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Development of high-performance electrocatalysts for water splitting is
crucial for a sustainable hydrogen economy. In this study, rapid heating of
ruthenium(l11) acetylacetonate by magnetic induction heating (MIH) leads to
the one-step production of Ru-RuO, /C nanocomposites composed of closely
integrated Ru and RuO, nanopatrticles. The formation of Mott-Schottky
heterojunctions significantly enhances charge transfer across the Ru-RuO,
interface leading to remarkable electrocatalytic activities toward both
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in

1 M KOH. Among the series, the sample prepares at 300 A for 10 s exhibits
the best performance, with an overpotential of only —31 mV for HER and
+240 mV for OER to reach the current density of 10 mA cm~2. Additionally,
the catalyst demonstrates excellent durability, with minimal impacts of
electrolyte salinity. With the sample as the bifunctional catalysts for overall
water splitting, an ultralow cell voltage of 1.43 V is needed to reach 10 mA

involves hydrogen evolution reaction
(HER) at the cathode and oxygen evolu-
tion reaction (OER) at the anode. Both
require efficient catalysts to achieve suffi-
ciently high current densities for practical
applications,[*>] and OER presents signifi-
cant challenges due to its complex reaction
pathways and sluggish electron-transfer
kinetics.[®} Prior research has primarily fo-
cused on catalysts for the HER or OER half-
reaction, whereas studies remain scarce
for bifunctional catalysts.’! Therefore,
developing high-performance bifunctional
catalysts has been recognized as a critical
step for the successful implementation and
advancement of the technology.

Currently, platinum (Pt) and iridium ox-

cm~2,160 mV lower than that with a commercial 20% Pt/C and RuO,/C
mixture. These results highlight the significant potential of MIH in the
ultrafast synthesis of high-performance catalysts for electrochemical water
splitting and sustainable hydrogen production from seawater.

1. Introduction

Hydrogen is a unique carrier that can store intermittent solar,
wind, and chemical energy through water splitting,!'3] which
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ide (IrO,) nanoparticles are the bench-
mark electrocatalysts for HER and OER,
respectively.'>!!] However, the limited nat-
ural abundance and high costs greatly re-
strict their broad applications. Recently,
transition metals, which are far more abun-
dant on the Earth and at much lower
costs, have garnered significant interest.
Nevertheless, their performance in terms of activity and durabil-
ity still falls short of commercial standards.['?l More affordable
noble metals such as ruthenium (Ru) have emerged as promis-
ing alternatives. Ru is competitively priced (=$400 per oz as com-
pared to $987 for Pt and $4700 for Ir) and demonstrates favorable
electrocatalytic properties.3] This is mainly due to the similar
electronic energy structures of Ru and RuO, to those of Pt and
110, [1415]

Since metallic Ru demonstrates strong catalytic activity for
HER but has limited effectiveness for OER, and RuO, excels
in OER but is ineffective for HER, the Ru-RuO, combination
may exhibit bifunctional activity.['%?%1 For instance, Wang and
coworkers!!®! prepared graphene composites with Ru-RuO, het-
erostructures by controlled calcination of RuCl,, thiourea, and
N,P-codoped reduced graphene oxide nanosheets. The resulting
Ru-RuO, @NPC nanocomposites demonstrated a remarkable bi-
functional activity for both HER and OER across a wide pH range,
requiring a low cell voltage (E,,) of 1.46 V to achieve a current
density of 10 mA cm~? in electrochemical water splitting. This
performance was attributed to charge transfer at the Ru-RuO,
Mott-Schottky (M-S) junctions, which shifted the d-band center

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedscience.com
mailto:shaowei@ucsc.edu
https://doi.org/10.1002/advs.202414534
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202414534&domain=pdf&date_stamp=2025-01-15

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

at the interface to an intermediate position between those of
Ru and RuO,, thus optimizing the adsorption and desorption of
key reaction intermediates (e.g., “H, “O, “OH, and "OOH). Ai
and coworkers(!’] developed a robust Ru-RuO, heterostructure by
partially oxidizing Ru nanoparticles in amorphous carbon. The
strong electronic synergy at the Ru-RuO, interface led to an out-
standing acidic OER performance with an ultralow overpotential
(Mogr,10) of +176 mV and excellent stability over 80 h at 10 mA
cm~2. The catalyst was then used as a bifunctional electrocata-
lyst for overall water splitting, achieving a low E,, of 1.55 V with
long-term durability, making it promising for a proton exchange
membrane water electrolyzer. Hu and colleagues(?!! synthesized
a porous reticular structure (PRS) Ru/RuO, and observed an im-
proved OER performance in both acidic and alkaline media. The
Ru/Ru0,-PRS nanocomposites exhibited a reduced overpoten-
tial and enhanced durability by mitigating RuO, dissolution at
high anodic potentials, effectively addressing major challenges
for Ru-based OER catalysts in acidic environments. In these stud-
ies, charge transfer at the Ru-RuO, interface was mostly argued
to be responsible for the enhancement of the electrocatalytic per-
formance.

Thus far, such heterojunction samples have been mostly pre-
pared by conventional thermal procedures which were time- and
energy-consuming. Recently, magnetic induction heating (MIH)
has emerged as an effective procedure for the ultrafast prepa-
ration of a range of functional materials.?”) MIH takes advan-
tage of the rapid Joule effect to reach temperatures over 1000 °C
within seconds at a heating rate up to 200 °C s7!, in stark con-
trast with conventional methods such as tube furnaces and hy-
drothermal processes, which exhibit a much slower heating rate
(<10 °C min™!) and typically take hours or even days. Also,
the rapid heating and cooling can facilitate the formation of
nonequilibrium and metastable structures that are critical for
catalysis. For instance, high-performance OER catalysts have
been obtained with FeNi spinel oxides featuring a good mixing
of the Fe and Ni phases!?’] and defective carbon-encapsulated
Co nanoparticle composites,/?*] while Ru nanoparticles with
RuCl, residues,!*”! amorphous MoS, composites,?°! and ruthe-
nium nanoparticles/molybdenum oxide/carbon composites!?’!
have been found to possess remarkable electrocatalytic activity
toward HER.

