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Hydrogen gas is a fuel with a reduced environmental impact, and its production is currently promoted by water
electrolysis. However, the growth and release of bubbles on the surface of electrodes involved in hydrogen and
oxygen evolution reactions (HER and OER) affect the overpotential of the electrolysis process. Therefore, the
study of gas bubble behavior and management has become a crucial aspect to consider when seeking to improve
energy efficiency in the water-splitting process. This work shows that integrating porous electrodes partially
coated with hydrophobic material (PTFE) reduces overpotentials for both HER and OER, showing excellent
catalytic activities in stationary tests. Physical characterization of electrodes indicates that the PTFE particles are
distributed as nodules, providing a larger electrochemical surface area with low surface free energy. At a current
density of 400 mA cm ™2, the PTFE-modified electrodes exhibit overpotentials of 193 mV for HER and 230 mV for
OER, compared to 230 mV and 278 mV, respectively, for the electrodes without PTFE. Furthermore, the full cell

assembled with PTFE-modified electrodes achieves a low operating voltage of 1.70 V at 400 mA cm

-2

1. Introduction

Climate change, the depletion of fossil fuels, and the growth in de-
mand for energy, coupled with greenhouse gas emissions, have opened
possibilities to implement emerging energy systems. However, the en-
ergy of these systems can often not be generated continuously, so a
method of energy storage is necessary. Likewise, many industrial pro-
cesses use fossil fuels, which can be difficult to electrify. Green hydrogen
has stood out as a promising option in the transition to renewable energy
storage and the decarbonization of many industries. Unlike conven-
tional hydrogen, which is often produced from natural gas and emits
carbon dioxide, green hydrogen is produced using electrolysis methods
powered by renewable energy [1]. The electrolysis process involves
splitting water into two components (hydrogen and oxygen) using
renewable energy sources such as wind, solar, and others [2,3]. For this
reason, it is essential to make the process more efficient and economical
[4,5].

Considering the above scenario, the reactions involved in water
splitting, namely the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER, exhibit low efficiency, especially at high cur-
rent densities. In practical alkaline electrolysis, the OER is widely
recognized as the main kinetic bottleneck because it involves sluggish
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multi-electron transfer steps and therefore requires a larger over-
potential, whereas the HER is generally faster [6]. Nevertheless, sig-
nificant improvement of the HER is still required, particularly through
the development of alternative catalysts to replace Pt. This need arises
from the intrinsic activation energy barrier, gas bubble formation, and
the gradual reduction in reaction rate over time, which together remain
major challenges in water electrolysis [1,7]. To improve this low effi-
ciency, the electrodes are coated with catalytic materials, seeking to
improve the catalytic activity and increase the electrochemical surface
area (ECSA) [8-10]. However, the surface area can be blocked if the gas
bubbles produced during the reactions do not detach easily or quickly
enough from the electrode surface, accumulating and merging [11].
When there is a high coverage of bubbles, the necessary interaction
between the electrolyte and the electrode becomes difficult, resulting in
a decrease in the surface area available. In addition, the ionic diffusion
resistance increases, which negatively affects the performance of the
electrode. Following the above, the bubble formation process can be
described as a cycle of four stages: bubble nucleation, growth, subse-
quent detachment from the electrode surface, and finally, transport of
the bubbles away from the space between the electrodes [11-13].
Increasing attention has been paid to the difficulties associated with
bubble formation in the water electrolysis process. Reducing the size of
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gas bubbles during detachment would prevent the previously mentioned
drawbacks. In addition, different alternative catalytic coatings have
been developed to reduce the HER and OER overpotentials for fresh and
seawater electrolysis. Ren et al. [14] developed Ag-NiCrLDH-0.3 catalyst
which displayed overpotentials at 10 mA cm ™2 of 275.5 mV and 116.5
mV for OER and HER, respectively. Zhang et al. [15] proposed a
C00.5Ni0.5Se2@NiFe-LDH heterostructured catalyst exhibiting HER
and OER overpotentials at 50 mA cm™2 of 219 mV and 247 mV,
respectively. Zhang et al. [16] commented that the FeSe/NiP-600
catalyst exhibits HER and OER overpotentials of 122.7 mV at —10 mA
cm 2 and 208 mV at 50 mA cm 2. Zhou et al. [17] synthesized
CoSe/NiSe7> nanosheets which exhibited OER overpotentials at 10 mA
cm ™2 for fresh water and seawater of 215.3 mV and 250.5 mV, respec-
tively. However, those results are not sufficient for real electrolyzer
applications because higher current densities, equal or larger than 400
mA cm 2 and longer electrolysis tests are required.

Various strategies and design efficiency innovations to minimize
direct losses in the water electrolysis process within an electrolyzer have
been described. These strategies include creating hydrophobic sites on
electrode surfaces to control the formation and release of bubbles [18]
and the development of superhydrophilic surfaces that are highly
attractive to water. The bubble-surface interaction strongly depends on
wettability. On hydrophobic sites, gas nuclei are energetically favored,
and bubbles tend to spread and coalesce, which can promote bubble
growth and facilitate removal by buoyancy-driven departure, but may
also increase bubble coverage if detachment is delayed. In contrast,
hydrophilic and especially superhydrophilic surfaces retain a stable
hydration layer that minimizes direct gas-solid contact, leading to a
large underwater bubble contact angle and a much lower adhesion
force, so bubbles detach rapidly at smaller sizes [19,20]. This super-
hydrophilicity enhances the dispersion and release of bubbles, enabling
them to separate quickly with a small size after formation, and the
electrodes can be fabricated using various materials and techniques
[19]. In addition, efforts are being made to configure and modify a
wetting surface morphology on electrodes to accelerate and control
bubble dynamics and nucleation [21]. Implementing the capillary feed
improves the energy efficiency of the water electrolysis cell [22]. Other
approaches involve applying ultrasound to the electrolyte to facilitate
bubble detachment and mass transport [23]. The use of magnetic fields
and supergravity within the electrolyzer to keep the catalytic space of
the electrodes free of bubbles is being explored. This involves assisting
neighboring bubbles in detaching from hydrophobic sites, although the
effect on isolated bubbles is insignificant [24-26].In addition, rapid
pumping at the electrode surfaces separates bubbles as they form.
Introducing a flow field helps accelerate bubble detachment by
improving contact between the catalysts and the electrolyte, allowing
the electrolyte to flow through the electrode pores [27]. Modifications to
the liquid electrolyte and its interface with the electrode surface are
aimed at facilitating bubble nucleation and detachment. Finally,
applying continuous modify changes dynamically modifies bubble
buoyancy [7,11-13,28].

However, many methods require external equipment that can in-
crease the cost of the process. Also, the use of new deposition methods
depends on the implementation of changes in the synthesis of the ma-
terial, creating additional development costs. The use of hydrophobic
particles would appear to be a low-cost and straightforward process; a
few works by different authors have demonstrated that hydrophobic
surfaces, particularly those formed by polytetrafluoroethylene (PTFE)
particles, can induce coalescence and assist in transporting newly
formed gas bubbles in both the oxygen evolution reaction (OER) [28,29]
and hydrogen evolution reaction (HER) [30] in water splitting pro-
cesses. Due to the high electronegativity, low polarizability, low surface
energy, and small van der Waals radius of the fluorine atom, fluorinated
polymers exhibit outstanding properties for various applications. PTFE
particles are highly hydrophobic, allowing the surface to repel water and
imparting various properties that enable diverse applications such as
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self-cleaning and anti-fouling surfaces [31]. Similarly, due to their wide
availability, variety, and low cost, PTFE particles are quickly stabilized
using surfactants [32] and can be easily used to create hydrophobic
areas. For this reason, we modified two synthesis routes previously
developed in-house to integrate particles of PTFE in the electrodeposi-
tion of cheap and abundant catalytic metals.

This work presents an innovative approach to the design of elec-
trodes for water electrolysis by incorporating hydrophobic PTFE parti-
cles into nickel-iron layered double hydroxide (NiFeLDH) and nickel
phosphide (NiP) coatings. The partial surface modification combines
hydrophilic and hydrophobic regions, resulting in a significant
improvement in the efficiency of the OER and HER. The incorporation of
PTFE particles into the metallic coatings was achieved through opti-
mized electrodeposition processes using controlled stirring rates that
promote homogeneous co-deposition of the hydrophobic material. Un-
like other techniques that require complex treatments or the use of
expensive materials to achieve hydrophobic coatings, the electrodepo-
sition method uses accessible inputs and simple procedures, enabling
low-cost industrial scalability. In addition, two simple electrolytic baths
were used to obtain NiP-PTFE and NiFeLDH-PTFE coatings on nickel
foams. This procedure made it possible to evaluate the influence of the
PTFE content on the adhesion, stability, and catalytic behavior of the
coatings for general water splitting, which was judged based on the
performance obtained in the electrochemical curves and visually based
on the detachment of particles at the bottom of the electrolyte during the
respective evaluations. The results of the coated electrodes were also
compared with the performance of the nickel foam without PTFE, thus
demonstrating the advantages of using PTFE particles in the coatings.
This type of dispersed phase coating is not a widely used strategy when
performing HER and OER reactions. Moreover, it is novel in that the
versatility of PTFE allows it to be used on a wide variety of catalysts
already developed, and it does not involve high additional costs.

