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A B S T R A C T   

Hydrogen generation from electrical water splitting has become a greatly increasing requirement for energy 
systems, however, highly effective and durable electrocatalysts towards universal-pH hydrogen evolution reac-
tion (HER) remain a big challenge. Herein, we design and synthesize ruthenium di-phosphide (RuP2) confined in 
carbon layers (RuP2-C) with a unique yolk-shell structure (RuP2-C@RuP2-C) from MOF. As expected, it not only 
exceeds the HER activity of Pt catalysts, with very tiny overpotentials at 10 mA cm− 2 (9 and 17 mV in 1.0 M KOH 
and 0.5 M H2SO4, individually), but also has high stability. Besides, it also exhibits a low overpotential (40 mV) 
close to Pt catalysts and high stability in 1.0 M PBS, indicating that RuP2-C@RuP2-C (RPC@RPC) owns 
outstanding HER performance at all pH values. Density functional theory (DFT) calculation results further un-
ravel that the P-site on the surface of RPC@RPC possesses low hydrogen adsorption energy, beneficial for 
boosting the HER activity.   

1. Introduction 

Hydrogen energy is considered as one of most influential energy 
candidates for traditional fossil fuels, which will become the predomi-
nant clean renewable energy source because of its sustainability and 
environmentally friendly properties [1–5]. Electrical driven water 
electrolysis is an environmentally friendly and continuable method for 
hydrogen generation [6–8], however, it requires the high overpotential 
for water-splitting reactions, which increases the energy consumption. 
Thus, it is very demanded to seek for an expeditious electrocatalyst to-
wards hydrogen evolution reaction (HER). As an energy-efficient elec-
trocatalyst for HER, it should activate the proton reduction with 

minimum overpotentials and enhanced kinetics. Hitherto, the platinum 
(Pt)-based material is still the best electrocatalysts for HER because of 
low HER overpotentials, high exchange current densities and small Tafel 
slopes. Unfortunately, suffering from the scarcity, costly expenses and 
poor electro-chemical stability, the extensive application of Pt-based 
electrocatalysts is limited seriously [9–14]. As a result, a lot of 
non-noble metal materials have been researched as promising candi-
dates [15–22], however, their activity towards HER is still far from 
satisfaction compared to Pt in wide pH ranges. Therefore, it is still an 
ongoing urgent task to explore novel cost-effectively electrocatalysts 
with catalysis liveness as same as Pt for HER in overall pH ranges. 

Ru-based electrocatalysts have attracted great attentions recently not 
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only because of lower price of Ru over other Pt-group metals, but also 
due to their Pt-like electrocatalysis performance [23–41]. What’s more, 
based on the fact that Ru can easily coordinate to oxygen, accordingly, 
the introduction of Ru could enhance the alkaline HER catalytic activity 
of Pt-series materials based on the ‘Water dissociation theory’ [6,7]. 
Besides that the metallic Ru or Ru-doped alloy shows a fundamentally 
modest HER activity, other Ru-based materials, especially those coor-
dinated with nanocarbons, nitrogen, boron and phosphorus can also 
display excellent HER capability similar to or even better than Pt cata-
lysts. Recently, Ruthenium phosphide compounds have been investi-
gated a lot. Cai’s group [39] reported a Ru-Ru2P/PC catalyst which 
showed high HER activity in alkaline condition. Our group synthesized 
RuP2 @NPC catalysts using the coordination of phytic acid and Ru, 
indicating that the P-rich RuP2 @NPC can efficiently increase the 
adsorption capacity of hydrogen and improve the HER activity. How-
ever, in the existing synthetic strategy, the active sites of the catalyst are 
always wrapped in depth of the surface, resulting in less exposed cata-
lytic active sites and lower mass activity of RuP2. Therefore, the 
controllable design of low level RuP2 dispersed on porous carbon with 
extensive exposed active sites is significant and urgent. 

