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Rapid Synthesis of Ruthenium–Copper Nanocomposites as
High-Performance Bifunctional Electrocatalysts for
Electrochemical Water Splitting

Dingjie Pan, Qiming Liu, Bingzhe Yu, Davida Briana DuBois, John Tressel, Sarah Yu,
Noah Kaleekal, Sophia Trabanino, Yillin Jeon, Frank Bridges, and Shaowei Chen*

Development of high-performance, low-cost catalysts for electrochemical water
splitting is key to sustainable hydrogen production. Herein, ultrafast synthesis
of carbon-supported ruthenium–copper (RuCu/C) nanocomposites is reported
by magnetic induction heating, where the rapid Joule’s heating of RuCl3 and
CuCl2 at 200 A for 10 s produces Ru–Cl residues-decorated Ru nanocrystals
dispersed on a CuClx scaffold, featuring effective Ru to Cu charge transfer.
Among the series, the RuCu/C-3 sample exhibits the best activity in 1 m KOH
toward both the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), with an overpotential of only −23 and +270 mV to reach
10 mA cm−2, respectively. When RuCu/C-3 is used as bifunctional catalysts
for electrochemical water splitting, a low cell voltage of 1.53 V is needed to
produce 10 mA cm−2, markedly better than that with a mixture of commercial
Pt/C+RuO2 (1.59 V). In situ X-ray absorption spectroscopy measurements
show that the bifunctional activity is due to reduction of the Ru–Cl
residues at low electrode potentials that enriches metallic Ru and oxidation
at high electrode potentials that facilitates the formation of amorphous
RuOx. These findings highlight the unique potential of MIH in the ultrafast
synthesis of high-performance catalysts for electrochemical water splitting.

1. Introduction

Hydrogen has emerged as a pivotal energy source to continuously
fulfill the energy demands for human consumption while striv-
ing for zero carbon emissions.[1–2] At present, hydrogen produc-
tion relies predominantly on natural gas through steammethane
reforming, which is deemed unsustainable.[3] The synthesis of
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hydrogen through water splitting using re-
newable electricity is imperative to tran-
sition from conventional (grey) hydro-
gen to environmentally friendly (green)
hydrogen.[4] In the electrochemical water
splitting process, two half-reactions are in-
volved: hydrogen evolution reaction (HER)
at the cathode and oxygen evolution re-
action (OER) at the anode. Notably, both
half-reactions necessitate the development
of effective catalysts to boost the electron-
transfer kinetics, such that a sufficiently
high current density can be produced for
practical applications. Currently, commer-
cial catalysts are based on precious metals.
For instance, carbon-supported platinum
nanoparticles (Pt/C) are the commercial
benchmark for HER, whereas RuO2 and
IrO2 for OER. Notably, these catalysts are ac-
tive toward either HER or OER only. It will
be of fundamental significance to develop
bifunctional electrocatalysts toward both
half-reactions to streamline device fabrica-
tion and integration and further advance
the technology.[5–9] One effective strategy is

the deliberate integration of various functional components that
are respectively active toward HER and OER into a heteroge-
neous composite structure, as demonstrated in a series of recent
studies.[10–14]

Among these, ruthenium-based nanocomposites have gar-
nered considerable attention. First of all, ruthenium nanoparti-
cles and single atoms have been known to exhibit excellent elec-
trocatalytic activity toward HER with a markedly reduced cost, as
compared to platinum (Pt), making it a viable substitute for Pt-
based commercial benchmarks.[15–16] This is primarily ascribed
to an optimal bond strength with hydrogen (≈65 kcal mol−1) that
is close to that of Pt.[17] In fact, according to theHER volcano plot,
the Gibbs free energy of hydrogen adsorption (ΔGH) is close to
0 eV for both Pt andRu.[18–20] Ru-based nanocomposites have also
been found to exhibit unique electrocatalytic activity toward OER
(in fact, RuO2 is a commercial benchmark for OER). In a recent
study, Wang and coworkers[21] prepared graphene composites
with Ru-RuO2 heterostructures via calcination of RuCl3, thiourea,
and N,P-codoped reduced graphene oxide nanosheets. The re-
sulting Ru-RuO2@NPC nanocomposites exhibited remarkable
bifunctional activity toward both HER and OER within a wide
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range of pH, and a low cell voltage of 1.46 V was needed to reach
the current density of 10 mA cm−2 in electrochemical water split-
ting. This was ascribed to charge transfer at the Ru-RuO2 Mott–
Schottky junctions that shifted the d-band center at the interface
to the intermediate between those of Ru and RuO2 and facilitated
the adsorption and desorption of key reaction intermediates (e.g.,
*H, *O, *OH, and *OOH). In another study, You and coworkers[22]

prepared Ru-G/CC nanocomposites where Ru nanoparticles with
amix of amorphous/crystalline structures were grown on carbon
cloth (CC) via a glycerol-assisted synthesis. The optimal Ru-G/CC
exhibited a low overpotential (ƞHER,10) of−40mV to reach the cur-
rent density of 10 mA cm−2 and a Tafel slope of 76 mV dec−1 for
HER, as well as a low overpotential (ƞOER,10) of+270mV and Tafel
slope of 63 mV dec−1 for OER. Density functional theory (DFT)
calculations showed that the mixture of the amorphous and crys-
talline Ru characters led to a reduced energy barrier in HER,
while the in situ electrochemically produced Ru/RuO2 species
was conducive to OER. In another study, Jiang and coworkers[23]

prepared Ru@RuO2 core-shell nanorods by thermal treatment of
Ru nanorods in air at controlled temperatures, and observed an
excellent bifunctional catalytic performance, where the HER ac-
tivity (ƞHER,10 = −137 mV) was comparable to that of 40% Pt/C
while the OER activity (ƞOER,10 = +320 mV) was 6.5 times higher
than that of IrO2.
In these prior studies, the Ru-based catalysts were prepared

mostly via conventional pyrolysis and wet chemistry methods,
which are time-consuming and energy-intensive.[24] Such issues
can be mitigated by ultrafast synthesis based on, for instance,
magnetic induction heating (MIH), where the rapid heating and
cooling makes it possible to produce samples within seconds,
and more importantly, to facilitate the formation of nonequi-
librium/metastable structures that are unattainable in conven-
tional heating methods.[25] In MIH, the Joule effect results in
an ultrafast heating rate (e.g., 200 °C s−1) reaching a tempera-
ture over 1000 °C within seconds, in contrast to conventional
methods based on tube furnaces and hydrothermal processes
that exhibit much slower heating (<10 °C min−1). This has in-
deed been demonstrated in several recent studies in the prepara-
tion of a variety of functional nanocomposites that exhibited un-
precedented electrocatalytic activity toward HER and OER, e.g.,
FeNi spinel oxides with a goodmixing of the Fe and Ni phases,[26]

defective carbon-encapsulated Co nanoparticle composites,[27]

