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Abstract 

An electrocatalyst composed of RuO2 surrounded by interfacial carbon, was synthesized 

through controllable oxidization-calcination. This electrocatalyst provides efficient charge 

transfer, numerous active sites, and promising activity for pH-universal electrocatalytic overall 
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seawater splitting. An electrolyzer with this catalyst gave current densities of 10 mA cm-2 at a 

record low cell voltage of 1.52 V, and shows excellent durability at current densities of 10 mA 

cm-2 for up to 100 h. Based on the results a mechanism for the catalytic activity of the composite 

is proposed. Finally, a solar-driven system was assembled and used for overall seawater 

splitting, showing 95% Faraday efficiency. 

 

1. Introduction 

Renewable energy-driven electrocatalytic water splitting is seen as a promising route for the 

sustainable production of H2 as a fuel, e.g., for fuel cells. The oceans represent a vast reservoir 

of water as input material for such H2 production.[1-3] However, the high salinity and 

compositional complexity of seawater presents challenges in terms of electrocatalyst 

deactivation and undesirable side reactions.[4-6] Ruthenium dioxide (RuO2) displays good 

corrosion resistance towards seawater and its electrocatalytic performance for the hydrogen and 

oxygen evolution reactions (the HER and OER) is very attractive.[7-9] There have been a number 

of successful approaches for further improvement of the electrocatalytic activity of RuO2, such 

as particle nanosizing, morphological control, crystal amorphization, facet adjustments, 

engineering of vacancies, introduction of impurities and so on.[10-18] Notably, because of oxygen 

vacancies in RuO2 (and the resultant exposure of surface Ru species), use of RuO2 as an anode 

in high salinity systems such as seawater can lead to the deactivation of RuO2 by the adsorption 

of various ions and subsequent over-oxidation to soluble Ru oxides such as RuO4.
[15,19,20] This 

Ru corrosion during seawater splitting unavoidably leads to the faster collapse of the crystal 

structure than is the case if less saline electrolytes are used.[19] Unfortunately, detailed reports 

on the stability of RuO2 in seawater are very rare. Considering the use of RuO2 for overall 

seawater splitting, the design of current electrolyzers is not optimal because the most 

appropriate operating conditions for the HER and OER are often not the same.[8,21,22] For 

example, the HER is generally easier to perform in acidic than in alkaline solutions, because in 

acidic environment protons (H+) can combine directly with an electron, forming H* and then 

H2, while for the OER in alkaline solution OH– ions enable the direct formation of HO*, which 

then proceeds through further intermediates to give O2 as the product.[8,23,24] The challenge is 

therefore to develop pH-universal RuO2 electrocatalysts for practical overall seawater 

splitting.[8] Such a RuO2 electrocatalyst will allow for efficient catalysis of both the HER and 

OER in the same medium, which will not only make electrolyzer assembly easier, but also solve 

the catalyst dissolution-redeposition problem, which often occurs if different catalysts are used 

for the HER and OER. 
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Considering the above-mentioned application of RuO2 to seawater splitting, catalyst stability 

under high salinity and across all pH conditions with reasonable overall catalytic efficiency is 

required. Carbon has been widely used in electrocatalyst design as an efficient electron transfer 

medium and support for catalyst dispersion. Very interestingly, carbon also shows high 

chemical resistance to seawater, acids and alkalis, and so could be ideal as catalyst support for 

electrocatalytic overall seawater splitting.[25,26] For example, graphene, as a surface coating or 

support for RuO2, has been used for both the HER and OER half reactions, in spite of the 

synthetic complexity involved in its preparation. Carbonization by high-temperature calcination 

in an inert atmosphere is a common method by which to fabricate Ru/C species; however, it 

inevitably forms surface carbon deposits that often cover the active sites of RuO2.
[27] An ideal 

RuO2/C structure would consist of RuO2 nanocrystals surrounded only by interfacial carbon, 

which would not only give a maximum number of exposed (Ru) sites, but also combine the 

advantageous features of efficient electron transfer and high catalyst dispersion. Moreover, 

high-efficiency OER activity will minimize the chlorine evolution reaction (ClER). Most 

recently, a facial direct-oxidation calcination method that we developed has been used to 

precisely control the homogeneous distribution of carbon in semiconductor/carbon 

compositions for efficient carrier utilization and excellent electrocatalytic performances.[28,29]  

Here we report that nanosized RuO2 with interfacial C is as an effective electrocatalyst for 

pH-universal overall seawater splitting via confinement ion-exchange (Cu2+ replaced by Ru3+) 

in the microporous, metal-organic framework compound copper benzene-1,3,5-tricarboxylate 

(Cu-BTC), by solvothermal treatment, followed by controlled oxidization by calcination. The 

remarkable activity of the RuO2/C catalyst is traced to its morphology and surface chemical 

composition, both the result of the preparation conditions. A solar-driven version of the 

electrocatalytic system with 95% Faraday efficiency was demonstrated for overall seawater 

splitting. 

