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Opverall seawater electrolysis is an important direction for the development of hydrogen
energy conversion. The key issues include how to achieve high selectivity, activity, and
stability in seawater electrolysis reactions. In this report, the heterostructures of graph-
diyne-RhO,-graphdiyne (GDY/RhO,/GDY) were constructed by in situ-controlled
growth of GDY on RhO, nanocrystals. A double layer interface of sp-hybridized car-
bon-oxide-Rhodium (sp-C~O-Rh) was formed in this system. The microstructures at
the interface are composed of active sites of sp-C~O-Rh. The obvious electron-
withdrawing surface enhances the catalytic activity with orders of magnitude, while
the GDY outer of the metal oxides guarantees the stability. The electron-donating and
withdrawing sp-C~O-Rh structures enhance the catalytic activity, achieving high-
performance overall seawater electrolysis with very small cell voltages of 1.42 and 1.52 'V
at large current densities of 10 and 500 mA cm ™~ at room temperatures and ambient
pressures, respectively. The compositional and structural superiority of the GDY-derived
sp-C-metal-oxide active center offers great opportunities to engineer tunable redox prop-
erties and catalytic performance for seawater electrolysis and beyond. This is a typical
successful example of the rational design of catalytic systems.

graphdiyne | high selectivity interface | electron donor and receptor structure | seawater electrolysis |
hydrogen energy conversion

Hydrogen is currently the essential feedstock and low-carbon fuel and also the cornerstone
of the future energy system (1, 2). The development of hydrogen energy has attracted sci-
entists and engineers around the world. The overall seawater splitting is crucial to large-
scale green hydrogen production and the promising way to support the transition to a
hydrogen-powered world (3-7). However, efficient seawater splitting was largely limited
by the following challenging issues: the high reaction selectivity for oxygen evolution reac-
tion (OER) at the anode and how to avoid the competing chlorine-evolution reaction;
sluggish four-electron OER and the hydrogen evolution reaction (HER) processes result
in inherently poor reaction kinetics and high overpotentials; low stability and low intrinsic
activity of the active sites during electrolysis; and low hydrogen ion (H") concentration in
seawater that can seriously limit the HER kinetics (8-10). These key issues in seawater
electrolysis have attracted wide attention, however, they should also be considered in the
overall strategy in this field. Transition metal oxides are well known for their high catalytic
activity toward OER from the activity volcano, which correlated the binding energies
intermediates on the surface of oxides (11). However, even the most active metal oxide-
based OER catalysts are reported to be at least one order magnitude lower than that of
natural systems (12). Transition metal oxides HER activities are still far from meeting the
demand for scalable hydrogen production from seawater. These serious challenges encour-
age us to design and synthesize highly selective, active, and robust electrocatalysts to expe-
dite the sluggish overall seawater splitting process, especially at large current densities, to
promote the advancements in large-scale hydrogen production.

An ideal catalyst should feature high intrinsic activity with infinite number of active sites
at the interface for the adsorption/desorption of reactants or intermediates. One of the effi-
clent strategies is incorporating nanomaterials (e.g., nanocrystals, clusters, etc.) with ideal
conductive/active supports to form heterostructures with active interfaces, which can gener-
ate more active sites, improve the electron transfer ability, the energy band, the adsorption/
desorption energy of reaction intermediates, and thus enhance the electrocatalytic perform-
ances (13-15). Rhodium (Rh) possesses excellent hydrogen adsorption-desorption ability
with the proper Gibbs free energy. Rh can direct form Rh-oxide nanostructures with
Pt-like activity for HER and efficiently oxidize reactant molecules (1, 16, 17). Owing to
the tunable chemical/electronic structures, high conductivity, high specific surface area,
and excellent stability, carbon materials show great values in catalysis. Combining the
advantages of the two materials to produce Rh-oxide-carbon heterojunctions has the
potential to greatly improve HER and OER activities and seawater splitting performance.
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Significance

We report a concept catalyst of
graphdiyne/rhodium/graphdiyne
(GDY/RhO,/GDY) with bi-layer
hetero-interface. The high activity
and selectivity of the
microstructure formed on the
interface results from uncomplete
charge transfer between electron
donor and acceptor in the system.
The high activity and selectivity of
catalytic systems due to
incomplete charge transfer at the
interface is a new concept in the
field of catalysis. The catalytic
system achieves high-
performance overall seawater
electrolysis at room temperature
and ambient pressure with high
current densities of 10 and