Ru nanoparticles with Ru–Cl residues,[28] and amorphous MoSx
composites.[29]

In these studies, the induction current and heating time played
a critical role in controlling the heating temperature and ulti-
mately the materials structure and performance. For instance, in
the MIH preparation of ruthenium/carbon (Ru/C) nanocompos-
ites using RuCl3 and carbon black as the precursors,

[28] the sam-
ple prepared at 200 A for 10 s consisted mostly of amorphous Ru
clusters due to the relatively low heating temperature and hence
incomplete decomposition of RuCl3, whereas with the induction
current increased to 300 A, Ru nanocrystals started to emerge in
the sample and were decorated with abundant Ru–Cl residues.
At higher induction currents (400–600 A), agglomerates of Ru
nanocrystals became the dominant components with a marked
diminishment of the Ru–Cl residues. Among the sample series,
the sample prepared at 300 A exhibited the best HER activity in
both acidic (ƞHER,10 = −23 mV) and alkaline media (ƞHER,10 =

−12 mV), which was ascribed to the Ru–Cl anion residues that
regulated the electron density of Ru and the interaction with H
intermediates. That is, the remarkable HER performance was as-
cribed to the synergistic interactions between crystalline Ru and
anion residues. Yet the sample was mostly inactive toward OER.
In the present study, we demonstrated that with the addition

of a second metal precursor, CuCl2, MIH treatment of RuCl3 at
200 A led to the production of RuCu/C nanocomposites which
consisted of Ru–Cl enriched Ru nanocrystals supported on a
CuClx scaffold, exhibited a remarkable activity toward both HER
and OER and could be used as bifunctional catalysts for elec-
trochemical water splitting. The enhanced crystallinity of the
ruthenium nanoparticles, as compared to that in the absence of
CuCl2,

[28] was facilitated likely by charge transfer from the Cu(I)
species derived from (partial) thermal decomposition of CuCl2.
Among the series, the RuCu/C-3 sample, with a Ru:Cu atomic ra-
tio of≈4:1, exhibited the best bifunctional activities for bothHER
and OER, with an ƞHER,10 of −23 mV and ƞOER,10 of +270 mV in
1 m KOH. In situ X-ray absorption spectroscopy (XAS) measure-
ments showed that at low electrode potentials, electroreduction
of the Ru–Cl residues facilitated the enrichment of (metallic) Ru
nanoparticles that were responsible for the HER activity, whereas
at high electrode potentials, oxidation of the Ru–Cl residues led to
the formation of amorphous RuOx that was active toward OER.
Indeed, by using RuCu/C-3 as the dual catalysts for full water
splitting, a low cell voltage of 1.53 V was needed to reach the cur-
rent density of 10 mA cm−2, a performance markedly better than
that (1.59 V) with a mixture of commercial Pt/C and RuO2. It
should be noted that the obtained RuCu/C nanocomposites were
markedly different from the ruthenium–copper alloys that were
reported previously via conventional synthesis methods, where
the metallic state led to electrocatalytic activity toward only HER
but not OER.[30–33]

2. Results and Discussion

2.1. Sample Synthesis and Structural Characterization

The RuCu/C nanocomposites were synthesized using the MIH
setup in Scheme 1. Experimentally, x mL of 0.1 m RuCl3 and
y mL of 0.1 m CuCl2 solutions (with x + y = 1 mL, i.e., a total
metal feed of 0.1 mmol) were mixed with 40 mg of carbon black.
After freeze-drying of the mixture overnight, the obtained black
powders were subject to MIH treatment at the induction cur-
rent of 200 A for 10 s.[27] Four samples were prepared, RuCu/C-
1, RuCu/C-2, RuCu/C-3, and RuCu/C-4 in the order of increas-
ing feed ratio of RuCl3 versus CuCl2 at x:y = 1:4, 1:2, 2:1, and
4:1, respectively. For comparison, monometallic Ru/C and Cu/C
samples were synthesized in the same manner but with only the
RuCl3 or CuCl2 precursor. The synthetic details are included in
the Experimental Section.
The sample structures were first examined by transmission

electron microscopy (TEM) measurements. From Figure 1a, one
can see that the RuCu/C-3 sample consisted of a number of
(dark-contrast) nanoparticles deposited onto (low-contrast) car-
bon black particle surfaces. Statistical analysis based on over 100
nanoparticles showed that the nanoparticles mostly fell within
the range of 3–10 nm, with an average diameter of 5.27 ±
2.72 nm, as depicted in the core size histogram (Figure 1a inset).
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Scheme 1. Schematic illustration of the MIH setup for rapid synthesis of
the RuCu/C nanocomposites.

