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Ni-succinate/tartrate metal-organic framework (MOF) structures were synthesized on 304 stainless steel (SS)
mesh by electrodeposition to prepare porous electrodes for oxygen evolution reaction (OER) in alkaline condi-
tions. Morphological and compositional studies confirmed the synthesis of Ni-coordinated MOF nanoparticles
onto the SS mesh. Succinate and tartrate-based MOFs were successfully tested as electrocatalysts for OER in 1 M
KOH solution in both batch and flow-through cell configurations, assessing a low Tafel slope value of 46 mV
dec™! and overpotential value at 10 mA cm™2 of 326 mV. These electrodes further showed high electrocatalytic
durability in a 100 h stability test at 50 mA cm 2. The stability test was carried out in both 1 M KOH and in 6 M
KOH aqueous solution, being the latter close to the real electrolyte composition of industrial alkaline electro-
lyzers, proving an outstanding electrocatalytic durability. Theoretical analysis helped in understanding reaction
mechanism depending on the nature of the active phase. This study shows a valuable approach for designing
platinum group metals (PGMs) and critical raw materials (CRMs)-free electrodes for industrial alkaline water

electrolysis.

1. Introduction

The increase in world population and societal innovation is leading
to a higher energy demand. Until a few years ago, the main source of
energy supply has been fossil fuels. However, their burning has led to the
emission of a huge amount of CO», air pollution, and climate change.
Moreover, they are being exhausted, therefore modern society needs to
find new sources of renewable energy. Renewable sources are generally
abundant, but they are intermittent, thus a way to store energy from
renewable sources is needed.

One of the UN’s sustainable development goals (SDGs) is the SDG7, i.
e. “ensure access to affordable, reliable, sustainable and modern energy
for all” [1]. In this context, exploiting extra renewable energy to produce
green hydrogen could be the way to have sustainable and climate-safe
energy [2]. Indeed, green hydrogen is going to be essential for those
industrial sectors with high energy demand as heavy industry, aviation
and international shipping [2,3], that are hard-to-abate. Moreover,
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green hydrogen can represent the way to produce clean energy through,
for instance, fuel cell technology, i.e. an electrochemical cell that con-
verts chemical energy of hydrogen in electricity producing only water
and heat, without any by-products or emissions.

Green hydrogen can be produced by electrochemical water splitting,
or water electrolysis, i.e. a process where electrical energy is used to
electrochemically produce gaseous hydrogen and oxygen, at the cathode
and at the anode respectively, from a unique reactant: water [4,5].
Commercial water electrolysis technologies are, to date, proton ex-
change membrane (PEM) and alkaline electrolyzers [6]. Regardless of
the considered water electrolysis technology, a large-scale deployment
foresees the usage of highly efficient, durable and low-cost materials.

In a water electrolysis system, the oxygen evolution reaction (OER)
at the anode needs a significantly higher overpotential with respect to
the cathodic hydrogen evolution reaction (HER), due to its sluggish ki-
netics and to stability issues of anodic parts (electrocatalyst, bipolar
plate) under strong oxidizing conditions [7-9]. Finding highly active,
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durable and low-cost electrocatalysts for OER, thus without the use of
platinum group metals (PGMs) and critical raw materials (CRMs), is a
significant challenge but crucial to contribute to the worldwide
deployment of the technology. Operating in alkaline conditions, the
usage of Ir-based electrocatalyst for OER can be avoided and stack
components, such as porous transport layers (PTLs) and bipolar plates,
can be made with Ni, replacing typical Ti-based parts [2,10].

During the past two decades, metal—organic frameworks (MOFs)
have attracted much attention by scientific community because of their
peculiar features that make them suitable for many applications, such as
catalysis, sensors, gas adsorption or separation, energy storage and so on
[11-15]. MOFs are carbon-based materials that also comprise an inor-
ganic part. Indeed, a MOF usually contains a metal cation or a cluster
coordinated by an organic ligand [14]. Depending on the synthesis
method, many important properties of MOFs can be controlled, such as
porosity, functionalities and structure [16-18]. Regarding electro-
catalysts application, MOFs have been deeply studied for both HER and
OER, and also for oxygen reduction reaction (ORR). In fact, their
peculiar nanoscale porosity leads to an enhancement in active sites
density, due also to the distribution of metal center at atomic level, and
mass transport [17,19-23]. Nevertheless, typically MOFs synthesis re-
quires expensive and, often, toxic organic ligands and it is usually car-
ried out using complex processes that hinder the deployment of these
materials at industrial level. In this regard, electrochemical techniques
are considered as the best options for an industrial implementation of
MOFs synthesis, since they allow the large-scale production both as
powder and as thin film or coating [12,24-26] and the optimization of
parameters of the electrochemical synthesis can lead to a tailored MOF
for specific application.