500 mA cm % at 1.42 and 1.52V,
respectively. In the next 5-10
years, such a catalytic system may
lead to a big development in the
field of catalysis, especially in the
direction of electrocatalysis.
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Among all reported carbon materlals, porous graphdiyne
(GDY) comprised of both sp- and sp”-cohybridized structures has
shown many key characteristics compared to traditional carbon
materials, in which the large porous and conjugated structures
enable efficient diffusion and release of ion/gas. The uneven dis-
tribution of surface charges not only enhances the charge transfer
ability, but also produces infinite active sites, therefore enhancing
the intrinsic activity. The sp-C in GDY has been demonstrated to
be capable of forming a highly efficient charge transport path.
GDY can effectively anchor metal atoms and regulate the nucle-
ation and growth of various nanostructures with different compo-
sitions and definite structures of multiple scales and dimensions
(18-37).

In this work, we rationally designed a concise route to realize
the in situ selective and controllable growth of a two-layer het-
erojunction based on oxide semiconductor. The graphdiyne/
RhO,/graphdiyne (GDY/RhO,/GDY) bilayer heterostructure
was prepared on RhO, nanocrystals by perfectly utilizing the
advantage that GDY can grow on any substrate. The sp-hybrid
carbon-oxygen-rhodium (sp-C~O-Rh) double-layer sandwich
interface was formed by the heterostructure, which produced a
large number of active sites provided by the sp-C~O-Rh inter-
face demonstrating the excellent performance of the catalytic
system. Experimental results show that the well-defined
sp-C~O-Rh nanostructures catalytic system with donor and
receptor structure has strong charge transfer ability, which leads
to the rich active sites, excellent electrical conductivity, and
ultra-high performance on electrocatalytic activity of the cata-
lytic system. The electrolyzer using GDY/RhO,/GDY as both
the anode and cathode can reach 10 and 500 mA cm ™~ at low
cell voltages of 1.42 and 1.52 V vs. RHE, respectively, which
compared favorable to the reported electrocatalysts.

Results

Synthesis and Characterization of GDY/RhO,/GDY Bilayer
Heterostructure. The two-layer heterojunction with sp-hybrid
carbon-oxygen-rhodium (sp-C~O-Rh) double-layer sandwich

interface was constructed through a facile surface-induced
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growth strategy (Fig. 1). The self-supported three-dimensional
(3D) porous GDY electrode was first prepared by growing a film
of GDY nanosheets on the smooth surface of 3D carbon fiber cloth
(CO). The as-prepared 3D GDY electrode was next immersed in
the aqueous solutions of Rh**, allowing for the anchoring of Rh
atoms, which can form the nucleatlon sites for the controlled
growth of Rh oxides nanocrystals on the surface of GDY to form
RhO,/GDY. The GDY/RhO,/GDY bilayer heterostructure with a
new type of sp-C~O-Rh interface was then prepared on RhO;
nanocrystals by perfectly utilizing the advantage of graphdiyne that
can grow on any substrate.

Scanning electron microscopy (SEM) (Fig. 2 A-D) images
show the successful growth of a film of ultrathin GDY nanosheets
vertically standing over the surface of 3D CC substrates. Remark-
ably, the GDY nanosheets are interconnected to each other to
form an aggregate and produce porous nanostructures. The
as-assembled porous aggregate shows a 3D porous hierarchical
structure. Such morphology helps to improve the diffusion and
release capabilities of ion/gas. A high-resolution transmission elec-
tron microscopy (HRTEM) image (S7 Appendix, Fig. S1) shows
that GDY has a lattice spacing of 0.37 nm. After the succesful
synthesis of GDY/RhO,/GDY, the nanosheet array morphology
of GDY electrode was well-maintained, and no obvious metal
oxides aggregations could be observed on the surface of the elec-
trode (Fig. 2 E-H). TEM and high-angle annular dark field/
bright field scanning TEM (HAADE/BF-STEM) results revealed
the well-defined cubic RhO, nanocrystals grown uniformly and
high-density on the surface of GDY (Fig. 2 /and ), showing the
monocrystalline nature of RhO, on GDY. The lattice spacings
for RhO, (113) planes and GDY are 0.23 and 0.37 nm, respec-
tively (Fig. 2K). These results also revealed that the nanosheet
morphology of the catalyst and the monocrystalline nature and
the cubic shape of RhO, nanocrystals were well-retained, which
also indicates the high stability of the as-synthesized catalyst.
Remarkably, the lattice distortion was observed in RhO, (Fig. 2L
labeled by the red rectangle), which helps to improve the electro-
catalytic performance and stability of the catalysts (38, 39). The
histogram analysis showed size distributions of RhO; (2.29 +
0.03 nm) (Fig. 2M). STEM and elemental mapping images
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Fig. 2. Morphological characterization. (A) Model and (B-D) SEM images of GDY electrodes recorded under different magnifications. (E) Model and (F-H)
SEM images of GDY/RhO./GDY electrodes recorded under different magnifications. (/) High-angle annular dark field scanning TEM (HAADF-STEM) and
(/) high-resolution TEM images of GDY/RhO,/GDY. (K) HRTEM image of GDY/RhO,/GDY and (L) the lattice distortion of RhOy. (M) The size distribution of RhO.
(N) STEM and (O-R) EDS elemental mapping images of GDY/RhO,/GDY. (S) Optical image of GDY/RhO./GDY electrodes with different configurations.