In this study, we report the ultrafast preparation of carbon-
supported Ru-RuO, heterostructure catalysts (Ru-RuO,/C) by
MIH and observe a high efficiency toward both HER and OER.
Such a bifunctional property can then be exploited for electrol-
ysis even in simulated alkaline seawater. Experimentally, ruthe-
nium(III) acetylacetonate (Ru(acac),) is used as the sole precur-
sor and undergoes a disproportionation reaction during MIH
treatment, forming Ru-RuO, heterostructures due to the oxygen-
rich environment as a result of thermal decomposition of the acac
ligands.[?!] Among the series, the sample prepared at 300 A for
10 s (Ru-RuO,/C-300A) exhibits the best electrocatalytic activity
toward both HER and OER in alkaline media, featuring a low
overpotential of —31 and +240 mV to reach the current density
of 10 mA cm~2, respectively. The sample also possesses excel-
lent durability, with minimal impacts of electrolyte salinity on
the electrocatalytic performance. When the sample is used as
bifunctional catalysts for full water splitting, an ultralow E,, of
only 1.44 V is required. The excellent electrocatalytic activity is

Adv. Sci. 2025, 2414534 2414534 (2 of 8)

www.advancedscience.com

attributed to the formation of Ru-RuO, heterostructures that fa-
cilitate charge transfer at the M-S heterojunction and the optimal
adsorption of key reaction intermediates.

2. Results and Discussion

2.1. Sample Preparation and Structural Characterization

The Ru-RuO,/C nanocomposites were prepared by using
the MIH apparatus described previously.?>*?] Experimentally,
Ru(acac); was used as the sole precursor and loaded onto car-
bon black, which was then subject to MIH treatment at different
induction currents (X = 200-600 A) for 10 s in an argon atmo-
sphere. The obtained samples were referred to as Ru-Ru0O, /C-X.
The synthetic details are included in the Experimental Section.

During MIH heating, Ru(acac),; started to decompose at
~150 °C and underwent a disproportionation reaction,?’ where
part of Ru** was reduced into metallic Ru, while the other was
oxidized by the thermally decomposed acetylacetonate ligands to
form RuO, .l The structure of the Ru-Ru0O,/C-X nanocompos-
ites was first characterized by transmission electron microscopy
(TEM) measurements. From Figures 1a and S1 (Supporting In-
formation), the Ru-RuO, /C-200A sample can be seen to possess
only agglomerates of flaky carbon, suggesting that at this low in-
duction current (temperature ~600 °C), mostly amorphous Ru
clusters were produced.!®®! Yet, with the increase of the induc-
tion current (e.g., 300-600 A), dark-contrast nanoparticles of 5—
10 nm in diameter started to emerge, suggesting the formation
of Ru-based nanoparticles (Figure 1b—e). In high-resolution TEM
measurements of the Ru-RuO,/C-300A sample (Figure 1f and
the zoom-in image in Figure 1g), two sets of well-defined lattice
fringes can be resolved, one with an interplanar spacing of ~2.34
A that can be ascribed to the Ru(100) planes, and the other at 2.56
and 3.20 A in good agreement with those of Ru0, (101) and (110)
planes, respectively.?%3! Furthermore, the intimate contact be-
tween the Ru and RuO, crystalline domains suggests the forma-
tion of Ru-RuO, M-S heterojunctions (Figure 1g). Such a struc-
ture can also be found with samples prepared at higher induc-
tion currents (Figures S2-S4, Supporting Information), which
featured an average size of 3-5 nm in diameter (Figure S5, Sup-
porting Information).

Consistent results were obtained in elemental mapping
analysis based on energy-dispersive X-ray spectroscopy (EDS)
(Figure 1h and Figure S6, Supporting Information), where the
C, Ru, and O elements can be clearly identified. Notably, Ru and
O were distributed discretely on the carbon black support, consis-
tent with the formation of carbon-supported Ru-RuO, nanopar-
ticles.

One may notice that in prior studies using RuCl; as the
precursor, 232l MIH treatment under comparable conditions
yielded mostly metallic Ru nanoparticles and no RuO,. The fact
that RuO, was produced in the present study can be ascribed to
the Ru(acac), precursor, as the thermal decomposition of metal
acetylacetonates has been known to produce metal oxides.[**] Yet,
as MIH treatment lasted only a few seconds, not all metallic
ruthenium was oxidized into RuO,, leading to the formation of
Ru-RuO, M-S heterojunctions in the final products.

X-ray photoelectron spectroscopy (XPS) measurements were
then conducted to investigate the surface elemental composi-
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Figure 1. a—e) TEM images of the Ru-RuO,/C-X samples prepared at different induction currents. f) High-resolution TEM image of Ru-RuO,/C-300A
and lattice fringe analysis, g) zoom-in of the white dashed box in panel (f), and h) the corresponding elemental maps.

