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Rational design of efficient and stable electrocatalysts for the hydrogen evolution reaction (HER) has
attracted wide attention. Noble metal-based electrocatalysts with ultrathin structures and highly exposed
active surfaces are essential to boost the HER performance, while the simple synthetic strategies remain
challenging. Herein, we reported a facile urea-mediated method to synthesize hierarchical ultrathin Rh
nanosheets (Rh NSs) without using toxic reducing agents and structure directing agents in the reaction.
The hierarchical ultrathin nanosheet structure and grain boundary atoms endow Rh NSs with excellent
HER activities, which only requires a lower overpotential of 39 mV in 0.5 M H,SO, compared to the
80 mV of Rh nanoparticles (Rh NPs). Extending the synthesis method to alloys, hierarchical ultrathin RhNi
nanosheets (RnNi NSs) can be also obtained. Benefiting from the optimization of electronic structure and
abundant active surfaces, RhNi NSs only require an overpotential of 27 mV. This work provides a simple
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Introduction

It is imperative to develop a clean, renewable energy to solve the
problems of environmental pollution and the energy crisis
caused by fossil fuel consumption. Hydrogen (H,) is considered
as one of the most promising alternatives to traditional fossil
fuels due to its high energy density, renewable nature and zero
emissions.’” Currently, electrochemical water splitting is an
ideal method to generate high purity hydrogen.®'® However,
a considerable overpotential is still required to overcome the
high energy barrier to drive the hydrogen evolution reaction
(HER). Highly active electrocatalysts are suitable to reduce the
reaction barrier and achieve effective water splitting. At present,
noble metals are the most active catalysts to promote H,
evolution, such as Pt-based catalysts."* ™ Nevertheless, the wide
application of Pt catalysts is limited by its scarcity and high
price. Therefore, it is imperative to explore economical and
efficient catalysts for water splitting.

Recently, rhodium (Rh)-based materials have been proved as
efficient HER electrocatalysts with corrosion resistance and
excellent electrocatalytic activities.'*>* However, as a member of
noble metals, the commercialization of Rh is still hindered by
the limited performance improvement and the high price. Great
efforts have been made to further improve the electrochemical
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activity and reduce the cost of catalysts. One of the effective
methods is increasing the active sites of catalysts. Two-
dimensional (2D) nanosheets have drawn wide attention in
the field of electrocatalysis owing to the large surface area,
unique electronic structure and atomic thickness, including
HER,**?® oxygen evolution reaction (OER),**>* methanol oxida-
tion reaction (MOR)*>** and oxygen reduction reaction
(ORR),**” etc. For example, Chen's group used formaldehyde
(HCHO) as a reducing agent to achieve ultrathin RhCo nano-
sheets with 1.3 nm thickness by a two-step method, which
exhibited higher activity and long-term stability for the OER and
HER than RuO, and Pt nanoparticle electrocatalysts.*® Zhang's
group also used HCHO to successfully synthesize ultrathin Rh
and Rh alloy nanosheets, and revealed outstanding catalytic
activity toward the direct synthesis of indole.** Additionally, Cui
and co-workers prepared RhPdH bimetallene nanosheets with
carbon monoxide (CO) gas as a surface covering agent and
reducing agent. RhPdH bimetallene showed a lower over-
potential and better stability compared with commercial Pt/C
catalysts for HER in alkaline media.** Guo's group obtained
ultrathin PdMo bimetallene nanosheets with only 0.88 nm
thickness by using molybdenum carbonyl (Mo(CO)). The mass
activity of PdMo for ORR was 78 times and 327 times higher
than that of commercial Pt/C and Pd/C catalysts, respectively.*
The activities of the electrocatalysts are highly related to their
morphology of 2D. While, due to the lack of inherent thermo-
dynamic dynamics for crystal growth, the successful prepara-
tions of ultrathin nanosheets mainly depend on the using of CO
gas or some chemicals which can produce CO at high
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temperature such as metal carbonyl compounds and HCHO.
However, it has a significant negative effect on the health and
environment because of the toxicity of metal carbonyl
compounds, HCHO and CO gas. Obviously, it is essential to
develop a simple and environmentally friendly synthesis
method of 2D nanomaterials for precious metal-based
electrocatalysts.

