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Abstract: Exploiting directional electron transfer cascades could
lead to high-performance electrocatalysts for processes such as the
hydrogen evolution reaction, but realising such systems is difficult.
Herein, a hierarchical confined material (CoNi/Ru@C) is presented,
which provides a suitable spatial junction to enable directional
electron transfer, giving superior hydrogen evolution in alkaline
water/seawater.

Introduction

Ruthenium (Ru) has been widely studied in electrocatalysis,
such as the hydrogen and oxygen evolution reactions (HER and
OER),I"®l and many successful approaches have been
developed to improve the electrocatalytic activity of Ru.[*® One
such approach involves alloying or doping Ru with more
electropositive metals, in order to modulate the electron density
on Ru. For example, electron transfer from transition metals
such as Ni and Co to Ru can result in outstanding
electrocatalytic activities.['®"3)" A similar, albeit electronically
reversed effect, can be seen in materials where metals such as
Ru are mixed with non-metals (e.g. Ru can be mixed with
carbon), where the superior performance of these materials can
be ascribed to removal of electron density from the metal by the
more electronegative non-metals.['-'%! In light of these previous
results, it is possible that further improvements in the activity of
Ru could be realised by combining the electronic effects of
different additional metals and non-metals. There are many
successful examples of ternary compositions containing Ru,
another transition metal and a non-metal, such as Ru-Co-C and
Ru-Ni-C, both of which display high activity for the HER.['7:18]
However, directional electron density transfer from these other
transition metals to Ru, and then from Ru to carbon is rarely
reported, because the Co (or Ni) and Ru atoms in the Ru-Co (Ni)
alloys studied to date are uniformly dispersed. Therefore,
transfer of electron density between Co (or Ni) and Ru does

occur, but only between neighbouring atoms.['>'® Directional
electron transfer over larger length scales (e.g. across the
interfaces of domains of Ru and Co (or Ni), rather than merely
between individual atoms) is difficult to achieve. Directed
transfer of electron density brings to mind natural photosynthesis,
where photogenerated electrons transfer in a highly efficient
cascade.?® QOur aim, therefore, was to create a spatial junction
comprised of a transition metal, Ru and a non-metal, which
would enable Ru to gain electron density from the transition
metal and then transfer this to the non-metal, resulting in a
directional electron transfer cascade, which we hypothesised
would in turn lead to enhanced electrocatalysis.

Confined nanostructures are perfect candidates for inducing
such electron transfer cascades.?'?"] Consider, for example, an
inorganic electron transfer chain where a CoNi alloy acts as the
electron donor (with Co and Ni having electronegativities of 1.88
and 1.91, respectively), carbon as the electron acceptor
(electronegativity = 2.50) and Ru (electronegativity = 2.20) in the
middle. Herein, just such a CoNi/Ru@C spatial junction has
been designed and synthesised. The optimal CoNi/Ru@C
formulation shows outstanding HER performance, requiring an
overpotential of only 14 mV to deliver a current density of 10 mA
cm?, and with good stability for 20 h in alkaline medium
(superior to the performance exhibited by commercial Pt/C).
Furthermore, in simulated seawater, such a spatial junction also
shows a very low overpotential requirement to reach 10 mA cm
of only 6 mV, again with better stability than that shown by Pt/C.

