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Developing a versatile electrocatalyst with remarkable performance viable for pH-universal overall water splitting is 
increasingly important for the industrial production of renewable energy conversion. Herein, our theoretical calculations 
predicate that the limitations in the mean-field behavior from the traditional catalyst designing strategy can be largely 
overcome by introducing diluted metal nanoclusters, which can lead to optimal thermodynamic effect for enhancing 
electron-transfer capability, and in turn promote the activation of initial water-dissociation for both hydrogen evolution 
reaction and oxygen evolution reaction. As a proof of concept, a unique catalyst, namely diluted nickel nanoclusters-
decorated ruthenium nanowires, was explored as a high-performance electrocatalyst for overall water splitting. The 
optimized catalyst delivered record activity for overall water splitting in a wide pH range from 0 to 14 with all the potentials 
lower than 1.454 V to achieve the current density of 10 mA cm-2, largely outperforming the Pt/C-Ir/C integrated couple. It 
also readily reaches a high current density, of up to 100 mA cm-2, with a low voltage of only 1.55 V applied. It is further 
demonstrated that the diluted nickel nanoclusters can strongly anchor on the ruthenium nanowires, contributing to the 
enhanced stability after the long-term tests. The diluted metal nanoclusters-activated strategy highlights a general pathway 
for the rational design of catalysts with unprecedented performance for electrocatalysis and beyond. 

Introduction 

With dwindling supplies of fossil fuels and their adverse effects on the environment, considerable emphasis has been 
placed on developing clean renewable energy sources.1-3 Electrochemical water splitting provides an effective pathway to 
address the growing energy crisis by producing high-purity hydrogen (H2) in high efficiency, low cost and sustainability 
fashion.4-6 However, current electrocatalysts still require large cell voltages to drive water splitting due to their unfavourable 
reaction kinetics.7, 8 Another grand challenge also remains about the limited catalysts those applicable for pH-universal 
conditions, which severely hampers the practical applications of water splitting.9-11 These critical issues prompt seeking 
alternative means to develop exceptionally efficient catalysts that enable high-performance pH-universal overall water 
splitting.  

For a given reaction, engineering the local electronic structure of catalysts tailors its catalytic performance.12 However, 
the previous catalysts often exhibit a mean-field dominated behaviour for their broad electronic band structures, resulting in 
the restrictions upon realizing the fine-control of chemical bonding strength, thermodynamic optimization and achievable 
catalytic performance.13, 14 In order to achieve exceptional catalytic behaviour, reconstructing the surface of the catalyst by 
introducing a performed component with unusual electronic structure, and thus fulfilling the optimized control between 
active sites and intermediates is highly required.15, 16 

Herein, we chose ruthenium (Ru) as the matrix metal for catalyst design due to its potential performances for half-
reactions (hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)).11 Taking advantage of the theoretical 
calculation, it reveals that introducing diluted metal nanoclusters into matrix metals give rise to the optimization of 
thermodynamic value for its powerful effect on precisely narrowing the band states. Such modification largely increases the 
possibilities of fulfilling the optimized control between active sites and intermediates. We are further motivated to construct 
a model catalyst: diluted nickel nanoclusters-decorated ruthenium nanowires (Nicluster-Ru NWs). The Ru surface not only 
illustrates the pinning effect on the Ni-3d bands but also displays the good electronic conductivity for boosting up the 
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electron transfer during HER and OER. The optimized catalyst enables superior performance for overall water splitting with 
delivering the potentials lower than 1.454 V to achieve the current density of 10 mA cm-2 in the pH-universal condition, much 
lower than those of the commercial Pt/C and Ir/C. Detailed characterizations also reveal the effective and strong stabilization 
of diluted Ni nanoclusters on Ru nanowires after long-term stability test, promoting its further commercial application. 