In high-resolution TEMmeasurements (Figure 1b) the nanopar-
ticles can be seen to possess well-defined lattice fringes, with an
interplanar spacing of 0.216 and 0.232 nm that can be assigned to
the (002) and (100) crystal planes of hcp Ru, respectively,[34–36] in-
dicating the formation of metallic Ru nanoparticles. Consistent
results were obtained in energy-dispersive X-ray spectroscopy
(EDS)-based elemental mapping analysis (Figure 1c), where Ru
can be seen to be enriched in the nanoparticles that are scattered
onto the carbon scaffold (Figure S1, Supporting Information).
Notably, the elements of Cu, Cl, andO can also be clearly resolved
within the sample, and Cl and O exhibit a clear overlap with Ru.
This suggests that the sample likely consisted of Ru nanoparticles
enriched with metal-Cl/O residues and the nanoparticles were
dispersed onto a copper-Cl/O matrix.[28] A similar morphology
was observed with Ru/C and other RuCu/C samples in the series
(Figures S2–S5, Supporting Information).
Note that for the Cu/C sample, no nanoparticles can be found

and the sample was largely amorphous (Figure S6, Supporting
Information), suggesting incomplete decomposition of CuCl2,
due to the relatively low MIH current (200 A) and short heating
time (10 s), which corresponded to a temperature of ≈600 °C.
In fact, in a previous study based on thermogravimetric analy-
sis (TGA),[37] it has been shown that the thermal decomposition
of CuCl2 commenced at ≈400 °C producing CuCl. For the Ru/C
sample (Figure S5, Supporting Information), whereas RuCl3 can
be thermally decomposed to Ru(0) at a lower temperature of
≈350 °C,[38] the ultrafast MIH process resulted in the formation
of largely non-crystalline nanoparticles, consistent with results
observed previously.[28] By contrast, well-defined lattice fringes
were observed with the RuCu/C sample series (Figures S2–S4,
Supporting Information). This is plausibly due to the markedly
lower Cu+2/+1 reduction potential (+0.153 V) as compared to that
of Ru+3/0 (+0.68 V),[39] such that galvanic charge transfer from
Cu(I) to Ru facilitated the formation of nanocrystalline Ru. Such
synergistic interactions between the copper and ruthenium pre-
cursors likely led to the slight variation of the Ru nanoparticle
core size among the sample series. As shown in Figure S7 (Sup-
porting Information), in comparison to Ru/C which exhibited an
average particle core size of 2.88± 2.38 nm, the addition of CuCl2
in sample synthesis produced markedly larger nanoparticles in

RuCu/C-4 (3.88 ± 2.67 nm) and RuCu/C-3 (5.27 ± 2.72 nm);
yet a further increase of CuCl2 feed (and concurrently a reduced
feed of RuCl3) produced only smaller-sized nanoparticles, 2.45 ±
1.22 nm for RuCu/C-2, and 1.57 ± 0.63 nm for RuCu/C-1, likely
due to a diminished supply of Ru for nanoparticle growth.
Further structural analysis was carried out in X-ray diffrac-

tion (XRD) measurements. From Figure S8 (Supporting Infor-
mation), one can see that all samples exhibited a broad peak at
2𝜃≈24° that can be assigned to the (002) planes of the carbon
black scaffold.[40–41] For theCu/C sample, three additional diffrac-
tion peaks appeared at 2𝜃 = 16.26°, 32.42°, and 37.48°, slightly
larger than those anticipated for the (001), (20-2), and (111) planes
of pristine CuCl2,

[42] respectively, suggesting reduced lattice spac-
ings likely as a result of partial decomposition of CuCl2 by MIH.
Notably, these diffraction peaks diminished markedly in inten-
sity in the RuCu/C samples with the increasing feed of RuCl3
(and decreasing feed of CuCl2), where the Ru(100), (002), and
(101) diffractions emerged at 38.4°, 42.14°, and 43.88°, respec-
tively, and the RuCu/C-3 sample exhibited the sharpest peaks,
consistent with results from TEM measurements.[43]

The elemental compositions and valencies of the samples were
then examined by X-ray photoelectron spectroscopy (XPS) mea-
surements. From the survey spectra in Figure S9a (Supporting
Information), the Cl 2p, C 1s, Ru 3p, O 1s, and Cu 2p electrons
can be readily resolved at ≈198, 284, 464, 531, and 935 eV, re-
spectively, for all RuCu/C samples. A similar profile was observed
with Ru/C and Cu/C, except for the Cu and Ru signals, respec-
tively. Based on the integrated peak areas, the Ru (Cu) contents
can be seen to increase (decrease) with increasing Ru:Cu feed
ratio (Table S1, Supporting Information), in qualitative agree-
ment with results from inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) measurements (Table S2, Support-
ing Information), where the Ru:Cu atomic ratio increased in the
order of RuCu/C-1 (0.43) < RuCu/C-2 (0.56) < RuCu/C-3 (4.08)
< RuCu/C-4 (6.04). One may note that these values are apprecia-
bly higher than the initial feed ratios, likely because of the greater
thermal volatility of CuCl2 as compared to RuCl3.

[37–38]

The high-resolution scans of the Ru 3p electrons are shown
in Figure 2a, where two doublets can be deconvoluted for
the RuCu/C and Ru/C samples. For Ru/C, the doublet (green
curves) at 462.71/484.91 eV can be ascribed to the 3p3/2/3p1/2
electrons of metallic Ru, consistent with the formation of Ru
nanoparticles;[28,44–47] whereas the other one (blue curves) at
464.33/486.53 eV are consistent with those of Ru𝛿+ species.[44,48]

Upon the loading of CuCl2 in sample synthesis, these binding en-
ergies increased by 0.5–1.5 eV with an increasing Cu feed from
RuCu/C-4 to RuCu/C-1 (Table S3, Supporting Information), sug-
gesting the formation of increasingly electron-deficient Ru sites.
Nevertheless, one can see that the fraction of Ru 𝛿+ species re-
mained rather consistent at roughly 50% of the total Ru content
among the sample series (Table S4, Supporting Information),
most likely as a result of the ultrafast synthesis ofMIH. TheCu 2p
spectra are shown in Figure 2b. Deconvolution yielded a doublet
(red curves) at 934.41/954.06 eV for Cu/C that can be ascribed
to the Cu(II) 2p3/2/2p1/2 electrons (three corresponding satellite
peaks can be resolved at 940.81, 943.66, and 962.15 eV).[49–50]

The RuCu/C samples exhibited a similar profile but the dou-
blet shifted to lower energies (Table S3, Supporting Information),
RuCu/C-3 (932.90/953.59 eV) < RuCu/C-4 (933.12/952.47 eV) <
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Figure 1. a,b) TEM image of the RuCu/C-3 sample with the corresponding size histogram shown in the inset on the lower-right of (a), and c) the
corresponding elemental maps.

RuCu/C-2 (933.78/953.13 eV) < RuCu/C-1 (933.85/953.20 eV)
< Cu/C (934.41/954.06 eV). The absence of metallic Cu in the
sample series is consistent with the incomplete decomposition
of CuCl2.

