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Abstract: RuO:z-based catalysts have been widely used for acidic oxygen evolution reaction
(OER), a key half reaction of overall water splitting. However, RuOz suffers from the drawbacks
of inferior OER performance in acidic conditions due to its poor stability. We here demonstrate a
chemical etching strategy for fabricating a Ru/Fe oxide towards OER, in which Fe species in the
pristine Ru/Fe nanoassemblies (P-Ru/Fe NAs) are partially etched by nitric acid (HNO3), leading
to the generation of abundant vacancies in the etched Ru/Fe oxide nanoassemblies (E-Ru/Fe
ONAs). Owing to the etching of Fe, the local electron density of the lattice O associated with Ru
atoms is significantly increased, resulting in the suppression of H2O adsorption on lattice O. On
the other hand, the O vacancies in the E-Ru/Fe ONAs can promote the H2O adsorption on metal
atoms (i.e., Ru and Fe). Consequently, the optimized E-Ru/Fe ONAs exhibit a superior OER
activity with a low overpotential of 238 mV at 10 mA cm 2 in 0.5 M H2SO4, and an enhanced
stability with a negligible potential change within 9 h chronopotentiometry test. Theoretical
calculations demonstrate that the defective surface of E-Ru/Fe ONA can not only enhance the
stability via surface structural modulation, but also optimize the binding strength of the
intermediates for promoting OER activity. This work provides an efficient strategy for fabricating
active and stable RuOz-based catalysts for OER, which may deepen the research in surface

engineering of catalysts.
1. Introduction

Electrocatalytic water splitting is a potential strategy for converting renewable electricity to value-
added H2 fuel.[1-3] As a key half reaction, oxygen evolution reaction (OER) is the bottleneck of
the overall water splitting because of the large overpotential required.[4,5] The slow four-electron
transfer process involved in the OER requires efficient catalysts with superior activity and

enhanced stability.[6—8] Over the past decades, tremendous efforts have been devoted to designing



potential catalysts for OER,[9,10] but the OER performance is still far from satisfactory for
practical applications. The quest for efficient OER catalysts is driven by the current disadvantages

of low activity and/or poor stability.

RuO2- and IrO2-based catalysts have been widely used as robust catalysts for OER due to their
promising catalytic performance.[11,12] Among these catalysts, RuO2 has been regarded as
promising OER catalyst because of its lower price but higher activity in comparison to IrO2.[13,14]
Nevertheless, RuO2 is suffering from the disadvantages of poor stability in acidic conditions due
to the readily dissolution.[15,16] For instance, Hodnik and co-workers reported that the lattice O
in RuO2 is involved in OER, leading to the generation of low-coordinated Ru atoms that are highly
prone to dissolution during electrocatalysis in acidic conditions.[17] To improve the stability of
RuO»-based catalysts, great efforts have been devoted to suppressing the involvement of lattice O
in RuOx. It has been reported that the increase in the electron density of lattice O can weaken the
H20 adsorption, resulting in the preferential adsorption of H20 on metal atoms other than the
lattice O. However, this strategy may strongly sacrifice activity for stability, since the lattice O can
significantly promote the OER activity.[18—20] To achieve high-efficiency OER over RuOz-based

catalysts, a well balance of activity and stability is significant and yet challenging.

Herein, we demonstrate a facile strategy for fabricating a highly active and stable Ru/Fe oxide-
based catalyst for acidic OER via a partial etching strategy, in which pristine Ru/Fe
nanoassemblies (P-Ru/Fe NAs) were etched by HNOs to remove partial Fe species and then
annealed in air, resulting in the formation of etched Ru/Fe oxide nanoassemblies (E-Ru/Fe ONAs)
with abundant Fe and O vacancies. Owing to the etching of Fe, the local electron density of the
lattice O associated with Ru atoms is significantly enhanced, leading to the suppression of H20O

adsorption on lattice O. On the other hand, the O vacancies in the E-Ru/Fe ONAs can further



promote the H20 adsorption on metal atoms (i.e., Ru and Fe). Therefore, the optimized E-Ru/Fe
ONAs exhibits superior OER activity and stability in 0.5 M H2SOa4. Theoretical calculations
unravel that the defective surface of E-Ru/Fe ONAs can not only modulate the electronic
environments of the nanoassembly surfaces for enhancing the stability of catalyst, but also
optimize the binding strength of the intermediates for promoting OER activity. This work may not
only provide an efficient strategy for stabilizing RuO2-based catalysts for OER, but also shed new

light on defect engineering of catalysts.

