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ABSTRACT: Layered double hydroxides (LDHs) are low dimensional materials that act as benchmark catalysts for the
oxygen evolution reaction (OER). Many LDH properties affecting the OER have been studied to reach the optimal effi-
ciency but no systematic studies concerning the influence of the interlayer space have been developed. In this context,
these materials allow a large tunability in their chemical composition enabling the substitution of the interlayer anion
and therefore modifying exclusively the basal space. Here, we synthesize by anion exchange reactions a surfactant-
intercalated family of NiFe-LDHs with increasing basal spacing ranging from 8.0 to 31.6 A (one of the largest reported so
far for a NiFe-LDH) while the electrochemical OER performance of this family of compounds was explored to analyse the
interlayer distance effect keeping similar morphology, dimensions and metallic composition. Results show the increase of
the LDH basal space undergo to lower Tafel slopes, higher electrochemical surface area and a reduction of the resistance
related to the chemisorption of oxygen leading to better kinetic behaviour, showing an optimum enhancement of the
electrocatalytic performance for the NiFe-dodecyl sulphate (basal space of 25 A). Interestingly, the NiFe-dodecyl sulphate
exhibits optimum proton diffusion values, indeed a further increment in the basal space compromises the onset potential,
a fact that could be related to an increase in the hydrophobicity between the layers. Moreover, by judicious tuning of the
interlayer space, it is possible to reach a Tafel slope value for the most spaced LDH (NiFe-octadecyl sulphate, basal space
of 31.6 A), similar to the one obtained for exfoliated NiFe nanosheets, showing a much better long-time stability due to
the three-dimensional robustness of the catalysts. This work illustrates the importance of molecular engineering in the
design of novel highly active catalysts and provides important insights into the understanding of basic principles of oxy-
gen evolution reaction in NiFe-LDHs.

al LDHs with a great variety of properties that lead to

INTRODUCTION their application in different fields such as energy storage,

With the increasing requirements of reliable and envi-
ronmentally friendly energy resources, electrochemical
energy storage and conversion systems (such as superca-
pacitors and water splitting catalysts) have gathered in-
tense interest in the last years. In this context, layered
materials have attracted much attention.! In particular,
layered double hydroxides (LDHs) have been investigated
for their potential application as electroactive materials
due to their high surface area, chemical versatility, elec-
trochemical stability as well as their inexpensive and
abundant constituting elements.>3

The structure of LDHs consists of stacks of positively
charged metal hydroxides layers with charge balancing
anions situated between the layers. They exhibit a typical
formula [M"_M"(OH),]*(A™)ym YH,O, where M" and
M are divalent and trivalent metals, respectively, such as
M = Mg?*, Zn*>*, Ni**, Co*, Fe** and M = Al3, Fe3*, Co3,
Ni3*, Cr3*. The nature and charge of the components can
be varied within a given compositional range (typically
0.20 < X < 0.33) in addition, the interlayer anion (A™) can
be modified by anion exchange reactions in a broad range
using both organic or inorganic molecules.# This wide
chemical tunability allows the synthesis of multifunction-

catalysis, anion exchange or magnetism, among others.58
In this framework, LDHs containing transition metals like
Ni, Co, and Fe have shown excellent oxygen evolution
reaction (OER) activity, being the most active composi-
tion at a ratio of Ni:Fe between 2:1 and 3:1.9% In the at-
tempt to improve the electrochemical performance of
LDHs-based electrodes, it has been reported successful
tuning of the microstructure, the metal composition, the
crystallinity and the particle size, which can provide more
electroactive sites, leading to better performances.o?
Beyond these well-studied parameters, interlayer anion
modification has also been shown to be an effective ap-
proach for boosting the electrocatalytic activity of LDHs.
Indeed, Hunter et al. synthesized nanometric (<25 nm)
NiFe-LDHs by pulsed laser ablation in liquids, changing
the identity of the intercalated gallery anions to influence
the OER catalytic activity by local modification of pK,.B
However, only a reduced basal space region was studied
(ca. 7.5 - 8.3 A), showing that carbonate rapidly replaces
the interlayer anion under environmental conditions. In
this line, the intercalation of a large surfactant molecule
like dodecyl sulphate has recently been reported as one
effective approach to minimize the carbonate substitution
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Figure 1. (A) Main scheme of the anion exchange reaction of
an LDH with the corresponding increase of the basal space.
(B) Basal space of the different intercalated LDHs according
to the interlayer anion.

