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ABSTRACT: The development of high current density anodes for 16

the oxygen evolution reaction (OER) is fundamental to '

manufacturing practical and reliable electrochemical cells. In this ©

work, we have developed a bimetallic electrocatalyst based on S,
cobalt—iron oxyhydroxide that shows outstanding performance for —Hms : 0.81 Y

water oxidation. Such a catalyst is obtained from cobalt—iron 041

phosphide nanorods that serve as sacrificial structures for the [ ’

formation of a bimetallic oxyhydroxide through phosphorous loss [ NS 0.0

concomitantly to oxygen/hydroxide incorporation. CoFeP nano- \ ) 150 140 180 1.80

rods are synthesized using a scalable method using triphenyl
phosphite as a phosphorous precursor. They are deposited without
the use of binders on nickel foam to enable fast electron transport,
a highly effective surface area, and a high density of active sites. The morphological and chemical transformation of the CoFeP
nanoparticles is analyzed and compared with the monometallic cobalt phosphide in alkaline media and under anodic potentials. The
resulting bimetallic electrode presents a Tafel slope as low as 42 mV dec™" and low overpotentials for OER. For the first time, an
anion exchange membrane electrolysis device with an integrated CoFeP-based anode was tested at a high current density of 1 A
cm™?, demonstrating excellent stability and Faradaic efficiency near 100%. This work opens up a way for using metal phosphide-
based anodes for practical fuel electrosynthesis devices.

E (vs RHE)/V
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B INTRODUCTION also the kinetics associated with the reactions taking place in
the active site.

The use of metal oxides as electrocatalysts generally has the
limitation of their low conductivity. Among the alternative
compounds reported, transition metal phosphides (TMPs) are
excellent candidates as some of them present metallic-like
properties and exhibit much higher conductivities® than the
corresponding metal oxides. TMPs have attracted much
interest as electrocatalysts for water splitting for both half-
reactions, hydrogen evolution reaction (HER) and OER."*~’
In this context, cobalt, iron, and the corresponding bimetallic
phosphides have been reported as electrocatalysts for the OER,
displaying low overpotentials.””* So far, most of these studies
have been focused on the electrocatalytic activity at low and

The production of fuels by electroconversion coupled with
renewable sources is one of the backbones of a sustainable
energy future. In most of these systems, such as the
electrosynthesis of H,, NH;, or CO, reduction products, the
corresponding cathodic reaction is usually coupled to the
oxygen evolution reaction (OER). Nevertheless, OER is the
most sluggish reaction in the overall process, and its
complexity derives from the four reaction steps associated
with this reaction. Consequently, a rational design of the anode
requires strategies for overcoming this drawback. The use of
multi-metallic catalysts is advantageous as they can provide
appropriate metallic sites for achieving a more effective
reduction of the energy barriers associated with each reaction
step.”” To this end, a dispersion of metallic atoms with

adjacent locations in the electrode frame and skeleton should Received: January S, 2023 e
be ensured to achieve an adequate density of active sites to Accepted:  April 17, 2023 :1"1
reach high production rates. Furthermore, this rational design Published: May 25, 2023 "1;"
of the anode must take into account its electrical conductivity R

to guarantee adequate electron transport, the mass transport to

or from the active sites to prevent diffusion limitations, and
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medium currents (10—50 mA cm™?), while working at high
current densities, >1 A cm ™2, has barely been studied despite
its relevance concerning the demonstration of industrial
feasibility. For achieving such high production rates, more
attention must be paid to different features such as high active
site density, high turnover frequency (TOF), and efficient mass
transport of the chemical species from and toward the
electrocatalysts to optimize the reaction overpotentials.

However, most transition metal compounds are not stable
under the oxidizing conditions of OER, and the influence of
the chemical transformation of these materials in the catalytic
reaction should be considered.” "' Usually, metal (oxy)-
hydroxides are generated in situ at the surface of oxides,
selenides, or even phosphides.””'”'*™'* In some cases, the
transformation is not only limited to the surface and also
affects the electrocatalyst bulk, which could be detrimental if
the new material possesses low conductivity. A detailed
analysis of the material conversion and the role of the non-
metallic element need to be faced for a complete rational
design of the anode. Metal (oxy)hydroxides are well known to
have a high electrocatalytic performance, providing highly
active sites for OER,”"°~"7 especially those containing Fe, Co,
or Ni.'"®72% In fact, for these materials, the combination of Fe
with Ni or Co has led to improved activity.”' The
enhancement of the electrochemical activity for OER in
bimetallic CoFe-based electrocatalysts compared with the
corresponding monometallic compounds has also been
corroborated by observing a decrease in the overpoten-
tials.”**~** This is a critical aspect in the design of the anodes
for achieving commercially viable electrolyzers for fuel
production.