[49] This is further confirmed by results from the Cu
LMM spectra (Figure S9b, Supporting Information).[51–52]

Figure 2c shows the O 1s spectra, where all samples can be
seen to consist of two species, C═O (blue curve) at 531.43 eV and
C─O (green curve) at 533.21 eV.[44,53] The fact that no O 1s peak
can be resolved below 530 eV indicates the absence of metal-O
in metal oxides and that the ionic Ru and Cu species were most
likely involved in the formation of metal-Cl residues. Indeed,
from the Cl 2p spectra in Figure 2d, two doublets can be resolved,
and the major one (blue curves) at 197.86/199.49 eV can be as-
cribed to the 2p3/2/2p1/2 electrons ofmetal-Cl, confirming the for-
mation of heteroanion residues in the samples, in good agree-
ment with results from the above EDS elemental mapping anal-
ysis, whereas the minor one (green curves) at 199.71/201.41 eV

are due to organic Cl.[54–55] In addition, for the Ru/C sample, the
atomic ratio of Ru to Cl in Ru–Cl was estimated to be 1:2.11; and
the Cu:Cl ratio in Cu–Cl was determined to be 1:1.37 for Cu/C,
both clearly lower than those of their respective precursors of
RuCl3 and CuCl2 (Figure S10, Table S1–S4, Supporting Informa-
tion). Assuming that such stoichiometric ratios were retained in
the RuCu/C sample series, based on the ionic Ru andCu contents
(Table S4, Supporting Information), the content of meta-Cl can
be estimated to be 0.90 at% for RuCu/C-1, 1.12 at% for RuCu/C-
2, 1.02 at% for RuCu/C-3, and 2.08 at% for RuCu/C-4, which
were indeed very close to the experimental values of 1.07, 1.09,
1.33, and 2.87 at%. Taken together, these results suggest that the
samples consisted of Ru nanoparticles decorated with Ru/Cu–Cl
residues due to the rapid heating of MIH.[28]

The corresponding C 1s spectra are shown in Figure S9c (Sup-
porting Information). The C═C (red peak) and C─C (blue peak)
species can be identified at 284.32 and 285.00 eV for Cu/C,[56]
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Figure 2. High-resolution XPS spectra of the a) Ru 3p electrons of RuCu/C-1, RuCu/C-2, RuCu/C-3, RuCu/C-4, and Ru/C; b) Cu 2p electrons of Cu/C,
RuCu/C-1, RuCu/C-2, RuCu/C-3, and RuCu/C-4; c) O 1s and d) Cl 2p electrons of Cu/C, RuCu/C-1, RuCu/C-2, RuCu/C-3, RuCu/C-4, and Ru/C. Grey
curves are experimental data and colored peaks are deconvolution fits.

respectively, and shifted to a slightly lower binding energy with
the increasing loading of Ru (Table S3, Supporting Informa-
tion). This electron enrichment of the Vulcan carbon support
is likely due to charge redistribution with the deposition of Ru
nanoparticles onto the carbon scaffold. The Ru 3d peaks can also

be resolved in RuCu/C-3, RuCu/C-4, and RuCu/C-5 but not in
RuCu/C-1 and RuCu/C-2, likely due to a low Ru content in the
latter.
Further structural insights were obtained from XAS mea-

surements. Figure 3a,b shows the Ru K-edge X-ray absorption
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Figure 3. a) X-ray absorption near-edge spectra (XANES), b) zoom-in of the red box in panel (a), c) the corresponding Fourier transformed extended
X-ray absorption spectra (FT-EXAFS) of RuCu/C-4, RuCu/C-3, RuCu/C-2, RuCu/C-1, and Ru/C, and d) EXAFS wavelet transform analysis (𝜅 = 5, 𝜎 = 1).

near-edge spectra (XANES) of the Ru/C and RuCu/C sample se-
ries, along with Ru foil, RuO2, and RuCl3 references. One can see
that the absorption edges were all located between those of Ru foil
and RuO2 and close to that of the RuCl3 reference, indicating that
the average valence state was close to +3. In fact, from the zoom-
in of the absorption edge (Figure 3b) the absorption edge energy
can be seen to decrease slightly in the order of RuCl3 >RuCu/C-1
>RuCu/C-2≈RuCu/C-4>RuCu/C-3≈Ru/C, in good agreement
with the variation of the Ru 3p binding energy in XPS measure-
ments (Table S3, Supporting Information), due to incomplete de-
composition of RuCl3 to Ru nanoparticles.
The Cu K-edge XAS profiles are shown in Figure 4a,b, where

the absorption edge energies of Cu/C, RuCu/C-1, and RuCu/C-
3 samples were all close to that of CuCl2, but slightly greater
than that of CuO and markedly higher than that of Cu foil, con-
sistent with the formation of CuClx residues in the samples.
This can also be manifested in the pre-edge absorption peak,
which appeared at 8986.90 eV for Cu/C, RuCu/C-1 and RuCu/C-
3, very consistent with that of CuCl2, but markedly different at
8980.88 eV for Cu foil and 8985.17 eV for CuO. The pre-edge
shape depends on the number of the d-shell electrons and the
intensity is proportional to the amount of 3d-4p hybridization,
where the energy position can reflect themetal oxidation state.[57]

Thus, the Cu K-edge XANES suggest the chemical configuration
of the Cu centers in Cu/C, RuCu/C-1, and RuCu/C-3 were simi-
lar to that of CuCl2, and no metallic Cu or CuO was formed dur-
ing MIH treatment, in good agreement with the results obtained
from the above TEM and XPS measurements.
The corresponding Fourier-transformed extended X-ray ab-

sorption fine structures (FT-EXAFS) of the Ru K-edge profiles
are shown in Figure 3c. All samples in the series can be seen
to exhibit three major peaks at 1.53, 1.84, and 2.44 Å that can be
assigned to the Ru–C/O, Ru─Cl, and Ru─Ru bond, respectively,
in comparison to the results of Ru foil, RuCl3, and RuO2.

