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The rational design and construction of inexpensive and highly active electrocatalysts for hydrogen evo-
lution reaction (HER) is of great importance for water splitting. Herein, we develop a facile approach for
preparation of porous carbon-confined Ru-doped Cu nanoparticles (denoted as Ru-Cu@C) by direct pyrol-
ysis of the Ru-exchanged Cu-BTC metal–organic framework. When served as the electrocatalyst for HER,
strikingly, the obtained Ru-Cu@C catalyst exhibits an ultralow overpotential (only 20 mV at 10 mA cm�2)
with a small Tafel slope of 37 mV dec�1 in alkaline electrolyte. The excellent performance is comparable
or even superior to that of commercial Pt/C catalyst. Density functional theory (DFT) calculations confirm
that introducing Ru atoms into Cu nanocrystals can significantly alter the desorption of H2 to achieve a
close-to-zero hydrogen adsorption energy and thereby boost the HER process. This strategy gives a fresh
impetus to explore low-cost and high-performance catalysts for HER in alkaline media.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Hydrogen has been intensely investigated as an ideal energy
carrier for sustainable energy economy due to its high energy den-
sity and environmentally friendly nature [1]. In spite of its para-
mount importance, the current industrial technologies for
hydrogen production always rely on fossil fuels consumption,
which will produce large amounts of CO2 and increase greenhouse
gases emissions [2]. In view of this, a more sustainable and eco-
friendly strategy is urgently needed. Currently, the electrochemical
hydrogen production by water splitting has been regarded as a
promising technology for clean hydrogen production with a high
efficiency [3]. As one of the key elements toward electrochemical
hydrogen production, the highly active and extensively durable
electrocatalysts are highly desired [4]. Generally, the reaction rate
of hydrogen evolution reaction (HER) in acidic solution is much
higher than that in alkaline solution. However, the extensive com-
mercialization of water splitting in acidic media is severely limited
by the scarcity of highly active and stable electrocatalysts to cat-
alyze the oxygen evolution reaction (OER) at the counter electrode
of HER [5]. Considering that the OER is more feasible in alkaline
solution, it makes more sense to study HER in alkaline media. Com-
pared with the direct H+ reduction in acids, HER in alkaline media
poses a significant challenge due to additional energy barrier from
the extra water dissociation step, where the highly efficient elec-
trocatalysts are highly desired [6].

It is well known that Pt-based nanocomposites are still the most
efficient electrocatalysts for HER in alkaline media [7]. However,
the high price and low abundance of Pt largely impede the large-
scale commercial applications. Therefore, it is extremely desirable
to design low-cost catalysts with high efficiency to replace Pt. In
order to further reduce the price, minimizing noble metal loadings
and utilizing noble-metal-free catalysts are two promising solu-
tions to substitute Pt-based catalysts. Recently, the first-row
transition-metal-based materials, as versatile noble-metal-free
catalysts, have also attracted much attention for HER electrocatal-
ysis [8,9]. Although the noble-metal-free electrocatalysts have
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shown encouraging catalytic properties, very few of them can out-
perform the benchmark Pt-based electrocatalysts for HER [10].
Accordingly, the other approach is to minimize the required usage
of noble metals by doping with the first-row transition-metal-
based catalysts [11]. Ruthenium (Ru), as the cheapest Pt group
metal, has also stimulated huge research interests and presented
superior HER performance [12]. The Ru-based alloys, consisting
of first-row transition metal and Ru elements, have been proved
to be promising electrocatalysts with low cost for highly efficient
HER [10]. Besides, the composites of metallic compounds and car-
bon materials can further improve the catalytic performance
owing to the high electrical conductivity and large specific surface
area of carbon materials [13].