In this work, we report on a detailed investigation of CoFe
bimetallic phosphide and the transformation mechanism in
alkaline electrolyte leading to high-performance anodes for
OER at high current densities, >1 A cm™2
procedure to prepare the electrodes involves as the first step
the synthesis of tiny nanorods mainly composed of CoFeP.
They are obtained by a “heating up” process using triphenyl
phosphite (TPOP) which is advantageous against other
phosphorous precursors because it is air-stable and inex-
pensive.”® A nickel foam (NF) substrate has been selected as a
3D scaffold of the electroactive material because of its high
conductivity and porous structure. The simplicity of the
method employed for loading the electrocatalyst should be
highlighted because of its potential scalability and the fact that
no additives or heat treatments are used. The CoFeP/NF
electrodes were characterized from a morphological, structural,
physicochemical, and functional point of view before and after
OER in alkaline electrolyte. The most significant results
concern the depletion of phosphorus (linked to the formation
of CoFe oxyhydroxide) and the radically different morphology
between the initial nanorod-like shape found in the CoFeP
powder and the nanoplate-like shape of the oxyhydroxide after
OER. All of these characteristics allow a rational design of the
anode for working at high current densities. Then, the
effectivity of the proposed strategy for the anode design is
tested for reaching 1 A cm™> for OER. The significance of the
transformation of the bimetallic phosphide into a bimetal
oxyhydroxide and the role played by phosphorus have been
analyzed.

. The rational
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B EXPERIMENTAL SECTION

Synthesis of Colloidal CoFeP Nanoparticles. For the synthesis
of the CoFeP nanoparticles,26 2.4 g (10 mmol) of 1-hexadecylamine
(HDA, 90%, Acros Organics) was mixed with 10.0 mL of 1I-
octadecene (ODE, 90%, ACROS Organics) and 2.6 mL (10 mmol) of
TPOP (99%, ACROS Organics) in a S0 mL flask. The system was
degassed, heated to 130 °C, and kept at this temperature for 1 h to
remove low boiling point impurities, moisture, and oxygen. Then, the
mixture was cooled down to 60 °C, and 4 mL of ODE containing 380
mg (1 mmol) Co,(CO);z (95%, ACROS Organics) and 0.3 mL of (2
mmol) Fe(CO); (Sigma-Aldrich) were added. First, the temperature
was increased to 230 °C, and then, the mixture was stirred for 30 min.
Second, the mixture was heated to 300 °C for 40 min and kept at this
temperature for 1 h. Finally, the system was allowed to cool down to
200 °C by removing the heating mantle and subsequently cooled
rapidly down to room temperature with a water bath. The product
was precipitated using acetone and centrifuged for 3 min at 7500 rpm.
To remove organics, three dispersion and precipitation cycles using
chloroform and acetone were additionally carried out to obtain a
cleaner CoFeP precipitate. To synthesize the Co,P nanoparticles used
as the reference material, an identical procedure was followed but
without adding the iron precursor.

Ligand Removal. 10 mL of a dispersion CoFeP or Co,P in
hexane (10 mg mL™") was mixed with 10 mL of acetonitrile to form a
two-phase mixture. Afterward, 1 mL of HBF, solution (48%) was
added. The resulting solution was sonicated until the nanoparticles
transferred from the upper to the bottom layer. Finally, these
nanoparticles were washed with ethanol three times and dispersed in
10 mL of ethanol with around 0.5 mL of N,N-dimethylformamide for
further use.

Electrode Preparation. NF substrates were cleaned in an
ultrasonic bath in 1 M HCI, water, and ethanol for 10 min in each
one. A suspension of 10 mg mL™" of the CoFeP nanoparticles in
ethanol was sonicated for 30 min. The cleaned NF substrates were
dipped into this suspension for 30 s, and subsequently, the excess
dispersion was removed. Finally, the electrode was dried at ambient
temperature. The deposited amount of catalyst used for the objective
of this work was estimated to be enough to guarantee enough active
site density > 10'® cm™ to facilitate reaching a current density higher
than 1 A cm™ Electrodes with a higher amount of electrocatalyst
have been prepared by repeating the immersion and drying steps up
to four times. Unless otherwise stated, the electrodes were prepared
with a single immersion, and the samples named “after OER” were
previously subjected to a current density of ca. 120 mA cm™ for 2 h.