confirmed that C, O, and Rh elements uniformly distributed in
the nanosheets (Fig. 2 N-R). The metal contents in the catalyst
were determined by inductive coupled plasma mass spectrometry
(ICP-MS) analysis (SI Appendix, Table S1). The integrated elec-
trode exhibited outstanding flexibility (Fig. 2), indicating its great
promising for practical electrolysis uses.

The structural information of the samples was determined
by detailed analysis on the Raman X-ray powder diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS) results.
Raman spectra of GDY/RhO,/GDY (8 Appendix, Fig. S2)
exhibits the typical peaks corresponding to the D (1,371 cm™Y)
and G (1,593 cm™") bands and the vibrations of the conju-
gated diyne links (1,956 and 2,186 cm™'). Compared with
pure GDY, these peaks show negative shifts, which indicates
the formation of the interactions between GDY and RhO,
resulted from the modification of electronic structures. GDY/
RhO,/GDY has a larger D/G band ratio (/p/15) of 0.8 than
(In/Ig = 0.62) GDY (SI Appendix, Fig. S2). This indicated the
more defective structures of GDY/RhO,/GDY, helping to
enhancing catalytic performance. The broad and weak peaks
could be well indexed to RhO, and GDY in the XRD patterns
(ST Appendix, Fig. S3). The XPS survey spectra (SI Appendix,
Fig. S4) of GDY/RhO,/GDY showed the coexistence of Rh, C,
and O elements in the catalyst. These results confirmed the suc-
cessful formation of GDY/RhO,/GDY.

Detailed XPS analysis of the change in the composition of the
sample was further conducted. The XPS survey spectra confirm
the coexistence of Rh, C, and O elements in the samples, in
accordance with the above energy dispersive X-ray spectroscopy
(EDX) results. As shown in Fig. 34 and S/ Appendix, Fig. S5,
GDY has four characteristic peaks at 284.5 (spz—C), 285.1
(sp—C), 286.6 (C-0O), and 288.5 (C=0), respectively. For
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GDY/RhO,/GDY, in addition to the peaks of sp’~C, sp-C,
C-0, and C=0, a new peak at 290.0 eV could be ascribed to
the 7—z* transition indicating the interactions between GDY
and RhOy (40). Compared with GDY, C 1s XPS peak of GDY/
RhO,/GDY shifted to lower binding energies (BEs) by 0.1 eV,
revealing the electron transfer from RhO, to GDY. The Rh 3d
XPS spectrum of GDY/RhO,/GDY showed two spin-orbit dou-
blets peaks at 309.4/314.1 eV (Rh®* 3ds/,/3ds,,) and 310.0/
314.8 eV (Rh** 3ds//3ds/2), and satellite peaks at 311.5 and
316.3 ¢V (Fig. 3B and SI Appendix, Fig. S6) (41). The high-
resolution Rh 3d spectra of RhO, and GDY/RhO,/GDY revealed
the copresence of Rh*"and Rh*". The ratio of Rh**/Rh** (1.25)
in GDY/RhO,/GDY was larger than that of pristine RhO,
(1.19), suggesting that more Rh™" was formed after the formation
of the sp-C~O-Rh interfaces. The positive shift by 0.1 ¢V in BEs
of Rh 3d again demonstrated the electron transfer from RhO; to
GDY. These findings confirmed the formation of electron-rich
surfaces which benefits the catalytic activity of the catalyst (1, 42,
43). As shown in Fig. 3C and S Appendix, Fig. S7, the peak
located at 530.7 eV corresponds to the metal-bonded oxygen
(metal-O), confirming the formation of Rh-O bonds. The elec-
tron energy loss spectroscopy (EELS) mapping of GDY and
GDY/RhO,/GDY (Fig. 3D and S/ Appendix, Fig. S8) shows that
only C and Rh signals could be detected, confirming the strong
interaction between RhOy and GDY. As shown in S/ Appendix,
Fig. §9, GDY/RhO,/GDY has a larger double-layer capacitance
(Cy» 446 mF cm ™) than that of RhO, (2.91 mF cm ?), CC
(1.30 mF cm ), and GDY (2.01 mF cm ). As expected, GDY/
RhO,/GDY possessed the largest electrochemically active surface area
(ECSA; 111.5 cm?) and roughness factor (Rs 111.5), which demon-
strated GDY/RhO,/GDY had the most active sites after the forma-
tion of the unique sp-C~O-Rh interfaces (S Appendix, Table S2).
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Fig. 3. Structural characterization. The high-resolution (A) C 1s, (B) Rh 3d, and (C) O 1s XPS spectra of the catalysts. (D) EELS spectra of carbon and rhodium
elements in the GDY and GDY/RhO,/GDY. Schematic representation of (£ and F) the efficient electron transfers from RhO, to GDY and the electron-rich GDY
surface. (G) Electrochemical double layer capacitance (Cq) at —0.05 V vs. SCE of the samples. (H) Nyquist plots of the catalysts. (/) Equivalent model for EIS