and to enhance the electrocatalytic activity of these lay-
ered materials.'* Unfortunately, so far the synthetic- and
electrode preparation conditions reported in the litera-
ture vary substantially and there is a lack in the structural
characterisation of these materials. This precludes a de-
tailed understanding of intrinsic catalytic activity princi-
ples. For example, the role of crystallinity, chemical com-
position, particle size, morphology, and electrode prepa-
rations remain largely unexplored, all this precluding a
deep understanding of the factors governing the OER
activity. Along this front, a systematic study controlling
all these parameters, deciphering the influence of inter-
layer space and determining the most effective materials
is highly desirable.

On the other hand, it has been reported that the exfolia-
tion of LDHs into 2D nanosheets result in vast improve-
ments to overall OER performance correlated to the larg-
er electrochemical area and the number of active sites.'
Taking into advantage the chemical flexibility of these
layered materials, it is possible to envisage a precise mo-
lecular engineering leading to an electrochemical perfor-
mance comparable to that of exfoliated nanosheets.

Keeping this in mind, we have attempted the synthesis by
anion exchange reaction of a family of highly crystalline
NiFe-LDHs endowed with similar metal composition,
morphology and dimensions, and modified with different
interlayer anions (sulphate, ethyl sulphate, octyl sulphate,
dodecyl sulphate, hexadecyl sulphate and octadecyl
sulphate) in order to reach extreme ranges of basal spac-
ing (from 8 to 32 A, corresponding to the pristine chloride
LDH and the octadecyl sulphate-intercalated LDH, re-
spectively, Figure 1). To achieve that, a non-aqueous

methodology using triethanolamine as chelating rea-
gent'®7 was followed to avoid the presence of CO5>" in the
reaction media, thus facilitating the anion exchange reac-
tion# Notice that while AB*-containing LDHs exhibit
good results towards anion exchange replacements,® this
procedure is not so trivial for NiFe-LDHs.''9>° Then,
once this anion exchange has been accomplished, a sys-
tematic study of the OER was possible to be carried out to
precisely investigate the interlayer distance influence on
the electrochemical properties.

Our results show that the interlayer increase leads to an
excellent OER performance, with the optimal behaviour
obtained for the NiFe-dodecyl sulphate. Another im-
portant finding is that the maximum increase in the inter-
layer distance (NiFe-octadecyl sulphate) allows for kinet-
ic values comparable to benchmark NiFe-exfoliated
nanosheets and with superior long-time stability, which
will facilitate the future development of new highly effi-
cient and robust hybrid electrocatalysts.

EXPERIMENTAL
Chemicals

NiCL-6H.0, FeCl;-6H.0, triethanolamine (TEA,
CeHisNO;), sodium sulphate (NaO,S) sodium octyl
sulphate  (CsH,;NaO,S), sodium dodecyl sulphate
(C,H,;NaQ,S), sodium hexadecyl sulphate (C,sH;NaO,S),
sodium octadecyl sulphate (C,sH;,NaO,S) and polytetra-
fluoroethylene (PTFE) were purchased from Sigma-
Aldrich. Sodium ethyl sulphate (C,H;NaO,S) was pur-
chased from TCI. Potassium hydroxide KOH (99.99%)
was purchased from Panreac. All chemicals were used as
received. Ethanol absolute (EtOH) was purchased from
Panreac. Carbon black, acetylene 50% compressed, was
obtained from Alfa Aesar (99.9%). Milli-Q water was
obtained from a Millipore Milli-Q equipment.

