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Electrochemical water splitting via a cathodic hydrogen evolution reaction (HER) is an advanced technology
for clean H, generation. Ru nanoparticle is a promising candidate for the state-of-the-art Pt catalyst;
however, they still lack the competitiveness of Pt in alkaline and neutral media. Herein, a ternary HER
electrocatalyst involving nano Ru and Cr,O3 as well as N-doped graphene (NG) that can work in alkaline
and neutral media is proposed. Cr,Os and NG feature strong binding energies for hydroxyl and
hydrogen, respectively, which can accelerate the dissociation of water, whereas Ru has weak hydrogen
binding energy to stimulate hydrogen coupling. The HER activity of Ru is greatly enhanced by the
promoted water-dissociation effect of NG and Cr,Os. To achieve a current density of 10 mA cm~?, the

Received 9th November 2020 . . ) L
Accepted 19th January 2021 as-obtained Ru—Cr,Oz/NG only needs a very low overpotential of 47 mV, which outperforms the activity
of Pt/C in alkaline media. The strategy proposed here, multi-site acceleration of water dissociation,

DOI-10.1039/d0ra09515) provides new guidance on the design of a highly efficient, inexpensive, and biocompatible HER catalyst
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1. Introduction

Renewable energy sources have drawn great attention due to the
ever-growing global energy crisis and environmental deteriora-
tion. As a kind of clean energy, hydrogen is one of the most
promising candidates to replace fossil fuels; unfortunately, this
hype has so far been elusive because hydrogen production from
water is quite difficult in nature." Electrochemical water-
splitting is a potential solution for the production of hydrogen
with high purity.> Hydrogen evolution reaction (HER) is one of
the two critical half-reactions in electrochemical water-splitting.
To conduct HER smoothly, voltages above the thermodynamic
potential (known as overpotential) must be applied. Reducing
the overpotential is essential to make hydrogen production less
energy-intensive, which can be achieved by an efficient elec-
trocatalyst. Pt is hitherto the most active electrocatalyst toward
HER; however, the rarity and high cost are big hurdles for
practical commercialization.® Currently, the exploration of low-
cost alternatives to Pt is a crucial technological task in devel-
oping a hydrogen economy. Although transition metal deriva-
tive (oxides,*® sulfides,”® phosphides,’*™*® carbides, and
nitrides'”*°) catalysts have been widely pursued as candidates,
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they still lack the competitiveness of Pt; moreover, most of them
can only function in acidic condition.

Actually, HER conducted in alkaline and neutral media is
more advantageous than that in acidic media, for example,
reduced environmental pollution and equipment corrosion.
Especially, electrolyzers working in neutral conditions can
potentially allow the direct utilization of salt water, the most
abundant resource on earth, which can make electrochemical
hydrogen production more inexpensive and eco-friendly.
However, HER in alkaline and neutral media is still a formi-
dable challenge because their kinetics is commonly decelerated
by an extra water dissociation step. The state-of-the-art Pt
catalyst in neutral media expresses two or three orders of
magnitude lower activity than in acidic media.*® At present,
finding a competent HER catalyst in non-acidic media is very
imperative to speed up the development of clean hydrogen
production.

It has been discovered that water-splitting in neutral and
alkaline media begins with a water-dissociation step and
follows either the electrochemical Heyrovsky or the chemical
Tafel recombination step.”* Therefore, the overall activity of
a catalyst in non-acidic media is not only determined by the
capability to catalyze H' into H,, but also by the kinetics of water
dissociation on the interface. Previous studies to improve the
kinetics of water dissociation were focused on the introduction
of an additional catalyst with strong OH binding energy, such as
metal oxides and metal hydroxides (M-OH),** or the surface
texturing of the catalyst.”® Very recently, Sargent et al. found
a more effective strategy of using a multi-site electrocatalyst
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(CrO,/Cu-Ni) containing two sites with strong binding energies
for hydrogen (Ni site) and hydroxyl groups (CrO, site),**
respectively, to accelerate water dissociation. In combination
with a third site (Cu site) that has a weak hydrogen binding
energy to stimulate hydrogen coupling, the composite catalyst
exhibited exceptional HER activity in a pH 7 buffer electrolyte.
Ru is a cheaper noble metal than Pt, and it exhibits a similar
hydrogen bond energy to that of Pt (65 kcal mol™");?>*° thus, it is
a promising alternative to Pt in HER. After the rational texturing
design, Ru has exhibited intriguing HER performance in acidic
media;*” however, it's performance is still far from satisfactory
in alkaline and neutral media. Herein, based on the principle of
promoting the kinetics of water dissociation, we designed
a ternary catalyst comprising Ru, Cr,03, and N-doped graphene
(NG), denoted as Ru-Cr,03/NG, in which Cr,0; strongly binds
OH and NG strongly binds H, respectively, to jointly accelerate
the dissociation of water; meanwhile, Ru has a weak hydrogen
binding energy, to push hydrogen coupling. As expected, the
HER activity of Ru in alkaline and neutral media is significantly
enhanced by the synergistic effect with Cr,O; and NG.