Here, we report the preparation of MOF-based electrodes for
improving OER performance in alkaline conditions, using an industrially
relevant deposition technology. This work is in synergy with the goal of
a deployment of water electrolysis technology, necessary to produce in
large-scale green hydrogen. The latter can be used in the future to
produce clean energy through suitable electrochemical power sources,
e.g. fuel cells. MOF was the effective electrocatalytic layer and was
composed by Ni and a non-toxic and easily available organic ligand,
such as succinate [27-30] or tartrate [31-33] anion, derived by the
deprotonation of corresponding succinic acid and tartaric acid. In fact,
MOF was prepared by cathodic electrodeposition in mild operating
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conditions, directly on a non-expensive 304 stainless steel (SS) mesh,
that worked as substrate of the electrocatalytic layer and could be also
employed as porous transport layer in next-generation zero-gap water
alkaline electrolyzers. A morphological and compositional analysis of
the layers was carried out to verify the successful synthesis through
electrodeposition of the MOF layer. Electrochemical characterization
was carried out both in 1 M aqueous KOH solution and in 6 M aqueous
KOH solution to study the electrocatalytic activity of the electrodes, as
well as their stability with a 100 h chronoamperometric test at 50 mA
cm 2. The experimental analysis was complemented by atomistic sim-
ulations at the level of density functional theory (DFT) to provide some
mechanistic understanding of the observed results.

2. Materials and methods
2.1. Electrosynthesis of MOFs

All the investigated electrodes of this study have been prepared by an
electrodeposition process. The substrate was a stainless steel (AISI 304)
mesh, pretreated with acetone for 5 min and with an aqueous solution
0.5 M of HySO4 for 10 min in ultrasonic bath. Electrodeposition was
carried out in a three-electrode cell (see Fig. 1), with two Pt nets acting
as counter electrodes to guarantee a uniform deposition onto the sub-
strate, an Ag/AgCl/3.5 M KCl electrode as reference, and the SS mesh as
working. Electrodes were immersed in an aqueous solution 8.75 mM of
succinic acid (C4HgO4, NiSuc sample) or tartaric acid (C4H¢Og, NiTar
sample) and 7.5 mM of NiCly (pH = 3). An electrode potential of —1.4 V
vs Ag/AgCl was applied, for 15 or 30 min, through a VERSASTAT 3
potentiostat at room temperature.

2.2. Morphological and compositional analysis

Morphology of the MOF electrodes was assessed by using a FEI
Quanta 200 FEG Scanning Electron Microscope (SEM) instrument, using
EDX (X-ray energy dispersive system) to have information about the
composition of the catalytic layers.

X-ray diffraction (XRD) patterns were recorded using a PANalytical
Empyrean diffractometer equipped with a PIXcellD (tm) detector using
the CuKa radiation (A = 0.15405 nm), operating at 40 kV and 40 mA.

Fourier-transform infrared spectra (FTIR) were recorded at room

Potentiostat

b Reference
electrode

15 min or 30 min

Fig. 1. Sketch of the preparation process of MOF electrodes.
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temperature, to study the presence of specific functional groups. Mea-
surements were carried out with a Perkin-Elmer FT-IR/NIR Spectrum
400 spectrophotometer, using the wavenumber range from 4000 to 400

cm

2.3. Electrochemical measurements

Electrochemical measurements were performed in a batch system
and in a flow-through (FT) cell (see Figure Sla and S1b, respectively),
using a PARSTAT 2263, with a three-electrode configuration.

The electrolyte was an aqueous solution of 1 M KOH, the counter
electrode was a dimensionally stable anode mesh (DSA) while a Hg/
HgO/1 M NaOH was employed as reference. All the electrode potentials
measured vs Hg/HgO were then referred to the Reversible Hydrogen
Electrode (RHE) to have a direct comparison with data reported in
literature, according to the equation:

Erie = Engjgo + 0.1 V + 0.059 pH 6))

Electrochemical active surface area (ECSA) was evaluated by means
of the double layer capacitance value, estimated in an inert atmosphere
(Ar-saturated), to avoid oxygen reduction, in an aqueous solution 0.1 M
of ammonium biborate (pH =~ 9). This investigation was performed by
two methods: recording cyclic voltammetries (CVs) in a range of po-
tential avoiding any faradaic process, or through EIS spectra recorded at
0.1 V RHE, using an a.c. signal amplitude of 10 mV with frequencies
0.1-10° Hz through the PARSTAT 2263. The recorded impedance
spectra were then modeled by ZSimpWin with a suitable equivalent
electric circuit. EIS spectra were also collected at the electrode potentials
of 1.52 V RHE and 1.68 V RHE, in 1 M KOH electrolyte, to study the
electrocatalytic activity of the electrodes. To have information about
electrocatalysts performances, i.e. overpotential values, Tafel slope
values, potentiodynamic (Linear Sweep Voltammetries, LSVs) tests were
carried out at 10 mV s}, starting from 0.9 V RHE. Reported results have
been already corrected considering a 95 % iR compensation.

The stability of the electrocatalysts was evaluated by galvanostatic
measurement at 50 mA cm~2 for 100 h in 1 M KOH and 6 M KOH.