[28] Sim-
ilarly, the FT-EXAFS of the Cu K edge in Figure 4c exhibit two
peaks at 1.50 and 1.91 Å, consistent with those of CuCl2, but
markedly different from those of Cu foil and CuO. In fact, the
Cu─Cu bond at 2.20 Å was absent in all samples, consistent with
the TEM and XPS results that no metallic Cu was found.[58–60]

As described in the experiment section, the EXAFS data were
then fitted by using the crystal structure as determined by XRD
measurements (Figures S11 and S12, Supporting Information),
and the fitting results were listed in Tables S5 and S6 (Supporting
Information) (three-peak fittings for Ru and two-peak fittings for
Cu). From Table S5 (Supporting Information), it can be seen that
the Ru K edge of the sample series exhibited a similar structure of
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Figure 4. a) X-ray absorption near-edge spectra (XANES) of Cu K, b) zoom-in of the red box in panel (a), c) the corresponding Fourier transformed
extended X-ray absorption spectra (FT-EXAFS) of RuCu/C-3, RuCu/C-1, and Cu/C and d) EXAFS wavelet transform analysis (𝜅 = 5, 𝜎 = 1).

Ru–C/O, Ru–Cl, and metallic Ru–Ru, with a corresponding bond
length of 1.98, 2.36, and 2.71 Å, in good agreement with those of
the Ru foil, RuO2 and RuCl3. Yet, the coordination numbers (CN)
were markedly lower. For instance, RuCu/C-3 exhibited a CN of
2.37 for Ru-C/O, 2.18 for Ru–Cl, and 1.22 for Ru–Ru, in sharp
contrast to 6.00 for RuO2, 6.00 for RuCl3, and 12.00 for Ru foil.
For the fitting results of the Cu K edge data (Table S6, Supporting
Information), one can see that the samples also possess a simi-
lar structure of Cu–C/O and Cu–Cl, with a bond length of 1.95
and 2.28 Å, respectively, consistent with those from CuO (1.92 Å)
and CuCl2 (2.28 Å), but the CN were again markedly lower. For
instance, RuCu/C-3 exhibited a CN of 1.06 for Cu–C/O and 3.80
for Cu–Cl, in contrast to 4.00 for CuO and 4.00 for CuCl2. The

low CN can be ascribed to the formation of small clusters weakly
bound to the carbon matrix.
The corresponding wavelet-transform (WT) diagrams are

shown in Figures 3d and 4d using Fortan with Morlet
function.[61–62] To compare the atomic configuration, all samples
were analyzed using the same parameters of 𝜅 = 5 and 𝜎 = 1.
From the WT-EXAFS of the Ru K-edge spectra in Figure 3d, two
major peaks can be identified in the contour maps of all samples.
The peaks at (4.6 Å−1, 1.5 Å) and (10.4 Å−1, 1.9 Å) can be assigned
to the first-shell Ru─C/O bond and the second-shell Ru─Cl bond,
respectively, while the shoulder at (8 Å−1, 2.5 Å) can be identified
as the metal Ru─Ru bond.[63–64] These results are consistent with
the XPS data, where both metallic Ru nanoparticles and Ru–Cl

Small 2024, 2404729 © 2024 Wiley-VCH GmbH2404729 (7 of 13)
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Figure 5. a) HER polarization curves at the rotation rate of 1600 rpm with 100% iR correction and b) the corresponding Tafel plots of the sample series
in 1 m KOH. c) Comparison of 𝜂HER,10 between RuCu/C-3 and relevant Ru-based electrocatalysts in recent literature (Table S7, Supporting Information),
where the columns represent 𝜂OER,10 (left y-axis), and dotted line represents mass loading (right y-axis). d) HER polarization curves of RuCu/C-3 before
and after 2000 and 10000 CV cycles. e) Nyquist plots at −50 mV (symbols are the experimental data and solid lines are the fitting results with the CPE
model in Figure S13d (Supporting Information) inset), and (f) variation of the double-layer charging currents with potential scan rates of the sample
series in 1 m KOH.

residues were identified. The WT-EXAFS of the Cu K-edge spec-
tra is shown in Figure 4d, where only the first shell Cu─Cl bond
at (4.6 Å−1, 1.5 Å) can be identified for all samples, and no metal-
lic Cu peak at R = 2.5 Å can be found.
In the above fittings, the metal-C/O paths are indistinguish-

able. Yet XPS measurements showed the absence of metal-O
species in the samples (Figure 2c). Thus, these results further
confirmed the formation of carbon-supported Ru nanoparticles
decorated with metal-Cl residues and the nanoparticles were dis-
persed onto a CuClx matrix, as suggested by the above TEM and
spectroscopic measurements. Additionally, no Ru–Cu path could
be resolved, likely due to the low number of interfacial contacts
as compared to the bulk phases. Such unique structural charac-
teristics of the RuCu/C nanocomposites, in sharp contrast to the

(metallic) ruthenium–copper alloys reported previously,[30–33] led
to remarkable bifunctional electrocatalytic activity toward both
HER and OER, as detailed below.

2.2. Electrocatalytic Activity

Electrochemical measurements were then conducted to evaluate
and compare the electrocatalytic activity of the sample series in
both acidic and alkaline media. Figure 5a shows the HER polar-
ization curves in 1 m KOH, where one can see that the RuCu/C-
3 samples needed only an overpotential (𝜂HER,10) of −23 mV to
achieve the current density at 10 mA cm−2, in comparison to
−25 mV for RuCu/C-4, −38 mV for RuCu/C-2, −39 mV for

Small 2024, 2404729 © 2024 Wiley-VCH GmbH2404729 (8 of 13)
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RuCu/C-1, and −41 mV for Ru/C. Note that both RuCu/C-3 and
RuCu/C-4 even outperformed Pt/C (−39 mV), whereas Cu/C ex-
hibited only minimal electrocatalytic activity. This suggests that
the HER activity was primarily driven by (metallic) Ru nanopar-
ticles, which were markedly enhanced by metal-Cl residues.[28]

The corresponding Tafel plots are depicted in Figure 5b, where
the Tafel slope can be found to be very close for RuCu/C-3
(71.73 mV dec−1) and RuCu/C-4 (68.68 mV dec−1), both dras-
tically lower than others in the series, Pt/C (104.76 mV dec−1),
RuCu/C-2 (91.97 mV dec−1), RuCu/C-1 (86.57 mV dec−1), and
Ru/C (98.31 mV dec−1), suggesting enhanced HER kinetics.[28]