Results and Discussion

The synthetic route to CoNi/Ru@C is illustrated in Figure 1a.
CoNi@C is dispersed in an aqueous RuCls; solution, and then
Ru® undergoes galvanic replacement with CoNi inside the
carbon shell (at 100 °C, hydrothermal conditions),?®2%1 which
leads to the formation of a CoNi/Ru alloy with a junction
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structure confined within a carbon case. The pristine CoNi@C
has a lamellar structure consisting of many nanoparticles (Figure
S1a, a1l). After introducing Ru, the morphology of the sample
does not change with increasing Ru content, indicating the
maintenance of the initial structure of CoNi@C and possible Ru
replacement only in the CoNi core (Figure S1a-f1). HAADF-
STEM and TEM images (Figure 1b and f) also show the thin
layer structure of CoNi/Ru@C with high dispersion of the
alloying nanoparticles, and the energy dispersive X-ray
spectroscopy (EDX) mapping images show that the Co, Ni and
Ru are uniformly dispersed in the sample (Figure 1c-e). The
high-resolution TEM (HRTEM, Figure 1g, i-k) images confirm
that there is a spatial junction consisting of CoNi, Ru, and
carbon. The lattice fringe with spacings of 0.203 and 0.214 nm
correspond to the (111) plane of Co or Ni and (002) plane of Ru
(Figure 1i).3%311 Moreover, the spacings of 0.182 and 0.239 nm
correspond to the (220) plane of Co or Ni and the (100) plane of
Ru, respectively (Figure 1j).®2 These results indicate the
formation of a CoNi/Ru alloy with a junction structure and a
spatial junction consisting of CoNi/Ru@carbon as shown in
Figure 1k.

The powder X-ray diffraction (XRD, Figure 1h, S2) shows
that the peak intensity of CoNi (111) at 44.5° gradually reduces
with increasing Ru content in the samples (1.9, 4.0, 5.7, 6.3, 7.0
wt% Ru taken from the ICP-OES results (Table S1), named as
CoNi/Ru@C-X wt%, where X represents the Ru content). Note
that no new peak occurs in CoNi/Ru@C after introducing Ru in
comparison with CoNi@C (the peaks at 25.5° and 44.5°
correspond to C (002) and CoNi (111), respectively). This is
directly due to the very small size of Ru and CoNi and the
influence of a broad peak of carbon at around 44° (Figure S3).

