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ARTICLE INFO ABSTRACT

Keywords: Ameliorating direct seawater electrolysis to produce green hydrogen requires an advancement in the conception
Electrolysis of material designs and electrocatalytic film architectures. Indeed, to complement the hydrogen evolution re-
Seawater

action (HER) at the cathode, oxygen must be produced thanks to the oxygen evolution reaction (OER) at the
anode. Nevertheless, this kinetically slow reaction is in competition with the kinetically facile chlorine evolution
reaction (CER). In this work, the entropic selectivity of the ZIF-8 MOF molecular sieving material and the high
aspect ratio of a nanosheet morphology was probed to induce the in situ selective filtration of the undesired
chloride ion towards the electrocatalyst surface, namely iridium nanoparticles interdispersed on Vulcan carbon.
Cross-sectional analysis revealed a homogeneous dispersion of the nanosheets within the electrocatalytic film.
This composite catalyst enabled a ~65 % drop in CER selectivity upon increasing the Zn/Ir molar ratio when
evaluated at a disk current density of 3 mA/cm? at a chloride ion concentration of 10 mM. Further evaluating the
CER selectivity at lower current densities along the disk indicated a near 95 % drop in CER selectivity at 500 mM
chloride ion concentration, shown through rotating ring disk electrode experiments. A competitive absorbing
mechanism was indicated and the unchanged kinetics of the CER suggests a decrease of the CER current due to an
induced diffusional control. The development of a composite architecture enabling the in operando filtration of
chloride ions seems promising towards producing hydrogen by direct seawater electrolysis.

Oxygen evolution reaction
Chlorine evolution reaction
ZIF-8 nanosheets

In-Situ Filtration

1. Introduction 2H"+2e"—H, 1

Effectuating the production of hydrogen through water electrolysis 2H,0 — 4H' + O, + 4e” E°=1.23 V vs. SHE 2)
powered by renewable energy sources requires a near 20 m® of water for
every ton of hydrogen evolved [1]. The ubiquity of seawater resources
would allow the mature hydrogen economy to balance the anthropo-
genic greenhouse emissions [2,3]. However, relying on seawater desa-
lination facilities to purify the requisite water may jeopardize water
resilience within water stressed regions [4]. At present, ameliorating the

Indeed, the electrocatalysts producing the highest electrolyzer current
densities are most robust under acidic conditions, where the competition
between the desired water reactant and parasitic chloride ion becomes
especially problematic with the use of seawater. Indeed, the chlorine
evolution reaction (CER) leads to the evolution of toxic chlorine gas (Eq.

direct seawater electrolysis requires complementing the hydrogen evo- (3)).

lution reaction (HER) at the cathode (Eq. (1)) with an advancement in 2C1 —Cl,(aq)+2e~ E°— 1.36 V vs. SHE 3)
the conception of material designs that can achieve selectivity for the

kinetically encumbered oxygen evolution reaction (OER) at the anode The reaction of this evolved gas with water can form hypochlorous
(Eq. (2)). acid, which can disproportionate into hypochlorite and contribute to the
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corrosion of the cathode and the degradation of the electrolyzer unit.
The chloride ion itself can moreover corrode the anode by replacing the
oxygens along the passivated surface and poison the catalysts at both the
anode and cathode by affecting their functionality and promoting
dissolution [5]. The perilous acidic conditions created by the oxygen
evolution at the anode moreover decreases the potential difference be-
tween the onset of the OER and the CER, which nonetheless favors the
OER thermodynamically, though the CER occurs through a single in-
termediate and thus will evolve at lower potentials than the OER on
oxides.

Thus, a robust electrocatalytic system is required that can selectively
catalyze the intensive, four-step reaction of the OER, the mechanism of
which remains under contention [6]. Strategies that manipulate the
structure of the electrocatalyst by modifying the crystal structure,
introducing point defects such as vacancies and substitutions, or
modulating the morphology and crystal facet have indicated efficacy
towards selecting for the OER or the CER [6]. Indeed, Gong et al.
improved the CER selectivity towards 95.7 % by introducing both an Ru
dopant and an Sn dopant into a Ru Sn Ti electrode proposed through
DFT calculations to promote the CER and inhibit the OER, respectively
[7]1. However, Astudillo et al. found the proclivity toward CER selec-
tivity to be independent of the Ru content within a single phase
RuyMn; xO5 [8] and further reasoned through in situ soft X-ray absorp-
tion spectroscopy that in presence of chloride ions, Ru cus sites can
maintain the surface confined -OOH intermediates at potentials negative
to the OER onset and enable the OER to evolve, emphasizing that
selectivity towards the OER can occur only by leaving the RU cus sites
free of chloride ions [9].

