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Anion exchange membrane fuel cells are a potentially cost-effective energy conversion technology,
however, the electrocatalyst for the anodic hydrogen oxidation reaction (HOR) suffers from sluggish
kinetics under alkaline conditions. Herein, we report that Ru-based nanosheets with amorphous—
crystalline heterointerfaces of Ru and Ti-doped RuO, (a/c-Ru/Ti-RuO,) can serve as a highly efficient
HOR catalyst with a mass activity of 4.16 A mgg, %, which is 19.8-fold higher than that of commercial Pt/
C. Detailed characterization studies show that abundant amorphous—crystalline heterointerfaces of a/c-
Ru/Ti-RuO, nanosheets provide oxygen vacancies and unsaturated coordination bonds for balancing
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Introduction

Anion exchange membrane fuel cells (AEMFCs) have been
regarded as one of the most effective technologies for convert-
ing hydrogen fuel to alleviate the current energy crisis and
environmental concerns. The mild alkaline conditions of
AEMFCs can accommodate more cell components and more
durable stability than proton-exchange membrane fuel cells
(PEMFCs)."* However, the kinetics of the hydrogen oxidation
reaction (HOR) in AEMFCs is two orders of magnitude lower
than that in PEMFCs. Under these circumstances, one needs to
increase the contents of platinum-group-metals (PGMs) to
reach the desired HOR performance, which leads to an increase
in cost.>” Moreover, industrial hydrogen produced from the
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conventional steam reforming process inevitably contains trace
amounts of CO, which can poison PGMs during catalysis.
Therefore, improving alkaline kinetics, strengthening resis-
tance to CO poisoning, and reducing the loading amounts of
PGMs during the HOR are of great importance yet formidably
challenging.

Owing to its similar hydrogen affinity to Pt, Ru has been
widely recognized as a promising candidate for the HOR. In
principle, ideal HOR electrocatalysts should be capable of
having appropriate adsorption strengths to H, OH, and CO.*™*°
Optimizing interfaces/surfaces of catalysts to regulate the
surface electron structure and reaction energy barrier is the key
point for balancing intermediates adsorption."* ™ Over the past
few decades, substantial efforts have been devoted to con-
structing surface and interfacial synergy for regulating
hydrogen binding energy (HBE) and hydroxyl binding energy
(OHBE) and thus modulating HOR performance.'>'®'” Despite
great progress in catalyst design for the HOR, high-efficiency
HOR electrocatalysis is limited by the sluggish alkaline
kinetics and unsatisfactory long-term stability of catalysts. It is
of great importance to design efficient electrocatalysts for
alkaline HOR yet it is formidably challenging.

Inspired by the significance of amorphous materials with
abundant unsaturated sites and defects in catalytic
performance,'®>" here, we synthesize Ru-based nanosheets with
amorphous-crystalline heterointerfaces of Ru and Ti-doped
RuO, (a/c-Ru/Ti-Ru0O,) as a highly active and durable catalyst
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for the HOR. Detailed characterization studies show that a/c-Ru/
Ti-RuO, nanosheets with abundant amorphous-crystalline
heterointerfaces provide oxygen vacancies and unsaturated
coordination bonds for balancing adsorption of hydrogen and
hydroxyl species on Ru active sites to elevate HOR activity.
Besides, doping Ti significantly weakened CO adsorption for
improving CO tolerance of the a/c-Ru/Ti-RuO, catalyst.
Impressively, a/c-Ru/Ti-RuO, nanosheets exhibit a current
density and mass activity of 2.48 mA cm > and 4.16 A mgg,
respectively, at an overpotential of 50 mV, as well as much
superior stability and resistance to CO poisoning to
commercial Pt/C.

