[Short title + Author Name - P&H title] 17 (2024) 105734

Contents lists available at ScienceDirect

agssndllodl

King Saud University

Arabian Journal of Chemistry

journal homepage: www.ksu.edu.sa

Check for

Renewal of electrical energy by green hydrogen using a metal organic e
framework with Fes04 cluster

Fedaa M.M. Alrashedee, Zahraa Bakdash, Salwa Ali, Khadijah M. Emran

Chemistry Department, College of Science, Taibah University, Al Maddinah Al Mounwara, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords: Recently, metal-—organic frameworks (MOFs) with high porosity have drawn extensive attention in water
Metal Ofganic framework (MOF) splitting. The present study reports the synthesis of a porous Fe-based MOF by a modified precursor made of
N{agnetlte ' magnetite (Fe304). Subsequently, a series of undoped and lanthanide -doped (MOFs) are prepared using the
Electrocatalyst solvothermal method. The synthesis provided a high surface area with a high specific surface and pore volume.
Green Hydrogen The synthesized electrocatalyst with a high surf is demonstrated llent electrocatalyst for th

Lanthanides e synthesized electrocatalyst with a high surface area is demonstrated as an excellent electrocatalyst for the

hydrogen evolution reaction (HER) investigated in acidic media. The electrochemical results demonstrated low
Tafel slopes (81 and 166 mV dec”l), high exchange current, high ssurface area (Cqj) (148.29 and 150.57 mV),
and high stability for Au/MIL-53 (Fe)/Gd-Fe304 and glassy carbon electrode GCE/MIL-53 (Fe)/La-Fe304. The
high activity is attributed to the large surface area of the synthesized Fe/ Fe304-based MOF, which is porous and
magnetic. The effect of base metal on catalyst performance was discussed. Through the unification of two
catalytically active metals as lanthanide, a new opportunity opens up for the development of synergistic systems

in multiple applications.

1. Introduction

Global warming and air pollution are currently the main issues
worldwide in the twenty-first century due to the development and usage
of fossil fuels. These issues can only be handled by using alternative
environmentally friendly energy sources (Qian et al., 2019); (Inderwildi
et al., 2020) . One of the most promising green energy sources is
hydrogen (Hy), which is a clean, abundant, and recyclable ideal fuel
with a high purity (99.9 %) that can be readily used as a reactant for
industrial processes (Farinotti et al., 2019); (Yalew et al., 2020) ; (Nie
etal., 2016) ; (Chi and Yu, 2018) . Hydrogen energy and its applications
in hydrogen fuel cells are among the most eco-friendly energy options
available (Abdalla et al., 2018); (Nie et al., 2020) .

Green hydrogen is produced from renewable water and electricity
through the electrolysis process which splits water into hydrogen (Hz)
and oxygen (O2) while being powered by electricity with zero carbon
emissions. Hydrogen has a significantly higher energy density than
gasoline, at 120 MJ kg™!, as compared to 44 MJ kg~ for gasoline.
Additionally hydrogen fuel cells have an energy density that is up to four
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times than that battries (Carmo et al., 2013); (Amiinu et al., 2017) ;
(Zhou et al., 2018) ; (Amiinu et al., 2018) ; (Lu et al., 2019) . Another
crucial half-reaction that occurs during water electrolysis is hydrogen
evolution. Pt remains to be the HER catalyst with the lowest over-
potentials in use today. However, its large-scale use in water electrolysis
is limited by its availability and high cost. Therefore, highly active
precious-metal free catalysts for HER are therefore crucial for promoting
the use of electrochemical hydrogen (Lu et al., 2019); (Wang et al.,
2020) ; (Radwan et al., 2021) ; (Liang et al., 2022) .

Recently, metal-organic frameworks (MOFs), constructed from well-
dispersed metal/cluster nodes periodically coordinated with organic
linkers of a tunable porous structure and defined crystal structure, have
been considered as potential catalysts for hydrogen production from
water splitting. Their flexible structure, ultra-large surface area, stable
porous design, and chemical component diversification make them
crucial for industrial application. Additionally, MOFs contain active
centers, including transition metal sites and functional groups, which
can interact with other molecules. This implies that MOFs are promising
molecules for sensing and catalytic applications. However, the natural
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characteristic of MOFs is low conductivity because of their organic
components. Thus, MOFs are usually incorporated with high conductive
materials to enhance performance in electrochemical applications (Xue
et al., 2019); (Tu et al., 2021) ; (Cheng et al., 2021) ; (Do et al., 2022) .
Due to the large ionic radii of the lanthanides and their huge coordi-
nation numbers, rare earth elements are also used as a source of metal
centers and can thus create unique MOFs structures (Ali et al., 2023);
(Wu et al., 2022) .