2. Results and discussion

2.1 Structural analysis

The preparation procedure of E-Ru/Fe ONAs supported on carbon black (E-Ru/Fe ONAs/C)
was shown in Fig. la. Detailed information was given in the experimental section in supporting
information. High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and high-magnification TEM images show that the obtained P-Ru/Fe NAs consist of
abundant ultrathin subunits (Figs. 1b, ¢, and S1a). The atomic ratio of Ru/Fe in the P-Ru/Fe NAs
is 3.2/1, as confirmed by energy dispersive X-ray (EDX) spectroscopy measurement (Fig. S1b).
No obvious changes in the morphology and composition after annealing at 250 °C for 1 h in air to
generate pristine Ru/Fe oxide nanoassemblies (P-Ru/Fe ONAs) (Fig. S2). In the etched sample
(i.e., E-Ru/Fe ONAs), TEM image shows that the morphology of Ru/Fe ONAs is maintained,
while the ratio of Ru/Fe in E-Ru/Fe ONAs increases from 3.2/1 to 6.4/1 (Figs. 1d and S3a).
HAADF-STEM-EDS elemental mappings and HAADF-STEM line-scanning profiles indicate that
Ru and Fe atoms are uniformly distributed in the E-Ru/Fe ONAs (Figs. le and S3b). In X-Ray

diffraction (XRD) patterns, the characteristic peaks of RuOz2 in both P-Ru/Fe ONAs and E-Ru/Fe



ONAs slightly shift to larger angle in comparison to RuO: reference, suggesting the lattice
contraction of RuOz in the presence of Fe in P-Ru/Fe ONAs and E-Ru/Fe ONAs (Fig. 1f).
Moreover, defects including grain boundaries and dislocations are obviously observed in HRTEM
images, as displayed in Figs. 1h and i. The lattice distance of 0.24 nm and 0.21 nm are close to

RuO2 (101) facet and (200) facet, respectively (Figs. 1g and h).
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Fig. 1. (a) Schematic illustration of E-Ru/Fe ONAs preparation. (b) HAADF-STEM image, (c)
high-magnification TEM image of P-Ru/Fe NAs. (d) High-magnification TEM image, (e)

HAADF-STEM-EDS elemental mappings, (f) XRD pattern and (g, h, i) HRTEM images of E-

Ru/Fe ONA:s.



X-ray photoelectron spectrum (XPS) measurement was carried out to reveal the surface
properties of P-Ru/Fe ONAs/C and E-Ru/Fe ONAs/C, as shown in Fig. 2a. For P-Ru/Fe ONAs/C,
the peaks at binding energy (BE) of 461.6, 463.2 and 466.5 eV can be assigned as Ru’, Ru*" and
Ru™ (n>4), respectively. Notably, the corresponding peaks of Ru’, Ru*" and Ru™" (n>4) in the XPS
of E-Ru/Fe ONAs/C shift to higher BEs in comparison to P-Ru/Fe ONAs/C (e.g., 461.8, 463.4 and
466.7 eV, respectively), suggesting the lower electron density of Ru in E-Ru/Fe ONAs/C. Four
peaks are observed at 529.9, 531.5, 532.7, and 533.8 eV in the O 1s spectra, which can be ascribed
to the lattice O, oxygen lattice sites located in the vicinity of O vacancies, surface-adsorbed Oz,
and adventitious species, respectively (Fig. 2b).[21,22] Interestingly, the electron density of lattice
O in E-Ru/Fe ONAs/C is higher than those of P-Ru/Fe ONAs/C. Moreover, detailed XPS analysis
shows that the content of O vacancies in E-Ru/Fe ONAs/C is much higher than P-Ru/Fe ONAs/C
(61% vs. 51%), indicating that the etching of Fe is in favour of generating O vacancies (Fig. S4).
Room temperature photoluminescence (PL) spectra were further employed to confirm the
existence of O vacancies, in which the PL emission peak at 403 nm (E-Ru/Fe ONAs/C) and 404
nm (P-Ru/Fe ONAs/C) can be indexed as the recombination of the photogenerated hole with the
two-electron-trapped O-vacancy (Fig. 2c¢).[22,23] We further carried out the electron spin
resonance (ESR) measurement for E-Ru/Fe ONAs/C and P-Ru/Fe ONAs/C. As shown in Fig. 2d,
the corresponding signal in E-Ru/Fe ONAs/C (g = 2.1317) was narrower and weaker than that of
P-Ru/Fe ONAs/C (g =2.0911), which is due to the fact that, in addition to O vacancies, Fe** could