In addition, increasing intrinsic activity of catalysts is
another important method to design efficient catalysts. Alloying
noble metals with transition metal M (e.g., Ni, Cu, Fe) can not
only enhance the electrochemical performance by tuning their
electronic structure but also significantly reduce the cost of the
catalysts. For instance, RuNi alloy exhibited remarkable elec-
trocatalytic activity in alkaline HER due to the alloying effect
with Ni, which can facilitate the dissociation of water and
optimize the adsorption and desorption of hydrogen.*

In this work, we obtained Rh-based nanosheets by a facile
urea-mediated route for the first time, which could display
superior electrochemical hydrogen evolution performance in
acidic solution. Specifically, the ultrathin nanosheets assem-
bled into hierarchical architecture, which can prevent the
agglomeration of ultrathin nanostructures during the electro-
catalytic process. Impressively, Rh NSs only requires an over-
potential of 39 mV to achieve a current density of 10 mA cm™ > in
0.5 M H,S0O,. Extending the synthesis method to alloys, RhNi
NSs were obtained to modulate the electronic structure of Rh,
which exhibited superior electrochemical hydrogen evolution
performance to the monometallic counterparts. We propose
that the high specific surface area and grain boundary endow
Rh NSs and RhNi NSs with excellent HER activities. Besides, the
ultrathin nanosheets geometry has an intrinsic advantage in
charge transport, which is also conducive to the more efficient
utilization of noble metal electrocatalysts.

Experimental section
Materials

Rhodium(u) acetate dimer (CgH;,05Rh,), polyvinylpyrrolidone
(PVP, M,, = 55000), rhodium(m) acetylacetonate (C;5H,10¢Rh)
and Ethylene glycol (EG) were obtained from Sigma-Aldrich
Reagent Company. Nickel(n) acetate tetrahydrate (NiC,HgO4-
‘4H,0) and urea were purchased from Shanghai Aladdin
Reagent Co., Ltd. Benzyl alcohol (C,HgzO) was purchased from
Shanghai Macklin Reagent Co., Ltd. Nickel(u) acetylacetonate
(C19H14NiO,4) was brought from Alfa Aesar Chemical Co., Ltd.
All the chemicals were used as received without further
purification.

Sample preparations

Rh ultrathin nanosheets were prepared via a solvothermal
method. First, 60 mg of PVP was dissolved in 4 mL of EG
solution and then the vial was heated at 160 °C for 10 min.
Then, 10.38 mg of rhodium(u) acetate dimer and 0.8 g urea were
dispersed in 2 mL EG after ultra-sonication. Then, the mixture
was added to the above solution and reacted at 160 °C for 8 h.
After cooling under ambient conditions, the product was
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collected by centrifugation and washed with ethanol. RhNi NSs
was synthesized under similar to those of Rh NSs, except that
5.84 mg Nickel(u) acetate tetrahydrate was added as the nickel
source.

The Rh nanoparticles were prepared by a solvothermal
method based on literature reports with slight modifica-
tions.**** Firstly, 8 mg rhodium(m) acetylacetonate and 120 mg
PVP were added to the 6 mL benzyl alcohol solution. The
solution was then vigorously stirred for 1 h to form a homoge-
neous solution, and then transferred to a Teflon-lined stainless
steel autoclave. The vessel was sealed and heated at 180 °C for
8 h, and then naturally cooled to room temperature before the
resulting products were collected by ethanol centrifugation. The
RhNi nanoparticles were synthesized under similar conditions
to that of the Rh NPs, except that 2.57 mg of nickel(u) acetyla-
cetonate was added as the nickel source.

Characterizations

X-ray diffraction (XRD) patterns were conducted on a X'Pert3
Powder diffractometer equipped with Cu Ko radiation (A =
0.15405 nm). The operation voltage and current were 40 kV and
40 mA, respectively. Field emission scanning electron micros-
copy (SEM) was carried out on a Zeiss Sigma 500. The trans-
mission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were
collected by using JEOL JEM-2100F. The X-ray photoelectron
spectroscopy (XPS) characterization were obtained on a Thermo
Scientific K-Alpha.