 

Fig. 1 Theoretically interpreted electronic activities for HER and OER. (a) Structural configurations of Nicluster-Ru. (b-c) The real 
spatial 3D orbital contour plots of Ru surfaces with different Ni cluster structures. The blue color represents the bonding 
orbitals while the green colors represent the anti-bonding orbitals. (d) The site-dependent PDOSs of Ru-4d band from the 
surface to the bulk states. IF is the interface region between Ni cluster and Ru NWs. Surf is the surface region of Ru NWs. IF-
Ru-high and low represent the Ru sites with high and low coordinated numbers at the interface with the Ni cluster. (e) The 
site-dependent PDOSs of the Ni-3d band within the cluster. The number represents the coordination numbers of the Ni site 
at the interface region with Ru nanowires. The edge-Ni-8 and sf-Ni-8 represent the Ni sites with a coordination number of 8 
at the edge and surface of the Ni cluster, respectively. (f) The PDOSs comparison of Ru-4d and Ni-3d bands at the interface 
and surface. (g) The PDOSs of Ni-3d bands within different clusters on the Ru surface. Five models show different structural 
configurations of Ni cluster. (h) The PDOSs comparison Ru on different surfaces and bulk states. Ru(10-10)-1 and Ru(10-11)-1 
represent the larger size Ni clusters on different surfaces of Ru NWs. Ru(10-10)-2 and Ru(10-11)-2 represent the smaller size 
Ni clusters on different surfaces of Ru NWs. (i) PDOSs of O-2p bands of O-intermediates during the OER process.Structure 
characterizations of Cu/Pb core/shell NCs. (a) Atomic profile model of Cu/Pb core/shell electrocatalysts. (b) HAADF-STEM 
image, (c) EDS elemental mapping images, (d) HRTEM image and (e) the magnified HRTEM image in (d) of CuPb-0.7 NCs. (f) 
HRTEM image and (g) the magnified HRTEM image in (f) of CuPb-1.5 NCs. Scale bars, 1 nm in (f) and (g), 5 nm in (d) and (e), 
20 nm in (b) and (c). 

Results and discussion 

To investigate the influence of the introduction of nanoclusters on modifying the electronic structure of Ru, we first 
conducted the theoretical study based on the density functional theory (DFT) calculations from the electronic perspective. 
The established model with anchoring Ni cluster on the Ru surface is shown in Fig. 1a. The comparison of the active bonding 
and anti-bonding orbitals near the Fermi level (EF) are demonstrated. Even for different structural configurations of Ni cluster, 



 

the electron active regions (blue isosurface) is always identified on the Ni cluster, which loosens the forbidden d-d electron 
transfer between Ni and Ru sites. This optimized electronic environment improves the electron-transfer efficiency between 
electrocatalyst and the adsorbates (Fig. 1b-c). Then, we move to the detailed electronic investigation based on the projected 
partial density of states (PDOS). For the site-dependent PDOS of Ru, we notice that the electronic structure of bulk Ru has not 
been affected, which is similar to the metallic Ru. Meanwhile, after the introduction of the Ni cluster on the surface, it is 
noted that surface Ru-4d orbitals experience evident splitting at the interface, which indicates the modulation of electron 
structure by the anchoring of Ni cluster (Fig. 1d). For the Ni cluster on Ru, the surface Ni still preserves a similar electronic 
structure with fcc-Ni, displaying broadband covering from Ev-5.0 eV towards EF (EV = 0 for EF). Within the cluster, for the Ni-
sites closer to the interface with Ru NWs, Ni-3d becomes narrow with an evident sharp peak locating near Ev-0.9 eV, which 
play as the active sites for the adsorption of proton and *OH in both HER and OER. This 3d-band evolution of Ni at the 
interfaces arises from the isolation by the Ru-4d band. (Fig. 1e). To further examine the local electronic structures, the PDOS 
comparison of interface and surface has been illustrated. Notably, with the pinning effect of Ru-4d bands, the Ni-3d bands 
have been firmly pinned within the region of Ev-0.90 ~ Ev-1.10 eV in both surface and interface, which result in the stable 
electroactivity for the Ni site to boost up the electron transfer for water-splitting in both acidic and alkaline media (Fig 1f). 
The pinning of the Ni-3d band induced by the Ru-4d has also been verified in different cluster structures on the Ru surface. 
For Ni cluster with varied structural configurations, the surface electronic structures show the barely changed Ni-3d bands, 
supporting the key role of Ni cluster decoration for promoting the water-splitting performance. Meanwhile, the Ru-4d bands 
also alleviates the overbinding effect of Ni for the adsorption of proton and *OH (Fig. 1g). Moreover, when comparing the 
electronic structure of Ru NWs with different size of Ni cluster, the lowest index surface Ru (10-10) exhibits a high electron 
density near Fermi level, which supports a good electronic conductivity to guarantee the efficient electron transfer during the 
electrocatalysis. In comparison, the Ru (10-11) surfaces and bulk Ru shows much weaker electron transfer capability. In 
addition, the larger size of the Ni cluster on Ru NWs shows a more saturated electron density near EF than the smaller size, 
supporting the significant role of Ni cluster in promoting the electron transfer (Fig. 1h). For the PDOSs of the H2O adsorption 
and O-intermediate species, we have noticed the linear evolution trend of O-2p sigma-band has been well preserved along 
with the OER reaction coordinates. This confirms the efficient electron-transfer between surface Ru-4d and adsorbed 
intermediates (Fig. 1i).  