Thus, a robust electrocatalytic system is required that can selectively
catalyze the intensive, four-step reaction of the OER. An iridium elec-
trocatalyst was chosen consisting of 2-4 nm diameter nanoparticles
deposited on conductive Vulcan carbon in 10:90 w/w % of iridium and
Vulcan carbon and is termed Ir10 in the following work. To prevent the
chloride ions diffusion towards the Ir nanoparticle electrocatalysts
further requires a mechanism to impede its permeation within the film
and prevent the evolution of molecular chlorine. Careful contemplation
of the three-dimensional nature of this electrocatalytic system encour-
ages a design in which electrical percolation may be preserved while
selectively filtrating the chloride ion to prevent its species transport
towards the catalytic nanoparticles. Through exfoliation, Jian et al.
developed a two-dimensional (2D) monolayer aluminum tetra-(4-car-
boxyphenyl) porphyrin framework to create the building blocks for a
desalination membrane that achieved a salt rejection of nearly 100 %
while maintaining water fluxes reaching 2.2 mol/ (m?ehour-bar) for over
750 h [10]. Patil et al. further applied CoFe-oxyfluorides (CoFeOF)
nanosheets anchored on nickel foam towards selective alkaline seawater
electrolysis and indicated to impede the species transport of the chloride
ion through an electrostatic effect engendered by the highly electro-
negative oxygen and fluoride ions [11].

Considering the synthetic tunability of MOF materials further facil-
itates a controlled of porosity and unprecedented surface areas that can
achieve ion size exclusion and solute specific chemical interactions [12,
13]. The effective pore size of a 2D ZIF-8 nanosheet is moreover larger
than that of the water molecule though smaller than that of many
inorganic ions found in seawater and thus could be applied towards
water purification technologies [14-16]. Indeed, its effective pore
diameter is between the hydrated diameter of the chloride ion (6.64 A)
and the width of the water molecule (2.76 [o\), and thus is an attractive
candidate to improve the diffusional selectivity and induce a molecular
separation of the chloride ion and the desired water reactant to permit
the selective OER at the anode [17]. Nanosheet stacks may moreover
create longer and more tortuous paths for larger molecules that cannot
pass through the pores, while their minimal thicknesses further facili-
tates the permeation of the smaller molecule [18]. ZIF-8 has been further
implemented under the harsh acidic conditions of PEMWE [19,20],
having impressive thermal and chemical stabilities [21,22].
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In this work, a composite electrocatalyst made of ZIF-8 nanosheets
mixed with the Ir10 electrocatalyst is developed and its performance is
evaluated with a rotating ring disk electrode under aqueous conditions
at various concentrations of NaCl in a perchloric acid supporting elec-
trolyte. We report a near 65 % drop in CER selectivity at a 10 mM NaCl
concentration through nanosheet incorporation into the electrocatalytic
film using a Zn/Ir molar ratio of 160/1, with an apparent minimal 30 mV
increase in potential. Further decreasing the disk current density by
evaluating the CER selectivity at lower potentials revealed a near 95 %
decrease in CER selectivity at 500 mM chloride ion concentrations. The
nanosheets were also found to minimally affect the kinetic mechanism
utilized by the iridium nanoparticles to evolve the undesired molecular
chlorine: an induced diffusional control mechanism implemented
through the integration of the nanosheets within the electrocatalytic
film was thus indicated and confirmed.