also generate ESR signal with broad spectrum owing to the paramagnetic nature.[24,25]
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Fig. 2. (a) Ru 3p XPS, (b) O 1s XPS, (¢) room-temperature photoluminescence and (d) electron

spin resonance spectra of E-Ru/Fe ONAs/C and P-Ru/Fe ONAs/C.
2.2 OER performance

The acidic OER performance of E-Ru/Fe ONAs/C was evaluated in 0.5 M and 0.05 M H2SOs4,
while P-Ru/Fe ONAs/C, commercial IrO2 and RuO: were used as references. All the
electrocatalysts experienced 10 cycles of cyclic voltammetry (CV) before testing the linear sweep
voltammetry (LSV) curve (Figs. 3a and b). As shown in Fig. 3c, the overpotential of E-Ru/Fe

ONAs/C at 10 mA cm 2 in 0.5 M H2SOs is 238 mV, which is much lower than that of P-Ru/Fe



ONAs/C (252 mV), commercial IrO2 (315 mV) and RuO:2 (354 mV), suggesting that E-Ru/Fe
ONASs/C has the highest OER activity. Further decrease the concentration of H2SO4 to 0.05 M, the
overpotentials of E-Ru/Fe ONAs/C, P-Ru/Fe ONAs/C, commercial IrO2 and RuOz are 247, 260,
347 and 439 mV, respectively, indicating that E-Ru/Fe ONAs/C can be used as a robust
electrocatalyst for acidic OER (Fig. 3c). Moreover, the current densities of commercial IrO2 and
RuO: are extremely low (close to 1.6 mA cm2) at a potential of 1.50 V (vs. RHE) in 0.5 M H2SO4
(Fig. 3d). The current density dramatically increases to 21.5 mA cm > when P-Ru/Fe ONAs/C was
used as catalyst, which further jumps to 37.6 mA cm ™2 when E-Ru/Fe ONAs/C was used as catalyst
in 0.5 M H2SOa4. Similar tendency was observed when the concentration of H2SO4 was decreased
to 0.05 M, further confirming the superior OER activity of E-Ru/Fe ONAs/C. Furthermore, the
Tafel slopes were calculated to study the kinetics of various catalysts during OER. The Tafel slopes
of E-Ru/Fe ONAs/C are 44.8 and 56.8 mV dec™! in 0.5 and 0.05 M H2SO4, respectively, which are
smaller than those of P-Ru/Fe ONAs/C, commercial IrO2 and RuO: under the same conditions
(Fig. S5). In addition, the stability of E-Ru/Fe ONAs/C was tested in 0.5 M H2SO4. As shown in
Fig. 3e, E-Ru/Fe ONAs/C exhibits enhanced stability with a slight potential increase within 9 h.
By contrast, P-Ru/Fe ONAs/C, commercial [rO2 and RuO: exhibit much poorer stability under
such corrosive environment. The above results demonstrate that E-Ru/Fe ONAs/C can be used as

a highly active and stable catalyst for acidic OER.
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Fig. 3. The LSV curves in (a) 0.5 M and (b) 0.05 M H2SOu4. (¢) The overpotentials at 10 mA cm™
and (d) current densities at potential of 1.5 V (vs. RHE) of E-Ru/Fe ONAs/C, P-Ru/Fe ONAs/C,
commercial IrO2 and RuO2 in 0.5 M and 0.05 M H2SOu. (e) Stability tests over different catalysts

in 0.5 M H2SOa.