2. Experimental
2.1. Materials and reagents

2.1.1. Electrodeposition of Ni and Ni-PTFE compounds

Electrodeposition of Ni with PTFE compounds was carried out to
observe the effect of PTFE particles in combination with conductive
materials and thus determine the optimal PTFE particle concentration in
electrochemical baths. A Watts bath was used, containing 240 g/L of
NiSO4-6H20 (EMSURE® MERCK, >99.0 %), 30 g/L of NiCl.-6H20
(EMSURE® MERCK, >98.0 %), and 30 g/L of HsBOs (ALDRICH, >99.5
%). All reagents were of analytical grade. Nickel sheets (3 cm x 1 cm)
were used as the cathode material. Commercial PTFE particles ((CoF4)p)
with diameters of 10 and 20 um were used, and hexadecyl-
trimethylammonium bromide C;9H45BrN (ALDRICH, >98 %) was used
as surfactant. The nickel sheets were polished with 1000-grit silicon
carbide sandpaper and subsequently cleaned in ethanol for 5 min using
ultrasonic agitation. Nickel sheets were also employed as the anode
material.

During the electrodeposition process, the anode and cathode were
positioned vertically and in parallel, maintaining a separation of 2-3 cm.
To ensure proper bath agitation and adequate dispersion of the particles,
a magnetic stirrer was used. The amount of PTFE in the electrolytic bath
was varied to obtain coatings with different wettability characteristics.
The PTFE particle concentration range was set between 5 and 40 g/L.
The polymeric particles were dispersed in an aqueous medium using a
surfactant (see Section 2.2). Once complete dispersion was achieved, the
electrochemical bath components were added to the PTFE dispersion.
Ni-PTFE coatings were electrodeposited by applying a current density of
—40 mA-cm™ to the working electrode for 2400 s. The bath pH was
adjusted to 4.5 with sulfuric acid to enhance stability. Bath agitation was
maintained between 400 and 600 RPM. After deposition, the samples
with varying PTFE concentrations were ultrasonically cleaned in ethanol
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for 5 min at room temperature. Finally, the electrodes were rinsed with
distilled water.

2.1.2. Electrodeposition of NiFeLDH and NiP with and without PTFE

The following is a list of the reagents used in the experiments, all of
which were analytical grade: NiNO3e6H50 (Thermo scientific >98 %),
NaCl (Sanal®P > 99.7 %), NaH,PO,.eH,O (ALDRICH, >99 %),
NiSO4e6H20 (> 99.0 %), NasCeHs0, (> 99.0 %), and FeNO3e9H,0 (>
99.0 %). The last two of these were purchased from EMSURE® MERCK
and used for the electrochemical baths of the NiP and NiFeLDH coatings
respectively. Commercial nickel foams with dimensions of approxi-
mately 1 cm x 3 cm x 0.16 cm from Xiamen Tmax Battery Equipments
Limited were used as working substrate.

2.2. PTFE dispersion

PTFE particles were added to the electrochemical bath at concen-
trations ranging from 5 to 40 g L1, These particles were dispersed in
deionized water using a cationic surfactant, cetyltrimethylammonium
bromide (CTAB), at a concentration of 0.033 g/g PTFE. It has been
shown that this type of cationic surfactant can adsorb onto the particles
and provide a positive charge on their surface. This increases the elec-
trostatic repulsion between the particles, preventing their aggregation
and improving the dispersion of the particles in the solution. In this way,
a more homogeneous distribution of the particles on the electrode sur-
face is achieved [31]. The PTFE particles were first dispersed in deion-
ized water for 15 min using a magnetic stirrer to agitate the bath and
maintain particle dispersion. The dispersion was then subjected to ul-
trasonic agitation for 45 min to break up larger agglomerates in the
PTFE powder. Once the particles were fully dispersed, the electro-
chemical bath components were added to the PTFE dispersion.

2.3. NiP-PTFE and NiFeLDH-PTFE coating preparation

The electrodeposition of the coatings was carried out under the
following conditions and using the specified reagents. Nickel foam
substrates were cleaned with distilled water, followed by immersion in 3
M HCI in an ultrasonic bath, and then rinsed with distilled water.

2.3.1. NiP-PTFE cathodic coating

The electrodeposition of the NiP-PTFE catalyst was performed using
a graphite electrode as the counter electrode, applying a current density
of —30 mA cm™ to the working electrode for 40 min. The electrolytic
bath consisted of 0.15 M NiSO4-6H20, 0.15 M NaH:PO.-H:0, 0.19 M
NasCeHs07-2H20, and 0.28 M NaCl, with distilled water as the solvent.
The bath pH was adjusted to 7.5 using a 25 % ammonia solution. The
temperature was maintained between 25 and 30 °C.

2.3.2. NiFeLDH-PTFE anodic coating

The electrodeposition of NiFeLDH-PTFE was carried out using Ni
(NOs)2-6H20 and Fe(NOs)s-9Hz0 salts in a 15:1 molar ratio, with con-
centrations of 14.0625 mmol and 0.9375 mmol, respectively. A three-
electrode cell was employed, consisting of an Ag/AgCl reference elec-
trode, a platinum mesh counter electrode, and nickel foam with the
respective coating as the working electrode. The deposition potential
was set at —1.014 V vs. Ag/AgCl. The deposition was conducted at room
temperature for 40 min under continuous agitation to control hydro-
dynamic mass transport and to keep PTFE particles suspended, while
maintaining the bath pH at 2.0.

2.3.3. PTFE codeposition and hydrodynamic control (applies to both anode
and cathode coatings)

To systematically evaluate the effect of agitation on PTFE stability
and incorporation during composite codeposition, both the NiFeLDH-
PTFE anodic coating and the NiP-PTFE cathodic coating were pre-
pared under magnetic stirring at 200, 300, 450, 600, 900, and 1200 rpm,
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and these conditions were also selected to promote good coating adhe-
sion. The PTFE concentration used for the codeposition of polymeric
particles in the catalytic layers was fixed at 30 g L™, as determined from
the wettability response of Ni-PTFE coatings. In addition, stirring
enhanced bath homogenization, improved particle transport toward the
cathode surface, and increased the deposition rate [33]. To ensure
comparable hydrodynamic conditions across experiments, the working
electrode was positioned at a fixed distance from the stir bar, and both
the electrolyte volume and stir-bar dimensions were kept constant.
These parameters are known to affect local flow fields and particle
entrapment during composite codeposition, thereby influencing PTFE
loading and coating morphology [34]. After electrodeposition, the
coated samples were ultrasonically washed in ethanol for 5 min to
remove residual surfactant that could interfere with electrochemical
evaluation. Finally, the electrodes were thoroughly rinsed with distilled
water.

2.4. Characterization

The surface morphology and distribution of PTFE particles in all
composite coatings were examined by scanning electron microscopy
(SEM) using a JEOL-JSM 6490LV instrument with an acceleration
voltage of 20 kV. Elemental composition analysis was performed by
energy-dispersive X-ray spectroscopy (EDS). Raman spectra of the sur-
faces were obtained with a microscope in the scanning range from 100 to
3000 cm ’l, using a HORIBA JOBIN YVON LabRAM HR confocal micro-
Raman spectroscope integrated with a 633 nm helium-neon laser with a
power of 17 mW. Attenuated total reflectance analysis by Fourier
transform infrared spectroscopy (FTIR-ATR) was performed using a
PerkinElmer spectrum of two infrared spectrophotometers with a reso-
lution of 8 em ™! over 400 to 4000 cm ', The wettability properties of
the initial samples on nickel sheets were determined by measuring the
contact angle with deionized water droplets resting on the surface. A
Ramé-Hart model 250 goniometer/tensiometer was used for this pur-
pose. To study the evolution and composition of PTFE in the NiP and
NiFeLDH catalytic coatings, thermogravimetric analyses (TGA) were
performed using a Q500 device from TA Instruments. The samples were
placed in a nitrogen atmosphere and heated from room temperature to
850 °C at a heating rate of 10 °C min-'.