data fitting.

Electrochemical impedance spectroscopy (EIS) was next performed
to reveal the electron/charge transfer ability of the catalysts. Nyquist
plots were obtained by EIS measurements (Fig. 3H and S/
Appendix, Table S3). An equivalent circuit model, shown in Fig.
37, (R(QR)(QR)) was used to simulate the data. GDY/RhO,/
GDY showed the smallest R, (resolution resistance, 4.97 Q) and
R, (charge transfer resistance, 14.22 Q) than RhO, (R = 5.24 Q,
R, =1621 Q), GDY (R, = 5.79 Q, R, = 25.57 Q), and CC
(R =583 Q, R, = 27.52 Q), indicating the improved charge
transfer ability and electrical conductivity of GDY/RhO,/GDY.

Obviously, the formation of the sp-C~O-Rh bonds between
GDY and RhO, was demonstrated to improve the charge trans-
fer ability from RhO, to GDY, producing the electron-rich sur-
face and more active sites, which might lead to moderate H,O
dissociation and H* adsorption energies, thus greatly enhancing
the catalytic performance. As a result, the adsorption/desorption
energies for reaction intermediates can be significantly optimized,
resulting in a significant enhancement in electrocatalytic perfor-
mance toward seawater electrolysis.

Electrochemical Seawater Electrocatalysis Performance. Inspired
by the superior properties of GDY/RhO,/GDY, the electrocata-
lytic seawater splitting performances of the catalysts were studied
in alkaline-simulated seawater (1.0 M KOH + 0.5 M NaCl
aqueous solution, Fig. 44) by a typical three-electrode system.
Fig. 4B shows the polarization curves for HER with
iR-correction. GDY/RhO,/GDY has a much smaller overpoten-
tial of 9 mV at 10 mA cm ™2 and a smaller Tafel slope (42 mV
dec™) than the pure GDY (550 mV@no, 479 mV dec™),
commercial 20wt% Pt/C (71 mV@ny, 48 mV dec™'), RhO,
(35 mV@no, 55 mV dec '), and other reported electrocatalysts
(Fig. 4 B-D and SI Appendix, Tables S4 and S5). These values
confirmed the best HER activity of GDY/RhO,/GDY, and the
HER might proceed a Heyrovsky dominated Volmer-Heyrovsky
mechanism. The specific catalytic activity of the samples was
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further determined by the exchange current density (jp), the mass
activity, and the turnover frequency (TOF). By extrapolating
the Tafel plots, the exchange current density (jo) of the GDY/
RhO,/GDY is measured to be of 1.24 mA cm 2, which is
higher than reported electrocatalysts (SI Appendix, Table S6)
such as W;Mo,;-NG (0.26 mA cm ?) (44), RhPd-H/C (0.65 mA
cm?) (45), Ru@CQDs480 (0.80 mA cm ™ ?) (46), and Sr,RuOy
(0.898 mA cm™?) (47). As shown in S/ Appendix, Fig. S10, GDY/
RhO,/GDY exhibited the higher mass activity than RhO, and
commercial Pt/C at the same overpotentials over a wide range.
Moreover, the TOF values of GDY/RhO,/GDY were significantly
larger than others (S7 Appendix, Fig. S11), for example, at an over-
potential of 100 mV, the TOF value of GDY/RhO,/GDY was
calculated to be 4.36 57, higher than RhO, (1.69 s Y, GDY
(0.027 s™"), and recently reported electrocatalysts (SI Appendix,
Table S7). The catalytic activity of GDY/RhO,/GDY increased
significantly with the increasing of experimental temperatures
(Fig. 4F). As the experimental temperatures increased from
25°C to 40°C, 60°C, and 80 °C, the overpotentials of GDY/
RhO,/GDY at 500 mA cm™ 2 decreased from 142 to 131, 118,
and 69 mV, respectively, and the Tafel slopes decreased
from 42.0 to 36.3, 31.7, and 30.5 mV dec ', respectively
(81 Appendix, Fig. S12). The apparent activation energies of the