Electrochemical measurements

All electrochemical experiments were carried out at room
temperature using a CHI-660E electrochemical workstation.
HER tests were carried out in a 0.5 M H,SO, electrolyte using
a standard three-electrode system in which a catalyst-coated
glassy carbon electrode (GCE, diameter: 5 mm, area: 0.196
cm?), a saturated calomel electrode and a carbon rod were used
as working, reference and counter electrode respectively. The
catalyst ink was prepared by mixing 1 mg of catalysts, 4 mg of
carbon black (Vulcan XC-72), 2 mL of isopropyl alcohol and 100
uL of Nafion solution (5 wt%). The mixture was sonicated for 1 h
until a homogeneous ink formed. Then, 20 pL of the ink solu-
tion was cast on the pretreated GCE and dried naturally at room
temperature. The HER activity of the catalyst was assessed using
linear sweep voltammetry (LSV), where the scan rate was 5 mV
s™'. All LSV polarization curves were corrected with iR
compensation, where 7 is the current and R is the ohmic resis-
tance of the electrolyte measured with electrochemical imped-
ance spectroscopy (EIS). The electrochemical impedance
spectroscopy (EIS) curves were tested in the frequency range 10
000 Hz to 1 Hz with an amplitude of 5 mV. The electrochemical
double layer capacitance (Cq;) was performed by cyclic voltam-
metry (CV) at various scanning rates of 20, 40, 60, 80, 100 and
120 mV s~ . The durability test of the catalyst was performed by
chronopotentiometry (V-¢) at a fixed current density of 10 mA
cm 2. All potentials in this study were calibrated by referring to
the reversible hydrogen electrode (RHE), and the current

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) SEM images, (c) TEM image, and (d) HRTEM image of
Rh NSs.

density was normalized by the geometric area of the glass
carbon electrode.

Results and discussion
Material characterizations

Rh NSs were prepared by a simple one-step solvothermal
synthesis. The morphology and structure of Rh NSs are illus-
trated in Fig. 1. The SEM images show that the sample has
a hierarchical architecture assembled by ultrathin nanosheets.
From the high-magnification SEM image in Fig. 1b, it is clearly
found that the products have a rough surface. TEM image
(Fig. 1c) further confirms that Rh NSs contain ultrathin nano-
sheets, consistent with SEM characterization. The lattice
spacing of 0.214 nm is observed in the high-resolution TEM
(HRTEM) image (Fig. 1d), corresponding to the (111) crystal
plane of face-centered cubic (fcc) Rh. It is obviously observed
that Rh possesses an ultrathin structure and grain boundary
atoms.* The structure of Rh is expected to enhance the catalytic
activity due to the large surface area which can provide more
active sites. Besides, the crystallographic texture of Rh NSs was
also investigated by XRD (Fig. 2). Three diffraction peaks of Rh
NSs around 41.1°, 47.7°, and 69.9° are corresponded to the
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Fig. 2 XRD pattern of Rh NSs.
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(111), (200), and (220) facet of the fcc Rh (JCPDS no. 05-0685)
crystal, respectively.

In order to study the effect of synthesis conditions on the
morphology of the products, a number of control experiments
were carried out. The effect of PVP was investigated and the
characterizations were shown in Fig. S1.1 A similar nanosheet
structure can be obtained without PVP, while the thickness is
slightly thicker. Adjusting the reaction temperature to 140 °C,
there is almost no precipitation after centrifugation. Raising the
temperature to 180 °C, the morphology of ultrathin nanosheets
can also be obtained (Fig. S2t). We also explored the reaction
process. When the reaction continues for 0.5 h at 160 °C, the
nanosheets skeleton appear (Fig. S3at). After reacted for 4 h,
nanosheets gradually become larger (Fig. S3bf). When the
reaction time proceeded for 10 h, the nanosheets structure
almost remains unchanged (Fig. S3ct) compared with that of
8 h (Fig. 1a). In addition, the amount of urea plays the most
important role in the formation of 2D nanosheet. The SEM
images of Rh were presented in Fig. S3d-ff with different
amount of urea. As the amount of urea is excessive, the
agglomerated clusters appear and the structure of nanosheet is
broken. When tiny amount of urea added to the solution, no
nanosheets are obtained. Therefore, it is inferred that urea acts
as a structure directing agent in the reaction. After adding
a proper amount of urea, smaller pieces will be generated
rapidly at the initial stage of the reaction. And with the exten-
sion of the reaction time, the smaller sheets will grow further
and become ultrathin nano-sheets.