tion and valence states of the Ru-RuO, /C nanocomposites. From The high-resolution Ru 3p spectra are depicted in Figure
the survey spectra in Figure S7 (Supporting Information), the C ~ 2a. Ru-RuO,/C-300A can be seen to possess the lowest bind-
1s/Ru 3d, Ru 3p, and O 1s electrons can be readily identified for ~ ing energies among the series, and deconvolution of the data
all samples at ~284, 462, and 531 eV, respectively. Based on the  yielded two doublets, the major one at 461.77/483.97 eV due to
integrated peak areas, the samples can be seen to exhibit a rather  the 3p,;,/3p,, electrons of metallic Ru, and the minor one at
consistent composition, with ~80-89 at% of C, 10-13 at% of O,  463.94/486.14 €V to those of Ru** (with the associated satellites
and 0.6-0.9 at% of Ru (Table S1, Supporting Information), in  at 466.75/488.95 eV).3*3¢] In the corresponding O 1s spectra
good agreement with results obtained from EDS measurements  (Figure 2b), three species can be resolved for Ru-RuO,/C-300A

(Figure S6, Supporting Information). at 529.88 eV for lattice oxygen (Ru-O), 532.03 eV for C=0 and
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Figure 2. High-resolution XPS spectra of the a) Ru 3p and b) O 1s electrons, c¢) Raman, and d) XRD patterns of the Ru-RuO, /C series.
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Figure 3. a) Ru K-edge XANES spectra, b) zoom-in of the red box in panel
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(a), and c) Fourier transforms of the Ru K-edge EXAFS oscillations of the

Ru-RuO,/C samples and references. The corresponding WT-EXAFS profiles of d) Ru-RuO,/C-200A, e) Ru-RuO,/C-300A, f) Ru-RuO,/C-400A, g) Ru-

RuO,/C-500A, and h) Ru-RuO,/C-600A.

533.51eV for C—O, consistent with the formation of a Ru and
RuO, hybrid in the sample.[*’] The C 1s/Ru 3d spectra are shown
in Figure S8 (Supporting Information), where the Ru 3d, C=C,
and C—C peaks can be resolved at 280.67/285.16, 284.23, and
284.67 €V, respectively.®®] Other samples in the series exhibited
similar profiles. Nevertheless, for Ru-RuO,/C-200A, the Ru 3p
binding energies were ~0.5 eV higher than those of Ru-RuO, /C-
300A, likely due to the low heating temperature and hence lim-
ited decomposition of the Ru(acac); precursor, leading to the
formation of only (amorphous) ruthenium clusters, consistent
with results from the TEM measurements (Figure 1a and Figure
S1, Supporting Information).?>! For samples prepared at higher
temperatures (i.e., Ru-Ru0O,/C-400A, Ru-RuO,/C-500A and Ru-
RuO,/C-600A), the binding energies of metallic Ru 3p were only
slightly greater than those of Ru-RuO,/C-300A (under 0.2 eV),
and an increase up to 0.6 eV was observed with the Ru** electrons
(Table S2, Supporting Information). Such electron depletion was
possibly the result of the increasingly oxidizing atmosphere pro-
duced during the thermal decomposition of Ru(acac);.3!

Table S3 (Supporting Information) lists the metallic Ru and
Ru** contents of the various Ru-Ru0O,/C samples. One can see
that among the sample series, Ru-RuO,/C-300A possessed the
highest contents of metallic Ru (0.52 at%) and Ru** (0.41 at%),
which are the known active components for HER and OER, re-
spectively (vide infra). The slight decrease observed with Ru-
RuO,/C-400A, Ru-RuO,/C-500A, and Ru-RuO,/C-600A likely
arose from enhanced thermal vaporization of the precursors.

Raman spectroscopic measurements further confirmed the
formation of RuO, in the samples.***%! From Figure 2c, all sam-
ples in the series can be seen to possess a broad peak cen-
tered at ~420 cm™! due to the hydrated RuO, band, which di-
minished slightly with increasing MIH temperature (from Ru-
RuO,/C-200A to Ru-RuO,/C-600A). Three additional bands can
be identified. The peak at 561 cm™' can be assigned to the E,

Adv. Sci. 2025, 2414534 2414534 (4 of 8)

mode of RuO, (out-of-plane vibration of Ru-O), while the bands
at 652 and 746 cm™" can be ascribed to the A, and B,, modes
(in-plane vibrations of the two O atoms relative to the Ru atom),
respectively.[*!]

Further structural insights were obtained from X-ray diffrac-
tion (XRD) measurements (Figure 2d). A broad peak can be ob-
served at 20 = 25.0° for all samples, characteristic of the (002)
planes of graphitic carbon.*?) Additional peaks can be found at 20
= 38.4°,42.2°, and 44.1° due to the (110), (002), and (101) planes
of hep Ru (PDF#06-0663), respectively, whereas the peaks at 20 =
27.8°, 35.2°, 40.2°, and 54.3° can be indexed to the (110), (101),
(200), and (211) plane of RuO, (PDF#43-1027).1'*] Notably, the
characteristic peaks for both Ru and RuO, were rather broad and
ill-defined for Ru-Ru0O, /C-200A but became increasingly sharper
with increasing MIH current, indicating enhanced crystallinity of
the samples, in good agreement with results from TEM measure-
ments (Figure 1 and Figures S1-S4, Supporting Information).

X-ray absorption spectroscopy (XAS) measurements were then
conducted to analyze the Ru coordination environment and elec-
tronic structure within the Ru-RuO,/C nanocomposites. From
the normalized Ru K-edge X-ray absorption near-edge structure
(XANES) spectra in Figure 3a,b, the Ru-RuO, /C samples can be
seen to exhibit a similar absorption edge that lies between those
of the Ru foil and RuO, references, indicating a rather consistent
valence state (between 0 and +4) of the ruthenium centers across
the samples. Figure 3c depicts the corresponding R-space profiles
obtained through the Fourier transform of the extended X-ray ab-
sorption fine structure (EXAFS) spectra. All samples can be seen
to possess a major peak at 2.47 A for Ru-Ru and another one at
1.50 A for Ru-O, consistent with the Ru foil and RuO, references,
respectively, further confirming the formation of a Ru-RuO, M-S
heterojunctions within the samples.