2.3 Mechanism study

To further unravel the origin of the superior activity of E-Ru/Fe ONAs/C, double layer
capacitance (Ca) method was employed to evaluate the electrochemical active surface area
(ECSA). The calculated Cai of E-Ru/Fe ONAs/C (14.3 mF ¢cm2), which is linearly proportional to
ECSA, is obviously larger than that of P-Ru/Fe ONAs/C (10.9 mF cm™2) (Figs. 4a and S6).[26]
Moreover, the electrochemical impedance spectrum (EIS) of E-Ru/Fe ONAs/C with a smaller
semicircle suggests a faster charge transfer rate at interface of electrode and electrolyte (Fig. 4b).
This enhancement can be attributed to the generation of vacancies in the E-Ru/Fe ONAs/C after
Fe etching, where the vacancies are in favour of increasing the conductivity of
electrocatalyst.[27,28] To be more specific, E-Ru/Fe ONAs/C contains more defects than P-Ru/Fe
ONAs/C, leading to the different electronic structures of catalysts. TEM image of the spent E-
Ru/Fe ONAs indicates that the morphology is maintained, despite slight Fe dissolution occurs
during OER test (Figs. S7a and b). Moreover, no obvious changes are observed in XRD pattern
and XPS of the spent catalyst, suggesting that E-Ru/Fe ONAs/C is stable during electrochemical
test (Figs. S7c¢ and d). The fitting of XPS shows the proportions of lattice O in the fresh and spent
E-Ru/Fe ONAs/C are 39% and 37%, respectively (Figs. 4c and d). By contrast, the proportions of
lattice O in the fresh P-Ru/Fe ONAs/C and spent P-Ru/Fe ONAs/C are 49% and 26%, respectively,
suggesting that the lattice O in P-Ru/Fe ONAs/C is largely involved in OER, as a result of poor
stability in 0.5 M H2SOs4. To further reveal the mechanism, the content of Ru and Fe in the fresh
and spent catalysts were calculated. As shown in Fig. S8, the Fe content is 23.8% in the fresh P-
Ru/Fe ONAs/C, which is obviously higher than that in the fresh E-Ru/Fe ONAs/C (13.6%),
indicating that partial Fe is etched by HNOs. After OER test, the Fe content in the spent P-Ru/Fe

ONAs/C and E-Ru/Fe ONAs/C is 19.9% and 10.4%, respectively. Considering the similar Fe
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dissolution during OER test (e.g., 3.2% for E-Ru/Fe ONAs/C and 3.9% for P-Ru/Fe ONAs/C), we
may conclude the significant difference in stability of E-Ru/Fe ONAs/C and P-Ru/Fe ONAs/C is
caused by the involvement of lattice O in P-Ru/Fe ONAs/C. In particular, the lattice O of RuOzin
P-Ru/Fe ONAs/C strongly involves in the OER, leading to a significant decrease of the lattice O
ratio after OER test (Fig. 4d). In contrast, abundant vacancies in the E-Ru/Fe ONAs/C dramatically

suppress the adsorption of H20 on the lattice O, leading to the enhanced stability of E-Ru/Fe

ONAs/C.
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Fig. 4. (a) Ca and (b) EIS Nyquist plots of E-Ru/Fe ONAs/C and P-Ru/Fe ONAs/C. (¢) O 1s XPS
of the spent E-Ru/Fe ONAs/C and P-Ru/Fe ONAs/C, (d) the corresponding distributions of lattice

O and O vacancies in the fresh and spent catalysts.

