3a
and both Rh/TiO,/Ti and Rh/Ti exhibit four peaks. The peaks
at about 306.89 eV (Rh 3ds,) and 311.55 eV (Rh 3ds,) are
indicative of metallic Rh of Rh/TiO,/Ti; while those at 307.03
eV (Rh 3ds/,) and 311.69 eV (Rh 3d3/,) correspond to metallic
Rh in Rh/Ti. The remaining peaks are attributed to Rh®".

2306 | /norg. Chem. Front., 2025,12, 2303-2314

Notably, the Rh 3d peaks in Rh/TiO,/Ti undergo a negative
shift of about 0.14 eV compared to Rh/Ti, indicative of more
electron transfer between TiO, and Rh, demonstrating the
strong metal-support interaction between Rh sites and the
TiO, support.’>*® The Ti 2p XPS spectrum of Rh/TiO,/Ti
(Fig. 3b) distinctly shows two peaks at around 458.83 and
464.49 eV, which correspond to Ti 2ps,, and Ti 2py,, of Ti'",
respectively. Compared to TiO,/Ti, the binding energy of Ti 2p
in Rh/TiO,/Ti exhibits a shift towards higher values by approxi-
mately 0.3 eV, which is attributed to the electronic transfer
from TiO, to Rh. As presented in Fig. 3c, the O 1s XPS spectra
of Rh/TiO,/Ti and TiO,/Ti can be fitted with two peaks of
lattice oxygen (Op) and oxygen deficiency (Vo).>**>*° The
lattice oxygen is associated with the Ti-O-Ti bond in the TiO,
layer. By comparing the integrated areas of the fitted peaks, it
is evident that the incorporation of Rh increases the Vo/Oy,

This journal is © the Partner Organisations 2025
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Fig. 2 Morphological and structural characterization of TiO,/Ti and Rh/TiO,/Ti nanoarrays grown in situ on Ti foam. (a) The HRTEM image, (b) the
corresponding SAED, (c) the enlarged HRTEM image labeled with « and  arrows, and (d and e) the corresponding intensity profiles and the lattice
fringe spacing of the TiO, support; (f) the HRTEM image and (g) the TEM image of Rh/TiO,/Ti nanoarrays. (h) HRTEM of the Rh site, and (i) EDX

elemental mapping profiles of Rh/TiO,/Ti.

ratio from 36.3% in TiO,/Ti to 55.5% in Rh/TiO,/Ti. This
observation indicates a higher concentration of oxygen
vacancies in Rh/TiO,/Ti. As reported, the presence of oxygen
vacancies might enhance the electronic conductivity and
modulate the electronic environment, thereby boosting the
HER activity of the catalyst.’” Specifically, a notable shift of the
O;, peak towards a higher binding energy by 0.22 eV is
observed in Rh/TiOy/Ti (529.99 eV) compared to TiO,/Ti
(529.77 eV). The positive shift of Oy and Ti 2p further reveals
the transferring of electrons from TiO, to Rh, providing more
evidence for the metal-support interaction between Rh and
TiO,.>® The higher electron density around Rh atoms in Rh/
TiO,/Ti might result in a weaker surface binding with H
atoms, and thus enhance the HER activity.**>" The formation
energies of Vo and Vy; in Rh/TiO,/Ti were calculated. As shown
in Fig. 3d, the formation energies of Vy; is significantly higher
than Vo, indicating the easier formation of Vi in Rh/TiO,/Ti.

This journal is © the Partner Organisations 2025

3.2 Electrocatalytic performance

In 1.0 M KOH electrolyte, the electrochemical HER perform-
ance of the binder-free Rh/TiO,/Ti electrode was evaluated
using a three-electrode system. Firstly, the hydrogen evolution
performances of Rh/TiO,/Ti with various Rh loadings were
tested. As shown in Fig. S5,f the hydrogen evolution activity
and mass activity achieve the highest values when the Rh
loading is 35 pg cm™ 2 Then, TiO,/Ti, Rh/Ti, and commercial
Pt/C catalysts were evaluated under identical conditions for
comparison. Fig. 3a—-c present polarization curves, comparison
of overpotentials, and Tafel slopes of different catalysts toward
the HER. The lower overpotential and Tafel slope suggest that
Rh/TiO,/Ti possesses superior activity and favorable HER kine-
tics, potentially attributed to the strong interaction between
Rh and the TiO, support. Additionally, polarization curve tests
were conducted on the Rh/TiO,/Ti sheet catalyst and the Rh/Ti

