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Channel Rich RuCu Nanosheets for pH-Universal Overall Water Splitting
Electrocatalysis

Qing Yao, Nan Zhang, Jian Yang, Mingzi Sun, Qi Shao, Bolong Huang* and Xiaoging Huang*

Abstract: Developing efficient overall water splitting electrocatalysts applicable in pH-universal
electrolytes is extremely critical for the practical applications. Herein, we demonstrated that the
channel rich RuCu snowflake-like nanosheets (NSs) composed of crystallized Ru and
amorphous Cu can be adopted as efficient electrocatalysts for oxygen evolution reaction,
hydrogen evolution reaction as well as overall water splitting in pH-universal electrolytes. The
optimized RuCu NSs/C-350 °C and RuCu NSs/C-250 °C show attractive activities of oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER) with low overpotentials and
small Tafel slopes, respectively. When applied to overall water splitting, the optimized RuCu
NSs/C can reach 10 mA cm at cell voltages of only 1.49, 1.55, 1.49 and 1.50 V in 1 M KOH,
0.1 M KOH, 0.5 M H2SO4 and 0.05 M H2S0O4, respectively, much lower than those of commercial
Ir/C||Pt/C. DFT calculations reveal that the channel-rich structure will substantially alleviate the
tog-eg splitting, which minimized the surface Coulomb repulsion to achieve fast electron-transfer
for a barrier-free process. The balanced electronic structure between Ru and Cu will deliver the
universal electroactivity for water-splitting. The optimized electrolyzer also exhibits superior
durability with small potential change after up to 45 h in 1 M KOH, showing a class of efficient

bifunctional electrocatalysts for overall water splitting.

Water electrolysis is considered as one of the most promising approaches to produce zero-
carbon hydrogen (H2) with high purity from water.'-*l Despite tremendous efforts have been
devoted, there are still critical bottlenecks that limit practical applications of water electrolysis.
For instance, the half reaction of water electrolysis—oxygen evolution reaction (OER) is troubled
by sluggish kinetics, resulting in high overpotential.l> 81 In recent years, earth-abundant transition
metals have attracted extensive research attention, but they are still seriously hampered due to
their poor activity and durability.l”-'% Iridium (Ir) based and platinum (Pt) based electrocatalysts
exhibit good performance in OER and hydrogen evolution reaction (HER), respectively, while

the demerits including scarcity and high cost still limit their large-scale practical applications.['-
14]
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Ruthenium (Ru), due to the advantages of the cheapest among platinum group metal and
excellent performance in many applications such as N2 electrochemical reduction and selective
hydrogenation, has attracted intensive attention.!'> '8l Significantly, it has also been proved that
Ru-based electrocatalysts are active in both HER and OER. ['"-?% For instance, Su and
coworkers have obtained Cu-doped RuOz hollow porous polyhedra through one-step annealing
of Ru-exchanged Cu-BTC derivatives, which showed remarkable OER performance in 0.5 M
H2S04.2" Liu and colleagues have synthesized multi-heterogeneous Ni@Ni2P-Ru nanorods
showing excellent electrocatalytic HER performance.l'”! Despite those progress, the design of
efficient Ru-based applicable electrocatalysts for OER, HER as well as overall water splitting in
pH-universal conditions has been still largely unexplored.

From the viewpoint of structure, two-dimensional (2D) structure can provide more
opportunities for enhancing the electrochemical performance by offering larger surface and
exposing more atoms serving as active sites.?>2%1 Herein, we report a facile wet chemical
method to synthesize channel rich RuCu nanosheets composed of crystallized Ru and
amorphous Cu with many accessible channels (denoted as RuCu NSs). The optimized RuCu
NSs exhibit enhanced electrochemical performance towards OER and HER. In details, the
optimized RuCu NSs/C-350 °C show the attractive activity of OER, while the RuCu NSs/C-
250 °C show the attractive activity of HER. Importantly, when applied to overall water splitting,
the optimized RuCu NSs/C deliver small onset potential and achieve 10 mA cm= at 1.48, 1.55
V,149Vand 1.50Vin 1M, 0.1 M KOH, 0.5 M and 0.05 M H2SO4, respectively, much lower
than those of RuCu NPs/C and commercial Ir/C||Pt/C. The optimized electrolyzer also displays
superior stability with limited overpotential change after long-term durability test.