2.5. Electrochemical test

Electrochemical experiments for the (HER) and (OER) reactions were
carried out using a 1 M NaOH solution and an AUTOLAB PGSTAT302F
potentiostat-galvanostat. A three-electrode cell configuration was used,
consisting of a working electrode, which was foam coated with the
catalytic material, an Hg/HgO electrode (made in-house) as reference
electrode, and finally, a graphite rod as counter electrode. The electro-
lyte was replaced with a fresh solution for each electrochemical exper-
iment. The electrochemical evaluation of the coatings consisted of
determining their capacitance, catalytic power, and the kinetics of the
reactions involved in the process (HER and OER). Cyclic voltammetry
(CV) was performed for all coatings to obtain the electrochemical double
layer capacitances (Cdll) in a non-faradic region at different sweep rates
of 10, 20, 40, 60, 80, 100, 120 mVs~! in 5 cycles per rate to obtain
constant values, in a window around the open circuit potential (OCP).
Linear sweep voltammetry (LSV) for HER and OER were evaluated with
a linear sweep from 0.3 Vto 1.1 V vs. Hg/HgO for OER and from —0.7 V
to —1.9 V vs. Hg/HgO for HER at a scan rate of 5 mV s~ . Tafel plots were
constructed from potentiodynamic polarization measurement per-
formed at a scan rate of 80 uV s~1. Overpotentials were calculated ac-
cording to literature reports [35,36], Eq. (1):

1 = €m + €rer /H2 + 0.059V x pH — Ry x I— D)

Where ¢, is the potential difference between the evaluated electrode
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and the reference electrode, € is the potential difference between the
reference electrode and the standard hydrogen electrode, Ryj is the so-
lution resistance with regard to the electron flow during the test, I is the
current response generated in the system, and finally, eeq is the equi-
librium potential of the reaction involved (1.23 V for OER and 0 V for
HER) [36]. Coating detachment was also evaluated over extended pe-
riods for the best coatings to evaluate the adhesion and durability of the
coating. This stability test consisted of the application of a high constant
current density of £400 mAcm ™2 for 24 h. This was performed on the
coating with PTFE and without PTFE to check for changes in the cata-
lytic capacity of the electrodes. Electrochemical impedance spectros-
copy (EIS) measurements were performed to understand the interactions
that may occur between the electrode surface and the electrolyte.
Measurements were performed over 100 kHz to 10 mHz frequency range
using a Zhaner IM6 potentiostat, polarized at potentials of 0.564 and
—1.130 V vs. Hg/HgO for the anodic and cathodic reactions, respec-
tively. Catalysts and electrodes were prepared using the same method-
ology described above. The impedance spectrum was fitted to the
equivalent circuit, and the equivalent capacitance values obtained from
the EIS experiments were calculated using the Brug equation (Eq. (2)),
which accounts for surface heterogeneities [37]. a and Q are the CPE
parameters, R, is the ohmic resistance, R, is the charge transfer resis-
tance, and Ceg is the effective capacitance.

a=1

1 a1
Ceff =Qu« (R;' +R;') @ 2

The behavior and bubble size were studied in a three-electrode cell
with 1 M NaOH solution at room temperature and a current density of
+50 mA/cm?. Video images were recorded using a mobile device inte-
grated with a 60x microscope.

3. Results and analysis
3.1. Contact angle and coating hydrophobicity evaluation

The dispersion of PTFE in the electrochemical bath significantly af-
fects both the amount of co-deposited PTFE and the wettability prop-
erties of the coatings. Figure S1, in the supporting information, shows
the contact angle values for coatings with different concentrations of
PTFE in the electrolytic bath. It is observed that the hydrophobicity of
the coating increases as the concentration of PTFE particles co-deposited
increases. Table 1 shows the contact angle of coatings obtained by
electrodeposition with different PTFE contents. Water contact angles
vary with the amount of PTFE in the electrolytic bath, increasing with
particle concentration up to a threshold value of 30 g L™}, and reaching a
value of to 148 + 1.38°, see Table 1. This result indicates that the
amount of co-deposited PTFE increases proportionally with the con-
centration in the bath, ranging from 5 g L™} to a maximum of 40 g L1,
These results demonstrate the potential for developing durable hydro-
phobic or superhydrophobic surfaces over time. Furthermore, the con-
tact angles obtained in this study are comparable, and even higher than

Table 1

Contact angle (0), surface free energy of the coatings (ys) and the work of
adhesion of solid-liquid interface (W) values for coatings obtained with
different PTFE concentrations.

Sample  PTFE Concentration (g Contact Angle 7s (mJ Wy (mJ
Lh © m?) m?)

1 0 74 + 3.14 39.2 + 929 +2
2.1

2 10 91 £+ 1.40 28.6 + 71.5+1.8
0.8

3 15 115 + 2.28 14.3 + 42.0+1.4
1.6

4 20 125 + 0.48 9.1 + 0.4 31.0 £ 0.8

5 30 148 +1.38 1.5+ 0.2 11.0 + 0.6

6 40 138 + 1.67 3.9+ 0.4 18.7 £ 0.9
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those obtained in other works reported in literature. For example,
Lacovetta et al.[31]. reported a contact angle of about 152° with a su-
perior PTFE content of 69 % by volume; Wang et al. [38] achieved
values close to 155°; Isern et al.[39]. achieved angles of 114°, and Hui
You et al. [34] reported a value of 121° However, Figure S1 shows a
decrease in the contact angle when the PTFE concentration reaches 40 g
L™}, probably due to the formation of agglomerates caused by particle
collisions at such high PTFE concentrations.

The surface free energy of the coatings (ys) can be calculated using
the Neumann relationship, Eq. (3) [40]. The work of adhesion of the
solid-liquid interface is calculated according to Eq. (4), which represents
the work required to separate unit area of the solid-liquid interface.
Those values are also presented in Table 1, for the coatings obtained at
different PTFE content.

cosd = 2\/§ e P’ 3)
1

2
Wy = 2/ry; e ") )

Where, 0 is the contact angle (°), y; is the surface free energy of the
coating, y; is the surface tension of the water (72.8 mJ m~2), Wy is the
work of adhesion of the solid-liquid interface, and f is an empirical
constant equal to 0.0001247 (m? mJ 12 As can be seen in Table 1, the
surface free energy of the coating is reduced when PTFE particles are
incorporated, reaching its lowest value of 1.5 + 0.2 mJ m~2 at a PTFE
concentration in the electrolytic bath of 30 g L™}, which means that
highest hydrophobicity is reached at that condition and water islands
can be formed at the interface. Also, the work of adhesion of the solid-
liquid interface is lowest in these conditions (11.0 + 0.6 mJ m’z),
meaning that water islands can be easily moved by nascent gas bubbes,
facilitating the nucleation and growth of bubbles at the interface when
OER or HER occur.

Based on the results of the PTFE particle concentration and the
corresponding contact angle, which measures the hydrophobicity of the
Ni coatings, a concentration of 30 g L™! was selected to obtain electro-
catalytic composite coatings in further experiments, where NiP-PTFE
and NiFeLDH-PTFE were tested for alkaline water splitting.

3.2. Chemical and structural characterization

The RAMAN analysis of the electrodeposited coated samples is

. ¢C-F,
. * *CC
*
. L]
. —— NiP-PTFE
= L]
2
<
2 .
g .
8 *
c
- *
~—— NiFeLDH-PTFE
*
—— PTFE particles

T T T T T
1000 1200 1400 1600 1800 2000

T T T T
200 400 600 800
Raman Shift (cm™)

Fig. 1. Raman spectra obtained for the different NiP-PTFE and NiFeLDH-
PTFE coatings.
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shown in Fig. 1. PTFE exhibits several active modes in Raman, appearing
at 290, 384, 733,1217, 1300, and 1380 em™! [41,42]. The signals at 290
and 384 cm™! are associated with CF, twisting and bending vibrations
734 cm! (symmetric stretching of CFj), 1218 em ! (antisymmetric
stretching of CF5), 1302 cm_l, and 1382 cm™! (C—C stretching). These
values agree with those reported in the literature [43,44]. In the spectra
of PTFE, NiP-PTFE, and NiFeLDH-PTFE samples the observed peaks are
in the ranges of active modes of PTFE. However, the Raman spectra of
the catalytic material differ slightly from the spectrum of the pure PTFE
because the composite materials exhibit broader bands, due to a possible
increase in the visibility of the metal phases and a shift of the peaks
towards higher wavenumbers due to changes in the vibrational modes
caused by the interaction between the metals and PTFE. The Raman
spectra confirm the presence of PTFE particles co-deposited with the
coatings studied (Ni-P and NiFeLDH). It should be clarified that PTFE
particles were co-deposited in the form of nodules and were not entirely
dispersed with the NiFe or NiP in the coating matrix. Raman measure-
ments were explicitly performed on the border between PTFE particles
and the foam's pore, as will be shown later in the SEM images analysis.