 

2. Results and Discussion 

To optimize the design and synthesis of nanostructured RuO2-based catalysts, 

thermogravimetric and differential scanning calorimetry analyses (TG-DSC) (Figure 1a) were 

used to optimize the calcination temperature for the transformation of the precursor Ru3+-C into 

the catalyst. The content of Cu in the ion-exchange derived Ru3+-C has been determined to be 

very low. The atomic ratio of Ru:Cu is found to be about 82:1 using an energy-dispersive X-

ray spectroscopy (EDS) test (Table S1), and the ratio decreases to be about 21:1 using an 

inductively coupled plasma-atomic emission spectroscopy (ICP) test (Table S1). This is 
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because that RuO2 is difficult to be dissolved in aqua regia, which can lead to relatively lower 

ratio of Ru:Cu detected by ICP test. The first mass loss of 10 wt.% in the temperature range 

from 100 °C to 180 °C (see TGA trace) can be ascribed to loss of surface-absorbed water, and 

the second sharp one of 51 wt.% between 190 °C and 380 °C (TGA) can be assigned to the 

thermal decomposition of the organic framework. Note that the exothermic DSC peak of Ru3+-

C in the range of decomposition of the organic framework includes two features, one between 

190 °C and 310 °C and the other between 310 °C and 380 °C. A logical interpretation is that 

surface carbon species are removed first (as they react most easily with oxygen), and that then 

the inner carbon species in between the RuO2 nanoparticles are removed at a decreasing rate 

when increasing the temperature from 310 °C to 380 °C. The DTG curve reveals that there is a 

very sharp maximum in the rate of weight loss at 310 °C, which makes it hard to control the 

remaining carbon content. Based on our interpretation that heating till 310 °C leaves the inner 

carbon between the Ru-oxide grains intact, we selected 300 °C as calcination temperature.  

Powder X-ray diffraction (XRD) provides further justification for this choice, because, as 

shown in Figure 1b, clear diffraction peaks start to appear, superimposed on a broad feature, 

only at 300 °C; with increasing calcination temperature these peaks become clearer until only 

they remain. The diffraction peaks at 28.01°, 35.05° and 54.25° can be assigned to the (110), 

(101) and (211) planes of RuO2 with tetragonal phase (ICDD no. 01-070-2662), respectively. 

The broad diffraction peaks of RuO2-C-300 indicate that the RuO2 grains are small. These 

changes can be also seen in the Fourier transform infrared (FT-IR) spectra (Figure S1),[30] which 

show that almost all the prominent organic functional groups’ peaks disappear after calcination 

at 300 °C. And morphology of samples have been observed by scanning electron microscopy 

(SEM), which shows that ion-exchange process and calcination can lead to size shrinkage of 

the particles, while the morphology does not change much with temperature from 250 °C to 

400 °C (Figure S2). 

As shown in Figure S3, the 290-280 eV binding energy (BE) range of the XPS data could be 

fit to 2 sets of Ru 3d doublets and two organic C1s ones, in total six peaks. An interesting 

difference in Ru3d BEs between the RuO2-C-250 sample, on the one hand, and the RuO2-C-

300, RuO2-C-350, and RuO2-C-400 ones on the other hand (Figure 1c), which is due to the 

presence of unoxidized Ru3+, which could not be oxidized at the lowest calcination temperature. 

The Ru 3d BE for RuO2-C-300 is still somewhat affected by that of the less crystalline phase. 

[31] Moreover, the high-resolution O 1s spectra of the above four samples can be deconvoluted 

into four different oxygen species, namely the lattice O of RuO2 and those in Ru-OH, C=O and 

absorbed H2O (Figure 1d).[32,33] As the temperature increases, the hydroxyl content in the 



  

5 

 

material decreases and the oxide content increases. In summary, TGA-DSC, FT-IR, XRD and 

XPS results indicate that calcination at 300°C or higher temperatures leads to formation of 

RuO2, containing C and OH groups.  

