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f Department of Chemistry and Biochemistry, University of California, 1156 High Street, Santa Cruz, CA 95064, United States   

A R T I C L E  I N F O   

Keywords: 
Hydrogen evolution reaction 
pH-universal 
Electrocatalyst 
Ru-Co heterostructure 

A B S T R A C T   

Development of high-performance pH-universal electrocatalyst for hydrogen evolution reaction (HER) is a vital 
step towards hydrogen economy but remains a major challenge. Herein, the Ru decorated Co nanoparticles 
supported by N-doped carbon sheets (Ru/Co@NC) are prepared by galvanic exchange reaction and display a 
remarkable performance for HER. In the 1.0 M KOH, 0.01 M PBS and 0.5 M H2SO4, respectively, Ru/Co@NC 
shows low overpotentials of 10, 283 and 50 mV at the current density of 10 mA cm− 2, comparable to benchmark 
Pt/C (23, 289 and 37 mV). Furthermore, deep experimental researches and DFT calculations indicate that the Ru- 
Co heterostructure shows more suitable energy of H2O* dissociation and H* adsorption compared to Ru and Co, 
which can significantly improve the HER activity. Besides excellent activity, in a wide pH range, the Ru/Co@NC 
also exhibits good stability with negligible current loss after a long-time HER test (30 h). This work may provide 
ponderable strategies for developing an efficient pH-universal HER electrocatalyst.   

1. Introduction 

Hydrogen (H2) with high energy density (142.4 kJ kg− 1) and carbon 
neutrality is considered the most promising energy carrier to replace the 
traditional fossil energy in the future and attracted more and more 
attention[1–3]. Electrocatalytic water splitting (EWS) is one of the most 
sustainable routes to generate clean H2 among the many hydrogen 
production technologies, which can be powered by renewable energy 
like tidal, solar and wind[4–6]. In order to lift the conversion efficiency 
of EWS, efficient electrocatalysts are often applied to reduce the over-
potential (η) of hydrogen/oxygen evolution reaction (H/OER)[7–10]. 
Currently, foremost HER electrocatalysts are platinum (Pt) and its de-
rivatives, but the low abundance and exorbitant price impede the large- 
scale applications[11]. Moreover, owing to the higher water dissocia-
tion energy (H2O + e- + * → OH– + H*), Pt-based noble metals show 2 or 

3 orders of magnitude slower reaction kinetics in alkaline or neutral 
environments[12], further limiting the widespread harvesting of H2. To 
date, numerous studies have been focused on the earth-abundant al-
ternatives as the efficient electrocatalysts for HER and achieved 
remarkable results[13–16]. Yet low intrinsic activity makes them still 
unable to compare benchmark Pt/C, and the stability tends to degrade in 
a wide pH range. Hence, it is critical but challenging to explore cheap 
and pH-universal HER catalysts with high activity and stability. 

To balance activity and cost, other cheaper Pt-group mental such as 
Ru and its derivatives have been attracting more and more attention in 
the last decade owing to the high catalytic activity for HER[17–21]. For 
example, numerous studies have shown that the N-doped carbon sup-
ported Ru nanoparticles (NPs) catalysts (Ru/C) such as Ru-ENG[22], Ru- 
NG[23] and Ru/C3N4/C[24] display Pt-like HER activity at wide pH 
because of the suitable hydrogen adsorption/desorption energy. Despite 
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good progress having been made, the activity and stability of the re-
ported Ru/C-based HER electrocatalysts are still far from being desired 
on account of the inevitable agglomeration and dissolution of Ru during 
the electrocatalytic process. Optimizing the carbon-based substrate to 
enhance the support-metal interaction is a reliable strategy to improve 
electrocatalytic HER activity and stability[25]. Compared to N-doped- 
carbon, transition metal embedded N-doped carbon (TM@NC, TM = Fe, 
Co or Ni) is more ideal supports, because TM in TM@NC not only can 
change the filling level of Ru d-band, but also can anchor Ru to boost 
support-metal interaction[26–30], which is conducive to enhance the 
performance and stability. In addition, the structure of carbon substrate 
also plays a crucial part in catalytic activity. In this case, 2D porous 
carbon nanostructures with the excellent aperture structure and specific 
surface area are the most explored because the exposure of active sites 
can be maximized[31]. However, the traditional 2D carbon-based ma-
terials, like graphene, tend to aggregate or restack during the synthesis 
on account of the strong Van der Waals interaction between adjacent 
layers, resulting in reduced electrocatalytic performance[32]. So, 
reasonable integration of 2D TM@NC and Ru is an effective approach to 
prepare pH-universal HER catalysts with high performance. 