In extension, a controlled partial phosphorylation strategy was used
to dope CoP species onto the surface of the Co-MOF carbon fiber paper.
This process revealed unique porous structure of Co-MOF, which expose
more active sites and facilitate the release of generated gas, as synthe-
sized CoP/Co-MOF hybrid demonstrated outstanding HER performance
in 1 M phosphate buffer solution, 0.5 M HpSO4 and 1 M KOH media. The
enhancement in HER performance is derived from the electron transfer
from CoP to Co-MOF through N-P and N-Co bonds (Liu et al., 2019).

Huang et al. designed a new type of conductive MOFs with in-plane
mesoporous structures (Huang et al., 2020). The MOF was made up of
hexaiminohexa-azatrinaphthalene (HAHATN), which is used as a con-
jugated ligand to construct bimetallic sited (Ni3(Ni3eHAHATN)2) MOFs
with an extra Ni—N2 moiety in-plane mesoporous structure. The fully
conjugated conductive MOFs M23(M13eHAHATN)2 (M1:Co or Cu, M2:
Ni or Cu) obtained in this study were converted to reversible hydrogen
electrodes in a 1 M KOH solution. The highest electroactivity of Ni3
(Ni3eHAHATN)2 toward HER confirm that unsaturated M1-N2 site can
serve as a highly active center to address the short coming of traditional
conductive MOFs in electrocatalysis. A new Fe(OH)x@Cu-MOF with
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) molecules as the
organic linkers was designed (Cheng et al., 2021). The electrochemical
results reveal that the local electronic polarization of unsaturated Cul-
02 centers in the Cu-MOF outer layer is essential in promoting the for-
mation of adsorbed *H intermediates, thus significantly enhancing the
HER kinetics.

One type of MOF is known as MIL, which stands for Material of
Institute Lavoisier. Ferey and his group synthesized the MIL type of
MOFs for the first time in 2002 (Ali et al., 2023); (Millange et al., 2002) .
MIL-53 has been made from a variety of metals, such as MIL-53 (Cr),
MIL-53 (Fe), and MIL-53 (Al) (Ali et al., 2023); (Millange et al., 2002) ;
(Nguyen et al., 2019) ; (Liang et al., 2019) . Scientists are interested in
MIL-53 (Fe) because of its excellent characteristics, including minimal
metal center toxicity, stability, high porosities, and flexible structure.
The morphology of MIL-53 (Fe) is a dapple-cone hexagonal prism
structure. Additionally, MIL-53 (Fe) exhibits great molecular flexibility
since its pores only open in the presence of a guest molecule (Ali et al.,
2023); (Liang et al., 2019) ; (Yu et al., 2020) .

In the HER scope, MIL-88B MOFs templating approach to synthesize
Co-incorporating FeP nanotubes (Co-Fe-P nanotubes), aiming at
improving the HER catalytic performance (Chen, 2019). The good cat-
alytic performances of Co-Fe-P nanotubes in 1 M KOH, 1 M PBS, and 0.5
M H,SO4 were due to their tubular structure and tuning composition,
which led to cheap and efficient FeP-based electrocatalysts for HER.

Yanetal. (Yan et al., 2017) used Ti-MOF material for (MIL)-125-NH2
(Ti) synthesis, which is further loaded with palladium. The great per-
formance of this MOF for photocatalytic HER was due to the specific
surface area and Pd as a cocatalyst. The maximum was achieved with a
Pd loading of 1.5 %.

Electrocatalytic property toward the HER of MIL-100(Fe) (trimesic
acid, H3BTC, is organic linkers) was examined in 0.5 M H,SO4 and 1.0 M
NaOH (Nivetha et al., 2020). This high electrocatalytic activity of the
HER in both media could be due to the high surface area with porous
nature and homogeneous morphology. In the current study, we
distributed La and Gd nanoparticles in MIL-53 (Fe)/Fe3O4 using sol-
vothermal synthesis and demonstrated an enhanced water-splitting
hydrogen evolution reaction (HER) in acidic media. The influence of
the bimetallic precursor (Fe-La) or (Fe-Gd) on the structural, surface,
and thermal properties of (MIL-53 (Fe)/La-Fe304 and MIL-53 (Fe)/Gd
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-Fe304) will be examined. Kinetic and thermodynamic studies were
conducted to determine the activation energy and the reaction
mechanism.

2. Materials

Potassium hydroxide (KOH) (85 % Analar), iron (II) sulfate hepta-
hydrate (FeSO4-7H20) (99 % Sigma-Aldrich.), iron (III) nitrate non-
ahydrate (Fe(NOs3)3-9H20) (98 % Sigma-Aldrich.), lanthanum (III)
nitrate hexahydrate (La(NO3)3-6H20) (99 % Sigma-Aldrich.), gadolin-
ium (III) nitrate hexahydrate (Gd(NOs)3-6H30) (99.9 % Sigma-
Aldrich.), sodium hydroxide (NaOH) (98 % Sigma-Aldrich.), tereph-
thalic acid (CgHgO4) (98 % Sigma-Aldrich.), hydrochloric acid (HCI) (37
% Sigma-Aldrich.), ammonium hydroxide solution (NHsOH) (30-33 %
Sigma-Aldrich.), nitric acid (HNO3) (69 % Sigma-Aldrich.), ethanol
(C2Hs0) (99.8 % Sigma-Aldrich.), N,N-Dimethyl formamide ((CH3),NC
(O)H) (DMF) (99.8 % Sigma-Aldrich.).