Galvanic replacement
Ru® + CoNi —> Ru + Co?* + Ni?*

CoNi/Ru@C

Co ® Ni & Ru Carbon shell ==

Figure 1. (a) The synthetic route to CoNi/Ru@C. (b) HAADF-STEM image
and (c-e) EDX Mapping images of Co, Ni, Ru element distribution. (f) TEM and
(g, i-k) HRTEM images of CoNi/Ru@C. (h) XRD patterns of CoNi@C and
CoNi/Ru@C.
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The electrochemical properties were then evaluated by a
three-electrode system in 1 M Ny-saturated KOH solution. It can
be seen from the LSV curves that under cathodic bias, the
samples exhibited non-zero currents, suggesting HER catalytic
activity, and CoNi/Ru@C materials with different Ru contents
have different activities (Figure S4). We find that inadequate or
excessive Ru contents cause a lower HER efficiency, with the
optimal initial content being 6.3 wt% Ru in CoNi/Ru@C (Figure
S5, see detail description in Supporting Information). To
demonstrate the significant activity improvement of confined
structured CoNi/Ru@C, commercial PYC (Pt: 20 wt%),
commercial Ru/C (Ru: 5 wt%) and CoNiRu/C (as a mixture of Co,
Ni, Ru and C by co-reduction on a C support, as a control
sample of random junction alloying) were chosen for comparison.
The significant activity differences of CoNi/Ru@C, Pt/C, Ru/C,
CoNiRu/C and CoNi@C can be seen from their LSV curves
(Figure 2a). Specifically, the overpotentials of these samples at
different current densities are also compared (Figure 2b). The
overpotential of CoNi/Ru@C (14 mV) at a current density of 10
mA cm-2 is obviously smaller than that of Pt/C (41 mV), Ru/C (71
mV), CoNiRu/C (132 mV) and CoNi@C (254 mV), respectively.
Even at larger current densities (50 and 100 mA cm?),
CoNi/Ru@C still shows the smallest overpotential (48 and 75
mV, respectively) in comparison with the control samples. The
mass activity of these samples was also analysed through
normalizing the currents to the noble metal mass of the catalysts
(Figure S7). The current density of CoNi/Ru@C is 0.42 mA ug™
at the overpotential of 10 mV, which is 9 and 5 times larger than
Pt/C (0.04 mA upg') and Ru/C (0.07 mA ug"). And at
overpotentials of 50 mV and 100 mV, the current density of
CoNi/Ru@C (3.28 and 10.38 mA ug™) is almost an order of
magnitude larger than that of Pt/C (0.28 and 0.93 mA ug') and
Ru/C (0.39 and 1.67 mA ug'). These results demonstrate that
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Figure 2. (a) LSV curves with IR correction, (b) Overpotential at current
densities of 10, 50, 100 mA cm, (c) Tafel plots and (d) EIS plots of
CoNi/Ru@C, Pt/C, Ru/C, CoNiRu/C and CoNi@C. (e) Chronopotentiometry
curves of Pt/C and CoNi/Ru@C in 1 M KOH solution.
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CoNi/Ru@C has the best HER catalytic activity in 1 M KOH,
compared with those commercial HER catalysts. Moreover, its
activity also outperforms most of the reported alkaline HER
electrocatalysts (Table S3). The Tafel slope of CoNi/Ru@C is 28
mV dec™, which is smaller than that of Pt/C (41 mV dec™), Ru/C
(53 mV dec™), CoNiRu/C (73 mV dec™) and CoNi@C (143 mV
dec™) (Figure 2c), demonstrating that the spatial junction of
CoNi/Ru@C greatly boosts HER kinetics.®*3* The charge
transfer resistance (R.) of Pt/C (13.1 Q), Ru/C (18.6 Q),
CoNiRu/C (37.1 Q) and CoNi@C (40.9 Q) are larger than that of
CoNi/Ru@C (8.5 Q), implying CoNi/Ru@C has a higher charge-
transfer rate and faster catalytic kinetics (Figure 2d and Table
S2).85361 This result is in good agreement with the catalytic
activity from the LSV curves. Durability is a significant parameter
for comparing electrocatalysts.®”l The chronopotentiometry
curves of CoNi/Ru@C and commercial Pt/C were measured at a
constant current density of 10 mA cm-2 (Figure 2e). It is obvious
that the required potential for CoNi/Ru@C increases much less
than for Pt/C, suggesting superior stability for CoNi/Ru@C.
Electrocatalytic seawater splitting is seen as a promising
route for the sustainable production of H,, because of the vast
reservoir of seawater as the input material.®®4%1 However, the
high salinity and compositional complexity of seawater present
challenges in terms of electrocatalyst deactivation and
undesirable side reactions.*"! Carbon shell structures display
good corrosion resistance towards seawater and enable
enhanced photo/electro catalytic performances.*?4  The
electrochemical HER catalytic activities of confined structured
CoNi/Ru@C were therefore tested in alkaline simulated
seawater (1 M KOH + 3.5 wt% NaCl solution) (Figure 3).1444%l
The overpotential of CoNi/Ru@C at a current density of 10 mA
cm? is only 6 mV, which is much smaller than that of Pt/C (24
mV) (Figure 3b). The Tafel slope of CoNi/Ru@C is calculated to
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Figure 3. (a) LSV curves with IR correction, (b) Overpotential at current
densities of 10, 50 and 100 mA cm, (c) Tafel plots, (d) EIS plots and (e)
Chronopotentiometry curves of CoNi/Ru@C and Pt/C in 1 M KOH + 3.5 wt%
NaCl solution.
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Figure 4. High-resolution XPS spectra (a) Co 2p, (b) Ni 2p, (c) Ru 3p and (d)
O 1s of CoNi/Ru@C (red line) and CoNi@C (black line). (e) Schematic
illustration of the directional electron transfer cascade in CoNi/Ru@C.

be 31 mV dec™, which is smaller than that of Pt/C (39 mV dec™),
suggesting favourable reaction kinetics for CoNi/Ru@C (Figure.
3c). Moreover, the smaller Ry of CoNi/Ru@C indicates that it
has a better electrode-electrolyte interface dynamic (Figure 3d).
Furthermore, after a 20 h chronopotentiometry test, CoNi/Ru@C
was found to show superior stability in alkaline simulated
seawater (Figure 3e).