2.4 Theoretical calculation

Density functional theory (DFT) calculations were further conducted to unravel the superior
performances of acidic OER over E-Ru/Fe ONAs. Considering the defective structure of E-Ru/Fe
ONAs, an atomic structure with low-coordinated Ru and Fe sites was selected to mimic the surface
structure of catalyst, as depicted in Fig. 5a. The active bonding and anti-bonding near Fermi level
(E¥) were illustrated by the real spatial 3D contour plot of the electronic distribution, in which the
electroactive region was located near the Ru-Fe regions (Fig. 5b). The projected partial density of
states (PDOSs) was demonstrated to reveal the modification of electronic structures. For the Fe
sites, the gradually enlarged #25-¢; splitting is noticed from the bulk Fe to the surface oxidized Fe.
The abundant empty d-bands of surface Fe sites facilitate the p-d couplings of Ru with the
intermediates during OER (Fig. 5¢). On the contrary, the electronic structures of Ru sites show a
converse compress trend, where the Ru-4d bands become more concentrated with upshifting
towards the Er. The compensated electronic structure of Ru and Fe not only modulates the
electronic environments of catalyst surface but also optimizes the binding strength of the
intermediates (Fig. 5d). Moreover, the O-sites display limited changes from bulk to the surface.
Even for the low-coordinated O sites on the surface, the O-2p orbitals only slightly shift from Ev-
5.4 eV to Ev-4.5 eV, preserving the electron-rich states (Fig. 5e). Benefiting from the relatively
stable electronic structure of O sites, the E-Ru/Fe ONAs may exhibit an enhanced stability during
OER test, which is in good agreement with experimental observations (Fig. 3e). Moreover, the

shift of the s, p orbitals of H2O confirms the strong adsorption of the reactants induced by the
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enhanced p-d couplings, and the positive shift of the dominant peak of key intermediates during
OER process further suggests the superior OER performance over E-Ru/Fe ONAs (Fig. 5f).
Furthermore, the energy barriers of different reaction pathways were calculated. As shown in Fig.
5g, the step from [O” + 2H + H20] to [ OOH + 3H] is the rate-determining step (RDS) under the
equilibrium potential (U = 0 V), which gives the largest energy barrier. It is noted that the energy
barrier of RDS on E-Ru/Fe ONAs is 1.44 eV, which is obviously lower than that on RuOz2 (1.85
eV). Moreover, with the applied potential of 1.23 V, the overpotentials of OER on RuO: and E-
Ru/Fe ONAs are 0.62 V and 0.21 V, respectively, further confirming the higher OER activity of
E-Ru/Fe ONAs in comparison to RuO2 (Fig. 5h). In addition, DFT calculations indicate that the
interface of Ru-Fe oxides with abundant vacancies favors the adsorption of H20, leading to the
modulated binding strength of intermediates on the catalyst and thus variable OER activity (Fig.

59).
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Fig. 5. (a) The top view of the E-Ru/Fe ONAs lattice structure. Green balls = Ru, Purple balls =
Fe and Red balls = O. (b) The real spatial contour plots for bonding and anti-bonding orbitals near
EF. (¢) The site-dependent PDOSs of Fe from the surfaces to the bulk states. (d) The site-dependent
PDOS:s of Ru from the surfaces to the bulk states. (e) The site-dependent PDOSs of O sites from
the surfaces to the bulk states. (f) PDOSs of O-intermediates during the acidic OER process. (g)
The pathways of four-electron based acidic OER at U=0 V. (h) The OER pathways and
overpotential at U=1.23 V. (i) The structural configurations of intermediates adsorption. Green

balls = Ru, Purple balls = Fe, Red balls = O and White balls = H.
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3. Conclusion

In conclusion, we demonstrate a facile strategy for fabricating a highly active and stable Ru/Fe
oxide-based catalyst for acidic OER, in which Ru/Fe NAs were etched by HNO3 to remove partial
Fe species and then annealed in air resulting in the formation of Fe and O vacancies (i.e., E-Ru/Fe
ONAs). Detailed characterizations and experiments suggest the vacancies in the E-Ru/Fe ONAs
can not only promote the OER activity, but also greatly enhance the stability of catalyst in acidic
conditions via suppressing the involvement of lattice O in OER process. DFT calculations indicate
that the interface of Ru-Fe oxides with abundant vacancies in E-Ru/Fe ONAs can not only
modulate the electron density of lattice O to prevent RuO2 from dissolution, but also optimize the
binding strength of the intermediates to promote the OER activity. This work may not only provide
an efficient strategy for stabilizing RuOz-based catalysts for OER, but also shed new light on defect

engineering of catalysts.
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