Fig. 2 Characterizations of Nicluster-Ru NWs. (a) The schematic illustration of the diluted metal nanoclusters-activated strategy. 
(b) Atomic resolution HAADF-STEM image (inset: FFT pattern of from the selected area), (c) HRTEM image from the selected 
area (scale bar: 2 nm). (d) Diameter histogram of Nicluster-Ru NWs. (e) High-resolution HAADF-STEM image of Nicluster-Ru NWs 
(inset: FFT pattern of from the selected area). 

 

In light of these findings, we sought to construct a diluted nanoclusters-decorated metal system following the DFT 
calculation (Fig. 2a). As a primary attempt, the Nicluster-Ru NWs were successfully synthesized through a simple wet-chemical 



 

method, where K2RuCl5 and Ni(HCOO)2 were chosen as metal precursors (Fig. S1). The morphology and structure of Nicluster-
Ru NWs were first characterized by high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM). 
The high yield of NWs with the average diameter of 1.60 nm was clearly observed. The energy-dispersive X-ray spectroscopy 
(EDS) spectrum indicated that the NWs contained mainly Ru and Ni with the atomic ratio determined of 94.0 : 6.0 (Fig. S1f). 
The powder X-ray diffraction (PXRD) pattern shows the broadened diffraction peaks, indicating the small diameter of Nicluster-
Ru NWs and Ru NWs. Hardly peak shift is observed, suggesting that the Ni is not introduced into the Ru lattice (Fig. S2).17 

The structure was further examined by atomic resolution aberration-corrected HAADF-STEM. As shown in Fig. 2b, Nicluster-
Ru NWs exhibit the lattice fringes of 0.205 nm and 0.226 nm, which can be assigned to the (10-11) and (10-10) planes of Ru 
(Fig. 2c). The diameter is very small (~1.6 nm) (Fig. 2d). The magnified STEM image is uesd to reconfirm the existence of Ni 
nanocluster on the Ru nanowires. As shown in the modified Fig. 2e, the lattice spaces of (002) and (020) are clearly observed 
with the angel of 90°, indicating the existence of the Ni cluster. The inset electron diffraction pattern also matches well with 
Ni. Moreover, the nanometre-sized bright protrusions, further revealing that the Ni nanoclusters are sparsely supported on 

Ru nanowires (Fig. S3).18 

Fig. 3 EXAFS and XPS spectra of Nicluster-Ru NWs. (a) XANES and (b) Fourier transforms of EXAFS spectra of Nicluster-Ru NWs, NiO 
and Ni foil for the Ni K-edge. (c) Valence photoemission spectra of Nicluster-Ru NWs and Ni-Ru NWs. (d-f) Wavelet transforms 
for the k2-weighted EXAFS signals of Ni foil, NiO and Nicluster-Ru NWs.  