The Ru-K edge EXAFS data were then fitted using a two-
peak model, and the fitting results are listed in Figure S9 and
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Figure 4. a) HER polarization curves at the rotation rate of 1600 rpm with 100% iR correction and b) the corresponding Tafel plots of the Ru-RuO,/C
samples in 1 M KOH. c) HER polarization curves of Ru-RuO, /C-300A before and after chronoamperometric (i-t) tests for 10 and 24 h. d) OER polarization
curves at the rotation rate of 1600 rpm and with 100% iR correction and e) the corresponding Tafel plots of the sample series in T M KOH. f) Stability
tests of Ru-RuO,/C-300A before and after chronoamperometric (i-t) tests for 10 and 24 h. g) OER polarization curves of Ru-RuO,/C-300A in 1 m KOH,
1M KON + 0.5 m NaCl, seawater, and seawater + 1 M KOH. h) Current-potential profiles for full water splitting with Ru-RuO, /C-300A as the bifunctional
catalysts or a mixture of Pt/C//RuO,/Cin 1 M KOH in a two-electrode system.

Table S4 (Supporting Information). The sample series can be = RuO,/C-200A, —58 mV for Ru-RuO,/C-400A, —68 mV for Ru-
seen to display a similar structure, with the Ru—O and metallic =~ RuO,/C-600A, and —72 mV for Ru-Ru0O,/C-500A. Such a per-
Ru—Ru bond lengths at ~1.96 and 2.68 A, respectively, in good ~ formance of Ru-RuO,/C-300A is rather comparable to that of
alignment with those of RuO, and Ru foil. Furthermore, the rel-  commercial Pt/C (—26 mV). Note that at potentials more nega-
evant coordination numbers (CN) are all lower than those for the  tive than ~—50 mV Ru-RuO,/C-300A actually significantly out-
Ru foil (12) and RuO, references (6). In fact, the Ru-Ru0,/C-200A  performed Pt/C. In fact, the turnover frequency (TOF)!*] can be
samples exhibited a CN of ~4.2 for Ru-C/O and 1.5 for Ru-Ru,  estimated to be 0.67 s~! at =50 mV for RuO,/C-300A, markedly
whereas ~3.8 and 2.6 for others prepared at higher MIH currents.  greater than that of Pt/C (0.41 s7!) (Figure S10, Supporting In-
This can be accounted for by the formation of a largely amor-  formation).

phous structure in Ru-Ru0O,/C-200A due to insufficient decom- The corresponding Tafel plots are shown in Figure 4b, where
position of Ru(acac), at the low temperature whereas nanoparti- ~ Ru-RuO,/C-300A exhibited a slope of 85.4 mV dec™!, close
cles started to appear at higher temperatures. to other samples in the series but markedly lower than that

The wavelet transform (WT) analysis, shown in Figure 3d-h,  of Pt/C (101.5 mV dec™!). In fact, from the Nyquist plots in
yielded consistent results. The analysis was performed using For-  Figure S11 (Supporting Information) acquired at the overpo-
tan with the Morlet function.[*** To ensure comparability of the  tential of —50 mV, the charge transfer resistance (R,) was in-
atomic configurations, all samples were analyzed using the same  deed relatively close for the series of samples, 24.86 Q for Ru-
parameters: ¥ = 5 and ¢ = 1. The peaks at 6.4 A~' and 10.9 A-!  Ru0,/C-200A, 30.58 Q for Ru-Ru0,/C-300A, 29.98 Q for Ru-
correspond to the first and second neighbors of RuO,, while the =~ RuO,/C-4004, 32.43 Q for Ru-Ru0O,/C-500A, and 28.04 Q for
peak at 7.3 A~ represents the metallic Ru-Ru bond, again, con- ~ Ru-Ru0O, /C-G00A.
firming the formation of a hybrid structure within the compos- Moreover, Ru-RuO,/C-300A demonstrated exceptional dura-
ites. bility. As shown in Figure 4c and Figure S12 (Supporting Infor-

mation), the #gg 1, shifted negatively by only 11 mV (to —42 mV)
after chronoamperometric tests at —31 mV in 1 M KOH for 10 h

2.2. Electrocatalytic Activity and by just 29 mV (to —60 mV) after 24 h.
The OER performances of the Ru-RuO, /C samples were also
The HER and OER electrocatalytic activities of the Ru-RuO,/C  tested in 1 m KOH. From the polarization curves in Figure 4d,
samples were then evaluated through electrochemical measure-  one can see that Ru-RuO, /C-300A exhibited a low overpotential
ments using a standard three-electrode configuration in 1.0 M (#opg 1) of +240 mV to achieve 10 mA cm™, as compared to
KOH (pH = 14). Ru-Ru0, /C-300A clearly demonstrated the best ~ +330 mV for Ru-RuO,/C-200A, +300 mV for Ru-RuO, /C-400A,
HER and OER activity among the series. From the HER polar-  +280 mV for Ru-RuO,/C-500A, +290 mV for Ru-RuO,/C-
ization curves in Figure 4a, one can see that Ru-Ru0,/C-300A  600A and +320 mV for commercial RuO,/C. In fact, at the
required an overpotential (g 1) only of =31 mV to reach the  overpotential of +300 mV, Ru-RuO,/C-300A possessed a TOF
current density of 10 mA cm~2, as compared to —46 mV for Ru-  of 1.2 x 107* s7!, substantially higher than that (2.2 x 107>
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s7!) observed for commercial RuO,/C (Figure S13, Supporting
Information).