Morphological, Structural, and Physicochemical Character-
ization. Structural characterization was performed by X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer
equipped with a Cu Ka (1.5406 A) radiation source, LYNXEYE
super speed detector, and Ni filter. A Bragg—Brentano (6—20)
configuration was used with a step size of 0.025°. The morphology of
the electrodes was analyzed by a Zeiss Auriga 60 field emission
scanning electron microscope (FESEM). Both the high-resolution
transmission electron microscopy (HRTEM) and scanning trans-
mission electron microscopy (STEM)—electron energy-loss spectros-
copy (EELS) are obtained in an FEI F20 at 200 kV. The HRTEM was
acquired with a condenser aperture of 100 ym, no objective aperture,
spot size 3, and a BM-UltraScan CCD camera. The STEM—EELS was
acquired with a condenser aperture of 70 ym, no objective aperture,
nominal camera length 30 mm, spot size 6, and Gatan EF-CCD
camera. The same conditions apply for STEM—energy dispersive X-
ray (EDX), with a detector EDAX super ultra-thin window X-ray
detector, 136 eV resolution (Z > Z(Be)), and a detector area of 30
mm* The EELS and EDX supporting STEM images are obtained
using an annular dark field detector (DF4). For analyzing the samples,
the initial CoFeP or Co,P samples were diluted in hexane before
deposition on the grid. For the analysis of the electrode after OER,
the electrocatalyst was scraped from the NF substrate, and the
resulting powder was dispersed in hexane by sonication before the
deposition on the grid. For the X-ray photoelectron spectroscopy

https://doi.org/10.1021/acsaem.3c00032
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Figure 1. (a) HRTEM images showing individual nanorods (from the red squared region in the lower magnification images in the inset) and the
schematic illustration of the orientation of the nanorods on the right side. (b) FFT spectrum corresponding to the HRTEM image of a CoFeP
nanorod on the right that corresponds to the red squared region of the image on the left. (c) EELS compositional maps of Co, Fe, and P in CoFeP

nanorods. The inset shows the corresponding STEM-ADF image.

(XPS) analysis, a monochromatic X-ray source Al Ka line was used in
both a PHI 5500 Multitechnique System (Physical Electronics) for
the electrodes before OER and a NEXSA X-ray photoelectron
spectrometer (Thermo-Scientific) for the electrodes after OER.
Electrochemical Measurements. The electrochemical perform-
ance of the CoFeP-based electrodes was analyzed with a Biologic
VMP-300 potentiostat using a three-electrode cell. All the potentials
were measured against an Ag/AgCl reference electrode. The
potentials in the RHE scale are calculated according to E(vs RHE)
= E(vs Ag/AgCl) + 0205 V + 0.059-pH. To evaluate the OER
activity, linear sweep and cyclic voltammetries were performed at a
scan rate of 5 mV s~ in 1 M KOH. All the potentials were corrected
with the IR drop, and the corresponding resistance (R) was
determined by electrochemical impedance spectroscopy (EIS). The
overpotentials were calculated in all cases as 7 = E — 1.23 V, where E
is the applied potential vs RHE. The determination of double-layer
capacitance (Cy) by cyclic voltammetries was performed between 0.1
and 0.2 V vs Ag/AgCl, a potential region with no faradaic processes,
at different scan rates. The electrochemically active surface area
(ECSA) was calculated as Cq/C,, where C; is a reference capacitance
for a planar surface taken as 40 uF cm™2.>"*% Nyquist plots were
obtained by EIS in the frequency range of 50 kHz to 100 mHz and
employing a signal amplitude of 10 mV. The fitting of the
experimental EIS curves to the equivalent circuit was performed
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with the Biologic software. The calculation of the TOF can differ from
study to study.”” In this work, TOF is calculated as the number of
product molecules (O,) per second and active site: TOF = jA/(4Ne),
where j is the current density, A is the area, N is the number of active
sites, and e is the elementary charge constant (1.6 X 10™'° C). The
calculated number of active sites is 3.2 X 10" and 2.3 X 10" for
CoFeP and Co,P, respectively. They are estimated considering that
both Co and Fe metallic atoms act as active sites. The metallic
content was calculated by the difference of the electrode mass after
and before the electrocatalyst loading and the elemental ratios
obtained by EDX in the as-prepared electrodes. In the full cell
assembly, water splitting was performed in a two-electrode
configuration with the two compartments separated by a Sustainion
(Dioxide Materials) alkaline exchange membrane. The gas outlets
from the anodic and cathodic compartments were connected to two
inverted graduated cylinders filled with water to measure accumulated
O, and H,, respectively. For the theoretical calculation of the
volumes, they are considered ideal gases. The presence of H, was
corroborated by gas chromatography using He as a carrier gas.