2.4. Computational details

Spin polarized DFT calculations were performed with the VASP code
[34-36] using the generalized gradient approximation, as implemented
in the PBE functional [37]. The following valence electrons were treated
explicitly: H (1s), C (2s, 2p), O (2s, 2p) and Ni (5s, 4d). They have been
expanded on a set of plane waves with a kinetic energy cutoff of 400 eV,
whereas the core electrons were treated with the Projector Augmented
Wave approach (PAW) [38,39]. The threshold criteria for electronic and
ionic loops were set to 10~ eV and 1072 eV/A, respectively. The sam-
pling of the reciprocal space was restricted to the gamma point, because
of the cell dimensions. Dispersion forces have been included according
to the Grimme’s D3 parametrization [40]. Single point PBEQ [41,42]
calculations have been performed to refine the electronic structure [43].
This is typically a reasonable choice to provide accurate results without
the need of performing computationally demanding geometry optimi-
zations with hybrid functionals. Previous results suggested the impor-
tance of adopting self-interaction corrected functionals when modeling
SACs [44-46]. We considered a molecular model where the metal atom
is coordinated by two succinate/tartrate ions. We added a vacuum layer
of 15 A to avoid spurious effects due to interaction between periodic
replica of the system.

The Gibbs energies were evaluated by adopting the ab-initio ther-
modynamic approach [47,48], by adding to the DFT energy the
contribution of zero-point energy correction and entropy terms. The first
were calculated in a harmonic fashion. Entropies of gas phase species
were taken from the international tables, and the vibrational entropy of
solid-state species was determined through the formalism of the
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partition function.
3. Results and discussion
3.1. MOF electrodeposition

Electrocatalysts were prepared through an electrodeposition process
in aqueous medium containing a Ni-based salt and an organic acid, i.e.
succinic or tartaric. Electrodeposition conditions are reported in Section
2.1. Corresponding current density vs time curves are shown in
Figures S2a)-d). At that electrode potential and pH conditions, from a
thermodynamic point of view, following reactions can occur [49]:

%02 + 2H' + 2e” - H0 Eeq = 1.05 V SHE 2
2H' + 2e” — Hy Eeq = —0.18 V SHE 3)
Ni** + 2~ — Ni Eeq = —0.31 VSHE @

In electrodeposition operating conditions, highest overpotential
value can be estimated for reaction (2) (i.e., oxygen reduction reaction)
but its contribution to the total circulating current is quite low since this
reaction is in limiting current conditions, because of the low Oy con-
centration (i.e. its solubility in water at room temperature) and stagnant
hydrodynamics condition [50,51]. Reaction (3) overpotential was
higher than that of reaction (4) and, as confirmed by visual inspection
during the electrodeposition process, hydrogen evolution reaction
occurred with consequent local alkalinization near the cathode. If we
consider dissociation equilibria of the organic acids due to the presence
of hydroxyl and carboxyl groups (see Figures S3a) and S3b)), local
alkalinization during electrodeposition process shifts the dissociation
equilibrium toward the formation of succinate/tartrate anions. These
ions react with metallic cations (Ni%' in our case) leading to the for-
mation of the MOF structure with the succinate/tartrate ions that co-
ordinated Ni*t ions [26,52]. In particular, suc® or tar®” ligand is
chelated to two Ni2* centers, with each Ni2"center coordinated by four
oxygen atoms therefore presenting an octahedral coordination geome-
try. Anyway, possible formation of metallic Ni during the electrodepo-
sition cannot be totally excluded (see below), as reported for other
cathodically electrodeposited MOF structures [12].

3.2. MOF-based electrocatalysts morphology and composition

To get information about MOF morphologies, an investigation with
SEM microscope was carried out and the results are shown in Fig. 2a)-d)
for NiSuc-15 and NiSuc-30 samples (i.e. deposited using succinic acid for
15 and 30 min respectively) and in Fig. 2e)-h) for NiTar-15 and NiTar-30
(i.e. deposited using tartaric acid for 15 and 30 min respectively) sam-
ples, respectively.

The comparison of Fig. 2b) and 2d) reveals the effect of deposition
time on the morphology of the coating on the SS 304 mesh substrate
prepared by using succinic acid. In both cases coatings are composed by
particles but, whilst with a 15 min deposition, particles have diameters
of 1.1 &+ 0.4 pum (see Fig. 2b)), a 30 min deposition leads to a more
compact coating composed by particles with lower average diameter, i.
e. 0.3 £ 0.1 pum (see Fig. 2d)). Latter morphology is similar to that
observed for the coating prepared by using tartaric acid for 15 min (see
Fig. 2f)), whilst MOF structure obtained with the same organic acid with
30 min as deposition time has an even more compact morphology (see
Fig. 2h)), being difficult to distinguish nanoparticles. In Table 1 the
results of EDX investigation are reported, listing the at.% of C, O, Cr, Fe
and Ni.

Detected Fe and Cr can be ascribed to the 304 SS substrate whilst C, O
and Ni presence are related to the coating presence, although Ni is also
present in the substrate. C presence is directly related to the succinate/
tartrate proving the deposition of a MOF-like structure. Regarding
NiTar-15 sample, higher Fe and Cr contents were detected, probably due
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NiTar-30

Fig. 2. SEM images of NiSuc-15 sample at a) 10000x and b) 20000x magnification. SEM images of NiSuc-30 sample at ¢) 8000x and d) 20000x magnification. SEM
images of NiTar-15 sample at e) 8000x and f) 20000x magnification. SEM images of NiTar-30 sample at g) 8000x and h) 20000x magnification.