All reagents and solvents were used directly without further purifi-
cation. The aqueous solutions in this work were prepared with high
quality deionized (DI) water (18.2 MQ cm) from a Milli-Q water puri-
fication system (Milli-Q® CLX 7000 Series, Millipore).

2.1. Synthesis of electrocatalytic nanoparticles

The method includes two steps. First, we synthesized magnetite
nanoparticles (Fe3O4), this was achieved using the coprecipitation
method as in previous studies (Ali et al., 2023); (Ali et al., 2017) ; (Abu-
Diefetal., 2022) . Briefly, in the coprecipitation method, a molar ratio of
2:1 of Fe** and Fe*" was mixed 100 mL of deionized water under a N
atmosphere and the pH was adjusted to 10 using concentrated NaOH.
The black precipitate Fe3O4 nanoparticles formed and were allowed to
stand for several hours. Subsequently, the precipitate was isolated by
simple filtration, washed with deionized water several times and
allowed to dry in a desiccator. In the case of doping a 10 % molar ratio
was eliminated from the iron (III) ion and replaced by lanthanide (Gd3*
or La®") ions.

The second step was the solvothermal synthesis of MIL-53 (Fe)/
Fe30y4 as in previous study (Ali et al., 2023); where a molar ratio of 1:20
from magnetite nanoparticles and terephthalic acid (C¢H4(CO2H)3) was
mixed in 30 mL of DMF, followed by sonication for 30 min. until all TPA
dissolved and the solution became homogenized. Drops of HCl were
added to the homogenized mixture, placed in a 50 mL teflon-lined
stainless-steel autoclave and left it in an oven at 150°C for 24 h. After
cooling, the precipitate was isolated using a centrifuge, and the product
was purified with several washes with ethanol, (Scheme 1) (Liu et al.,
2020). For activation the product was dried at 60 °C for 6 h and a sandy
brown powder was collected. The doped magnetite - MOFs of La-Fe3O4
and Gd-Fe3O4 were prepared and named, MIL-53 (Fe)/La-Fe3O4 and
MIL-53 (Fe)/Gd -F€304.

2.2. Electrochemical cell and equipment

The electrochemical activities of different MIL materials (MIL-53
(Fe)/Fe304, MIL-53 (Fe)/La-Fe304 and MIL-53 (Fe)/Gd -Fe304) were
evaluated after being embolized on a glassy carbon electrode (GCE) or
gold (Au) workstation with a typical three-electrode cell on a poten-
tiostat/galvanostat (Gamry interface 1000 potentiostat) in 0.5 mol/L
H2S04. The working electrode was prepared by 20 uL drop cast of the
catalyst on a GCE (GCE/catalyst) or Au (Au/catalyst) of 0.07 cm?. The
reference electrode was Ag/AgCl with platinum wire as counter elec-
trode (CE).

DC polarization measurements of hydrogen evolution were con-
ducted by first stabilizing the electrode at open-circuit potential (OCP)
until a steady-state OCP value was obtained (usually approximately 5
min). A cyclic voltammetry (CV) experiment was conducted at a scan
rate of 100 mVs ™! from 1.0 to — 0.5 V followed by linear polarization
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Scheme 1. Schematic illustration for the preparation of MIL-53 (Fe)/Fe30,, hybrid magnetic composites.

measurement from — 0.2 V to — 0.8 V, at a scan rate of 1 mVs~ L. CV
measurements at different sweep rates were performed in the non-
Faraday voltage region to determine electrochemical double layer
capacitance (Cqp) by Cq) = j/v, where j is the capacitive current and v is a
sweep rate. The DC polarization measurement was followed by a set of
electrochemical impedance spectroscopy (EIS) measurements at
selected overpotentials. The interfacial properties between the MIL
materials / and the HySO4 interface were investigated using EIS tech-
nique with a sinusoidal voltage of 10 mV per decade and a frequency
range of 100 kHz to 0.01 Hz, at a potential of —0.5 V vs. reference
electrode.

2.3. Physicochemical morphology and composition

The surface morphology and surface elemental composition of the
MIL materials (MIL-53 (Fe)/Fe304, MIL-53 (Fe)/La-Fe304 and MIL-53
(Fe)/Gd -Fe304) were investigated by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) techniques using
a field emission JEOL-JSM-6360 instrument. The crystalline structure of
the different MOFs was analyzed by X-ray diffraction (XRD) using a
Shimadzu, XRD-7000 diffractometer with a diameter of 0.5 mm. Colli-
mated Cu Ka (1.54 10\) radiation at room temperature in a standard q-20
mode. Furthermore, for chemical composition characterization, Fourier
transform infrared spectroscopy (FTIR) measurements on a silicon sub-
strate were measured using an IR Affinity-1S Spectrometer (Shimadzu,
Japan). The surface area and porosity tested by nitrogen adsorption /
desorption test using a Gemini VII, 2390 USA analyzer and the adsorp-
tion parameters of the samples were obtained by the Brunauer-Emmett-
Teller isotherm. The thermal stability of samples was investigated by

2pm .
PC-std. 15KkV X 7000 High-vac,@iiBE | | PCistd

thermogravimetric (TG) curves measured using a Q600 T (SDT Q600,
TA Instruments).