2. Experiments

The electrocatalyst composite consists of commercial Ir10, which
comprises Ir nanoparticles with a diameter of approximately 2 nm,
interdispersed on Vulcan Carbon (10 % w/w), and ZIF-8 nanosheets. X-
ray photoelectron spectroscopy (XPS) was performed on the Irl0
(Fig. S10) and confirmed the presence of Ir on the carbon support. A
transmission electron microscopy picture of Ir10 is shown in Fig. 1a with
the acquisition procedure described in the SI. The synthesis of the ZIF-8
nanosheet is based on the work of Jiang et al. [23]. Briefly, zinc nitrate
and 2-methylimidazole were mixed at room temperature in water for 24
h. The anisotropic morphology of a nanosheet is proposed to be induced
through crystallization in the monoclinic phase [14,15] The ZIF-8
powder is analyzed by X-ray diffraction (Fig. S1) showing that the
monoclinic desired phase is obtained as a pure phase with a measured
pore diameter of 4.07 A. The morphology of the resulting nanosheets is
characterized through scanning electron microscopy (SEM) as shown in
Fig. S2. Pictures reveal a thickness range of 8 nm to 209 nm with highly
populated bins that encompass thicknesses of 20 nm and thicknesses of
65 nm. HR-TEM further confirmed the homogeneous size of the nano-
sheets as shown in Fig. 1b An average nanosheet width of approximately
1000 nm was further observed.

This Ir10 material and ZIF-8 nanosheets are combined in various Zn/
Ir molar ratios, ranging from 0/1 (IrZIF0) to 200/1 (IrZIF200) to form an
electrocatalytic film. This film is prepared from an ink, which consists of
a solution of Nafion (5 % w/w) in a 50/50 w/w mixture of 1-propanol
and water, along with additional Vulcan carbon to enhance electrical
conductivity. This ink is then drop-casted onto a glassy carbon electrode
and allowed to dry, forming a solid electrocatalytic film (see SI for
experimental details). In order to probe the architecture of the com-
posite material, scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) are used on the cross-section of the
60/1 Zn/Ir (IrZIF60) electrocatalytic film dropcasted on a Si wafer. The
film thickness was determined to be approximately 3 pm, as shown in
Fig. 2. Three different regions within the electrocatalytic film are found
through EDX elemental mapping, detailed in Figure S3. An SEM image of
the first region, shown in Fig. 2a is concentrated with zinc, implying an
aggregation of ZIF-8 nanosheets. The second shown in Fig. 2b is devoid
of aggregates containing fluorine, an element uniquely found within the
Nafion, and zinc, implying that the nanosheets may be interdispersed
within the Nafion. Indeed, Wang et al. indicated that the nitrogen atoms
on the organic linker within the nanosheets could form an interfacial
pair with the sulfate groups within the Nafion, promoting proton con-
duction within the electrocatalytic film [24]. The third ensemble shown
in Fig. 2c consisted of a large quantity of carbon with evidence of Ir as
well as Zn. This ensemble indicates that the ZIF-8 nanosheets may be
intimately mixed with the Ir10 electrocatalyst, though the relatively low
resolution of SEM EDX prevented an evaluation of the element locali-
zation at the nanoscale. The elemental composition patterns of these
three ensembles obtained the SEM EDS are indicated in the SI. The
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Fig. 1. (a) Transmission electron microscopy image of the Ir10 catalyst with Ir nanoparticles interdispersed in a Vulcan carbon matrix. (b) An HR-TEM image of the

ZIF-8 nanosheets.

A (Zn)1: (I 0: (F)0.47

B (Zn)1:(IN0: (F)9.49

C (Zn)1:(Ir) 1.49 : (F) 5.47

Fig. 2. Magnified SEM images of each elemental ensemble with the Zn:F:Ir weight percent ratio indicated just above.

integration strategy utilized thus appears to promote a rather homoge-
neous dispersion of the nanosheets amongst the electrocatalytic film
constituents.

