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Rhodium nanocrystals on porous
graphdiyne for electrocatalytic hydrogen
evolution from saline water

Yang Gao1, Yurui Xue 1,2 , Lu Qi2, Chengyu Xing1, Xuchen Zheng1,3,
Feng He 1 & Yuliang Li 1,3

The realization of the efficient hydrogen conversion with large current den-
sities at low overpotentials represents the development trend of this field.
Here we report the atomic active sites tailoring through a facile synthetic
method to yield well-defined Rhodium nanocrystals in aqueous solution using
formic acid as the reducing agent and graphdiyne as the stabilizing support.
High-resolution high-angle annular dark-field scanning-transmission electron
microscopy images show the high-density atomic steps on the faces of hex-
ahedral Rh nanocrystals. Experimental results reveal the formation of stable
sp–C~Rh bonds can stabilize Rh nanocrystals and further improve charge
transfer ability in the system. Experimental and density functional theory
calculation results solidly demonstrate the exposed high active stepped sur-
faces and various metal atomic sites affect the electronic structure of the
catalyst to reduce the overpotential resulting in the large-current hydrogen
production from saline water. This exciting result demonstrates unmatched
electrocatalytic performance and highly stable saline water electrolysis.

Directly producing green hydrogen (H2) on large-scale from seawater
electrolysis is a long-sought dream of mankind1–7. Accompanied by
technological advances that make it possible to produce H2 on a large
scale from electrolysis of water, however, the challenge is the lack of a
catalyst to realize efficient seawater splitting for large-scale H2 pro-
duction with large current densities at low overpotentials that can
meet the industrial requirements, without deactivating the catalysts by
the ions of sodium, chlorine, calcium, chloride, and other components
in seawater8–12. To overcome these scientific challenges, a variety of
highly efficient catalysts have been designed and synthesized by
researchers (e.g., nitrides9, transition metal hydroxides10, and
phosphide11,12, etc.). Although previously reported catalysts demon-
strated high performance under some conditions, they were far from
our expectations in terms of overall performance. Most catalysts
exhibit large overpotential and low long-term stability at large current
densities which is difficult to meet the industrial demand. The

development of intrinsically active catalysts capable of large-scale
hydrogen production at low overpotential is a key step to achieve zero
pollution and hydrogen fuel highly economy. These serious issues
force us to find a way in the design of catalysts to explore the highly
matched structure, band gap, and intrinsic activity of the composite
catalyst for application on large scale of hydrogen production at low
overpotential.

Given an accurate understanding of the source of its intrinsic
catalytic activity, a catalyst with simple composition is desirable to
help understand its mechanism. After in-depth consideration and
analysis, we propose that such an ideal catalyst should have larger
current density at lower overpotentials, resistance to seawater induced
inactivation, and excellent long-term stability. From the further per-
spective of mass hydrogen production through water splitting, the
electrocatalysts should have the following necessary properties: (i)
high intrinsic catalytic activity that can achieve large current density
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HER at low overpotentials under saline water conditions; (ii) strong
corrosion resistance and electrochemical/mechanical stability at large
current densities; (iii) efficient gas/mass diffusion ability capable of
separating the formed H2 bubbles to maintain the catalytic activity for
large current density HER; (iv) long-term operational stability under
practical conditions (e.g., saline water, strong basic water, or sea-
water); and (v) low cost.

To sum up the previous experience, the catalytic activity material
should be neither too strong nor too weak in combination with the
reaction intermediates. Rhodium (Rh) is the nearest metal to Platinum
(Pt) located at the vertex of volcanoplotwith small Gibbs free energy13,
and has been demonstrated have excellent catalytic stability. Distinct
from bulk metals, the intrinsic activity of the catalyst has been
demonstrated to strongly depend on the size, the exposed defects,
and the supports14–19. As an important traditional metal support, car-
bonmaterials show great application value in catalysis field, therefore,
carbon materials are considered as the key component of high-
performance catalysts20–22. The shortcoming of the catalysts com-
posed of traditional carbon materials, however, generally result in
ambiguous chemical and electronic structures due to the hash and
complicated pyrolysis process, the accurate understanding of the
catalyticmechanisms is limited which leads to the inability to optimize
the catalyst efficiently and accurately to obtain high-performance
catalyst.

Comprehensive analysis of the current carbon materials, porous
graphdiyne (GDY) shows the advantages, 2D layered structure with sp-
and sp2-hybridized carbon atoms, large porous structure, infinite dis-
tribution of active sites, excellent electron transfer ability, high surface
area and high stability23–43. These natural advantages make GDY as a
catalyst with excellent comprehensive performance for hydrogen
evolution reaction (HER)30–35, oxygen reduction reaction (ORR)36,42,
oxygen evolution reaction (OER)34,35, overall water splitting (OWS)34,35,
nitrogen reduction reaction (NRR)37,38, CO2 reduction reaction
(CO2RR)

39, methanol oxidation reaction (MOR)40 and CO catalytic
oxidation41. In fact, the previous reports have demonstrated GDY to be

an ideal catalyst support for selectively anchoring single metal atoms
and controllably regulating the coordination environments of metal
atoms toward highly catalytic activity. A variety of porous GDY-based
catalysts have been developed, e.g., GDY-based zero-valent atomic
catalysts30–32, heterostructured catalysts34,37, quantumn dots
catalysts38,40–42, and metal-free catalysts35,36.

Here, we showa concise route to realize the controllable synthesis
of well-defined Rh nanocrystals with high-density of atomic defects
through a facile method in aqueous solution using the formic acid as
reduction agent and GDY as the stabilizing support (Fig. 1a). HAADF-
STEM images clearly show the presence of the atomic steps. Experi-
mental and theoretical results demonstrate that the stepped surface
and special interactions form between GDY and Rh endow the catalyst
with excellent electrocatalytic activity and stability for large current
density H2 production from alkaline simulated seawater (saline water).
For example, the Rh/GDY can deliver 1000mAcm−2 at a very small
overpotential of 65mV vs. RHE, which is better than the reported
electrocatalysts, and commercial Pt/C electrocatalyst.

Results
Electrocatalysts synthesis and characterization
Prior to the controlled synthesis of well-defined porous Rh nanocrys-
tals, a three-dimensional (3D) flexible porous GDY electrode was syn-
thesized by growing a film of GDY nanosheets array on the surface of
3D carbon fiber cloth (CC), at ambient temperatures and using hex-
aethynylbenzene (HEB) as the precursor. Scanning electron micro-
scopy (SEM, Supplementary Fig. 1) and high-resolution transmission
electron microscopy (HRTEM, Supplementary Fig. 2) images reveal
that the ultrathin GDY nanosheets are interconnected with each other
and self-supported on the CC substrates, resulting a porous mor-
phology with enlarged surface area and more exposed active sites
which benefits the catalytic performance. The 3D porous GDY was
immersed into an aqueous solution containing RhCl3 and HCOOH for
the in-situ adsorption of Rh atoms as the starting sites for subsequent
nucleation and growth of the Rh nanocrystals on the surface of GDY

Fig. 1 | Synthesis and morphological characterization of Rh/GDY. a Synthesis
routes to porous Rh/GDY electrodes. Optical images of b–e Rh/GDY electrodes
with various bendingmorphologies. f Low- andghigh-magnificationSEM imagesof