3. Results and discussion
3.1. Chemical and morphological characterization

The surface structure of undoped and lanthanide-doped magnetite-
based MILs was characterized by SEM. The images of MOFs in Fig. 1 (a-
c) affirm several morphologies. MIL-53 (Fe)/Fe304 and La doped MIL-53
(Fe)/La-Fe3Oy4 in Fig. 1.a & b respectively, show a bipyramidal hexag-
onal prism structure shape. By contrast, MIL-53(Fe)/Gd-Fe304 crystals
in Fig. 1.c show a rod-like (calamitic) structure. The homogeneity dis-
tribution of doped ions in the samples proved clearly in EDX analysis
(Abu-Dief et al., 2022) and percentage % of component from EDX
analysis is shown in Fig. 1(a’, b’, ¢’).

Components FTIR spectra of the MIL samples were shown in Fig. 2a,
TPA coordinated with Fe>* shows in the vibrations of the C = O group at
1600 cm L. The stretching bond peak at 1300 cm ™ is belongs to the C-O
group (Algadami et al., 2017). The peak at 578 cm™! in fingerprint re-
gion is due to the O-Fe vibration which confirms the formation of metal-
oxo bond between the carboxylic group of TPA and the Fe (II) (Liu et al.,
2020). Moreover, the peak at 753 cm ™! could be belong to the C-H
bending vibration on the benzene ring and approximately1680 cm ™!
vibrations of C = C confirm the existence of a benzene ring in all samples
(Ai et al., 2013).

The XRD pattern of prepared MIL-53 (Fe)/Fe304 in Fig. 2b at 20 =
9.174°, 12.587°, 18.709°, 17.819°, 25.369°, 27.251° and 27.916° was
matched well with card no.: (JCPDS 220477) and data in the literature
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Fig. 1. High magnification SEM micrographs with EDX analysis of (a,a’) MIL-53(Fe)/Fe304, (b,b’) MIL-53(Fe)/La-Fe304, (c,c’) MIL-53(Fe)/Gd-Fe30,.



F.M.M. Alrashedee et al.

Arabian Journal of Chemistry 17 (2024) 105734

a b
550 2500
—— MIL-53 (Fe)'Fe,O,
500 - 2000 4 —— MIL-53(Fe)/La-Fe,O,
MIL-53(Fe)/Gd-Fe,0,
450
’;:‘ 1500
&
o 400 4
e
8 1000
S 350 A
o
]
< 500 - oy e
300 -
o, -
2504 —— MIL-53(Fe)Fe,0, 04
MIL-53(Fe)La-Fe,0,
MIL-53(Fe)/Gd-F
200 MIL-53(Fe) Gd-Fe,0; ' . T T T
0 20 40 60 80 100

3000 2000 1000

Wavenumber (cm™)

C

20 (Deg.)

100 4

90 4

80

70 A

Weight %

60

50

40 4

30 T

—— MIL-53(Fe)Fe,0,
—— MIL-53(Fe)LaFe,0,
—— MIL-53(Fe)/Gd-Fe,0,

T~

400 600 800

Temperature/ °C

Fig. 2. (a) FTIR absorption spectra; (b) diffraction patterns; (c) TG curves of MIL-53 (Fe)/Fe304; MIL-53(Fe)/ La-Fe304 and MIL-53(Fe)/ Gd-Fe30y4,

which confirms the successful synthesis of MIL-53(Fe) (Ali et al., 2023);
(Horcajada et al., 2008) ; (Abdollahi-Basir et al., 2019) . As shown in
Fig. 2b, the addition La or Gd has no effect on the crystals of MOFs and
the characteristic peaks of MIL-53 (Fe)/La-Fe304 and MIL-53 (Fe)/Gd-
Fe304 appeared in the same position as the original sample (Ali et al.,
2023). The diffraction lines at 20 > 30°, (JCPDS card No. 79-0419),
were in accordance with the cubic phase of Fe304 (Ali et al., 2023);
(Ahmed etal., 2013); (Alietal., 2017) . The analysis results of XRD were
accordance with the FTIR result.