Metal-organic frameworks (MOFs), with fascinating structural di-
versity, tailor-ability and chemical multiformity, have been used to 
construct MOFs derivatives with rich pores, high definite surface area, 
order pore canals and regular shape, exhibiting high electrocatalysis 
activity [42–47]. So far as we know, only few Ru-MOFs are used to 
synthesize the ruthenium phosphide [41], thus, in this work, by 
combining the advantage of RuP2 and MOFs, we take Ru-MOFs (Ru-H-
KUST-1) [48] as template to design and construct P-doped carbon 
encapsulated RuP2 with unique yolk-shell structure (RuP2-C@RuP2-C). 
This allows RuP2-C@RuP2-C (defined as RPC@RPC) with high surface 
area and rich active sites in comparison with pure RuP2 by taking 
advantage of the space of hollow RuP2-C spheres, beneficial for 
improvement of electrocatalysis. Expectably, as HER electrocatalyst, it 
displays fantastic electrocatalytic performance at all pH values. The DFT 
calculation results further demonstrate that the P site of carbon surface 
in RPC@RPC has an optimal hydrogen adsorption Gibbs free energy 
(ΔGH*) value, in favor of enhancing HER activity. 

2. Experimental section 

2.1. Materials 

RuCl3⋅xH2O, RuO2, 1,3,5-benzenetricarboxylic acid (H3BTC), KOH, 
H2SO4, Na2HPO4⋅12H2O NaH2PO4⋅2H2O, NaH2PO2⋅H2O, isopropyl 
alcohol, alcohol, and glacial acetic acid (HAc) were purchased from 
Aladdin Reagents Ltd. Pt/C (20 wt%), F-127 and Nafion (5 wt%) were 
purchased from Sigma-Aldrich. All of the reagents are analytical grade 
and used without further purification. De-ionized water was obtained 
from an ultra-pure purifier (Ulupure, China, resistivity ≥ 18.2 MΩ). 

2.2. Synthesis of Ru-MOF 

Ru-MOF were synthesized by an ordinary hydrothermal method. 
RuCl3.3 H2O (300 mg), H3BTC (200 mg), F-127 (200 mg) and Acetic acid 
(1.2 mL) were added into 40 mL ultrapure water in an 100 mL Teflon- 
lined autoclave and stirred for half hour, then heated at 160 ◦C for 72 
h. After natural cooling, centrifuging and filtering, washing with De- 
ionized water and alcohol separately for three times to get a light- 
green powder, and the yield Ru-MOF is pretty high. 

2.3. Synthesis of RPC@RPC 

The ceramic boat with as-prepared Ru-MOF (20 mg) was put to the 
middle of the tube furnace, with NaH2PO2 (200 mg) at the upstream side 
of the furnace. Then, they were pyrolyzed at 700 ◦C for 2 h with a 
heating rate of 5 ◦C min− 1 under a 5% hydrogen-argon gas mixture. 

After being cooling to room temperature, the product was collected and 
washed by centrifugation with alcohol and water three times to remove 
the residue of reactants, and finally dried in vacuum at 80 ◦C overnight. 
Finally, the black powder of RPC@RPC was obtained. Caution: To 
eliminate the toxic PH3 gas, the tail gas produced in the phosphatizing 
process was firstly dealt with the saturated CuSO4 solution and then the 
saturated Fe(NH3)2(SO4)2 solution. The synthesis of RuP2 was similar to 
RPC@RPC but use commercial RuCl3 as Ru resource. 

2.4. Preparation the working electrode 

5.0 mg of the catalyst powder was dispersed in 490 μL isopropanol/ 
water (v/v=10:1) mixed solvents along with 10 μL 5 wt% of Nafion 
solution, and the mixed solution was sonicated for 30 min. Then 6 μL of 
the catalyst ink was loaded on a glassy carbon electrode (GCE: diameter 
= 3 mm) at a catalyst loading of 0.85 mg cm− 2. 

2.5. Material characterization 

Transmission electron microscopy (TEM), high-angle annular dark- 
field scanning TEM (HAADF-STEM), high-resolution transmission elec-
tron microscopy (HRTEM), and energy dispersive X-Ray spectroscopy 
(EDX) were carried out on a FEI Talos F200s TEM (200 kV). Power X-ray 
diffraction (PXRD) patterns were collected from a Bruker powder 
diffractometer with Cu radiation (λ = 0.15406 nm). X-ray photoelectron 
spectroscopy (XPS) tests were carried out with Thermo Scientifc Escalab 
250Xi using a monochromated Al-Kα (1486.5 eV) X-ray radiation. All 
the binding energies were calibrated to C 1 s adventitious carbon at 
284.8 eV to eliminate differences in sample charging. The CP-OES was 
carried out on Agilent 5100 ICP-OES. 