Rh/GDY. h Size distribution of Rh nanocrystals on the surface of GDY (403 Rh
nanocrystals were counted). i-k EDS elemental mapping images of i overlapping,
j Rh and k C elements on Rh/GDY.
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(Rh/GDY; Fig. 1a). Highly flexible Rh/GDY electrodes (Fig. 1b–e) with 3D
porosity (Fig. 1f, g) were obtained. Note that these featuresmake them
more suitable tomeet the requiements of practical uses for assembling
electrolysis devices. HAADF-STEM (Supplementary Fig. 3) and HRTEM
images (Supplementary Fig. 4a) confirmed the homogeneous disper-
sion of Rh nanocrystals on the surface of GDY nanosheets with a nar-
row size distribution of 5.16 ± 1.20 nm (Fig. 1h). STEM (Supplementary
Fig. 5) and corresponding energy dispersive X-ray spectroscopy (EDS)
mapping images (Fig. 1i–k) show the uniform dispersion of Rh and C
elements. Inductive coupled plasma mass spectrometry (ICP-MS)
result shows the mass loading of Rh on GDY is 0.244wt% (Supple-
mentary Table S1). Raman spectra of the Rh/GDY system (Supple-
mentary Fig. 6) unambiguously show the characteristic peaks of
conjugated diyne links (1964 and 2170 cm−1), indicating that the GDY
structure was retained during the synthesis process. Compared with
pure GDY (Supplementary Fig. 6), shifts in D band (1365 cm−1) and G
band (1585 cm−1) suggest the existence of the interactions between Rh
and GDY. The intensity ratio of the D/G bands in the Raman scattering
is commonly used to assess the defects density present on carbon
materials. The larger D/G ratio for the Rh/GDY system (0.63) than pure
GDY (0.55) indicates the higher defect density of Rh/GDY. X-ray dif-
fraction (XRD) patterns in Supplementary Fig. 7 shows typical dif-
fraction patterns of Rh/GDY at approximately 41°, 48°, 70°, and 84°
corresponding to the metallic Rh (JCPDS no. 05-0685), and two broad
diffractionpeaks centered at 20–30° and44° couldbe assigned toGDY
species.

High-resolution HAADF-STEM and TEM images were used to
reveal the atomic scale structure of Rh/GDY. The arrangement of Rh
atoms on the surface of GDY resulted in a polyhedral morphology
(Fig. 2a, b; HAADF-STEM images from two different sites are shown in
Fig. 2f, g) with fringe distance of 0.23, 0.20 and0.14 nm corresponding
to the (111), (200) and (220) planes of Rh, respectively (Fig. 2c, e,

Supplementary Fig. 4b, c). Fast Fourier transform (FFT) pattern
(Fig. 2d) reveals that the equilibrium shapes might be the truncated
octahedrons (Supplementary Fig. 8). HAADF-STEM images reveal that
the edges of (111) planes are not straight but contain numerous of
mono-layered (Fig. 2f) and multi-layered steps (Fig. 2g–j). HAADF
results reflect that the GDY has high affinity with Rh atoms which
facilitates the selective and stable anchoring of Rh atoms. Besides, the
high intrinsic reductivity of GDY controllably regulates the interface of
Rh growth, leading to the controllable stepped morphology of the Rh
nanostructures. Intensity changes shown in the inset of Fig. 2h indi-
cates the presence of large amounts of atomic steps. In addition,
HAADF-STEM images show that the high density of atomic steps
contains different atoms at the “corner” and “surface” sites, respec-
tively. The difference between the “corner” and “surface” sites in
stepped Rh/GDY can be clearly identified by the coordination number
of Rh atoms (7-coordianted corner atoms and 9-coordianted surface
atoms, Supplementary Fig. 9). Note that low-coordinationmetal atoms
have demonstrated can interact more strongly with reactants due to
the modified local electronic structure42, which helps to reduce the
reaction barriers compared to the atoms at surface sites. The atoms at
the corner sites possess low-coordination are therefore proposed to
be the main origins of the high HER catalytic activity of Rh/GDY.

Depth-profiling X-ray photoelectron spectroscopy (XPS) coupled
with ion sputtering, which is important and necessary for identifying
the active sites, was used for the high-resolution analysis of the atomic
composition and chemical states of Rh/GDY from the surface to inner
part (Fig. 3a). The Rh 3d obtained from different samples (Fig. 3b, c)
and C 1 s (Fig. 3d; Supplementary Fig. 10) spectra were analyzed and
showed that there are no changes in the compositions and chemical
states in the Rh/GDY from the surface to inner part. The slight changes
in the shape of the XPS peaks for sample 1 could be due to the rough
surface structure of the catalysts or the surface charging effects during

Fig. 2 | Atomic scale HAADF-STEM characterization of Rh/GDY. a Simulated
atomic arranging process and model of individual Rh nanocrystal. b HAADF-STEM
image of Rh/GDY. cHigh-resolution HAADF-STEM image of a single Rh nanocrystal
grown on GDY. The labelled squares indicate the areas magnified in the following
observations. d Fast Fourier transform pattern of Rh/GDY from c. e HAADF-STEM

image of Rh/GDY. f HAADF-STEM image of a (111) plane from area f marked in c.
Terraced atomic layers represent a stepped surface.gHAADF-STEM image of a (111)
plane with atomic kinks from area g marked in c. h–j HAADF-STEM images of the
(111) plane, the intensity profile (inset of h) along the dotted line represents a
stepped surface along the edge.
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the depth-profiling XPS tests. The high-resolution XPS analysis shows
that C 1 s XPS spectra (Fig. 3e) show six peaks at 283.4 (sp–C~Rh), 284.4
(sp2–C), 285.0 (sp–C), 286.4 (C–O), 288.3 (C=O), and 290.0 eV (π–π*
transition) for Rh/GDY, while only four peaks at 284.6 (sp2–C), 285.2
(sp–C), 286.6 (C–O), 288.5 eV (C=O) can be observed for pure GDY26.
The formed sp–C~Rh and π–π* transition peaks indicate the formation
of chemical interactions between Rh and GDY26,37,44. Our experimental
results show that the formation of stable sp–C~Rh bonds can stabilize
Rh nanocrystals and further improve charge transfer ability in the
system.

As shownFig. 3f, the high-resolution Rh 3dXPS spectra of Rh/GDY
can be deconvoluted into three doublets peaks at 307.3, 308.2, and
309.7 eV for Rh 3d5/2 and 312.0, 313.0, and 314.5 eV for Rh 3d3/2, cor-
responding to the Rh0 (307.3/312.0 eV), Rh+ (308.2/313), and Rh3+

(309.7/314.5 eV), respectively15. In our experiments, GDY was used as
the support for the in-situ growth of the Rh nanocrystals, including the
adsorption of Rh ion on the surface of GDY and the following in-situ

nucleation and growth of Rh nanocrystals (Fig. 1). Due to the reduci-
bility of GDY itself and HCOOH, the Rh ions can be easily reduced to
metallic species. Besides, the presenceofobvious charge transfer from
Rh to GDY make partial Rh species with higher valence states. This
result indicates that we obtained the Rh/GDY catalysts with mixed-
valence states25,37,40,45. The spontaneous recycling of the Rh0/Rh+/Rh3+,
and the specific incomplete charge transfer betweenmultiple valences
metal species in this systemcanendowRh/GDYwith excellent catalytic
activity.