Thermal stability is a vital feature of MOFs. The stability of MILs was
investigated by applying thermogravimetric analysis (TGA) in an inert
atmosphere (N3) under heating rate of 10 °C min L. The thermal curves
of the MIL-53(Fe) /Fe304 series show three main weight loss steps,
Fig. 2.c. The first drop appeared between 100° C and 160° C and was
related to the loss of water inside the pores and the residual DMF. The
second weight loss at approximately 4000C may be related to the
complete collapse of the MOFs to their original TPA and Fe (III) ions. The
third peak approximately 500° C was related to the transformation of
magnetic particles into the amorphous Fe;O3 phase (Martinez-Navarro
et al., 2020).

the nitrogen adsorption-desorption isotherms curves of MILs
confirm their mesoporous structure of them by having type IV isotherm.
The BET surface area of pristine MIL-53 (Fe)/Fe304 is 20.82 mz/g,
Table 1. This value is larger than the reported result of MIL-53(Fe) at 14
m2/ g (Fan et al., 2019) but it is still low. This may be due to the nature of
MIL-53 (Fe) which is flexible and has a breathing effect, to open its pores
only in the presence of a guest molecule (Liang et al., 2019). The low

Table 1
BET surface area, Average Crystalline Size, pore volume values for of MIL-53
(Fe) samples.

Sample BET Specific Surface Average Crystalline  Pore Volume
Area, SBET (m2.g™ 1) Size (nm) (em®.g™)

MIL-53 (Fe)/ 20.82 8.16 0.062
Fe304

MIL-53 (Fe)/ 29.11 32.25 0.101
Gd-Fe304

MIL-53 (Fe)/ 54.18 8.60 0.151
La-Fe304

surface area observed on MIL-53 (Fe)/Gd-Fe304 shows that it has almost
closed pores with no accessible porosity to Ng gas. This confirms that
these flexible structure materials have an exceptional property, their
ability to adapt their pore opening to accommodate the guest species.
The flexibility occurs through the tilting of the organic linkers without
significantly altering the coordination environment around the cation
(Grape et al., 2019).

3.2. Electrocatalytic activities toward HER

The motivation for utilizing the lanthanide doped MIL-53 (Fe) with
magnetite precursor catalysts was to improve the reduction current
response and limit the overpotential. The HER performances of MIL-53
(Fe)/Fe304, MIL-53 (Fe)/La-Fe304, and MIL-53(Fe)/Gd-Fe304 were
tested in 0.5 mol/L HySO4 on the GC and Au electrodes. Electrochemical
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reduction of hydrogen on the magnetite-based MIL derivatives was
investigated with CV by sweeping the potential from 1.0 to —0.5V at a
scan rate of 100 mV s~ 1. The reduction peak current and peak potential
were determined from the 8th cycle as it reached a steady value. As
shown in Fig. 3 a,b Au/MIL-53(Fe)/Gd-Fe304 demonstrated the highest
HER activity of all the electrodes on the Au base electrodes and required
an overpotential of —0.5 V with a maximum reduction current of 62.56
mA cm 2. In contrast, a good reductive peak of 185 x 10> mA ecm ™2 at
0.057 V was observed for GCE/MIL-53 (Fe)/La-Fe3Q4, Table 2. CV
curves of bare GC or Au electrode were used as a control to determine
any activity of the electrodes before being modified by MIL-53 (Fe)
catalysts. These data demonstrate that hydrogen was not electro-
reduced on them. The high drive cathodic currents of the lanthanide
doped MIL-53 (Fe)/Fe3sO4 on Au as the base electrode clearly demon-
strate the effect of the main metal electrode on the electrical process
occurring at the surface.

The polarization technique is a systematic and effective method to
investigate the electrochemical activity of the electrocatalysts. A set of
Tafel lines recorded in test solution at the potential region of hydrogen
evolution for base electrodes modified MILs together with unmodified
base electrodes. Fig. 3 c¢,d shows that the presence of the MILs modifier
resulted in an increase in the electrocatalytic activity toward HER by
over 100 times. The GCE and Au modified with the MIL catalysts display
two potential regions related to HER. At low overpotentials, the curves
are characterized by a well-defined Tafel behavior. By contrast, at
higher overpotentials, a significant deviation from Tafel behavior was
recorded. The change in Tafel slope due to the existence of two Tafel
regions has already been reported in the literature (de Chialvo and
Chialvo, 1994); (Xiao et al., 2014) . Thus, a change in the HER mecha-
nism has been suggested as one possible explanation. A possible reason
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Table 2
Summary of the catalytic activity of the MILs electrocatalysts in 0.5 mol/L
H,S0..