Herein, the Ru decorated Co nanoparticles supported by N-doped 
carbon sheets (Ru/Co@NC) have been prepared using g-C3N4 as ther-
mally removable 2D templates for the substrate formation and through 
galvanic replacement. A series of characterizations (HRTEM, XPS, 
Raman and etc.) show that Ru/Co@NC possesses 2D structure with a 
high specific surface area, and the Ru successfully modified the Co 
surface to form a heterogeneous structure, which is beneficial to 
enhancement interaction between Ru and Co@NC. Electrochemical test 
results suggest that Ru/Co@NC possesses extraordinary HER activity 
with the low η that of 10, 283 and 50 mV at the current density (j) of 10 
mA cm− 2 in 1.0 M KOH, 0.01 M PBS and 0.5 M H2SO4, respectively, 
compare favorably with benchmark Pt/C catalyst (26, 289 and 37 mV). 
Moreover, theoretical calculations show that the outstanding HER ac-
tivity of Ru/Co@NC can be attributed to the interfacial electron inter-
action between Ru and Co (Co@NC). 

2. Experimental section 

2.1. Synthesis of NC and Co@NC 

Firstly, a protonated g-C3N4 (P-g-C3N4) was prepared by thermal 
annealing of dicyandiamide and treatment of HCl (37 wt%). Then, 0.2 g 
of the as-prepared P-g-C3N4 were dispersed in 100 mL deionized water 
(DIW) under water bath ultrasonication for 0.5 h. And then, 0.2 mmol of 
K3Co(CN)6 was poured to the above solution under 5 min stirring. Next, 
20 mL of Co(NO3)2 aqueous solution (7.5 mM) was added under stirring 
for 2 h. Subsequently, 0.5 mL of NH3⋅H2O (37 wt%) was dropped into 
the above solution under 5 min stirring. Next, an 20 mL aqueous solution 
containing 0.1 g of dopamine hydrochloride was added under 12 h 
stirring, and the precipitates were collected by suction filtration, washed 
with absolute ethanol for five times, and dried at 60 ◦C overnight. 
Finally, Co@NC was obtained by pyrolysis of the precipitates in an Ar 
atmosphere at 800 ◦C for 2 h. NC was synthesized by the alike method 
except for the addition of K3Co(CN)6 and Co(NO3)2. 

2.2. Synthesis of Ru/Co@NC 

40 mg of the as-prepared Co@NC were dispersed in 80 mL of DIW 
under ultrasonication to gain a homogeneously mixed solution, followed 
by adding 125, 150 or 175 μl of a RuCl3 solution (40 mg mL− 1) under 
continuous 2 h stirring. The resulting dark products were collected, 
rinsed five times with DIW, and dried in an electric oven at 60 ℃. 
Finally, the resulting products were heat treated at 300 ℃ in an Ar/H2 
atmosphere for 1 h, and named as Ru/Co@NC-125, Ru/Co@NC and Ru/ 
Co@NC-175, respectively. 

2.3. Synthesis of Ru/NC 

40 mg as-prepared NC was dispersed in 80 mL DIW under ultra-
sonication to gain an mixed solution, followed to added 150 μl RuCl3 
solution with 30 min stirring, then adding 10 mL NaBH4 solution into 
the above solution. Subsequently, the dark product was collected and 
rinsed several times with DIW dried under the electric oven at 60 ℃. 
Then the resulting product was obtained by heat treating at 300 ℃ in an 
Ar/H2 atmosphere for 1 h. 