Results and discussion

a/c-Ru/Ti-RuO, was synthesized by mixing ruthenium acetyla-
cetonate and titanium acetylacetonate with a salt template of
sodium chloride, which experienced a thermal treatment at
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250 °C (Fig. 1a). It was found that a/c-Ru/Ti-RuO, exhibited
smooth nanosheets with a molar ratio of Ru/Ti of ~3 (Fig. 1b
and S1t). The thickness was measured to be ~4.4 nm based on
the atomic force microscopy (AFM) result (Fig. 1c). The TEM
image and elemental mapping reveal that O, Ru and Ti are
uniformly distributed in a/c-Ru/Ti-RuO, nanosheets (Fig. 1d
and e). HRTEM images show that a/c-Ru/Ti-RuO, nanosheets
consist of crystalline and amorphous structures with interlaced
heterointerfaces (Fig. 1f and S27). According to fast Fourier-
transform (FFT) and inverse fast Fourier-transform (IFFT)
images transformed HRTEM of a/c-Ru/Ti-RuO, (Fig. 1f and g),
the measured lattice distances of 0.227 nm and 0.205 nm
correspond to the (111) plane of RuO, and (101) plane of Ru,
respectively. The diffusion ring without diffraction spots on the
FFT image transformed F, region confirmed the co-existence of
amorphous and crystalline phases on a/c-Ru/Ti-RuO, (Fig. 1h),
which was further validated by XRD. Based on the XRD and
HRTEM images (Fig. S3 and S4f), the crystal structure and

a Ru(acac);
A
2N

L

£ P

TiO(acac), pact

“;“;;nw P ion
bR o
};}E‘Qi “otisepe 260°C air 90min 7
4

0.0 05 10 15 20 2
Distance / um

alc-RulTi-Ru0,

c-Ti-RuO,

Intensity / a.u.

| Ru: 70-0274

RuO,: 70-2662

| el I fil

20 30 40 50 60 70
20/ degree

Fig. 1

(a) Schematic illustration for the synthesis of a/c-Ru/Ti-RuO, nanosheets. (b) SEM, (c) AFM, (d) TEM, (e) elemental mapping, and (f) HRTEM

image of a/c-Ru/Ti-RuOs,. (g) FFT and IFFT images transformed from (f). (h) XRD patterns of a/c-Ru/Ti-RuO, and c-Ti-RuO,. (i) HRTEM image of
c-Ti-RuOs. (j) FFT and IFFT images transformed from (i). The scale bars in FFT and IFFT images are 1/2 nm and 1 nm, respectively.
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morphology of a/c-Ru/RuO, is similar to those of a/c-Ru/Ti-
RuO,. The lattice distances of 0.205 nm, 0.214 nm, and
0.222 nm in the HRTEM image of a/c-Ru/RuO, can be indexed
as the (101) and (002) planes of metallic Ru and (110) plane of
RuO,, respectively. Note that the lattice distance of RuO, (0.227
nm) in the HRTEM image of a/c-Ru/Ti-RuO, is larger than that
in a/c-Ru/Ru0, (0.222 nm), which can be ascribed to the lattice
expansion of RuO, after Ti doping. Moreover, crystalline Ti
doped Ru nanosheets and Ru nanosheets, which were named c-
Ti-RuO, and c-RuO,, respectively, were prepared by increasing
synthetic temperature to 300 °C (see the ESIT for details). In the
XRD of c-Ti-RuO, nanosheets, the peaks at 28.0°, 35.3°, and
54.4° are indexed to the (110), (101), and (211) planes of RuO,,
respectively (Fig. 1h and S5,1 PDF: 70-2662). Comparing with c-
RuO,, the peak of the (110) plane in the XRD pattern of c-Ti-
RuO, negatively shifts by 0.26°, implying that doping of Ti onto
RuO, induces the formation of lattice expansion.”” Despite the
similar morphology, agglomerated nanoparticles appear on c-
Ti-RuO, nanosheets due to the increase in temperature during
synthesis (Fig. S61). Moreover, the HRTEM image and FFT and
IFFT images of c-Ti-RuO, further indicate that c-Ti-RuO, is
mainly composed of interlaced crystalline heterointerfaces. The
lattice distances of 0.324 nm, 0.257 nm and 0.322 nm in the
HRTEM image of c-Ti-RuO, are ascribed to the (110), (101) and
(110) planes of RuO,, respectively (Fig. 1i and j). Note that the
lattice distance of the (110) plane for c¢-Ti-RuO, is larger than
that of RuO, (0.317 nm), further confirming lattice expansion
after Ti doping, which is consistent with the XRD results.