To demonstrate the universality of the proposed urea-
mediated synthetic method, bimetallic RhNi alloy nanosheet
was successfully prepared by mixing rhodium(u) acetate dimer
and nickel(n) acetate tetrahydrate precursors in the reaction
solution. The structure of the obtained RhNi NSs is shown in
Fig. 3. Similar to the morphology of Rh NSs, the RhNi NSs still
exhibit the typical sheet-like structure and a rough surface.
According to the elemental mappings of Fig. 3c, f, and i, the

Fig. 3 (a and b) SEM images, (c) HAADF-STEM image, (d and e) TEM
images, (f and i) EDS, (g) HRTEM image, and (h) SAED pattern of RhNi
NSs.
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elements Rh and Ni are homogeneously distributed in the RhNi
NSs. The lattice spacing of 0.231 nm in HRTEM image (Fig. 32)
evidences a decrease in the interplanar spacing compared to the
fcc Rh (111) crystal plane. The SAED pattern (Fig. 3h) shows
RhNi NSs with multiple diffraction rings, confirming the poly-
crystalline structure of RhNi NSs. In addition, the XRD char-
acterization of RhNi NSs was presented in Fig. S4a.f In
comparison with monometallic Rh NSs, the peak of (111)
slightly shifted to a higher angle, suggesting the incorporation
of Ni into the crystal lattice of Rh. An additional shoulder peak
near the main peaks evolves at about 38.5°, which may be
originated from the oxidation of metallic Rh in air. These
results indicate that the nanosheets synthetic method we
proposed have successfully synthesized RhNi NSs with binary
alloy structures.

The surface composition and chemical state of RhNi NSs
were studied using X-ray photoelectron spectroscopy (XPS). The
full-scan spectrum of the RhNi NSs (Fig. S4bt) demonstrates the
presence of the Rh and Ni elements. The high-resolution Rh 3d
XPS spectra (Fig. S4ct) shows that metallic Rh® and oxidized
Rh*" species co-exist in RhNi NSs. In particular, the Rh 3d XPS
spectrum has two main peaks at 308 eV and 312.8 eV corre-
sponding to the 3ds/, and 3ds,, peaks of the metallic Rh®.** The
peaks around 310 eV and 314.8 eV correspond to the 3ds, and
3ds,, peaks of Rh®* species, respectively, which may result from
the oxidized surficial Rh in air.**"” The high-resolution Ni 2p
XPS spectra shows peaks at 855.5 and 873.2 eV corresponding to
the 2p;/, and 2p,, peaks of the metallic Ni%.** Two peaks at
857.2 and 874.9 eV corresponding to the 2ps/, and 2p;, peaks of
Ni*" species (Fig. S4d). Obviously, the shift of binding energy of
Rh° for RhNi NSs in comparison to Rh NSs suggests the elec-
tronic interactions between the Ni and Rh, which may optimize
the adsorption energy of the intermediates.

Electrocatalytic performance

The HER activities of Rh NSs and RhNi NSs were evaluated at
room temperature using a three-electrode system in 0.5 M
H,S0,. For comparison, the performance of Rh and RhNi with
the morphology of particles (TEM and XRD images were shown
in Fig. S5 and S6t) were also tested. Generally, the overpotential
at the current density of 10 mA cm™? is an important parameter
to measure the HER performance of catalysts. As displayed in
Fig. 4a and b, Rh NSs and RhNi NSs require overpotentials of
39 mV and 27 mV, respectively. While the overpotentials of Rh
NPs and RhNi NPs are 80 mV and 46 mV, respectively. These
results manifest that 2D nanosheets display better catalytic
activities compared to nanoparticles in acidic media. We
propose that the improvement of activity can be attributed to
the advantages of hierarchical ultrathin nanosheets, which
provided more active sites and promoted electron transfer.?*>**
Meanwhile, the RhNi NSs present a superior HER performance
to the monometallic Rh NSs, indicating that alloying effect
might enhance the activity of catalyst due to the modified
electronic structure and adsorption energy.*>*>*°