Table 1
Atomic composition of 304 mesh sample and all the electrodeposited MOF
structures obtained by EDX.

Sample C [at%] O [at%] Cr [at%] Fe [at%] Ni [at%]

304 mesh 10.86 17.97 63.45 7.72

NiSuc-15 17.85 5.16 2.48 7.23 67.28

NiSuc-30 22.99 7.31 2.82 8.30 58.58

NiTar-15 33.19 16.28 9.23 31.19 10.11

NiTar-30 25.1 6.35 2.52 7.7 58.34
b)

d)
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— FTO
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to the lower coverage degree of the MOF coating and, therefore, a higher
signal from the SS substrate was collected.

Hydrophilicity of MOF-based coatings was also assessed by
measuring water contact angle, that is ~ 80° (see Fig. 3a) and 3b)), for
both succinate and tartrate-containing layers.

XRD patterns of NiSuc-15 and NiTar-15 samples are reported in
Fig. 3d). In this case, to have better resolution, MOF structures were
deposited on a glass/FTO sample, therefore several peaks of the dif-
fractogram are related to FTO. Crystal structure features do not change
with the deposition time, regardless of the organic acid used during the
electrodeposition process. Diffraction peak at 44.5°, 51.86° and 76.39°
can be assigned respectively to the (111), (200) and (220) planes of face-
centered cubic (FCC) metallic Ni [53,54]. As can be noticed, other
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Fig. 3. Static water contact angle for a) NiSuc-30 and b) NiTar-30 samples. ¢) Mass loadings for all the investigated MOF electrodes. d) XRD patterns of NiSuc-15,

NiTar-15 and FTO samples. e) FTIR spectra of NiSuc-30 and NiTar-30 samples.
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diffraction peaks can be attributed to the FTO substrate. This result can
be explained by considering the possible electrodeposition of metallic Ni
during the preparation of the electrocatalysts since the electrode po-
tential during the electrodeposition is more cathodic than equilibrium
potential related to the Ni/Ni%* redox couple (see eq. (3)).

FTIR spectra of NiSuc-30 and NiTar-30 samples are shown in Fig. 3e).
Bands at 1399 cm ™! and 1125 em™! can be attributed to (C—H). The
vibration of the carboxylate group ¥(C—0O™), coordinated with Ni%, is
observed at 1367 and 1542 cm L. The v(C—C) stretching, appears at
1081 cm™, whilst the vibration at 1450 cm™! corresponds to (C—OH).
The broadband with maxima at 2971 cm™! comes from the (O-H)
stretching vibrations of water ligands, meaning the presence of
hydrogen bonding in the complex [55-57]. We also recorded FTIR
spectra for pure succinic acid and tartaric acid (see Figure S4). In the
case of succinic acid, the stretching frequency of carboxylic groups in
free succinic acid appears at 1681 cm™* but it disappears in the elec-
trodeposited sample (see Fig. 3e), assessing the complexation of Ni by
succinate groups [56]. In the case of tartaric acid, the peak at 3399 cm ™
can be related to the presence of O-H stretching in the carboxyl group
[58], whose disappears in the case of electrodeposited sample due to the
complexation of Ni by carboxyl groups of tartrate ions. FTIR features do
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not change with the electrodeposition time.

3.3. OER electrochemical performance

To evaluate the electrocatalytic performance of MOF-based elec-
trodes, electrochemical measurements have been carried out, in
particular, Electrochemical Impedance Spectroscopy (EIS) measure-
ments. It is noteworthy to underline that electrochemical measurements
have been carried out in two different configurations: batch and flow-
through (see Figures Sla and S1b). These tests allowed to understand
if catalytic layers can properly work also in flow through conditions, i.e.
mimicking the use of this coating in a porous transport layer in an in-
dustrial electrolyzer configuration. Potentiodynamic tests carried out in
1 M KOH relating to all the investigated electrodes, in batch and in flow-
through configuration, are shown in Fig. 4a) and 4c) whilst corre-
sponding Tafel plots are shown in Fig. 4b) and 4d).

A first relevant information arising from the current density vs po-
tential curves is that the MOF coating can completely hinder the onset of
transpassive dissolution due to chromate formation even under a very
positive potential. Indeed, thanks to the passivating action of the pres-
ence of the MOF, there are not current peaks associated to Cr(III)

b)
0.6
05
- 04 F 41 mV dec!
= 41mVdec!
03 / 328 mV dec’!
< [ = 313 mV dec!
0.2 1
-4 -2 0
Log i [A cm?],e0m
d)
0.5
04 |
>
=
03
50 mV dec’!
46 mV dec!
0.2 1
-4 -2 0

Log i [A cm?geom

Fig. 4. Comparison of i vs. potential curves, related to all the investigated electrodes, carried out in a) batch and c) flow through configurations. b) Tafel plot

extrapolated from Fig. 4a) and d) Tafel plot extrapolated from Fig. 4c).
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oxidation [59].