Fig. S2 shows the Raman spectra obtained for the NiFe-LDH and NiP
base coatings. For the NiFe-LDH (Fig. S2a) there is evidence of promi-
nent bands between 214 cm™! and 280 cm ™! associated with vibrations
of Ni-Fe system [45]. There are also two representative bands of intense
signal between 450 cm ! and 700 ecm ™, in this case, attributed to vi-
brations of the disordered LDH structural network [45-47]. These vi-
brations correspond to Ni-Fe hydroxides and usually occur between
metal and oxygen bonds [46]. The band's intensity indicates good par-
ticle deposition on the coating (NiFe-LDH), demonstrating that the
catalyst underwent the appropriate chemical transformations to develop
OER. Regarding the Raman spectrum of the NiP coating, no noticeable
or significant bands are observed, indicating the metallic character of
the developed coating. Regarding the Raman spectra performed, it
should be clarified that different scans were performed on the evaluated
coating systems for the same sample at various points of the surface to
confirm the uniformity of the surface after the coating deposition pro-
cess. Like the Raman analysis, the FTIR spectroscopy confirmed the
presence of PTFE in the NiFeLDH-PTFE and NiP-PTFE composite coat-
ings. Fig. 2 shows the characteristic bands of PTFE located at 540 —1213
cm~ ! wavenumbers; those bands are also observed in the NiFeLDH-PTFE
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and NiP-PTFE composite coatings. Intense absorption bands are
observed between 500 and 1200 cm ™}, where the strong signals at 1200
cm ! and 1146 cm ™! are associated with stretching vibrations of the C-F
bond, while the signal at 637 cm™ is probably due to deformation vi-
brations of the C-F segment [48,49]. In NiFe-LDH coating the emerging
absorption bands at about 3600-3200 cm ™! and 1636 cm ™ are related
to the OH functional groups of LDH compound [50]. For NiP-PTFE
coatings the FTIR spectrum showed only the characteristic bands cor-
responding to the C-F groups of the PTFE present in the sample, but with
lower intensity. Raman and FTIR spectra show that PTFE particles are
present and exposed in the superficial layer of the electrodeposited
coatings.

SEM micrographs of the Ni-P and NiFe-LDH samples are shown in
Fig. 3 and Fig. 4, respectively. A clear difference in coating growth and
apparent mass loading is observed between both systems: the NiP de-
posit forms a relatively compact and conformal nodular layer on the Ni-
foam ligaments, whereas the NiFe-LDH coating develops a much more
voluminous, hierarchical platelet/nanosheet-like morphology that pro-
duces a thicker-looking deposit and a higher surface coverage, Addi-
tional SEM images provided in the Supplementary Information (Fig. S3)
further highlight these differences with higher magnifications, where
NiP (Fig. S3 a-b) exhibits a dense nodular structure decorated by flake-
like structures, while NiFeLDH (Fig. S3 c-d) shows stacked plate-like
domains and agglomerated nanosheets. Despite this more open and
porous appearance, the layered structure of NiFeLDH may limit the
electrochemical accessibility of the surface due to stacking and partial
shielding of active sites. In contrast, the compact and nodular
morphology of NiP provides a more uniformly accessible interface, with
a high density of electrochemically connected sites that can be readily
reached by the electrolyte as can be seen later with the calculation of the
roughness factor (Rf). For clarity, the PTFE-rich domains are visible as
micrometer-sized agglomerated nodules and are highlighted with red
rectangles in Fig. 3(a—c) and Fig. 4(a—c). PTFE particles were dispersed
in the form of nodules located on the outer edges of the pores of the
nickel foam. PTFE particles are also present in the interior of the Ni
foam, because of the periodic stirring performed during coating elec-
trodeposition which pushed the PTFE particles near the foam into it. In
turn, the surfactant stabilizes the PTFE in the suspension, helping the
coating electrodeposition by increasing its net positive charge on the
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Fig. 2. FT-IR spectra obtained for the different NiP-PTFE and NiFeLDH-PTFE coatings.
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Fig. 3. SEM image of NiP coated samples obtained from electrolytic baths at 450 rpm of stirring speed. (a-c) NiP-PTFE; PTFE-rich agglomerates/nodules are

highlighted with red rectangles. (d-e) NiP without PTFE.

Fig. 4. SEM image of NiFeLDH coated samples obtained from electrolytic baths at 300 rpm of stirring speed. (a-c) NiFeLDH-PTFE; PTFE-rich agglomerates/nodules

are highlighted with red rectangles. (d-e) NiFeLDH without PTFE.

particle surface [32,51]. The positive charge facilitates stronger attrac-
tion of the particles to the electrode surface, which ultimately increases
the number of deposited particles [31] The electrochemical growth of
the Ni or NiFe deposit traps the particle clusters on the surface [18].
Figs. S4 and S5, in the supporting information, show SEM images of
NiFeLDH-PTFE and NiP-PTFE coatings obtained at 450 rpm, 200 rpm,
600 rpm and 300 rpm of the bath, respectively. This was done to
compare the co-deposition of PTFE at different agitation speeds of the
electrolytic bath. Regarding the co-deposition of the dispersed phases,
the coatings tend to form particle agglomeration, resulting in a heter-
ogenous composite structure where the metal matrix traps PTFE parti-
cles. In turn, the electrolyte reaches the edges and internal pores of the
nickel foam, resulting in an integrated coating forming in the Ni foam.
Nonetheless, the coating morphology was influenced by the
co-deposition of PTFE nodules and the presence of Fe and P for each
coating produced. Depending on the coating, PTFE nodules were
co-deposited on various Ni or NiFe nodules or plates. The PTFE deposits
are present in micrometer clusters dispersed throughout most pores of
the Ni foams. Additionally, the co-deposition of PTFE, due to its nature
and properties, tends to increase the roughness of the coating. This is
caused by the dispersion of phases in the electrolytic bath, which pro-
motes the growth of rough deposits because non-conductive PTFE

particles are trapped by the conductive metal matrix coatings [52]. The
roughness generated on the electrodeposited PTFE containing-coatings
is expected to have a positive effect on the formation of larger electro-
chemically active areas due to the increase in surface area that can occur
because of the incorporation of PTFE particles, as will be described in
the following sections. Fig. 3 and Fig. 4 confirm that the PTFE particles
in the electrodeposited coating are heterogeneously distributed over the
surface, which can be called "hydrophobic mosaic" [12]. These can help
to reduce the overpotentials of the reactions involved (HER and OER)
since these hydrophobic islands can act as gas nucleation points that
help generate small bubbles on these "islands" rather than on the cata-
lytic surfaces of the electrode [12]. In other words, the role of incor-
porated PTFE particles is to create discrete points of the surface where
bubbles preferentially nucleate and release, leaving the catalytic part of
the coating free or only partially covered by some generated bubbles.
Fig. S7 and S8, in the supporting information, show EDS mapping of
the NiFeLDH-PTFE and NiP-PTFE samples, respectively, obtained at
stirring speeds in the electrolytic bath of 300 rpm and 450 rpm,
respectively. The images show an almost homogeneous distribution of
disperse phases on the surface samples and seemingly large PTFE con-
tent (see the carbon content in the images) in the sample obtained at low
stirring speed. The concentration of PTFE on the coating largely depends



J.D. Arias et al.

on the stirring of the electrolytic bath, as has been mentioned in liter-
ature reports [53,54].