3. Results and discussion

With reference to Vos et al. [25], an electroanalytical rotating ring
disk electrode (RRDE) protocol detailed in the Supporting Information
was designed to probe the nanosheet integrated electrocatalytic films
under aqueous conditions that thus promote the OER though also the
CER through incremental additions of NaCl. The voltammetric sequence
under hydrodynamic conditions consisted of electropolishing the plat-
inum ring, conditioning the film, and then performing a linear sweep
voltammogram (LSV) at four distinct rotation rates. The ring potential
was set to 0.95 V vs. RHE to evade oxygen reduction at the ring [25]. The
LSV scan taken at 1600 rpm was used in the CER selectivity computa-
tion. Multiplying the ring current (corrected for the film resistance and
background current as detailed in the SI) by the collection efficiency (N),
the value being obtained from a collection efficiency experiment deno-
ted in the SI, which gives the icgr, and then subtracting that result from
the iz gives the current produced from the OER, the ipgg,

1ring

N

4

iogr=1ldisk— icer= ldisk—

With the iczr and the iggr calculated, the faradaic selectivity for the
CER can be derived,
ign
ECER Bl e p— (5)
The use of sulfuric acid as the acidifying supporting electrolyte may
introduce a competitive surface adsorbate that diminishes the effects of

the chloride ion on the perceived CER and OER selectivities of the
electrocatalytic films [26,27]. Thus, the electroanalytical RRDE protocol
was first used to probe the effect of the supporting electrolyte on the CER
selectivity. A control electrocatalytic film consisting of Ir10 without
incorporation of the nanosheets was subjected to incremental increases
in the NaCl concentration. The solutions were acidified with either 0.2 N
H2S04 and KNOs3 (pH = 0.8), which was added in the requisite pro-
portion that ensured the ionic strength of each solution was equal, or 0.5
M HCIO4 (pH = 0). Ir10 films prepared from the same initial ink trialed
with the 0.2 N HpSO4/KNOj3 are shown in the red dots of Fig. 3a and Ir10
films from another Ir10 ink trialed in the 0.5 M HCIO4 are shown in the
blue dots of Fig. 3a with the CER selectivity standard deviation indi-
cated. OER and CER currents are evaluated at the potential which the
disk current density arrived at 3 mA/cm? during the LSV scan. Indeed,
Oener et al. found the perchlorate anion to be weakly absorbing onto
their Nafion-ionomer-catalyst composite and minimally affected the
impact that the applied bias was shown to have on compensating effect
established between the enthalpic activation energies and
pre-exponential activation entropies associated with evolving hydrogen
on platinum group metal electrode-membrane assemblies [28]. The
pre-exponential activation entropy of the reactant ion (AS = S; - S;) was
further indicated to be dependent on the configurational entropy of
transition state (St), which may be increased by delocalizing the reactant
ion over an ordered hydrogen bonding network achieavable in an
aqueous supporting electrolyte; increasing the connectivity of the
hydrogen bonding network further decreases the entropy of an Hy0
reactant (S;) [28,29]. Thus, introducing the chloride ion within the
highly acidic perchloric acid solution may indeed provide a conducive
electrostatic environment that can extract the chloride ion from the
solution, increasing the configurational entropy of the transition state
and thus the rate of the initial desolvation step. The kinetics of the CER
then become dominated not by interfacial solvation, though instead by
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Fig. 3. (a) CER selectivity at 3 mA/cm? along the disk at ascending NaCl concentrations in 0.2 N HySO4, 0.5 M KNO3 (pH = 0.88) or 0.5 M HCIO4 (pH = 0)
supporting electrolyte. Standard deviations are calculated respectively from five film dropcasted from one ink and four films dropcasted from another ink. (b) Reveals
the drop in CER selectivity especially at lower NaCl concentrations through integration of ZIF-8 nanosheets when evaluated at a disk current density of 3 mA/cm?,
potentials vs RHE are indicated just below the respective bar. (¢) Displays the LSV curves (solid lines) and the corresponding calculated CER selectivity (dashed lines)
for both Ir10 and the Ir10ZIF160 as a function of the potential. (d) Delineates how the potential at which 3 mA/cm? is reached at the disk and the OER current are

affected by the NaCl concentration.

adiabatic electron transfer and a Butler-Volmer / Marcus-Hush fast ki-
netic regime [28], evident by the elevated selectivities for the CER as the
chloride ion concentration is increased within the perchloric supporting
electrolyte in Fig. 3a. To avoid the potential complication of an addi-
tional competitive adsorbate, perchloric acid was used as the supporting
electrolyte to probe any perceived effect of the ZIF-8 nanosheets on the
CER selectivity.