B RESULTS AND DISCUSSION

Characterization of the CoFeP Nanoparticles and the
Fabricated CoFeP/NF Electrode. The bimetallic CoFeP

https://doi.org/10.1021/acsaem.3c00032
ACS Appl. Energy Mater. 2023, 6, 5690—5699
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Figure 2. SEM micrographs showing the morphology of the (a) as-prepared and after (b) S, (c) 30, and (d) 120 min of OER for a CoFeP/NF
electrode. (e) EELS compositional maps of the powder obtained by scraping the electrocatalyst from the electrode surface of the CoFeP/NF

electrode after 120 min of OER.

nanoparticles obtained by the TPOP route were characterized
in terms of morphology, crystallinity, and composition.
HRTEM images were recorded to obtain information about
the nanostructure morphology. Figures 1a,b and S1 show the
synthesized CoFeP nanoparticles exhibiting a nanorod-like
shape with a length up to about 18 nm and a diameter of 2—4
nm. FFT (fast Fourier transform) in Figure 1b reveals the
presence of the CoFeP PNMA 62 phase that is according to
the XRD analysis in Figure S2. Importantly, the planes
observed in isolated nanorods (Figure 1a) can be ascribed to
the (020) and (210) planes of CoFeP PNMA. Figure la shows
a sketch of the nanorod crystallographic arrangement. It was
observed that these rods present a growth direction [010] (and
its corresponding (020) observed planes), which coincides
with the longitudinal axis of the nanorods, which is further
supported by its relative orientation with the resolved (210)
planes of CoFeP. Additionally, EELS compositional maps of
Co, Fe, and P were also performed to get insights into the
nanostructure composition. Figure lc shows a particle
composed of the coalescence of different nanorods. A similar
spatial distribution of the three elements along all the particles
was found, coherent with the expected stoichiometry of the
CoFeP. Nevertheless, EELS quantification reveals a slightly
higher concentration of Co against Fe, Co/Fe 1.5.
Monometallic Co,P nanoparticles were also analyzed by
HRTEM. They also exhibit rod-like shapes (Figure S3),
having similar sizes to the bimetallic nanorods. The planes
found have similar interplanar distances to that of CoFeP and
are according to the Co,P PNMA, which was further
corroborated by FFT (Figure S4). As in the case of CoFeP,
Co and P are homogeneously distributed through the Co,P
nanorods as revealed by EELS (Figure SS). In both CoFeP and
Co,P nanoparticles, the metal to phosphorous ratio, based on
the atomic concentration obtained by EDX, was near 1.3,
which is lower than the stoichiometric. This can be partly due
to the presence of oxygenated species such as metal phosphates
or the presence of CoP as a secondary phase.

XPS is used to gather information about the first fourth or
sixth atomic monolayers (2—3 nm) at the sample surface. This
has been employed to characterize the surface composition and
chemical nature of the synthesized electrocatalyst, although it
can be altered by the interaction with the ambient air after its
deposition on the NF. The full survey spectrum of a bare
CoFeP/NF electrode shown in Figure S6 reveals the presence
of Co, Fe, P, O, and C. In the P 2p spectra (Figure S7), the