In addition, Tafel slope plays a vital role in assessing the
reaction kinetics for water splitting. The corresponding Tafel
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Fig. 4 HER performances of Rh NSs, RhNi NSs, Rh NPs and RhNi NPs
in 0.5 M H,SO, electrolyte. (a) HER polarization curves, (b) required
overpotentials at 10 mA cm™2, (c) Tafel plots obtained from the cor-
responding polarization curves, and (d) corresponding Nyquist Plots.

plots were obtained from the fitted LSV curves. As shown in
Fig. 4c, the Tafel slopes for Rh NSs, RhNi NSs, Rh NPs and RhNi
NPs are 32.9 mV dec !, 18.5 mV dec ', 80.4 mV dec™' and
47.3 mV dec ™, respectively. As expected, the catalysts of Rh NSs
and RhNi NSs present smaller Tafel slopes, indicating the better
catalytic activity as well as faster catalytic kinetics of the HER
process. Apparently, the HER processes on Rh NSs and RhNi
NSs undergo the Volmer-Tafel mechanism, which confirms
that the structure of hierarchical ultrathin nanosheets and the
design of alloy can substantially improve the HER kinetics.

Furthermore, Rh NSs and RhNi NSs have larger peak area for
underpotentially deposited hydrogen (H,pq) compared to Rh
NPs and RhNi NPs in cyclic voltammograms (CV) (Fig. S71),
demonstrating that the ultrathin nanosheets structure might
provide more catalytic active sites. The electrochemically active
surface areas (ECSAs) of the prepared electrocatalysts are
further evaluated by the double layer capacitance (Cqj)
(Fig. S8T), which is obtained by calculating CV curves in a non-
faradaic region under different scan rates (20 to 120 mV s~ ). As
displayed in Fig. S8e,T Rh NSs and RhNi NSs possess higher Cy;
value compared to Rh NPs and RhNi NPs, due to the advantages
of 2D nanosheets structure with more active reaction sites.”**

To understand the charge transfer kinetics of electro-
catalysts, electrochemical impedance spectroscopy (EIS) tests
were also carried out on Rh NSs, RhNi NSs, Rh NPs and RhNi
NPs respectively. As shown in Fig. 4d, the Nyquist plots of Rh
NSs and RhNi NSs indicate that Rh NSs and RhNi NSs have
smaller charge transfer resistances (R.), which are in agreement
with that of the overpotential and the Tafel slope, indicating
that the unique structure and alloy can substantially accelerate
the interfacial electron-transfer kinetics.

Except for the catalytic activity, the long-term stability and
durability of HER electrocatalysts are also important factors in
achieving effective water splitting. The long-term stability of
electrocatalysts was assessed by 1000 CV tests in 0.5 M H,SO,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 HER polarization curves of (a) Rh NSs and (c) RhNi NSs elec-
trocatalysts before and after 1000 CV cycles. Chronopotentiometry
(V-t) curves of (b) Rh NSs and (d) RhNi NSs at a constant current
density of 10 mA cm 2.

electrolyte. The LSV polarization curves of Rh NSs and RhNi NSs
display slight decrease after 1000 cycles (Fig. 5a and c), whereas
the LSV polarization curves of Rh NPs and RhNi NPs show
significant decrease (Fig. S9a and ct). The durability of elec-
trocatalysts was assessed by chronopotentiometry at a constant
current density of 10 mA em™>. After 20 h of durability testing,
the overpotentials of the Rh NSs and RhNi NSs remain slightly
changed (Fig. 5b and d), while the Rh NPs and RhNi NPs present
a large variation (Fig. S9b and df). The better catalytic stability
and durability might be attributed to the rapid diffusion of
reactants and interfacial charge transfer provided by nano-
sheets morphology. Besides, the hierarchical architecture
assembled by ultrathin nanosheets can prevent the agglomer-
ation of electrocatalysts, which could also improve the catalytic
and structural stability of catalyst.

Conclusions

In conclusion, we report a facile urea-mediated route for the
preparation of hierarchical ultrathin Rh-based nanosheets
without involving of toxic chemicals as structure-directing
agents. The advantages of structure impart Rh NSs and RhNi
NSs catalysts with higher HER activity, which significantly
surpasses that of Rh NPs and RhNi NPs. This work may provide
an important reference to construct 2D noble metal catalysts for
highly active electrocatalytic performance.
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