In order to analyze the surface area of our samples, critical for catalytic activity, at different 

calcination temperatures, N2 adsorption-desorption isotherms were measured (Figure S4). We 

find that RuO2-C-300 still shows a packing-aggregation mesostructured with a pore size of 3.5 

nm (Figure S4b) and a Brunauer-Emmett-Teller (BET) surface area of 76 cm2 g-1 (Table S2). 

With increasing calcination temperature, the small pores of Ru3+-C disappear first and then the 

larger mesopores of RuO2-C-280 become 3.8 nm mesopores (Table S2). This change suggests 

that the original porous structure of the organic framework collapses and pores form between 

the RuO2 nanoparticles. Considering that the pore sizes of the RuO2-C-300, RuO2-C-350 and 

RuO2-C-400 are found to be the same (~ 3.5 nm), and that also after calcination at 300°C there 

is still carbon in the samples, as indicated by esp., infra-red spectroscopy, we conclude that the 

remaining carbon is interfacial between the RuO2 particles, rather than at the surface, where it 

would block the pores.[34] 

 

Figure 1. Effects of different calcination conditions, from 250 °C to 400 °C for 4 h, used to 

synthesize the RuO2-based electrocatalysts (denoted as RuO2-C-T, where T is 250, 300, 350 

and 400) (a) TG-DSC analysis of as-prepared Ru3+-C, in air. (b) XRD patterns of as prepared 

Ru3+-C, RuO2-C-250, RuO2-C-300, RuO2-C-350, RuO2-C-400. (c) Ru 3d5/2 XPS peak shift in 
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Ru3+-C, RuO2-C-250, RuO2-C-300, RuO2-C-350, with respect of the Ru 3d5/2 line in RuO2-C-

400. (d) XPS O 1s spectra of RuO2-C-300. 

 

To try to get a direct nm-scale view of the optimized, RuO2-C-300 samples, their structure 

and morphology were investigated by transmission electron microscopy (TEM) and high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM). As can be 

seen in Figure 2a, RuO2-C-300 is composed of polyhedral particles with uniform size of around 

400 nm, each of these particles is composed of smaller nanoparticles. Elemental mapping, using 

energy-dispersive X-ray spectroscopy, EDS (Figure 2b) indicates a homogeneous distribution 

of Ru, O and C, suggesting that the carbon is uniformly retained. High-resolution TEM 

(HRTEM) imaging (Figure 2c, S5, S6) shows that ultra-small crystalline nanoparticles (yellow) 

with sizes 5-20 nm are dispersed and surrounded by an amorphous (blue) structure. The lattice 

spacing of the nanoparticles is measured to be about 0.32 or 0.25 nm, corresponding to the (110) 

or (101) interplane distances of the rutile structure of RuO2, respectively. Evidence of lattice 

fusion of RuO2 nanoparticles is observed in the inverse FFT images of the regions I from Figure 

2c (Figure 2d; magnified in Figure 2e). 

Because at a calcination temperature of 300 °C it is impossible to convert the amorphous 

carbon species to graphitic carbon, we suggest that the amorphous regions result from fusion 

of interfacial carbon and low crystallinity RuO2 and is limited to a few nm. In the precursor, the 

Ru3+ ions are coordinated by carboxylate oxygen atoms. During the controlled oxidization by 

calcination, Ru3+ ions are gradually oxidized and sintered to small RuO2 nanoparticles with low 

crystallinity. Most of the ligands will be oxidized to CO2 gases, while partial ligands surrounded 

by RuO2 nanoparticles will be carbonized to form interfacial carbon. It is possibly that some of 

the interaction of Ru-O-C may be preserved in the RuO2-carbon composite, which lead to the 

fusion between interfacial carbon and low crystallinity RuO2. This nano-scale fusion binds the 

RuO2 nanocrystals, which helps exposing more active sites and also stabilizes the nanoparticles. 

The fact that the RuO2 particles are separated by only 0.5-2.5 nm allows efficient electron 

tunnelling at ~10 mA cm-2 current densities; thus, the interfacial carbon layer can mediate 

efficient charge transfer between the RuO2.
[34,35] In the selected area electron diffraction 

(SAED) pattern, two continuous diffraction rings are seen, which can be indexed to the (101) 

and(211) planes of rutile-type RuO2 (Figure 2f). The width of the rings can be attributed to the 

small particle size and low crystallinity of RuO2.
[36,37] 
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Figure 2. Morphologies and structures of RuO2-C-300. (a) High-Angle Annular Dark Field 

(HAADF) STEM image. (b) Top left: HAADF-STEM image; other images are EDS elemental 

maps (Ru: blue, O: red, C: yellow). (c) Artificially coloured version of the HRTEM image, 

shown in Figure S6: two different colours are used to distinguish the crystalline (yellow) and 

amorphous (blue) regions. (d) Inverse FFT image of region I from panel c, showing the crystal 

fusion region between the RuO2 nanoparticles. (e) Magnified image of region II from panel (d). 