~
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largest peak is located near 133.3 eV and can be correlated
with the presence of phosphate species.”' This confirms that
the surface of the electrocatalyst is composed of a metal
phosphate rather than a phosphide after air exposure, which
usually occurs in metal phosphides.'”** The Co 2p spectrum
in Figure S7 exhibits the 2p;/, and 2p,,, signals with the
overlapping of different contributions including satellite peaks.
The fact that the position of the strongest peak in the Co 2p;,
region (781.2 eV) was higher than the typical peak positions of
metal oxides, together with the predominant peak in the O 1s
region at 531.1 eV (Figure S7), is in agreement with the
presence of metal phosphate.””*° The small peak located at
778.1 eV in Co 2p;/, could be assigned according to some
authors to the presence of metal phosphides, although the
corresponding Co 2p,,, signal is challenging to be identified
probably because of the small amount of phosphide detected at
the surface.””* Accordingly, a very small peak at 130.1 eV in
the P 2p spectrum can be attributed to metal phosphide. The
Fe 2p,, signal (Figure S7) revealed the presence of oxidized
iron species.” Therefore, the results from the XPS character-
ization indicate that the outer layer of the electrocatalyst
surface shows a transformation from metal phosphide to
phosphate, even when the samples were stored in a protective
atmosphere before the analysis.

Characterization of the CoFeP-Based Electrodes as
Anodes for OER. Metal phosphides can be unstable in
alkaline media (1 M KOH) under anodic conditions, and then
a detailed physicochemical characterization was performed
before and after OER to study the material transformation and
especially the role of phosphorous. Despite the transformation,
the electrodes were stable for OER, and any significant decay
of the current was observed at about 100 mA cm™* (Figure
S8). Figure 2a—d shows the morphology of the CoFeP
nanostructures on the NF surface before and after OER by
FESEM images. The small particle size of the CoFeP nanorods
favors a good dispersion of the electrocatalyst on the NF
surface. In the as-prepared electrodes, a porous network of
interconnected nanoparticles with spherical shape is observed
(Figure 2a), probably derived from the coalescence of the
initial CoFeP nanorods observed in Figure la and the
oxidation of the surface leading to an outer metal phosphate
layer. The CoFeP/NF electrodes were analyzed after
chronoamperometries at different times selecting a potential
in the OER region with a current density near 100 mA cm ™2 A
radical change of the overall morphology was observed (Figure

https://doi.org/10.1021/acsaem.3c00032
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2b—d) after OER, now displaying nanostructures with a plate-
like shape resembling 2D units and thus conferring high
effective area to the electrode. However, there was no
significant evolution of the morphology from 5 to 120 min
of OER. The approximate dimensions of the nanoplates are
200—400 and 10—40 nm in length and thickness, respectively.
For comparison purposes, the Co,P/NF electrodes were also
analyzed by SEM before and after OER (Figure S9). A similar
morphological change was observed after 120 min of OER,
although in this case, the nanoplates were smaller with an
approximate length of 60 nm and a thickness of 10 nm.
Despite the huge transformation of the material, a
homogeneous distribution of Co and Fe is observed in the
EELS maps as shown in Figure 2e. Remarkably, we could not
observe any presence of crystalline planes in the HRTEM
images neither in the corresponding FFT patterns obtained in
the samples after OER, pointing out the amorphous nature of
the transformed material. Furthermore, the high oxygen signal
together with the absence of phosphorous suggests that
oxygenated phases as oxygen and hydroxyl groups have
replaced the initial phosphide/phosphate species forming
oxyhydroxide structures. To further investigate these assump-
tions, high-resolution XPS spectra shown in Figures 3 and S10
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Figure 3. XPS spectra in the Co 2p and O 1s regions for the CoFeP/
NF electrodes after OER.

