Open Access Article. Published on 04 September 2025. Downloaded on 12/25/2025 12:50:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Catalysis -

¥ ® ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5ey00254k

Received 23rd August 2025,
Accepted 29th August 2025

DOI: 10.1039/d5ey00254k

rsc.li/eescatalysis

Broader context

Direct work function tuning via boron-acceptor
substitution on an iron phthalocyanine ligand for
a boosted oxygen reduction reaction in
brine-seawater batteries

Seonghee Kim,° Yiwen Xu,i¢ Suyeon Kim,? Jewon Lee,® Heechae Choi {2 *< and
Oi Lun Litz#*@

Highly conductive concentrated brine seawater can be reused as an electrolyte in aluminium-air sea-
water batteries used in on-board marine applications; however, the severe chloride corrosion in brine
seawater often causes Pt-based oxygen reduction reaction (ORR) electrocatalysts at the cathode to
degrade rapidly. Fe macrocyclic molecules, such as those in iron phthalocyanine (FePc), are reported to
exhibit low affinity to chloride adsorption. On the other hand, the strongly bound O* and OOH*
intermediates in the FeN4 active sites and the localized electron orbitals are well-known to restrict their
ORR performance. In this study, by combining a room-temperature plasma-assisted material
modification strategy with density functional theory (DFT) calculations and thermodynamic modelling,
we successfully substituted boron as an acceptor on the FePc ligand to induce significant electron
delocalization in the macrocyclic FePc structure, thereby reducing the ORR energy barrier of FePc. In an
alkaline saline environment (0.1 M KOH + 1 M NaCl), B-FePc displays superior catalytic activity (0.932 V
vs. RHE) at the half-wave potential with moderate stability, which surpassed the performance of a
commercial 20 wt% Pt/Vulcan electrocatalyst and most of the recently reported electrocatalysts. When
used as an air cathode catalyst in a brine seawater-based Al-air battery (1 M KOH + 1 M NaCl + sea-
water), B-FePc as a cathode catalyst exhibited a peak power density of 7.0 mW cm™2 and an
exceptional stability following its discharging for 60 h at 20 mA cm~2 through a mechanical recharging
process.

Highly conductive concentrated brine seawater can be reused as an electrolyte in aluminium-air seawater batteries used in on-board marine applications;

however, the severe chloride corrosion in brine seawater often causes degradation of the metal-based cathode catalysts rapidly. While single-atom FeN, active
sites in iron phthalocyanine (FePc) are reported to exhibit low affinity to chloride adsorption, the strongly bound O* and OOH* intermediates at FeN, are well-
known to restrict its ORR performance. In this study, we are the first to substitute boron as an acceptor on the FePc ligand to induce significant electron
delocalization in the macrocyclic FePc structure via plasma engineering, thereby reducing the ORR energy barrier. In an alkaline saline environment, B-FePc
displays superior catalytic activity (0.932 V vs. RHE) at the half-wave potential and high stability. When applied as an air cathode catalyst in a brine seawater-
based Al-air battery, B-FePc as a cathode catalyst exhibited a peak power density of 71.0 mW cm 2 and an exceptional stability. Combined with our novel design
of B-FePc as a cathode catalyst, the study realizes the feasibility of a sustainable brine-seawater battery for ships and global coastal regions.
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ships or desalination plants, has proved to be a promising
conductive electrolyte that can be used in seawater-
based batteries."> Brine seawater, which contains a high chlor-
ide concentration, can improve the ionic conductivity of
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seawater-based electrolytes and Al oxidation through passive
film breakdowns.*® However, Pt-based electrocatalysts often
degrade because of their intrinsic intolerance to chloride
adsorption and are thus unsuitable for use in brine seawater
environments.” Recent studies have highlighted the use of
single iron atoms to serve as electrocatalysts for oxygen
reduction reactions (ORRs) in seawater-based electrolytes,
which will benefit from the low reaction energy barrier in the
ORR and their low affinity to chloride adsorption.*® Macro-
cyclic metal complexes, such as iron phthalocyanine (FePc),
would be promising single-atom iron-based components
because of their outstanding catalytic properties, chemical
stability, and electronic structure tunability. However, their
highly symmetric geometry makes the electron distribution in
FePc rather stable, limiting electron transport and overall ORR
activity.'®'* Many studies have investigated the modulation of
the FePc electronic structure through different approaches to
optimise the catalytic performance of FePc further. One existing
strategy involves the attachment of an Fe active centre to a
conductive substrate made of carbon nanotubes, monolayer
graphene, MXene, and highly conjugated polymers (metal-
organic frameworks).">*® All other approaches employ a coor-
dination method to incorporate electron-withdrawing or
electron-donating heteroatom dopants into central Fe atoms,
which adds axial O-coordinated sites to break the electronic
distribution symmetry of the central Fe single atoms or per-
ipherally substituted phenylene carbon."®*">* Previous studies
reported that the d-orbital level of the Fe atoms in the macro-
cyclic FePc could successfully lower the binding energy of the
O* or OH* intermediates."”