As it is possible to notice from Fig. 4a), in batch configuration, MOF
electrodes’ performances are very close. In fact, the onset electrode
potential for OER has the same value for all the electrodes, 1.5 V RHE
that leads to an onset overpotential value, Nopset, Of 270 mV. Another
important performance indicator is the overpotential value measured at
10 mA cm ™2, N10, because this current density value is considered as the
operating current density of a device that converts solar energy to
hydrogen [60]. The latter is comprised between 340 mV and 352 mV for
the characterization carried out in batch system. These values are
comparable with those reported in literature for MOF-based electro-
catalysts [21] but, in our case, the electrocatalyst has been synthesized
with a full electrochemical process, which can be easily scaled at in-
dustrial level, using organic molecules that can be easily handled with
no further toxicity issues, and using a cheaper 304 SS substrate with
respect to typical more expensive Ni foams. This result is also significant
by looking at the mass loadings (reported in Fig. 3c)) that are in the
range between 0.42 + 0.1 and 0.96 + 0.1 mg cm ™2, i.e. lower than those
typically reported for MOF-based electrocatalysts [21], indicating an
enhanced mass activity of our succinate and tartrate-based
electrocatalysts.

An important factor to evaluate electrocatalytic performances of the
electrodes is the slope of the so-called Tafel line, that has the following
equation:

n =a+ b log(i) 5)

where 1) is the overpotential and i is the current density. Being Tafel line
an approximation of the most general Butler-Volmer equation, a
parameter directly depends on the exchange current density, ip, and b is
called Tafel slope. The lower is the latter, less overpotential is needed to
drive oxygen evolution reaction. Moreover, Tafel slope value can be
associated to the peculiar reaction mechanism of OER for a specific
electrode, since a characteristic Tafel slope value can be correlated to the
rate determining step (RDS) of the overall OER, that in turn is typically
considered as composed by 4 different reaction steps [61-63].
Comparing Tafel slope values reported in Fig. 4b), it is noteworthy to
mention that, in low current density range, low Tafel slope values are
extracted (i.e. between 40 and 44 mV dec’l), regardless on the
composition of MOF electrocatalytic layer, in agreement with charge
transfer-controlled reaction mechanism. When current density in-
creases, up to about 200 mA cm ™2, Tafel slope increases to almost 300
mV dec”!, demonstrating that reaction is controlled by “non-kinetic”
effects, related to the formation of oxygen bubbles and, therefore, to
mass transfer issues [64].

Considering the electrochemical performance in flow-through
configuration (see Fig. 4c), succinate-based MOF electrodes performed
better with respect to tartrate-based ones, not in terms of Nopset, that is
similar for all the electrodes, but more in terms of Tafel slope values,
which depend on the composition of the electrocatalytic layer (i.e. be-
tween 46 for NiSuc-15 sample and 63 mV dec™! for NiTar-15 sample).
This cell configuration plays a crucial role in bubbles management,
helping produced oxygen in detaching from the electrode indicating a
more efficient reaction mechanism. Nevertheless, it can also provoke
additional mechanical stresses to catalytic layer that needs to be tested
with a long-lasting measurement (see below). Anyway, it is interesting
to notice that Tafel slope value is constant up to 200 mA cm 2, in the
case of NiSuc-15 and NiSuc-30 samples, and it starts to increase in the
case of NiTar-15 and NiTar-30 samples, assessing that also MOF
composition and thickness have a direct influence on oxygen evolution
reaction mechanism. With lower Tafel slope values, also n;¢ values
decreased reaching 326 mV and 336 mV for NiSuc-15 and NiSuc-30
samples, respectively. Moreover, lowest Tafel slope value, i.e. 46 mV
dec™?, is close to that estimated for benchmark electrocatalysts for OER,
as IrO, and RuO; [65,66], and equal to that estimated for another full
electrochemical MOF-based electrocatalyst, synthesized by Wang et al.
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[67] that is considered as one of the best performances reported in
literature for electrochemically prepared MOF for electrocatalytic pur-
poses [12].

Impedance spectra were recorded in FT configuration at two
different electrode potential values, i.e. 1.52 V RHE and 1.67 V RHE.
Spectra are reported in Fig. 5a) and 5b) in Nyquist representation.

To get information from EIS spectra, a suitable equivalent electrical
circuit (EEC) is needed to model the electrochemical behavior of the
system working at those specific working electrode potential values. EEC
used to fit impedance spectra in the case of MOF electrodes comprises a
series between Rg, that is the solution resistance, and a parallel between
Rcr, the charge transfer resistance, and Qpy, used to model the non-ideal
electrical double layer capacitance through a so-called constant phase
element. Fitting parameters are reported in Table 2.

At 1.52 V RHE the reaction is still not well activated, as evident from
the R¢r values. These values decrease at 1.67 V RHE and, in particular, it
is noteworthy to mention that lowest Ry values are reported for NiSuc-
15 and NiSuc-30 samples, in agreement with results reported in Fig. 4c).