To investigate the effects of Ti doping on a/c-Ru/Ti-RuO, with
amorphous—-crystalline heterointerfaces, electron paramagnetic
resonance (EPR) spectroscopy was performed.” As shown in
Fig. 2a and S7,f it was found that Ti doping and the amor-
phous-crystalline heterointerface both contribute to the
formation of oxygen vacancies. Moreover, the surface electronic
properties of a/c-Ru/Ti-RuO, and c-Ti-RuO, were measured by
XPS (Fig. S8t). It was noted that Ru consists of Ru® and Ru** in
a/c-Ru/Ti-RuO, and c¢-Ti-RuO, (Fig. 2b). Compared to c-Ti-RuO,,
the position of Ru" in the XPS spectrum of a/c-Ru/Ti-RuO,
negatively shifted by 0.12 eV, which was attributed to the
amorphous structure of metallic Ru®.2*?* A similar negative shift
was observed for the Ti 2p peak (Fig. 2c) in the XPS spectra of
a/c-Ru/Ti-RuO,, which could be attributed to the formation of
oxygen vacancies and the amorphous-crystalline heterointer-
face.>****” In O 1s XPS spectra, the peaks at 529.6 eV, 530.6 eV
and 532.5 eV were ascribed to Ru-O/Ti-O, surface bridge oxide
of RuO, (Ru-Ogg;) and OH species on coordinatively unsatu-
rated Ru sites (Ru-Ocys), respectively (Fig. 2d).>® Moreover, the
larger amounts of Ru-Ogg; in a/c-Ru/Ti-RuO, compared with
¢-Ti-RuO, confirmed more oxygen vacancy formation in a/c-Ru/
Ti-RuO, (Table S17), which was in line with the EPR results.

Furthermore, X-ray absorption near-edge structure spec-
troscopy (XANES) was performed to investigate the electronic
structures of a/c-Ru/Ti-RuO, and c¢-Ti-RuO,. Compared to RuO,,
the smaller energy shift of the Ru-K edge position suggested
that the valence of Ru in a/c-Ru/Ti-RuO, and c-Ti-RuO, is
slightly lower than that in RuO, (Fig. 2e). Compared to c-Ti-
RuO,, the Ru-K edge of a/c-Ru/Ti-RuO, slightly shifted to lower
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energy, suggesting that the amorphous structure of metallic Ru
and the formation of oxygen vacancies in a/c-Ru/Ti-RuO,
influenced the electronic properties of Ru. In the corresponding
Fourier-transformed extended X-ray absorption fine structure
spectroscopy (EXAFS) spectra, the peaks at 1.47 A and 3.10 A in
Ru-K EXAFS spectra were ascribed to the first Ru-O and second
Ru-Ru coordination of RuO,, respectively, while the peak at
2.39 A represented the Ru-Ru coordination of Ru foil (Fig. 2f).
Compared to c-Ti-RuO,, the lower peak intensity of Ru-O
coordination in the EXAFS spectrum of a/c-Ru/Ti-RuO,
compared with that of RuO, implied unsaturated Ru-O coor-
dination due to the formation of oxygen vacancies in a/c-Ru/Ti-
Ru0,.2>3 Furthermore, the feature at 3.01 A was ascribed to
Ru-Ti coordination in c¢-Ti-RuO, (Fig. 2f). Compared to c-Ti-
RuO, (~3.01 A), the peak of Ru-Ti coordination in the EXAFS
spectrum of a/c-Ru/Ti-RuO, shifted to shorter distance and
obviously weakened, indicating the higher disorder degree of
a/c-Ru/Ti-RuO, (Fig. 2f), which was further confirmed by the
wavelet transformation (WT) contour plots (Fig. 2g). In addi-
tion, the absence of Ru-Ru coordination in the EXAFS spectrum
of a/c-Ru/Ti-RuO, may be caused by the disorder structure and
small proportion of metallic Ru.*