Inorg. Chem. Front., 2025, 12, 2303-2314 | 2307
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Fig. 3 XPS spectra of Rh/TiO,/Ti, TiO,/Ti and Rh/Ti. (a) Rh 3d, (b) Ti 2p, and (c) O 1s. (d) Formation energy of Vo and V+; in Rh/TiO,/Ti.

sheet catalyst, both grown in situ on Ti sheet substrates. As
illustrated in Fig. S6,T the activity of the Rh/TiO,/Ti sheet sur-
passes that of the Rh/Ti sheet, suggesting that the incorpor-
ation of TiO, may provide a stronger metal-support inter-
action, thereby enhancing the performance of Rh. Compared
to the Rh/TiO,/Ti sheet, the enhanced activity of Rh/TiO,/Ti
foam can be ascribed to the fact that Ti foam can enhance
both the number of active sites and the permeation of
electrolytes.

To further explore the charge transfer kinetics, electro-
chemical impedance spectroscopy (EIS) was conducted. The
EIS spectra presented in Fig. 4d and Fig. S771 reveal that TiO,/
Ti exhibits the highest resistance, while Rh/TiO,/Ti demon-
strates the lowest charge transfer resistance. The result is
reasonable due to the inherently low conductivity of the semi-
conductor. Furthermore, this observation implies that the
loading of Rh metal onto TiO, can improve the conductivity of
the semiconductor, thereby accelerating the charge transfer.

Electrochemical surface area (ECSA) is a crucial parameter
for assessing the catalytically active sites, which determines
the specific activity to a large extent.”® The electrochemical
double-layer capacitance (Cq;), which is commonly considered

2308 | /norg. Chem. Front., 2025, 12, 2303-2314

to be proportional to the ECSA, can be derived from cyclic vol-
tammetry (CV) curves recorded at various scan rates within the
non-faradaic region (Fig. S8). The results imply that Rh/TiO,/
Ti possesses a larger electrochemically active area and more
catalytically active sites, which are closely related to its excel-
lent catalytic activity (Fig. 4e).

Apart from catalytic activity, Rh/TiO,/Ti also demonstrates
remarkable long-term catalytic durability during the alkaline
HER process. In Fig. 4f, the polarization curve of Rh/TiO,/Ti
exhibits almost no shift after 10 000 CV cycles. The chronopo-
tentiometry (CP) test at —10 mA cm™> also indicates that Rh/
TiO,/Ti possesses excellent electrochemical durability. As
depicted in Fig. 4g, during a long-term test of 120 hours, the
overpotential of the Rh/TiO,/Ti catalyst hardly increases.
Furthermore, SEM and XRD characterization studies after
cycling and CP test reveal that the Rh/TiO,/Ti catalyst retains
its original crystal structure and morphology (Fig. S9-117),
which confirms its structure stability. Impressively, compared
to previously reported HER electrocatalysts, the Rh/TiO,/Ti
catalyst exhibits a lower overpotential and superior catalytic
stability (Fig. 4h and Table S1}), thereby highlighting its
efficient utilization of precious metal resources.

This journal is © the Partner Organisations 2025
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Fig. 4 HER performances in 1.0 M KOH solution. (a) Polarization curves, (b) comparison of overpotentials at a current density of —10 mA cm™
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2, and

(c) the corresponding Tafel plots of Rh/TiO,/Ti, TiO,/Ti, Rh/Ti and commercial Pt/C. (d) Nyquist plots of Rh/TiO,/Ti, TiO,/Ti, Rh/Ti and commercial
Pt/C. The enlarged plots are shown in Fig. S7.} (e) Electrochemical double-layer capacitance of Rh/TiO,/Ti, TiO,/Ti, Rh/Ti. The stability tests for Rh/
TiO,/Ti. (f) Polarization curves before and after 10 000 CV cycles. (g) The chronopotentiometry curves of Rh/TiO,/Ti and commercial Pt/C at
—10 mA cm™2. (h) The overpotentials and stability time comparison between Rh/TiO/Ti and recently published HER electrocatalysts at a current

density of —10 mA cm™2, with respect to Table S1.F

To investigate the hydrogen evolution performance of Rh/
TiO,/Ti in a wide range of pH values, we evaluated its activity
and stability in 0.5 M H,SO,. As depicted in Fig. 5a-c, Rh/
TiO,/Ti exhibits an overpotential comparable to that of Pt and
possesses the lowest Tafel slope of 25.5 mV dec™". The Nyquist
plot (Fig. 5d and Fig. S127) reveals that Rh/TiO,/Ti exhibits a
reduced charge transfer resistance, attributed to the incorpor-
ation of Rh metal nanoparticles. As depicted in Fig. S131 and
Fig. 5e, Rh/TiO,/Ti possesses the highest Cq4 value, indicating
that it has more active surface sites in acidic electrolytes when
compared with Rh/Ti and TiO,/Ti. Furthermore, Rh/TiO,/Ti
also demonstrates remarkable stability in a severe acidic
environment. As illustrated in Fig. 5f, the polarization curve of