Synthesis of LDHs

Synthesis of NiFe-Cl LDH. NiFe-Cl LDH with Ni/Fe ratio
31 was synthesized using a hydrothermal method adapted
from Dang et al*# In a typical procedure, 0.45 mmol of
FeCl;-6H,O were added to a centrifuge tube containing
9oo pmol of TEA. Afterwards, a solution with 1.35 mmol
of NiClL,-6H,O and 1.2 g of TEA (8 mmol) dissolved in 9o
mL of a mixture 11 (v:v) ethanol:water was added. The
resulting solution was mixed thoroughly until complete
dissolution and transferred to a Teflon-lined stainless-
steel autoclave. The autoclave was placed in a preheated
oven at 120 °C for 6 h. Finally, it was cooled down to room
temperature, and the final brown powder was filtered and
washed with H,O and EtOH several times and dried dur-
ing 24 h in vacuum.

Synthesis of NiFe-SO, LDH. 0.25 M of sodium sulphate
was dissolved in 50 mL of a 1:1 (v:v) ethanol:water mixture
with magnetic stirring at 65 °C and under argon atmos-
phere. After 30 minutes, 50 mg of LDH NiFe-Cl were



added. The temperature was set at 50 °C and the reaction
was kept for 48 h. Finally, the mixture was filtered,
washed with Milli-Q water and EtOH, and dried in vacu-
um.

Synthesis of NiFe-ES LDH. 7.5 mM of sodium ethyl
sulphate was dissolved in 50 mL of a 11 (viv)
ethanol:water mixture. Then, 50 mg of NiFe-Cl LDH were
added, and the reaction was maintained for 48 h at room
temperature under Ar atmosphere and magnetic stirring.
Finally, the final mixture was filtered, and the yellow
powder was washed with H,O and EtOH several times
and dried during 24 h in vacuum.

Synthesis of NiFe-OS LDH. 7.5 mM of sodium octyl
sulphate was dissolved in 50 mL of a 11 (viv)
ethanol:water mixture. Then, 30 mg of NiFe-Cl LDH were
added, and the reaction was maintained for 48 h at room
temperature under Ar atmosphere and magnetic stirring.
Finally, the final mixture was filtered, and the yellow
powder was washed with H,O and EtOH several times
and dried during 24 h in vacuum.

Synthesis of NiFe-DS LDH. 0.2 M of sodium dodecyl
sulphate was dissolved in 50 mL of a 11 (viv)
ethanol:water mixture. Then, 200 mg of NiFe-Cl LDH
were added, and the reaction was maintained for 12 h at
room temperature under Ar atmosphere and magnetic
stirring. Finally, the final mixture was filtered, and the
yellow powder was washed with H,O and EtOH several
times and dried during 24 h in vacuum.

Synthesis of NiFe-HDS LDH. 2.5 mM of sodium hexadecyl
sulphate was dissolved in 50 mL of a 11 (viv)
ethanol:water mixture. Then, 50 mg of NiFe-Cl LDH were
added, and the reaction was maintained for 12 h at room
temperature under Ar atmosphere and magnetic stirring.
Finally, the final mixture was filtered, and the yellow
powder was washed with H,O and EtOH several times
and dried during 24 h in vacuum.

Synthesis of NiFe-ODS LDH. o.01 M of sodium octadecyl
sulphate was dissolved in 50 mL of a 11 (viv)
ethanol:water mixture. Then, 200 mg of NiFe-Cl LDH
were added, and the reaction was maintained for 12 h at
room temperature under Ar atmosphere and magnetic
stirring. Finally, the final mixture was filtered, and the
yellow powder was washed with H,O and EtOH several
times and dried during 24 h in vacuum.

Structural characterization

X-ray powder diffraction (XRPD) patterns were obtained
with a Bruker D8 Advance Azs5 using the copper radiation
(Cu-K, = 1.54178 A) in the 2-70° region. Attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) were
collected in an Agilent Cary 630 FTIR spectrometer in the
4000-650 cm™ range in absence of KBr pellets. Dynamic
Light Scattering (DLS) measurements: DLS measure-
ments were performed at room temperature with a
Zetasizer Nano ZS instrument (Malvern Instruments
Ltd.). Atomic Force Microscopy (AFM) measurements