 

X-ray absorption near-edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS) were used to 
study the charge states and crystal structure of Ni in Nicluster-Ru NWs.19-22 The NiO and Ni foil were measured as references. 
The normalized Ni-K XANES in Fig. 3a shows that the Ni in Nicluster-Ru NWs is much similar to that of metallic Ni foil, but very 
different from that of NiO, suggesting a metallic state of Ni of our Nicluster-Ru NWs. In addition, the Fourier transform of Ni-K 
EXAFS (FT-EXAFS) spectrum in Fig. 3b reveals that the Nicluster-Ru NWs exhibits a peak located at 2.49 Å, slightly larger than 
the peak of Ni foil at around 2.48 Å. This can be attributed to the partial formation of the Ni-Ru coordination structure.23 



 

Moreover, we can hardly observe a peak of Ni-O coordination around 2.07 Å, indicating again that the Ni in Nicluster-Ru NWs is 
in the metallic state, which is well reproduced through a fitting using Ni-Ni/Ru path (Fig. S4 & Table S1).15, 24 lt is worth 
mentioning that the Ni-Ni/Ru coordination number in Nicluster-Ru NWs is small, indicating the existence of small Ni species. We 
further used the wavelet transforms (WT) of the Ni K-edge EXAFS to examine the coordination features of Nicluster-Ru NWs. As 
shown in Fig. 3d-f, the WT contour plot of Nicluster-Ru NWs mainly exhibits one intensity maximum at approximately 7.25 Å-1, 
which is ascribed to the Ni-Ni/Ni-Ru compared to those of NiO (6.95 Å-1) and Ni foil (7.10 Å-1).25 All the above results confirm 
that Ni exists as Ni cluster in Nicluster-Ru NWs, being consistent with the result of STEM images. 

 

We also used X-ray photoelectron spectroscopy (XPS) to explore the impact of Ni cluster on the surface chemical states of 
Nicluster-Ru NWs (Fig. S5). For Nicluster-Ru NWs, the peaks at 488.26 eV and 466.25 eV attributed to Ru4+ 3p1/2 and Ru4+ 3p3/2, 
and other peaks at 485.15 eV and 462.92 eV to Ru0 3p1/2 and Ru0 3p3/2, respectively.26, 27 All Ru 3p peaks in Nicluster-Ru NWs 
negatively shifted by 0.2 eV compared to Ru NWs. This could be interpreted that by the introduction of Ni the local electronic 
structure of Ru is effectively changed.24 We further use the valence photoemission spectra to reveal the electronic structure 
of Nicluster-Ru NWs, where the d-band states of Ni in Nicluster-Ru NWs becomes much sharper and narrower than that in Ni-Ru 
NWs, matching well with the simulation results (Fig. 3c). All these results suggest the successful synthesis of diluted Ni 
clusters decorated Ru NWs. 

 

Fig. 4 HER and OER performances of Nicluster-Ru NWs under different pH conditions. HER and OER polarization curves of 
Nicluster-Ru NWs, Ru NWs, Pt/C, Ir/C and IrO2 in (a) 1 M KOH and (b) 0.5 M H2SO4. (c) Overpotentials at 10 mA cm-2 and Tafel 
plots of Nicluster-Ru NWs, Ru NWs, Pt/C and Ir/C in 1 M KOH. (d) TOF values of HER of Nicluster-Ru NWs, Ru NWs, Pt/C and 
previously reported catalysts in 1 M KOH. 

 

To reveal the facilitation of catalytic reaction due to diluted nanoclusters decorated nanowires, we first measured the 
HER performance of different electrocatalysts in 1 M KOH condition. The thermogravimetric analysis (TGA) curves indicated 
that the mass loading of Ru in the catalysts was nearly 20 wt% (Fig. S2b-c). As shown in Fig. 4a, Nicluster-Ru NWs exhibited the 
smallest overpotential of 17 mV at 10 mA cm-2, which was better than those of Ru NWs (29 mV) and the commercial Pt/C (45 
mV).28 The Tafel slope was estimated to be 27 mV dec-1 for Nicluster-Ru NWs, lower than those of Ru NWs (33 mV dec-1) and 
the commercial Pt/C (37 mV dec-1), indicating the more efficient kinetics of Nicluster-Ru NWs towards HER (Fig. 4c & S6). 
Electrochemical impedance spectroscopy (EIS) was also performed to investigate the charge-transfer kinetics (Fig. S7),29 
where the Nicluster-Ru NWs exhibited the smallest charge-transfer resistance (Rct) of 5.2 Ω, indicating the fast interfacial 
charge-transfer kinetics of HER, while the Rct values of Ru NWs was recorded to be 9.3 Ω. Meanwhile, the calculated double-
layer capacitance (Cdl) value from cyclic voltammogram (CV) curves revealed the electrochemical active surface areas (ECSAs) 