The corresponding Tafel plots, shown in Figure 4e, indi-
cate that Ru-RuO,/C-300A possessed the lowest Tafel slope of
74.1 mV dec™! among the sample series, in comparison to Ru-
RuO,/C-200A (363.0 mV dec!), Ru-Ru0,/C-400A (351.5 mV
dec™!), Ru-Ru0,/C-500A (325.3 mV dec™!), and Ru-RuO,/C-
600A (294.6 mV dec™!). This suggests that Ru-RuO,/C-300A
exhibited the most efficient electron-transfer kinetics for OER
among the samples, making it competitive with commercial
Ru0,/C (79.8 mV dec™!). Ru-Ru0,/C-300A also demonstrated
excellent durability for OER, where after a 10 h chronoampero-
metric test at +1.5 V ¢y 5 increased by only 30 mV to 4270 mV
after 10 h and to +310 mV after 24 h (Figure 4f and Figure S14,
Supporting Information).

The exceptional durability of both HER and OER can be at-
tributed to the strong electronic interactions at the Ru-RuO, in-
terface, which stabilize the active sites and mitigate degradation
under harsh reaction conditions.[*! These results underscore the
robust nature of the catalyst, making it promising for long-term
applications in water electrolysis.

The Ru-RuO, /C-300A sample even displayed an apparent OER
performance in simulated seawater (1 M KOH + 0.5 m NaCl),
alkaline seawater (seawater + 1 M KOH), and actual seawater
(from the Natural Bridges State Beach in Santa Cruz, Figure
S15, Supporting Information). Figure 4g shows the correspond-
ing polarization curves, in comparison to that in 1 M KOH. The
Nloer 10 Was estimated to be #+510 mV in actual seawater, but di-
minished markedly to only +270 mV in simulated seawater and
+310 mV in alkaline seawater. This suggests a minimal activity of
Ru-RuO, /C-300A toward chlorine evolution reaction (CER) and
the sample could be used as an effective OER catalyst even in
high-salinity electrolytes.[*6-48]

From the above electrochemical measurements, Ru-RuO, /C-
300A can be seen to stand out as the best catalysts among the
series toward both HER and OER in alkaline media. In fact, the
performance is highly comparable to the leading results of rel-
evant catalysts reported in the literature (Table S5, Supporting
Information). Therefore, Ru-Ru0O,/C-300A was used as the bi-
functional catalyst for overall water splitting in 1 m KOH at a
loading of 1 mg cm™2 on carbon paper. From the current-voltage
profiles in Figure 4h, the Ru-RuO,/C-300A based cell required a
voltage (E, ) of only 1.43 V to achieve a current density of 10 mA
cm?, which was 160 mV lower than that needed with a mixture of
commercial 20% Pt/C and RuO, /C (1.59 V). These results high-
light the significant potential of Ru-RuO,/C-300A as viable bi-
functional catalysts for electrochemical water splitting.['6-20]

The remarkable bifunctional activities of Ru-RuO, /C-300A can
be attributed to the unique Ru-RuO, heterostructures produced
by rapid heating of Ru(acac); with MIH. Prior research!’®2% hag
shown that the formation of Ru-RuO, M-S heterojunctions sig-
nificantly enhances the catalytic activity toward both HER and
OER. This is because in HER, the Gibbs free energy for hydro-
gen adsorption is slightly reduced at the Ru-RuO, interface, pro-
moting optimal hydrogen adsorption and desorption; whereas in
OER, the Ru-RuO, interface optimizes the adsorption of oxygen
intermediates and lowers the energy barrier for the formation of
“OOH intermediates. Such interactions can be facilitated by the
optimal electron density of the Ru centers, leading to enhanced
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charge redistribution and electron transfer at the interface, as
manifested in the above XPS measurements (Figure 2a, Table S2,
Supporting Information).[*]

The fact that the metallic Ru and Ru** contents reached the
maxima with Ru-RuO,/C-300A is also in good agreement with
the best HER and OER performances observed above (Table S3,
Supporting Information). Such a unique structure was the result
of ultrafast heating by MIH. For the sample prepared at a lower
MIH current (e.g., Ru-Ru0O, /C-200A), the insufficient decompo-
sition of Ru(acac), produced only amorphous Ru-based clusters,
whereas, at higher MIH currents (e.g., 400-600 A), evaporation
of the precursor and samples diminished the Ru and RuO, con-
tents, leading to compromised electrocatalytic performance.

3. Conclusion

In summary, Ru-RuO, /C heterostructure nanocomposites were
prepared by rapid heating of Ru(acac), using MIH at controlled
induction currents for 10 s. At low currents (e.g., 200 A), the
insufficient thermal decomposition of Ru(acac), led to the pro-
duction of largely amorphous ruthenium-based clusters, whereas
at higher MIH currents, the samples featured a hybrid struc-
ture where Ru and RuO, nanoparticles were in intimate contact.
Among the series, Ru-Ru0O,/C-300A possessed the highest con-
tents of both metallic Ru and Ru** and hence exhibited the best
HER and OER activity, requiring an #;;zg 1, of only =31 mV and
floer 10 of +240 mV in 1 M KOH. In addition, a comparable OER
activity was observed in both simulated and alkaline seawater,
suggesting minimal impacts of electrolyte salinity. Such a bifunc-
tional activity is among the best of relevant catalysts reported in
the literature and could be exploited for overall water splitting,
where a low cell voltage of only 1.43 V was needed to achieve the
current density of 10 mA cm~2, outperforming commercial 20%
Pt/C and RuO, /C mixtures by ~160 mV. The catalysts also exhib-
ited excellent durability, with minimal overpotential shifts after
extended operation. These findings underscore the unique poten-
tial of Ru-RuO, heterostructure composites as bifunctional elec-
trocatalysts for efficient and stable electrochemical water splitting
and offer a promising approach to sustainable hydrogen produc-
tion from seawater.