The preparation of RuCu NSs was realized by the one-pot method by using ruthenium(lll)
chloride hydrate (RuCls-xH20) and copper(ll) chloride dihydrate (CuCl2-2H20) as metal
precursors, phloroglucinol as reducing agent and oleylamine along with octadecene as mixed
solvent (see Supporting Information for details). Detailed characterizations of the RuCu NSs are
shown in Figure 1 and Figures $1-S3. Typical transmission electron microscopy (TEM) (Figure
1a) and high-angle annular dark-field scanning TEM (HAADF-STEM) images show that the

obtained products with snowflake-like shape are uniform with the average size of 48.7 nm
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(Figure 1b, Figure S1). The thickness is ~ 6 nm, as determined by atomic force microscopy
(AFM) (Figure 1c, Figure S2). Interestingly, abundant accessible channels can be observed in
those RuCu NSs (Figure 1d), which is beneficial for enhancing the electrochemical performance
by increasing surface area and boosting mass transfer.l'® The atomic ratio of Ru/Cu is
determined to be 5.5/1 by energy dispersive X-ray (EDX) spectroscopy (Figure S3a). As
manifested by the elemental mappings (Figure 1e) and line-scanning profiles (Figure S3b), the
Ru and Cu are uniformly distributed in the NSs, further confirming the successful synthesis of
bimetallic RuCu NSs. The X-ray diffraction (XRD) pattern shows that all of the diffraction peaks
can be indexed to the pattern of hexagonal-close-packed (hcp) Ru (JCPDS Card.06-0663) and
no obvious peak shift is observed on RuCu NSs relative to metallic Ru (Figure 1f). Lattice
spacing is measured to be 0.23 nm, corresponding to the (100) facet of Ru and no lattice fringe
of Cu is observed (Figure 1g). The associated fast Fourier transform (FFT) (inset of Figure 1g)
also clearly showed bright spots that represent the crystallized Ru. All the results indicate that
RuCu NSs are composed of crystallized Ru and amorphous Cu.[?6 27]

To optimize the catalytic performance, the channel rich RuCu NSs were loaded on carbon
black (Figure S4) and annealed in air for 1 h at different temperatures (i. e., 250 °C, 300 °C and
350 °C, denoted as RuCu NSs/C-T, T = 250 °C, 300 °C, 350 °C, respectively) (Figure S5a,b).
Combined with XRD patterns of different RuCu NSs/C-T (Figure S6), 250 °C is a proper
temperature to remove oleylamine residues on the surface with largely maintaining Ru in the
metallic state and 350 °C is proper to convert most of Ru to Ru**. We used three-electrode
system to test OER and HER performance in 1 M KOH with carbon rod as the counter electrode,
saturated calomel electrode as the reference electrode and glassy carbon electrode as the
working electrode. All potentials were calibrated to the reversible hydrogen electrode (RHE). It
was found that RuCu NSs/C-350 °C show the best OER activity, while RuCu NSs/C-250 °C
show the best HER activity (Figure S7a,b).

We then evaluated the OER performances of RuCu NSs/C-350 °C in both alkaline and acidic
conditions. As-prepared RuCu NPs/C annealed in air for 1h at 350 °C (denoted as RuCu NPs/C-
350 °C ) (Figure S8), commercial Pt/C and Ir/C were selected as references for comparison.
We summarized OER polarization curves in different electrolytes in Figure 2a-2d. Compared
with RuCu NPs/C-350 °C and commercial catalysts, RuCu NSs/C-350 °C exhibit much
enhanced OER activity. In details, the overpotentials of RuCu NSs/C-350 °C at 10 mA cm?were
relatively small with only 234, 276, 236, 240 mV at 1 M, 0.1 M KOH, 0.5 M and 0.05 M H2SOu4,
respectively (Figure 2e). Moreover, the Tafel plots in above four electrolytes showed that the
slopes of RuCu NSs/C-350 °C were even smaller than those of RuCu NPs/C-350 °C, Ir/C and