HOR performance was performed using a typical three-
electrode system on a rotating disk electrode (RDE) with
H,-saturated alkaline electrolyte (0.1 M KOH). All electrochemical
performance of catalysts was tested after activating for 100 cycles
at a scan rate of 0.5 V s~ " at potential from —0.2 to 0.4 V vs. RHE.
Screening experiments suggested that a/c-Ru/Ti-RuO, with a Ru/Ti
ratio of 3 : 1 was the optimal HOR catalyst (Fig. S9t). Furthermore,
the HOR polarization curve of a/c-Ru/Ti-RuO, tested N,-saturated
0.1 M KOH solution (Fig. S10t) showed that current density is
close to zero, indicating the occurrence of the HOR in Hj-satu-
rated 0.1 M KOH solution. As shown in Fig. 3a, a/c-Ru/Ti-RuO,
exhibited a current density of 2.48 mA cm™? at 50 mV, which was
higher than that of ¢-Ti-RuO, (1.54 mA cm™?) and a/c-Ru/RuO,
(2.00 mA cm?), indicating that the amorphous-crystalline het-
erointerface and Ti doping synergistically improved alkaline HOR
activity. Moreover, the HOR polarization curves of catalysts were
collected at different rotating rates from 400 to 2500 rpm to
analyse the electron transport process (Fig. 3b and S11a-ct). The
fitting slopes in Koutecky-Levich plots of a/c-Ru/Ti-Ru0O,, a/c-Ru/
RuO,, ¢-Ti-RuO,, and Pt/C (inset of Fig. 3b and S11d+}) were 13.83,
13.49, 14.86, and 14.79 cm® mA™" rpm'/?, respectively, showing
limiting current densities of 2.89, 2.96, 2.69, and 2.70 mA cm ™2 at
1600 rpm, being consistent with the theoretical value.*> The
kinetic currents (i) were calculated by Butler-Volmer fitting. a/c-
Ru/Ti-RuO, displayed higher kinetic current than the other cata-
lysts at all potentials, suggesting its fastest HOR kinetics (Fig. 3c).
The exchange current (i) of a/c-Ru/Ti-RuO,, which was calculated
via the Butler-Volmer equation with nonlinear fitting, was 1.49
mA, which was 3.6, 1.9, and 5.3 times compared with that of c-Ti-
RuO, (0.42 mA), a/c-Ru/RuO, (0.77 mA), and commercial Pt/C
(0.28 mA). To quantitatively compare HOR activity, the mass
activity and specific activity of these catalysts were normalized to
the mass of Ru or Pt and electrochemically surface area (ECSA,
marked as /" and ;). The loading mass of Ru was measured by
thermogravimetry (TG) and energy dispersive spectroscopy (EDS)
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Fig. 2 (a) EPR spectra of a/c-Ru/RuQ,, a/c-Ru/Ti-RuO, and c-Ti-RuO,. (b—d) Ru 3d, Ti 2p and O 1s spectra of a/c-Ru/Ti-RuO, and c-Ti-RuO,.
(e) Normalized XANES spectra of Ru foil, a/c-Ru/Ti-RuO,, c-Ti-RuO,, and RuO, at the Ru-K edge. (f) The Fourier-transform (FT) ks—weighted x (k)
function of the EXAFS spectra of Ru foil, a/c-Ru/Ti-RuO,, c-Ti-RuO,, and RuO, at the Ru-K edge. (g) Wavelet transformation for the k*-weighted
EXAFS of the Ru-K edge for Ru foil, a/c-Ru/Ti-RuO,, c-Ti-RuO,, and RuO,.
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(Fig. 51, S6 and S12+). As shown in Fig. 3d, the /* of a/c-Ru/Ti-
RuO, was 4.16 A mgg,,~ ', which was 9.2, 7.7, and 19.8 times higher
than that of c¢-Ti-RuO, (0.41 A mgg, '), a/c-Ru/RuO, (0.48 A
mgg, '), and commercial Pt/C (0.20 A mgp, '), respectively. Note
that the mass activity of a/c-Ru/Ti-RuO, has surpassed that of
most reported catalysts (Fig. S13 and Table S2T). Moreover, ECSAs
were obtained by Cu underpotential deposition (Cuypp) stripping
(Fig. S14t). Then, ECSA normalized specific activities of a/c-Ru/Ti-
RuO,, ¢-Ti-RuO,, a/c-Ru/Ru0, and commercial Pt/C were 1.65,
0.59, 0.68, and 0.51 mA cm 2, respectively. The highest mass
activity and specific activity of a/c-Ru/Ti-RuO, indicated the best
kinetic and intrinsic activities of a/c-Ru/Ti-RuO,. Furthermore, the
stability of catalysts was tested in H,-saturated 0.1 M KOH elec-
trolyte by chronoamperometry technology at 0.1 Vvs. RHE. a/c-Ru/
Ti-RuO, could maintain 80% of the initial current after stability
testing for 12 000 s, which was much longer than that for a/c-Ru/
RuO, (2900 s), c-Ti-RuO, (1560 s), and Pt/C (940 s) (Fig. 3e).
Specifically, the morphology of a/c-Ru/Ti-RuO, was well main-
tained with only negligible Ru dissolution after durability testing
(Fig. S157).

