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Abstract: Electrocatalytic water splitting into H2 and O2 is
a key technology for carbon-neutral energy. Here, we report
a modular materials design leading to noble metal-free
composite electrocatalysts, which combine high electrical
conductivity, high OER and HER reactivity and high dura-
bility. The scalable bottom-up fabrication allows the stable
deposition of mixed metal oxide nanostructures with different
functionalities on copper foam electrodes. The composite
catalyst shows sustained OER and HER activity in 0.1m
aqueous KOH over prolonged periods (t> 10 h) at low
overpotentials (OER: & 300 mV; HER: & 100 mV) and high
faradaic efficiencies (OER: & 100 %, HER: & 98%). The new
synthetic concept will enable the development of multifunc-
tional, mixed metal oxide composites as high-performance
electrocatalysts for challenging energy conversion and storage
reactions.

Electrocatalytic water splitting into hydrogen and oxygen is
one of the most promising catalytic approaches for carbon-
neutral energy storage.[1–3] The overall process is based on two
coupled electrochemical half-reactions, the oxygen evolution
reaction (OER)[4, 5] and the hydrogen evolution reaction
(HER).[2,6, 7] For industrial relevance, both half-reactions
require noble-metal-free catalysts, which combine high activ-
ity with long-term stability. Therefore, synthetic methods are
required for the chemically, mechanically and electrically
stable anchoring of high-performance catalysts on conductive

electrode surfaces.[1, 2, 8] State-of-the-art electrocatalysis
research has been focused on the independent development
of HER and OER catalysts, so that each half-reaction can be
individually optimized.[1–3] For HER electrocatalysis,[9] the
focus has been on homo- or heterometallic transition metal
oxides,[10] sulfides,[11] nitrides,[12] carbides,[12] and phos-
phides.[13] For OER,[5] the leading electrocatalysts are homo-
and heterometallic transition metal oxides,[14, 15] hydrox-
ides,[16,17] phosphates,[18] and nitrides.[19] In contrast, the
design of bifunctional catalysts capable of OER and HER
electrocatalysis is still in its infancy and faces major chal-
lenges, as new catalysts are needed, which feature the redox-
chemistries, stabilities and catalytic capabilities for reductive
and oxidative proton-coupled electron transfers. However,
the design of bifunctional OER/HER electrocatalysts offers
vast advantages as it would simplify catalyst design and
fabrication, prevent cross-contamination, materials incompa-
tibilities and possible catalyst poisoning and is therefore of
enormous technological interest. In addition, HER and OER
electrocatalysis share common challenges including the need
for high electrical conductivity, the stable catalyst-electrode
anchoring and others, so that a convergent OER/HER
catalyst design could overcome major current obstacles in
electrocatalysis. To date, only few materials have shown this
broad range of properties and most pioneering studies have
used metal phosphides such as nickel phosphides,[20] iron
nickel phosphides,[6] and nickel cobalt phosphides[21] or nickel
selenide nanosheets.[22] In contrast, less research has been
devoted to bifunctional metal oxides for complete water-
splitting, although ground-breaking studies have explored
copper cobalt oxide nanowires[23] and nickel cobalt oxide
nanoflakes[24] on metal electrodes as well as iron nickel oxide
nanoparticles on carbon nanofibers[25] for OER/HER electro-
catalysis.

Here we report a modular design approach where several
metal oxide components are rationally targeted to introduce
electrical conductivity, OER/HER catalytic activity and
structural stability into a composite electrocatalyst. Simulta-
neous deposition of the mixed metal oxides on metal electro-
des is reported and the electrodes are deployed in a
2-electrode water electrolyzer to demonstrate the technolog-
ical relevance. High operational durability (telectrolysis> 10 h),
low total overpotential (0.57 V at J& 10 mA cm@2) and high
faradaic efficiencies were observed. Post-catalytic studies
highlight the chemical and mechanical stability of the catalyst.
This first proof of concept opens the door for designer
catalysts where molecular precursors are converted into
stable nanostructures for challenging multi-electron electro-
catalysis (Figure 1).
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Here, we report a bottom-up materials design approach,
where metal oxides with different functionality are stably
anchored on a metal foam electrode in a scalable one-step
synthesis. To this end, we targeted a mixed metal oxide
composite featuring cobalt oxides as high-performance
OER[26] and HER catalysts,[27] semiconducting copper
oxides for enhanced electron transport,[28] and tungsten
oxides for structural and chemical stability and electrode
durability.[4] Electrode design was based on the use of
commercial, macroporous copper foam (CF) electrodes,
which offer high electrical conductivity, high surface area as
well as efficient electrolyte accessibility and gaseous product
release.[4]