The fact that the Tafel slopes were all higher than 40 mV dec−1

and exhibited only a relatively small variation among the sam-
ples suggests that HER mostly followed the Heyrovsky–Volmer
pathway.[65] Notably, the performance of RuCu/C-3 even sur-
passed those of relevant Ru-based catalysts reported recently
in the literature (Figure 5c; Table S7, Supporting Information).
These suggest that RuCu/C-3 stood out as the best HER catalyst
among the series.
The RuCu/C-3 also exhibited considerable HER performance

in acidic media, although subpar as compared to commercial
Pt/C.[21] From the polarization curves in Figure S13a (Sup-
porting Information), one can see that the HER activity de-
creased in order of RuCu/C-3 (𝜂HER,10 = −92 mV) > RuCu/C-
4 (−101 mV) > Ru/C (−110 mV) > RuCu/C-2 (−119 mV) >
RuCu/C-1 (−124 mV), with the respective Tafel slope of 72.5,
78.5, 73.8, 78.9, and 79.1 mV dec−1 (Figure S13b, Supporting In-
formation).
Moreover, RuCu/C-3 exhibited outstanding durability in both

alkaline and acidicmedia. FromFigure 5d, the 𝜂HER,10 can be seen
to remain almost unchanged after 2000 potential cycles in 1 m
KOH, and shifted negatively by only 8 mV after 10 000 cycles (to
−31mV). In 0.5 mH2SO4, the 𝜂HER,10 decayed by only 13mV after
10 000 potential cycles (Figure S13c, Supporting Information).
Consistent results were obtained from electrochemical

impedance spectroscopy (EIS) measurements. The Nyquist
plots are shown in Figure 5e and Figure S13d (Supporting
Information), where the charge-transfer resistance (Rct) for the
sample series was evaluated and compared by fitting the data
with the equivalent circuit shown in Figure S13d (Supporting
Information) inset. From Table S8 (Supporting Information),
one can see that at the overpotential of −50 mV, Rct was the
lowest for RuCu/C-4 (7.7 Ω) and RuCu/C-3 (8.8 Ω) in 1 m KOH,
in comparison to RuCu/C-2 (20.8 Ω), RuCu/C-1 (18.9 Ω), Ru/C
(15.6 Ω) and Cu/C (21 940 Ω). A similar trend can be found in
0.5 m H2SO4.
The double layer capacitance (Cdl) was then assessed as a

measure of the electrochemically active surface area (ECSA) and
hence the accessibility of the electrocatalytic active sites by volta-
metric measurements in the non-faradaic region, which was esti-
mated to be 4.87 mF cm−2 for Cu/C, 10.10 mF cm−2 for RuCu/C-
1, 12.17 mF cm−2 for RuCu/C-2, 15.54 mF cm−2 for RuCu/C-
3, 24.11 mF cm−2 for RuCu/C-4, and 17.99 mF cm−2 for Ru/C
(Figure 5f). The fact that the RuCu/C-3 sample did not possess
the largest ECSA among the series suggests that its highest HER
activity was due to the intrinsic property rather than the geomet-
ric effect.
Notably, the RuCu/C samples also exhibited apparent OER ac-

tivity. The polarization curves in alkaline media are shown in

Figure 6a. RuCu/C-3 can be seen to exhibit a low overpoten-
tial (𝜂OER,10) of +270 mV to reach 10 mA cm−2, in compari-
son to RuCu/C-4 (+410 mV), RuCu/C-2 (+420 mV), RuCu/C-1
(+430 mV), Ru/C (over +500 mV), and Cu/C (over +500 mV).
In fact, the performance was even better than that of commer-
cial 20% RuO2/C (𝜂OER,10 = +320 mV). The corresponding Tafel
plots are shown in Figure 6b. Among the sample series, RuCu/C-
3 featured a lowest Tafel slope of 71.75 mV dec−1, in compari-
son to Cu/C (181.34 mV dec−1), RuCu/C-1 (101.46 mV dec−1),
RuCu/C-2 (92.52 mV dec−1), RuCu/C-4 (87.89 mV dec−1), and
Ru/C (120.91 mV dec−1). This suggests that the RuCu/C-3 pos-
sessed the most facile electron-transfer kinetics in OER among
the sample series and was competitive to commercial RuO2/C
(69.77 mV dec−1). In fact, from Figure S14 and Table S9 (Sup-
porting Information), one can see that the 𝜂OER,10 of RuCu/C-3
was highly competitive to those of relevant Ru-based catalysts re-
ported in the literature even at a relatively low mass loading.
RuCu/C-3 also exhibited good durability toward OER

(Figure 6c). After 2000 CV cycles between +1.15 and +1.60 V,
the electrode potential at 10 mA cm−2 shifted positively by only
150 mV from +1.50 to +1.65 V. In fact, chronopotentiometric
tests also confirmed good durability of RuCu/C-3 for HER
(Figure S15, Supporting Information) and OER (Figure S16,
Supporting Information). Nevertheless, RuCu/C-3 showed only
a minimal OER activity in acid (0.5 M H2SO4) and cannot reach
10 mA cm−2 even at +1.90 V.[66]
Although the HER activity in alkaline media was close for

RuCu/C-3 and RuCu/C-4, RuCu/C-3 exhibited the best activity
in acidic HER and alkaline OER among the series. Therefore,
RuCu/C-3 was exploited as the bifunctional catalyst for overall
water splitting in 1 m KOH at the same loading of 1 mg cm−2

on carbon paper. From the current–voltage profiles in Figure 6d
(solid line), one can see that RuCu/C-3 needed a voltage (E10)
of only 1.53 V to produce a current density of 10 mA cm−2,
which was 60 mV lower than that with a mixture of commercial
20% Pt/C and RuO2/C (1.59 V). RuCu/C-3 also displayed excel-
lent durability in electrochemical water splitting. As shown in
Figure 6d inset, at the applied voltage of 1.54 V, the current re-
mained markedly greater than that with Pt/C+RuO2/C during
continuous operation for 10 h. The current–voltage profiles after
10 h in Figure 6d (dash line) show the RuCu/C-3 has a small de-
cay of E10 by only 30 mV to 1.56 V. Furthermore, the amounts
of H2 and O2 gases generated were quantified by water displace-
ment tests (Figure S17, Supporting Information), which featured
a volume ratio of 2:1, consistent with the stoichiometric ratio of
H2O. From these, the Faradaic efficiency for hydrogen produc-
tion was estimated to be ≈95%. These results demonstrate that
RuCu/C-3 is a viable bifunctional electrocatalyst for electrochem-
ical water splitting.