In addition, the resistance to CO poisoning of a/c-Ru/Ti-
RuO, was tested by introducing 1000 ppm CO (Fig. 3f). A slight
decline in the HOR polarization curve of a/c-Ru/Ti-RuO, was
observed in 1000 ppm CO + H,-saturated 0.1 M KOH electrolyte,
which was much smaller than that of ¢-Ti-RuO,, a/c-Ru/RuO,,
and commercial Pt/C (Fig. S167), indicating that Ti doping and
the heterointerface efficiently block CO species from poisoning
active sites. Besides, the superior resistance of a/c-Ru/Ti-RuO,
to CO poisoning was further evaluated by chronoamperometry
at 0.1 Vvs. RHE. As shown in Fig. 3g, the currents of ¢-Ti-RuO,,
a/c-Ru/RuO,, and commercial Pt/C sharply decreased to 74% of
the initial current after being tested for 240 s, 210 s, and 370 s,
respectively, while 74% of the initial current was maintained
after 2000 s for a/c-Ru/Ti-Ru0O,, indicating the superior CO
tolerance of a/c-Ru/Ti-RuO, to other references.

To deeply understand the enhanced HOR performance over a/
c-Ru/Ti-RuO,, CV, in situ FTIR, H/D isotope experiment and CO
stripping experiment were performed. The larger area of the CV
curve of a/c-Ru/Ti-RuO, than that of ¢-Ti-RuO, and a/c-Ru/RuO,
implied that more active sites were exposed on a/c-Ru/Ti-RuO,
(Fig. S177). The intense peak, appearing at ~0.1 V vs. RHE in the
CV curve after activating for 100 cycles, corresponded to the
adsorption of hydrogen and exchange reaction of hydrogen to
adsorbed hydroxyl, which contributed to exposure of active sites of
a/c-Ru/Ti-RuO, after activation (Fig. 4a).” Note that the
morphology and structure of a/c-Ru/Ti-RuO, were largely
preserved after the present activation (Fig. S18a-df). In XPS
spectra, the positive shift of the Ru 3d peak for a/c-Ru/Ti-RuO,
after activation was attributed to the adsorption of OH,q4 species in
alkaline electrolyte (Fig. S18et),*** which was further confirmed
by the positive shifts of Ru-O¢ys and Ru-Ogg; peaks in the XPS
spectrum of activated a/c-Ru/Ti-RuO, (Fig. 4b).*** The new peak
at 535.3 eV was ascribed to the O-F bond due to the Nafion binder.
Analysis of XANES and EXAFS spectra of the fresh and activated a/
¢-Ru/Ti-RuO, further confirmed that the present activation could
significantly enhance OH,q adsorption, due to lower coordination
of Ru-Ru after activation than fresh a/c-Ru/Ti-RuO, (Fig. 4c and
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S18ft). Furthermore, based on comparison CV curves of catalysts
after activating for 100 cycles, the larger oxidation peak area of a/c-
Ru/Ti-RuO, than that of ¢-Ti-RuO,, a/c-Ru/Ru0O,, and commercial
Pt/C suggested stronger interaction between Ru and hydrogen/
hydroxyl species, while the lower potential in the CV peak
further indicated its weak binding ability with adsorbed hydrogen
(Fig. 4a, d and S19%). This is due to the optimized electronic
structure of Ru active sites by oxygen vacancies and unsaturated
coordination of a/c-Ru/Ti-RuO, with amorphous-crystallines
interface. Moreover, an isotope experiment was performed to
further evaluate the enhanced OH,4 adsorption.*** As shown in
Fig. S20,T the decreased current density ratio of jxou//kop With
potential implies that the replacement of OH™ with OD™ reduces
the HOR activity of catalysts, which is attributed to the different
pD/pH values of KOD and KOH.***! Note that the ratio of jxou//xop
for a/c-Ru/Ti-RuO, is much smaller than that of commercial Pt/C,
indicating its strong adsorption ability towards both OH™ and
OD™ on a/c-Ru/Ti-Ru0,, as a result of significantly enhanced HOR
performance of a/c-Ru/Ti-RuO, (Fig. 4e).