In addition, the negative (0.2 eV) and positive (0.2 eV) shifts in the
binding energies of C (Fig. 3e) and Rh (Fig. 3f) species demonstrate the
efficient charge transfers from Rh to GDY, in consistent with the dif-
ferential charge density distribution map results (Fig. 3g). We further
compare the projected density of state (PDOS) of different sites in Rh/
GDY andpure Rhmetal, respectively (Fig. 3h). It is shown that the Rh d-
center of surface site (i.e., −2.79 eV) and corner site (i.e., −2.18 eV) in
Rh/GDY is lower and higher compared to that of Rh site in pure Rh

Fig. 3 | XPS and PDOS characterizations of the samples. a Schematic repre-
sentation of the depth profiling experiments. The sets of b, c Rh 3d obtained from
different samples and d C 1 s XPS spectra of Rh/GDY measured during the depth
profiling experiments. The high-resolution e, C 1 s, f Rh 3d XPS spectra of the

catalysts. g The differential charge density of Rh/GDY. Image created with VESTA
software. h Projected density of state (PDOS) of Rh/GDY and Rh. i Electron energy-
loss spectroscopy (EELS) of carbon and rhodium elements in the GDY and Rh/GDY.
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metal (i.e., −2.46 eV), respectively. As known, the closer of d-center to
Fermi level usually corresponds to the stronger adsorption ability of
metal sites. Thereby, the corner site has much stronger adsorption
ability than the surface sites. These show that GDY can efficiently
regulate the electronic structures of stepped Rh metal that endow it
excellent electrocatalytic activity and stability, verifying the vital
role of GDY.

The electron energy loss spectroscopy (EELS) mapping of Rh
nanocrystals grownon theGDY support (Fig. 3i, Supplementary Fig. 11)
showed only signals for C and Rh, also indicating interaction between
Rh and C in the Rh/GDY. Our results indicate the well-defined stepped
surface characteristics and the strong interactions between Rh nano-
crystals and GDY can result in obviously high charge transfer, which is
beneficial to enhance the intrinsic HER activity of the catalyst.

Electrocatalytic performances for HER in saline water
Subsequently, the catalytic performance of Rh/GDY for H2 fuel pro-
duction from simulated seawater (i.e., H2-saturated 1.0M KOH+0.5M
NaCl saline-alkaline electrolyte) was studied. All linear sweep voltam-
metry (LSV) curves were corrected with 100% iR-compensation. As
observed from Fig. 4a and Supplementary Movie 1, Rh/GDY violently
releases hydrogen bubbles and forms hydrogen clouds at a very small
applied overpotential of 65mV. The iR-corrected linear sweep vol-
tammetry (LSV) curves of the samples indicated that Rh/GDY displays
the best electrocatalytic activity with the smallest overpotentials (η) of

28, 48 and 65mV at the current density (j) of 100, 500 and 1000
mA cm−2, respectively (Fig. 4b), which are better than commercial
20wt% Pt/C, Rh, GDY, CC, and reported electrocatalysts4,44,46–66 such as
Ni-SA/NC4, Ru-Mo2C@CNT44, and Ru1/D-NiFe

46 (Fig. 4d, e, Supple-
mentary Fig. 12, Supplementary Tables 2 and 3). Rh/GDY in pure
alkaline solution shows a similar HER catalytic activity to that obtained
in the alkaline simulated seawater conditions (Supplementary Fig. 13).
Besides, the as-prepared Rh/GDY catalyst exhibits better catalytic
activity than those supported on other substrates such as graphene
oxide, multi-walled carbon nanotubes, and glassy carbon electrode
(Supplementary Figs. 14 and 15). All these findings confirmed the
important role of GDY in enhancing the catalytic activity. Rh/GDY has
the smallest Tafel slope of 21mVdec−1 for Rh/GDY (Fig. 4c), suggesting
a underlaying Volmer-Tafel mechanism with discharging of two
adsorbed hydrogen atoms (Tafel) as the rate-determining step (RDS)67.
As the current density increases, mass transfer plays a key role in
determining the current. We calculated the ratios of overpotential to
current density (Δη/Δlog|j | , Rη/j) for Rh/GDY in different current
density ranges to evaluate the performance of a catalyst at large cur-
rent densities more precisely. The ratio for Rh/GDY remains smaller (<
80mV dec−1; Supplementary Fig. 16) with the increase of the current
density53,68.

The exchange current density (j0), mass activity (normalized to
theRh loading, 0.244wt%), and turnover frequency (TOF)were further
determined to reveal the intrinsic catalytic activities of the samples. As

Fig. 4 | HERperformances of Rh/GDY in salinewater. a Schematic representation
of efficient hydrogen fuel production on Rh/GDY. Inset: photograph of the
hydrogen evolution on Rh/GDY electrode at 1000mAcm−2. b HER polarization
curves and c corresponding Tafel plots of the as-synthesized catalysts.
d, e Comparison of the HER catalytic activity of the Rh/GDY with the reported

catalysts. f Nyquist plots of the catalysts. g Durability tests of Rh/GDY over 31 h at
large current densities of 100, 500 and 1000mAcm−2, respectively. h Rh 3d XPS
spectra of the Rh/GDYobtained after stability tests. iThe atomic percentage of Rh0,
Rh+ and Rh3+ species during the stability tests.
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shown in Fig. 4d, Rh/GDY exhibits a j0 of 1.3mA cm−2, which is higher
than that of the reported HER electrocatalysts in alkaline conditions
such as RhPd-H/C (0.65mA cm–2)14, W1Mo1-NG (0.26mA cm–2)69, and
ES-WC/W2C (0.58mAcm–2)70 (Supplementary Fig. 17; Supplementary
Table 4). The TOF for Rh/GDY at an overpotential of 100mV is 9.33 s–1,
remarkably larger than that corresponding to reported HER electro-
catalysts, (e.g., Ru1/D-NiFe LDH46: 7.66 s–1; PtSA-NiO/Ni

55: 5.71 s–1; and
W1Mo1-NG

69: 0.42 s–1; Fig. 4d; Supplementary Fig. 18; Supplementary
Table 5). In addition, the Rh/GDY (274.6 A mgRh

–1) exhibits a higher
mass activity than that of Rh (62.3 A mgRh

–1) at an overpotential of
50mV (Supplementary Fig. 19; Supplementary Table 6).

The Nyquist plots were measured and fitted to a R(QR)(QR)
equivalent circuit containing resolution resistance (Rs) and charge
transfer resistance (Rct). Rh/GDY showed the smaller Rs (4.71Ω) and Rct
(2.84 Ω) than Rh (Rs = 4.93 Ω, Rct = 9.81 Ω), GDY (Rs = 5.70 Ω, Rct = 22.2
Ω) and CC (Rs = 6.51 Ω, Rct = 89.6 Ω) (Fig. 4f, Supplementary Fig. 20;
Supplementary Table 7), thereby showing high charge transport abil-
ity. The electrochemical active surface area (ECSA) of the catalysts was
also evaluated from the double-layer capacitance (Cdl) values, which
were measured through cyclic voltammetry (CV) method in a non-
Faradaic region at different scan rates (Supplementary Figs. 21 and 22).
The measured ECSA for Rh/GDY was 295 cm2, larger than that of Rh
(167.5 cm2), GDY (34.3 cm2) and CC (26.3 cm2), indicating the largest
exposed catalytic sites of Rh/GDY to the reactants (Supplementary
Table 8). These results confirm that the Rh/GDY with stepped surfaces
has excellent catalytic activity for the production of H2.