2. Experimental
2.1 Preparation of Ru-Cr,03;/NG

The preparation of NG can be found in our previous work.?
Dissolve 30 mg tri(2,2'-bipyridine) ruthenium dichloride hexa-
hydrate [Ru(bpy)s], 3.2 mg Cr(NOs);-9H,0, and 30 mg cyanuric
acid in 2.0 mL N,N-dimethyl formaldehyde (DMF), and then
disperse 20 mg NG into the above solution by ultrasound. The
mixture was dried in air at room temperature. After annealing at
750 °C in the Ar atmosphere for 3 h, Ru-Cr,03/NG was obtained.

2.2 Electrochemical measurements

Electrochemical measurements were performed in an alkaline
(1 M KOH) and neutral (PBS solution, pH = 7) media, respec-
tively. The electrochemical cell was equipped with the conven-
tional three-electrode cell involving a commercial glass carbon
electrode (GCE) with a diameter of 5 mm, a graphite rod elec-
trode, and a saturated calomel electrode (SCE), which served as
the working electrode, counter electrode, and reference elec-
trode, respectively. The working electrodes were fabricated by
the following procedure: the ink (catalyst in water, 4 mg mL™ ",
15 pL) of the as-prepared materials were dropwise coated onto
a glassy carbon disk (mass loading ~0.15 mg Ru cm ™ ?) and
dried at room temperature in air. Then 5 pL Nafion solution
(0.02 wt%) was cast on the electrode surface to adhere the
materials. The current densities were normalized by the
geometric surface area of the GCE. The potential versus satu-
rated calomel electrode was converted into potential versus
reversible hydrogen electrode (RHE) according to the following
equation: E,s pug = Eys. sce + Esce’ + 0.059 pH.*

2.3 Materials characterization

The powder X-ray diffraction (XRD) analysis was carried out on
a Rigaku D/max 2500PC diffractometer. The morphologies of
the samples were observed by a Supra55 field-emission
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scanning electron microscope (Zeiss, Germany) and a JEM
2100 transmission electron microscope (JEOL, Japan), respec-
tively. Component analysis of the materials was accomplished
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo Fisher Scientific, USA). The electrochemical measure-
ments were carried out on a CHI 660D electrochemical
workstation.

2.4 Theoretical calculations

First-principles calculations were carried out using the Vienna
Ab initio Simulation Package (VASP).” Generalized gradient
approximation parameterized by Perdew-Burke-Ernzerholf**
with spin-polarization was adopted to describe Ru surface slab.
Plane-wave subset with an energy cut off of 520 eVand 4 x 4 x 1
I'-centered k-points was used. The surface slab of Ru has 16
atoms per layer, with 4 atomic layers in full atomic position
relaxation. Hydrogen adsorption sites have been tried on
multiple high-symmetry surface positions, ending up with
stable minimal points. Detailed Ru, Cr,O; and NG slab struc-
tures are shown in Fig. S1.1