samples were calculated by the Arrhenius equation to compare
the intrinsically catalytic activity of the catalysts. As expected,
GDY/RhO,/GDY has activation energies of 16.83 k] mol !
(45 mV), 18.31 k] mol™' (50 mV), and 20.39 k] mol !
(55 mV), which are smaller than reported catalysts, indicating
the excellent catalytic activity of GDY/RhO,/GDY (Fig. 45).
According to above results, we can postulate that the enhanced
catalytic activity can be ascribed to sp-C~O-Rh active centers
formed at the interface between GDY and RhO,.

In addition to initial catalyst activity, the long-term stability is
another important aspect for the practical applications. As shown
in Fig. 4G, there are no decreases in the current densities even
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Fig. 4.

Electrochemical seawater reduction performance. (A) Schematic illustration of GDY/RhO,/GDY working as an electrocatalyst for efficient seawater

reduction. (B) HER polarization curves and (C) corresponding Tafel plots of as-synthesized catalysts. (D) Comparison of the HER activity with reported cata-
lysts. (F) HER LSV curves recorded at various temperatures. (F) Arrhenius plots for the HER performed over GDY/RhO,/GDY at various potentials. (G) Durabil-
ity stability tests of GDY/RhO,/GDY over 4,000 cycles (Inset: time-current density curve of GDY/RhO,/GDY at —100 mA cm~2). (H) The overpotentials of GDY/
RhO,/GDY over 4,000 cycles recorded at 10, 100, 500, and 1,000 mA cm~2. Error bars indicate the SD of the current density.

over 4,000-cycle continuous cycling voltammetry (CV) tests.
The time-current density curve of GDY/RhO,/GDY recorded at
—100 mA cm™? exhibits negligible losses in current density
(inset in Fig. 4G). Besides, the overpotentials at 10, 100, 500,
and 1,000 mA cm ™ for three independent experiments were all
well retained after such long-term stability tests (Fig. 4H). SEM
(SI Appendix, Fig. S13) and TEM (SI Appendix, Fig. S14)
images confirmed the excellent stability of the catalyst without
any aggregation. The elements C, O, and Rh were homoge-
neously distributed within the whole GDY structure, as evi-
denced by a TEM-EDX test (SI Appendix, Fig. S15). These
results all confirmed the outstanding stability of GDY/RhO,/
GDY for hydrogen production from seawater.

The OER catalytic performances of GDY/RhO,/GDY were
next studied in alkaline simulated seawater electrolytes. As
shown in Fig. 54, GDY/RhO,/GDY exhibits the best OER
activity with the smallest overpotentials of 193 and 261 mV at
10 and 100 mA cm ™2 than RuO,, RhO,, GDY, and previously
reported electrocatalysts (S/ Appendix, Table §8). GDY/RhO,/
GDY shows a smaller Tafel slope of 68 mV dec! (Fig. 5B)
than RuO, (79 mV dec™") and most of the reported precious
and nonprecious electrocatalysts (S Appendix, Table S8), which
reveals the faster reaction kinetics of GDY/RhO,/GDY. To
evaluate the stability characteristics of GDY/RhO,/GDY, con-
tinuous potential cycling and chronoamperometry tests were
carried out, as shown in Fig. 5C. The continuous potential
cycling tests show almost no decrease in the OER activity even
after 10,000-cycle tests. The chronoamperometry test results
show a slow loss in activity at large current densities around
500 mA cm™* (Fig. 5D). SEM (SI Appendix, Fig. S16 A and
B), TEM (SI Appendix, Fig. S16 C and D) and Raman (87
Appendix, Fig. S17) results confirmed the high stability of the
catalysts during the electrolysis process. Inspired by such excel-
lent HER and OER performances, we assembled a secawater