2.6. Electrocatalytic HER tests 

All electrochemical measurements were performed on a CHI-760E 
electrochemical analyzer (CH Instruments, Inc., Shanghai) in a stan-
dard 3-electrode cell. The acidic (0.5 M H2SO4) and neutral (1.0 M PBS) 
electrochemical measurements were performed using a saturated 
calomel electrode (SCE) as the reference electrode. The alkaline (1.0 M 
KOH) electrochemical measurements were carried out using a Hg/HgO 
as the reference electrode. A graphite rod was used as the counter 
electrode in all measurements. Polarization data were obtained at a scan 
rate of 2 mV s− 1. In all measurements, the reference electrode was 
calibrated with respect to reversible hydrogen electrode (RHE). The 
current-voltage was run at a scan rate of 2 mV s− 1, and the average of the 
two potentials at which the current crossed zero was taken to be the 
thermo-dynamic potential for the H-electrode reactions. All polarization 
curves were iR-corrected. Electrochemical impedance spectroscopy 
(EIS) measurements were carried out in the frequency range of 100 
kHz–0.01 Hz with AC amplitude of 10 mV. 

3. Results and discussion 

3.1. Synthesis and structural characterization 

As illustrated in Fig. 1a, RuP2 was synthesized via a two-step 
chemical procedure. Firstly, Ru-MOF was prepared by an ordinary hy-
drothermal reaction with RuCl3, 1, 3, 5-benzenetricarboxylic acid 
(H3BTC), F-127 and glacial acetic acid as raw materials. Then, the pre-
pared Ru-MOF was converted to a yolk-shell structure with RuP2 and 
carbon coatings by using NaH2PO2 as the phosphating agent in tubular 
furnace under H2/Ar atmosphere at target temperatures (700 ◦C), the 
obtained sample was marked as RuP2-C@RuP2-C (RPC@RPC). As a 
contrast, the pure RuP2 was synthesized in the same condition as 
RPC@RPC by phosphating RuCl3. The high phase purity of the Ru-MOF 
was confirmed by the X-ray powder diffraction (XRD), all the diffraction 
peaks are consistent with that of the simulated HKUST-1 patterns 
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(Fig. S1). 
As demonstrated in Figs. S2, S3, the morphology of Ru-MOF, RuP2 

and RPC@RPC was examined by scanning electron microscopy (SEM). 
SEM images display that Ru-MOF are present in sphere-like particles 
with diameter of 3–4 µm, which are assembled by smaller crystals with 
size of 100 nm. After pyrolysis, the shape of etched spheres in the surface 
and egg-shells occur for RPC@RPC. Furthermore, TEM, HAADF-STEM, 
and HRTEM were executed to identify the structure of Ru-MOFs and 
RPC@RPC materials. Fig. S4 shows that the as-synthesized Ru-MOF 
particles have an average diameter of 3–4 µm, and consist of Ru-MOF 
single-crystals with diameter of 100 nm. Furthermore, it can be 
observed that Ru-MOF particles have a yolk-shell structure. The HAADF- 
STEM image and the corresponding EDS elemental mapping show the 
homogeneous dispersion of the C, O and Ru elements throughout the 
whole structure (Figs. S4d-4f). Fig. 1b and S5 demonstrate that 
RPC@RPC also possesses a typical yolk-shell structure like Ru-MOFs 

with 1.5–2 µm solid core and 3–4 µm etched shell. Fig. 1c further ex-
hibits the homogeneous distribution of RuP2 @C with a mean size of 
≈ 7 nm, with the distinct lattice spacing of d = 2.93 Å which corre-
sponds to the RuP2 (020) facet, and Fig. S6 show that RuP2@C has 
distinct lattice spacing of d = 3.85 Å which corresponds to the RuP2 
(110) facet. HAADF-STEM-EDX line scans ulterior substantiate that 
RuP2 is well wrapped with carbon layers (Fig. 1d, e). In addition, from 
HAADF-STEM EDX elemental mapping (Fig. 1f-m, S5), it shows the well- 
proportioned distribution of C, P, O and Ru in RPC@RPC. More 
importantly, from Fig. 1j–m and S5c, it is further intuitively confirmed 
that RPC@RPC owns a typical yolk-shell structure, in which both of the 
solid core and etched shell are composed of RPC, namely the P-doped 
carbon encapsulated RuP2. The inductively coupled plasma optical 
emission spectrometer (ICP-OES) test presents the Ru content of 20.2 wt 
% in RPC@RPC. 