2.4. Synthesis of NiFe-LDH 

According to previous literature[33], 367.5 mg Ni(NO3)2, 170 mg Fe 
(NO3)3 and 9 g urea were dissolved in a homogeneous mixed solution of 
N-methylpyrrolidone (NMP) and H2O, then the mixed solution was 
heated 100 ℃ for 6 h. Finally, the NiFe-LDH was collected by rinsing 
with ethanol and DIW and drying in the electric oven at 60 ℃. 

2.5. Characterization 

Transmission electron microscopy (TEM) characterization was car-
ried out on an S-4800, Hitachi and a Tecnai G2-F20 equipped with EDS, 
respectively. The crystalline phase was identified by X-ray diffraction 
(XRD) with a Bruker D8-Advance diffractometer. Raman spectra were 
recorded by using a LabRAM HR Evolution. X-ray photoelectron spec-
troscopy (XPS) were measured by Phi X-tool instrument. Thermogravi-
metric analysis (TGA) was measured by METTLER equipment in N2. 
Brunauer-Emmet-Teller (BET) specific surface area and porous structure 
were measured by QuantachromeAutosorb-iQ-TPX. 

2.6. Electrochemical measurements 

Basic electrochemical tests were performed in the three-electrode 
system with the CHI 660D workstation in 1 M KOH electrolyte. A 
catalyst modified carbon cloth electrode (loading: 0.5 mg cm− 2), a 
graphite rod and a standard Ag/AgCl electrode were used as the work-
ing, counter and reference electrodes, respectively. The Ag/AgCl elec-
trode are converted to reversible hydrogen electrode through the 
equation: ERHE = ESCE + 1.059 V. The homogeneous catalyst inks were 
prepared by 10 mg samples dispersed in 2 mL of a 3:1 V/V water/ 
ethanol mixed solvent (contains 40 μl 5 wt% Nafion). Linear sweep 
voltammetry (LSV) of HER was tested with a scan rate of 5 mV s− 1, and 
the potentials are corrected by the formula E = Etest – iRs, in which the 
Rs is the solution impedance. The 20 wt% Pt catalyst with same loading 
was used as the reference sample. The electrochemical double-layer 
capacitance (Cdl) was probed by cyclic voltammetry (CV) from 0.1 −
0.2 V vs RHE to reckon the electrochemical active area. Electrochemical 
impedance spectroscopy (EIS) were conducted at j = 10 mA cm− 2 from 
10,000 to 0.01 Hz. Current density-time (i-t) responses were monitored 
at j of about 10 mA cm− 2 for 30 h using a catalyst-modified carbon cloth. 
Accelerated decay tests (ADT) are carried out in the voltage range of 0 - 
− 0.2 V vs RHE. Overall water splitting measurements were measured by 
H-type dual electrode electrolyzer. The Ru/Co@NC and NiFe-LDH cat-
alysts coated onto carbon cloth substrate (loading 1 mg cm− 2) were 
applied as the cathode and anode, respectively. 

2.7. Theoretical calculations 

All theoretical calculations were performed within Density Func-
tional Theory (DFT), and the electrocatalytic properties and electronic 
structure of prepared materials were investigated by using the CASTEP 
module in Materials Studio 2017. The the electronic exchange and 
correlation effects was described by generalized gradient approximation 
(GGA) with the Perdew-Burke-Ernzerhof (PBE) function, and the plane- 
wave cutoff was tested and stated to 500 eV. The self-consistent field 
(SCF) tolerance was 2 × 10-6 eV with the ultrasoft pseudo-potential for 
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Fig. 1. Schematic illustration of the preparation of Ru/Co@NC.  

Fig. 2. (a-b) TEM images of NC and Ru/Co@NC, respectively. (Inset: the statistical particle size distribution pots) (c) HRTEM image of Ru/Co@NC, (d) Enlarged 
images showing grains individually and (e) Corresponding crystal structure diagram. (f) Line-scan profiles of Ru/Co@NC and the corresponding elemental curves. (g) 
STEM image and the corresponding elemental mapping of Ru/Co@NC. 
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core electrons. 