Long-term stability is another important criterion for evaluating
the use of a catalyst. Experimental results show that there is no sig-
nificant increase in the applied overpotentials at 100, 500, and
1000mA cm−2 after 8000 continuous cycling voltammetry (CV)
cycling cycles (Fig. 4g and Supplementary Fig. 23), and only small
decreases in the j of 100 and 500 after 25-h electrolysis (Supplemen-
tary Fig. 24). These data demonstrate the excellent stability of Rh/GDY
in corrosive saline water conditions. SEM (Supplementary Fig. 25),
HAADF-STEM (Supplementary Fig. 26), andSTEM-EDS (Supplementary
Fig. 27) analysis confirmed that the morphology of the catalyst is well-
preserved and all Rh nanocrystals are presented as individual nano-
particle on GDY surface without any aggregation. The C and Rh ele-
mentswerehomogeneous distributedwithin thewholeGDY structure.
XPS measurements were performed to determine the chemical valent
of Rh/GDY during the cycling tests in alkaline simulated seawater. The
C 1 s XPS spectra (Supplementary Fig. 28) of Rh/GDY exhibited a
positive shift in binding energy, and the Rh 3d XPS spectra (Fig. 4h)
exhibited a negative shift in binding energy, suggesting the partial
reduction of Rh ions during HER process. XPS survey spectra (Sup-
plementary Fig. 29) of the Rh/GDY measured after the stability tests
demonstrated the absence of Na+ and Cl- on the electrode during the
electrocatalysis. As shown in Fig. 4i in themanuscript, the percentages
of Rh0 andRh3+ species decreased and thepercentage of Rh+ increased,
but the catalytic activity of the catalyst remains the same during the
whole cycling tests. According to our experimental results, the mixed
valence states play a central role in determining the catalytic activity
rather than a single valence state. In addition, theMembrane Electrode
Assemblies (MEA) experiments were conducted (Supplementary
Fig. 30) and confirmed the high stability of our electrocatalysts, which
provide a more convincing demonstration of the materials’ potential
applications.

Electronic activities and adsorption energetic trends
Density functional theory (DFT) calculations were performed to shed
light on the catalytic mechanism developed by Rh/GDY at the atomic
level. HAADF-STEM characterizations and experimental results sug-
gest that the formed steps of Rh nanocrystals play the key role in
enhancing the catalytic performances. Therefore, a stepped Rh/GDY
model (Supplementary Fig. 9) was constructed by loading a three-layer

of 5 × 4 non-periodic Rh atoms with two rows of Rh atoms removed in
the outermost layer (50 Rh atoms) on a 2 × 2 periodic supercells of
graphdiyne (72 carbon atoms). The difference between the corner and
surface sites in stepped Rh/GDY can be clearly identified by the
coordination number of Rh atoms (7-coordianted corner atoms and
9-coordianted surface atoms). The HER activities of Rh/GDY and pure
Rh were studied by comparing the Gibbs free energies for hydrogen
adsorption (ΔGH*)

71–73. A highly active HER catalyst must comply with
the thermal-neutral requirement (ΔGH* ≈ 0), where the atomic hydro-
gen binding mode is neither too strong nor too weak to allow con-
comitant efficient hydrogen adsorption and release.We found that the
ΔGH* for Rh/GDY (0.02 eV; Supplementary Fig. 31) ismuchcloser to the
thermal-neutral state than that of pure Rh (−0.13 eV), which indicate
Rh/GDY possesses much better activity than pure Rh. This also high-
lights the important role of GDY in enhancing the catalytic activity of
the catalyst.

In order to deeply understand the reactionmechanism, the whole
alkaline HER process of Rh/GDY was then simulated. According to the
experimental observations, the HER on stepped Rh/GDY proceeds
most likely via a Volmer−Tafelmechanismdue to the lowTafel slope of
21mV dec−1. The free energy diagrams for the whole alkaline HER
process further confirm that the Volmer-Tafel process is the most
preferred among various possible pathways on the stepped Rh/GDY
(Fig. 5a). It is found that one H2Omolecule prefers to stably adsorb on
the corner site (“*”here refers to the adsorption of intermediates at the
corner site) rather than the surface site (“#” here refers to the
adsorption of intermediates at the surface site) of the stepped Rh/GDY
with a negative adsorption free energy (ΔGH2O*) at ambient tempera-
tures. The adsorbed H2O* molecule can be then easily dissociated into
(H-OH)* that are co-adsorbed on the corner sites. The water dissocia-
tion process (i.e., Volmer step) is exothermic with a low energy barrier
of 0.76 eV (Fig. 5b), indicating that the stepped Rh/GDY electrocatalyst
favors thewater dissociation to generate abundant hydroxyl (OH*) and
hydrogen (H*) sources. Previous reports show that strongly adsorbed
OH* and H* species on the active sites may inhibit the HER process
unless they can be immediately released from the catalyst surface. The
free energies reflecting the adsorption ability OH* and H* species on
the active sites were calculated. It was found that the adsorbed
OH*species can be easily removed from the corner site to form an OH-

anion (0.31 eV), which fits well with the widely accepted one-electron
reductive desorption mechanism (OH* + e−→ OH−)74–76. While the gen-
erated hydrogen atoms (H*) are stronglybound to the corner siteswith
large free-energies of 0.82 and 0.86 eV for Heyrovsky step (H* +
H2O + e−→H2* +OH−) and Tafel step (2H* → H2*), respectively, which
inhibit the formation of hydrogen molecule (H2).

Interestingly, we found that the free energies cost for hydrogen
formation on the surface site are significantly smaller than those on
the corner site. Moreover, the Tafel step on the surface site exhibits
much lower free energy barrier (0.19 eV) for hydrogen formation
than that of Heyrovsky step (0.39 eV), revealing that the Tafel pro-
cess is more favorable than the Heyrovsky process on the surface
site. These results indicate that the HER via the Volmer−Tafel pro-
cess is more preferred on the stepped Rh/GDY catalyst, and the
corner and surface sites of the stepped Rh/GDY catalyst possess
superior thermodynamic activities towards the Volmer and Tafel
processes, respectively. If there is a bridge to bring the generated H
adsorbed on the corner sites (H*) to the surface site (H#), the
stepped Rh/GDYwould be an excellent electrocatalyst towards HER.
The required energy barrier for the migration of H atom from the *
site to the # site is only 0.21 eV on the stepped Rh/GDY (Fig. 5b),
indicating that the process is kinetically feasible via the hydrogen
spillover process. The Rh/GDY catalyst shows excellent alkaline HER
performance via the Volmer−Tafelmechanism (Fig. 5c), which arises
from the cooperative effect of corner and surface sites at the highly
active stepped Rh crystal face, and the vital role of GDY by inducing-
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growth and regulating the electronic structures of stepped
Rh metal.