electrolyzer using GDY/RhO,/GDY as both anodic and

PNAS 2022 Vol. 119 No.36 2206946119

cathodic electrodes (Fig. 5 £~G and Movie S1). GDY/RhO,/
GDY||GDY/RhO,/GDY showed the best overall seawater split-
ting activity with the smallest cell voltages of 1.42, 1.49, and 1.52 V
at 10, 100, and 500 mA cm ™, respectively, which are better than
RuO,||Pt/C (1.56 and 1.71 V at 10 and 100 mA cm ™2, respec-
tively), RhO,||RhO, (1.62 V at 10 mA cm™?), GDY||GDY
(1.81 V at 10 mA cm ™ ?), and other reported state-of-the-art
electrodes (SI Appendix, Table S9), including NiMoN nano-
rods(+)//NiMoN nanorods(—) (1.56 V at 100 mA cm™?) (48)
and Co-Fe,P(+)//Co-Fe,P(—) (1.69 V at 100 mA cm ™ ?) (49),
respectively. Moreover, the catalytic activity of the GDY/RhO,/
GDY||GDY/RhO,/GDY can be maintained over 13,000
continuous cycling tests (Fig. 5H) and can deliver 100 and
500 mA cm % more than 53 h at the cell voltage of 1.49 V and
1.52 V (Fig. 51). These results demonstrate the excellent long-
term stability of GDY/RhO,/GDY for overall seawater splitting.
From the above experimental results, we can see that the forma-
tion of the interfaces composed of active sites of sp-C~O-Rh
can effectively enhance the catalytic activity. As shown in S/
Appendix, Figs. S18 and S19, the as-synthesized GDY/RhO,/
GDY in pure alkaline solution shows similar catalytic activities
to that obtained in the alkaline-simulated seawater conditions.
The catalytic activity of GDY/RhO,/GDY could be influenced
by the mass loading of RhO,. The catalytic activities for HER,
OER, and overall seawater splitting increased initially with the
increasing of the mass loading of RhO,, then decreased with fur-
ther increase in the mass loading (SI Appendix, Figs. S20 and
S21). This is due to the aggregation of the RhO, species (S/
Appendix, Fig. S22). Furthermore, the catalytic activities of the
catalysts supported on the glassy carbon electrode (GCE) (S
Appendix, Figs. S23 and S24) and other carbon substrates (S7
Appendix, Figs. S25 and §26), such as graphene oxide (GO) and
multiwall carbon nanotubes (MWCNT), were all tested. As
expected, GDY/RhO,/GDY exhibited the best catalytic activity
than those supported by GCE and other carbon substrates.
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Fig. 5. Electrochemical seawater oxidation and overall seawater splitting performances. (A) OER LSV curves and (B) corresponding Tafel plots of
as-synthesized samples. (C) Polarization curves of GDY/RhO,/GDY recorded before and after 10,000 continuous cycles of the OER. (D) Chronoamperometry
test of GDY/RhO,/GDY. (E) Schematic representation of the overall seawater splitting process. LSV curves of the catalysts for overall seawater splitting
recorded (F) before and (G) after the iR-correction. (H) LSV curves of GDY/RhO,/GDY recorded before and after 13,000 continuous cycles for overall seawater

splitting. (/) Chronoamperometry test of GDY/RhO,/GDY for overall seawater splitting at 500 and 100 mA cm

For further insights into the origin of the catalytic activity,
XPS measurements on the samples during the seawater splitting
process were carried out to determine the variation of the sur-
face composition of GDY/RhO,/GDY along with the changes
of the catalytic activity (SI Appendix, Fig. S27). The sp—C peaks
for GDY in the electrocatalyst shift to higher binding energies
(S Appendix, Fig. S28), while the Rh 3d XPS spectra shifted to
lower binding energies from 309.40 eV (freshly-synthesized cat-
alyst) to 309.36 €V (after 1,000 cycles) and 309.2 eV (after
4,000 cycles) (Fig. 6 A-C). It was observed that the valence states