3. Results and discussion
3.1 The fabrication and characterization of Ru-Cr,03;/NG

The fabrication of Ru-Cr,0;/NG was performed by the pyrolysis
of Ru(bpy); and Cr(NOs); with NG, as shown in Fig. 1a. The Ru
precursors including Ru(bpy)z, ruthenium chloride and ruthe-
nium acetylacetonate were screened, and found that Ru(bpy)s is
more suitable to obtain the homogenous Ru nanoparticle. NG
used here is our previously reported three-dimensional (3D)
porous graphene with high surface area, robust structure and
abundant doped nitrogen.>® NG plays the role of the support as
well as the catalyst to boost hydrogen evolution. The composite
material was first characterized by X-ray diffraction (XRD),
shown in Fig. 1b. The XRD pattern shows a very wide peak
centred at 26°, which is attributed to the C (002) diffraction peak
of NG. Besides, it also displays a set of sharp and intense peaks
located at 38.4°, 42.2°, 44.0°, 58.3°, 69.4°, 78.4°, 82.2°, 84.7°, and
86.0°, which are assigned to the diffraction peaks of hcp-Ru
(100), (002), (101), (102), (110), (103), (200), (112) and (201),
respectively. The strong diffraction peaks demonstrate that the
as-obtained hcp-Ru holds good crystallinity. As we reported
previously, the high crystallinity of hcp-Ru is helpful for HER.**
Additionally, the XRD pattern exhibits a set of very weak peaks
positioned at 33.6°, 36.2°, and 54.8°, which are ascribed to the
diffraction of Cr,O; (012), (110), and (116), respectively. The
intensity of these peaks increases with the number of Cr,0;
(Fig. S21). In comparison with those in the standard card, the
position of Ru and Cr,0; fails to exhibit any shifts, indicating
that Ru and Cr,0; do not form a new phase, but simply mix
together.

The morphologies of Ru-Cr,0;/NG were then observed by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), which is shown in Fig. S31 and 2a. The SEM
image reveals that the material bears the 3D porous structure.
TEM images clearly show the ultrafine Ru and Cr,O;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the fabrication of Ru—Cr,Os/NG (a), XRD pattern of Ru—-Cr,O3/NG, Ru/NG and Cr,Oz/NG(b).

nanoparticles, which are homogeneously decorated on the
surface of NG (Fig. 2a). The particles feature a diameter of 2-
5 nm. High-resolution TEM (HRTEM) displays the clear crystal
lattice fringes, suggesting their good crystallinity (Fig. 2b). The
lattice spacing of 0.210 nm and 0.236 nm are assigned to (100)
and (101) of hcp-Ru (Fig. 2b),** and those of 0.248 nm and
0.363 nm are indexed to (110) and (012) of Cr,03.** The results

agree well with those of XRD (Fig. 1b) and fast-Fourier transition
(FFT) pattern (inset in Fig. 2b). High-angle annular dark-field
(HAADF) images by scanning transmission electronic micros-
copy (STEM) signify the well-dispersed Cr,O; and Ru nano-
crystals on NG as well (Fig. 2c). The corresponding elemental
mapping analysis unravels the homogeneously distributed
elements of C, N, O, Cr, and Ru.

Fig.2 TEM (a), HRTEM (b), STEM (c) images of Ru-Cr,O3/NG, and the corresponding elemental mapping of C, N, Cr, Ru and O. The insets in (b)

are the FFT images of Ru and Cr,0Os.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The structure of Ru-Cr,05;/NG was further analysed by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. 3. XPS
survey demonstrates the presence of C, N, O, Cr, and Ru as well
(Fig. S4f). The atomic contents of Ru, Cr, and N in the
composite are 8.62%, 1.72%, and 7.71%, respectively. Ru 3d
spectra present peaks centred at 279.5 eV and 284.8 eV (Fig. 3b),
indicating the metallic state of Ru.>* The Cr 2p spectra display
peaks positioned at 576.3 eV and 586.5 eV corresponding to Cr
2ps2 and Cr 2p, 5, respectively, evidencing the presence of Cr**
associated with Cr,03.* Specially, Cr 2p XPS of Ru-Cr,03/NG
exhibited a significant positive shift relative to Cr,O3;/NG
(Fig. 3b), but Ru 3d XPS did not, implying that the addition of
Ru led to electron donation from Cr species to NG. The good
electroconductivity of Ru possibly boosts the transportation of
electrons.***” The peak at 527.8 eV in O 1s XPS is assigned to the
surface lattice oxygen (O®>) combined with Cr**.*** The N 1s
XPS verifies the structures of graphitic N, pyrrolic N, and
pyridinic N, which are identical to our previously reported NG
(Fig. 3d).>¢

