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Experimental Section

Materials:

All chemical reagents were purchased and used without further purification. Potassium
ferricyanide, gold (I) potassium cyanide, nickel (ll) chloride hexahydrate, cobalt (II) chloride
hexahydrate, potassium borohydride, Chloroauric acid, sodium citrate tribasic dehydrate, thiol
polyethylene glycol amine (HS-PEGssk-NH»), potassium hydroxide (99.99%) and Nafion (117
solution) were purchased from Sigma-Aldrich. Carbon black, acetylene 50% compressed, was
obtained from Alfa Aesar (99.9%). Milli-Q water was obtained from a Millipore Milli-Q
equipment.

Nanoparticles synthesis

To prepare Au@NiFe NPs, 0.20 mmol of potassium borohydride (KBH4) was added to 100 mL of
an aqueous 0.5 mM solution of K[Au(CN),] under vigorous stirring at around 10 2C. After 20-30
min, aqueous solutions of Ks[Fe(CN)s] (5.7 mM) and NiCl,-6H,0 (5.0 mM) were added
simultaneously at a rate of 2 mL-h to the Au NPs solution under vigorous stirring. After
completion of the addition, the solution was vigorously stirred for half an hour. In order to
prepare Au@CoFe NPs, 0.20 mmol of KBH,; was added to 100 mL of an aqueous 0.5 mM solution
of K[Au(CN),] under vigorous stirring at around 10 2C. 10-15 minutes after the solution turns
red, aqueous solutions of Ks;[Fe(CN)s] (5.7 mM) and CoCl;-6H,0 (5.0 mM) were added
simultaneously at an addition rate of 0.5 mL-h to the Au NPs solution under vigorous stirring.
After completion of the addition, the solution was vigorously stirred for half an hour. Core@shell
NPs were washed with water (11000 rpm for 20 minutes) and finally were dried under vacuum.
A thinner and a thicker shell were achieved by adding respectively 2 and 10 mL of each precursor
solution. The very thick shell of NiFe was achieved by adding 15 mL of each precursor. K[Au(CN)]
reduction was carried out in an ice bath in order to produce smaller Au cores.

PBA-NiFe NPs of around 150 nm were synthesized at room temperature by adding
simultaneously, to 100 mL aqueous solution at 2 mL-h! rate, aqueous solutions of CoCl,-6H,0
(5.0 mM, 7 mL) and Ks[Fe(CN)e] (5.7 mM, 7 mL). PBA-CoFe NPs of around 180 nm were also
synthesized at room temperature by adding, to 100 mL aqueous solution at 2 mL-h? rate,
aqueous solutions of NiCl,:6H,0 (5.0 mM, 8 mL) and Ks[Fe(CN)s] (5.7 mM, 8 mL). After
completion of the addition, the mixtures were stirred for half an hour before being centrifuged
at 11000 rpm for 20 min. The supernatants were removed, and the powders were let dried under
vacuum. PBA-NiFe'" and PBA-CoFe" were prepared using the same synthetic procedure but

adding 0.4 mmol of potassium borohydride (KBH4) to promote the reduction of Fe",

Au NPs stabilized by citrate capping agent were synthesized following the well-known Turkevich
method.! Physical mixture (Au+PBA) was prepared by joining in weight 30 % of Au NPs and 70 %
of PBA NPs.

The decoration of Au on PBA NPs was carried out by connecting each NP by a polymer containing
a thiol and an amine group(HS-PEG-NH,) following a protocol developed in our group.?



Electrode preparation

For the electrode preparation, a dispersion composed of 1 mg of powder material, 0.5 mg of
acetylene black, 200 pL of water and ethanol (1:1) and 8 pL of Nafion (10 %) was sonicated in
order to obtain a well-dispersed suspension. Then, 3.6 uL was drop-casted in a previously
polished (sequentially with 1.0, 0.3 and 0.05 um alumina powder) 3 mm Glassy Carbon
electrode. Afterwards, the solvent was let evaporated at room temperature. The electrode mass
loading achieved was around 0.25 mg-cm™.

Electrochemical measurements

Electrochemical tests were performed in a three-electrode cell equipped with Glassy Carbon
acting as the working electrode and a platinum wire as the counter electrode. As the reference
electrode, a silver-silver chloride (Ag/AgCl (3 M KCl)) was used. All potentials were converted
referring to the oxygen evolution overpotential or the reversible hydrogen electrode (RHE). The
measurements were performed at least three times for every sample using different electrodes
on an Autolab PGSTAT 128N potentiostat/galvanostat. Linear sweep voltammetry (LSV)
measurements were carried out at 5 mV-s™tin a previously N, purged 1 M KOH aqueous solution.
Prior to this, cyclic voltammetries (CVs) were performed at different scan rates (100, 50, 20 and
10 mV-s1). LSV experiments were also carried out in an acidic solution (0.5 M H,S0,) using the
same three-electrode cell and electrodes.