Cyclic Linear Tafel Polarization
Voltammetry
Catalyst Type I (mA/ E b(mV/  j,(mA/  -j(mA/cm?) at
cm?) (mV)  dec) cm?) —400 mV
Bare Au 1.60 - 81 10.38 0.113
Au/MIL-53 (Fe)/ 10.67 500 82 12.91 0.167
Fe304
Au /MIL-53 (Fe)/ 18.14 500 82 12.93 1.580
La- Fe304
Au /MIL-53 (Fe)/ 62.56 500 81 12.95 18.529
Gd -Fe304
Bare GCE - - 166 1.36 0.007
GCE/MIL-53 0.071 97 182 8.41 0.080
(Fe)/ Fe304
GCE/(MIL-53 0.185 40 166 8.71 0.213
(Fe)/La-Fe304
GCE/MIL-53 0.184 57 164 8.56 0.173

(Fe)/Gd -Fe304

for the observed diffusion-like shape of the Tafel lines be cause of mass-
transport limitations through pores on the catalyst surface (Xiao et al.,
2014); (Xu et al., 2022) ; (Zhang et al., 2023) which have been suggested
as possible reason for the observed diffusion-like shape of the Tafel lines.

Notably, the exchange current density is frequently used for the
characterization of electrocatalytic activity. A common way of
comparing the electrocatalytic activity of HER electrocatalysts is to fix
the overpotential (i.e., hydrogen production power) and then compare
the resulting current density values, that reveal the amount of hydrogen
that would be produced by each catalyst. The measured current densities
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j (mA/cm?) at —400 mV, Table 2, again confirm that Tafel lines mea-
surements reveal the same trend of HER electrocatalytic activity
observed in CV measurements. The Tafel slope known as an intrinsic
property of the catalysts, can be used to evaluate their catalytic activity
and is determined by the rate limiting step of the HER (Du et al., 2018);
(Deng et al., 2019) . The shape of the Tafel curves in Fig. 3 suggests a
diffusion-limited reaction controlled by mass transport through the
narrow pores in the multilayer structures of the catalysts (Galal et al.,
2010); (Yin et al., 2018) .

According to hydrogen binding energy (HBE), there are two possible
reaction mechanisms for HER in acidic media (Tang et al., 2012). The
first step in both mechanisms is the Volmer reaction, where H3O"
adsorption occurs after an electron transfer on the surface of the
electrodes:

M + H;0" + e—>M — H,y, + HyO(b = 2.303RT/oF ~ 80 — 120mV// dec)
@
The next step is followed by either a Heyrovsky reaction (Vol-
mer-Heyrovsky mechanism)
M — Hyys + H;0" + e>H, + M + H,O(b = 2.303RT/(1 + a)F

~ 40 mV /dec) 2)

or by a Tafel reaction involving the chemical recombination of two
Hags atoms (Volmer-Tafel mechanism):

M — Hygo + M — H,g,—H, + 2M(b = 2.303RT/(1 + )F ~ 30mV/dec)  (3)

For the value of b given in each reaction, R is the ideal gas constant, T
is the absolute temperature, a = 0.5 is the symmetry coefficient, and F is
the Faraday constant. The Tafel slope for the Au/MIL-53(Fe)/Gd-Fe304
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and GCE/MIL-53(Fe)/La-Fe304 catalyst samples was 81-166 mV.dec™.
This was replicated for all of the catalysts studied, suggesting that the
HER followed the Volmer-Tafel mechanism influenced by both electron
transfer and hydrogen adsorption. Within this framework, this outcome
confirms that the magnetite (Fe3O4) nanoparticles not only enhanced
the conductivity but also it is an effective catalyst surface where binding
H was too weak, disfavoring adsorption (i.e., the Volmer step) (Nivetha
et al., 2020); (Kuo et al., 2022) .

To further identify the catalysts’ intrinsic activity toward HER, the
double-layer capacitance (Cq;)) was probed to estimate the electro-
chemically active surface area (ECSA) which is closely related to the
number of exposed active sites and the corresponding intrinsic activity.
The CV curves of modified MILs with different scan rates are shown in
Fig. 4a,b. As presented in Fig. 4c,d, Au/MIL-53(Fe)/Gd-Fe3O4 and GCE/
MIL-53(Fe)/La-Fe304 exhibited a slope (Cqp) of 32.22 mF cmand 2.74
mF cm™2 and EGSA 1611 and 1370 cm™2, respectively, considerably
larger than those other MILs and further confirmed the considerably
higher intrinsic activity of these two compounds and the effect of the
base electrode.

The observation that the performance of a catalyst is generally better
when loaded on an Au electrode than on a GCE can be attributed to
several factors: First, Au is known for its excellent electrical conduc-
tivity, which facilitates efficient charge transfer between the catalyst
and the electrode. This promotes better electrochemical reactions and
enhances the overall catalytic performance. Conversely, glassy carbon,
has relatively lower electrical conductivity, leading to less efficient
charge transfer and lower catalytic activity (Xu et al., 2019). Second, Au
electrodes often possess a highly ordered and clean surface, which
provides a well-defined and uniform environment for catalyst deposi-
tion. This allows for better control over the catalyst loading and
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Fig. 4. a,b, cyclic voltammograms of, Au/MIL-53(Fe)/Gd-Fe304 and GCE/MIL-53(Fe)/La-Fe304 (c,d) the differences in current density variation (ja-jc) at an
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promotes a higher density of active sites, leading to enhanced catalytic
activity. However, glassy carbon, may have a more irregular and less
controlled surface, which can result in less efficient catalyst deposition
and a lower density of active sites (Fernandes et al., 2022). Third, ac-
cording to stability, Au is generally more chemically stable than glassy
carbon. Au exhibits excellent resistance to corrosion and oxidative
processes, which ensures the long-term stability and durability of the
catalyst on the electrode surface. By contrast, glassy carbon, can be
susceptible to chemical degradation and surface modifications, which
may affect the stability and performance of the catalyst over time
(Fernandes et al., 2022).