3.2 The electrocatalytic performance of Ru-Cr,0;/NG in
alkaline media

The electrocatalytic performance of our designed Ru-Cr,0;/NG
for HER was firstly assessed in 1.0 M KOH solution in a three-
electrode system using SCE as the reference electrode,
graphite rod as the counter electrode, and Ru-Cr,03/NG coated

o
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GCE as the working electrode. For the convenience of compar-
ison, the potential vs. SCE was converted to that against RHE. As
a control experiment, the HER performance of Ru/C, Ru/NG,
and Cr,03/NG was also tested, and compared with those of
the commercial Pt/C (20 wt%) catalyst. The mass contents of Ru
(~17 wt%) and Cr (~1.8 wt%) in each catalyst are maintained at
the same level as determined by the inductive coupled plasma-
atomic emission spectrometry (ICP-AES) method (Table S17).
The molar ratio of Ru to Cr,O; in Ru-Cr,03/NG was explored
before comparison (Fig. S51). An increase in the amount of Ru
will decrease the content of Cr,0;. We found that the optimal
molar ratio of Ru to Cr,0; is 5 : 1. The catalysts have the iden-
tical Ru loading on GCE. Their LSV curves were collected in
Fig. 4a. It can be seen that the overpotential needed to achieve
the current density of 10 mA cm ™ (5,0) by the Ru-Cr,0;/NG is
only 47 mV, which is lower than that of Pt/C catalyst (56 mV),
Ru/NG (76 mV) and Ru/C (80 mV). Cr,O3/NG hardly exhibits
HER activity in alkaline condition. The Tafel plots evidence that
Ru-Cr,03/NG presents a slope of 39 mV dec™ ', lower than those
of Ru/C (62 mV dec ), Ru/NG (56 mV dec '), and Pt/C (46 mV
dec™") (Fig. 4b). In alkaline condition, the electrochemical
active surface area (ECSA) of a catalyst is generally evaluated by
a double layer capacitance (Cq) measurement.” As seen in
Fig. $6,7 Ru-Cr,03/NG exhibits the highest Cq; of 25 mF cm ™.
Turnover frequency (TOF) is the best figure-of-merit to
comparatively evaluate the catalytic activity of different
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Fig. 3 Ru 3d (a), Cr 2p (b), O 1s (c) and N 1s (d) XPS of Ru-Cr,O3/NG.
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Fig. 4 Electrocatalytic HER activity of catalysts in alkaline (a and b) and neutral (c and d) medium. LSV curves (a and c), Tafel plots (b and d),

Catalyst loading: 0.15 mg Ru cm™2 on GCE, scan rate: 1 mV s™%.

catalysts. The TOF value of Ru-Cr,05/NG (6.4 s~ ') at 100 mV is
three times more than that of Ru/NG (2.1 s~ ') and five times
more than that of Ru/C (1.2 s) (Fig. S71). Electrochemical
impedance spectra (EIS) suggest the lowest charge-transfer
resistance of Ru-Cr,0;/NG (Fig. S8f). Additionally, LSV plots
after 20 000 CV cycles and i-t curves reveal that Ru-Cr,03/NG
bears excellent long-term stability (Fig. S9f). The TEM image
shows that after a long-term test, the particles still maintain the
highly dispersed state (Fig. S107). As a result, Ru-Cr,03/NG is an
intriguing HER catalyst in alkaline condition, which even
possesses excellent activity outperforming most of the previ-
ously reported Ru-based catalysts (Table S2}) and the state-of-
the-art Pt/C catalyst. Particularly, the existence of Cr,O; and
NG can both favour the HER activity of Ru in an alkaline
environment.