3. Result and discussion 

The synthesis process of Ru/Co@NC is shown in Fig. 1, the P-g-C3N4 
is used as a 2D thermally removable template (completely decomposed 
at 700 ◦C as suggested from the TGA results depicted in Figure S1). 
Briefly, P-g-C3N4 is mixed with [Co(CN)6]3- and Co2+, PBAs are thus 
formed by self-assembly between Co2+ and negatively charged [Co 
(CN)6]3- adsorbed onto P-g-C3N4. Subsequently, a dopamine solution is 
added to generate polydopamine coating on PBA/P-g-C3N4, and 
annealing at a temperature over 700 ◦C leads to the formation of 
Co@NC. Finally, Ru/Co@NC is produced by galvanic replacement re-
action between RuCl3 and Co0 from Co@NC. 

The morphology and structure of as-synthesized materials are per-
formed by TEM. Fig. 2a and Figure S2a-c show that the NC presents a 
clear 2D sheet-like stacking structure. Compared to NC, there are some 
irregular nanoparticles (NPs) embedded in carbons sheets by seeing the 
TEM images of Co@NC (Figure S2d-e and Figure S3) and Ru/Co@NC 
(Fig. 2b), and the average particle sizes are about 61.0 and 34.8 nm, 
respectively. Moreover, some NPs of Ru/Co@NC display a hollow 
structure in comparison with Co@NC, which might be related to the 
Kirkendall effect during galvanic etching. In Figure S2f, the HRTEM 
image of Co@NC exhibits that defective carbon layers are uniformly 
coated on NPs surface, and the clear lattice fringes with lattice d-spacing 
of 0.204 nm is found, referring to face-centered cubic (fcc) Co (111) 
indicates the Co element in PBAs has been reduced to Co NPs by high- 
temperature annealing[34]. The HRTEM images for Ru/Co@NC are 
depicted in Fig. 2c-e, where the carbon layers and Co (111) can still be 
found, while the Co NPs possess some defects due to the etching of 
RuCl3. Additionally, the clear new lattice fringes with a d-spacing 0.23 
nm on the surface of Co NPs can be observed, which is assigned to the Ru 
(100) plane[35]. The HRTEM results confirm that the Ru successfully 
modified onto the surface of Co NPs, forming the Ru-Co heterostructure, 

which is conducive to fully combine the advantages between Co and Ru 
and enhance the interaction between Co@NC and Ru. 

The elemental distribution of Ru/Co@NC are then evaluated by line- 
scanning curves. In Fig. 2f, Ru/Co@NC shows a typical core–shell 
structure, carbon layers are concentrated on the surface of sample 
clearly, while Co is in the interior, supporting the HRTEM results. Ac-
cording to the intensity of the diffraction peak, the Ru content in the 
sample is much less than that of Co. The elemental mapping images are 
depicted in Fig. 2g, where some Co and Ru elements display the 
agglomerate granular morphology, further indicating the existence of Co 
and Ru NPs in the samples. Moreover, the ratio of elements in the as- 
prepared sample is estimated by EDS analysis (Figure S4a-c), the con-
tents of C, N, O, Co and Ru in Ru/Co@NC are 72.47,3.46, 13.9, 8.48 and 
1.69 at. %, respectively. In addition, ICP analysis (Table S1) is carried 
out to determine the metal content of the sample more accurately, in 
which the contents of Ru and Co in Ru/Co@NC are 2.3 and 36.23 wt%, 
respectively. All these facts support the formation of Ru decorated Co 
nanoparticles supported by N-doped carbon sheets. 

The phase compositions and crystallinities are further characterized 
by XRD and Raman. From the XRD pattern (Fig. 3a), three peaks at 
about 44.2, 51.5, and 75.6◦ observed in Co@NC and Ru/Co@NC can be 
respectively directed to the (111), (200), and (220) planes of fcc Co 
(PDF card: 15–0806)[36], but no representative peaks about Ru can be 
observed from the pattern of Ru/Co@NC due to its low content in the 
material. As shown in Fig. 3b, Raman spectrum of as-prepared samples 
exhibits two broad peaks at 1350.0 and 1580.0 cm− 1, corresponding to 
the D (disordered) and G (graphite) band, respectively[37]. The ratio of 
the peak intensity of D and G (ID/IG) is applied to evaluate the graphi-
tization of samples. The ID/IG of Ru/Co@NC and Co@NC are ca.1.00 and 
1.07 lower than NC (ca. 1.27). This indicates that Ru/Co@NC and 
Co@NC have similar carbon-based structures, the introduction of Ru 
only slightly reduced the graphitization degree of the catalyst. 