This journal is © the Partner Organisations 2025

Rh/TiO,/Ti exhibits no significant change after 7500 CV cycles,
suggesting its durability. Additionally, Rh/TiO,/Ti demon-
strates a surprising stability in the HER for nearly 120 hours,
with a negligible activity decay at —10 mA cm™>. This perform-
ance exceeds the operating life of commercial Pt/C. Compared
to recently reported noble metal-based catalysts, Rh/TiO,/Ti
exhibits superior performance in terms of both overpotential
and stability (Fig. 5h; Table S2t). As a binder-free electrode,
the synthesized Rh/TiO,/Ti catalyst demonstrates excellent
activity and durability in both alkaline and acidic environ-
ments as concluded above. This highlights its notable compe-
titiveness when compared to recently reported high-efficiency
Rh-based electrocatalysts.
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Fig. 5 Electrochemical HER performances in 0.5 M H,SO, solution. (a) Polarization curves, (b) comparison of overpotentials at —10 mA cm™

2, and

(c) the corresponding Tafel plots of Rh/TiO,/Ti, TiO,/Ti, Rh/Ti and commercial Pt/C. (d) Nyquist plots of Rh/TiO,/Ti, TiO,/Ti, Rh/Ti and commercial
Pt/C. The enlarged plots are presented in Fig. S12.1 (e) Electrochemical double-layer capacitance of Rh/TiO,/Ti, TiO,/Ti, Rh/Ti. The stability tests for
Rh/TiO,/Ti. (f) Polarization curves before and after 7500 CV cycles. (g) Comparison of chronopotentiometry curves of Rh/TiO,/Ti and commercial

Pt/C at —10 mA cm™2. (h) Comparison of the overpotential and duration of Rh/TiO,/Ti and recently published HER electrocatalysts at —10 mA cm™2,

with respect to Table S2.+

The aforementioned electrochemical results reveal that the
vertical Rh/TiO,/Ti nanoarrays play a pivotal role in the cata-
lyst-liquid/gas interface interactions, subsequently influen-
cing the hydrogen evolution performance.”® To explore the
mechanism contributing to the exceptional activity and stabi-
lity of catalyst, the liquid contact angle measurements were
conducted to compare the wettability of Rh/TiO,/Ti and
TiO,/Ti surfaces. As depicted in Fig. S14,f Rh/TiO,/Ti exhi-
bits a smaller contact angle at the same time point, indicat-
ing its enhanced hydrophilicity and superior wettability
towards electrolytes. Consequently, this enhancement facili-
tates improved interfacial interaction between the electrolyte

2310 | /norg. Chem. Front, 2025, 12, 2303-2314
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and the electrode surface. According to the solid-liquid—gas
interface theory, micro- and nanoscale roughness reduces the
contact area between bubbles and the electrode. This
reduction subsequently leads to a decrease in the adhesion
force between the catalyst and the bubbles, thereby impart-
ing robust mechanical stability to the electrocatalyst.*>** The
rapid bubble detachment from the electrode surface is
crucial for maintaining the catalyst activity under prolonged
operating conditions, as bubble accumulation can obstruct
active sites and diminish reaction efficiency. Compared to
TiO,/Ti, the loading of Rh nanoparticles markedly increases
the surface roughness of Rh/TiO,/Ti. Therefore, the synergis-
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tic effect of the superior wettability and the surface rough-
ness of the Rh/TiO,/Ti electrocatalyst contributes to its
efficient and stable operation during hydrogen evolution
reactions.>*

DFT calculations were carried out to elucidate the electron
transfer process, d-band center of Rh, and the mechanism of
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the enhanced HER catalytic performance. As depicted in
Fig. 6a, three theoretical models of Rh/Ti, Rh/TiO, without
Vo, and Rh/TiO, were constructed. To further confirm the
charge redistribution on catalysts, we conducted charge
density difference analyses. As shown in Fig. 6b, in Rh/TiO,,
approximately each Rh atom acquires 0.273 electrons, while

Rh/Ti Rh/TiO, without V4

Rh/TiO, (Side view)