Metal–organic frameworks (MOFs), a class of crystalline porous
materials constructed by various metal nodes and organic linkers,
have been demonstrated to be great precursors/templates to pro-
duce porous carbon-coated metal nanoparticles via pyrolysis
[14–20]. Firstly, MOFs possess excellent chemical tunability and
controlled functionalities, which allows us to regulate the types
of metal elements flexibly in the node without changing the MOF
structure [21,22]. Meanwhile, the carbon material produced by
direct pyrolysis of organic ligand can effectively anchored the
nanoparticles, ensuring their small size and high dispersion, and
improving the final catalytic activity [23]. Therefore, MOFs have
shown great advantages in constructing highly efficient electrocat-
alysts [24–26].

Herein, we report the rational design and synthesis of Ru-doped
Cu nanoparticles in porous carbon (Ru-Cu@C) electrocatalysts via
direct pyrolysis of the Ru-exchanged Cu-BTC MOF precursor
(Fig. 1). The Ru-doped Cu electrocatalyst can serve as highly
exposed active sites stabilized by the porous carbon matrix. In
addition, the porous framework of MOF-derived Ru-Cu@C electro-
catalyst can remarkably alleviate the diffusion barrier of elec-
trolytes, reaction substrates and products, thus facilitating the
mass transfer progress. As a result, the Ru-Cu@C composite exhi-
bits remarkable HER activity as well as ultrahigh stability in alka-
line solution, outperforming most of reported electrocatalysts so
far [27,28]. Density functional theory (DFT) analysis reveals that
the introduction of Ru atoms into Cu can effectively modulate sur-
face chemistry and electronic structure, enabling a near zero
hydrogen adsorption energy, which greatly benefits the final HER
reaction.
2. Experimental

2.1. Synthesis of precursors RuCu-BTC

The Cu-BTC nanoparticles were synthesized according to the
previously reported method with some modifications [29]. Firstly,
0.416 g of trimesic acid was dissolved in a mixed solvent of 8 mL
ethanol and 24 mL N,N-dimethylformamide (DMF) to get a trans-
parent solution. Then, 0.396 g Cu(CH3COO)2�H2O dissolved in
16 mL deionized water to get a blue transparent solution, which
was added into the above transparent solution. The resultant
homogeneous mixture was treated with ultrasound for 1.5 h to
form a blue suspension at room temperature. Afterward, the
resulting blue precipitate was centrifuged, washed several times
with anhydrous ethanol, and finally dried overnight at 60 �C in a
vacuum oven before further use.

The as-prepared Cu-BTC nanoparticles (100 mg) were dispersed
in 80 mL of the mixed solvent (the volume ratio of deionized water
and anhydrous ethanol is 1:1) under stirring to get a homogeneous
suspension, followed by the addition of different amounts of RuCl3-
�xH2O solution with a concentration of 10 mg mL�1 (Table S1
online). After stirring for 24 h at room temperature, the final prod-
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ucts with different contents of Ru dopants, denoted as RuCu-BTC-n
(n = 1, 2, 3 according to the Ru amount) were filtered and washed
with anhydrous ethanol at least three times, and finally dried at
60 �C under vacuum before further use.
2.2. Synthesis of Ru-Cu@C-n (n = 1, 2, 3)

The Ru-Cu@C-1 sample was obtained by annealing the RuCu-
BTC-1 precursor at 500 �C for 3 h under N2 with a heating rate of
2 �C min�1. The Ru-Cu@C-2 and Ru-Cu@C-3 samples were acquired
from RuCu-BTC-2 and RuCu-BTC-3 precursors with the same way
as Ru-Cu@C-1.
3. Results and discussion

3.1. Morphology and structural characterization

The Cu-BTC MOF, named as HKUST-1 was successfully synthe-
sized by utilizing Cu2+ as metal source and benzene-1,3,5-
tricarboxylic acid (H3BTC) as an organic linker (Fig. 1 and Fig. S1
online). More importantly, due to the isomorphism of Cu-BTC
and Ru-BTC, the dimeric Cu2+ units would be exchanged with other
transition metal ions such as Ru3+, while the basic framework of
Cu-BTC MOF is still well preserved [30,31]. When Ru3+ is intro-
duced, RuCu-BTC-n (n = 1, 2, 3) with different Ru contents can be
obtained and present almost the same diffraction patterns as Cu-
BTC [32], affirming the maintaining of intrinsic framework struc-
ture of Cu-BTC after Ru3+ exchange (Fig. S2a online).