Electrochemical surface area (ECSA) was acquired by measuring the current associated with
double-layer capacitance from the scan rate dependence of CVs. The potential range used for
the CVs was from -0.2 to 0.1 V versus Ag/AgCl (3 M KCI). The scan rates were 400, 300, 200, 100
and 50 mVs™. The double layer capacitance was estimated by plotting the (ja—jc) (anodic versus
cathodic currents) at -0.05 V versus Ag/AgCl (3 M KCl) against the scan rate. The ECSA was
measured on the working electrodes after performing an activation process consisting of 5 CVs
at 50 mV-s! around their redox processes.

The turnover frequency (TOF) values were calculated from the following equation:

TOF = /4
"~ 4Fn

where j is the current density at a given overpotential of 0.35 V, A is the surface area of the
working electrode, F is the Faraday constant, and n is the total number of moles of PBA or the
elctroactive number of moles of PBA.

Electrochemical impedance spectroscopy (EIS) measurements were carried out using a Gamry
1000E potentiostat/galvanostat controlled by Gamry software by applying an AC amplitude of
10 mV in the frequency range of 10-10° Hz at an overpotential of 0.4 V. EIS data were analyzed
and fitted by means of Gamry Echem Analyst v. 7.07 software.

Stability tests were performed under a constant current density of 20 mA-cm™ during 24 h using
Ni foam foil (which area is 0.6 cm?) as the working electrode containing 0.25 mg-cm? of
electrocatalyst mass.



Physical characterization

UV/Vis Spectroscopy: UV-vis absorption spectra were recorded on a Jasco V-670
spectrophotometer in baseline mode from 300 to 900 nm range, using 1.000-cm-optical-path
plastic cuvettes.

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR): spectra were collected in an
Agilent Cary 630 FTIR spectrometer in the 4000-500 cm-1 range in absence of KBr pellets.

Inductively Coupled-Plasma Mass Spectrometry (ICP-MS): The ICP-MS analysis were conducted
at the Universidad de Valencia (Seccién de Espectrometria Atdmica y Molecular). Samples were
digested in an acid medium at 220 2C using a microwave oven.

Transmission Electron Microscopy (TEM): TEM studies were carried out on a JEOL JEM 1010
microscope operating at 100 kV, and Technai G2 F20 microscope operating at 200 kV. Samples
were prepared by dropping suspensions on lacey formvar/carbon copper grids (300 mesh).

Magnetic Measurements: Magnetic data were collected with a Quantum Design MPMS XL-5
susceptometer equipped with a SQUID sensor. Field Cooling magnetization measurements were
performed under a magnetic field applied of 1000 Oe.

Raman Spectroscopy: Raman spectra were acquired with a Raman Emission Horiba-MTB Xplora
Spectrometer in ambient conditions. NPs were measured with a laser wavelength of 532 nm by
drop-casting the samples onto silicon substrates.

Powder X-Ray Diffraction (PXRD): PXRD patterns were obtained with a PANalytical X'Pert
diffractometer using the copper radiation (Cu-Ka = 1.54178 A) in the 5-50 region.

X-ray Photoelectron Spectroscopy (XPS): Samples were analyzed using a K-ALPHA Thermo
Scientific spectrometer. All spectra were collected using Al Ka radiation (1486.6 eV),
monochromatized by a twin crystal monochromator, yielding a focused X-ray spot (elliptical in
shape with a major axis length of 400 um) at 30 mA and 2 kV. The alpha hemispherical analyzer
was operated in the constant energy mode with survey scan pass energies of 200 eV to measure
the whole energy band and 50 eV in a narrow scan to selectively measure the particular
elements. XPS data were analyzed with Avantage software. A smart background function was
used to approximate the experimental backgrounds. Charge compensation was achieved with
the system flood gun that provides low energy electrons and low energy argon ions from a single
source.