2.3. Mechanistic Study

In situ XAS measurements were then carried out with the
RuCu/C-3 sample in 1 m KOH to further unravel the mechanis-
tic insights into the HER and OER activity. The electrochemical
cell is shown in Figure S18 (Supporting Information). A wide
range of potentials were applied for HER andOER, and data were
acquired at each potential by holding the potential for 1 h. The
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Figure 6. a) OER polarization curves at the rotation rate of 1600 rpm and with 100% iR correction, b) and corresponding Tafel plots of the sample series
in 1 m KOH. c) Stability tests of RuCu/C-3 before and after 2000 CV cycles in 1 m KOH. d) Current-potential profiles for full water splitting of RuCu/C-3
and commercial benchmark before and after 10 h stability tests in alkaline media in a two-electrode system. Inset to panel (d) is the corresponding
chronoamperometric profiles at the applied voltage of 1.54 V.

Ru K-edge XANES profiles of RuCu/C-3 during HER are shown
in Figure 7a, where one can see that as the electrode potential
was increasingly negative (up to −200 mV), the absorption edge
shifted to a lower energy, suggesting electron enrichment of the
Ru sites during HER. In the corresponding FT-EXAFS profiles
in Figure 7b, the Ru-C/O peak (≈1.5 Å) can be seen to diminish
in intensity, and concurrently, that of the metallic Ru─Ru bond
(≈2.4 Å) became intensified, with increasingly negative electrode
potentials, suggesting that Ru-C/O species was gradually con-
verted into metallic Ru (Figure S19, Supporting Information),
and the enrichment of metallic Ru species led to the remarkable
HER activity.
The in situ profiles of the Ru K edge during OER are shown

in Figure 7c, where the absorption edge can be seen to shift to a
higher energy with the application of an increasingly positive po-
tential from+1.2 to+1.8 V. This suggests a higher valence state of
Ru in RuCu/C-3 with increasing electrode potential. Additionally,
a pre-edge feature emerged at 22 118 eV from the electrode po-
tential of +1.2 to +1.6 V and diminished at +1.8 V. The pre-edge
feature is attributed to the formally electric dipole forbidden Ru
4d← 1s transitions, where the intensity was dependent on the lig-
and environment and symmetry of the metal center. Ru 5p – 4d
mixing breaks centrosymmetric, introducing electric dipole char-
acter and causing a change in the pre-edge intensity.[67] Thus, the
diminishment of this transition at high overpotentials can be as-
cribed to the depletion of the valence electrons (i.e., oxidation of

Ru and Ru–Cl to RuOx). Indeed, the corresponding FT-EXAFS
curves in Figure 7d and Figure S20 (Supporting Information)
can be seen to become increasingly similar to that of RuO2 with
increasing electrode potential, consistent with the Ru Pourbiax
diagram.[68] Note that for samples that were prepared at higher
induction currents (e.g., 300–600 A), crystalline Ru nanoparticles
became the dominant components and no obvious OER activ-
ity was observed.[28] This suggests that the high OER activity of
RuCu/C-3 was likely due to the Ru–Cl residues that were read-
ily converted to RuOx at high electrode potentials. That is, it is
the dual structure of Ru nanoparticles and Ru–Cl residues in
RuCu/C that gave rise to the bifunctional performance toward
HER and OER.
The samples were then collected for further structural char-

acterization. In TEM measurements, the lattice fringes of hcp
Ru remained well-defined after HER tests, with an interplanar
spacing of 0.236, 0.219, and 0.204 nm that can be assigned to the
(100), (002), and (101) planes of hcp Ru, respectively (Figure S21,
Supporting Information); whereas after OER tests, only the lat-
tice fringes of carbon black can be resolved, with no Ru or RuOx
crystal lattices (Figure S22, Supporting Information), suggesting
that at high potentials, the Ru component was transformed into
a largely amorphous structure.
The corresponding XPS spectra are shown in Figure S23 (Sup-

porting Information). From Tables S10 and S11 (Supporting In-
formation), one can see that the relative content of metallic Ru
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Figure 7. In situ XAS measurements of RuCu/C-3 in 1 m KOH. a) Ru K-edge XANES at different potentials for HER, and b) the corresponding EXAFS
curves. c) Ru K-edge XANES at different potentials for OER, and d) the corresponding EXAFS curves.

was increased after HER but decreased after OER, whereas an
opposite trend was observed with the Ru𝛿+ species (no appar-
ent variation with the Cu 2p profile), consistent with the struc-
tural dynamics observed in the above in situ XAS studies. No-
tably, after the electrochemical tests in 1 m KOH, a new peak
emerged in the O 1s spectra (Figure S23d, Supporting Informa-
tion) at 530.26 eV after HER and 530.59 eV after OER suggesting
the formation of metal hydroxides (M-OH).[69] In addition, the
metal-Cl residues remained rather visible, although the content
diminished from1.75% to 0.40% afterHER and 0.50% afterOER,
likely due to reduction/oxidation of the Ru–Cl species to metallic
Ru/Ru–O, in good agreement with results from the in situ XAS
studies.
Taken together, these results suggest that the HER-active com-

ponent was metallic Ru, while RuOx produced at high electrode
potentials was responsible for the OER activity, leading to the re-
markable bifunctional performance of the sample.