3.3. Stability

The stability of electrocatalysts is also a relevant factor when judging
the HER performance of a catalyst. Continuous 50 cycle CV scanning was
conducted with a scan rate of 100 mV s}, and a negligible difference
could be observed after 9th cycle at —0.5 V (Fig. 5). The high stability of
Au/MIL-53(Fe)/Gd-Fe304 and GCE/MIL-53(Fe)/La-Fe304 was observed
at a current density extremely close to that CV. There was a slight cur-
rent shift (less than 0.13 and 0.001 mA respectively) for catalysts Au/
MIL-53(Fe)/Gd-Fe3O4 and GCE/MIL-53(Fe)/La-Fe304. This indicates
that both catalysts exhibited better durability, stability and a substan-
tially low rate of surface poisoning under acidic conditions.

3.4. Electrode resistance

The creation of resistance to the ionic and charge transport in the
electrolyte during the electrochemical measurement is the most effec-
tive actor in determining the electrocatalytic activity of a catalyst. It can
be as used a barrier during water electrolysis. EIS is a relevant tech-
nology to study the interface properties of the electrode and the kinetics
of HER on the surface of the catalysts (Esmailzadeh et al., 2020); (Liao
et al., 2022) ; (Qi et al., 2023) .

To determine the interface behavior of the lanthanide doped MIL-53
(Fe) catalysts and the kinetic of HER, the EIS test was done and the
Nyquist data in overpotentials of —0.5 V (vs. Ag/AgCl) were recorded
and shown in Fig. 6. As can be observed, for all samples the Nyquist plots
consist of two-time constants overlapped by semicircles. Therefore, an
equivalent circuit with two-time constants can be discerned within the
studied frequency range. To obtain a physical picture of the electrode/
electrolyte interface and the processes occurring at the electrode sur-
face, experimental EIS data were modeled using Gamry Echem Analyst
software and an electrical equivalent circuit (EEC). The equivalent cir-
cuit model shown in Fig. 6¢ has been used to describe the response of the
HER on porous electrodes (Wu et al., 2020); (Tan et al., 2021) ; (Wang
et al., 2021) .

In the EEC model each element stands for a different meaning. Rs is
the solution resistance. CPE1 is related to the double layer capacitance
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(CqD. R1 is the charge transfer resistance. CPE2 is the constant phase
element of the porous pseudo - capacitance (Cp), and R2 is associated
with the diffusion process in the pores or the resistance of the adsorbed
intermediate Hyqs (Wu et al., 2020); (Tan et al., 2021) .

The first semicircle regarding the high frequency region (CPE1,R1) is
related to the charge-transfer kinetics of the HER on the electrode. CPE1
increased and the diameter of the semicircle R1 decreased regularly
which reflects the need to minimize the electron transfer resistance from
MOFs to H" and accelerate proton transport, Table 3. Contrary to the
behavior of CPE1, the value of CPE2 was shown to increase. At the same
time, the value of R2 decreased, which is beneficial for elevating the
diffusion of Hy gas through the pores. This is a typical behavior related to
the porosity of the electrode surface (Liu et al., 2019). The lanthanide
doped MIL-53 (Fe) catalyst behavior on the Au and GC electrodes above
is in agreement with CV data.

In general, benefiting from the unique porous morphology, the
Feg(Fey.CgH4(CO2H),), facilitates mass transfer during the electro-
catalytic process (Fig. 6d). As it is known theoretically, the binding af-
finity of a proton to achieve electron transfer is provided only on
unsaturated sites. the present study, the moiety of Fes(Fe,-(lanthanide) -
CeH4(CO2H)3)2 has a higher unsaturation degree with large pores in
comparison with Feg(Fep.CeH4(CO2H)2)s.

Lanthanide cations and the delocalized n-electron system within
certain ligands can indeed provide a strongly active center for electron
transfer. The presence of the lanthanide cation and the n-electron system
allows for efficient electronic communication and facilitates electron
transfer processes. When lanthanide carboxylate complexes with high
surface area are exposed to an acidic environment, protonation of the
carboxylate ligands can occur. This protonation can increase the elec-
tron density on Oy atoms of the carboxylate groups, making them more
electron-rich. Thus, electrons from the carboxylate ligands to the H*
cation to produce Hy gas more favorable.