-2

of Rh species decreased as the HER electrocatalysis proceeded.
Compared with the freshly synthesized GDY/RhO,/GDY, the
percentage of Rh®" was gradually increased while the Rh** con-
tent decreased (Fig. 6D), which demonstrates that the Rh** might
play an important role in enhancing the catalytic activity. In the
O 1s XPS spectra, we observed a significant increase in the 531.
40-531.60 eV peak (hydroxide species) intensity during the HER
process (Fig. 6 E and F), which suggests the formation of more
surface hydroxides (RhOOH) on the surface of the catalysts.
These results reveal that the mixed valent of Rh**/Rh*" and the
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Fig. 6. (A) Rh 3d XPS spectra of GDY/RhO,/GDY recorded before and after cycling tests of 1,000, 2,000, 3,000, and 4,000 cycles. High-resolution of Rh 3d XPS
spectra of GDY/RhO,/GDY recorded after (B) 1,000 and (C) 4,000 cycles. (D) Percentage of Rh3* and Rh** in GDY/RhO,/GDY after cycling tests. (E) Rh 3d XPS
spectra of GDY/RhO,/GDY recorded before and after cycling tests of 1,000, 2,000, 3,000, and 4,000 cycles. (F) Percentage of M—O, —OH, and H,0O species.
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Rh hydroxides on the surface the catalysts all play an important
role in improving the electrocatalyst activity.

Discussion

This work reports the in situ-controlled growth of two-layer het-
erostructures of GDY/RhO,/GDY by utilizing the advantages of
GDY that can be grown on any substrate, improved charge trans-
port ability, large number of active sites, highly intrinsic activity,
and optimal adsorption/desorption ability. A sp-C~O-Rh cata-
lytic system with donor and receptor structure obviously enhan-
ces the catalytic activity with orders of magnitude, while the
GDY outer of the metal oxides guarantees the stability. As
expected, we have achieved the high-performance overall seawater
electrolysis with very small cell voltages of 1.42 and 1.52 V at
10 and 500 mA cm 2, respectively, for overall alkaline seawater
splitting at room temperatures and ambient pressures. This work
represents a step forward toward designing active centers with
determined structures to electrocatalysis.

Materials and Methods

Additional details regarding the Materials and Methods may be found in the
Sl Appendix.

Synthesis of RhO,/GDY. RhO,/GDY was prepared through a hydrothermal
reaction. Typically, RhCl3 x xH,0 (39%, 0.17 mg mL~") aqueous solution and
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the GDY sample were added into a 30 mL Teflon-lined stainless-steel autoclave.
After being kept at 150 °C for 7 h, the RhO,/GDY was obtained.

The RhO, grown on the surface of CC, GO, and MCWNT were obtained by

replacing GDY with pure CC, GO, and MCWNT substrates, respectively.

Synthesis of GDY/RhO,/GDY. GDY/RhO,/GDY was synthesized by in situ
growth of the GDY on RhO,/GDY at 50 °C for 12 h in a 0.4-mg mL~" HEB pyridine
solution under Ar. The samples were washed by acetone and DMF several times to
remove residual impurities and dried at room temperature in vacuum. The GDY/
RhO,/GDY was finally obtained and washed with deionized water several times.

Characterization. SEM (Hitachi $-4800), TEM (JEM-2100F), and high-resolution
TEM were used to determine the morphologies. The elemental mapping images
were obtained by EDX. The high-angle annular dark field/bright field scanning TEM
(HAADF/BF-STEM) was measured on a JEM-ARM200F (JEOL). Raman spectra were
obtained by the Renishaw-2000 Raman spectrometer (473 nm excitation laser). XPS
(Thermo Scientific ESCALab 250Xi instrument with monochromatic Al Ker), XRD
(Rigaku D/max-2500) equipped with Cu Kot radiation (. = 1.54178 A) were used to
determine the structure of samples. ELLS images were collected using Titan The-
mis300. ICP-MS (Thermo Fisher) was used to determine the mass loading. Rh mass
loadings in GDY/RhO,/GDY and RhO, were 1.36 and 1.568 pigg, cm 2, respectively.

Data Availability. All study data are included in the article and/or SI Appendix.
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