A few studies have reported achieving advanced ORR cata-
lytic activity by adding oxygen- or nitrogen-containing groups to
the edges of macrocyclic molecules. However, previous studies
have yet to report the effects of boron (B) substitution mainly
owing to the technical challenges associated with the conven-
tional thermal process used, which requires high-temperature
pyrolysis at a temperature between 800 and 1100 °C to incor-
porate B dopants into phthalocyanine structures.>® Since the
thermal decomposition temperature of FePc is in the range
from 380 to 700 °C,'®>* applying B as an acceptor dopant in
macrocyclic FePc without disrupting its ligand complex is
hardly possible due to its low thermal stability.">** On the
other hand, plasma engineering employs plasma-induced
chemical reactions in place of conventional annealing pro-
cesses with a unique surface modification approach that can
directly modify macrocyclic structures at room temperature.”
Using plasma engineering, which can be considered a novel
surface modification process, we successfully performed B-
substitution for FePc macrocycle molecules without destroying
the FePc ligand. The chemical and electronic structure analysis
revealed that B-substitution for FePc macrocycles initiates
charge transfer from the Fe centre to the surrounding ligand
by working as an in-ligand acceptor, and it successfully mod-
ulates the FePc electronic structure for improved catalytic ORR
activity. Additionally, by employing density functional theory
(DFT) calculations and thermodynamics theory, we determined
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that boron as an acceptor preferentially replaces a specific
carbon atom site right next to the FePc macrocycles and formed
C-B-N bonding, which was confirmed by detailed characteriza-
tion based on FTIR, XANES, EXAFS and XPS. DFT calculations
revealed that the acceptor (B) substitution in FePc improved its
ORR activity owing to (i) the less negative Gibbs free energy of
*O and *OH intermediates by the increased FePc work function
and (ii) improved electron transport facilitated by the delocali-
sation of the highest occupied molecular orbital (HOMO) level.
The electrochemical performance of the B-substituted FePc
(B-FePc) in 0.1 M KOH agreed well with the DFT calculation
results, which showed a clear improvement in the half-wave
potential of B-FePc (from 0.87 to 0.882 V vs. reversible hydrogen
electrode (RHE)) and limiting the current density (from
5.54 to 5.90 mA cm ™ ?) and kinetic current density (from 29.8
to 45.1 mA cm ™2 at 0.85 V vs. RHE) with reference to those of
pristine FePc. In alkaline seawater (0.1 M KOH + Seawater),
B-FePc exhibited superior ORR catalytic activity and stability
compared to commercial 20 wt% Pt/Vulcan. Initially and fol-
lowing 5000 durability test cycles, B-FePc demonstrated a
kinetic current density that was approximately 8 times higher
than that of 20 wt% Pt/Vulcan. When employed as the air
cathode catalyst in an Al-air battery in brine seawater (1 M KOH
+ Seawater + 1 M NacCl), which had been discharging for 60 h at
20 mA cm 2, the B-FePc cathode catalyst still performed with a
peak power density of 71.0 mW cm ™2 and outstanding stability.

Experimental procedures
Preparation of B-FePc via plasma engineering

The B-FePc electrocatalysts used in the study were modified by
plasma engineering, with a similar experimental setup as
reported in previous studies.”® First, 40 mmol boric acid was
dissolved in 50 mL of ethanol for 2 h under magnetic stirring to
obtain a boric acid solution. Then, 40 mmol of boric acid
contained in 25 mL of the prepared boric acid solution was
mixed with 75 ml of the solution obtained by dispersing 100 mg
of FePc in N-methyl-2-pyrrolidone, to obtain the solution pre-
cursors required for plasma engineering. The generated plasma
was then discharged into the mixed solution through a pair of
2-mm graphite electrodes using a bipolar pulse power supply
(MPP-HV02, Kurita Seisakusho, Kyoto, Japan). The plasma was
kept at a voltage of 1.6 kV, a frequency of 25 kHz, and a pulse
width of 1.0 us for 10 min. The discharged precursor solution
was then filtered using a 55 mm polytetrafluoroethylene filter
and washed with deionised water until the washed solution
became transparent. The powder samples were dried in an oven
for 10 h at 80 °C.