Functionalization of the CF electrodes with the mixed
metal oxide catalyst was achieved by hydrothermal reaction
of the molecular precursors Co(NO3)2·6 H2O (1.04 mmol) and
K8[SiW11O39]·13H2O (1.0 mmol) with CF (which serves as Cu
ion source)[4] at 150 88C for 8 h (details see Supporting
Information, Table S1 and Figure S1). The washed and dried
samples (hereafter: Electrode 1) were examined by gravi-
metric studies which gave a catalyst loading of ca.
1.25 mg cm@2 based on geometric surface area. Powder X-
ray diffraction (pXRD, Supporting Information, Figure S8)
showed the presence of crystalline Cu2O, which is a known
semiconductor with high electron mobility[28] and has recently
been reported as OER and HER catalyst.[23, 29–33] Scanning
electron microscopy (SEM), energy dispersive X-ray spec-

troscopy (EDX) and transmission electron microscopy
(TEM) showed a homogeneous deposition of spherical
nanoparticles (diameter &200–600 nm) and high aspect-
ratio nanowires (diameter &50 nm, length > 4 mm, Figure 2
and Figure S6) on the macroporous support. EDX elemental
mapping (Figure 2d and Figure S5) showed a homogeneous
distribution of the elements Cu, Co, and W on the electrode,
and inductively coupled plasma atomic emission spectroscopy
gives an atomic ratio of 1:1.5:8 (Co:W:Cu), Table S2. TEM
analysis by local selected area electron diffraction (SAED)
indicates that the nanowires are based on single crystalline
Cu2O (Figure 2c, Figure S6). Note that analyses were per-
formed on powder material removed from the CF electrode
by prolonged sonication. The presence of a mixed metal oxide
was further supported by FT-IR and Raman spectroscopies,
where characteristic vibrational modes were observed, see
Figure S9.[34, 35] FT-IR spectroscopy also identified the pres-
ence of O-H vibrations and thermogravimetric analyses
(TGA) indicated the presence of ca. 5.7 wt-% water of
hydration, Figure S7.

To assess the role of the metal oxide precursors used in the
synthesis, we performed identical syntheses in the absence of
Co2+, [SiW11O39]

8@ and NO3
@ . Note that in the absence of any

of the precursors, no nanostructured metal oxide composites
were obtained (see Table 1 and Figures S2–S4). The resulting
electrodes (Electrodes 2–4) were used as references to
compare the electrocatalytic performance of Electrode 1
(Table 1).

Figure 1. Schematic materials design and fabrication approach leading
to mixed metal oxide electrodes. Hydrothermal deposition of cobalt,
copper and tungsten oxide precursors on copper foam electrodes
gives stable bifunctional electrocatalysts for high-efficiency OER and
HER.

Figure 2. Structural and chemical characterization of the nanostructured composite. a) SEM survey image of Electrode 1 (Inset: low magnification
view of the macroporous electrode structure); b) High resolution SEM image of the spherical and nanowire Co-Cu-W oxide catalyst; c) TEM image
of nanowires and particles; inset (left): selected area electron diffraction of the nanowire showing diffraction spots matching reflections of Cu2O
in [101] zone axis orientation; inset (right): magnified image of the Cu2O nanowire; d) EDX elemental mapping of Electrode 1 showing the
distribution of the elements Cu, Co, W, and O.

Table 1: Comparison of the electrocatalytic OER and HER performance
of Electrode 1 with selected reference systems.