(f) Selected area electron diffraction (SAED) pattern from area shown in Figure S5; it is based 

on the raw SEAD pattern, shown in Figure S7. 

 

The effects of these features are evident in the electrocatalytic HER and OER. For example, 

in N2-saturated 1 M KOH solution, RuO2-C-300 exhibits excellent performance in terms of 

overpotential (@ 10 mA cm-2) for both the HER (18 mV) and OER (246 mV), when compared 

with Pt/C (48 mV for the HER) and commercial RuO2 (368 mV for the OER) (Figure S8, Table 

S3). All overpotential metrics reported herein were collected at least twice and are accurate to 

within ±10%. Similar excellent performances of RuO2-C-300 can be seen in acidic electrolyte 

(Figure S9, Table S3). Also, for overall water splitting, the RuO2-C-300 electrodes show good 

performance and stability in 1 M KOH electrolyte (initial 1.5 V @10 mA cm-2 and increasing 

to 1.58 V after 20 h, Figure S10). It is suggested that the contribution of remaining Cu to 
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performances can be excluded although traces of Cu has been detected (Table S1). Because the 

samples obtained through calcination at different temperatures were all from the same precursor, 

the atomic ratios of Ru:Cu are assumed to be similar in all these samples, while their 

performances vary greatly. 

To assess the potential of RuO2-C-300 for overall seawater splitting, its electrocatalytic HER 

and OER performance should be compared to those of commercial Pt/C (comm-Pt/C), and 

commercial RuO2-carbon mixture (comm-RuO2/C) catalysts in alkaline, neutral and acidic 

simulated (standard 3.5 wt.% NaCl solution) and natural seawater electrolytes, giving 6 types 

of electrolytes as follows: 1 M KOH+simulated seawater (“alkaline sS”), 1 M KOH+natural 

seawater (“alkaline nS”), 1 M PBS buffer+simulated seawater (“ neutral sS”) and 1 M PBS 

buffer+natural seawater (“ neutral nS”), 0.5 M H2SO4+simulated seawater (“acidic sS”) and 0.5 

M H2SO4+natural seawater (“ acidic nS”). 

As shown in Figures 3a-c and Table S4, in simulated seawater electrolytes, RuO2-C-300 

shows excellent performances with very small HER and OER overpotentials of only 27 and 

346 mV required under alkaline conditions (Figure 3a), 94 and 370 mV under neutral conditions 

(Figure 3b), and 92 mV and 150 mV under acidic conditions (Figure 3c), respectively. The 

relatively low OER overpotential requirement that is observed in acidic solution might be due 

to competing chlorine evolution, which is known to have a relatively low overpotential 

requirement under acidic conditions. In the natural seawater electrolytes (Figure 3d-f), the HER 

and OER overpotentials for RuO2-C-300 at 10 mA cm-2 are only 15 mV and 270 mV under 

alkaline conditions (Figure 3d), 56 mV and 320 mV under neutral conditions (Figure 3e), and 

121 mV and 198 mV under acidic conditions (Figure 3f), respectively. With the exception of 

the HER activity of Pt/C in acidic solution, all these performances are superior to those obtained 

with Pt/C and commercial RuO2/C catalysts. 
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Figure 3. (a-f) HER (left) and OER (right) polarization curves of RuO2-C-300, commercial 

Pt/C, and comm-RuO2/C in alkaline sS and alkaline nS, neutral sS and neutral nS, acidic sS and 

acidic nS. (g) Comparison of HER and OER overpotentials @10 mA cm-2 in different 

electrolytes. The numbers at the top of the bars are in mV. 

 

It is worth to note that the electrocatalytic activity of RuO2-C-300, in either simulated or 

natural seawater, is hardly changed in comparison with that in non-saline water, but the Pt/C 

and commercial RuO2 both show a relatively large decrease in their activities under almost all 

the conditions tested, relative to that in non-saline water. Probably, the high salinity (and 

complex composition of natural seawater) are the main reasons for this deactivation of the 
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conventional catalysts, but RuO2-C-300 samples have the advantage of being highly-resistant 

to seawater corrosion. The commercial RuO2/C shows very poor activity for HER and OER in 

all conditions, which is attributed to a decrease in the number of exposed active sites of the 

catalyst and low affinity to water, due to carbon coverage of the RuO2/C catalyst (Figure S11 

and S12).  