Analysis of the structural and chemical composition of B-FePc

The morphology and structure of plasma-engineered B-FePc
electrocatalysts were analysed through X-ray diffraction (XRD;
Rigaku, Ultima IV, Japan). The chemical composition of the
electrocatalysts was characterised using X-ray photoelectron
spectroscopy (XPS, JEOL, JPS-9010MC, Japan). The concentration
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of each metal in the synthesised catalysts was determined
using inductively coupled plasma optical emission spectrometry
(ICP-OES; PerkinElmer, Optima 8300, USA). Morphological
and elemental concentration analyses were conducted using
field emission scanning electron microscopy (TESCAN, MIRA3,
Czech Republic), energy dispersive spectroscopy (EDS, TESCAN,
MIRA3, Czech Republic), and transmission electron microscopy
(Thermo Fisher Scientific, TALOS F200X, USA). Fourier trans-
form infrared (FT-IR) transmittance spectra were recorded using
a Nicolet iS50 FT-IR spectrometer (Thermo Fisher Scientific,
USA). X-band electron paramagnetic resonance (EPR) spectra
were recorded at room temperature using a Bruker EMX Plus
instrument. Ultraviolet photoemission spectroscopy (UPS) was
performed using an ultraviolet photoemission spectroscopy
instrument (AXIS Supra, Kratos Analytical Ltd, United Kingdom).

Electrochemical analysis of B-FePc in alkaline and
brine-seawater electrolytes

An electrochemical potentiostat (Biologic, VSP, Grenoble,
France) was used to analyse the catalytic activities of the
modified catalysts B-FePc, pristine FePc, and 20 wt% Pt/C (Fuel
Cell Store, 20% Platinum on XC-72 carbon) in 0.1 M KOH and
brine seawater (0.1 M KOH + 1 M NaCl) electrolyte. The catalyst
ink used in the electrochemical analysis comprised a well-
ground powder catalyst (2 mg) and conductive carbon (gra-
phene nanoplatelets, 2 mg) in a mixed solution of distilled
water (400 pL), ethanol (1584 pL), and Nafion 117 solution
(16 pL), and ultrasonicated for 30 min. The well-dispersed
catalyst ink (200 pg cm ) was added dropwise on a well-
polished 4 mm glassy carbon disk electrode to obtain the
working electrode. For comparison purposes, the 20 wt% Pt/
Vulcan XC 72-R electrocatalyst was prepared with 4 mg of the
catalyst using the same ink composition. A platinum coil
counter electrode, along with Hg/HgO (1 M NaOH) and Ag/
AgCl (1 M KCl) reference electrodes, was used in the 0.1 M KOH
and alkaline seawater electrolytes, respectively, to establish a
standard three-electrode cell system towards determining the
electrochemical performance of B-FePc. The catalytic activity of
the ORR was determined using linear sweep voltammetry (LSV)
performed under O,-saturated conditions at a scan rate of
5 mV s ', a rotating speed of 1600 rpm, and a potential range
between 0.4 and 1.0 V vs. RHE with 0.1 M KOH, 0.1 M KOH +
0.5 M NacCl (alkaline seawater), and 0.1 M KOH + 1 M NacCl
(brine seawater) as the electrolytes. For the accelerated dur-
ability test, the cyclic voltammogram of B-FePc was measured
from 0.6 to 1.0 V vs. RHE at a scan rate of 100 mV s~ for 5000
cycles.

Preparation of the saline-concentrated brine-seawater-based
Al-air battery

Al-air batteries were tested in both alkaline seawater (1 M KOH +
seawater salt) and alkaline brine seawater (1 M KOH + 1 M NaCl +
seawater salt) to mimic the natural and brine seawater condi-
tions, respectively. The seawater salt was obtained from AF
Perfect Water, Aquaforest, Brzesko, Poland. The batteries were
assembled with the as-prepared catalysts loaded onto the gas
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diffusion layer electrode with a mass loading of 2 mg cm™>.
Catalyst ink was prepared using 6 mg of the B-FePc electrocata-
lyst and 6 mg of conductive carbon in 6 mL of the mixed solution
comprising 4752 pL of ethanol, 1200 pL of deionised water, and
48 uL of the Nafion™117 solution. The prepared catalyst was
sprayed on a 6 cm” gas diffusion layer. Polarisation curves of the
Al-air seawater batteries were obtained at 20 mV s~ . A voltage

retention test was conducted at 20 mA cm™ 2.

DFT calculations

The Vienna ab initio simulation package was used for DFT
calculations.?””*® The projector augmented wave method and
the general gradient approximation with the Perdew, Burke,
and Ernzerhof exchange-correlation functional were employed
for plane wave expansion.?**' The Brillouin zone was sampled
using Gamma-centered k-point grids of 1 x 1 x 1 for optimising
cell parameters with a kinetic energy cut-off of 400 ev.>* The
energy convergence criteria in the self-consistent field were set
to 10~° eV. All the geometric structures were fully relaxed, while
the Hellman-Feynman forces were below 0.1 eV A~'. The
supercell dimensions for FePc were set at 22 A x 22 A x 22 A
to prevent interactions among the adjacent periodic FePc
molecules caused by the vacuum.