Discussion
We have demonstrated a facile synthetic method for controllable
synthesis of Rhnanocrystals onGDY surface in aqueous solution at low
temperatures and ambient pressures. The sample was characterized in
detail and a phenomenon of great significance has been found on
structure, namely the formation of high-density atomic steps on the
surfaces of Rh nanocrystals and sp–C~Rh bonds in Rh/GDY. The high-
density atomic steps greatly improved the intrinsic properties of the
catalysts, leading to the transformative properties of hydrogen pro-
duction in saline water. The origin of such high catalytic performances
of the catalyst was further studied by DFT calculations, which also
demonstrated that the exposed high active stepped surfaces and the
d-band regulation of the active sites induced by GDY significantly
promotes thewater dissociation and hydrogen combination processes
for HER. This catalyst shows the catalytic performance of HER that we
have expected for many years and is currently a promising catalyst for
applied on large-scale of hydrogen production with the smallest
overpotential value of 65mV at 1000mA cm−2 than all reported
catalysts.

Methods
Materials
Copper (Cu) foils were cleaned by 1M HCl, deionized water and acet-
one, respectively. Carbon fiber cloth (CC) was thoroughly cleaned by
nitric acid and deionized water before use.

Synthesis of porous GDY electrode
Typically, Cu foils (3 cm× 2 cm; 5 pieces) and CC (2 cm× 2 cm; 1 piece)
were immersed into 50mL pyridine at 50 °C for 2 h under Ar. Subse-
quently, hexaethylbenzene (HEB, 0.6mgmL−1) pyridine solution was
added into the above reactor. The temperature was elevated to 80 °C
and kept for 12 h. Then, the CC samples were cleaned by hot DMF,
acetone, KOH (4M), HCl (6M), KOH (4M) and deionized water
sequentially, and followed by drying in 40 °C vacuum oven for 12 h.
The porous GDY samples could then be obtained. In the synthesis
process, copper foils were used as the catalyst.

Synthesis of Rh/GDY
The formic acid (HCOOH, 1mL) was added to the aqueous solution of
RhCl3·xH2O (39%) under stirring at 80 °C. The freshly-prepared GDY
electrode was then added. After a 5h-reaction, Rh/GDY was obtained
and thoroughly cleaned. The Rh mass loading in Rh/GDY was

Fig. 5 | Adsorption energetic trend and pathways on Rh/GDY. a Energy diagram
of Volmer−Tafel pathway for HER on the Rh/GDY. b TS transition state (TSs) with
the NEB barriers for H2O dissociation andHmigration, respectively. The pink, blue,

red, and light gray spheres represent C, Rh, O, and H atoms, respectively.
c Schematic illustration of the HER reaction mechanisms along the Volmer−Tafel
pathway on Rh/GDY.
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determined to be 1.95 μgRh cm
−2 by inductive coupled plasma mass

spectrometry (ICP-MS).

Preparation of Pt/C (20wt%) electrode
The Pt/C electrode was made by drop-casting 20μL mixed solution
(950μL ethanol +50μL 5wt% Nafion solution) of Pt/C (20wt%; 1mg
mL−1) onto the glass carbon electrode.

High-density atomic defects characterization
The high-density atomic defects of the samples were determined by
the atomically resolved high-resolution high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) and
energy dispersive spectroscopy (EDS) imaging on a Talos F200X G2.
Individual atoms can be clearly seen.

Morphological measurements
The morphology of the samples was imaged by using the Hitachi
S-4800 field emission scanning electron microscope.

Composition Characterization
Depth-profiling X-ray photoelectron spectroscopy (XPS) coupled with
ion sputtering was conducted (an ion gun is used to etch the catalyst
for a constant time to expose a new surface; all binding energies were
corrected using carbon element (C 1 s = 284.4 eV). Raman spectra were
tested on NT-MDT Spectrum Instruments operating at 473 nm. The
power X-ray diffraction (XRD; Cu Kα radiation, λ = 1.54178 Å) patterns
were obtained utilizing the Empyrean X-ray diffractometer. Electron
energy-loss spectroscopy (EELS) of the samples were collected using
Titan Themis300.

Electrocatalytic measurements
The electrocatalytic performances of the catalysts were measured by
CH Instruments electrochemical workstation with three-electrode
system (working electrode: the as-synthesized catalysts; counter
electrode: the graphite rod; reference electrode: the saturated calomel
electrode (SCE)). The 0.5M NaCl + 1.0M KOH alkaline saline aqueous
solution was used as a surrogate of seawater, in which the sodium and
chlorine ions are dominant compositions. The electrolyte was thor-
oughly degassed by H2 before recording polarization curves to ensure
the accuracy of the measured HER activities. Linear sweep voltam-
metry (LSV) curves were recorded at 2mV s−1. Cyclic voltammograms
(CV) testswere performed in thepotential range from−0.9V to−0.13 V
at 100mV s−1. The chronoamperometric tests were conducted at a
constant overpotentials to reach the current densities of 100 and
500mA cm−2, respectively. Electrochemical impedance spectroscopy
(EIS) was performed in a frequency range from 0.03 to 100,000Hz at
the fixed potential of −0.030V vs. RHE (IR-non-compensated value)
with a signal amplitude perturbation of 5mV. All potentials were
converted to the reversible hydrogen electrode (vs. RHE) according to
Eq. 1:

E RHEð Þ=Emea � i×Rs +pH×0:059+ E0SCE ð1Þ

where Emea is the recorded potential, R is the ohmic drop determined
by EIS measurements, i is the current, and E0

SCE is 0.242 V.

Double-layer capacitance (Cdl) measurement
Cdl was measured by using CV method. Briefly, CV curves were
recorded in a non-Faradaic range (−0.24 ~ −0.14 V vs. RHE) at 20, 40,
60, 80, 100, 120 and 140mVs−1, respectively. The Cdl values for the
samples were then calculated bymeasuring the slope of the fitting line
of currents (J) against scan rates. J was calculated according to Eq. 2:

J =
Ja � Jc

2
ð2Þ

Ja and Jc represent the anodic and cathodic currents at −0.19 V vs. SCE,
respectively.

Calculation of electrochemically active surface area (ECSA)
The ECSA was calculated according to the Eq. 3:

ECSA=Cdl=Cs ð3Þ

Cs is 40 µF cm−2 based on reported values77.

Calculation of the roughness factor (Rf)
The Rf was calculated according to the Eq. 4:

Rf =Cdl=Cs ð4Þ

Calculation of the mass activity
The mass activity (jmass) was calculated according to Eq. 5:

jmass =
jgeometrical

Mloading
ð5Þ

where jgeometrical is the geometric activity, and Mloading is the catalyst
loading per geometric surface area. For Rh/GDY, the Mloading is
1.95μg cm−2.

Calculation of turn over frequency (TOF) and number of
active sites
The TOF values can be obtained according to Eq. 6:

TOF=
j

2 � F � ns
=

j � NA

2 � F � Ns
=

j � NA

2 � F � Ns,flat � Rf
ð6Þ

in which j, F, NA, and Rf are the current density, Faraday constant
(96485.3Cmol−1), Avogadro’s number (6.022 × 1023mol−1), and
roughness factor, respectively. ns, Ns, and Ns,flat stand for the number
of moles of active sites per geometric surface area, the number of
active sites per geometric surface area, and the number of surface sites
per 1 cm2 of the flat standard electrode (2 × 1015cm−2 based on previous
results77), respectively.