3.3 The electrocatalytic performance of Ru-Cr,03/NG in
neutral media

The electrocatalytic performance of the catalysts was further
tested in a neutral media (1 M PBS, pH = 7). As shown in Fig. 4c
and d, Ru-Cr,03/NG gives a 74, of 53 mV, which is much lower
than that of Ru/NG (86 mV), and Ru/C (89 mV). Meanwhile, Ru-
Cr,05/NG bears the Tafel slope of 47 mV dec™ ', lower than that
of Ru/NG (65 mV dec™") and Ru/C (70 mV dec™'). The mecha-
nism of the enhanced HER activity of Ru by Cr,0; and NG was
finally explored. As reported, the pathway of HER in alkaline
and neutral media involves the first step of breaking the H-O
bond in H,O to form an adsorbed H* (Volmer reaction) and the

© 2021 The Author(s). Published by the Royal Society of Chemistry

second step of combining the adsorbed H* with another H from
water dissociation (Heyrovsky reaction) or with another adsor-
bed H* on a neighbouring active site (Tafel reaction). Therefore,
HER is theoretically performed by Volmer-Heyrovsky or
Volmer-Tafel route, which can be estimated by the Tafel slope.**

These results verified that the HER activity of Ru is also
significantly promoted by the introduction of NG and Cr,0; in
the neutral condition. Additionally, Ru-Cr,O5/NG also exhibits
negligible performance loss after a long-term test (Fig. S117),
hinting its practical application potential.

3.4 Theoretical calculation

The mechanism of the enhanced HER activity of Ru by Cr,O;
and NG was finally explored. As reported, the pathway of HER in
alkaline and neutral media involves the first step of breaking
the H-O bond in H,O to form an adsorbed H* (Volmer reaction)
and the second step of combining the adsorbed H* with
another H from water dissociation (Heyrovsky reaction) or with
another adsorbed H* on a neighbouring active site (Tafel
reaction). Therefore, HER is theoretically performed by Volmer-
Heyrovsky or Volmer-Tafel route, which can be estimated by the
Tafel slope.** As seen from Fig. 4b and d, the Tafel slope
signifies that these catalysts adopt the Volmer-Heyrovsky
pathway, in which the sluggish dissociation of H,O is the rate-
determining step of the HER. The results are consistent with
those reported in the literature,” and a similar Volmer-Heyr-
ovsky pathway for hcp-Ru/NG was observed. To clarify the effect
of NG and Cr,03, density functional theory (DFT) was used to

RSC Adv, 2021, 11, 6107-6113 | 6111
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calculate the HER activation energy on the surface of Ru, Ru/
NG, Ru-Cr,03, and Ru-Cr,03/NG, as shown in Fig. 5. It can
be clearly found that, in the first Volmer reaction, the energy
barriers to form the first H* decrease from 0.35 eV of Ru to
0.29 eV, 0.27 eV, 0.21 eV of Ru-NG, Ru-Cr,0; and Ru-Cr,03/NG,
respectively. Similarly, in the second Heyrovsky reaction, the
energy barriers to form the second H decrease from 0.5 eV of Ru
to 0.45 €V, 0.36 eV and 0.4 eV, respectively. As a result, the Gibbs
free energy of hydrogen evolution on the Ru surface decreases to
only 0.08 eV. The intrinsic reason of the decrease of the Gibbs
free energy is mainly attributed to the enhanced water-
dissociation capability by Cr,0; and NG (Table S3t). Addition-
ally, the electron transportation between Ru, Cr,03;, and NG
may facilitate the HER activity as well.

4. Conclusions

In summary, we designed a catalyst based on Ru, Cr,0;, and NG
for HER. The catalyst can function well in alkaline and neutral
media. Especially in alkaline condition, Ru—Cr,03/NG shows an
outstanding HER performance outperforming Pt/C. In combi-
nation with the DFT calculation, the significantly enhanced
HER activity of Ru is found to be attributed to the promoted
water-dissociation capability by NG and Cr,03, which can bind
strongly with H and OH, respectively. The strategy proposed
here, multi-site acceleration of water dissociation, is confirmed
as an effective way to boost HER activity, which provides new
guidance on the design of highly efficient, inexpensive, and
biocompatible HER catalysts in nonacidic media.
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