Results and discussion

Insight into possible B-substitution in FePc

To verify the possibility of B-substitution into FePc, the bond
enthalpies and vibration frequencies of FePc were first evalu-
ated by the Gibbs free energy change equation. To simplify the
calculations, the displacements of one B atom around the FePc
ligand were considered with 4 possible structures (B;-FePc, B,-
FePc, B;-FePc, and B,-FePc), as shown in Fig. 1(a). The Gibbs
free energy change equation is calculated as follows:

AG; = AE; + AZPE + JdeT — TAS (1)

where AE; is the total energy change derived from DFT calcula-
tions, AZPE is the zero-point energy change, [C,dT is the heat
capacity contribution, T is the temperature, and AS is the
change in entropy. The AZPE, [C,dT, and TAS terms were
expressed as:

1
AZPE = 5 > o ()
hw,—
ERTN . — G
eXp (kB—T) -1
ho; or
P

4)

where 7, w;, and kg are the reduced Planck constant (7 = h/2x),
the vibrational frequency eigenvalue, and the Boltzmann
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Fig. 1 (a) Atomic structure of FePc and four possible Boron doping sites, (b) calculated Gibbs free energy change (AG) by the formation of boron-doped

FePc (four possible doping sites), (c) calculated adsorption free energy for the ORR on FePc (black) and boron-doped FePc (red, site 1) at a pH of 13 and a
bias of 1.23 V. (d) Calculated orbital decomposed electron density of states of the Fe 3d orbitals in FePc and B;-FePc; (e) illustration of electron transfer
from the 3d orbital of the central iron atom to the 2p orbital of the boron atom.

constant. All the atoms vibrated from their equilibrium posi-
tions, and the atomic positions in the FePc molecule model
were obtained using the structural relaxation process. As shown
in Fig. 1(b), all four possible structures differ greatly in the
temperature required for boron substitution. According to
thermodynamic predictions, out of four possible structures,
the formation of B;-FePc is the only thermodynamically feasible
structure, which includes a distinct B-C-N structure compared
to other positions (B,, B; and B, consist of merely C-B-C
chemical bonding). In addition, while traditional annealing
processes often cause thermal decomposition of the FePc
ligand during B-substitution, plasma engineering is expected
to break some of the kinetic limitations via highly active species
generated by the plasma-induced chemical reactions at room
temperature and ensure the stability of the FePc ligand with B;-
substitution.

DFT calculation of the advanced ORR activity of B,-FePc

Adsorption energy is commonly used to determine the catalytic
activity of a catalyst. The adsorption energies of the typical ORR
intermediates in an alkaline medium following the four ORR
catalytic reaction steps are calculated as shown in eqn (5)—(8).

*+0,(g) +H +e — *OOH (5)
*OOH + H' + e~ - *O + H,0(]) (6)
*O+H +e  — *OH (7)

EES Catal.

*OH+H'+e” - H,0(l) +*

(8)

where O*, OOH*, and OH* are the typical reaction intermedi-
ates and * represents a catalytically active site. In previous
studies, the desorption of O* or OH* intermediates was
reported to be the rate-determining step of the ORR. Previous
studies found that the incorporation of an electron-
withdrawing group onto FePc macrocycle molecules deloca-
lised the electron density of the central Fe atoms, thereby
successfully lowering the binding energy of the O* or OH*
intermediates.”® Gibbs free energies of the adsorbates were
calculated using eqn (9).

©)

where AE,q; is the total energy change associated with adsorp-
tion and desorption, AG,y is —kgTIn10 x pH, which is the
Gibbs free energy difference due to the change in proton
concentration, AGy is —neU (U, n, and e are the applied
potential, electron number, and transferred charge, respec-
tively), and AV is the difference between the Fermi energy of
the catalysts and hydrogen reduction level. The work functions
of FePc (3.72 eV) and B-N/FePc (4.11 eV), which were calculated
based on the UPS spectra shown in Fig. S1, were used to
calculate the ORR (eqn (9)) required to prepare the energy
diagram.

Our calculations shown in Fig. 1(c) demonstrate that the
largest ORR energy barrier of pristine FePc is 5.85 eV at the
desorption of OH* intermediates under alkaline conditions

AGads = AEads + AGpH + AGU — neAv

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(pH = 13) with the bias U = 1.23 V. In the energy diagram, B;-
FePc shows two energy barriers: 0.37 and 1.95 eV for *OH
formation and desorption, respectively. To improve the ORR
activity, strong OH* binding has to be prevented.*® Thus, the
surface reaction rate of oxygen reduction in FePc was improved
by B-substitution because of the reduction in *OH desorption
energy.