Calculation Details
DFT calculations in the study were performed using Vienna ab-initio
simulation package (VASP). To describe the exchange-correlation
functional, the Perdew-Burke-Ernzerbof (PBE) functional within the
generalized-gradient approximation (GGA) was chosen78. To describe
the core-valence electron interaction, the Blöchl’s all-electron-like
projector augmentedwave (PAW)pseudo-potentialwas used79. For the
structural optimizations, the plane wave basis sets with a kinetic cutoff
energy of 450 eV, and theMonkhost-Pack gridwith a k-pointmeshes of
3 × 3 × 1were applied80. For thedensity of states (DOS) calculations, the
much closer k-point meshes of 9 × 9 × 1 were employed. The d-band
centers ofmetal atomswere obtained by evaluating the centroidof the
projected DOS relative to Fermi level. During the structural optimiza-
tion, all atoms were allowed to be relaxed until the energy is less than
1.0 × 10−6 eV/atom, and the ionic force is less than 0.01 eV/Ǻ. The van
der Waals (vdW) interaction was considered by using the Grimmer’s
DFT-D3 method81. A continuum solvent model82 is employed to con-
sider the solvation effect, which has been applied in previous studies
for hydrogen evolution71. To avoid the periodic interactions between
two slabs, a vacuum layer as large as 20Å was used along the c
direction. The climbing image nudged elastic band (CI-NEB) method
was used to search the transition states structures83. There is only one
virtual frequency for all the calculated transition states.
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Structural models
HAADF-STEM characterizations and experimental results suggest that
the formed steps of Rh nanocrystals play the key role in enhancing the
catalytic performances. Therefore, a stepped Rh/GDY model (Supple-
mentary Fig. 9) was constructed by loading a three-layer of 5 × 4 non-
periodic Rh atoms with two rows of Rh atoms removed in the outer-
most layer (50 Rh atoms) on a 2 × 2 periodic supercells of graphdiyne
(72 carbon atoms). Thedifferencebetween the corner and surface sites
in stepped Rh/GDY can be clearly identified by the coordination
number of Rh atoms (7-coordianted corner atoms and 9-coordianted
surface atoms). The distance between the two nearest Rh cluster is
10.753 Å (Supplementary Fig. 9), which is large enough to avoid the
interaction. To avoid the latticemismatch between Rh nanocrystal and
GDY, the periodicity of Rh was destroyed, while the periodicity of GDY
was remained in the study.

Calculation method for Gibbs free energy
The computational hydrogen electrode model84 was utilized to study
the Gibbs free energies of adsorbed intermediates on catalysts surface
involved in the alkaline hydrogen evolutionprocess (ΔGads determined
byGadsorbate/surface –Gsurface –Gadsorbate; theGadsorbate/surface, Gsurface and
Gadsorbate are theGibbs free energies of catalyst surfacewith adsorbate,
bare catalyst surface and bare adsorbate, respectively. The terms of
Gadsorbate/surface, Gsurface and Gadsorbate were calculated by adding the
zero-point energy correction (ΔZPE) and the entropic correction (TΔS,
298 K adopted in this work). The OH* desorption step in alkaline
electrolytes can be expressed by the widely reported one-electron
reductive desorption mechanism: OH* + e− → OH−(aq) + *. The Gibbs
free energy of OH− is equivalent to the energy difference of GH2O−1/
2GH2 in the study, where GH2O and GH2 are the chemical potentials of
liquid H2O and gas H2, respectively (taken from the NIST WebBook).

Data availability
All relevant data that support the findings of this study are available
from the corresponding author upon reasonable request. The Source
data generated in this study are provided in the Source Data
file. Source data are provided with this paper.

References
1. Tong, W. et al. Electrolysis of low-grade and saline surface water.

Nat. Energy 5, 367–377 (2020).
2. Kuang, Y. et al. Solar-driven, highly sustained splitting of seawater

into hydrogen and oxygen fuels. Proc. Natl Acad. Sci. USA 116,
6624–6629 (2019).

3. Miao, J. et al. Hierarchical Ni-Mo-S nanosheets on carbon fiber
cloth: A flexible electrode for efficient hydrogen generation in
neutral electrolyte. Sci. Adv. 1, e1500259 (2015).

4. Zang, W. et al. Efficient hydrogen evolution of oxidized Ni-N3

defective sites for alkaline freshwater and seawater electrolysis.
Adv. Mater. 33, 2003846 (2021).

5. Sun, F. et al. Energy-saving hydrogen production by chlorine-free
hybrid seawater splitting coupling hydrazine degradation. Nat.
Commun. 12, 4182 (2021).

6. Khan, M. A. et al. Seawater electrolysis for hydrogen production: a
solution looking for a problem? Energy Environ. Sci. 14, 4831 (2021).

7. Dresp, S. et al. Direct electrolytic splitting of seawater: activity,
selectivity, degradation, and recovery studied from the molecular
catalyst structure to the electrolyzer cell level.Adv. EnergyMater.8,
1800338 (2018).

8. Yang, F. et al. A durable andefficient electrocatalyst for salinewater
splitting with current density exceeding 2000mAcm−2. Adv. Funct.
Mater. 31, 2010367 (2021).

9. Yu, L. et al. Non-noblemetal-nitride based electrocatalysts for high-
performance alkaline seawater electrolysis. Nat. Commun. 10,
5106 (2019).

10. Chen, H. et al. Wood Aerogel-derived sandwich-like layered
nanoelectrodes for alkaline overall seawater electrosplitting. Appl.
Catal. B: Environ. 293, 120215 (2021).

11. Ma, Y. et al. Highly efficient hydrogen evolution from seawater by a
low-cost and stable CoMoP@C electrocatalyst superior to Pt/C.
Energy Environ. Sci. 10, 788 (2017).

12. Wu, L. et al. Heterogeneous bimetallic phosphide Ni2P‐Fe2P as an
efficient bifunctional catalyst for water/seawater splitting. Adv.
Funct. Mater. 31, 2006484 (2021).

13. Seh, Z. W. et al. Combining theory and experiment in electro-
catalysis: Insights into materials design. Science 355,
aad4998 (2017).

14. Fan, J. et al. Hydrogen stabilized RhPdH2D bimetallene nanosheets
for efficient alkaline hydrogen evolution. J. Am. Chem. Soc. 142,
3645–3651 (2020).

15. Li, Z. et al. Stable rhodium (IV) oxide for alkaline hydrogen evolution
reaction. Adv. Mater. 32, 1908521 (2020).

16. Wu, J. et al. Atomically dispersed MoOx on rhodium metallene
boosts electrocatalyzed alkaline hydrogen evolution. Angew.
Chem. Int. Ed. 61, e202207512 (2022).

17. Zhu, K. et al. Etching-doping sedimentation equilibrium strategy:
accelerating kinetics on hollow Rh-doped CoFe-layered double
hydroxides for water splitting. Adv. Funct. Mater. 30,
2003556 (2020).

18. Wang, Q. et al. Scalable solid-state synthesis of highly dispersed
uncapped metal (Rh, Ru, Ir) nanoparticles for efficient hydrogen
evolution. Adv. Energy Mater. 8, 1801698 (2018).

19. Foucher, A. C. et al. Synthesis and characterization of core-shell Cu-
Ru, Cu-Rh, and Cu-Ir nnanoparticles. J. Am. Chem. Soc. 144,
7919–7928 (2022).

20. Lu, Z. et al. High-efficiency oxygen reduction to hydrogen peroxide
catalysed by oxidized carbon materials. Nat. Catal. 1,
156–162 (2018).

21. Toma, F. M. et al. Efficient water oxidation at carbon nanotube-
polyoxometalate electrocatalytic interfaces. Nat. Chem. 2,
826–831 (2010).