With the electroanalytical RRDE protocol using a 0.5 M concentra-
tion of perchloric acid as the supporting electrolyte, electrocatalytic
films integrating ZIF-8 nanosheets were probed through LSV at
increasing NaCl concentrations. A comparison of the CER selectivity,
evaluated at the potential (noted just below the bar graphs) at which the
disk current density arrived at 3 mA/cm? during the LSV scan, between
Ir10 and IrZIF160 is indicated in the bar graphs of Fig. 3b At a fixed Ir10:
ZIF-8 ratio, the CER selectivity is increasing with the chlorine concen-
tration. Interestingly, at a fixed chlorine concentration, a decrease in
CER selectivity upon increasing the Zn/Ir molar ratio within the elec-
trocatalytic film is observed through NacCl concentrations up to 100 mM.
It is apparent that the CER selectivity drops by ~65 % upon increasing
the Zn/Ir molar ratio within the MOF incorporated films from 0/1 to
160/1 at 10 mM NaCl as indicated by comparing the dotted curves in
Fig. 3c along a potential of 1.53 V. The selectivity towards the CER
appears to increase up to about 200 mM as similarly found by Kuznet-
sova et al., who moreover suggested that this increase occurs until the
active sites along the catalytic surface become saturated [30]. Interest-
ingly, the percent drop in CER selectivity through incorporation of the
nanosheets is rather consistent up to this concentration referring to
Fig. 3b In spite of this observation, a general decrease in the potential
required to reach the current density of 3 mA/cm? at the disk is observed
as can be noted in the top panel of Fig. 3d; as the chloride ion concen-
tration is increased, the potential at which 3 mA/cm? along the disk is
achieved is observed to decrease. This metric was initially chosen in the
evaluation of the CER selectivity of the electrocatalytic films to ensure
that the polarization response and resultant potential is controlled by
the heterogenous reaction kinetics and is not affected by the gas bubble
formation, which can induce ohmic control of the electrode potential
and evolve the exponential J-E relationship into a linear J-E relation-
ship, obscuring the evaluation of the kinetic response to an applied
potential [31,32]. Moreover, defining a discrete current density to
evaluate the CER selectivities of the electrocatalytic films enabled the

variability amongst the films to be calculated. The low variability
observed suggests that the stability of the nanosheet-integrated films
was maintained throughout the analysis. Additionally, it indicates that
the electrochemical surface area of the Ir10 electrocatalyst remained
consistent across the tested films. However, imposing this limitation
affects the evaluation of the nanosheet performance at elevated chloride
ion concentrations by means of a CER selectivity analysis. The CER
selectivity is indeed being evaluated at a lower potential, a potential
which may indeed be lower than the driving force required to promote
the generation of the OER intermediates. This decrease in potential thus
disfavors the OER by becoming insufficient to promote its catalysis [30].
As is indeed shown in Fig. 3d, upon increasing the NaCl concentration,
the contributing OER current measured as the disk current achieves 3
mA/cm? begins to decrease, presumably because the potential at which
the disk current density achieves 3 mA/cm? lessens. Thus, evaluation of
the performance of the ZIF-8 nanosheets through calculation of the CER
selectivity at a fixed current density of 3 mA/cm? may be convoluted by
the decrease in OER current that become appreciable as the chloride
concentration increases and the potential at that current density along
the disk decreases; indeed, a denominator factor is diminishing.

Moreover, the group of Krtil found that no oxygen could be detected
at chloride concentrations above 50 mM in 0.1 M HClO4 supporting
electrolyte [30]. Though nanosheet incorporation into an electro-
catalytic film appears to enable the OER up to NaCl concentrations of at
least 100 mM at a disk current density of 3 mA/cm? as shown in Fig. 3d
These nanosheets may indeed have continued performance at elevated
NaCl concentrations. However, the decreasing potential apparent upon
increasing the chloride ion concentration convolutes the analysis, indi-
cating the imperativeness of a robust in situ filtration mechanism that
can mitigate any slightest available transport path for the approach of
the chloride ion towards the electrocatalyst [33].