 

of different catalysts (Fig. S8).30 We can see that the Cdl value of Nicluster-Ru NWs was calculated as 22.4 mF cm-2, larger than 
Ru NWs (12.1 mF cm-2), indicating that Nicluster-Ru NWs can provide more active sites for electrocatalysis. 

 

To reveal the intrinsic activities of various electrocatalysts, the number of active sites and turnover frequencies (TOF) 
values were determined based on the underpotential deposition of copper (Cu-UPD) (Fig. S9). As observed in Fig. 4d & Table 
S2, the TOF values of Nicluster-Ru NWs at the overpotentials of 25 mV and 50 mV were 2.61 H2 s-1 and 8.95 H2 s-1, respectively. 
Both values were larger than those of Ru NWs (0.72 H2 s-1 at 25 mV and 3.13 H2 s-1 at 50 mV), and the commercial Pt/C (0.47 
H2 s-1 at 25 mV and 1.32 H2 s-1 at 50 mV). In addition, the high TOF value of Nicluster-Ru NWs was even superior to those of the 
recently reported electrocatalysts, such as Ru@C2N (0.75 H2 s-1 at 25 mV), Ni3P (0.08 H2 s-1 at 100 mV), Ni@Ni2P-Ru (1.1 H2 s-1 
at 100 mV), Ni-Mo (0.05 H2 s-1 at 100 mV), Ni5P4 (2.9 H2 s-1 at 200 mV), α-Mo2C (0.9 H2 s-1 at 200 mV), ɣ-Mo2N (0.07 H2 s-1 at 
250 mV),27, 31-34 revealing the outstanding intrinsic HER activity of Nicluster-Ru NWs 

 

Given the high catalytic performance of HER, the OER performance of Nicluster-Ru NWs in 1 M KOH was also evaluated. The 
commercial Ir/C was chosen for comparison. As shown in Fig. 4a, Nicluster-Ru NWs exhibited the best OER activity with the 
lowest overpotential of 194 mV at 10 mA cm-2, lower than those of Ru NWs (215 mV), the commercial Ir/C (336 mV) and IrO2 
(370 mV). Nicluster-Ru NWs also presented the smallest Tafel slope of 58 mV dec-1, better than Ru NWs (64 mV dec-1) and the 
commercial Ir/C (70 mV dec-1) (Fig. S5). The lower Tafel slope suggests the faster kinetics of OER, indicating the superior OER 
activity of Nicluster-Ru NWs.35 As shown in Fig. S10 & Table S3, compared the OER performance with other reported catalysts 
in 1 M KOH, Nicluster-Ru NWs further show the best performance, which requires the lowest overpotential to achieve 10 mA 
cm-2, demonstrating the highly efficient electrocatalysts of Nicluster-Ru NWs. Furthermore, we evaluated the mass activities of 
different catalysts by normalizing the mass of Ru (mass activity). As shown in Fig. S11, the mass activities are 1417 A gRu

-1 and 
461 A gRu

-1 at the overpotential of 50 mV of Nicluster-Ru NWs and Ru NWs for HER, respectively, and 521 A gRu
-1 and 246 A gRu

-1 
at the overpotential of 250 mV of Nicluster-Ru NWs and Ru NWs for OER, respectively. 