4. Experimental Section

Chemicals: Ruthenium(lll) acetylacetonate (Ru(acac);, 24.21%Ru,
Engelhard), carbon paper (TGP-H-90, Toray), ruthenium(IV) oxide (RuO,,
99.5%, anhydrous, ACROS Organics), Pt/C (20 wt.%, Alfa Aesar), potas-
sium hydroxide (KOH, 99%, Acros), and ethanol anhydrous (Fisher Chem-
icals) were used as received without any further treatment. Water was pu-
rified with a Barnstead Nanopure Waster System (resistivity 18.2 MQ cm).

Synthesis of Ru-RuO,/C Nanocomposites: The Ru-RuO,/C nanocom-
posites were prepared by using the MIH apparatus described
previously.[2>27] In brief, 40 mg of carbon black and 1 mL of ethanol
were added into a 12 mL test tube and sonicated for 30 min. 4 mL of a
0.025 m Ru(acac); solution was added to the tube under sonication for
another 30 min. After the solution was fully mixed with the carbon black,
the tube was vacuum dried in an oven overnight at 60 °C. The obtained
black powder was evenly loaded on a 2.5 cm x 2.5 cm X 0.2 mm iron
plate covered with same-size graphite paper (0.01 mm thick, to avoid
contamination of the iron plate). The loaded plate was fixed on a fire brick
with iron nails and sealed in a quartz tube, which was then purged with

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

d ‘0 ‘tY8E’6IT

:sdny woxy

QSUADIT SUOWWIO)) dANEI)) d[qedtjdde oy Aq PauIOA0S a1e S[OIIE YO 3SN JO $A[NI 10J AIRIQIT QUI[UQ AS[IA\ UO (SUONIPUOI-PUB-SULId}/WOY K[ 1M’ ATeIqi[aurjuoy/:sdy) suonipuoy) pue swa ], ay) 23S “[$70Z/10/S1] U0 A1viqr] autuQ AIA IS - ZN1) BIUES BILIOJ[ED JO AlUN AQ HESHTHTOT SAPE/Z001 0 1/10P/WOd K[ Im”


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

high-purity argon gas for 15 min before being inserted into a four-turn
induction coil (5 cm in diameter). MIH synthesis was carried out at select
induction currents (X = 200-600 A) for 10 s. After cooling down to room
temperature, the obtained sample was washed with H,O and ethanol
5 times to remove excessive metal precursor until the supernatant was
clear. The collected samples were denoted as Ru-RuO, /C-X.

Characterization: TEM measurements were carried out with a FEI
Tecni G2 scope operated at 200 kV. EDS-based elemental mapping anal-
yses were conducted with a JEM-2100F instrument operated at 200 kV.
XPS measurements were performed with a Thermo Scientific K-alpha spec-
trometer. XRD patterns were obtained using a Bruker D8 Advance diffrac-
tometer with Cu K, radiation (A =0.15 418 nm). Raman spectra were ac-
quired with a Horiba Jobin Yvon LabRAM ARAMIS automated scanning
confocal Raman microscope under 532 nm excitation. XAS measurements
were conducted at 10 K using an Oxford liquid helium cryostat at beam-
line 4-1 of the Stanford Synchrotron Radiation Light source. The obtained
XAS data were reduced, fitted, and analyzed with the RSXAP software.[%0]
The Fourier Transform range was 3.5-12 for Ru K edges, while the fit range
was 1.1-2.5 for Ru K edge. The theoretical functions for each pair (Ru-C/O,
Ru-Ru) were calculated by WebAtoms.[']

Electrochemistry:  Electrochemical measurements were conducted in
1 M KOH with a CHI 700E electrochemical workstation in a typical three-
electrode setup. The working electrode was a glassy carbon rotating disk
electrode (RDE) with a surface area of 0.196 cm?, along with a graphite rod
counter electrode and a Hg/HgO reference electrode. The reference elec-
trode was calibrated against a reversible hydrogen electrode (RHE) and all
potentials in the present study were referenced to this RHE. For the ink
preparation, 5 mg of the catalysts obtained above were mixed with 200 uL
of Nanopure H,0, 790 uL of ethanol, and 10 pL of Nafion under sonica-
tion for 30 min in an ice-water bath. 10 uL of the ink and 5 pL of a 20%
Nafion/IPA solution was drop cast onto the surface of the RDE evenly and
dried in air (corresponding to a catalyst mass loading of 0.25 mg cm™2).
Electrochemical impedance spectroscopy (EIS) tests were conducted with
a Gamry Reference 600 instrument.

Full water splitting was performed in a two-electrode configuration.[2]
Two pieces of graphite paper (1 cm X 2 cm) were cut for the anode and
cathode. 100 uL of the catalyst ink (3 mg catalyst 60 uL H,0O, 230 uL
ethanol, and 10 uL Nafion) was loaded on a 1cm X 1cm area at a catalyst
loading of 1 mg cm~2. All electrochemical measurements were repeated
at least three times.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was supported by grants from the National Science Foundation
(CHE-1900235 and CHE-2003685). TEM, BET, Raman, and XPS work was
carried out as part of a user project at the National Center for Electron Mi-
croscopy and Molecular Foundry, Lawrence Berkeley National Laboratory,
which is supported by the US Department of Energy under contract No.
DE-AC02-05CH11231. The XAS experiments were performed at the Stan-
ford Synchrotron Radiation Lightsource (SSRL), which is also supported
by the US Department of Energy under contract No. DE-AC02-76SF00515.
The authors acknowledge Mr. |. Barnett for the assistance in XRD sample
preparation and data acquisition and the X-ray Facility at the University of
California Santa Cruz for the use of the Rigaku Smartlab Diffractometer,
funded by the National Science Foundation (MRI-1126845).

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2025, 2414534 2414534 (7 of 8)

www.advancedscience.com

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

bifunctional, magnetic induction heating, Ru-RuO, heterostructure, water
splitting

Received: November 7, 2024
Revised: December 11, 2024
Published online:

[1] H.B. Gray, Nat. Chem. 2009, 1, 7.