All the XRD peaks of RuP2 and RPC@RPC in Fig. 2a are indexed to 

Fig. 1. (a) Scheme of the synthetic route for preparation of RPC@RPC. (b) TEM images, (c) HRTEM images, (d) HAADF-STEM EDX, (e) HAADF-STEM-EDX line scans, 
HAADF-STEM image and elemental mapping for RPC@RPC (C, O, P, and Ru) in small size (f–i) and large size (j-m). 
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the phase-pure RuP2 (JCPDS No. 34-0333). In the Raman spectrum 
(Fig. 2b), for RPC@RPC the peaks at ~ 1338 and ~ 1596 cm− 1 ascribed 
to D and G bands of carbon component separately deliver a low peak 
intensity ratio (ID/IG = 0.91), indicating the high graphitization of car-
bon in RPC@RPC. In addition, XPS was performed to study the specific 
elementary constituent and surface compound state of RPC@RPC. It 
shows that the surface elemental composition of RPC@RPC is C, P, O 
and Ru (Fig. 2c–f). The peaks at 462.2 eV, 484.5 eV correspond to the 
binding energy (BE) of Ru 3p3/2 and Ru 3p1/2 of RPC@RPC, while the 
other two peaks at 465.5 and 488.2 eV correspond to the Ru oxide 
species [41]. The peaks of 280.7 eV, 284.8 eV belong to Ru 3d5/2, Ru 
3d3/2 of RPC@RPC, individually, while they are assigned to C––C, 
C––N/C––O and C-C––O at 284.7, 285.3 and 287.0 eV [24], respectively 
(Fig. 2e). What’s more, Fig. 2f displays the P 2p spectrum, in which the 
peaks at 133.5 eV, 134.3 eV are assigned to P-O and P-C, respectively, 
and the peaks at 131.3 eV and 130.5 eV are ascribed to Ru-P [39]. All 
the essential characterizations above containing TEM, HRTEM, SEM, 
XRD, Raman and XPS reveal the successful synthesis of RPC@RPC. 

N2 adsorption isotherms for samples are shown in Fig. S7 the 
Brunauer-Emmett-Teller (BET) for RPC@RPC has a typical type-IV curve 
and HIII-type hysteresis loop, suggesting the occurrence of micropores 
and mesopores in RPC@RPC. Its specific surface area and pore volume 
are 45.5 m2 g− 1 and 0.0934 cm3 g− 1 nm− 1, respectively. This porous 
structure greatly increases the surface area and mass transfer capability 
of catalysts, beneficial for HER. 

3.2. Hydrogen evolution catalysis 

The electrocatalytic HER performance for RPC@RPC and bench-
marks was investigated, with a scan rate of 2 mV s− 1 in a 1 M KOH 
three-electrode electrochemical system at 25 ◦C. The HER activity in 
sequence is RPC@RPC > Pt/C > RuP2 (Fig. 3a). Amazingly, the over-
potential of RPC@RPC was calculated to be only 9 mV (10 mA cm− 2, 
j10) lower than Pt/C (j10 = 27 mV) and RuP2 (j10 = 102 mV), even much 
lower than RuP2 @NPC (j10 = 52 mV) we reported previously [24]. 
Moreover, the pristine polarization curves without iR-correction are 
shown in Fig. S8a. What’s more, it is extremely valuable referring that 
RPC@RPC exhibits the overpotential of 23 mV at j50 and 35 mV at j100, 

much lower than most catalytic materials (Fig. 3b, Table S1). As indi-
cated in Fig. 3c, the Tafel slopes of RPC@RPC, RuP2 and Pt/C are 15, 30 
and 52 mV dec− 1, respectively, implying that RPC@RPC owns more 
desirable kinetics than Pt/C and RuP2. Such small overpotentials and 
Tafel slopes of RPC@RPC in alkaline media conditions indicate it pos-
sesses HER activity outperforming Pt catalysts and most of HER catalysts 
have been reported up to now (Table S1). 