The colorless supernatant was obtained by centrifuging the Ru-
exchanged solution of the resultant RuCu-BTC-2, suggesting the
partial replacement of Cu nodes by Ru. When the excess of NH3�H2-
O is added into the supernatant, it can be clearly found that the
color of solution gradually changes from colorless to blue (Cu2+ +
4NH3�H2O = [Cu(NH3)4]2+ + 4H2O) (Fig. S3 online), which indicates
the existence of Cu2+ in supernatant. Besides, to exclude the possi-
bility of self-dissolution of Cu-BTC, the pure Cu-BTC nanoparticles
have also been stirred in the mixed solvent of ethanol and deion-
ized water. It is found that no color change after adding NH3�H2O
in the supernatant. The results above confirm that the Cu nodes
can be partially replaced by Ru through ion exchange (Fig. S4
online).

Scanning electron microscopy (SEM) of the as-synthesized Cu-
BTC precursor clearly reveals that small nanoparticles can easily
be aggregated into larger (Fig. S1 online). Then, the different
amounts of Ru from RuCl3 solution were introduced into the as-
prepared Cu-BTC precursor through ion-exchange reaction, and
the corresponding products RuCu-BTC were obtained. Compared
with the original Cu-BTC, the morphology and size of products
are well preserved without apparent changes (Figs. S2b and S5
online).

Subsequently, the different RuCu-BTC-n (n = 1, 2, 3) precursors
were annealed under a nitrogen atmosphere at 500 �C to obtain
Ru-Cu@C-n composites (Fig. 2a and Fig. S6 online). Taking Ru-
Cu@C-2 as a representative, it is found that Ru-Cu@C-2 shows sim-
ilar morphology to that of the original precursor, indicating that
the pyrolysis treatment is a morphology-preserved thermal trans-
formation process (Fig. 2a) [33]. The corresponding powder X-ray
diffraction (XRD) patterns of the Ru-Cu@C-n (n = 1, 2, 3) are pre-
sented in Fig. 3a and Fig. S7 (online). A set of sharp diffraction
peaks centered at 43.3�, 50.4� and 74.1�, with slight negative shifts
compared with the (111), (200) and (220) planes of simulated Cu
and Cu@C, can be clearly observed. This is caused by the incorper-
ation of Ru atoms, with larger atomic radius, into the Cu
lattice, bringing the expansion of the lattice constant of Cu [34].
However, there are no characteristic diffraction peaks of Ru metal



Fig. 1. (Color online) Schematic illustration of the synthesis process for the Ru-Cu@C electrocatalysts.

Fig. 2. (Color online) SEM and TEM images of Ru-Cu@C-2. (a) SEM, (b) TEM, (c) STEM (size histogram images), (d) HRTEM image of Ru-Cu@C-2, (e-h) HAADF-STEM images
and corresponding EDX maps of Ru-Cu@C-2.
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phase recognized in the powder XRD patterns, indicating that Ru
atoms are successfully doped into the crystal structure of metallic
Cu. Further transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) images (Fig. 2b and c)
illustrate that the isolated nanoparticles are encapsulated within
carbon shells. The results suggest the carbon shells around the
ultrafine nanoparticles can efficiently impede the agglomeration
of these nanoparticles [35,36]. Furthermore, the atomically
resolved elemental mapping images of Ru-Cu@C-2 demonstrate
the homogenous dispersion of Cu and Ru elements at atomic scale
(Fig. S8 online). Nitrogen sorption measurements are applied to
characterize the specific surface area and the pore size distribution
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of the Ru-Cu@C-2 sample (Fig. 3b). Obviously, the specific surface
area of Ru-Cu@C-2 is calculated to be 156 m2 g�1. The pore size dis-
tribution shows three strong distributions at ~27, ~40 and ~50 nm
respectively, revealing the generation of abundant mesopores (in-
set of Fig. 3b).