The promising HER and OER activities of Nicluster-Ru NWs in 1 M KOH encouraged further evaluation in acidic condition (0.5 
M H2SO4). As shown in Fig. 4b & S10, Nicluster-Ru NWs showed the best activity towards HER and OER in the acidic condition. 
Nicluster-Ru NWs requires a low overpotential to obtain 10 mA cm-2, with 20 mV for HER and 205 mV for OER, much better 
than that of Ru NWs. Compared with the reported catalysts in 0.5 M H2SO4 (Fig. S12 & Table S3), Nicluster-Ru NWs have been 
demonstrated excellent performance for both HER and OER under the acidic condition.31, 36-40 Furthermore, we also studied 
the performance of Nicluster-Ru NWs in 0.1 M KOH and 0.05 M H2SO4. Remarkably, it also exhibits excellent performance, 
where Nicluster-Ru NWs require the lowest overpotential in both HER (19 mV in 0.1 M KOH; 26 mV in 0.05 M H2SO4) and OER 
(210 mV in 0.1 M KOH; 207 mV in 0.05 M H2SO4) to reach a current density of 10 mA cm-2 (Fig. S13-14).7 All the above results 
demonstrate that the superior activity of Nicluster-Ru NWs for HER and OER in both acidic and alkaline electrolytes. 

 



 

Fig. 5 Overall water splitting performances under different pH condition. (a) XANES spectra of Nicluster-Ru NWs after stability 
tests in different pH electrolytes. (insert: chronopotentiometry curves of Nicluster-Ru NWs and Ir/C-Pt/C couple in 1 M KOH at 5 
mA cm-2.) and (b) Fourier transforms of EXAFS spectra of Nicluster-Ru NWs after stability tests in different pH electrolytes. (c) 
Comparison of the cell voltages to achieve the current density of 10 mA cm−2 for Nicluster-Ru NWs with reported bifunctional 
catalysts under different pH conditions. (d) Comparison of the current densities at 1.55 V for Nicluster-Ru NWs with reported 
bifunctional catalysts under different pH conditions (aderived from estimates of data, bmeasured in 0.1 M HClO4). 

 

Inspired by the highly active HER and OER performance in different pH conditions, we further investigated the Nicluster-Ru 
NWs as the bifunctional catalyst in a two-electrode configuration for overall water splitting (Fig. S15-16). To reach the current 
density of 10 mA cm-2, Nicluster-Ru NWs only require cell voltages of 1.454 V, 1.449 V, 1.454 V and 1.442 V in four pH values 
(0.5 M H2SO4, 0.05 M H2SO4, 0.1 M KOH and 1 M KOH), all which are lower than 1.50 V (Fig. S17). The electrical-to-fuel 
efficiencies of overall water splitting are as high as 84.59%, 84.89%, 84.59%, 85.30%, respectively. These values are also much 
lower than those of Ru NWs, Ir/C-Pt/C couple, IrO2-Pt/C couple and many other available catalysts (Fig. 5c & Table S4). In 
addition, at 1.55 V cell voltage, we found that all the reported catalysts deliver the current density below 20 mA cm-2. For a 
sharp contrast, Nicluster-Ru NWs can readily reach the current density of 40 mA cm-2, even up to 100 mA cm-2 (1 M KOH), with 
applying only 1.55 V (Fig. 5d). Moreover, Ru-Ni NWs also exhibit a high performance than Ir/C-Pt/C couple and IrO2-Pt/C 
couple, even in 0.1 M PBS solution (Fig. S18). The stability of Nicluster-Ru NWs was then evaluated by chronopotentiometry (Fig. 
5a, inset and Fig. S19-20), where the Nicluster-Ru NWs shows almost negligible performance degradation during the stability 
test in both acid and alkaline elecrolytes. For comparison, the Ir/C-Pt/C couple exhibited an obvious decrease in less than 8 h. 
After the stability test, no obvious changes in morphology and composition of Nicluster-Ru NWs were observed, as confirmed 
by the TEM image and XPS spectra (Fig. S21). We further evaluated the detailed structure of Nicluster-Ru NWs after the long-
term tests. As we observed in Fig. S3 and Fig. S22. The acid solution can efficiently remove the Ni species on the surface of 
nanowires. Especially, after the HER and OER tests, the Ni contents of the catalyst did not decrease significantly (Fig. S23 & 
Table S5-6), which is consistent with the results of XPS (Fig. S24). These evidences indicate the effective and strong 
stabilization of diluted Ni nanoclusters on Ru nanowires, even after long-term stability tests. Fig. 5a-b show the EXAFS and 
the corresponding Fourier transform of EXAFS (FT-EXAFS) spectra of Nicluster-Ru NWs after stability tests in different pH 
conditions (1 M KOH and 0.5 M H2SO4). The similar coordination structure to that of the previous Nicluster-Ru NWs was 
observed, indicating the Ni nanoclusters can be strongly anchored on the surface of Ru NWs. All these results demonstrate 
the excellent structure stability of Nicluster-Ru NWs. 