Figures S8 ((a)-(d)) in the supplementary information present the
thermograms obtained by TGA under a nitrogen atmosphere for NiFe-
LDH and NiP samples containing PTFE. The thermogravimetric anal-
ysis of the NiFe-LDH and NiP materials reveals distinct thermal behav-
iors related to their chemical structure and composition, demonstrating
mass loss events consistent with the contact angle and morphological
(SEM) results. For NiFeLDH-PTFE coatings (Figure S8 (a) and (b)) syn-
thesized at 900 rpm and 300 rpm, three main stages of mass loss were
identified under a nitrogen atmosphere. The first stage, occurring below
180 °C, corresponds to the removal of adsorbed moisture. The second
stage, between 180 °C and 350 °C, is associated with the decomposition
of intercalated anions (such as NOs~ and OH") and interlayer water [55,
56]. Finally, a third stage is observed in PTFE-containing coatings,
characterized by a two-step thermal degradation mechanism related to
the decomposition of the polymeric fraction (PTFE) in both formula-
tions. According to the literature, the first step, occurring at 508.2 °C,
corresponds to a first-order kinetic mechanism that generates free rad-
icals at the ends of the polymer chains. The second step, at 570.4 °C,
involves the reaction between these free radicals and macromolecules,
leading to the formation of tetrafluoroethylene (CzF4), a volatile com-
pound [57,58]. In contrast, the NiP-PTFE coatings (Figure S8 (c) and
(d)) exhibit no significant mass loss related to oxide formation in the
range of 25 to 450 °C, highlighting their excellent thermal stability.
However, similarly to NiFe-LDH-PTFE coatings, significant mass losses
were observed in the 500-650 °C temperature range, albeit to a lesser
extent, which are attributed to the degradation mechanism and volatile
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PTFE compounds previously described. For NiFeLDH-PTFE coatings,
mass losses of 16.59 + 0.84 % and 10.94 + 0.36 % were recorded at 300
RPM and 1200 RPM, respectively, attributed to the thermal degradation
of the PTFE polymer in the coating. In the case of NiP-PTFE, the mass
losses were lower than those mentioned above, ranging from 5.53 +
0.65 % to 3.85 + 0.39 % at stirring speeds of 450 RPM and 900 RPM,
respectively, also associated with the presence of PTFE. This analysis
confirms that coatings produced at lower stirring speeds (300 rpm for
NiFeLDH-PTFE and 450 rpm for NiP-PTFE) in electrochemical baths
favor higher PTFE co-deposition.

3.3. Electrochemical characterization of catalytic coatings

LSV, CV, and durability tests were performed during the alkaline
water electrolysis process on samples coated with the optimal PTFE
concentration (30 g L™h. Fig. 5 shows the LSV curves recorded at a scan
rate of 5mV s ! in 1 M NaOH for coatings obtained at different stirring
speeds of the electrolyte bath. LSV curves for the OER are shown in
Figure 5(a) show a clear improvement in performance at industrially
relevant current densities. At 100 mA cm™2, the overpotential decreases
by ~20 mV compared to the PTFE-free electrode when the stirring rate
during synthesis is reduced to 300 rpm. This improvement is attributed
to the higher PTFE incorporation into the coating as agitation is lowered
(see TGA results). Such a reduction is significant in terms of cell-voltage
savings and is consistent with enhanced gas management and/or an
increased effective electrochemically active area under vigorous gas
evolution conditions [59].

The dependence on stirring speed can be rationalized by
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hydrodynamic effects on PTFE particle transport and entrapment during
composite codeposition [33,60] . At high stirring rates during synthesis,
strong shear and short particle residence times near the electrode surface
can hinder particle adsorption/retention and reduce PTFE incorpora-
tion, thereby weakening the intended hydrophobic mosaic and dimin-
ishing bubble-release efficiencyln contrast, moderate stirring (300 rpm)
balances particle suspension and residence time, promoting uniform
incorporation and improved bubble detachment. At lower stirring rates
(200 rpm), performance deteriorates, likely due to insufficient suspen-
sion and mass transport, which can lead to PTFE agglomeration and
non-uniform deposition, hindering the formation of an effective surface
for bubble removal.

Quantitatively, the OER overpotentials at 100 mA c¢cm™ were 255,
247, 238, 227, and 278 mV for NiFeLDH coatings with PTFE at stirring
speeds of 900, 600, 450, 300, and 200 rpm, respectively, while the PTFE-
free NiFeLDH exhibited 250 mV. Overall, stirring speed has a limited
effect on intrinsic catalytic activity; however, its influence becomes
more evident at high current densities, where bubble accumulation and
interfacial transport limitations significantly affect the measured over-
potential [61]. In this context, PTFE incorporation improves OER per-
formance by facilitating bubble release and reducing anodic
overpotential, particularly under intense gas evolution conditions
(Fig. 5¢).

The HER LSV curves are shown in Fig. 5b At 100 mA cm™2, the NiP
coatings with PTFE exhibit overpotentials of 131, 127, 130, and 128 mV
for stirring speeds of 900, 600, 450, and 300 rpm, respectively,
compared to 125 mV for the PTFE-free NiP coating. These similar values
indicate that PTFE has a negligible effect on HER overpotential under
dynamic conditions and at relatively low current densities. However, at
higher current densities (—200 mA c¢m™2), a reduction in overpotential
becomes more evident (Fig. 5d), likely due to increased H. bubble
generation. The role of PTFE in bubble management is further discussed
based on long-term stationary measurements.

Coated samples were evaluated under steady-state conditions by
chronopotentiometry. NiFeLDH-PTFE and NiP-PTFE coatings samples
were tested for 5 h of polarization at [400| mA/cm? for alkaline water
splitting in unstirred 1 M NaOH providing a consistent operating envi-
ronment. The corresponding curves for samples prepared at different
stirring speeds (200-900 rpm) are shown in Fig. S9(a-b). For the
NiFeLDH-PTFE coating evaluated under anodic conditions, the OER
overpotentials tend to decrease as the stirring speed of the electro-
chemical bath is reduced. When the stirring speed was reduced, a
decrease in the overpotential was observed for the coatings with PTFE,
reaching values between 0.27 and 0.275 V at 300 rpm. Again, further
reduction in stirring speed to 200 rpm has opposite result and the
overpotential increases. For the base material without PTFE the over-
potential obtained was approximately 0.3 V. All coatings evaluated at
OER conditions showed good stability over 5 h of oxygen evolution. The
effect of stirring during electrodeposition is significant as it helps to
achieve more homogeneous coating and facilitates electrolyte renewal.
This method is described as optimal for incorporating significant con-
centrations of dispersed phases in different types of coatings. In addi-
tion, periodic stirring allows the particles to remain suspended in the
solution and settle on the cathode as the process progresses [62].

Similar trends were observed for HER, see Figure S9(b) in the sup-
porting information. The NiP-PTFE coatings prepared at different stir-
ring speeds (300, 450, 600, and 900 rpm) show that, when stirring speed
is reduced until reaching 450 rpm the HER cathodic overpotential de-
creases, after which the cathodic performance deteriorates. However, it
remains superior to the base material (without PTFE). For the NiP-PTFE
coating prepared at 450 rpm the lowest overpotential was obtained,
which was approximately between —0.19 V and —0.195 V at a current
density of |400| mA cm~2. This represents a lower overpotential than
that reported by other authors for NiP without PTFE [63]. Based on
these results, the NiFeLDH-PTFE electrodes obtained with a concentra-
tion of 30 g L™! of PTFE and stirring of 300 rpm and NiP-PTFE with
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stirring of 450 rpm were selected as the optimal for further tests of OER
and HER, respectively.

The high electroactivity of HER and OER observed in NiFeLDH-PTFE
and NiP-PTFE electrodes can be attributed to advantages such as the
three-dimensional porous structure and the limited wettability of the
electrodes due to PTFE incorporation. This is an interesting issue that
could be controversial, because the wettability of the catalysts is
particularly important in electrochemical reaction processes, as good
wettability favors the dissociation of H—OH on the electrode surfaces
[63]. On the other hand, aerophilic surfaces favor the release of gases
and reduce ohmic loss during gas evolution.

In this context, PTFE incorporation creates a heterogeneous surface
with localized hydrophobic domains, which promotes gas release while
maintaining sufficient electrolyte contact. Previous studies have shown
that PTFE-containing electrocatalysts can enhance the removal, coa-
lescence, and transport of gas bubbles during operation [11,28,54]. Due
to its low surface energy and aerophilic nature, PTFE is likely to
improved performance by reducing bubble accumulation at both the
anode and cathode. Additionally, the increased surface roughness
associated with PTFE incorporation may facilitate bubble migration
along the gas-liquid interface, further enhancing mass transport, thus
preventing bubble accumulation and formation [54].

In addition, as observed in the steady-state tests, PTFE could indi-
rectly improve the catalytic performance of the electrodes, due to its
effect on the physical and structural properties of the coating, rather
than by directing affectation of the intrinsic catalytic activity. This
optimization allowed for better bubble release, increased the active
area, and improved the stability of the coating during HER and OER
reactions. Furthermore, Figure S9 shows that increased PTFE deposition
also helps to reduce overpotential by preventing the blocking of the
active area of the electrode. This finding is consistent with the previ-
ously presented TGA results, which showed that lower stirring speeds
allowed more PTFE to be co-deposited in the respective coatings.