Besides the catalytic activity, the electrochemical stability is an 
imperative parameter for the industrial application of catalysts. After-
wards 10,000 cyclic voltammetric (CV) cycles in alkaline condition, as 
displayed in Fig. 3d, the increased overpotentials are 4 mV at j10 and 
19 mV at j100. At the same time, it displays an excellent durability with 
hardly any current density attenuation over 20 h (inset of Fig. 3d). After 
the durability test, the catalyst was collected to characterize. Its XRD 
pattern indicates RPC@RPC still maintains an initial crystalline struc-
ture. The comparability of Ru 3d and P 2p from XPS spectra (Fig. S9) of 
after HER RPC@RPC confirms the retentivity of the catalyst conforma-
tion, substantiating the splendid stableness. In addition, the TEM 
observation demonstrates that RuP2 still keeps good dispersion in cat-
alysts, without any obvious accumulation and movement (Fig. S10), 
proving the high stability of RPC@RPC catalysts. All of these above 
results reveal that RPC@RPC with a yolk-shell structure is indeed a 
highly effective and enduring catalyst for HER in 1 M KOH solutions. 

Besides the base condition, the HER performance of RPC@RPC was 
then examined in 0.5 M H2SO4 and 1.0 M PBS at 25 ◦C with same scan 
rate in alkaline solutions. The catalytic activity under acid media in 
sequence is RPC@RPC > Pt/C > RuP2, similar to that in alkaline solu-
tions (Fig. 4a–c). The overpotential of RPC@RPC was discovered to be 
17 mV at j10, even lower than Pt/C (j10 = 47 mV) and RuP2 (j10 
= 90 mV). And the origin polarization curves without iR-correction 
were displayed in Fig. S8b. This overpotential value is lower than that 
of RuP2 @NPC (j10 = 38 mV) we reported previously [24] and other 
catalysts (Fig. 4a, Table S1). As displayed in Fig. 4b, the Tafel slopes of 
RPC@RPC, RuP2 and Pt/C are 19, 100, and 27 mV dec− 1, respectively, 
implying that RPC@RPC possesses the fastest kinetics among HER cat-
alysts in acid media. (Table S1) It is noteworthy that the HER perfor-
mance of RPC@RPC is even lower than that in basic condition, meaning 
that RPC@RPC can surpassingly decompose water to boost succeeding 

Fig. 2. (a) XRD pattern, (b) Raman spectrum and (c-f) XPS survey pattern of RPC@RPC.  
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hydrogen adsorption. This result is also consistent with recent reported 
work [13,34]. After 10,000 CV cycles, the increased overpotentials are 
only 3 mV at j10 and 19 mV at j100, as shown in Fig. 4c. The durability of 
RPC@RPC also can be confirmed by almost no current density attenu-
ation after 20 h (Fig. 4c inset). 

Furthermore, in 1 M PBS electrolytes and at j10, RPC@RPC, Pt/C and 
RuP2 require overpotentials of 40, 23, and 105 mV, respectively, 
(Fig. 4d), with the Tafel slope of 41 mV dec− 1 for RPC@RPC (Fig. 4e), 
indicating that RPC@RPC coincides Volmer− Heyrovsky HER mecha-
nism [13]. Furthermore, the pristine polarization curves without 
iR-correction was exhibited in Fig. S8c. In addition, RPC@RPC also owns 
the highest TOF value (1.1 s− 1 at an HER overpotential of 100 mV) 
(Fig. S13). Finally, RPC@RPC also behaves high stability in neutral 
electrolytes, after 10,000 CV cycle and i-t-test for 20 h (Fig. 4f and inset). 

To probe the factors which responsible for the outstanding electro-
catalysis of RPC@RPC, the Nyquist plots and the electrochemical surface 
area (ECSA) were executed. As shown in Figs. S11 and S12, the ECSA 
was investigated by the double-layer capacitance (Cdl). RPC@RPC dis-
plays the larger Cdl value of 39.69 mF cm− 2 than RuP2 (2.68 mF cm− 2) 
(Fig. S12), corresponding a comparative ECSA (≈ 992 cm2). Such high 
ECSA can be attributed to its porous yolk-shell structure, favoring effi-
cient availableness of the essential active sites for HER [49]. From 
Nyquist plots, it reveals that the charge transfer resistance (Rct) of 
RPC@RPC in alkaline, acid and neutral conditions is 7.17, 9.10 and 

16.77 Ω, respectively (Fig. S11). Overall these results above, it can be 
determined that RPC@RPC is a highly excellent and dependable elec-
trocatalyst for HER over a wide pH range. 