The high activity and stability of CoNi/Ru@C could be due to
the unique spatial junction structure. The evidence for directed
electron transfer caused by this junction is shown in the XPS
spectra of CoNi/Ru@C and CoNi@C. It can be confirmed that
CoNi/Ru@C is composed of C, N, O, Co, Ni and Ru (Figure S8).
The two main peaks at 464.2 eV and 486.4 eV are assigned to
Ru 3psz and Ru 3p+2 of metallic Ru in CoNi/Ru@C (Figure
4¢).*81 Meanwhile, the Co 2p and Ni 2p peaks of CoNi/Ru@C
shift toward higher binding energy compared to CoNi@C (Figure
4a and b), implying that there is electronic coupling between
CoNi and Ru and that electrons transfer from CoNi to Ru.[0.19.46-
48 As is well-known, it is difficult to directly determine the peak
shift of C 1s because C is used to calibrate samples (Figure
S9).4% The O peak from the carbon shell was therefore chosen
to determine the extent of electron transfer to the carbon shell.
In the high-resolution O 1s spectra (Figure 4d), the peak of O 1s
of CoNi/Ru@C is negatively shifted, indicating a higher electron
density.l'® |t is reasonable to deduce that the electrons of Ru,
and also from CoNi, transfer to C.?"%9 The electron transfer
chain from CoNi to Ru to C, suggested by XPS, is in accordance
with the spatial junction structure CoNi/Ru@C observed by TEM.
The spatial junction we propose (Figure 4e) shows the cascade
effect of electron transfer, wherein the electron transfers from
the Co and/or Ni to the Ru, and then to the carbon shell
following the law of electronegativity. This directional effect
greatly modulates the electronic structure of the Ru, leading to
the highly efficient utilization of electrons during electrocatalysis.
The outer carbon shell aids in this, not only by acting as an
electron acceptor, but also by protecting the inner alloy metals
from the harsh outside environment.5"! Finally, HER occurs on
the carbon shell, including the dissociation of water, hydrogen
adsorption (H) and then the recombination of two H’
intermediates to give gaseous hydrogen.l52 As a comparison, in
the presence of just CoNi and Ru, or in the presence of random
alloys of CoNiRu on carbon supports, the HER electrocatalytic
activity of these structures is comparatively poorer.
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Conclusion

In summary, a spatial junction in a hierarchical confined
structured CoNi/Ru@C material has been successfully
fabricated through a facile galvanic replacement. Due to the
directional electron transfer cascade in this structure, the
alkaline HER performance of hierarchical CoNi/Ru@C is
dramatically promoted (14 mV overpotential and 20 hours’
stability), even for the splitting of seawater (6 mV overpotential
and 20 hours’ stability). It is believed that our work can provide a
versatile strategy for producing efficient catalysts for energy
technologies.

Experimental Section

Chemicals: Ethylenediaminetetraacetic acid tetrasodium salt hydrate
(Na4EDTA-2H20), nickel nitrate hexahydrate (Ni(NOsz)2:6H20), nickel
chloride hexahydrate (NiCl2:6H20), ruthenium on carbon (Ru/C),
ruthenium chloride hydrate (RuCls-xH20) and Nafion117 solution were
purchased from Aladdin Biochemical Technology Co., Ltd. Commercial
Pt/C (20 wt% Pt) was purchased from Johnson Matthey Corp. Cobalt
nitrate hexahydrate (Co(NO3)2-6H20), cobalt chloride hexahydrate
(CoCl2-6H20), sulfuric acid (H2SO4), potassium hydroxide (KOH), sodium
chloride (NaCl), sodium borohydride (NaBH4), methanol and ethanol
absolute were purchased from Sinopharm Chemical Reagent Co., Ltd.
All chemicals were used without further purification.