P1/C, indicating the favorable reaction kinetics in both alkaline and acidic condition (Figure S9).
The electrochemical surface area (ECSA) of RuCu NSs/C-350 °C is almost the same to that of
RuCu NPs/C-350 °C, while the electrochemical impedance spectroscopy (EIS) showed that
RuCu NSs/C-350 °C has the fastest electron transfer (Figure $10).28 Significantly, the high
OER stability of RuCu NSs/C-350 °C in 1 M KOH and 0.5 M H2SO4 were also confirmed by
chronoamperometry measurement. In 1 M KOH there was a very small increase during 21.5 h
test and limited increase during 13.5 h test in 0.5 M H2SO4 at 5 mA cm?, (Figure S11, 12).
Excitingly, the performance of RuCu NSs/C-350 °C can be maintained in both 1 M KOH and 0.5
M H2SO4 at 10 mA cm for 12 h (Figure 2f, Figure S13). As shown in Figures S14, the
morphology of RuCu NSs/C-350 °C after long time chronopotentiometry test in 1 M KOH was
largely maintained with no obvious phase change. The atomic ratio of Ru/Cu increased from
5.5:1 t0 9.8:1, indicating partial Cu dissolution during the OER process. Both HRTEM and X-ray
photoelectron spectrum (XPS) analyses showed that the surface structure was hardly changed
after OER stability tests, confirming the high stability of RuCu NSs-350 °C towards OER.

We also explored the HER performance of RuCu NSs/C-250 °C in different electrolytes
(Figure 3). As shown in Figure 3a-3d, RuCu NSs/C-250 °C exhibited the best HER activity in
both acidic and alkaline conditions. In details, the overpotentials at 10 mA cm?in 1 M KOH, 0.1
M KOH, 0.5 M H2SO4 and 0.05 M H2SO4 are only 20, 40, 19 and 27 mV, respectively,
outperforming those of RuCu NPs/C-250 °C (111, 139, 102 and 106 mV ), Pt/C (60, 67, 24 and
30 mV) and Ir/C (70, 72, 37 and 38 mV) (Figure 3e). In particular, the Tafel slopes of RuCu
NSs/C-250 °C in alkaline conditions (15.3 and 22.3 mV dec™") were obviously lower than those
of RuCu NPs/C-250 °C (73.1 and 82.8 mV dec™), Pt/C (39.8 and 42.0 mV dec) and Ir/C (42.4
and 48.1 mV dec™'), suggesting that the kinetics of RuCu NSs/C-250 °C becomes dominant
during HER process in alkaline conditions (Figure S15). The Tafel slopes in acidic condition
turn out that the HER process follows Volmer-Tafel pathway on RuCu NSs/C-250 °C and
recombination of chemisorbed hydrogen atoms is the rate-determining step.?® RuCu NSs/C-

250 °C also has the lowest electric resistance than other catalysts (Figure S$16).

Based on the high activity in both OER and HER, we further tested the overall water splitting
by choosing RuCu NSs/C-350 °C as anode and RuCu NSs/C-250 °C as the cathode in two-
electrode system. RuCu NPs/C and Ir/C||Pt/C were chosen as reference. The corresponding
polarization curves were presented in Figure 4 We can see that RuCu NSs/C exhibits much-
enhanced performance, where only 1.49 V, 1.55V, 1.49 V, 1.50 V are needed at 10 mA cm2 in
1 M KOH, 0.1 M KOH, 0.5 M H2SO4 and 0.05 M H2SOu4, respectively. The cell voltages of the



RuCu NSs/C are much smaller than those of RuCu NPs/C (1.605, 1.689, 1.615 and 1.630 V)
and Ir/C||Pt/C (1.56 V, 1.66 V, 1.56 V and 1.57 V) in the same conditions, even smaller than the
most state-of-the-art bifunctional electrocatalysts (Figure 4b, Table S1) Except for the reduced
potentials, RuCu NSs/C also delivered sharply lower Tafel slopes (Figure 4c, Figure S17) and
higher durability, which can maintain nearly 45 h chronopotentiometry test in 1 M KOH and
nearly 20.5 h in 0.5 M H2SO4 at 5 mA cm™ (Figure S18, 19). Even at 10 mA cm™, the
performances of RuCu NSs/C can be maintained in both 1 M KOH and 0.5 M H2SO4 (Figure
4d, Figure S20). In addition, the voltage differences (AV) between HER and OER in different
electrolytes (Figure S21) are almost equal to the cell voltages of RuCu NSs/C for overall water