Electrodes Overpotential[a]

[mV]
Tafel slopes
[mVdec@1]

ECSA
[cm2]

Rct

[W]
OER HER OER HER

Electrode 1 313 @103 162:0.7 335:1.0 275:7 13.0
References[b]

Electrode 2 420 @192 187:3.0 318:5.0 85:7 32.8
Electrode 3 480 @421 144:1.0 793:10 25:2 29.0
Electrode 4 470 @440 123:0.4 274:2.0 20:2 29.0
CF 500 @456 119:0.2 154:0.5 – 29.0

[a] J =10 mAcm@2, [b] Electrodes 2–4 were prepared by the original
synthetic procedure in the absence of [SiW11O39]

8@ (2), Co2+/NO3
@ (3) or

Co2+(4), detailed characterization see Supporting Information.
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X-ray photoelectron spectroscopy (XPS) was used to gain
insight into the chemical nature of the metal species and
confirmed the presence of Co2+, Cu+/2+, and W6+ (Figure 3
and Figure S8). The observation of Cu+ and Cu2+ could

indicate two distinct copper-containing phases, for example,
Cu2O and a Cu2+-containing (amorphous) metal oxide.
Alternatively, it could indicate the literature-known surface
oxidation of Cu2O to CuO.[36,37] The deconvoluted O1s
spectrum indicates the presence of oxygen-metal bonds
(O@Co, O@Cu, O@W) and hydroxyl groups (O@H).[37–39] In
sum, this materials analysis suggests that a mixed metal oxide
phase is present containing crystalline Cu2O particles
together with amorphous, hydrated copper, cobalt and
tungsten oxide phases. The exact structural properties of
this complex system will be further explored using spectro-
scopic, magnetometric, diffractometric and theoretical meth-
ods in subsequent studies.

In the next step, we examined the electrocatalytic
performance of the composite electrode for the OER and
HER under conditions typically used in alkaline water
electrolysis studies (0.1m aqueous KOH, pH 12.8, RT). All
potentials were converted to the reversible hydrogen elec-
trode (RHE) as reference. Linear sweep voltammetric (LSV)
polarization curves (Figure 4a) show that Electrode 1 features
excellent catalytic activity for both OER and HER: low
overpotentials h (at J = 10 mAcm@2, scan rate = 5 mVs@1)
were observed for OER (h = 313 mV) and HER (h =

@103 mV). In contrast, the non-modified CF as well as
several reference electrodes modified with Co2+ or
[SiW11O39]

8@ showed significantly lower performance and
higher overpotentials (Table 1, Figure S10). Next, we assessed
the long-term performance of Electrode 1 for OER and HER
by chronopotentiometry (J = 10 mAcm@2) over a period of
10 h. For OER the potential observed remained stable at

1.55 V (Figure 4b). For HER, the initial potential (@0.11 V)
changed to @0.14 V after 10 h (Figure 4c), indicating minor
structural or chemical changes of the electrode (see below).
Comparison of the LSV curves for OER and HER before and
after 10 h electrolysis (Insets in Figure 4 b, c) show the near-
identical performance and provide further support of the high
stability of the composite under harsh oxidative and reductive
electrocatalytic conditions.

The full water-splitting capabilities of Electrode 1 were
examined by combining two identical Electrode 1 units in a
2-electrode water electrolyzer using 0.1m aqueous KOH as
electrolyte. At an applied potential of 1.8 V (h = 0.57 V),
sustained gas evolution was observed at both electrodes
(Figure S12a). Chronoamperometry over 10 h (Figure 4d)
show that sustained water-splitting is possible at current
densities between J = 10–14 mA cm@2. In contrast, identical
experiments with two non-modified CF electrodes show no
gas evolution and current densities of only & 2 mAcm@2

(Figure 4d, Figure S12b). High faradaic efficiencies were
determined for both OER (& 100%) and HER (& 98 %),
highlighting the efficient electrochemical processes for OER
and HER catalyzed by the mixed-metal composite catalyst,
see Figure S13.

Figure 3. Deconvoluted XPS spectra of the mixed metal oxide catalyst
recovered from Electrode 1. Recovery of the metal oxide composites
from the electrode was achieved by prolonged sonication in ethanol.