Top view

~——Rh
b c Total
e A
>
2
]
©
-
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Fig. 6 Theoretical models and calculations. (a) The theoretical model of Rh/Ti, Rh/TiO, without Vo, side view of Rh/TiO,, and top view of Rh/TiO,.
(b) Difference charge density analyses of Rh/Ti and Rh/TiO,. (c) PDOS plots for Rh/Ti, Rh/TiO,/Ti without Vo, and Rh/TiO,/Ti. Schematic diagram of
the HER processes on Rh/TiO; in (d) alkaline electrolyte and (e) acidic electrolyte. (f) Water absorption and dissociation energy, and (g) the AGy-

value of Rh/Ti, Rh/TiO,/Ti and Rh/TiO,/Ti without Vo.
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in Rh/Ti, each Rh atom gains 0.267 electrons, indicative of
more electron transfer between TiO, and Rh. These findings
are in alignment with the XPS findings presented in Fig. 3.
Prior studies have shown that electron transfer from the
support to Rh can modulate the d-band center of Rh.
Therefore, we analyzed the projected density of states (PDOS)
of the d orbital for Rh. As displayed in Fig. 6c, the d-band
center of Rh in Rh/TiO,/Ti is closer to the Fermi level com-
pared to Rh/Ti. It enables Rh to be more electron-rich,
thereby facilitating enhanced adsorption of reactants and con-
tributing to a reduction in the activation energy
barrier.?**>’ In comparison with Rh/TiO,/Ti without Vo, the
d-band center of Rh in Rh/TiO,/Ti is downshifted by 0.25 eV.
According to the d-band center theory, this negative shift gen-
erally results in easy release of the H intermediate and thus
improve the HER kinetics.

To unravel the fundamental mechanism for the improved
catalytic activity, the reaction procedure models and the calcu-
lated free energy profiles for the optimized structures during
the HER are shown in Fig. 6d-g. Generally, the efficiency of
the alkaline HER process relies on both the water dissociation
step and the H* adsorption/desorption behaviors,'*3¢3839
Thus, the water adsorption and dissociation on the catalyst
surfaces were calculated.’’ The water adsorption energy for
Rh/TiO,/Ti is —0.80 eV, smaller than those of the Rh/Ti (—0.46
eV) and the Rh/TiO, without V (—0.68 eV) (Fig. 6f). The stron-
ger water adsorption capability of Rh/TiO,/Ti is beneficial for
the proceeding of the HER, since it can facilitate the Volmer
reaction.'®*! For the following water dissociation, it does not
occur readily on catalyst surfaces due to the uphill energy
barrier.'* The Rh/TiO,/Ti shows a more favorable water dis-
sociation energy of —0.33 eV as compared to Rh/Ti (0.35 eV)
and Rh/TiO, without Vo (—0.13 eV). The Gibbs free energy of
H* intermediates (AGy+) is widely acknowledged as a key
descriptor for evaluating the catalytic performance of HER.*!
Theoretically, a near-zero AGy- is crucial for maintaining a
viable balance between H* adsorption and desorption.>'* As
shown in Fig. 6g, the AGy~ value of Rh/TiO,/Ti is closer to the
optimal value of 0 (—0.12 eV), higher than those of Rh/Ti
(=0.24 eV) and Rh/TiO,/Ti without Vo (—0.19 eV). These find-
ings suggest that Rh/TiO,/Ti is beneficial for the water dis-
sociation, H* adsorption and H, desorption due to the inter-
action between TiO, and Rh, which can effectively facilitate
HER pathways.

4. Conclusion

In summary, we have reported highly efficient HER catalysts by
anchoring Rh nanoparticles onto self-supported TiO, nanoar-
rays with abundant V,. The design of combining Rh and the
TiO, support can ensure the electrical conductivity as well as
modulate the electronic environment of Rh, which strengthens
water adsorption and optimizes the adsorption energy of inter-
mediates. Optimized Rh/TiO,/Ti demonstrates overpotentials
of only 37.3 and 34.3 mV in alkaline and acidic media, respect-

2312 | /norg. Chem. Front., 2025, 12, 2303-2314
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ively. Additionally, the vertical nanoarray structure, surface
roughness, and the strong metal-support interaction endow
the Rh/TiO,/Ti catalyst with robust stability for over 120 hours,
surpassing the performance of the benchmark Pt/C catalyst
and other Rh-based catalysts. The strategy presented in this
study holds potential for the development of various hybrid
supports tailored for a multitude of electrocatalytic
applications.
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