To gain an enhanced understanding of the mechanism that
led to an increase in the work function of FePc via B substitu-
tion, we compared the electronic structures of FePc and B;-
FePc, as shown in Fig. 1. The Fe atom in B;-FePc in Fig. 1(d) has
fewer occupations of spin-down states of d,. compared to the Fe
atom in the pristine FePc. The reason for this can be under-
stood as the doped boron atom accepts an electron from the 3d
orbital of the iron atom. As a result, the magnetic moment of
the Fe atom is increased from 2.0ug to 3.0ug, while the
magnetic moment of the B atom (Fig. S2) results in Oug, by
reducing the down-spin electron occupation and increasing the
work function. According to the above findings and the iso-
surfaces of the electron at the HOMO level in Fig. 1(e), the
HOMO level is occupied together by the 2p orbital of the C
atoms and the 3d orbital of the Fe atom in the B;-FePc model,
while the HOMO level is occupied merely by the central Fe atom
in the FePc model. Therefore, we can reason that the B;-FePc
system has a lower energy barrier of electron transport from
carbon to Fe during the ORR compared to that of pristine FePc.
As shown in Fig. 1(e), B;-FePc has higher delocalization of
electrons at the HOMO level compared to FePc, which agrees
well with the findings of a previous study that reported the
enhancement of the electron transport efficiency facilitated
through a conjugate of the FePc molecules and a strong
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delocalisation effect on the central FePc moieties via adjacent
polymer FePc molecules."’

Structural analyses of B-FePc

After confirming the preferred B substitution into FePc as the
B;-FePc structure by thermodynamic calculations, the morphol-
ogy and structural properties of the as-synthesized catalysts,
referred to as B-FePc hereafter, were analysed in detail. The
SEM images of pristine FePc and B-FePc are shown in Fig. 2(a)
and Fig. S3. While pristine FePc exhibited a spherical agglom-
erated shape, the morphology of B-FePc was needle-like. The
morphological differences between FePc and B-FePc can be due
to the possible exfoliation of the agglomerated FePc following
plasma engineering.*®> According to SEM-EDS results, the boron
content in B-FePc was approximately 1.87 at%, confirming
successful B doping into FePc (Fig. S4 and Table S1). Moreover,
the high-resolution transmission electron spectroscopy images
showed that B-FePc had a stacked planar morphology without
any undesired metallic particles resulting from the decomposi-
tion/agglomeration of atomic Fe, a common problem associated
with other often reported thermal-based processes (Fig. 1(b) and
Fig. S5). According to the selected area electron diffraction
patterns, high-angle annular dark-field imaging results, and
EDS images illustrated in Fig. 1(c)-(h), the B-substitution of
the FePc ligand has not changed the original structure of FePc
following plasma engineering; thus, the electronic structure
modification effect of B on the FePc macrocycles towards the
ORR can be further clarified. Also, from Fig. S3, HR-TEM,
HAADF and EDS images of pristine FePc show a similar mor-
phology to B-FePc, which supports that plasma engineering
preserves the original structure of the pristine FePc.

Fig. 2

(a) Field emission scanning electron microscopy image of B-FePc, (b) high-resolution transmission electron microscopy image of B-FePc,

(c) selected area electron diffraction pattern of B-FePc, and (d) high-angle annular dark-field image of B-FePc, (e)-(h) EDS mapping images of B, C, N,

and Fe in B-FePc.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the XRD patterns of B-FePc (Fig. S6), identical diffraction
peaks corresponding to pristine FePc were observed at 7.1°,
15.5°, and 24.9°. These peaks signify the presence of FePc in its
a-form and the stacking of FePc along the a-direction, indicat-
ing that the crystalline structures of FePc had not changed
following the substitution of boron atoms.*® According to ICP-
OES results, the Fe contents in pristine FePc and B-FePc were 9
and 8.9 wt%, respectively, which indicates that the Fe contents
remained almost identical following B-substitution (Table S2).
In addition, UPS and EPR analyses were performed to analyse
the changes in the electronic structure of FePc generated by B-
substitution, and the electronic structure of B-FePc was com-
pared with that of pristine FePc. As shown in Fig. S7, the cut-off
energies in the UPS spectra of FePc and B-FePc are 17.48 and
17.09 eV, respectively, which indicate that the work function
has increased from 3.72 to 4.11 eV following B-substitution.
Furthermore, the maximum energies of the valence band (Eypn)
of FePc and B-FePc are 2.65 and 2.35 eV, respectively, indicating
that the HOMO in B-FePc is closer to the Fermi level than that
of pristine FePc. Thus, B-substitution within the macrocycle
molecules withdraws the valence electrons at the HOMO of
FePc, while boron serves as an acceptor dopant for the FeN,
moiety.>” An increase in the work function by B-substitution
could reduce the potential energy drop in charge transfer
between the central Fe atoms and oxygen, facilitating the
desorption of OH*, which is determined as the rate-
determining step of the ORR in FePc®® in DFT calculations.
The EPR analysis results shown in Fig. S8 also supported the
strong electron delocalisation of B-FePc, with a g-value of
2.075.%°

Identification of the types and states of chemical bonding
in B-FePc

The major types of chemical bonding of B-FePc were first
identified by FT-IR analysis. In Fig. 3(a), both pristine FePc
and B-FePc showed typical C-H bending peaks (attributed to
the out-of-plane deformation arising from the phthalocyanine
skeleton) at 1086, 1119, and 1165 cm™ ', while the characteristic
peaks of the C—C stretching vibration appeared at 1288
and 1332 cm ™ 1.*° Unlike pristine FePc, B-FePc shows an extra
peak at 1389 cm ™, which can be attributed to in-plane B-N
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stretching, generally detected from sp>-hybridised hexagonal
boron nitride.*" In addition, the peaks of pristine and B-FePc
indicate that the original structure of FePc was maintained
even after the B-substitution of the ligand. Based on the 4
possible structures of B substitution, only B;-FePc demon-
strates this distinct bonding of B-N, where the other 3 struc-
tures (B,-FePc, B;-FePc and B,-FePc) would have presented
other types of B-C bonding instead.