22. Xia, C. et al. General synthesis of single-atom catalysts with high
metal loading using graphene quantum dots. Nat. Chem. 13,
887–894 (2021).

23. Du, Y., Zhou, W., Gao, J., Pan, X. & Li, Y. Fundament and application
of graphdiyne in electrochemical energy. Acc. Chem. Res. 53,
459 (2020).

24. Huang, C. et al. Progress in research into 2D graphdiyne-based
materials. Chem. Rev. 118, 7744–7803 (2018).

25. Fang, Y., Liu, Y., Qi, L., Xue, Y. & Li, Y. 2D Graphdiyne: an Emerging
Carbon Material. Chem. Soc. Rev. 51, 2681–2709 (2022).

26. Li, G. et al. Architecture of graphdiyne nanoscale films. Chem.
Commun. 46, 3256–3258 (2010).

27. Zhang, S. et al. Graphdiyne: bridging SnO2 and perovskite in planar
solar cells. Angew. Chem. Int. Ed. 59, 11573–11582 (2020).

28. Xue, Y., Li, Y., Zhang, J., Liu, Z. & Zhao, Y. 2D graphdiyne materials:
challenges and opportunities in energy field. Sci. China-Chem. 61,
765–786 (2018).

29. Liu, J., Xiao, H. & Li, J. Constructing high-loading single-atom/
cluster catalysts via an electrochemical potential window strategy.
J. Am. Chem. Soc. 142, 3375–3383 (2020).

30. Xue, Y. et al. Anchoring zero valence single atoms of nickel and iron
ongraphdiyne forhydrogenevolution.Nat.Commun.9, 1460 (2018).

31. Hui, L. et al. Highly efficient and selective generation of ammonia
and hydrogen on a graphdiyne-based catalyst. J. Am. Chem. Soc.
141, 10677–10683 (2019).

32. Yin, X. et al. Engineering the coordination environment of single-
atom platinum anchored on graphdiyne for optimizing electro-
catalytic hydrogen evolution. Angew. Chem. Int. Ed. 57,
9382–9386 (2018).

Article https://doi.org/10.1038/s41467-022-32937-2

Nature Communications |         (2022) 13:5227 9



33. Li, J. et al. Graphdiyne: ametal-freematerial as hole transfer layer to
fabricate quantum dot-sensitized photocathodes for hydrogen
production. J. Am. Chem. Soc. 138, 3954–3957 (2016).

34. Hui, L. et al. Overall water splitting by graphdiyne-exfoliated and
-sandwiched layered double-hydroxide nanosheet arrays. Nat.
Commun. 9, 5309 (2018).

35. Xing, C. et al. Fluorographdiyne: a metal-free catalyst for applica-
tions in water reduction and oxidation. Angew. Chem. Int. Ed. 58,
13897–13903 (2019).

36. Zhao, Y. et al. Few-layer fraphdiyne doped with sp-hybridized
nitrogen atoms at acetylenic sites for oxygen reduction electro-
catalysis. Nat. Chem. 10, 924–931 (2018).

37. Fang, Y., Xue, Y., Hui, L., Yu,H. & Li, Y.Graphdiyne@Janusmagnetite
for photocatalytic nitrogen fixation. Angew. Chem. Int. Ed. 60,
3170–3174 (2021).

38. Guo, Y. et al. Regulating nitrogenous adsorption and desorption on
Pd clusters by the acetylene linkages of hydrogen substituted
graphdiyne for efficient electrocatalytic ammonia synthesis. Nano
Energy 86, 106099 (2021).

39. Gu, H. et al. Graphdiyne/graphene heterostructure: a universal 2D
scaffold anchoring monodispersed transition-metal phthalocya-
nines for selective and durable CO2 electroreduction. J. Am. Chem.
Soc. 143, 8679–8688 (2021).

40. Hui, L. et al. Highly dispersed platinum chlorine atoms anchored on
gold quantum dots for a highly efficient electrocatalyst. J. Am.
Chem. Soc. 144, 1921–1928 (2022).

41. Pan, C. et al. Neighboring sp-hybridized carbon participated
molecular oxygen activation on the interface of sub-nanocluster
CuO/graphdiyne. J. Am. Chem. Soc. 144, 4942–4951 (2022).

42. Guo, Y. et al. Metal-tuned acetylene linkages in hydrogen sub-
stituted graphdiyne boosting the electrochemical oxygen reduc-
tion. Small 16, 1907341 (2020).

43. Yang,Q. et al. Stabilizing interfacepHbyN-modifiedgraphdiyne for
dendrite-free and high-rate aqueous Zn-ion batteries. Angew.
Chem. Int. Ed. 61, e202112304 (2022).

44. Wu, X. et al. Solvent-free microwave synthesis of ultra-small Ru-
Mo2C@CNT with strong metal-support interaction for industrial
hydrogen evolution. Nat. Commun. 12, 4018 (2021).

45. Liu, Y. et al. Porous graphdiyne loading CoOx quantum dots for
fixation nitrogen reaction. Nano Energy 89, 106333 (2021).

46. Zhai, P. et al. Engineering single-atomic rutheniumcatalytic sites on
defective nickel-iron layered double hydroxide for overall water
splitting. Nat. Commun. 12, 4587 (2021).

47. Zhang, R. et al. Ternary NiCo2Px nanowires as pH-universal elec-
trocatalysts for highly efficient hydrogen evolution reaction. Adv.
Mater. 29, 1605502 (2017).

48. Chen, Y. et al. Self-templated fabrication of MoNi4/MoO3-x nanorod
arrays with dual active components for highly efficient hydrogen
evolution. Adv. Mater. 29, 1703311 (2017).

49. Li, W. et al. Carbon-quantum-dots-loaded ruthenium nanoparticles
as an efficient electrocatalyst for hydrogen production in alkaline
media. Adv. Mater. 30, 1800676 (2018).

50. Yu, X. et al. “Superaerophobic” nickel phosphide nanoarray catalyst
for efficient hydrogen evolution at ultrahigh current densities. J.
Am. Chem. Soc. 141, 7537 (2019).

51. Huang, Y. et al. Nitrogen treatment generates tunable nanohy-
bridization of Ni5P4 nanosheets with nickel hydr(oxy)oxides for
efficient hydrogen production in alkaline, seawater and acidic
media. Appl. Catal. B: Environ. 251, 181 (2019).

52. Yin, J. et al. Atomic arrangement in metal-doped NiS2 boosts the
hydrogen evolution reaction in alkaline media. Angew. Chem. Int.
Ed. 58, 18676 (2019).

53. Luo, Y. et al.Morphology and surface chemistry engineering toward
pH-universal catalysts for hydrogen evolution at high current den-
sity. Nat. Commun. 10, 269 (2019).

54. Zhai, P. et al. Engineering active sites on hierarchical transition
bimetal oxides/sulfides heterostructure array enabling robust
overall water splitting. Nat. Commun. 11, 5462 (2020).

55. Zhou, K. et al. Platinum single-atom catalyst coupledwith transition
metal/metal oxide heterostructure for accelerating alkaline hydro-
gen evolution reaction. Nat. Commun. 12, 3783 (2021).

56. Wang, Z. et al. Manipulation on active electronic states of meta-
stable phase β-NiMoO4 for large current density hydrogen evolu-
tion. Nat. Commun. 12, 5960 (2021).