The specific surface areas (SSA) for different samples are evaluated 
via N2 adsorption–desorption isotherms (Figure S5a), NC exhibits the 

Fig. 3. (a) XRD patterns, (b) Raman spectra and (c) full XPS survey spectra of NC, Co@NC, and Ru/Co@NC. (d) High-resolution spectra of the N 1s of NC, Co@NC 
and Ru/Co@NC. (e) High-resolution spectra of the Ru 3p of Ru/Co@NC. (f) High-resolution spectra of the Co 2p of Co@NC and Ru/Co@NC. 
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highest SSA of 505 m2 g− 1 among all samples. The SSA of Co@NC de-
creases to 281 m2 g− 1 because of the formation of Co NPs in the pores of 
the carbon substrate. The SSA of Ru/Co@NC (267 m2 g− 1) is close to 
Co@NC. Figure S5b shows the pore size distribution, where the pore 
size for NC, Co@NC and Ru/Co@NC mainly ranges from 2 to 55 nm, 
belonging to mesoporous. The average pore size can be seen to decrease 
after Co NPs loading (Co@NC = 13.14 nm) on NC (NC = 22.31 nm), and 
remain unchanged during Ru replacement (Ru/Co@NC = 13.05 nm). 
Similarly, the average pore volume value is 1.76 cm3 g− 1 for NC, 0.76 
cm3 g− 1 for Co@NC and 0.74 cm3 g− 1 for Ru/Co@NC. Above results 
suggests that the SSA and pore volume are almost unchanged before and 
after the Ru-decoration. To sum up, the outstanding SSA, pore volume 
and diameter distribution of as-prepared catalysts are beneficial to mass 
transfer in the HER process[38]. 

Furthermore, the XPS analysis is measured to investigate the valence 
states of as-prepared samples. In Fig. 3c, five peaks can be resolved at 
285, 400, 475, 534, and 780 eV in the full XPS spectrum of Ru/Co@NC, 
which are ascribed to the C 1 s, N 1 s, O 1 s, Co 2p and Ru 3p, respec-
tively. According to the integrated peak areas, the contents are esti-
mated to be 76.20, 5.81, 13.81, 3.10 and 1.08 at. %, very close to the 
EDS results. Figure S6 demonstrates the C 1 s spectra of the different 
materials, the deconvoluted peaks located at about 284.6, 285.6 and 
288.1 eV correspond to the C––C, C–N/C–O and C––O/C––N[39]. 
Moreover, the weak peak at 280.5 eV belongs to Ru 3d5/2. From the N 1 
s spectra for Ru/Co@NC (Fig. 3d), the four peaks can be divided, which 
are assigned to pyridinic-N (398.3 eV), Co-Nx (399.0 eV), pyrrolic-N 
(400.1 eV) and graphitic-N (401.3 eV)[40,41], exhibiting that N and 
Co elements were indeed successfully doped into the carbon substrate. 

Additionally, deconvolution of the Ru 3p spectrum (Fig. 3e) yields two 
distinct peaks around 463.0 and 485.0 eV, corresponding to Ru0[42], 
consistent with the TEM. Moreover, due to exposure to air, there is a 
small amount of Ru-O on the surface of Ru/Co@NC. In Fig. 3f, the Co 2p 
spectra can be divided into three peaks, metallic Co (779.0 eV), Co-Nx 
(781.3 eV) and satellite peak (786.0 eV)[43]. Moreover, the binding 
energy of Co 2p3/2 in Ru/Co@NC shows a positive shift of about 0.23 
eV, as compared to that of Co@NC, indicating electron transfer from Co 
(1.9) to Ru (2.2) because of the difference in electronegativity, which 
demonstrates the interaction between Co@NC and Ru. 