To further evaluate the electrochemically active surface area, cyclic
voltammetry (CV) measurements were performed at different scan rates
for NiP and NiFeLDH coatings, with and without PTFE, prepared under
optimal stirring conditions (450 rpm for NiP and 300 rpm for NiFeLDH).
Measurements were conducted in a non-Faradaic potential region near
the open circuit potential (+0.1 V for NiP and +0.05 V for NiFeLDH),
allowing the capacitive response to be isolated (see Figs. S9 and S10).

Figs. 6 and 7 shows plots of current density (A/cm?) as a function of
scan rate (mV/s) for NiP and NiFeLDH electrocatalytic coatings,
respectively. All plots clearly show linear behavior. From the linear
relationship, the differential capacitance (Cq) is obtained according to
Eq. (5). This linear slope is interpreted as the capacitive area of the
electrode [64]. The capacitance values obtained from the CV measure-
ments are shown in Table 2. The results show a significant variation in
the NiFeLDH and NiFeLDH-PTFE coatings, with a fivefold increase from
0.42 mF cm ™2 without PTFE to 1.96 mF cm ™2 with PTFE. For NiP and
NiP-PTFE, the capacitance increases tenfold from 2.65 mF cm 2 to 28.2
mF em 2. Table 2 also includes the area factor or roughness factor (Rf),
which is related to the ECSA of the electrodes. This factor is defined as
the ratio between Cq and the reference capacitance (Cyef), which corre-
sponds to the capacitance of an electrode with an ideally flat surface,
according to Eq. (6) [65]. In this case, a reference capacitance of Cref =
40 pF cm-? was used, as reported in the literature [66].

JC = CDIJ (5)

cd

Rac = —
AC Cref

(6)

Based on the SEM observations and the calculated Rf, the incorpo-
ration of PTFE leads to a moderate increase in the electrochemically
active surface area. This enhancement can be attributed to the devel-
opment of surface heterogeneities and interconnected porosity arising
from the co-deposition of PTFE particles. Consequently, the improved
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Table 2

Calculated parameters from CV curves of different electrodes.
Coating cd (F/cm?) R¢
NiFeLDH 4.20385 x 107 10.50
NiFeLDH-PTFE 1.96603 x 107 49.15
NiP 2.65507 x 107 66.37
NiP-PTFE 2.82988 x 1072 707.47

performance of PTFE-containing electrodes can be associated with an
increase in surface roughness and the formation of a more irregular and
heterogeneous topography. This interpretation is consistent with the
work of Hodges et al. [28], who reported a significant increase in
capacitance upon PTFE incorporation, linked to enhanced porosity and
electrochemically active surface area.

Notably, as is shown in Table 2, the Rf value observed for NiP- PTFE
is approximately 14 times larger than NiFeLDH- PTFE. This result is
mainly attributed to differences in the morphology of the catalytic
coating's base layer, as was evidenced by the SEM images, see Figs. 3 and
4 and Figure S3, in the supporting information. Specifically, NiFeLDH
base layer exhibits a layered platelet-like structure with surface oxides,
whereas NiP forms a more compact and nodular coating morphology.
The morphological differences influence the way PTFE is incorporated
into each material. In the case of NiP, the compact structure promotes a
more effective interaction with PTFE, leading to a more pronounced
increase in surface roughness and electrochemically active area. In
contrast, the layered structure of NiFeLDH may limit the accessibility

and distribution of PTFE within the coating, resulting in a smaller in-
crease in Rf. Furthermore, the greater performance enhancement
observed under steady-state conditions suggests that PTFE incorpora-
tion not only increases the electrochemically active surface area but also
facilitates bubble detachment, thereby improving mass transport during
operation.

The stability test of the optimal coatings prepared with 30 g L' PTFE
and the best stirring speeds in the electrochemical baths of 300 rpm for
NiFeLDH-PTFE and 450 rpm for NiP-PTFE, are shown in Fig. 8 for
electrodes with and without PTFE, at a current density of |400| mA
cm 2. The performance of the electrodes remained stable throughout
the evaluation period. This indicates that the integrated NiFeLDH-PTFE
and NiP-PTFE electrodes have good electrochemical stability with no
detectable degradation over 24 h. This result confirms the excellent
catalytic stability of NiFeLDH-PTFE for OER and NiP-PTFE for HER.
Small potential fluctuations were observed, usually attributed to the
adsorption/desorption of oxygen and hydrogen bubbles on the electrode
surface. In addition, it is shown that the incorporation of PTFE particles
results in lower overpotentials even during longer tests, decreasing from
an overpotential range of 275-280 mV for NiFeLDH to a range of
228-233 mV for NiFeLDH-PTFE. NiP overpotentials range from 225 to
235 mV, slightly higher than NiP-PTFE overpotentials, which range from
190 to 195 mV.

The increase in overpotential in the base layer and the observed
oscillations could be related to the continuous accumulation of bubbles
mentioned above. These bubbles accumulate on the electrode surface,
causing ohmic losses due to the increasing resistance and reduction of
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the electrochemical-active area, which is blocked by the bubbles pro-
duced during the reactions. This prevents the interaction between the
catalytic surface and the electrolyte. In contrast, nucleation and growth
of bubbles occurs preferentially at the PTFE-catalyst interface due to the
high surface energy of those sites. So, due to the hydrophobicity of that
interface, the bubble release is facilitated. The gases formed due to the
reactions involved in the process may have a hydrophobic nature,
causing them to accumulate at preferred sites on PTFE-coated surfaces
selectively [18,67]. For example, electrodes made of Ni sheets with se-
lective PTFE islands on the surface generate bubbles primarily on the
PTFE islands rather than on the Ni at low voltages during water elec-
trolysis [68] The smaller number of bubbles blocking the ECSA may be
due to the preferential coalescence of the newly formed gas on the PTFE
surface.

Beyond the presence of PTFE within the electrodes, the long-term
trend observed in Fig. 8a suggests an activation process rather than
merely stable operation, as the overpotential progressively decreases
with time. A plausible explanation is the gradual incorporation of Fe into
the Ni-based (oxy)hydroxide surface under anodic polarization, leading
to the formation of Ni(Fe)OOH-like active sites with enhanced OER ki-
netics. This effect is well documented: even trace levels of Fe in alkaline
electrolytes can be incorporated into Ni(OH)2/NiOOH, markedly
boosting OER activity by increasing the intrinsic activity of the active
site and/or by modifying the redox chemistry of the catalytically active
phase [69,70] . In contrast, the time-dependent behavior in Fig. 8b in-
dicates that additional processes beyond intrinsic catalytic kinetics may
govern the long-term response. Accordingly, a gradual increase in

10

overpotential (or a time-dependent change in slope) may be rationalized
by a progressive loss of effective active area and/or increased bubble
adhesion/retention, potentially associated with changes in surface
wettability (e.g., PTFE redistribution, partial detachment, pore
blockage, or flooding of the porous structure). Such bubble-induced
limitations are known to become more pronounced at extended times
and at high current densities [61,71].

Overall, PTFE incorporation improves performance by enhancing
bubble management and maintaining the accessibility of catalytic sites,
resulting in a reduction of 30-40 mV in overpotential at 400 mA cm™
compared to PTFE-free coatings. This improvement is attributed to more
efficient utilization of the electrochemically active surface area.

The LSV curves were also recorded before and after the long-term
durability tests, as shown in Figure S12. At low current densities (|30|
mA cm™2), very similar performance of the coatings was observed before
and after the tests. However, at high current densities (above |100| mA
cm™2), a significantly lower overpotential was observed in the coatings
after the test for both catalysts with and without PTFE, confirming the
stability and durability of the catalysts in HER and OER operation under
alkaline conditions. The overpotential values obtained before and after
the durability tests are given in Table S1 in the supporting information.
These results also confirm that the presence of hydrophobic PTFE par-
ticles in the coating does not negatively affect the catalytic performance
of the electrode. On the contrary, the good catalytic performance of the
coatings is maintained or even improved by the hydrophobicity of the
PTFE particles, especially at high current densities where bubble for-
mation is enhanced. In addition, the morphology of NiFeLDH with and
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without PTFE remained in good condition after 24 h of OER operation at
|400] mA cm-?, without significant changes (Figure S13). Similarly, the
morphology of NiP with and without PTFE was preserved after the HER
stability tests (Figure S14).