Figure 4. Catalytic performance of Electrode 1 for OER, HER and full
water splitting. a) LSV polarization curves of Electrode 1 and the non-
modified CF reference in 0.1m aqueous KOH, scan rate 5 mVs@1,
current densities are based on geometric surface area; b) OER and
c) HER long-term chronopotentiometry studies of Electrode 1 at
J =10 mAcm@2 ; inset: pre- and post-catalytic comparison of OER/HER
performance; d) Full electrocatalytic water-splitting by Electrode 1 at
a constant potential of 1.8 V vs. RHE (using a 2-electrode setup). Non-
modified CF is shown as reference; inset: schematic illustration of the
full process. Post-catalytic analyses of Electrode 1 after OER/ HER
using e) SEM and f) pXRD.
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Post-catalytic analyses of the OER and HER electrodes
were performed after 10 h sustained electrolysis. SEM data
show that the morphology and shape of the nanostructured
particles on the electrode are not altered (Figure 4e). This is
further supported by SEM-EDX elemental mapping after
catalysis which shows the homogeneous distribution of the
metal components on the electrode surface (Figures S14,
S15). pXRD and post-catalytic XPS analyses after OER show
no significant crystallographic or elemental changes (Fig-
ure 4 f and Figure S16). In contrast, after HER, the original
diffraction signals for Cu2O disappear and new signals are
observed, which are indexed as elemental Cu (Figure 4 f).
Post-HER-catalytic XPS analyses (Figure S17) indicate the
presence of Cu0 and Cu2+ but show no Cu+. In sum we
conclude that under HER catalytic conditions Cu+ is reduced
to elemental Cu, while Cu2+ is still present. This is in line with
the experimental HER studies where we note a slight change
of the HER potential (from @0.11 V to @0.14 V during 10 h
electrolysis) which also indicates a slow chemical change of
the electrode. Note that based on all electrochemical data and
post-catalytic SEM analyses, this does not affect the perfor-
mance or stability of the electrode. In addition, no mechanical
detachment of the catalyst from the electrode (“flaking”) is
observed during long-term electrolysis.

To gain mechanistic insights into the high OER and HER
performance and high stability of Electrode 1, we performed
further (electro)chemical analyses. Electrochemical impe-
dance spectroscopy (EIS) showed that Electrode 1 features
a significantly lower charge transfer resistance (Rct) compared
to all references studied (Table 1, Figure S18). This highlights
the superior conductivity between the copper foam support
and the mixed metal oxide catalyst, which enables efficient
interfacial electron transport, even in the absence of a binder
or conductive additive (e.g., conductive carbon). In addition,
the long-term electrolytic studies (Figure 4b–d) highlight the
robust anchoring of the catalyst on the electrode surface,
which results in high operational durability. The role of the
nanostructured electrode surface was examined by electro-
chemical surface area analyses (ECSA) and hydrophilicity
studies: ECSA analyses based on cyclic voltammetry of
Electrode 1 showed high ECSA values (> 270 cm2) which is
significantly higher than any of the references studied (& 20–
80 cm2) (Table 1, Figure S19). The combination of macro-
porous metal support, nanostructured catalyst surface and
high ECSA enable high catalytic turnover rates and allow the
facile release of the gaseous products from the electrode (thus
preventing bubble overpotentials and efficiency-limiting high
current densities).[40] Analysis of the hydrophilicity of the
electrode surfaces by the sessile drop method (using 0.1m
aqueous KOH as medium) showed that Electrode 1 is
highly wettable and a drop deposited on the electrode surface
permeates into the macroporous structure within two seconds.
In contrast, the native CF electrode shows a significantly
lower wettability and a deposited drop remains on the
electrode surface and shows a contact angle of 6988 (Fig-
ure S20). The formation of a stable electrolyte-catalyst inter-
face is therefore enabled by the hydrophilic nanostructure
surface of Electrode 1.

In conclusion, we report a modular, scalable route for the
simultaneous deposition of several nanostructured mixed
metal oxides on metal foam electrodes. The resulting
composite is used as a bifunctional electrocatalyst for
sustained full water splitting into H2 and O2 under conditions
used in alkaline water electrolyzers. Low overpotentials, high
faradaic efficiencies and long operational times without loss
of reactivity are observed. We propose that this new materials
design concept enables the targeted development of complex
multicomponent composite catalysts and their simultaneous
electrical wiring to conductive electrode surfaces. The study
could therefore provide a protocol for novel mixed-metal
oxides as (electro-)catalysts for challenging multielectron
transfer reactions.
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