Synthesis of CoNi@C: The synthesis of CoNi@C was performed
according to a previous work.?" Typically, 12 mmol Na4EDTA-2H20, 12
mmol Co(NO3)2-6H20 and 12 mmol Ni(NO3)2-6H20 were dissolved in 15
mL ultrapure water. After the addition of 10 mL methanol, the obtained
purple mixture was then transferred into a 40 mL-autoclave and kept at
200 °C for 24 h. After cooling down, the precipitate was collected through
vacuum filtration and washed with ultrapure water and dried at 100 °C.
The obtained light purple solid was then ground to fine powder and
carbonized at 475 °C for 3 h under the flow of Ar. The as-prepared black
powder was treated with 0.5 M H2SO4 for 4 h at 90 °C. After cooling
down, the precipitate was collected through vacuum filtration and washed
with plenty of ultrapure water and finally dried in a vacuum oven to obtain
CoNi@C.

Synthesis of CoNi/Ru@C: 30 mg CoNi@C was uniformly dispersed in
10 mL ultrapure water under ultrasonic irradiation, then 5 mL ultrapure
water containing 50 pL, 100 pL, 150 yL, 200 pL or 250 yL 0.2 M RuCls
aqueous solution was added under vigorous stirring, respectively. The
mixture was then sealed in a 25 mL-autoclave and kept at 100 °C for 9 h.
After cooling down, the precipitate was collected through vacuum
filtration and washed with ultrapure water and finally dried at 60 °C in a
vacuum oven.

Synthesis of CoNiRu/C: 43.5 mg Ru/C was dispersed in 4 mL ultrapure
water under ultrasonic irradiation, and then 60 puL 0.2 M CoCl2 aqueous
solution and 83 pL 0.2 M NiCl2 aqueous solution were added. Finally, 1
mL ultrapure water containing 9.4 mg NaBH4 was quickly injected into the
above mixture under vigorous stirring. After stirring for another 30 min,
the as-synthesized CoNiRu/C was collected through vacuum filtration
and washed with ultrapure water and finally dried at 60 °C in a vacuum
oven.

Material characterization: The scanning electron microscopy (SEM,
Hitachi S-4800) was conducted to study the morphology of materials.
The transmission electron microscope (TEM, ThermoFisher Talos
F200S) was applied to gain further detailed information about the
structure and composition of materials. X-ray diffraction (XRD, Bruker
D8-Advance X-ray diffractometer) operating with Cu Ka radiation was
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carried out to study the phase and composition of materials. Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Prodigy 7)
was applied to analyze the content of metal elements in the catalysts. X-
ray photoelectron spectroscopy (XPS, AXIS SUPRA) was employed to
analyze the elemental composition and chemical state of the materials.

Electrochemical measurement: A three-electrode system was used to
test the electrocatalysis of the as-obtained samples. In order to prepare
the ink, 5 mg catalyst was dispersed in the mixture of 980 pL ethanol and
20 pL Nafion117 under ultrasonic irradiation. 10 pL catalyst ink was
dropped on the rotating disk electrode (RDE), served as working
electrode. Graphite rod and reversible hydrogen electrode (RHE) were
served as counter electrode and reference electrode, respectively. 1 M
Nz-saturated KOH solution was used as the electrolyte. The rotating rate
of the rotating disk electrode was set as 1600 rpm. Before linear sweep
voltammetry (LSV) measurement, cyclic voltammetry (CV) measurement
was performed between -0.2 V and 0.05 V (vs. RHE) with the scan rate
of 100 mV s until a steady CV curve was obtained. The LSV was then
carried out with the potential from 0.05 V to -0.3 V (vs. RHE) with the
scan rate of 5 mV s\, The electrochemical double-layer capacitance (Cal)
is calculated from the CV curves at scan rates of 20, 40, 60, 80 and 100
mV s in.a narrow potential range between 0.1 and 0.2 V (vs. RHE). The
electrochemical impedance spectroscopy (EIS) was tested at the
corresponding potentials of 10 mA cm=2 from LSV curves, with the
frequency range between 0.1 Hz and 100 KHz.

Note that the above LSV curves were all collected at least twice, and in
all cases the repeats were found to be similar.
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The spatial junction in hierarchical confined CoNi/Ru@C has been synthesized, and its directional effect of electron transfer cascade

can greatly promote the electrocatalytic hydrogen evolution in alkaline water/seawater.
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