For a correct evaluation of electrocatalytic activity of the MOF-based
electrodes, the measurement of the electrochemical active surface area
(ECSA) is crucial since a high ECSA reflects a higher number of active
sites, leading to enhanced performances. The evaluation of the electrode
double layer capacitance, Cpy, was used to have information about
ECSA. At this aim, EIS spectra were recorded in 0.1 M ABE, in an inert
atmosphere (i.e. Ar-saturated), at 0.1 V RHE, measuring in this way a
current due only to non-faradaic processes, thus excluding the contri-
bution due to oxygen reduction reaction. Nyquist plot of spectra recor-
ded for all the samples are reported in Fig. 5d, in comparison with non-
deposited 304 SS mesh sample and corresponding fitting parameters are
reported in Table S1. Cpy, values can be obtained from Qpy, through the
equation [68]:

1 1-n
Cpr = Qpi" Ry n (6)

From the fitting parameters reported in Table S1 it is possible to
notice no significant increase Cpj, values after the electrodeposition
process, which can be attributed to the similar roughness (therefore
active area) of the deposited MOF structures with respect to the bare 304
SS mesh. Rer value reported for the 304 SS mesh sample is quite high (3
x 10% Q cm?) as typical for an ideally polarizable interface, and its order
of magnitude is the same as the one obtained for electrodeposited MOFs.
These high R¢r values result from the fact that no Faradaic process can
occur at this potential in these operating conditions. Cpy, value can be
also calculated also by means of cyclic voltammetries (CVs) recorded at
several scan rates, in a potential range where there is no response due to
faradaic currents (e.g. between 0.1 RHE and 0.42 RHE). CVs are re-
ported for all the investigated electrodes in Figures S5a), S5¢), S5e) and
S5 g). Double-layer capacitive current, ic, can be correlated to scan rate,
v, and Cpy, according to the relationship ic;, = Cpr, v [69], and therefore,
Cpy, can be also derived from the slope of the icy, vs. v plot. Cpp, values
estimated through both methods are very close, proving the reliability of
obtained Cpy, values. Knowing Cpy, values, the roughness factor r can be
estimated through Eq. (7)):

CDL
"~ 50 uF cm2 2
considering that a Cpy, value of 50 uF cm ™2 was estimated for a mirror-
finished AISI 304 sample [70]. r values, estimated as average between
the two reported methods, are then reported in Table 3.

From estimated r values, and from what assessed by looking at the
electrodes’ morphology by SEM (see Figs. 1 and 2), the ECSA is very
close to the area of the bare 304 SS mesh sample. Furthermore, it is
possible to obtain specific surface area (SSA) values for the MOF struc-
tures knowing catalyst mass loadings (see Fig. 3c)). SSA values range
between 0.27+ 0.08 m? g ! for NiSuc-15 sample and 0.52+ 0.26 m? g~!
for NiTar-15 sample.
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Fig. 5. Electrochemical impedance spectra recorded at a) 1.52 V RHE and b) 1.67 V RHE for all the investigated electrodes. c¢) Equivalent electrical circuit used for
fitting procedure. d) Nyquist plot of impedance spectra recorded for the evaluation of ECSA of all the electrodes. Fitting data are those reported with continuous lines.

Table 2
Fitting parameters of EIS spectra recorded at 1.52 V RHE and 1.67 V RHE related
to all the electrodes in FT configuration.

Sample \ Rs Rer Qpr n e
[VRHE] [Qcm?] [Qem?]  [Ss"em™2)
NiSuc- 1.52 0.20 17 21x107% 095 6.5x1072
15 1.67 0.25 0.6 11x107° 096 3.6 x1072
NiSuc- 1.52 0.17 34 21x10°% 092 3.2x1072
30 1.67 0.22 0.7 75x107% 1 1.2 x1072
NiTar-15  1.52 0.64 74 1.8x107° 090 1.4x107!
1.67 0.34 1.1 84x10% 095 31x10*
NiTar-30  1.52 0.64 100 1.7 x107° 094 27 x1072
1.67 0.23 0.8 67x107% 098 1.1x1073
Table 3
Roughness factor of all MOF structures investigated in this study.
304 SS NiSuc-15 NiSuc-30 NiTar- NiTar-
mesh 15 30
Roughness 1.40+ 0.3 1.90 1.05 1.8 1.8
factor r + 0.4 + 0.05 +0.1 + 0.3

3.4. Electrode durability

Another crucial feature for large-scale applications is the stability
and durability of the electrodes that can be assessed with a chro-
nopotentiometric test, that we carried out under very stressing and
oxidizing conditions, i.e. at 0.05 A cm ™2 in aqueous 1 M KOH solution,
for 100 h. These working conditions chosen for the durability test

outperform most of the working conditions reported in literature in
terms of current density [71] and stability test time [72] for MOF
structures. This stability test was performed for the best electrodes, i.e.
NiSuc-15 and Ni-Suc-30 samples, in FT configuration and relating re-
sults are shown in Figs. 6a) and b).

Overpotential value for OER remains quite stable for (at least) 100 h,
with a value of 435 mV + 6 mV for NiSuc-15 sample (see Fig. 6a) and
459 + 16 mV for NiSuc-30 sample (see Fig. 6b), demonstrating the high
stability of both electrodes. Moreover, no material detachment from the
electrodes was assessed by SEM images of both samples after durability
test (see Figure S6).