200 nm

Figure S1. TEM images of the NPs obtained through the Au@CoFe protocol and applying the
following parameters: A) addition rate of 2 mL-h™* and time delay of 20-30 min. B) addition rate
of 0.5 mL-h! and time delay of 20-30 min. C) addition rate of 0.5 mL-h! and time delay of 45
min. D) addition rate of 0.5 mL-h™! and time delay of 0 min.
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Figure S2. A) B) UV-Vis spectra of Au and the different Au@PBA NPs. C) D) Plasmon position and
plasmon FWHM calculated for the different NPs.
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Figure S3. EDX mapping of the metals present in the Au@PBA(thin) heterostructures.
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Figure S4. XPS spectra of Au@NiFe (up) and Au@CoFe (down).
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Figure S5. Magnetization vs. temperature curve performed for Au@NiFe and NIFe-PBA (up) and
Au@CoFe and CoFe-PBA (down) nanoparticles with an applied field of 1000 Oe.
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Figure S6. PBA-NiFe" NPs and its corresponding histogram.




=

Number of particles
N
o

MY,

Y

N\

0

Figure S7. PBA-CoFe" NPs and its corresponding histogram.
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Figure S8. A) B) PBA-NiFe NPs and its corresponding histogram. C) Au-decorated PBA-NiFe NPs.




B)25

gzo- §

AES N

£ L \\x
S AN DA

0 50 100 150 200 250 300 350
Particle size / nm

Figure S9. A) B) PBA-CoFe NPs and its corresponding histogram. C) Au-decorated PBA-CoFe NPs.
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Figure S10. Voltammetric responses to potential cycles performed at different scan ratesin 1 M
KOH aqueous solution for different NiFe nanoparticles: A) PBA, B) PBA with Fe'", C) Au@PBA (thin

shell), D) Au@PBA (thick shell), E) Au decorated PBA NPs and F) physical mixture of Au and PBA
NPs.
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Figure S11. Voltammetric responses to potential cycles performed at different scan ratesin 1 M
KOH aqueous solution for different CoFe nanoparticles: A) PBA, B) PBA with Fe', C) Au@PBA
(thin shell), D) Au@PBA (thick shell), E) Au decorated PBA NPs and F) physical mixture of Au and
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Figure S12. Evolution of the consumed charge (coulovoltammetric response) parallel to the
voltammetric response to the cyclic voltammetry performed at 50 mV-stin 1 M KOH aqueous

solution for NiFe compounds.
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Figure S13. Evolution of the consumed charge during the voltammetric responses parallel to
potential cycles performed at 50 mV-s in 1 M KOH aqueous solution for CoFe compounds.



Table S1. Amount of electroactive PBA mass being reversibly oxidized/reduced during
cyclovoltamperometric experiments.

z=1 z=2

PBA mass
Samples - PBA e.a. mass PBA e.a. PBA e.a. mass PBA e.a.

mg/cm

(e em) (me/cm?) (%) (me/cm?) (%)
NiFe 0.25 0.049 19.2 0.025 9.6
NiFe" 0.25 0.031 10.9 0.015 5.5
Au@NiFe" hin) 0.14 0.017 13.6 0.008 6.8
Au@NiFe" (thick) 0.23 0.174 72.0 0.087 36.0
Au@NiFe" yerythick) 0.25 0.052 21.6 0.026 10.8
Au-NiFe 0.17 0.012 6.5 0.006 3.3
Au+NiFe 0.17 0.021 12.4 0.010 6.7
CoFe 0.25 0.016 6.3
CoFe" 0.25 0.012 4.5
Au@CoFe" thin) 0.12 0.0074 5.4
Au@CoFe" thick) 0.24 0.031 13.1
Au-CoFe 0.18 0.013 6.9
Au+CoFe 0.17 0.011 6.4

The electroactive mass (e.a.) of PBA was estimated using Faraday’s law of electrolysis:

m =

™

M
z

Being, m the mass (g), Q the charge corresponding to the reversible redox process, M the
molecular weight of the sample and z the total number of electrons taking part in the redox

process.

Q was calculated by subtracting the total charge involving reversible and irreversible reactions
(Qrev+ir) and the charge consumed by the irreversible oxygen evolution, (Q;) calculated in Figures
S12 and S13. The reversible charge allows the calculations of the number of electroactive metal

atoms.

The redox processes of NiFe compounds are associated with the oxidation/reduction of Ni. Here,
the initial Ni?* is firstly oxidized to a mixed valance state of Ni**/Ni**. Therefore, calculations were

carried out considering one (z = 1) or two (z = 2) electrons involved in the reaction.