57. Zhou, K. et al. Atomically dispersed platinummodulated by sulfide
as an efficient electrocatalyst for hydrogen evolution reaction. Adv.
Sci. 8, 2100347 (2021).

58. Ji, X. et al. Graphene/MoS2/FeCoNi(OH)x and graphene/MoS2/
FeCoNiPx multilayer-stacked vertical nanosheets on carbon fibers
for highly efficient overall water splitting. Nat. Commun. 12,
1380 (2021).

59. Liu, W. et al. A durable and pH-universal self-standing MoC–Mo2C
heterojunction electrode for efficient hydrogen evolution reaction.
Nat. Commun. 12, 6776 (2021).

60. Luo, Y. et al. Stabilized hydroxide-mediated nickel-based electro-
catalysts for high-current-density hydrogen evolution in alkaline
media. Energy Environ. Sci. 14, 4610 (2021).

61. Xu, W. et al. Electronic structure modulation of nanoporous cobalt
phosphide by carbon doping for alkaline hydrogen evolution
reaction. Adv. Funct. Mater. 31, 2107333 (2021).

62. Wu,H. B., Xia, B. Y., Yu, L., Yu, X.-Y. & Lou, X.W. Porousmolybdenum
carbide nano-octahedrons synthesized via confined carburization
in metal-organic frameworks for efficient hydrogen production.
Nat. Commun. 6, 6512–6519 (2015).

63. Wu, L. et al. Rational design of core-shell-structured CoPx@FeOOH
for efficient seawater electrolysis. Appl. Catal. B: Environ. 294,
120256 (2021).

64. Yu, F. et al. High-performance bifunctional porous non-noblemetal
phosphide catalyst for overall water splitting. Nat. Commun. 9,
2551 (2018).

65. Jin, H. et al. Stable and highly efficient hydrogen evolution from
seawater enabled by an unsaturated nickel surface nitride. Adv.
Mater. 33, 2007508 (2021).

66. Kim, J. et al. Tailoring binding abilities by incorporating oxophilic
transition metals on 3D nanostructured Ni arrays for accelerated
alkaline hydrogen evolution reaction. J. Am. Chem. Soc. 143,
1399 (2021).

67. Li, H. et al. Corrigendum: activating and optimizing MoS2 basal
planes for hydrogen evolution through the formation of strained
sulphur vacancies. Nat. Mater. 15, 364 (2016).

68. Yu, Q. et al. A Ta-TaS2 monolithic catalyst with robust and metallic
interface for superior hydrogen evolution. Nat. Commun. 12,
6051 (2021).

69. Yang, Y. et al. O-coordinated W-Mo dual-atom catalyst for pH-
universal electrocatalytic hydrogen evolution. Sci. Adv. 6,
eaba6586 (2020).

70. Chen, Z. et al. Eutectoid-structured WC/W2C heterostructures: a
new platform for long-term alkaline hydrogen evolution reaction at
low overpotentials. Nano Energy 68, 104335 (2020).

71. Zhu, Y. et al. Unusual synergistic effect in layered Ruddlesden-
Popper oxide enables ultrafast hydrogen evolution. Nat. Commun.
10, 149 (2019).

72. Zheng, Y. et al. Hydrogen evolution by ametal-free electrocatalyst.
Nat. Commun. 5, 3783 (2014).

73. Zheng, Y. et al. High electrocatalytic hydrogen evolution activity of
an anomalous ruthenium catalyst. J. Am. Chem. Soc. 138,
16174–16181 (2016).

74. Mao, B. et al. Identifying the adsorbedhydroxyl transfer kinetics as a
descriptor of alkaline hydrogen evolution reaction. Angew. Chem.
Int. Ed. 59, 15232–15237 (2020).

Article https://doi.org/10.1038/s41467-022-32937-2

Nature Communications |         (2022) 13:5227 10



75. Ledezma-Yanez, I. et al. Interfacial water reorganization as a pH-
dependent descriptor of the hydrogen evolution rate on platinum
electrodes. Nat. Energy 2, 17031 (2017).

76. Fu, H. et al. Hydrogen spillover-bridged Volmer/Tafel processes
enabling ampere-level current density alkaline hydrogen evolution
reaction under low overpotential. J. Am. Chem. Soc. 144,
6028–6039 (2022).

77. McCrory, C. C. L., Jung, S., Perters, J. C. & Jaramillo, T. F. Bench-
marking heterogeneous electrocatalysts for the oxygen evolution
reaction. J. Am. Chem. Soc. 125, 16977–16987 (2013).

78. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

79. Kresse, G. & Furthmüller, J. Efficient iterative schemes for Ab Initio
total-energy calculations using a Plane-Wave basis set. Phys. Rev. B
54, 11169–11186 (1996).

80. Monkhorst, H. J. & Pack, J. D. Special Points for brillouin-zone inte-
grations. Phys. Rev. B 13, 5188–5192 (1976).

81. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A Consistent and
accurate Ab Initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104–154119 (2010).

82. Tomasi, J., Mennucci, B. & Cammi, R. Quantum mechanical con-
tinuum solvation models. Chem. Rev. 105, 2999–3094 (2005).

83. Henkelman, G., Uberuaga, B. P. & Jónsson, H. A climbing image
nudged elastic band method for finding saddle points and mini-
mum energy paths. J. Chem. Phys. 113, 9901–9904 (2000).

84. Nørskov, J. K. et al. Origin of the overpotential for oxygen reduction
at a fuel-cell cathode. J. Phys. Chem. B 108, 17886–17892 (2004).

Acknowledgements
This work was supported by the National Nature Science Foundation of
China (21790050, 21790051, 22021002, 22005310), the National Key
Research andDevelopment Project of China (2018YFA0703501), the Key
Program of the Chinese Academy of Sciences (XDPB13), and the Post-
doctoral Science Foundation of China (2019M660806).

Author contributions
Y.L. conceived and designed the research, and critically revised the
manuscript. Y.X. and Y.G. designed the experiments. Y.G. synthesized
the catalysts, carried out the experiments, analyzed the data, and wrote

the draft. Y.X. helped the data analysis, and organized and revised the
draft. L.Q., C.X. and X.Z. gave useful help during the experiments. F.H.
performed the theoretical calculations.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-32937-2.

Correspondence and requests for materials should be addressed to
Yurui Xue, Feng He or Yuliang Li.

Peer review informationNatureCommunications thanks Pau Farràs, Bilu
Liu and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-32937-2

Nature Communications |         (2022) 13:5227 11

https://doi.org/10.1038/s41467-022-32937-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Rhodium nanocrystals on porous graphdiyne�for electrocatalytic hydrogen evolution from saline water
	Results
	Electrocatalysts synthesis and characterization
	Electrocatalytic performances for HER in saline water
	Electronic activities and adsorption energetic trends

	Discussion
	Methods
	Materials
	Synthesis of porous GDY electrode
	Synthesis of Rh/GDY
	Preparation of Pt/C (20 wt%) electrode
	High-density atomic defects characterization
	Morphological measurements
	Composition Characterization
	Electrocatalytic measurements
	Double-layer capacitance (Cdl) measurement
	Calculation of electrochemically active surface area (ECSA)
	Calculation of the roughness factor (Rf)
	Calculation of the mass activity
	Calculation of turn over frequency (TOF) and number of active sites
	Calculation Details
	Structural models
	Calculation method for Gibbs free energy

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