3.5. Activation energy of HER

Before the reactants can be converted into products, the free energy
of the system must overcome the activation energy (E,) for the reaction.
A temperature increase, i.e., enhancement of the thermal motion, leads
to an increase in the distance up to which H3O0" may approach the
catalyst surface and a corresponding exchange current increase. Fig. 7(a-
f) a set of Tafel curves recorded on Au or GC electrodes modified with
MIL-53(Fe)/Fe304 derivatives at various temperatures demonstrate that
the exchange current followed the Arrhenius equation.

The Arrhenius equation allows us to calculate activation energies,
thus, judging the effectiveness of the catalyst used to accelerate a re-
action. The calculated activation energy values for MIL-53(Fe)/Fe304
catalysts are recorded in Table 3.

The lower activation energy calculated for the hydrogen ion
discharge (Ea = 11.84 and 16.56 kJ/mol) on Au /MIL-53 (Fe)/Gd-Fe304
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Fig. 5. The stability of Au/MIL-53(Fe)/Gd-Fe304 and GCE/MIL-53(Fe)/La-Fes0, catalysts by Continuous 50 cycles CV scanning.
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Table 3

Parameter for electrocatalytic activity and activation energy variation for different catalysts.

Different Sensors

Parameter (unit)

Activation Energy

R2 (Qcm?)

CPE2 x 10° pF em™2

R (Qcm?) R; (Qcm?) CPE1 x 10° pF cm™2 m n (E,), kJ/mol
Au/MIL-53 (Fe)/Fe304 1.5 25.32 54.51 0.22 56.20 0.99 2.37 20.89
Au /MIL-53 (Fe)/La- Fe304 2.4 15.23 28.90 0.24 44.35 0.96 3.22 16.01
Au /MIL-53 (Fe)/Gd -Fe304 3.7 11.21 9.19 0.31 39.27 0.91 4.16 11.84
GCE/MIL-53 (Fe)/ Fe304 1.03 79.60 99.91 0.37 149.09 0.72 616.61 26.77
GCE/(MIL-53 (Fe)/La-Fe304 1.23 69.48 105.12 0.52 124.40 0.71 232.18 16.56
GCE/MIL-53 (Fe)/Gd -Fe304 2.1 77.73 103.5 0.50 139.37 0.71 535.90 19.24
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Fig. 7. Linear Tafel polarization curves for the HER recorded on modified MILs (a) Au and (b) GC electrodes respectively in 0.5 mol/L H,SO, at various temperatures.

and GCE/MIL-53 (Fe)/La-Fe3O4 catalysts compared with the energy on
other MILs indicates that active sites at these catalyst surfaces are
considerably more active. The presence of lanthanides such as La and Gd
creates hybrid nanomaterials that improve the proton reductive dopant
into MIL-53(Fe)/ Fe3O4 and modify its energy gap properties. There are
few studies that calculate the activation energy of reactions on MOFs.
Aguila et al. (Aguila et al., 2018) inserted a flexible polymer into a (MOF,
MIL-101(Cr) host. The advantages of both components work

synergistically to create a composite that efficiently fixes carbon dioxide
to transform various epoxides into cyclic carbonate. This approach was
taken to determine the effect that adding a cooperative MOF catalyst has
on the activation energy of a reaction. The activation energies of kinetic
rates of epichlorohydrin conversion for catalysts MIL-101-IP (induce
polymerization) when compared with the physical mixture (MIL-101 +
IP) under the same conditions for 25 °C and 40 °C were 63.6 kJ mol !
and 91.6 kJ mol™! respectively. This indicates the advantages of
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including the ionic polymer within the pores of MIL-101.

4. Conclusion

In summary, we have demonstrated the Fe-based MOF with a
modified precursor of magnetite (Fe3O4) to reveal improved electro-
catalytic performance for HER functions in acidic media. The crystalline
characteristics, chemical structure, thermal stability and nanostructure
morphology of MILs were studied using XRD, FTIR, TGA and SEM. The
introduction of lanthanide into the precursor (Fe3O4) results in
improved electrical characteristics in the resulting MILs. Au/MIL-53
(Fe)/Gd-Fe3O4 electrocatalyst displayed excellent HER activity
compared to GCE/MIL-53(Fe)/La-Fe304 with overpotential values of
—0.5 V and a maximum reduction current of 62.56 mA cm 2. The data
also highlight the correlation between the choice of the base metal
electrode (Au or GC) and catalysts activity. The bimetallic precursor (Fe-
La) or (Fe-Gd) offered improved conductivity and enhanced charge
transfer capability to promote gas evolution kinetics (as visualized
through the respective Tafel slopes, impedance results and stability).
The improved performance of the Au/MIL-53(Fe)/Gd-Fe3O4 catalyst
and its low activation energy (Ea = 11.84 kJ/mol) owing to base metal.
Au electrode often offers advantages in catalytic performance due to
their electrical conductivity, clean surface and stability. The experi-
mental results reveal new great opportunities for a more targeted search
for highly efficient MOF electrocatalysts and other electrode materials
for water electrolysis technology in the future.
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