Given the excellent catalytic performance of RuO2-C-300 in alkaline natural seawater 

electrolyte, RuO2-C-300 was integrated into a two-electrode system with that electrolyte, to 

investigate overall seawater splitting performance. In this setup, RuO2-C-300 showed excellent 

activity for overall seawater splitting in alkaline natural seawater electrolyte, with voltage of 

1.52 V to obtain current density of 10 mA cm-2 and runs for 100 hours without obvious decay 

(Figure 4a, 4b). The leaching of RuO2 is detected to be very little (~0.7 wt. %, 2.6 μmol L-1 of 

Ru cations from ICP-AES data). The overall seawater splitting performance of RuO2-C-300 is 

better than, or similar to that of other reported excellent performance catalysts (Table S5). It is 

possibly for the Ca2+ and Mg2+ ions in seawater to deposit on cathode as hydroxides when the 

local pH increases near the cathode during natural seawater electrolysis, which can block the 

surface of catalyst and lead to decrease of activity and durability. However, in the case of 

“alkaline nS” (1 M KOH+natural seawater), the Ca2+ and Mg2+ ions can be pre-deposited and 

removed by the alkaline solution (1 M KOH). Thus, the influence of Ca(OH)2 and Mg(OH)2 

precipitation can be eliminated through the pre-treatment with alkaline solution, and the RuO2-

C-300 catalyst can exhibit a long-term durability in overall seawater splitting.  

The characterizations of catalyst after stability test have also been measured. Chemical states 

of RuO2-C-300 after HER and OER tests have been investigated by XPS. The Ru 3p spectrum 

can be split into two peaks for Ru (IV) 3p3/2 and Ru (IV)3p1/2 centered at 463.9 eV and 486.2 

eV, respectively (Figure 4c). No obvious peak shift between the RuO2-C-300 after HER and 

OER tests, although peak intensity decreased for RuO2-C-300 after OER test. The O 1s 

spectrum can be split into three peaks for lattice O, hydroxyl and the C-O-C interaction. The 

peak intensity for lattice O and C-O-C interaction (from the carbon cloth) of RuO2-C-300 after 

OER test increased relative to RuO2-C-300 after HER, which may be caused by the oxidation 

potential at anode (Figure 4d). The XRD patterns of RuO2-C-300 after HER and OER tests 

clearly show the diffraction peaks at 35.1° and 54.2°, which are correspond to the (101) and 

(211) planes of RuO2, respectively, although the diffraction peak of (110) plane has been 

covered by the strong peak of carbon cloth (Figure 4e). From the XPS and XRD data, it is 

concluded that the RuO2-C-300 is very stable for the overall seawater splitting.  
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The above-mentioned electrolyser was then paired with a commercial Si solar cell to examine 

its performance in solar-driven overall seawater splitting (Figure 4f). The integrated system 

demonstrated spontaneous H2 and O2 evolution upon simulated solar irradiation (Figure S13, 

Video S1). As depicted in Figure 4f, the integrated system demonstrated spontaneous H2 and 

O2 evolution at a current density of 40.5 mA cm-2. The Faradaic efficiency of the system in 

seawater was calculated by dividing the amount of collected gases by theoretical amount of 

gases from the amount of charge. The RuO2-C-300 electrodes demonstrated 95% Faraday 

efficiency with a H2:O2 ratio of 2:1 (Table S6, Figure S14, detailed calculation procedure in 

SI). To verify whether ClO- ions were produced at anode, the electrolyte after OER stability 

test was detected by an o-Tolidine indicator test. No adsorption peaks were observed in the UV-

vis spectra, which implies no ClO- ions in the solution [38] (Figure S15). 

 

Figure 4. (a) Polarization curve and (b) durability test of RuO2-C-300 in a two-electrode 

electrolyzer tested in alkaline nS electrolyte. XPS spectra of (c) Ru 3p and (d) O 1s for RuO2-

C-300 after HER and OER tests. (e) XRD patterns of RuO2-C-300 after the durability test. (f) 
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A photo showing a commercial silicon solar cell-driven electrolysis (1 × 1 cm2 electrodes) of 

alkaline nS.  