The high resolution TEM (HRTEM) image of Ru-Cu@C-2 shows
clear lattice fringes which are measured to be 0.214, 0.183,
0.126 nm of Ru doped Cu nanoparticles in Ru-Cu@C-2 (Fig. 2d).
Meanwhile, no lattice fringes of metallic Ru are observed in the
HRTEM image, indicating that Ru atoms are doped into Cu
nanoparticles, in line with the XRD result (Fig. 3a). The elemental
mapping images reveals that the Cu, Ru and C elements are homo-



Fig. 3. (Color online) Structural and compositional analyses of Ru-Cu@C-n. (a) XRD patterns of Ru-Cu@C-1, Ru-Cu@C-2 and Ru-Cu@C-3. (b) N2 adsorption–desorption
isotherm of Ru-Cu@C-2 at 77 K (inset: pore size distribution). (c, d) The XPS spectrum of Ru-Cu@C-2: Cu 3p spectra and Ru 3d + C 1s spectra.
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geneously distributed in Ru-Cu@C-2 (Fig. 2e–h). The Ru content is
detected to be at 5.38 at% and the Ru loading of the Ru-Cu@C-2
electrode is 17.1 lg cm�2 based on the energy dispersive spec-
troscopy (EDS) results (Figs. S9 and S10 online).

Further features on the Ru-Cu@C-2 were investigated by X-ray
photoelectron spectroscopy (XPS). The XPS spectra indicate the
presences of Cu, Ru and C elements into Ru-Cu@C-2 (Fig. S11
online), similar to Ru-Cu@C-1 and Ru-Cu@C-3 (Figs. S12 and S13
online), with a higher Ru content than that of Ru-Cu@C-1 and
lower than that of Ru-Cu@C-3 (Table S2 online). The high-
resolution O 1s spectra of Ru-Cu@C-2 show the existence of H–
O–H, C=O and O=O bonds, which is attributable to the trapped
H2O, CO2 and O2 on the surface of Ru-Cu@C-2 [37]. The Cu 2p spec-
tra of Ru-Cu@C-2 show two sharp peaks at 932.4 and 952.3 eV,
which are a little higher than those of Cu@C, mainfesting the elec-
tron transfer from Cu to Ru atoms in Ru-Cu@C-2 (Fig. 3c and
Fig. S14 online) [38–41]. The high-resolution spectra of Ru 3d
can be divided into two characteristic peaks with binding energies
at 280.2 and 284.3 eV are attributed to metallic Ru (Ru0 3d5/2 and
Ru0 3d3/2, respectively) (Fig. 3d) [42]. The high peaks located at
284.6 eV and 287.5 eV are in good agreement with C 1s due to
the overlap of spectrum from C 1s (C–C and C=O, respectively)
and Ru 3d, further indicating the existence of carbon around Ru-
doped Cu nanoparticles.