The chemical bonding structures were further investigated
by various X-ray based analyses. In Fig. 3(b) and (c), the narrow
C 1s and N 1s spectra exhibit a clear shift following the B-
substitution of the FePc ligand. The C 1s spectra indicate the C-
benzo emissions resulting from the 24 carbon atoms in the
benzo groups and C-pyrrole emissions originating from the 8
carbon atoms bonded to the pyrrole nitrogen atoms, recorded
at 284.2 and 285.4 eV, respectively.”> However, the binding
energy of carbon in B-FePc moved towards a more negative
value owing to the presence of C-B bonds (283.0 eV).** The N 1s
spectra of both pristine FePc and B-FePc exhibited trends
similar to those of the C 1s spectra, revealing two significant
bonds: pyridinic N, indicative of bonding with the outer carbon
present at 398.8 eV in the Fe coordination structure, and
pyrrolic N/Fe-N, representing the bonding with the inner
carbon of the Fe coordination structure at 400.4 eV.** Similar
to the C 1s spectra of B-FePc, the N 1s spectra of B-FePc showed
a clear shift towards more negative binding energies owing to
forming the B-N bond (398.0 eV).*” Furthermore, the B 1s
spectra in Fig. 3(d) of B-FePc can be deconvoluted into B-C,
B-N, and B-O bonds at 189.6, 190.8 and 191.8 eV, respectively.
This bonding state of B-FePc indicated that B-N and B-C bonds
have been incorporated successfully into the hexagonal carbon
structure,*?*%%%” which agrees with the proposed B-
substitution position as B;-FePc from theoretical calculation
since only the B;-FePc structure consisted of a distinct C-B-N
bonding simultaneously. In addition, as shown in Fig. S9, the
Fe®" ratio slightly increases from 43% in pristine FePc to 49% in
B-FePc, further confirming that the electron delocalisation had
originated from the central Fe atoms. From Fig. S9, increasing
the boric acid concentration from 10 mmol to 20 mmol does
not induce further changes in the chemical structure, as
observed in the Fe 2p spectra and Fe**/Fe®* ratio (Fig. $9(a)
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(a) Fourier transform infrared transmittance spectra, and (b)-(d) X-ray photoelectron spectra of Cls, N1s, and Bls.
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and (b)), or in the electronic structure, as shown by the EPR
analysis (Fig. S9(c)). This is because 10 mmol of boric acid
already provides a boron content over 50 times higher than
the maximum soluble amount of the chemical in FePc
(568.38 g mol ). Therefore, only 10 mmol of boric acid was
applied to modify the FePc structure in this study.

Electrochemical evaluation of pristine and B-FePc in an
alkaline electrolyte

Electrochemical analyses of as-synthesized catalysts under
0.1 M KOH electrolyte were conducted to verify the statement
of advanced ORR catalytic activity of B-FePc based on theore-
tical calculations. Fig. 4(a) shows the LSV curves of the FePc and
B-FePc electrocatalysts obtained under alkaline conditions. The
LSV curves revealed a distinct improvement in the catalytic
activity towards the ORR. With reference to pristine FePc, B-
FePc exhibited an increase in the half-wave potential from 0.87
to 0.882 V vs. RHE and limiting current density from 5.54 to
5.90 mA cm > and a decrease in the Tafel slope from 39 to
37 mV dec™ ', which proves the effect of B-FePc on advanced
ORR activity (Fig. 4(b)). Moreover, the kinetic current density of
B-FePc calculated at 0.85 V vs. RHE is over 45 mA cm ™2, which
exceeds the kinetic current density of FePc and 20 wt% Pt/
Vulcan by more than 50% and 150%, respectively (Fig. 4(c)).
Additionally, the mass activity per Fe content unit increased by
approximately 60% following B-substitution (Fig. 4(c)). The
calculated charge transfer resistances of FePc and B-FePc were
28 and 21 Q, respectively (Fig. S10 and Table S3), indicating that
the B-substitution in FePc macrocycles led to disorder and

@ )

0.98
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tortuosity within the carbon domains, improving the charge
transfer properties and reaction kinetics throughout the elec-
trocatalytic process. Based on the theoretical calculation results
and electrochemical performance, we confirmed that the B-
FePc macrocycles considerably improved the ORR activity in an
alkaline environment. Combining the theoretical calculation
and experimental characterization, the conceptual schematic of
B-FePc is shown in Fig. 4(d). Since we have confirmed that the
only feasible B-substitution site was B;-FePc, the advanced ORR
activity of B-FePc can be explained as follows: the B-substitution
at the B, position serves as an acceptor dopant for the central
Fe atoms, which can delocalize its HOMO electrons. This
delocalization of the HOMO electrons of the central Fe atoms
causes an adsorption energy change between the oxygen inter-
mediates and the central Fe atoms of FePc, resulting in
enhanced ORR catalytic activity, as illustrated in Fig. 4(e).