 

We ascribe these remarkable electrocatalytic performances of RuO2-C-300 to the RuO2 

nanoparticles with interfacial carbon. According to the above-mentioned design and synthesis 

by controllable calcination, Ru ions in the organic framework, as shown schematically in Figure 

5a-left, will be oxidized and sintered to small RuO2 nanoparticles with low crystallinity, while 

carbonization of the framework proceeds (Figure 5a-middle). The exposed surface organic 

ligands can be oxidized to CO2 gases, which is accompanied by large mass loss and shrinkage 

of structure. The surface carbon is then oxidized and removed, however, the inner organic 

ligands surrounded by RuO2 nanoparticles can be protected against oxidation and carbonized 

gradually to form amorphous interfacial carbon for restraining grain growth of RuO2 and 

stabilizing the RuO2 nanoparticles (Figure 5a-right). Moreover, the relatively low degree of 

crystallinity of RuO2 facilitates a rich coverage of hydroxyl groups, which enhances 

hydrophilicity.[13,34-36] 

For the reactions as expressed in Figure 5b, formation of all Ru-activated intermediates, 

whether in alkaline, acidic or neutral solution, is strongly dependent on the rate of transport of 

electrons and strength of adsorption of the reactants. To this end, there are three advantages in 

RuO2 with interfacial carbon for efficient electrocatalysis of seawater splitting (figure 5b), 

involving  

i) interfacial carbon forming a unique nanofusion structure for efficiently increasing 

electronic conduction; 

ii) nano-effects and a corresponding high exposure of active sites in RuO2 nanoparticles 

confined by interfacial carbon; 

iii) high water affinity caused by surface hydroxyl group coverage in low-crystallinity RuO2 

for enhancing contact with reactant water (figure S12).  



  

13 

 

 

Figure 5. (a) Schematic illustration of RuO2-C-300 and the merits of interfacial carbon for 

overall seawater splitting. (b) Schematic of a two-electrode water electrolyzer. 

 

3. Conclusion 

A facile and controllable oxidization-calcination strategy has been used to synthesize RuO2 

nanocrystals with interfacial carbon, yielding efficient electrocatalysts without charge transfer 

limitations between numerous active sites. This unique RuO2-C structure shows significant 

advantages for pH-universal electrocatalytic overall seawater splitting, in both simulated and 

natural seawater. An electrolyze using RuO2-C was assembled for overall seawater splitting, 

which outputs current densities of 10 mA cm-2 at record low cell voltage of 1.52 V, and shows 

excellent durability at current densities of 10 mA cm-2 for up to 100 h. This work represents a 

significant and very promising step forward in the development of a robust and active catalyst 

to utilize the world’s abundant seawater feedstock for large-scale hydrogen and oxygen 

production by renewable energy sources. 
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4. Experimental Section 

Synthesis of the copper benzene-1,3,5-tricarboxilate (Cu-BTC): The octahedral Cu-BTC 

particles were synthesized according to previous research with some modification.[39] Firstly, 

4.6 g of benzene-1,3,5-tricarboxylic acid was dissolved in 500 mL methanol solution. Then 5 g 

of Cu (NO3)2·3H2O and 4.6 g of PVP were dissolved in another 500 mL methanol solution. The 

latter solution was added to the former solution to form a homogeneous solution by stirring. 

Then the solution was allowed to settle and kept at room temperature for 24 h. The resultant 

blue sample powder was obtained by suction filtration and washed with ultrapure water three 

times before being dried at 60 ℃ for 12 h. 

Synthesis of the Ru3+-C: In a typical preparation of Ru3+-C, 1.5 mL of RuCl3·xH2O (0.2 mol 

L-1) and 120 mg of Cu-BTC powder were dispersed uniformly into 36 mL of methanol through 

ultrasonic dispersion. Then, the solution was transferred into a Teflon-lined stainless-steel 

autoclave (50 mL) and maintained at 80 ℃ for 4 h in oven. After cooling to room temperature, 

the resultant products were collected by centrifugation and washed with ultrapure water three 

times before being dried at 60 ℃ for 12 h. 

Synthesis of the RuO2-C-T: The Ru3+-C was pyrolyzed at different temperatures (250 ℃, 

300 ℃, 350 ℃ and 400 ℃) for 4 h with a heating rate of 5 ℃ min-1 under air atmosphere.  

Synthesis of the commercial RuO2/C: The commercial RuO2/C was prepared by mechanical 

mixing of commercial RuO2 (5 mg) and Vulcan XC-72 carbon (1 mg).  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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