in the electrodes after OER are compared with the previous
results using fresh samples (Figure S7). To increase the
intensity of the XPS signal, the analysis was performed in a
sample synthesized by four immersions in the iron precursor
dispersion. We must stand out on several significant features.
On one hand, there is a low concentration of residual
phosphorous at the surface (see Table S1). On the other hand,
a significant change in the O Is spectrum is noticeable after
OER (Figure 3). Apart from the peak around $32.5 eV that can
be attributed to absorbed H,O, the main signal can be
deconvoluted into two peaks. The one at 529.4 eV is according
to M—O and the largest peak at 530.8 eV would correspond to
M-OH species supporting the presence of metal oxy-
hydroxides.'” These characteristics are endorsed for the
measured spectra of Co 2p and Fe 2p shown in Figures 3,
S7, and S10, in which the most intense peaks in the 2p;/,
signals are shifted to lower energies in agreement with the
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expected values of oxyhydroxides compared to the initial
phosphates. Therefore, after the electrochemical measurements
in alkaline media, the material is transformed in terms of
morphology and composition from the initial CoFeP to
CoFeO,H,. After immersing in the 1 M KOH solution, a
morphological change occurs; afterward, the cyclic voltammo-
gram of the CoFeP (Figure S11) shows an anodic irreversible
peak appearing at 1.35 V vs RHE that is only present in the
first cycle. This peak has been attributed to the irreversible
evolution of COOOH."”*"** Accordingly, a peak near the same
potential region was also observed in the Co,P/NF electrodes.
After this anodic peak, the current densities for OER remain
constant, as evidenced by the overlapping of the first and
second voltammetric curves shown in Figure S11. The
complete morphological transformation of the CoFeP
structure together with the phosphorous loss leading to
CoFeO,H, is favored by the small size of the initial
nanoparticles and the interconnected porous network formed
by these nanoparticles that facilitate the permeability of the
alkaline electrolyte. Raman analysis shown in Figure S12
supports the presence of metal oxyhydroxide. Concretely, the
bands at 575 and 675 cm™" can be correlated with cobalt and
iron oxyhydroxides,” ™ although the presence of oxides/
hydroxides as secondary phases cannot be discarded. On the
other hand, Co,P/NF electrodes were also analyzed by XPS
after OER (Figure S13). No differences in the oxidation states
of cobalt with respect to the bimetallic material are observed,
as the Co 2p region presents the same characteristics.
Electrochemical Analysis of the Electrodes Fabri-
cated Using CoFeP as the Electrocatalyst. The electro-
chemical activity of the initial bimetallic CoFeP/NF trans-
formed to CoFeO,H,/NF has been investigated in a 1 M KOH
electrolyte. Figure 4a shows the cyclic voltammograms after IR
correction for the CoFeP/NF electrode, compared with both
the Co,P/NF electrode and the bare NF scaffold. The
bimetallic CoFeP/NF electrode presents the best catalytic
activity for OER, outperforming the monometallic Co,P/NF.
The overpotentials for OER at 10 and 100 mA cm™> are 285
and 335 mV for CoFeP/NF and 345 and 410 mV for Co,P/
NF, respectively. The bare NF also Presents electrochemical
activity for OER in alkaline media®*~>* but significantly lower
than the bimetallic phosphide-loaded electrodes. The Tafel
representation depicted in Figure 4b further confirms the
favorable OER kinetics in the bimetallic electrocatalyst. The
Tafel slope for Co,P/NF is 53 mV dec™, while for CoFeP/
NF, it is as low as 42 mV dec™". To the best of our knowledge,
the latter value is the lowest reported for cobalt iron
phosphide-based anodes without using a hybrid material (as
compared in Table S2). Additionally, the behavior of the
CoFeP/NF electrodes was tested during cycling for OER
displaying good stability after 500 cycles (Figure S14).
Electrodes with different deposited amount of electro-
catalysts were prepared by repeating different cycles of
immersion in the CoFeP dispersion and drying up to four
times, leading to different catalyst loading (see the inset of
Figure S15a). The applied potentials for a given current
density are reduced as the catalyst loading increases as
expected. For 10 mA cm™?, the overpotential is 270 mV for
four immersions, 15 mV lower than for the one of a single
immersion (Figure S15a). However, as the catalyst loading
increases, the current density normalized by the mass loading
decreases (Figure S15b). Then, for the lowest loaded amount
of catalyst, there is an optimum dispersion of the CoFeP on
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Figure 4. (a) Cyclic voltammogram recorded at 5 mV s, (b) Tafel plots, (c) (j, — j.)/2 vs scan rate plot, and (d) calculated TOF values as a
function of the potential for CoFeP/NF and Co,P/NF in 1 M KOH. (e) Cy4 and (f) log (R./Q) vs overpotential from the Nyquist plots for
CoFeP/NF in 1 M KOH. The green line in (e) indicates the Cy value obtained from cyclic voltammograms in (c) and the red line in (f) the linear

fitting.

the NF maximizing the number of reactive sites available per
overall amount of catalyst. The overpotentials achieved in this
work, considering the loaded amount of electrocatalyst, are one
of the lowest reported for CoFeP-based anodes for OER (see
Table S2).