Electrochemical evaluation of B-FePc in a saline-concentrated
brine seawater electrolyte

In general, abundant soluble ions in an electrolyte can accel-
erate charge transfer to enhance electrocatalytic ORR. However,
the state-of-the-art Pt-based catalysts often suffer from chloride
adsorption on their surfaces, which greatly hinders the charge
transfer and reaction kinetics.*®*® Therefore, we firstly evalu-
ated the electrochemical performance of B-FePc as an ORR
electrocatalyst in alkaline saline (0.1 M KOH + 0.5 M NacCl) and
in brine saline (0.1 M KOH + 1 M Na(l) electrolytes to identify
its performance against chloride adsorption at normal to high
chloride concentrations. As shown in Fig. 5(a), B-FePc exhibits
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Fig. 5 (a) Linear sweep voltammetry (LSV) profiles of 20 wt% Pt/C and B-FePc in 0.1 M KOH + 0.5 M NaCl, (b) catalytic activity of recently reported ORR

electrocatalysts in alkaline seawater, (c) LSV profiles of 20 wt% Pt/C and B-Fe

Pcin 0.1 M KOH + 1 M NaCl, (d) Tafel slopes of 20 wt% Pt/Vulcan and B-FePc

calculated from (a, filled) and (c, unfilled) and (e) accelerated stress test results of B-FePc and 20 wt% Pt/Vulcan in 0.1 M KOH + 1 M NaCl after they have

undergone 5000 test cycles.

superior catalytic activity in electrolytes with high chloride
concentrations than in commercial 20 wt% Pt/Vulcan. As
shown in Fig. 5(b), B-FePc exhibits exceptional ORR catalytic
activity (0.917 V vs. RHE) at the half-wave potential, surpassing
the corresponding performance of the commercial 20 wt% Pt/
Vulcan electrocatalyst and most of the reported electrocatalysts
under alkaline saline conditions.>*°¢ In Fig. 5(c), B-FePc also
displays superior catalytic activity (0.932 V vs. RHE) at the half-
wave potential under alkaline brine conditions with an elevated
chloride concentration (0.1 M KOH + 1 M NacCl). Compared to
alkaline saline, B-FePc under brine saline conditions shows a half-
wave potential shifted towards a more positive value, while the
reaction current density decreased at a higher chloride concen-
tration. This behaviour would have resulted from the influence of
chloride ions on the reaction current density occurring through
ion adsorption at the catalysts.”® The Tafel slope of 20 wt% Pt/
Vulcan increased from 84.6 to 88.8 mV dec ™, showing a decrease
of reaction kinetics. In contrast, the Tafel slope of B-FePc only
changes slightly from 35.8 to 36.6 mV dec” " with an increase in
chloride concentration (Fig. 5(d)), indicating that the influence of
chloride on the kinetics in B-FePc is lower than that of the Pt
catalyst. According to the accelerated stress test results shown in
Fig. 5(e), B-FePc showed moderate stability with a mere decrease
of 11 mV in the half-wave potential after 5000 cycles. In contrast,
the half-wave potential of 20 wt% Pt/Vulcan degraded by 29 mV
after undergoing an identical durability test, mainly caused by the
chloride adsorption on the Pt catalysts. As shown in Fig. S11, B-

EES Catal.

FePc exhibits a kinetic current density approximately eight times
higher than that of 20 wt% Pt/Vulcan both initially and after the
durability test. The results show that B-FePc not only presents a
higher catalytic activity and reaction kinetics, but also better
stability at high chloride concentrations than 20 wt% Pt/Vulcan.
Finally, we compared the electrochemical surface area (ECSA) and
catalytic activity of pristine FePc and B-FePc in alkaline brine
(Fig. S12). Fig. S12(a) and (b) show that both pristine FePc and B-
FePc exhibit an almost rectangular shape in the potential range of
1.01 V to 1.13 V vs. RHE. As shown in Fig. S12(c), the calculated
ECSA from the CV profiles is 5.0 mF cm > for pristine FePc and
4.2 mF em ™2 for B-FePe. The slight decrease in ECSA for B-FePc
might be attributed to a minor Fe loss after plasma engineering,
as confirmed by ICP results, where a slightly lower Fe content was
observed in B-FePc. Despite the reduced active site density, B-FePc
demonstrates superior catalytic activity in alkaline brine com-
pared to pristine FePc, suggesting the enhanced intrinsic activity
induced by B-substitution into FePc (Fig. S12(d)).