3. Conclusion

In this study, MIH was employed for the rapid synthesis of
RuCu/C nanocomposites, where the addition of CuCl2 precur-
sors was found to facilitate the formation of crystalline Ru
nanoparticles, in stark contrast to the largely amorphous struc-
ture produced without CuCl2, likely due to galvanic charge trans-
fer from the CuCl intermediates. With the Ru nanoparticle sur-
face decorated with Ru–Cl residues, the RuCu/C samples were
found to exhibit apparent electrocatalytic activity toward both

HER and OER in alkaline media, with the RuCu/C-3 sample be-
ing the best among the series (𝜂HER,10 = −23 mV and 𝜂OER,10 =
+270 mV). This was ascribed to electroreduction of the Ru–Cl
residues at low electrode potential tometallic Ru that was respon-
sible for the HER activity, and oxidation to amorphous Ru oxides
at high electrode potentials that were known to be active toward
OER, asmanifested by in situ XASmeasurements. Therefore, the
RuCu/C-3 could be exploited as bifunctional catalysts for elec-
trochemical water splitting, needing a potential of only 1.53 eV
to produce a current density of 10 mA cm−2, 60 mV lower than
that (1.59 V) for a mixture of commercial Pt/C and RuO2. Results
from this study highlight the significance of MIH in the ultrafast
synthesis of high-performance bifunctional electrocatalysts.

4. Experimental Section
Chemicals: Ruthenium(III) chloride hydrate (RuCl3∙xH2O, 35–40%,

ACROS Organic), copper(II) chloride (CuCl2, 99%, Aldrich), carbon black
(Vulcan XC 72R, Fuel Cell Store), ethanol anhydrous (Fisher Chemicals),
acetone (Fisher Chemicals), potassiumhydroxide (KOH, 99%, Acros), and
sulfuric acid (H2SO4, 98%, Fisher Chemicals) were used as received with-
out any further treatment. Water was purified with a Barnstead Nanopure
Waster System (resistivity 18.2 MΩ cm).

Sample Preparation: The RuCu/C nanocomposites were synthesized
using the MIH set up in Scheme 1. In a typical reaction, 40 mg of car-
bon black was dispersed into 4 mL of Nanopure water in a 20 mL vial
under sonication for 30 min, into which were then added x mL of 0.1 m
RuCl3 and y mL of 0.1 m CuCl2 solutions (with x + y = 1 mL, i.e., a to-
tal metal feed of 0.1 mmol). After the solution was fully mixed with the
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carbon black, the vial was immersed into an acetone-dry ice solution and
the solvents were removed by freeze-drying overnight. The obtained black
powders were evenly loaded onto a 2.5 cm × 2.5 cm × 0.2 mm iron sheet
covered with same-size graphite paper (0.01mm thick, to avoid direct con-
tact of the precursors with the iron sheets for minimal contamination).
The loaded sheets were placed on a fire brick in a quartz tube sealed with
a rubber lid, which was purged with high-purity argon gas for 15 min be-
fore being inserted into a four-turn induction coil (5 cm in diameter) for
MIH treatment at the induction current of 200 A for 10 s. The iron sheet
was rapidly heated up to ≈600 °C.[27] After cooling down to room tem-
perature, the obtained sample was washed with H2O and ethanol 5 times
to remove excessive metal salts until the supernatant was colorless and
denoted as RuCu/C-1, RuCu/C-2, RuCu/C-3, and RuCu/C-4 in the order of
increasing feed ratio of RuCl3 versus CuCl2 at x:y = 1:4, 1:2, 2:1, and 4:1,
respectively.

For comparison, samples containing only a singlemetal precursor were
synthesized in the samemanner and referred to as Ru/C and Cu/C, respec-
tively.

Characterization: TEM studies were carried out with an FEI Tecni G2
operated at 200 kV. EDS-based elemental mapping analyses were con-
ducted with a Talos F200C G2 TEM instrument as well as with a Thermo
Fisher Scientific Apreo S LoVac scanning electron microscope. ICP-OES
measurements were carried out with an iCap 7400 instrument. XPS mea-
surements were performed with a Thermo Scientific K𝛼 spectrometer.
XRD patterns were acquired with a Bruker D8 Advance diffractometer
with Cu K𝛼 radiation (𝜆 = 0.15418 nm). Ex situ XAS measurements were
conducted at the temperature of 10 K using an Oxford liquid helium
cryostat at beamline 4–1 of the Stanford Synchrotron Radiation Light
source, and in situ XAS data were collected at room temperature in a
self-design cell. The obtained XAS data were reduced, fitted, and ana-
lyzed with the RSXAP software.[70] The Fourier Transform range was 3.5–
12.5 for both Ru K and Cu K edges, while the fit range was 1.1–2.9 for
Ru K edge and 1.1–2.5 for Cu K edge. The theoretical functions for each
pair (Ru-C/O, Ru–Cl, Ru–Ru, Cu–C/O, and Cu–Cl) were calculated by
WebAtoms.[71]

Electrochemistry: Electrochemical tests were conducted 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 cm2, and a graphite rod was used as the counter
electrode. Ag/AgCl and Hg/HgO were used as the reference electrodes
for acidic and alkaline media, respectively. For ink preparation, 5 mg of
the catalysts obtained above were mixed with 200 μL of H2O, 790 μL of
ethanol, and 10 μL of Nafion under sonication for 30 min in an ice bath.
The ink (10 μL) and (5 μL) 20% Nafion/IPA solution (corresponding to a
catalyst mass loading of 0.25 mg cm−2) was evenly dropcast onto the RDE
surface and dried in air. EIS tests were conducted with a Gamry Reference
600 instrument.

Full water splitting tests were performed in a two-electrode setup.[72]

Experimentally, graphite paper was thermally treated in air at 500 °C for
1 h. Two 1 cm × 2 cm pieces were cut for the anode and cathode. The
catalyst ink (100 mL) (3 mg of catalysts, 60 μL of H2O, 230 μL of ethanol,
and 10 μL of Nafion solution) was loaded on a 1 cm × 1 cm area at a
mass loading of 1 mg cm−2. All electrochemical tests were repeated at
least three times.

Two pieces of J-shaped carbon paper were used as electrodes for
the water displacement measurements in full water splitting in 1 m
KOH. Experimentally, 0.5 mg of RuCu/C-3 nanocomposites was loaded
on the carbon paper in an area of 1 cm ×1 cm, which was then
inserted to the test tubes that was filled with the electrolyte solu-
tion. A constant current of 0.5 A was then applied for 20 min, and
gases were collected in the two test tubes via the water displacement
method.[73]

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