3.2. Electrocatalytic activity characterizations

Inspired by the results above, the electrochemical HER perfor-
mances for the as-prepared Ru-Cu@C-n catalysts were evaluated
by a typical three-electrode configuration in 1 mol L�1 KOH. From
the linear sweep voltammetry (LSV) curves, all Ru-Cu@C samples
show characteristic HER catalytic behavior (Fig. 4a). It can be found
that the Ru-Cu@C-1 catalyst with a low dopant content of Ru pos-
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sesses an excellent HER activity with an overpotential of 78 mV.
With the increase of Ru content, the Ru-Cu@C-2 catalyst exhibits
a better HER activity with an overpotential of only 20 mV. Upon
the further increase of Ru content, the Ru-Cu@C-3 catalyst shows
an overpotential of 57 mV at 10 mA cm�2, which is apparently infe-
rior to Ru-Cu@C-2. The HER performance of Ru-Cu@C-2 is even
superior to that of commercial Pt/C 20% (33 mV at 10 mA cm�2)
and most of previously reported Ru-based HER catalysts
(Table S3 online). To clarify the kinetics of the HER process, the
Tafel slope is analyzed to evaluate the rate-determining step. It
can be observed that the Ru-Cu@C-2 catalyst provides an ultralow
slope of 37 mV dec�1, which is slightly lower than that of commer-
cial Pt/C 20% (41 mV dec�1) (Fig. 4a and b). The result indicates that
the Ru-Cu@C-2 catalyst follows a typical Volmer-Heyrovsky reac-
tion mechanism for HER [43]. Both trends of overpotential and
Tafel slope are similar and exhibit the following order: Ru-Cu@C-2
< Ru-Cu@C-3 < Ru-Cu@C-1, indicating that the HER performance is
closely associated with the Ru content and the Ru content in
Ru-Cu@C-2 may be the closest to critical value for the best HER per-
formance. Moreover, the pyrolysis temperature and the amount of
activated carbon mixed with Ru-Cu@C-2 have also been investi-
gated, revealing that 500 �C and 20% activated carbon used in above
measurements are the most optimized conditions (Fig. S15 online).

To make a comparison, the Cu@C, with similar particle size dis-
tribution to Ru-Cu@C-2, was prepared from HKUST-1 directly
(Figs. S16a and S17 online). As shown in Fig. 4c and d, the Cu@C
sample shows obviously higher overpotential (363 mV at
10 mA cm�2) and Tafel slope (435 mV dec�1) than that of the
Ru-Cu@C-2 catalyst (20 mV and 37 mV dec�1). In addition, Ru@C
nanocomposite were also prepared by etching the Cu of Ru-
Cu@C-2. The relatively low diffreaction peaks of Ru and the
absense of large metal nanoparticles in TEM image mainfest the
formation of ultrafine Ru nanoclusters in Ru@C (Figs. S16b and



Fig. 4. (Color online) HER performance in 1 mol L�1 KOH solution. (a, b) HER polarization curves and the Tafel plots of Ru-Cu@C-1, Ru-Cu@C-2, Ru-Cu@C-3 and Pt/C 20% with
the same mass loading. (c, d) HER polarization curves and the Tafel plots of Ru-Cu@C-2, Cu@C and Ru@C with the same mass loading. The abbreviation E represents potential
and J represents current density.
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S18 online). The XPS survey spectra of Ru@C verify the existance of
Ru and C elements in Ru@C. However, the Cu signal is extremely
low, indicating that almost all of Cu has been etched (Fig. S16c
online). It can be seen that Ru@C shows a little higher surface area
(276 m2 g�1) than Ru-Cu@C-2 (156 m2 g�1), with a hierarchically
porous structure (Fig. S16d online). The Ru@C, with the Ru loading
of 8.1 lg cm�2 on the electrode, demonstrates a higher overpoten-
tial of 31 mV at 10 mA cm�2 than that of Ru-Cu@C-2 catalyst with a
higher Tafel slope (46 mV dec�1), manifesting more sluggish kinet-
ics (Table S4 online). In addition, the porous carbon obtained by
etching the Cu in Cu@C also shows much lower performance
(425 mV at 10 mA cm�2) than Ru-Cu@C-2 (Fig. S19 online). The
results above further confirm that the formation of Ru-doped Cu
nanoparticles in Ru-Cu@C-2 can efficiently enhance the HER
performance.