Deciphering the effect that the potential may indeed have on the CER
selectivity may become apparent by plotting the CER selectivity as a
function of the potential shown for the first trial of the Ir10 and the
IrZIF160 in Fig. 4a. The potential is known to dictate the electron
transfer rate constant and thus the activation barrier for the catalysis
[34,35]. Decreasing the potential applied, the driving force for the OER
and CER electrochemical reactions, decreases the current density at
which the CER selectivity is evaluated and reveals how the intrinsic rate
of the CER may be affected by the presence of the ZIF-8 nanosheets.
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Fig. 4. (a) Plot of the CER selectivity vs. potential from a trial of the Ir10
electrocatalytic film shown in dashed lines and the IrZIF160 electrocatalytic
film shown in solid lines at NaCl concentrations ranging from 0 mM to 1000
mM. (b) Evaluation of the CER selectivity of electrocatalytic films with different
Zn/Ir molar ratios at a potential of 1.37 V vs. RHE.

Indeed, it can be seen at a potential of 1.37 V vs. RHE, just above the
thermodynamically reversible voltage for the CER, that a 160/1 ZIF/Ir
molar ratio decreases the CER selectivity by a near 95 % at a concen-
tration of 500 mM NaCl, as shown by comparing the red and blue dotted
lines of Fig. 4b and the bar graphs of Fig. 4c. Thus, the nanosheets do
appear to effectively arrest the CER at chloride ion concentrations
similar to that of seawater. The nanosheets may indeed be effective at
arresting the CER at a higher applied bias and greater currents, though
Oner et al. indicated that increasing the applied bias may decrease the
configurational entropy of the water reagent by increasing the connec-
tivity of the hydrogen bonding network, decreasing its pre-exponential
activation entropy, and decreasing the catalytic rate of the OER at the
surface of the iridium nanoparticles [28]. Indeed, this effect may arise
from the inception of capacitive charging, which below a bias of 200
mV, was shown to induce entropic changes in the water network,
changing preexponential factors rather than activation enthalpies [36].
Moreover, this effect increases the configurational entropy of the tran-
sition state for the chloride ion and desolvation rate, promoting adia-
batic electron transfers and the fast kinetic regime [28].

Moreover, the applied potential measured at a constant current
density along the disk seemed only slightly to vary with the Zn/Ir molar
ratio. Only a ~30 mV difference between the Ir10 and the ZIFintfilm160
is perceived, as shown in Fig. 5a. Furthermore, knowing that the
resultant current density at the disk is a summation of the achievable
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Fig. 5. (a) Potential measured when a current density of 3 mA/cm? is reached
at the disk as a function of the Zn/Ir molar ratio within the film. (b) Decon-
voluted CER current measured at the disk at a total disk current density of 3
mA/cm? as a function of the Zn/Ir molar ratio within the film. (¢) Deconvoluted
OER current measured at the disk at a total disk current density of 3 mA/cm? as
a function of the Zn/Ir molar ratio within the film.

OER current and the CER current, deducible through the presence of the
ring set to a selective potential at which the current from the CRR can be
measured, the OER and CER currents may be evaluated, here at a current
density of 3mA/cm? and plotted as a function of Zn/Ir molar ratio in the
film as shown in Fig. 5b and 5c, the corresponding potentials can be
deduced by referring to Fig. 5a. These figures indicate both a slight in-
crease in OER current at increasing Zn/Ir ratios with a simultaneous
decrease in CER current with an increasing Zn/Ir ratios. The ZIF- phase
thus doesn’t appear to decrease the water permeability even at height-
ened nanosheet quantities. Moreover, increasing the quantity of this
molecular sieving material with this characterized pore aperture ap-
pears to selectively impede the CER current and promote the OER cur-
rent, suggesting that catalytic active sites that can bind the water
substrate and the intermediates of the OER are being liberated. This
phenomenon supports the work of Koper et al. who indicated that the
water substrate for OER and the chloride ion substrate of the CER



C. Harvey et al.

compete for the catalytic active sites along the electrocatalytic surface
[26]. Achieving a heterogeneous electrocatalytic system design with
selective facets and additional point defects that modulate these active
sites to selectively catalyze the OER over the CER has been discussed [6].
This in-situ filtration strategy discussed herein indicates that increased
nanosheet quantities within the electrocatalytic film may provide
another means of hindering the CER current while promoting the OER,
presumably by impeding the substrate diffusion for the CER within the
film towards the active sites.