[2] N.S. Lewis, Science 2007, 315, 798.

[3] J. A. Turner, Science 2004, 305, 972.

[4] B.Tang, ). Yang, Z. Kou, L. Xu, H. L. Seng, Y. Xie, A. D. Handoko, X.
Liu, Z. W. Seh, H. Kawai, H. Gong, W. Yang, Energy Storage Mater.
2019, 23, 1.

[5] K. R.G. Lim, A. D. Handoko, S. K. Nemani, B. Wyatt, H.-Y. Jiang, |.
Tang, B. Anasori, Z. W. Seh, ACS Nano 2020, 74, 10834.

[6] N.-T. Suen, S.-F. Hung, Q. Quan, N. Zhang, Y.-J. Xu, H. M. Chen,
Chem. Soc. Rev. 2017, 46, 337.

[7] ). Di, C. Yan, A. D. Handoko, Z. W. Seh, H. Li, Z. Liu, Mater. Today
2018, 21, 749.

[8] J. N. Tiwari, S. Sultan, C. W. Myung, T. Yoon, N. Li, M. Ha, A. M.

Harzandi, H. J. Park, D. Y. Kim, S. S. Chandrasekaran, W. G. Lee, V.

Vij, H. Kang, T. . Shin, H. S. Shin, G. Lee, Z. Lee, K. S. Kim, Nat.

Energy 2018, 3, 773.

L. C. Seitz, C. F. Dickens, K. Nishio, Y. Hikita, J. Montoya, A. Doyle, C.

Kirk, A. Vojvodic, H. Y. Hwang, J. K. Norskov, T. F. Jaramillo, Science

2016, 353, 1011.

[10] X.-K.Wan, H. B. Wu, B.Y. Guan, D. Luan, X. W. Lou, Adv. Mater. 2020,
32, 1901349.

[11] M. Aleksandrzak, W. Kukulka, E. Mijowska, Appl. Surf- Sci. 2017, 398,
56.

[12] B.H.R.Suryanto, Y. Wang, R. K. Hocking, W. Adamson, C. Zhao, Nat.
Commun. 2019, 10, 5599.

[13] https://pmm.umicore.com/en/prices.

[14] Q. Wu, M. Luo, J. Han, W. Peng, Y. Zhao, D. Chen, M. Peng, |. Liu, F.
M. F. de Groot, Y. Tan, ACS Energy Lett. 2020, 5, 192.

[15] Q. Yao, B. Huang, N. Zhang, M. Sun, Q. Shao, X. Huang, Angew.
Chem. Int. Ed. 2019, 137, 14121.

[16] N.Wang, S. Ning, X. Yu, D. Chen, Z. Li, J. Xu, H. Meng, D. Zhao, L.
Li, Q. Liu, B. Lu, S. Chen, Appl. Catal B: Environ. 2022, 302, 120838.

[17] L. Ai,Y.Wang, Y. Luo, Y. Tian, S. Yang, M. Chen, |. Jiang, J. Alloy Compd.
2022, 902, 163787.

[18] X.Xie, X. Zhang, W. Tian, X. Zhang, |. Ding, Y. Liu, S. Lu, Chem. Eng.
J- 2023, 468, 143760.

[19] Z. Li, ). Zou, T. Liang, X. Song, Z. Li, J. Wen, M. Peng, X. Zeng, H.
Huang, H. Wu, Chem. Eng. J. 2023, 460, 141672.

[20] Y. Shi, H. Miao, J. Gao, F. Liu, Y. Deng, H. Li, ). Chi, C. Li, F. Liu, ). Lai,
L. Wang, J. Colloid Interface Sci. 2025, 679, 578.

[27] J. Hu, Y. Fu, P. Yang, L. Guo, S. Ye, X. Ren, C. He, Q. Zhang, J. Liu,
Mater. Charact. 2021, 177, 111201.

[22] Q. M. Liu, S. W. Chen, Trends Chem 2022, 4, 918.

[23] B. Lu, Q. Liu, C. Wang, Z. Masood, D. J. Morris, F. Nichols, R.
Mercado, P. Zhang, Q. Ge, H. L. Xin, S. Chen, Research 2022, 2022,
9756983.

[24] Q. Liu, S. McNair, F. Nichols, B. Lu, B. Yu, D. Pan, |. Ko, A. Bhuller,
F. Bridges, S. Chen, Adv. Sensor Energy Mater. 2023, 2, 100046.

El

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

A ‘0 “‘TP8E86IT

:sdny woiy pap

ASUIOIT SUOWIWO)) 2ANEAL)) d[qeatjdde ay) Aq pauraA0S a1e sa[onIe YO (asn Jo s 10§ ATRIqIT AUIUQO AJ[IA\ UO (SUOHIPUOD-PUE-SULI)/ W00 A[Im " ATRIqI[auI[uo//:sd)Y) SUONIPUO) pue SWLId ], Y1 33 *[$70Z/10/S 1] U0 Areiqi sutjuQ A3[IM “DSDN - ZN1D BIURS BILIOJIED) JO AIUN Aq €S THTOT SAPR/Z001°01/10p/W0d A1m "


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://pmm.umicore.com/en/prices

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(25]

(26]

(27)

(28]
(29]

(3]

(31]
(32

(33]
(34]

35]

(36]

Adv. Sci. 2025, 2414534

Q. Liu, B. Lu, F. Nichols, J. Ko, R. Mercado, F. Bridges, S. Chen, Sus-
Mat 2022, 2, 335.

Q. M. Liu, F. Nichols, A. Bhuller, K. Singewald, H. L. Kuo, J. Q. Lu, G.
L. Millhauser, F. Bridges, Q. F. Ge, S. W. Chen, Appl Catal B: Environ
Energy 2024, 342, 123399.