3.3. Theoretical calculation 

DFT calculations were further performed to develop comprehension 
of the derivation for the splendid HER performance of RPC@RPC (the 
computation details are shown in ESI). As we all know, the ideal cata-
lytic site should not only have moderate adsorption energy of key in-
termediates, but also be dominant compared with other adjacent 
adsorption sites [32]. In previous work, the (110) facet was adopted to 
play the role of active surface for RuP2 [24]. As shown in Fig. 5a, b and 
S14, there are at least six different sites for H+ formation and adsorption, 
named as the Carbon-C, Carbon-P, RuP2-Ru, RuP2-P, RPC@RPC-C and 
RPC@RPC-P. As presented in Fig. 5c, the RPC@RPC-P site displays the 
lowest hydrogen adsorption Gibbs free energy (ΔGH*) value (0.337 eV), 
similar to previous reports and much lower than that of the other five 
sites. In addition, Fig. 5d further exhibits the projected density of states 
(pDOS) of carbon, RuP2 and RPC@RPC, demonstrating that there are 
DOS bonding and overlapping between the RuP2 and carbon layer in 
RPC@RPC, promoting the electronic transfer in the HER process. 
Overall, the results above indicate that the excellent balance between 
the ligand effect and stretch in RPC@RPC affords it an appropriate 

Fig. 3. (a) HER polarization curves, (b) Overpotentials at corresponding j (10/25/100 mA cm− 2), (c) corresponding Tafel plots for RPC@RPC, commercial Pt/C and 
pure RuP2 in 1 M KOH, (d) Polarization curves recorded for RPC@RPC before and after 10,000 CV cycles (inset: Time-dependent current density curve of RPC@RPC). 
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electronic structure and a rather low ΔGH* value. 
By comprehensive consideration of the DFT calculation, represen-

tative constituent and unique structure of RPC@RPC, the highly efficient 
HER property for RPC@RPC can be attributed to the origins below: 1) 
the P-doped carbon in RPC@RPC modulates the electron density and 

modifies the electronic structure of the neighboring carbon through 
electronic effect, providing more active sites. 2) The synergistic reaction 
between RuP2 NPs and wrapped carbon not only reduces the ΔGH* but 
also increases more catalytic sites. 3) The yolk-shell structure of 
RPC@RPC catalyst supplies high surface area and direct contact for 

Fig. 4. HER polarization curves in (a) 0.5 M H2SO4, (d)1.0 M PBS, Tafel plots for RPC@RPC, commercial Pt/C and pure RuP2 (b) 0.5 M H2SO4 and (e) 1.0 M PBS, 
Polarization curves recorded for RPC@RPC before and after 10,000 CV cycles (inset: Time-dependent current density curve of RPC@RPC) (c) 0.5 M H2SO4 and (f) 
1.0 M PBS. 
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yolk-shell layers, propitious for charge transfer and mass transport, 
further accelerating the reaction kinetics. 4) The carbon layer derived 
from Ru-MOF can protect catalysts from the structure collapse and 
prevents the RuP2 from agglomerate, favorable for the long-term sta-
bility. In brief, these advantages bring the RPC@RPC with remarkable 
HER performance over the full pH range. 

4. Conclusion 

In summary, an effective and propagable synthesis strategy has been 
developed for the direct preparation of a Ru-MOF derived P-rich RuP2- 
C@RuP2-C (RPC@RPC) yolk-shell catalyst under ambient atmosphere 
(Ar-H2) and modest processing temperatures. The as prepared catalyst, 
with P-doping, drastically improved pH-universal HER activity, and 
only required ultrasmall overpotentials of 9, 17, and 40 mV to reach a 
current density of 10 mA cm− 2 in 1.0 M KOH, 0.5 M H2SO4 and 1.0 M 
PBS electrolytes individually, exceeding most catalysts containing 
noble-metal, non-noble metal and nonmetal catalysts. DFT calculation 
results further disclosed that the improved HER capability was intensely 
correlated with the exposed P-site on the surface of RPC@RPC which 
showed a moderate hydrogen adsorption energy. Our findings supply an 
important route for the design and construction of high-performance 
pH-universal HER Ru-based and other catalysts with unique architec-
tures by means of metal-organic frameworks. 
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