 

Fig. 6 Theoretically interpreted energetic activities for HER and OER. (a) H-adsorption energy of H, 2H, and H2 on the Nicluster-
Ru NWs. (b) Alkaline HER pathways for pristine Ru NWs and Nicluster-Ru NWs. (c) H2O-splitting transition state barrier 
comparison. (d) The pathways of both four-electron based acidic and alkaline OER at U = 0 V. (e) The OER pathways are 
summarized at U = 1.23 V. The orange line indicates the reaction step in the acidic environment while the purple line 
indicates the reaction step in the alkaline environment. 

 



 

We carried out DFT calculation to explore the energetic properties and pathways of both HER and OER on the pristine Ru 
NWs and Nicluster-Ru NWs. With the introduction of the Ni clusters on the surface, the initial H adsorption is energetically 
preferred with -0.20 eV gained. The subsequent 2H and the final formation of H2 show a downhill energetic trend, 
guaranteeing the efficient HER process (Fig. 6a). For the HER in the alkaline environment, the more favourable reaction trend 
has been noted for Nicluster-Ru NWs. Especially for the initial H2O, the Nicluster-Ru NWs display much more favoured adsorption 
than the pristine Ru, leading to the larger energy release and alleviated energy barrier (Fig. 6b). The transition-state 
comparison of H2O splitting also proves the stronger capability of H-O-H bond cleavage on the Nicluster-Ru NWs, which 
potentially directs and promotes the H2O splitting (Fig. 6c). Under such a strong water dissociation trend, the OER 
performances under both the alkaline and the acidic environments should also be beneficial. Under U = 0 V, the alkaline and 
acidic OER trends show a similar upward trend. However, for the transition of *OH towards O*, the alkaline environment 
shows a smaller barrier. Both acidic and the alkaline OER on Nicluster-Ru NWs indicate a larger energy barrier in the transition 
of O* to *OOH (Fig. 6d). With the applied potential of 1.23 V, the rate-determining step of OER in the alkaline and acidic has 
been identified as the formation of *OOH. In the acidic media, the OER shows a 0.205 eV barrier while the alkaline 
environment displays a slightly larger energy barrier of 0.227 eV (Fig. 6e). Therefore, the strong interactions between 
different Ru NWs and Ni cluster lead to the prominent overall H2O-splitting performance in both the alkaline and acidic 
environment. We have also investigated the electronic structures and reaction trend of varied Ni cluster size on Ru NWs (Fig. 
S25), which further verified the superior performances of Nicluster-Ru NWs in this work. All these results conclude that the 
strong interaction between Ru and Ni nanocluster largely facilities the overall water splitting in the pH-universal conditions. 

Conclusions 

In summary, we have proposed a diluted metal nanoclusters-activated strategy for developing high-efficiency pH-
universal water splitting electrocatalysts. Guided by theoretical calculation, the diluted Ni cluster activated Ru NWs catalyst 
was fabricated, which exhibited superior overall water splitting performances with all the cell voltages lower than 1.454 V at 
10 mA cm-2 in a wide pH range from 0 to 14, much better than those of the commercial Pt/C and Ir/C. The Ru-4d bands 
impose the isolation effect on the Ni-3d bands to realize the d-band narrowing results, which pins the Ni-3d bands with 
preserved high electroactivity. This boosts up the electron transfer to guarantee the water-splitting efficiency in wide pH 
environments. The strong interaction between Ni nanocluster and Ru surface also contribute to excellent stability. This work 
paves out a new approach for realizing high-efficiency catalytic system for electrocatalysis and beyond. 
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