For CoFe compounds, the redox processes associated with the reaction of Co**and Co** involves

one electron (z = 1).
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Figure S18. A) Linear Sweep Voltammetry of different Au@NiFe NPs measured at 5 mV-stin 1
M KOH aqueous solution. B) Overpotential required for a current density of 10 mA-cm™. D)
Current density obtained at an overpotential of 350 mV.
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Figure S20. Turnover frequencies calculated at 0.35 V overpotential for NiFe compounds (A) and
CoFe compounds (B). TOF values were calculated using the total PBA mass or the electroactive

PBA mass previously obtained considering z = 1 (see Table S1).
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Figure S22. A) B) Nyquist plots of the different samples recorded at an overpotential of 0.4 V.
Points correspond to experimental data, and lines are curves fitted with the equivalent circuit.
C) Equivalent circuit used for the two PBA NPs, Au@PBA(thin) and Au@PBA(thick). D) Equivalent
circuit used for Au-PBA and Au+PBA.



Table S2. Comparison of the electrocatalytic activity with previous

electrocatalysts.

Potential at 10

reported OER

Sample mA-cm? (V vs RHE) Solution iR correction Electrode Reference
Au@NiFe 1.59 1M KOH no GC This work
Au@CoFe 1.57 1M KOH no GC This work
Au@NiFe 1.55 1M KOH yes Ni foam This work
Au@CoFe 1.53 1M KOH yes Ni foam This work
Au@Co304 1.61 0.1 M KOH yes GC 3
Au@CoFeOy 1.55 1M KOH yes GC 4
Au@NiO 1.63 1M KOH yes GC 4
Cofe LDH 1.65 1M KOH no GC 5
NiFe LDH 1.58 1M KOH yes GC 6
Ir0; 1.57 1M KOH yes GC 6
CNTs-Au@Co30.4 1.58 1M KOH no GC 7
NiFe-vey. PBA 1.513 1M KOH yes RDE GC 8
CoFe-ven. PBA 1.599 1M KOH yes RDE GC 8
ZnCo0,04/A u/CNTs 1.67 1M KOH no RDE GC 9
NiO-NiFe;04/rGO 1.53 1M KOH no RDE GC 10
CoFe oxide 1.54 1M KOH yes Ni foam 11
CoFe film PBA 1.66 0.1M KOH no FTO glass 12
Au/NiFe LDH 1.467 1M KOH yes Ti mesh 13
Ag@Co(OH), 1.48 1M KOH no Carbon cloth 14
Ag+Co(OH), 1.55 1M KOH no Carbon cloth 14
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Figure S23. Linear Sweep Voltammetries performed in Ni foam substrate and with iR correction
at 5 mV-stin 1 M KOH solution.
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Figure S24. Linear Sweep Voltammetry of PBA (of Fe(ll)) and Au@PBA(thick) NPs measured at 5
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Figure S25. Stability of IrO; and the Ni foam substrate under a constant current density of 20
mA-cm™ for 24 h.



Figure S26. Photographies of the Pt wire (counter electrode) before and after the stability test
of Au@PBA(thin) NPs. A yellowish color related to Au reduction can be observed after the
measurement.
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Figure S27. A) C) E) Voltammetric responses to potential cycles performed at 50 mV-stin 1 M
KOH aqueous solution and B) D) F) evolution of the consumed charge (coulovoltammetric
response) parallel to the voltammetric response to the cyclic voltammetry performed at 50
mV-s? for NiFe", Au@NiFe(thin) and Au@NiFe(thick) compounds before and after stability test.
Black colors are referred to measurements before stability test and red colors are referred to
measurements after stability test. The percentages correspond to the electroactive mass lost.
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Figure $28. A) C) E) Voltammetric responses to potential cycles performed at 50 mV-s?in 1 M
KOH aqueous solution and B) D) F) evolution of the consumed charge (coulovoltammetric
response) parallel to the voltammetric response to the cyclic voltammetry performed at 50
mV-s ! for CoFe", Au@CoFe(thin) and Au@CoFe(thick) compounds before and after stability test.
Black colors are referred to measurements before stability test and red colors are referred to
measurements after stability test. The percentages correspond to the electroactive mass lost.
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Figure S29. ATR-FTIR spectra of the NiFe(ll) and the CoFe(ll) NPs after the electrochemical
stability test. The cyanide vibration peak is highlighted in blue.
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Figure $S30. XPS spectra of Au@NiFe" (up) and NiFe" (down) after the electrochemical stability
test. Ni spectra show mostly the contribution of Ni foam that masks the signal coming from the

PBA.



Figure S31. XPS spectra of Au@CoFe" (up) and CoFe" (down) after the electrochemical stability

test.
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