The HER performances are first investigated by electrochemical 
measurements in 1.0 M KOH. In Figure S7, Ru/Co@NC catalysts syn-
thesized by controlling Ru loading all show remarkable catalytic activity 
for HER. In LSV curves (Fig. 4a), the Ru/Co@NC exhibits the best HER 
activity among all as-prepared catalysts and even surpasses Pt/C, the η10 
of Ru/Co@NC is as low as 10 mV at j of 10 mA cm− 2, much better than 
these of NC (ca. 273 mV), Co@NC (ca. 194 mV), Ru/NC (ca. 130 mV), 
and Pt/C (ca. 26 mV) catalyst (Figure S8). In addition, the Tafel slope 
(derived from LSV results and concluded in Fig. 4b) of Ru/Co@NC is as 
low as 23 mV dec-1. Such a value is much smaller than homemade 
samples obtained on the reference and Pt/C catalysts (27 mV dec-1). The 
results indicate that the synergistic effect of Ru and Co@NC is beneficial 
to enhance the kinetics of the Volmer reaction during the HER process 
[44]. 

The Cdl and EIS are then performed to better study the enhanced HER 
activity on Ru/Co@NC. The Cdl is probed by CV at non-faradaic po-
tential range, the CV curves of as-prepared samples exhibited in 
Figure S9a-c. In the corresponding Cdl plots (Figure S9d), the Ru/ 

Fig. 4. (a) LSV curves with iR-correction, (b) Tafel plots and (c) Nyquist plots for HER in 1.0 M KOH of as-prepared samples and Pt/C. (d) Top-view schematic models 
of Co-Ru heterostructures with H* and H2O adsorbed on the surface, respectively. (e) H2O adsorption energy on the surfaces and (f) DFT-calculated free-energy 
change for HER of Co-Ru heterostructures, Ru, and Co. (g) The density of states (DOS) of Ru-Co heterostructure, single Ru and Co. 
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Co@NC shows the highest Cdl (ca. 100.1 mF cm− 2) among the sample 
series, which implies the highest ECSA on Ru/Co@NC. Moreover, the 
LSVs normalized by ECSA (Figure S10) shows that Ru/Co@NC have the 
best intrinsic activity among all as-prepared samples. In the Nyquist 
plots and equivalent circuit diagram (Fig. 4c), Rct represents the 
electron-transfer resistance from the electrolyte to the electrocatalyst 
surface, which was relevant to reaction kinetics of the sample. The lower 
Rct indicates the faster kinetics, which can be evaluated by a semicircle 
of Nyquist plots in the low-frequency range. Among all catalysts, the Ru/ 
Co@NC exhibits the lowest Rct of ca. 20 for HER, which is suggesting the 
most efficient electron transfer, thus Ru/Co@NC obtains the most 
outstanding HER activity among all as-prepared samples. The Faradaic 
efficiency (FE) was calculated by using the chronopotentiometric reac-
tion at j = 10 mA cm− 2 (Figure S11), the amount of hydrogen produced 
at different times is recorded can gas chromatography, the FE is close to 
100 %. All above electrochemical tests show that Ru/Co@NC exhibits 
excellent catalytic activity for HER. 

Furthermore, the DFT calculation is a proven and effective method to 
study reasons of the outstanding HER activity of Ru/Co@NC, and the 
structural model of Ru, Co (111), Ru-Co (111) could be depicted in 

Figure S12. In alkaline media, the HER mechanism of Ru/Co@NC fol-
lows the Volmer-Tafel steps[45]: 

Volmer process: H2O + * + e- ↔ OH– + H*. 
Tafel process: 2H* ↔ H2. 
The corresponding adsorption models with H2O*, H* and H2* 

molecule on the surface is displayed in Fig. 4d and Figure S13a-b. As 
shown in Fig. 4e, the Ru-Co heterostructure displays the lowest H2O 
adsorption energy (-0.108 eV), in comparison to Ru (-0.069 eV) and Co 
(-0.049 eV), demonstrating that H2O can be easily formed on the surface 
of Ru-Co heterostructure material to form H2O*, which facilitates H2O 
dissociation greatly[46]. Moreover, it is well-known that the Gibbs free- 
energy of H* (ΔGH*) can serve as evaluation parameter on the HER 
activity (the smaller |ΔGH*| enables a better activity toward HER)[47]. 
Fig. 4f shows the ΔGH* of Ru-Co heterostructure, single Ru and Co. The 
ΔGH* of Ru-Co heterostructure is − 0.562 eV, much smaller than Ru 
(-4.025 eV) and Co (-1.870 eV). This result demonstrates the more 
favorable H* adsorption kinetics on Ru-Co heterostructure, consistent 
with the significantly improved HER performance observed in the 
experiment. 