To further investigate the electron transfer kinetics of the as-
synthesized catalysts during HER process, the electrochemical
impedance spectroscopy (EIS) measurements were conducted. On
the basis of the Nyquist plots, the obtained charge-transfer resis-
tance (Rct) values of Ru-Cu@C-1, Ru-Cu@C-2, and Ru-Cu@C-3 fol-
low the sequence of Ru-Cu@C-1 > Ru-Cu@C-3 > Ru-Cu@C-2
(Fig. S20a online). For better comparison, the EIS measurements
of Ru@C and Cu@C were also applied, illustrating that Ru-Cu@C-2
still shows the smallest Rct (Fig. S21 online). In addition, the double
layer capacitances (Cdl) of the as-synthesized catalysts were mea-
sured to evaluate the effective electrochemical active surface area
(ECSA). The Cdl values that are strongly correlated to ECSA were
collected under non-faradaic potentials through the CV curves
[44]. It can be seen that the Cdl values follow the sequence of Ru-
Cu@C-2 > Ru-Cu@C-3 > Ru-Cu@C-1 (Fig. S22 online), suggesting
the highest exposure of ECSA for Ru-Cu@C-2 and this contributes
effectively to its excellent HER catalytic activity. In addition to
the high electrocatalytic activity, excellent stability of the catalysts
is also necessary for an optimal HER performance. For the best-
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performed Ru-Cu@C-2 catalyst, the LSV curve after 1000 cycles of
continuous CV scanning shows a negative shift of 142 mV at
50 mA cm�2, which is much better than that of commercial Pt/C
20% (158 mV at 50 mA cm�2) (Fig. S20b online). The TEM and
XPS analyses on the tested Ru-Cu@C-2 catalyst show well main-
tained morphology and valance state of Cu and Ru (Figs. S23 and
S24 online). Furthermore, the HER performance of Ru-Cu@C-2
stored for 6 months still exhibits an overpotential of 154 mV at
50 mA cm�2 with an excellent stability, similar to that of fresh
Ru-Cu@C-2 catalyst (Fig. S25 online). The results above suggest
the good stability of the Ru-Cu@C-2 catalyst.

3.3. Theoretical analysis

To look insight into the microscopic mechanism of HER catalytic
activity on Ru-doped Cu surfaces, first-principles calculations were
carried out. According to the Sabatier principle, an optimal HER
electrocatalysts should possess a moderate Gibbs free energy of
hydrogen adsorption (DGH) to accelerate the adsorption and des-
orption processes. For an electrocatalyst with ideal HER catalytic
activity, the value of |DGH| should be zero. Therefore, we calculated
the DGH of different surface models including the (111), (200),
(220) of cubic Ru-doped Cu phase on the basis of XRD and HRTEM
analyses. Meanwhile, the corresponding surface models of pure Cu
phase were also studied. In all surface models, the adsorption sites
of H atoms can be classified into three types: the hollow (H) sites of
Cu (111), the bridge (B) sites of Cu (200), and hollow sites of Cu
(220) composed of two surface Cu atoms and one sublayer Cu
atom, as depicted in Fig. 5. The computational results shown in
Fig. 5a–c clearly indicate that the pure Cu surfaces are unfeasible
for catalysis of HER due to the large values of |DGH|. Among three
surface, Cu (111) features the largest value of |DGH| due to the
strong binding energy of H atom on it (�0.832 eV). For the
Ru-doped Cu surfaces, the Ru-associated sites also exhibit strong