The anodic and cathodic Tafel slopes for the OER and HER, obtained
from potentiodynamic polarization in 1.0 M NaOH electrolyte at a scan
rate of 80 pV s, are shown in Figs. 8(c) and (d), respectively. Two
distinct Tafel slope regions were identified for all developed coatings,
both with and without PTFE: one corresponding to low overpotentials
and another to high overpotentials. This variation in the polarization
curve slopes suggests the occurrence of two different electrochemical
mechanisms, likely associated with the formation of distinct interme-
diate species and differences in the rate-limiting steps that govern the
reaction during anodic polarization in each overpotential range. These
observations support the good catalytic behavior of the developed
coatings [72]. The Tafel slope values obtained at high and low over-
potentials for the respective coatings are also shown in Fig. 8c-d.
Overall, the PTFE-containing coatings exhibit slightly lower Tafel slopes
compared to the PTFE-free samples. This indicates a modest improve-
ment in apparent kinetics, which can be attributed primarily to reduced
surface blockage by gas bubbles. The cathodic Tafel slopes suggest
favorable kinetics for the HER. This is because the composite structure
enhances the interaction of water molecules with the catalyst surface,
thus accelerating the formation of hydrogen adsorption intermediates
[73,74]. The above indicates that the NiP systems evaluated in this work
are governed by a mixed Volmer-Heyrovsky mechanism. A similar
behavior was observed for OER, demonstrating a high catalytic activity
for water splitting for the electrodeposited catalysts [75]. In summary, a
slight reduction of the Tafel slopes for water splitting was observed
when PTFE particles are incorporated into the catalytic coatings, indi-
cating that reaction mechanisms and kinetics do not change appreciably
because of the presence of PTFE. Conversely, a slight improvement in
kinetics may occur due to the increase in the ECSA, see Table 2, which
was observed when PTFE particles are present in the catalytic coating.

Figs. 9 and 10(a) - (c) show the Nyquist and Bode plots of the elec-
trochemical impedance obtained for the coatings at anodic and cathodic
polarization potentials (0.564 V vs. Hg/HgO) and (—1.130 V vs. Hg/
HgO), respectively. The Nyquist plots from the EIS measurements of the
anodic OER reaction show the presence of at least two time-constants
(two coupled capacitive loops) at high and intermediate frequencies,
constitutive of the anodic process, and a third time-constant at low
frequencies presented only in samples with PTFE, related to the PTFE
interface. The presence of these three time-constants is more evident in
the Bode-Phase plots, Fig. 9c. The capacitive loop at high frequencies is
related to the charge-transfer resistance of the OER in parallel with the
double-layer capacitance. Meanwhile the second capacitive loop at low
frequencies could be related to the surface reaction of the electrode
material, such as oxidation and structure transformations, as has been
observed in previous works [35,76,77]. Therefore, the electrocatalytic
activity of the coating surface can be followed through the changes in
the charge-transfer resistance of the first capacitive loop. The EIS results
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were fitted with the equivalent electrical circuits (EEC) shown in
Fig. S15 in the supporting information, and the electrical parameters of
the EIS results are presented in Table S2. The charge-transfer resistance
for OER of the NiFeLDH-PTFE coating (R¢1=0.102 ohm) is lower than
that of the NiFeLDH without PTFE (R¢;=0.356 ohm), indicating faster
and more kinetically favorable OER on the NiFeLDH-PTFE coating than
on the NiFeLDH coating. Similarly, the resistance of the second
time-constant (R¢2) of the NiFeLDH-PTFE coating is lower than that of
the NiFeLDH without PTFE. The presence of PTFE improves the kinetics
of OER due to the increase of the ECSA and to better bubble management
during gas evolution, as will be further discussed. These results are
consistent with the previously mentioned LSV and Tafel polarization
results. As expected, the resistance of the third capacitive loop observed
only in the coating with PTFE is the largest one, because of the
non-conductive character of the PTFE particles.

The Nyquist plots from the cathodic EIS measurements of the NiP and
NiP-PTFE coatings for HER reaction are shown in Fig. 10a. Similarly to
anodic EIS measurements, cathodic Nyquist plots are constituted by at
least two couple time-constants (two coupled capacitive loops) at high
and intermediate frequencies, constitutive of the cathodic process, and a
third time-constant at low frequencies presented only in the samples
with PTFE, related to the PTFE interface. The capacitive loop at high
frequencies is related to the charge-transfer resistance of the HER in
parallel with the double-layer capacitance. The second capacitive loop
at low frequencies could be related to the surface reaction of the elec-
trode material. The parameter’s fit of EIS using an EEC is shown in
Table S2. As previously mentioned for anodic EIS measurements, the
electrocatalytic activity for HER of the coating surface can be followed
through the changes in the charge-transfer resistance of the first
capacitive loop. The charge-transfer resistance for HER of the NiP-PTFE
coating (Ry=0.1 ohm) is lower than that of the NiP without PTFE
(Ry1=0.13 ohm), indicating faster and more kinetically favorable HER
on the NiP-PTFE coating than on the NiP coating. Similarly to what is
mentioned in the anodic analysis, the low value of the charge-transfer
resistance for HER is due to the increase in the ECSA and to the better
bubble management during Hj evolution that occurred when PTFE
particles are present in the coating. Regarding the Bode plots of EIS
spectra, Figs. 9c and 10c, the maximum phase angle first increases in
certain parts but gradually decreases with decreasing frequency for NiP
and NiFe-LDH with and without PTFE. This could be attributed to the
formation of oxidation by-products of the elements that make up the
respective coatings (in this case, Ni and Fe), which tend to form passive
layers on the surface.

3.4. Evaluation of developed electrodes with and without PTFE in a "zero
gap" full cell for overall alkaline water splitting

Considering the excellent HER and OER performance of the NiP-
PTFE, NiP, NiFeLDH, and NiFeLDH-PTFE catalysts, we evaluated their
practical application as catalysts in a full-cell to assess the real behavior
and performance of the system composed of the optimized catalysts
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Fig. 9. Electrochemical impedance of the different samples evaluated at anodic potential of 0.564 V vs. Hg/HgO. All measurements were performed in 1 M NaOH. a)
Nyquist plot of EIS, b) Bode plot of EIS (|Z| vs Frequency), c) Bode plot of EIS (® vs Frequency).
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Fig. 10. Electrochemical impedance of the different samples evaluated at cathodic potential of —1.130 V vs. Hg/HgO. All measurements were performed in 1 M
NaOH. a) Nyquist plot of EIS, b) Bode plot of EIS (|Z| vs Frequency), ¢) Bode plot of EIS (® vs Frequency).

electrodeposited on Ni foam (NF). We used NiFeLDH coatings with and
without PTFE at the anodes and NiP coatings with and without PTFE at
the cathodes. The electrolyte consisted of 1 M NaOH solution at room
temperature and a separator of PES (Polyether sulfone). LSV curves were
recorded at a scan rate of 5mVs~'. LSV curves performed in full-cell
using electrodes with and without PTFE particles for overall alkaline
water splitting are shown in Fig. 11. According to the results, the cell
containing NiFeLDH-PTFE/NiP-PTFE electrodes displays lower opera-
tional potential than the cell containing NiFeLDH/NiP electrodes
without PTFE particles. Excellent performance for overall water splitting
was observed for the cell containing electrodes with PTFE. The
NiFeLDH-PTFE/NiP-PTFE and NiFeLDH/NiP cells display operational
potentials of 1.60 V and 1.69 V, respectively, at a current density of 100
mA cm 2. In addition, the improvement of the performance of cells
composed of electrodes containing PTFE is more remarkable at high
current densities, where bubble generation is accentuated. For example,
the cell potential obtained at high current density of 400 mA cm™2 were
1.70 V and 1.81 V for NiFeLDH-PTFE/NiP-PTFE and NiFeLDH/NiP,
respectively, showing the beneficial effect of PTFE incorporation in the
electrodes. The remarkable difference in the cells’ performance
observed in the LSV curves was also due to the use of a full-cell with
zero-gap configuration, see Fig S16, in which the effect of bubbles
production and release becomes more important than in a beaker test.
The operational potential values were corrected with the ohmic resis-
tance. The comparison of the electrochemical performance at |100

mAcm_2| of the developed NiFeLDH-PTFE/NiP-PTFE full-cell compared
to other works reported in the literature is presented in Table 3. As can
be seen, the developed full-cell electrodes containing PTFE particles are
remarkable superior to those reported in other published works.