The current measured at the disk (and the ring) of a modified elec-
trode is however governed by a number of processes including the
electron transfer kinetics at the catalytic active sites, the movement of
electrons between the electrode and those interdispersed active sites,
and the rates of substrate mass transport within the film and within the
surrounding solution [37]. The presence of Vulcan carbon within the
film is assumed to create a fast conducting film, thus determining
whether the CER current is under diffusional control may be conducted
by verifying that the kinetic current is indeed consistent both with and
without the nanosheets, which may be conducted through rotating ring
disk voltammetry with a Koutecky-Levich analysis [38]. However, the
diffusion-limiting plateau current was never reached in the present
study. Practically, significant bubble generation limited the ability to
achieve current densities higher than 5-10 mA/cm? before detachment
of the film from the working electrode surface. Moreover, higher current
densities would increase the generation of gas bubbles that may enhance
the ohmic drop between the working and reference electrode and
deceive the interpretation of the limiting current if not properly
compensated [39]. Furthermore, cyclic voltammetry analysis of the
electrocatalytic film to determine if the current is under kinetic control
is limited when the substrate is the reagent and impractical when the
thickness of the film cannot be varied to render a foot-in-the-wave
analysis [40].

The degree of kinetic control of the CER current within the electro-
catalytic film, and thus the determination of the kinetically or diffu-
sionally induced mechanism through which the nanosheets may
selectively impede the CER current, may become apparent through the
evaluation of the reaction order of the kinetic mechanism as well as the
Tafel slope of the CER occurring at the iridium nanoparticles within the
electrocatalytic film. Indeed, as previously discussed, the CER appears to
be following a Butler-Volmer/Marcus-Hush fast kinetic regime within
these conditions [28]. Following the work of Tilak and Conway [41], the
reaction order (Eq. (6)) and Tafel slope (Eq. (7)) may be defined,

_ dln(J)
R= 5 [CT] ©)
__9n

The evolution of the CER on iridium is further thought to occur
through a sequence of intermediates chemisorbed onto the catalytic
surface. This process is governed by rate-limiting steps proposed by
Heyrovsky, Krishtalik, and Tafel [6]. Consequently, the evolved CER
current is dependent not only on the concentration of the substrate
though also on the coverage of the chemisorbed intermediate(s) defining
the rate limiting step on that surface (0). This coverage is expressed as a
fraction between zero and one, which may be related to the substrate
concentration through an adsorption isotherm. The assumption that the
Langmuir isotherm applies,

—le/m
cl [Cl ]ef 41
enables an initial assessment of the degree of dependence that the
chemisorbed intermediates of the rate limiting step invoke on the re-
action velocity [26]. The reaction order and Tafel slope of the electro-
catalytic films with and without the presence of the nanosheets was
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evaluated through the plots shown in Fig. 6. Low Tafel slopes between
55 - 82 mV/decade and a reaction order between 0 and 1 were obtained
for electrocatalytic films both with and without the presence of the
nanosheets, displayed in Table S1. This occurrence implies that the
transfer of the first electron is rather reversible, and it is the transfer of
the second electron or a subsequent chemical reaction that represents
the rate limiting step [42]. Indeed, the low reaction order rejects the
slow recombination mechanism characteristic of the Heyrovsky mech-
anism and implies that the mechanism follows the proposal of Krishtalik,
which is in line with previous studies [26]. The consistency of the Tafel
slopes in Fig. 6b for the electrocatalytic films both with and without the
nanosheets could be a further indication of the minimal effect that the
nanosheets have on the resistivity of the film [43]. Furthermore a graph
representing the potential measured at the current density of 3 mA/cm?
against the natural logarithm of each chloride ion concentration probed,
is shown in Fig. S8. This graph reveals similar slopes for the electro-
catalytic films both with and without the presence of the nanosheets.
There appears to be a change in the slopes as the chloride ion concen-
tration decreases below 50 mM, and this change is consistent in all cases.
This indicates that the product of the reaction order and Tafel slope
remains unaffected by the presence of the nanosheets. The change in
slopes might be due to a change in the transfer coefficient, as suggested
in previous studies [41,42].