In addition, the continuous distribution of the DOS for Ru, Co and 

Fig. 5. (a) The correlation plot between overpotential and Tafel slope at j10 of Ru/Co@NC and different materials from previous literature. (b) The LSV and i-t 
(inserted) curves before and after 1000th CV test. (c, d and e) The XRD patterns, Ru 3p and Co 2p3/2 spectra of Ru/Co@NC after long-time HER test. (f) Schematic 
model of a water electrolyzer. (g) The LSV and (h) i-t curves (around j10) of overall water splitting for Ru/Co@NC || NiFe-LDH in 1.0 M KOH. 
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Ru-Co are near the Fermi level (Fig. 4g), indicating the catalytic site in a 
metallic state with high conductivity. This favors fast electron transfer 
during the electrochemical process. Indeed, the more electron states 
exist around the Fermi level, the higher electronic conductivity of the 
catalysts[48]. The unique electronic structure around the Fermi level 
ensured that the Ru-Co heterostructure exhibited higher electronic 
conductivity and better electrocatalytic activity than that of the single 
Ru and Co. The PDOS further evaluated the interaction between Ru and 
Co in the heterostructure catalyst. The calculation indicated the 
remarkable electrical conductivity and fast electron transport in Ru-Co 
heterostructure catalyst, favoring the electrocatalytic HER. Moreover, 
the surface charge density analysis (Figure S14a, b), the surface charge 
density of Co (111)/Ru is redistributed compared to Co (111), which 
achieves an obvious electron accumulation on Ru site, further indicate 
that Co can effectively regulates the electronic structure of Ru, agree-
ment with the XPS results. Previous studies have been proved that the 
electron-rich Ru sites produced by the localized structural polarization 
can reduced energy barrier of water dissociation, thus the Ru/Co@NC 
exhibits the better HER activity than that of Ru/NC. 

Combining DFT and electrochemical test results, we can conclude 
that Ru/Co@NC exhibits the excellent HER activity in 1.0 M KOH, 
comparable to the most advanced Ru-based materials reported in liter-
ature (Fig. 5a)[18,23,49–56]. Besides activity, stability is also a crucial 
parameter for electrocatalysts, which can be evaluated through the i-t 
and accelerated attenuation test (ADT). In Fig. 5b, one can find that Ru/ 
Co@NC shows good HER stability, there is a negative potential shift of 
ca. 10.0 mV at j10 after ADT, whereas Pt/C has a much larger negative 
shift of ca. 40 mV. In addition, it can be seen that ca. 70 % of the j was 
retained with Ru/Co@NC after 30 h continuous operation at j10, in 
comparison to only ca. 50 % on Pt/C (Fig. 5a inset). These results 
strongly confirm the outstanding durability of Ru/Co@NC, exceeding 
the performance of Pt/C. 

To further analyze the reasons of the high HER stability, the 
morphology, structure and oxidation state of Ru/Co@NC after i-t test for 
HER have been characterized by TEM, XRD and XPS. The TEM images 
(Figure S15a-b) exhibit that the morphology and structure of Ru/ 

Co@NC are barely changed except for a slight increase of the NP size 
after the HER test, the Co (111) and Ru (100) planes still can be 
observed. These facts are in good agreement with XRD and XPS analysis. 
As shown in Fig. 5c, the XRD characteristic diffraction peak of Co (111) 
can be retained in the Ru/Co@NC. Moreover, the peaks of Ru0 and Co0 

still can be observed after long-time HER test in Fig. 5d-e. These results 
reflect a fact that the Ru/Co@NC can keep the good structure and 
morphology after long-time HER test, thus demonstrating excellent 
catalyst stability. 