splitting, showing a steady process for water splitting.%

To further figure out the origin of the enhanced performance, we carried XPS to explore the
surface properties of untreated RuCu NSs/C, RuCu NSs/C-250 °C and RuCu NSs/C-350 °C. In
Ru 3pas2 spectrum, peaks centered at 461.8 eV, 463.7 eV and 465.5 eV can be assigned to Ru®,
Ru** and Ru™ (n>4), respectively (Figure 5a). Compared with untreated RuCu NSs/C, Ru 3p
spectra of RuCu NSs/C-250 °C and RuCu NSs/C-350 °C showed an apparent shift to the higher
binding energy, indicating the oxidation of Ru on the surface.3' Notably, the ratio of Ru**/Ru®
for untreated RuCu NSs is limited. When increasing the annealing temperature from 250 °C to
350 °C, Ru**/Ru®* grown progressively, especially for RuCu NSs/C-350 °C with the ratio
reaching 0.76 (Figure 5b, Table S2). This trend of Ru**/Ru®* is in line with the OER performance
and is consistent with the study that Ru** is the active site for promoting OER.?-34 In addition
to Ru 3p spectrum, Cu 2p spectrum reveals the coexistence of Cu”'* and Cu?*. In details, the
binding energy at 932.8 eV is assigned to Cu”'* and that at 934.7 eV is assigned to Cu?* (Figure
5c). Similarly, the ratio of Cu?*/Cu®'* increased with increasing the annealing temperature
(Figure 5d, Table S2). However, Cu 2p spectra of RuCu NSs-250 °C and RuCu NSs-350 °C
shifted to lower binding energy, which can be attributed to the electron transfer from Ru to Cu
and is also consistent with the result of Cu LMM Auger spectrum (Figure S24). To explore the
synergistic effect between crystallized Ru and amorphous Cu, we etched the Cu of RuCu NSs/C
(denoted as RuCu NSs/C-etch ), where the RuCu NSs/C-etch-350 °C shows reduced OER
activities (Figure S22-S23). We deduce that the amorphous Cu might optimize the adsorption

energy of intermediates for enhanced OER catalysis. To better exhibit HER performance, we
annealed pristine RuCu NSs/C in air at 250 °C to obtain clean surface and keep Ru element of
RuCu NSs/C in Ru® at a large scale simultaneously, since the Ru® is good at water dissociation

and the binding energy of Ru-H is moderate.®% Therefore, in our work, we can conclude that



both the higher ratio of Ru**/Ru® and Cu?*/Cu®'*, together with the synergistic effect between
Ru and Cu are key factors to enhance the OER activity. The abundant Ru® in channel rich 2D
RuCu NSs is the main factor that enhances HER activity.

In summary, we have successfully prepared the channel rich RuCu snowflake-like NSs
composed of crystallized Ru and amorphous Cu. Due to the structural merits, the RuCu NSs
exhibit superior HER and OER performances in both acidic and alkaline conditions. Significantly,
the optimized RuCu NSs/C shows excellent performance in overall water splitting under different
conditions with lower onset potential and overpotential compared than those of RuCu NPs/C
and commercial Ir/C||Pt/C. The RuCu NSs/C also exhibits excellent stability with small potential
change during chronoamperometry measurement in both 1 M KOH and 0.5 M H2SO4. DFT
calculations reveal that the channel-rich RuCu NSs possesses not only the highly active electron
transfer between key intermediates but also optimize the electronic structures of both oxidation
ability of Ru and reduction ability of Cu for the universal water-splitting. These promising results
highlight that 2D Ru-based electrocatalysts are promising functional electrocatalysts for overall

water splitting.
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Figure 1. (a) TEM image, (b) HAADF-STEM image, (c) AFM images and corresponding
thickness, (d) High-magnification TEM image, (e) HAADF-STEM-EDS elemental mappings, (f)

XRD pattern and (g) HRTEM image and associated FFT of RuCu NSs.
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Figure 2. OER activities of RuCu NSs/C-350 °C, RuCu NPs/C-350 °C, Ir/C and Pt/Cin (a) 1 M
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NSs/C-350 °C, RuCu NPs/C-350 °C and Ir/C in 1 M KOH at 10 mA cm™.
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Figure 3. HER activity of RuCu NSs/C-250 °C, RuCu NPs/C-250 °C, Ir/C and Pt/C in (a) 1 M
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Figure 4. Polarization curves of RuCu NSs/C, RuCu NPs/C and Ir/C||Pt/C for overall water
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and (c) Tafel slopes of RuCu NSs/C, RuCu NPs/C and Ir/C||Pt/C in different electrolytes
calculated from corresponding polarization curves. (d) Chronopotentiometry tests of RuCu
NSs/C, RuCu NPs/C and Ir/C||Pt/C in 1 M KOH at 10 mA cm™.
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Figure 5. (a) Ru 3p XPS spectra. (b) corresponding area ratios of Ru**/Ru®.(c) Cu 2p XPS

spectra and (d) corresponding area ratios of Cu?*/Cu%*.