B.Z.Yu, Q. M. Liu, D. ). Pan, K. Singewald, D. Dubois, |. Tressel, B. Y.
Hou, G. L. Millhauser, F. Bridges, S. W. Chen, J. Mater. Chem. A 2024,
12, 16087.

S. Musi¢, S. Popovi¢, M. Maljkovi¢, K. Furi¢, A. Gajovi¢, J. Mater. Sci.
Lett. 2002, 217, 113 1.

H. Hang, R. M. Altarawneh, T. M. Brueckner, P. G. Pickup, J. Elec-
trochem. Soc. 2020, 167, 054518.

J. N. Tiwari, A. M. Harzandi, M. Ha, S. Sultan, C. W. Myung, H. . Park,
D.Y.Kim, P. Thangavel, A. N. Singh, P. Sharma, S. S. Chandrasekaran,
F. Salehnia, J.-W. Jang, H. S. Shin, Z. Lee, K. S. Kim, Adv. Energy Mater.
2019, 9, 190093 1.

X. Wu, J. Wu, Y. Hu, L. Zhu, B. Cao, K. M. Reddy, Z. Wang, H.-. Qiu,
Small, n/a, 2404019.

D. Pan, Q. Liu, B. Yu, D. B. DuBois, J. Tressel, S. Yu, N. Kaleekal, S.
Trabanino, Y. Jeon, F. Bridges, S. Chen, Small, n/a, 2404729.

H. M. Ismail, J. Anal. Appl. Pyrol. 1991, 21, 315.

L. Fan, Q. Li, D. Wang, T. Meng, M. Yan, Z. Xing, E. Wang, X. Yang,
Chem. Commun. 2020, 56, 739.

Q. He, Y. Zhou, H. Shou, X. Wang, P. Zhang, W. Xu, S. Qiao, C. Wu,
H. Liu, D. Liu, S. Chen, R. Long, Z. Qi, X. Wu, L. Song, Adv. Mater.
2022, 34, 2110604.

P. Su, W. Pei, X. Wang, Y. Ma, Q. Jiang, J. Liang, S. Zhou, J. Zhao, |.
Liu, G. Q. Lu, Angew. Chem. Int. Ed. 2021, 60, 16044.

2414534 (8 of 8)

(37]
(38]
(39]
[40]
(41]

(42]
(43]

(44]
[45]

[46]
[47]
48]
(49]
[50]

[57]
[52]

www.advancedscience.com

Z. ). Han, S. Pineda, A. T. Murdock, D. H. Seo, K. Ostrikov, A.
Bendavid, J. Mater. Chem. A 2017, 5, 17293.

Y. Peng, W. Pan, N. Wang, J.-E. Lu, S. Chen, ChemSusChem 2018, 11,
130.

M. Sarno, C. Scudieri, E. Ponticorvo, L. Baldino, S. Cardea, E.
Reverchon, Nanomaterials 2021, 11, 1436.

A. Devadas, S. Baranton, C. Coutanceau, Front. Energy Res. 2020, 8,
571704.

B. Chakraborty, A. Joshi-Imre, S. F. Cogan, J. Biomed. Mater. Res. Part
B: Appl. Biomater 2022, 110, 229.

Z.Zhang, X. Zhao, |. Li, Electrochim. Acta 2015, 176, 1296.

H. Funke, M. Chukalina, A. C. Scheinost, J. Synchrotr. Radiat. 2007,
14, 426.

H. Funke, A. Scheinost, M. Chukalina, Phys. Rev. B 2005, 71, 094110.
B. Yu, Q. Liu, F. Nichols, K. Mayford, D. Pan, H.-L. Kuo, J. Q. Lu, F.
Bridges, S. Chen, J. Phys. Chem. C 2023, 127, 3996.

A. Muthurasu, K. Chhetri, B. Dahal, H. Y. Kim, Nanoscale 2022, 14,
6557.

Y. Chen, Y. Liu, W. Zhai, H. Liu, T. Sakthivel, S. Guo, Z. Dai, Adv. Energy
Mater. 2024, 14, 2400059.

H. Chen, R.-T. Gao, H. Chen, Y. Yang, L. Wu, L. Wang, Adv. Funct.
Mater. 2024, 34, 2315674.

D. J. Pan, W. M. Liu, F. Nichols, R. Mercado, H.-L. Kuo, J. Q. Lu, F.
Bridges, S. W. Chen, J. Colloid Interface Sci. 2023, 629, 591.

F. Bridges, C. Booth, 1999, https://pmm.umicore.com/en/prices/
B. Ravel, 2016, https://millenia.cars.aps.anl.gov/webatoms

T. He, Y. Song, Y. Chen, X. Song, B. Lu, Q. Liu, H. Liu, Y. Zhang, X.
Ouyang, S. Chen, Chem. Eng. J. 2022, 442, 136337.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

A ‘0 “‘TP8E86IT

:sdny woiy pap

ASUIOIT SUOWIWO)) 2ANEAL)) d[qeatjdde ay) Aq pauraA0S a1e sa[onIe YO (asn Jo s 10§ ATRIqIT AUIUQO AJ[IA\ UO (SUOHIPUOD-PUE-SULI)/ W00 A[Im " ATRIqI[auI[uo//:sd)Y) SUONIPUO) pue SWLId ], Y1 33 *[$70Z/10/S 1] U0 Areiqi sutjuQ A3[IM “DSDN - ZN1D BIURS BILIOJIED) JO AIUN Aq €S THTOT SAPR/Z001°01/10p/W0d A1m "


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://pmm.umicore.com/en/prices/
https://millenia.cars.aps.anl.gov/webatoms