Fig. 5. (Color online) The adsorption sites of H atoms on optimized (a–c) pure and (d–f) Ru-doped surfaces. The suitable adsorption sites are marked by blue lines, and
numbers. Corresponding Gibbs free energy values are listed in Table S5 (online). The numbers indicate different sites composed of Cu only as the corresponding pure surfaces,
while the black ‘‘3” in (e) indicates an unstable adsorption site. The surface atoms are displayed by ball and stick model, while other atoms are displayed by line model. The
orange spheres, dark green spheres and white spheres denote Cu atoms, Ru atoms and H atoms, respectively. (g) The comparison of DGH values between the Ru-doped Cu
surfaces and the previously reported highly active HER electrocatalysts.
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binding energy for single H atom with DE(H*) values smaller than
�0.68 eV (Table S5 online), resulting in unfavorable DGH values for
HER. However, it is interesting that the dramatically reduced H
binding ability could be achieved on the hollow sites far away from
the substitution region. As a result, all |DGH| values for H atom
adsorbed on the vicinity of Cu sites are smaller than 0.1 eV
(Fig. 5d–f). This finding demonstrates that the HER activity of Ru-
doped Cu surfaces actually originates from the activation sites near
the Cu atoms instead of those in the vicinity of Ru atoms. It is note-
worthy that in Ru-doped Cu surfaces, the Ru-associated sites are
more favorable to bind with H atom than the adsorption sites close
to Cu atoms. However, considering the strong H-binding ability
and the large amounts of Cu atoms, the H atoms would be mainly
adsorbed near the Cu atoms when the Ru-associated sites are fully
adsorbed by H atoms. This process could greatly facilitate the HER
activity. The DGH value for Hollow-4 site on Ru-Cu (220) is as
small as �0.01 eV, showing the highest HER activity. The ratio of
Ru-associated sites to ones near Cu atoms from small to large exhi-
bits the following order: Cu (220) (4:14) < Cu (111) (3:6) < Cu
(200) (4:6), indicating that Cu (220) has the richest active sites
for HER catalysis. All |DGH| values of Ru-doped Cu surfaces are
smaller than other highly active HER catalysts, such as Pt
(DGH = 0.09 eV) and MoS2 (DGH = 0.08 eV) andWS2 (DGH = 0.22 eV)
[45,46], demonstrating the highly active performance of HER on
Ru-doped Cu surfaces in terms of thermodynamics. It is notewor-
thy that all the |DGH| values of Cu-only sites on Ru-doped Cu
(220) are smaller than 0.05 eV, indicating the most active facet
for HER catalysis can be achieved on Ru-doped Cu (220).

To rationalize the significant reduction of DE(H*) of Cu-only
sites upon Ru substitution on the surface, the charge transfer of
atoms within the top surface was investigated systematically. For
pure Cu surfaces, all Cu atoms on surface carry small amounts of
negative charges. Due to the higher electronegativity of Ru atom
with respect to Cu atom, Ru atom obtains the electrons from the
neighboring Cu atoms and finally an electron-accumulation region
is formed around Ru substitution, as shown in Fig. S26 (online). To
quantitatively assess the amount of charge transfer, we have per-
formed the Bader charge analysis [47]. With the decrease of coor-
dination number (CN) of Cu atom onto surface (CN = 9 for Cu
(111), CN = 8 for Cu (200), CN = 7 for Cu (220)), the carried neg-
ative charges of the surface Cu atoms gradually increase from
�0.030 to �0.036 |e|. With the introduction of Ru atom, almost
all the surface Cu atoms lose charge, and some of them even carry
a positive charge after doping the Ru atoms (Fig. S27 online).
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Meanwhile, the amounts of carried negative charges of Ru atom
are significantly larger than those of Cu atoms. Evidently, the
strong binding of H on pure Cu surfaces are mostly attributed to
the considerably negative charge on the Cu atoms. Similarly, this
also explains why the Ru-associated sites show the strongest bind-
ing to H atom on the Ru-doped surfaces. More importantly, the
adsorption sites near the Cu atoms with the decreased negative
charges on Ru-doped surfaces weaken the H binding energy and
facilitate desorption of adsorbed H atom, thus lead to the close-
to-zero DGH values on them.
4. Conclusion

In summary, we have successfully synthesized a series of Ru-
Cu@C electrocatalysts through a facile pyrolysis reaction of the
as-prepared Ru-exchanged Cu-BTC under inert atmosphere. The
optimized Ru-Cu@C-2 catalyst, composed of ultrafine Ru-doped
Cu nanoparticles embedded into porous carbon frameworks, dis-
plays superior HER performance with an extremely low overpoten-
tial (20 mV at 10 mA cm�2), ultralow Tafel slope (37 mV dec�1),
small charge-transfer resistance (16.8 X), large electrochemical
active surface area and excellent stability. Both experimental
results and theoretical calculations manifest that the moderate
doping of Ru atoms into Cu is a key contributor to the optimal
HER performance due to synergic effect between Cu and Ru atoms.
The strategy presented herein holds a great promise for the
rational design and synthesis of highly efficient and low-cost elec-
trocatalysts derived from the huge diversity and tunability of
MOFs.
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