Due to outstanding HER activity and durability, Ru/Co@NC is ex-
pected to be a potential catalyst for water electrolyzer (the corre-
sponding model shown in Fig. 5f), which united with a good OER 
catalyst can realize efficient overall water splitting (OWS). Herein, we 
synthesize a NiFe-LDH material that is one of the popular transition- 
metal OER catalysts, and as-made NiFe-LDH possesses high OER per-
formance (η10 = 280 mV) than that of commercial RuO2 (300 mV) 
(Figure S16). The LSV curves for OWS are shown in Fig. 5g, in which the 
Ru/Co@NC || NiFe-LDH coupes electrode shows that a low total voltage 
of only 1.49 V is required to achieve j10, markedly smaller than that with 
a Pt/C + RuO2 mixed catalysts (1.58 V). The i-t measurement for sta-
bility on Ru/Co@NC || NiFe-LDH at 1.50 V is shown in Fig. 5h. After 24 
h continuous operation, no apparent attenuation of j can be recorded, 
suggesting that practice electrolysis of water application prospects of 
Ru/Co@NC. 

Unsurprisingly, the Ru/Co@NC also displays superior HER catalytic 
ability in both the acidic and neutral electrolytes by reason of the 
appropriate H2O and H adsorption energy. As exhibited in Fig. 6a-b and 
Figure S17, the η of Ru/Co@NC at j10 are only 50 and 286 mV, 
respectively, which are lower than that of NC (393 and > 700 mV), 
Co@NC (179 and 492 mV) and Ru/NC (136 and 363 mV), and even 
comparable to Pt/C (37 and 289 mV). The corresponding Tafel plots are 
exhibited in Fig. 6c-d, Ru/Co@NC shows Tafel slopes of 46 and 143 mV 
dec-1 in 0.5 M KOH and 0.01 M PBS, outperforming that of Co@NC (99.1 
and 290 mV dec-1) and Ru/NC (69 and 194 mV dec-1), indicating that the 
fastest HER kinetics among all as-prepared samples. 

Moreover, Ru/Co@NC displays the higher mass activity (10, 3.0 and 

Fig. 6. (a-b) HER LSVs, (c-d) The corresponding Tafel plots of as-prepared samples and (e-f) The LSV curves for Ru/Co@NC before and after 1000th CV test (Inset: 
the i-t curves of Ru/Co@NC) in 0.5 M H2SO4 and 0.01 M PBS (pH = 7.4). 
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2 A mg− 1) than that of Pt/C (0.34, 0.23 and 1 A mg− 1) in 1 M KOH, 0.01 
M PBS and 0.5 H2SO4 solution, respectively (Figure S18), comparable to 
some advanced precious metal HER catalyst[23,56–58]. Fig. 6e-6f show 
that Ru/Co@NC exhibits high HER stability in acidic and neutral elec-
trolytes as well, the η10 of Ru/Co@NC only increases 20 and 10 mV in 
0.5 M KOH and 0.01 M PBS, respectively. The long-time durability of 
Ru/Co@NC displays a slight decay in j after 30 h water electrolysis. The 
above results demonstrate that Ru/Co@NC shows good HER perfor-
mances and stabilities in a wide pH range. 

4. Conclusion 

In conclusion, we have successfully prepared Ru decorated Co 
nanoparticles supported by N-doped carbon sheet (Ru/Co@NC) via the 
galvanic exchange reaction. The Ru/Co@NC displays Pt-like electro-
catalytic activity for HER with the ultralow η10 (10, 283 and 50 mV) and 
small Tafel slopes (24, 143 and 46 mV dec-1) in 1.0 M KOH, 0.01 M PBS 
and 0.5 M H2SO4, respectively. Additionally, Ru/Co@NC also shows 
excellent HER stability with no significant performance attenuation 
after 30 h HER test at the wide pH range. Based on experimental and 
theoretical results, the remarkable activity and stability stem from the 
following three points: one is the Co-Ru heterostructure can enhance the 
strong interaction between Co@NC and Ru and modulate each other’s 
electronic structures, which is beneficial to accelerate the dissociation of 
water and the absorption/desorption of H* and thus boost the electro-
catalytic performance. Other is the 2D Co@NC substrate with high 
electrical conductivity and large specific surface area to enhance the 
mass/electron transfer during the reaction process. 
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