The kinetic mechanism remains consistent both with and without the
presence of nanosheets integrated within the film. This suggests that the
incorporation of nanosheets does not induce kinetic control but rather a
diffusional control of the CER current. Further evaluation of the evolved
current at a potential within the mass transfer controlled region was
conducted for an Ir10ZIF40 film (1.6 V vs. RHE), as shown in Fig. S8. A
comparison with simulated Cottrell conditions under semi-infinite
spherical diffusion, assuming a chloride ion diffusion coefficient of
1.77x107° em?/sec, is additionally plotted. The observed inverse t'/2
dependence with respect to the evolved current clearly indicates a
depletion of the electroactive species near the electrode surface and an
induced diffusional control [37]. Indeed, investigations of other pro-
cesses that may limit the evolved CER current, such as convective
diffusion within the surrounding solution, were attempted by con-
ducting the electroanalytical RRDE protocol at different rotation rates.
The LSV curves of the control Ir10 film, probed at different concentra-
tions of NaCl with rotation rates of 500 rpm, 1000 rpm, 1600 rpm, and
2000 rpm, are shown in Fig. S9, and appear to be independent of the
rotation rate. Thus, the evolved current of the system does not appear to
be kinetically limited.

Another kinetic component that must be considered is the crossing of
the chloride ion reagent between the solution and the film. This pene-
tration rate may be characterized by assuming a pinhole distribution of
aperture widths equivalent to that of the nanosheet located at an
equivalent distance from one another [44]. In addition, the high aspect
ratio of the nanosheets enables a morphological stacking of the material
that provides an additional means of sieving; longer and more tortuous
paths are created for the larger molecule that cannot pass through the
pores. Thus, augmenting the pinhole distribution model with an addi-
tional tortuosity parameter may elucidate the limitation that the reagent
film penetration rate may impose on the CER current. The mechanism
that may indeed be rendering the evidenced diffusional control may be
determined. Further development of a nanosheet integration strategy
that enables control of the resulting electrocatalytic film architecture
may enable these sieving mechanisms to be trialed, enhancing the
decryption of the degree of diffusional impediment that each mechanism
may impose within the electrocatalytic film and enable a design that
accentuates the desired sieving effect.

4. Conclusions

By means of an incorporation of monoclinic ZIF-8 nanosheets into
electrocatalytic films composed of iridium nanoparticles interdispersed
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Fig. 6. (a) log of the calculated CER current against the log of the NaCl concentration for both Ir10 and varying Zn/Ir ratios of nanosheets at a potential of 1.48 V for
the determination of the Reaction Order of the CER kinetic mechanism. (b) Tafel plot for both Ir10 and varying Zn/Ir ratios of nanosheets at an NaCl concentration of

200 mM.

on Vulcan carbon, the CER selectivity during electrocatalysis of simu-
lated seawater water dropped by 65 % at low chloride ion concentra-
tions when evaluated at a disk current density of 3 mA/cm?. Further
elucidation of the current density metric was achieved by plotting the
CER selectivity as a function of the potential. A dramatic drop of 95 % in
CER selectivity became apparent with the utilization of an electro-
catalytic film consisting of a 160/1 Zn/Ir molar ratio when evaluated at
1.37 V vs. RHE. Thus, the implementation of ZIF-8 nanosheets into an
electrocatalytic film appears promising. The electrocatalytic activity of
the iridium nanocluster catalysts was minimally affected by the presence
of the nanosheets, indicated by the small increase in the potential at
which a current density of 3 mA/cm? was reached at the disk. Decon-
voluting that current density at the disk into the respective OER and CER
current contributions revealed a decrease in the CER current and an
increase in the OER current upon increasing the Zn/Ir molar ratio. This
indicates clearly a competitive adsorbing mechanism. The presence of
nanosheets at the electrode doesn’t modify the kinetic mechanism of the
CER, confirming the diffusional control of the CER current. Develop-
ment of a nanosheet integration strategy that enables control of the
resulting electrocatalytic film architecture may enable the sieving
mechanism to be elucidated and further optimized to promote the
substantial decrease in CER selectivity at elevated current densities
under 500 mM chloride ion concentrations. The efficacious effect on
selective evolution of the OER in the presence of the nanosheets in-
dicates that a venture into the two-dimensional realm of novel materials
may divulge a potent inception towards the realization of electrolysis
with unpurified water sources.
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