To get more insights into the origin of the catalytic activity
of CoFeO,H, obtained from the bimetallic phosphide, the
double-layer capacitances were calculated from (j, — j.)/2 vs
the scan rate plot obtained from Figure S16. The calculated Cy
values are similar for the CoFeP/NF and Co,P/NF and are
estimated as 120 and 140 mF cm ™, respectively, as shown in
Figure 4c. Then, the ECSA values of 3000 and 3500 cm” are
obtained for CoFeP/NF and Co,P/NF, respectively, referred
to a planar surface. The huge ECSA values can be correlated
with a high density of active sites due to good dispersion of the
material favored by its low particle size and the porous
structure of the electrode scaffold that allow the full
penetration of the electrolyte.

Figure 4d displays TOF values deduced from the calculated
number of active sites based on the loaded amounts of
electrocatalysts. A TOF value of 0.1 s™" is reached at 358 mV
for the CoFeP/NF, while for Co,P/NF, 425 mV is required.
This demonstrates that despite both electrodes possessing
similar ECSA and estimated number of active sites, the
bimetallic phosphide exhibits a faster kinetic toward OER. This
may be caused by the catalytic effects of the metallic Co and Fe
adjacent sites cooperating on the four steps of the water
oxidation reaction. This is supported by the lower value of
Tafel slope in the CoFeP/NF electrode. In this regard, some
decrease in the concentration of iron in the fabricated CoFeP
nanoparticles is not critical in the OER activity, as when it
decreases by 40%, the bimetallic electrode produces similar
overpotentials. This is in agreement with a previous work using
comparable Co/Fe ratios.”” A contribution derived from the
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nickel substrate cannot be discarded as active nickel species for
OER can be generated in the alkaline electrolyte.

Nyquist plots obtained from EIS are useful to better
understand the electrocatalyst kinetics for OER. Then, they
were recorded at different applied potentials (Figure S17a),
and the obtained spectra were fitted according to the model
circuit displayed in Figure S17b. Rg is the electrolyte resistance
and the R; and Q (a constant phase element) at high
frequencies can be tentatively associated with the Ni/
electrocatalyst interface or to the presence of a passive
film.*” Cy and R, are related to the charge transfer to the
electrolyte, and they can provide information about the OER
kinetic parameters. Concretely, the exchange current density
(jo) and the Tafel slope (b) can be estimated from the Nyquist
plots using the following expression*™**

i 2.3j
log(RL] B log(%) -y 1°g(710] W)

where b = 2.3RT/a,F in mV dec™’, being a, the overall transfer
coefficient given by a, = (n//v + n,f3,), where n; is the number
of electrons transferred before the rate-determining step (rds),
v is the stoichiometric number with a typical value of one, n, is
the number of electrons transferred in each occurrence of the
rds, and 3, is correlated with the symmetry factor."”** On one
hand, Cy values calculated from Figure S17 are represented in
Figure 4e as a function of the overpotential. Although they are
in the same order of magnitude as that obtained by cyclic
voltammograms in the region without faradaic currents (Figure
4c), there exist some dispersion of the values in the considered
range of potentials. On the other hand, according to eq 1,
Figure 4f shows a linear relationship between log(R.) and 7.
The points in Figure 4f can be fitted to a straight line with
good fitting (R* = 0.996). The Tafel slope (b) can be
calculated as 48 mV dec™!, while a value of 42 mV dec™! was
determined from the voltammogram shown in Figure 4b.
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Then, the overall charge transfer coefficient (a,) can be
calculated as 1.24—1.41. Such values suggest that a step
subsequent to the first electron transfer is the rds with v = 1, n;
=1and n, = 1.** According to eq 1, from the intercept with the
y-axis, the exchange current density is calculated to be 1.1 X
107 mA cm ™2

The excellent characteristics based on the kinetics and the
active site density suggest that the synthesized CoFe-based
anodes are good candidates for working at high current
densities as feasible and reliable electrodes. Thus, the
electrochemical activity of these anodes was evaluated at
higher applied potentials, and the effect of the temperature was
studied. Figure S5a shows the potential region of current

16{ — e

—50°C

1.40 1.60
E (vs RHE) / V

—22°C
——50°C

0.0

0 20 40 60

Time / min

Figure 5. (a) Cyclic voltammogram and (b) chronoamperogram at a
current density of ca. 1 A cm™ at 22 and 50 °C for the CoFeP/NF
electrode in 1 M KOH.

densities >1 A cm™ at 22 and 50 °C. For reaching 1 A cm™?,
the overpotential is only 475 mV, and they decrease by 70 mV
when the temperature rises to 50 °C. Furthermore, the stability
tests at 1 A cm™? in Figure Sb show that the current density
remains constant at 22 °C, while at 50 °C, there is a slight
decrease with time, which may be due to a lack of thermal
stability of the experimental setup. Table 1 summarizes the
approximate overpotential values achieved for 10, 100, and
1000 mA cm ™ based on Figure Sa.