Besides, in situ Fourier transform infrared spectroscopy
(FTIR) was performed in H,-saturated 0.1 M KOH electrolyte to
evaluate the HBE and OHBE for a/c-Ru/Ti-RuO,. As shown in
Fig. $21,7 a vibrational band is observed at 2064 cm ' for a/c-
RuTi, which is ascribed to the Ru-H bond.” Note that the Ru-
H vibration of a/c-Ru/Ti-RuO, negatively shifts to a lower
wavenumber compared with that of ¢-Ti-RuO, (2071 cm™Y),
suggesting that the binding strength of H on a/c-Ru/Ti-RuO, is
weaker than that on c-Ti-RuO,.**** The band at ~3400 cm ™' in
in situ FTIR spectra was ascribed to O-H stretching vibration of
interfacial water,”*>*® where a larger Stark tuning rate for a/c-
Ru/Ti-RuO, (—100 cm ™" V') than that of ¢-Ti-RuO, (—74 cm ™"
V') indicates that the heterointerface of a/c-Ru/Ti-RuO, is
beneficial to enhance interaction with OH,4 species (Fig. 4f).**
Additionally, a CO-stripping experiment was performed to
reveal the enhanced resistance to CO poisoning of a/c-Ru/Ti-
RuO,. As shown in Fig. 4g and S22, the peak potential of CO
stripping follows the trend as a/c-Ru/Ti-RuO, (0.689 V vs. RHE) <
¢-Ti-RuO, (0.702 V vs. RHE) < a/c-Ru/Ru0O, (0.718 V vs. RHE),
suggesting that Ti doping efficiently enhances OH species
affinity of a/c-Ru/RuO, for facilitating adsorbed CO oxidation.
In the in situ FTIR spectra collected from —0.15 to 1.05 V vs.
RHE, the adsorption peaks at ~2094 cm ' and ~1850 cm ™ *
could be assigned to CO linear and bridged adsorption,
respectively (Fig. 4h).*** Compared to a/c-Ru/RuO,, the
absence of the peak of CO bridged adsorption in FTIR spectra of
a/c-Ru/Ti-RuO, and c-Ti-RuO, suggests that Ti-doping can
weaken CO adsorption.”” Besides, the peak intensity of CO
linear adsorption for a/c-Ru/Ti-RuO, and c-Ti-RuO, decreases
much faster than that of a/c-Ru/RuO, with the potentials,
further confirming the weakened CO adsorption on a/c-Ru/Ti-
RuO, and c-Ti-Ru0,.**** In addition, the peak of CO adsorption
completely disappears at 0.65 V vs. RHE in the in situ FTIR
spectrum of a/c-Ru/Ti-RuO,, while the obvious peaks of CO
adsorption in the FTIR spectra of a/c-Ru/RuO, at the same
potential demonstrate that the strong synergy at the hetero-
interface can significantly weaken the binding strength of CO
on a/c-Ru/Ti-RuO, (Fig. S2371). Based on the above results, the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06705j