To further test the stability of electrochemically prepared MOF
electrodes, we also carried out electrochemical measurements in 6 M
KOH aqueous solution, i.e. electrolyte concentration that is actually
used at industrial level in alkaline water electrolyzers. LSV measure-
ments performed in these operating conditions for NiSuc-30 sample,
both in batch and in FT cell configurations, are shown in Fig. 7a) with
corresponding Tafel plot in Fig. 7b).

It is noteworthy to mention that also in this highly alkaline envi-
ronment there is no evidence of transpassive dissolution, and nepget is
lower with respect to LSV measured in 1 M KOH solution, i.e. Nopget =
210 mV, whilst the Tafel slope value is almost unchanged. This result
agrees with the effect of OH™ concentration on the kinetics of the re-
action, in particular on the ip value. In fact, ip can be generally expressed
according to the equation [73]:

1-a)

i = FK°C'o" " C*R" ®

where « is the transfer coefficient, Kk? is the standard rate constant and
C*o and C*g are the concentration of reactant species/reaction
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Fig. 7. a)1ivs. potential curves recorded in 6 M KOH aqueous solution in batch and FT configuration related to NiSuc-30 sample. b) Tafel plot related to curves shown
in Fig. 7a) with corresponding slope values. c¢) Overpotential values estimated at 10 mA cm 2 in 1 M KOH and 6 M KOH aqueous solutions.

intermediates at the electrode/electrolyte interface, considering a
generic equilibrium O + e~ « R, representing the latter the RDS of a
multistep reaction, as OER is. Consequently, also ;¢ measured in 6 M
KOH is lower than that measured in 1 M KOH (see Fig. 7c).

In these operating conditions, it is extremely important to test the
stability of the electrodes in terms of electrocatalytic activity, because of
possible dissolution phenomena that can be involved at such a high pH
value. To assess the durability, we carried out the same stability test, i.e.
100 h at 0.05 A cm ™2, but in 6 M KOH solution. The electrode potential
vs time curve is reported in Fig. 8a).

As it is possible to note, electrode potential is very stable throughout

the 100 h test, at n = 260 mV, indicating the outstanding stability of this
succinate-based MOF electrode from electrocatalytic point of view. Also,
the morphology of the catalytic layer is preserved after 100 h stability
test, as shown in Fig. 8b), as well as its atomic composition (see
Table S2) is very close to that reported soon after the electrodeposition
process (see Table 1).

3.5. Computational results

To provide an atomistic description of the OER reaction on NiSuc and
NiTar we performed DFT calculations. We modeled Ni single atoms
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Fig. 8. a) Durability test carried out at 0.05 A cm 2, in 6 M KOH for NiSuc-30 sample. b) SEM micrograph of NiSuc-30 sample after durability test.

having a +1II oxidation state. The coordination of the SAC is saturated by
the chelate action of two succinate or tartrate ions. For each system two
possible configurations of the active phase were found and are shown in
Fig. 9 for both systems.

In one case, the coordination of the Ni metal center is square planar
(see Fig. 9a) and 9c¢)), according to the well-known rules of inorganic
chemistry, Ni(II) with a d® shell. Another possible structure is repre-
sented in Fig. 9b) and 9d), where the symmetry of the catalytic site is
lower. Interestingly, in the case of NiSuc both structures are possible, as
their relative energy is similar, i.e. AE = 0.25 eV. In the case of NiTar the
square planar configuration is significantly more stable by 1.0 eV,
making the formation of the asymmetric conformer unlikely. It must be
mentioned that the simulated models contain an extra degree of flexi-
bility as no constrains due to periodic boundary conditions are imposed.
However, this is expected to make further unlikely flexible
configurations.

OER was modeled by considering the classical reaction path occur-
ring via the formation of classical OH*, O*, OOH* intermediates. At the
same time, we also considered the formation of OER unconventional
intermediates that have been suggested to form on single-site catalysts
[74-76]. Fig. 10 shows all the possible reaction profiles, indicating the
number of competing species that can form.

Starting from NiSuc sample, we see that the reaction should go via
the classical path but before O, release, an oxygen complex forms. The
calculated overpotential () is rather high, = 1.11 V, indicating that the
SAC is poorly active (see Fig. 10a). Then, we considered the second SAC
model, where the symmetry of the active site is lower. The reaction path
is the same of the previous model (see Fig. 10b) but with a smaller
overpotential, 7 = 0.44 V. Therefore, the lower coordination of the metal
center implies a stronger reactivity.

Previous works have suggested that, with single-site catalysts, water
is not only the solvent of the reaction, as it can act as a ligand, competing

Fig. 9. Structures of a,b) NiSuc and c,d) NiTar samples. Panels a) and c) rely to the square planar coordination of Ni. Panels b) and d) are for asymmetric coor-

dination of Ni.
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with the reaction intermediates [77,78]. This directly impacts the sta-
bility of the intermediates, and the efficiency of the process. We
considered the NiSuc catalyst coordinated by one water molecule, in a
square pyramidal configuration (see Fig. 11a)).