To evaluate the bubble management during water splitting using
catalyst-coated Ni foam electrodes with and without PTFE, electrolysis
experiments were carried out in a three-electrode cell, where bubble
nucleation, growth and detachment from working electrode surface can
be observed. Hydrogen and oxygen evolution were studied in a 1 M
NaOH solution at room temperature with a current density of £50 mA/
cm?®. The working electrode area was 1.0 cm? Video and images were
recorded using a mobile device integrated with a 60x microscope. The
size of Hy and O bubbles released from the electrode surfaces during the
water electrolysis process was measured by focusing on the bubbles
accurately captured by the camera lens. The measurement was per-
formed using the Feret diameter with the Image J program. Table 4 shows
the measured diameters of the bubbles during the hydrogen and oxygen
evolution reactions for the electrodes with and without PTFE.

First all, it was observed that the release of bubbles from the hy-
drophobic islands of PTFE and other sites on the surface was relatively
random. Also, the diameter of the bubbles that detach from the surface
and the growth time were not the same for each bubble. From this
experimental observation and in conjunction with SEM images, it was
found that the surface of the hydrophobic islands was not entirely
covered by the PTFE particles, which could be one of the reasons for the
differences in bubble size. As can be seen in Table 4, there is a clear
tendency to produce larger bubbles when the catalytic coating contains

1.0
—— With PTFE PTFE; the size of the bubbles generated on the PTFE-containing coatings
0.9 { —— Without PTFE was nearly 50 % larger than the size of the bubbles produced in the
o~ coatings without PTFE. This result is related to a decrease in the
£ 0'8__ wettability of the working electrode surface when PTFE particles are
: 0.7 4 present in the catalytic coatings. As was mentioned during the contact
: 1 angle and hydrophobicity analysis (Section 3.1.) the work of adhesion of
s, 064 the solid-liquid interface is lower in the coatings containing PTFE,
"‘é i meaning that water islands can be easily moved by nascent gas bubbes,
2 400mA
(=]
L e Ry ST TP
5 1 Table 3
= 034 Comparison of whole-cell overpotentials obtained at |[100 mAcm 2| between
g 0.2 coatings found in previous work in the literature and the coatings of the present
. work.
Ol i = i) i itk S o S s = s i Potential (V)
0.0 - J (mA cm™?) Substrate Reference
5 T T T T T T T
13 14 15 16 17 18 19 20 Electrodes 100
NiFeLDH/NiP 1.69V NF This work
Voltage (V) NiFeLDH-PTFE/NiP-PTFE 1.60V NF This work
NiFeP/Zn 1.83V SS [78]1
Fig. 11. LSV curves recorded with full cells composed of catalyst coated Ni Ni-P 1.87v NF [79]
foam electrodes with and without PTFE for overall water splitting in 1.0 M Nf2P/ NiMoP 1.68V NF [80]
NaOH. A full cell with PTFE was composed of Ni foam/NiFeLDH-PTFE as anode Ni-Fe-5 2.00v NF [81”
and Ni foam/NiP-PTFE as cathode. Full cells without PTFE were composed of Ni NIMI}I'S PO,/ NF L67v NF (521
Fe-NiP//Fe-NiP 1.75V NF [83]

foam/NiFeLDH as anode and Ni foam/NiP as cathode.
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Table 4
Bubble diameters during hydrogen and oxygen evolution reaction for coatings
with and without PTFE.

Feret bubble diameter H, (mm) Feret bubble diameter O, (mm)

Material with Material without Material with Material without

PTFE PTFE PTFE PTFE
0.150 0.096 0.269 0.180
0.165 0.089 0.282 0.158
0.176 0.084 0.232 0.145
0.177 0.099 0.258 0.181
0.143 0.079 0.244 0.154
0.139 0.084 0.288 0.177
0.135 0.089 0.264 0.134
0.173 0.079 0.262 0.186
0.158 0.099 0.290 0.150
0.145 0.072 0.285 0.176

facilitating the nucleation and growth of bubbles at the interface when
OER or HER occur. In addition, the coatings with PTFE tend to have
greater roughness than the base coatings, see Table 2, which can also
promote the formation of large bubbles [18,54]. Bubbles form at active
points on the electrode, and if those points have low surface tension the
phase gas is favored and bubbles rapidly nucleate and grow until
detachment occurs [84,85]. Consequently, low surface resistance and
low polarization occur because bubble management is facilitated.
Although the detachment of larger bubbles could, in principle, aggra-
vate local concentration polarization if they temporarily hinder elec-
trolyte renewal near the electrode surface, our results indicate that this
effect was not dominant in the present system. Despite the larger bubble
size observed for the PTFE-containing coatings, these electrodes showed
lower overpotentials under steady-state operation and better overall
water-splitting performance. This suggests that the easier coalescence
and faster detachment of bubbles, together with the reduced residence
time of gas on the catalytic surface, outweighed any possible local
mass-transport limitation associated with the larger detached bubbles.
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Fig. 12 shows images of bubble formation and growth from the
electrodes. Bubbles nucleate and grow on active sites of the electrodes’
surface; they then merge to form a sufficiently large bubble until the
internal gas pressure is superior to the adhesion forces and completely
detach from the electrode. However, tiny bubbles remain on the surface
and attempt to detach rapidly. The number of bubbles produced along
the surface of the porous electrode is a reliable indicator of the level of
gas stripping activity, as a more significant number of bubbles indicates
better production of hydrogen or oxygen at the electrode [68]. In
addition, the physical properties of the electrode affect both the
behavior, and the number of bubbles produced. Rougher electrodes have
a larger surface area, providing more nucleation sites and consequently
increasing bubble production. A larger ECSA, as confirmed by the pre-
viously shown CVs in these electrodes, increases the number of bubble
nucleation sites [54,84-86].

When a current of +50 mA/cm? was applied to the coatings, the
bubbles’ movements (nucleation, growth and detachment) were slow
for both HER and OER. The bubbles were observed to rise, merge with
each other, and adhere to the electrode surfaces. However, different
vertical displacements were observed, with some bubbles detaching
faster than others. The coalescence of smaller bubbles into larger ones
allows for easier and faster detachment, thereby preventing the inhibi-
tion of active sites on the materials or blocking them for a shorter period.
The interconnected pores and channels created by the 3D foam struc-
ture, in combination with the PTFE, not only provide a larger ECSA but
also allow for more efficient bubble transport and effectively increase
the utilization of these catalytic sites by preventing them from being
blocked by the generated bubbles.

4. Conclusion
In this work, integrated coatings consisting of a 3D porous structure

with NiFeLDH-PTFE and NiP-PTFE were successfully prepared via a co-
electrodeposition process to fabricate electrodes for alkaline water

Fig. 12. Images of bubble formation and growth in a gas-filled porous electrode with and without PTFE coating. a) NiP-PTFE, b) NiP, c¢) NiFeLDH-PTFE, and

d) NiFeLDH.
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splitting. Their improved catalytic, hydrophobic and protective nature
facilitated the highly active surface area of the electrode and optimized
surface wettability. Coating electrodes with PTFE improved the perfor-
mance of water electrolysis cells, especially in stationary conditions. The
PTFE coatings exhibited relatively low overpotentials (230 mV and 193
mV for OER and HER, respectively) and good performance in stationary
tests at |[400| mA/cm? compared to the overpotentials shown by the
materials without PTFE of 280 mV and 230 mV for OER and HER
respectively. Also, they showed good stability throughout the 24 h
duration of the test. Finally, full-cell using NiFeLDH/NiP coatings with
PTFE showed a very low operating voltage of 1.7 V at 400 mA/cm? for
overall water splitting. This was a result of several factors, including
porous and rough electrode surfaces, high-performance catalytic coat-
ings, surface hydrophobicity, and increased ECSA. Electrochemical in-
vestigations showed that, by incorporating PTFE into the surfaces of
NiFe-LDH and NiP electrodes, the coatings achieved lower over-
potential than surfaces without PTFE. This addition of PTFE particles
conferred large hydrophobicity and greater area and roughness on the
coatings, which led to low polarization, large stabilities, and overall
better electrochemical performance of the electrodes for hydrogen and
oxygen evolution reactions. These results demonstrate the promising
performance of catalytic coatings of NiP and NiFeLDH with PTFE on the
electrodes, which can be used for the construction of alkaline electro-
lyzers with high energy efficiency and large gas production with low
losses.

Associated Content in Supporting Information

Complementary coating characterization: contact angle measure-
ments; Raman spectroscopy; TGA; SEM images for different Ni:Fe ratio,
CV curves, LSV curves for 0 and 5 h, SEM images of anodic polarization,
EDS spectra, LSV curves for 0 and 24; EDS analysis; fitting results of EIS
measurements.
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