Anion Exchange Membrane Water Electrolysis Per-
formance. The stability of the electrocatalysts is a critical
issue in fuel production and should be tested under more
realistic conditions of continuous electrolyte flow to better
evaluate its commercial viability. For this goal, the developed

Table 1. Overpotentials for OER at Selected Current
Density Values at 22 and 50 °C

n/mV
j/mA cm™ 22 °C 50 °C
10 285 240
100 335 290
1000 475 408
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cobalt iron oxyhydroxide anode was integrated into an
electrolyzer schematized in Figure 6a for H, and O,

1

(a)
0,4 |
B[

1MKOH
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1M KOH

Membrane Ti/Pt
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Figure 6. (a) Sketch of the alkaline exchange membrane electrolyzer
using geometric electrodic areas of 1 cm” in the anode and 10 cm” for
the Ti/Pt cathode. CC = current collector. (b) Chronoamperogram in
the full cell depicted in (a) at a current density near 1 A and heating
the electrolytes to S0 °C. Inset: experimental (points) and calculated
(solid lines) accumulated volumes of H, and O,.

production, which is a relevant configuration for an industrial
application. The cell comprises two compartments separated
by an alkaline anion membrane, with the anolyte and catholyte
recirculating at a high flow rate through the respective
compartments. Consequently, this configuration allows for
the separation and collection of both produced gases, where
hydrogen evolves in the Ti/Pt plate (10 cm?®) and oxygen
evozlves in the CoFeO,H,/NF anode with a geometric area of 1
cm”.

The stability of the full cell was examined at a high current
density of nearly 1 A by heating the electrolytes at 50 °C.
Figure 6b shows good stability of the current during 2 h,
without any significant decay. Additionally, the volumes of H,
and O, were measured for 10 min after 2 h at 1 A in the same
conditions. The inset of Figure 6b displays the points
corresponding to the measured gas volumes, while the straight
lines correspond to the calculated values. An excellent
agreement between the experimental and theoretical values
was found, which means that the faradaic efficiency for OER
and HER in both processes is near 100%. The outlet gas
stream from the cathode was analyzed by gas chromatography
confirming the presence of hydrogen gas. Similar results were
obtained at room temperature (Figure S18) displaying also
good stability. In that case, because of the lack of temperature
control, an initial increase in the current was observed before
thermal equilibration.

B CONCLUSIONS

In this work, an efficient anode for OER obtained by the in situ
generation of amorphous cobalt iron oxyhydroxide from the
corresponding bimetallic phosphide on NF is reported. In the
chemical conversion, phosphorous acts as a sacrificial element
for homogeneous metal oxyhydroxide formation facilitated by
the electrolyte permeation within the nanoporous structure.
The initial CoFeP/NF electrode is synthesized from tiny rod-
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like nanoparticles of bimetallic phosphide obtained by a
feasible and scalable synthesis. These nanorods were dispersed
in a 3D framework of a highly conductive nickel foam as a key
element in the anode design. It ensures a high density of active
sites as well as an appropriate pore size to guarantee the release
of oxygen gas. Under alkaline media and anodic polarization,
apart from the phosphorous depletion, the morphology
radically changes from the initial nanorods to CoFe-oxy-
hydroxide nanoplates with a high ECSA. Remarkably, this
procedure guarantees maintaining a homogeneous distribution
of metal atoms on the nickel foam that allows for a rational
design of the anodes to achieve a high density of active sites.
The presence of Co and Fe atoms promotes favorable catalytic
effects on the four-step reaction of water oxidation. Then, this
rational anode design allows achieving working conditions of
high current densities (higher than 1 A cm™) at optimized
overpotentials lower than 500 mV for 1 A and Tafel slope as
low as 42 mV dec™. Remarkably, apart from the feasible and
scalable manufacturing route of the CoFeO,H,/NF electrode,
its stability was excellent in an alkaline exchange membrane
flow cell at 1 A, which makes this electrode a robust and
promising anode in high production rate devices for fuel
electrosynthesis.
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