In this case, some OER intermediates are not stable, indicating that

OER is possible on this catalyst only if one assumes to have a naked SAC
(see Figs. 10a) and 10c)). If we consider the reaction with less symmetric
configuration of the NiSuc catalyst, the OER is also possible by consid-
ering the presence of one water molecule coordinating the metal center
(see Fig. 11a). The simultaneous presence of two water molecule was
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Fig. 11. Calculated OER Gibbs free energy profiles of a) NiSuc and b,c) NiTar samples. Panels a) and c) are for asymmetric coordination of Ni. Panel b) relies to the

square planar coordination of Ni. All catalysts have as additional ligand one water molecule.

10



V.M. Volanti et al.

also considered, but the catalyst was unable to bind intermediates.
Interestingly, as the number of water molecules increases, the OER in-
termediates becomes less stable due the increasing of the metal coor-
dination by water molecules and the overpotential increases (indeed,
coordination with two water molecules is not stable). Table 4 summa-
rizes the calculated overpotentials.

Only the undercoordinated NiSuc is compatible with the experi-
mental observation, according to the measured overpotential, 0.33 V
(see Section 3.3). In particular, the calculated overpotential, 7 = 0.46 V,
displays a very small deviation, 0.13 V only, which is within the accu-
racy of the method.

Moving to the NiTar catalyst, the OER profile of the most stable
NiTar catalyst having a square planar configuration is consistent with
the previous case, where the classical OH*, O*, OOH* path where before
the release of O, a superoxo (doo = 1.26 A) complex form [79] (see
Fig. 10b). The calculated overpotential is 0.52 V. The same profile ob-
tained by considering a water molecule coordinating the metal leads to
an overpotential of 1.18 V (see Fig. 11b). The second possible NiTar
configuration of the catalyst is rather unlikely as it is much less stable. If
we look at the OER predicted activity, we see that the overpotential is
0.57 V, similar to the previous case (see Fig. 10d). The same catalyst
with an extra ligand (water molecule) is predicted as less active, 1 =1.13
V. Again, the presence of coordinating water molecules reduces the
ability to bind OER intermediates, resulting into higher overpotential
(see Fig. 11c). Among the two possible active structures, the second one
is much less stable, and therefore it is unlikely to be the active phase.
Therefore, in the case of NiTar the square planar coordinated Ni looks
like the active phase. Another evidence of this can be extracted by
comparing the measured Tafel slopes with the calculated Gibbs Free
energies profile [80]. Indeed, the measured Tafel slopes (see Section 3.3)
of NiTar is compatible with a OER mechanism with a weak OH* binding,
which is exactly what found in the energy profile of the NiTar catalyst
having a square planar coordination (see Fig. 10c)). On the other hand,
the less symmetric active site strongly binds OH* (see Fig. 10d)). Moving
to the NiSuc catalyst, the analysis of the energy profiles indicates that
the model reconciling with the observed activity corresponds to the Ni
atom coordinated asymmetrically by the succinate ligands. This result is
further corroborated by the measured Tafel slopes that indicate that the
OER process occurs via weak binding of OH*, the same result obtained
by the numerical simulations (see Fig. 10b)). Eventually, NiSuc is ex-
pected to display an overpotential about 100 mV lower than NiTar,
consistently with the experimental observation.

4. Conclusions

Succinate and tartrate-based MOF nanostructures were successfully
synthesized on SS mesh substrate by an optimized electrodeposition
process carried out in mild conditions to prepare a free-standing porous
electrode for OER in alkaline environment. Electrocatalytic activity of
MOF-based electrodes was guaranteed by the presence of coordinated
Ni.

Succinate-based electrodes reported the best performances, with a
low Tafel slope value of 46 mV dec™! assessed in flow-through cell
configuration, close to that assessed for the benchmark materials for
OER. These samples showed long-term stability and durable electro-
chemical activity, delivering 50 mA cm 2 for (atleast) 100 h in 1 M KOH
aqueous solution without degradation sign. Moreover, succinate-based
MOF electrode also exhibited outstanding 100 h stability in very
aggressive environment, i.e. 6 M aqueous KOH, typical of real industrial
alkaline electrolyzers, delivering 50 mA cm™2 at an overpotential value
of 260 mV. This performance can be rationalized taking into account the
synergistic action of very active Ni with very stable succinate.

DFT calculations confirmed experimental results, assessing higher
activity for Ni succinate-based electrocatalyst than Ni tartrate one.
Moreover, highest activity was reported considering an asymmetrically
coordinated Ni metal center without any water molecule as ligand for

Electrochimica Acta 511 (2025) 145416

Table 4
Calculated overpotentials of NiSuc and NiTar catalysts.

NiSuc NiTar

SAC_square planar SAC_square planar

Water coordination n [Vl Water coordination n [V]
Dry 1.11 Dry 0.52
1 Hx0 - 1 HxO 1.18

SAC_undercoordinated SAC_undercoordinated

Water coordination n [Vl Water coordination n [Vl
Dry 0.44 Dry 0.57
1 H,0 0.63 1 H,0 1.13

succinate-based electrocatalyst, indicating also that OER process occurs
via weak binding of OH* species.
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