Open Access Article. Published on 30 January 2024. Downloaded on 1/18/2026 6:31:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
a 3 ——alc-Ru/Ti-RuO,-100th cycle| b - Ru-Ogmy O 19] c el ——a/c-RuITI-RUO,
» - - - -alc-Ru/Ti-RUO, w ——_ ” gy UeRuMRu0, Y
. ~\ u-Ry, Ru foll * 0.5
o =] \
1 : v \ \ RUO,
; < ,\/% ST
g 0 %’ a/lc-RUTIRUO,-CV : = Ru-0
- s %10 i Ru-Ru
'~ z
=2y 5 \
> A7
3 ale-RulTi-Ru0, 0 ol 77N v\
0.0 0.2 04 0.6 0.8 1.0 540 538 536 534 532 530 528 526 o 1 2 3 4 5 6
E [V vs.RHE Binding energy / eV RIA
4
d ale-RulTi-RuO, e 22 @ alc-RulTi-Ru0,) f 3410 + a/c-Ru/TI-RUO,
——c-TIRUO, 2l © o @ PHC TE 2405 + ¢Ti-RuO,
o . 2
5 S1s ®o,, 54 S T4cm VI
< X ° o -
3 = £ 3395
o 3
2 X116 €
- ™ o 3390
s
1.4 ° o = 3385
® 904
/ i ° 9
%.0 0.2 0.4 06 12 0.01 0.02 0.03 0.04 0.05 3380 -0.10 -0.05 0.00 0.05 0.10
E IV vs.RHE E/V vs.RHE E/Vvs.RHE
g 3 h €O, ale-Ru/Ti-RuO, co, -Ti-RuO, co, COg a/c-Ru/RUO,
—— alc-Ru/TI-RUO, 0‘0051 aal 1.05V
¢-TiRuO, I poad | uo\gs
o ——a/c-Ru/RuO, e 2 — @ 5
it S = X e =
g i = — ==
< - i — == ~|Each
£ step
- 01V
S =~ = - -
— N\ e =
-015V
2200 2000 1800 2200 2000 1800 2200 2000 1800
00 0z 04 08 08 10 Wavenumber /cm™  Wavenumber /cm®  Wavenumber / cm'!
E/V vs.RHE
Fig. 4 (a) CV curves collected in 0.1 M KOH during 0-1V vs. RHE of a/c-Ru/Ti-RuO, before and after activating for 100 cycles. (b) O 1s spectra

and (c) Ru K-edge Fourier-transform (FT) k*-weighted (k) function of the EXAFS spectra of a/c-Ru/Ti-RuO, before and after CV activation. (d) CV
peaks of a/c-Ru/Ti-RuO, and c-Ti-RuO, in 0.1 M KOH. (e) The ratio of current density in 0.1 M KOH and KOD electrolyte for a/c-Ru/Ti-RuO, and
commercial Pt/C. (f) In situ FTIR wavenumber change of O—H stretching vibration for a/c-Ru/Ti-RuO, and c-Ti-RuO,. (g) CO-stripping vol-
tammetry of a/c-Ru/Ti-RuO,, c-Ti-RuO,, and a/c-Ru/RuO,. (h) In situ FTIR spectra of a/c-Ru/Ti-RuO,, c-Ti-RuO,, and a/c-Ru/RuO, for CO

oxidation recorded during stepping the potential from —0.15 to 1.05 V

amorphous-crystalline heterointerface is beneficial for forma-
tion of oxygen vacancies, which can weaken binding energy of
Ru-H and promote OH,q adsorption, as a result of improved
HOR performance.

Conclusions

In summary, we have demonstrated that a/c-Ru/Ti-RuO, nano-
sheets can serve as an efficient catalyst for alkaline HOR. The
results from XAFS, the isotopic experiment, and in situ FTIR
suggest that the amorphous-crystalline heterointerface of a/c-Ru/
Ti-RuO, provides abundant oxygen vacancies, which can weaken
binding energy of Ru-H and strengthen OH,q adsorption, leading
to a significant enhancement in alkaline HOR activity. Impres-
sively, the mass activity and specific activity of a/c-Ru/Ti-RuO,
reach 4.16 A mgg, " and 1.65 mA cm ™2, which are 19.8 times and
2.2 times higher than that of commercial Pt/C, respectively.
Moreover, a/c-Ru/Ti-RuO, with amorphous-crystalline hetero-
interfaces displays fast CO oxidation efficiently enhancing its CO
tolerance. This work provides a strategy for enhancing alkaline
HOR performance over Ru-based catalysts, which will attract
immediate interest in chemistry, materials science and beyond.
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