Practical application of B-FePc in Al-air brine seawater
batteries

Instead of alkaline saline and brine saline electrolytes used in
the electrochemical evaluation, the performance of B-FePc as a
cathode catalyst in a practical Al-air seawater battery was
evaluated under representative electrolytes used in practical
seawater and brine seawater batteries, namely alkaline seawater
(1 M KOH + seawater salt) and alkaline brine (1 M KOH + 1 M

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Discharge profiles of B-FePc in alkaline seawater (1 M KOH + seawater salt) and alkaline brine seawater (1 M KOH + 1 M NaCl + seawater salt),

(b) discharge profiles of the cell components of an Al—air battery in alkaline seawater and alkaline brine seawater (solid: cathode; dash: Al anode), (c) cell
durability analysis of each Al-air battery cell component in alkaline brine seawater, (d) overall durability analysis of the Al-air battery placed in alkaline
brine for over 50 h, and (e) schematic of the brine seawater based Al-air battery.

NaCl + seawater salt), respectively. From Fig. 6(a), the discharge
performance of B-FePc in a brine seawater Al-air battery
exhibits a peak power density of 71.0 mW cm™ >, which is
approximately 20% higher than that of an alkaline seawater
Al-air battery (60.4 mW cm™ ). The result implies that although
chloride ions can potentially impede and diminish catalytic
ORR, the improved ionic conductivity of an Al-air battery in a
brine seawater electrolyte can lead to superior air cathode
discharge performance. Moreover, the high saline concen-
tration of the brine seawater electrolyte ensures high conduc-
tivity for OH ™, thereby augmenting the oxidation reaction at the
anodic surface.’” Thus, the anodic potential was lower in the
brine-seawater electrolyte than in the seawater electrolyte, in
particular, at a high-current range, as shown in Fig. 6(b).
Furthermore, B-FePc presents highly stable discharging at 20
mA cm 2, while the cell voltage was mostly affected by the Al
loss at the anode that occurred during the discharge process
(Fig. 6(c)). As shown in Fig. 6(d), B-FePc exhibits outstanding
stability as an air cathode catalyst after 60 h of its discharge at
20 mA cm~ > with the mechanical recharging of the Al anodes in
brine seawater Al-air batteries. In summary, as depicted in
Fig. 6(e), the development of B-FePc to serve as an advanced
cathode catalyst in Al-air seawater batteries exhibits not only
high ORR activity but also good stability even under a saline-
concentrated brine seawater environment, which could make a
significant breakthrough in the applications of brine seawater-
based electrochemical devices.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Conclusions

A high-performance and stable B-FePc cathode -catalyst
was developed in this study for Al-air batteries operating
under brine seawater environments. Our unique catalyst design
involved the plasma-engineered surface modification as well as
DFT and thermodynamic calculations to validate B-substitution
onto FePc macrocyclic molecules (B-FePc) towards facilitating
advanced ORR catalytic activities. According to DFT calcula-
tions, the increased work function arising from the introduc-
tion of acceptor B-doping resulted in the simultaneous less
negative Gibbs free energy of the OOH* intermediate and the
reduced electron occupation of Fe atoms in FePc, thereby low-
ering the energy barrier of the electron hopping from carbon
atoms to FeN, active sites. The reduced electron occupation of
the Fe atoms was verified using the theoretical electronic structure
and magnetic moment value from DFT calculations, and experi-
mental EPR signals. The electrochemical performance agrees well
with DFT calculation results, where B-FePc showed an improve-
ment in its half-wave potential (0.87 to 0.882 V vs. RHE), limiting
current density (5.54 to 5.90 mA cm 2), and kinetic current
density (29.8 to 45.1 mA cm™ %) with reference to pristine FePc.
The electrochemical performance of B-FePc in a saline electrolyte
demonstrated impressive ORR catalytic activity and stability com-
pared with commercial 20 wt% Pt/Vulcan. B-FePc displayed a
kinetic current density that was higher than that of 20 wt% Pt/
Vulcan by approximately 8 times. When applied as an air cathode
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catalyst in an Al-air battery in a brine seawater electrolyte, the B-
FePc catalyst demonstrated a peak power density of 71.0 mW cm >
and superior stability after 60 h of discharge at 20 mA cm™ > with
mechanical recharging. Thus, this study provides insights into the
feasible modification of FePc into B-FePc using direct work function
control for advanced and stable cathode catalysts in brine seawater-
based batteries. The B-substitution into FePc offers a highly cost-
effective and sustainable solution for recycling abundant waste-
concentrated brine for ships and many rapidly growing desalina-
tion industries across the global coastal regions.
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