were collected in a Multimode atomic force microscope
from Veeco, using tapping mode in air at room tempera-
ture. Processing and analysis of the images were carried
out using the Nanotec WSxM 6.0 software.” Field emis-
sion scanning electron microscopy (FESEM) and energy-
dispersive X-ray (EDX) spectroscopy mappings studies
were carried out on a Hitachi S-4800 microscope at an
accelerating voltage of 20 kV and 30 s of Au/Pd metalliza-
tion of the samples. Transmission electron microscopy
(TEM): TEM studies were carried out on a JEM-1010 oper-
ating at 8o kV. Samples were prepared by dropping sus-
pensions on lacey formvar/carbon copper grids (300
mesh). Thermogravimetric analysis (TGA) of all samples
was carried out in a Mettler Toledo TGA/DSC2 apparatus
in the 30-800 °C temperature range at 10 °C-min™ scan
rate and an air flow of 100 mL-min~. Carbon, nitrogen,
hydrogen, and sulphur contents were determined by
microanalytical procedures by using a LECO CHNS-932.
X-ray photoelectron spectroscopy (XPS) measurements
were performed in an ultrahigh vacuum system
ESCALAB210 (base pressure 1.0x10"° mbar) from Thermo
VG Scientific. Photoelectrons were excited by using the
Mg-Ka line (1253.6 eV). All spectra were referred to the
Fermi level. Nitrogen adsorption/desorption isotherms at
77 K and carbon dioxide adsorption isotherms at 298 K
were collected in an AUTOSORB-6 apparatus. Samples
were previously degassed at 423 K for 12 h under vacuum
with an AUTOSORB DEGASSER. Magnetic data were
collected over the bulk material with a Quantum Design
superconducting quantum interference device (SQUID)
MPMS-XL-5. The magnetic susceptibility of the samples
was corrected from the diamagnetic contributions of their
atomic constituents as deduced from Pascal’s constant
tables and the sample holder. The DC data were obtained
under an external applied field of 100 or 1000 Oe in the 2—
300 K temperature range.

Electrode preparation

For the electrochemical measurements, a mixture of the
LDH, acetylene black, and PTFE in ethanol in a mass ratio
of 80:10:10 was prepared and deposited on a nickel foam
electrode. The as-prepared electrode was let dried for 2 h
at 8o °C. Each working electrode contained about 0.4 mg
of electroactive material (i.e. the metal hydroxides) and
had a geometric surface area of about 2 cm?. Thus, the
electrode mass loading achieved was 0.2 mg-cm™. A typi-
cal three-electrode cell equipped with a steel sheet as the
counter electrode and a Metrohm Ag/AgCl (3 M KCI) as
the reference electrode was used for the electrochemical
characterization of the nanocomposite material trapped
by the working electrodes. Also, additional measurements
were performed using glassy carbon rotating disc elec-
trode (RDE) following similar procedure reported by
Dang et al4 Electrodes were prepared by adding 25 pL of
5 % Nafion solution to 5 mg of LDH powder and 2.5 mg of
graphitized carbon and then dispersed in 1.25 mL of 11
(v:v) EtOH/H,O and sonicated for 20 min. 3 pL of this
dispersion was drop-casted onto a previously polished



(sequentially with 1.0, 0.3 and 0.05 pm alumina powder) 3
mm diameter RDE and dried at room temperature for 30
min.

Electrochemical characterization

Prior to OER experiments, cyclic voltammetry curves
(CVs) were performed between 0.9 - 1.7 V vs RHE at dif-
ferent scan rates (100, 50, 20, 10 and 5 mV-s?). Linear
sweep voltammetry (LSV) measurements were carried out
at 5 mV-s™ in a previously N, purged 1 M KOH aqueous
solution. The measurements were performed at least
three times for every sample using different electrodes.
All electrochemical experiments were done without iR
correction, in order to make a fair comparison of the
intrinsic electrocatalytic behaviour of each sample instead
of searching the best performance of the electrode. OER
tests were performed at room temperature using a Gamry
1010E potentiostat—-galvanostat controlled by Gamry soft-
ware. RDE was used rotating at 1200 rpm for NiFe-ODS
and an exfoliated NiFe to determine their electrocatalytic
performance.

The turnover frequency (TOF) values were calculated
from the equation:
TOF = A
~ 4Fm

where j is the current density at a given overpotential of
0.3V, A is the surface area of the working electrode, F is
the Faraday constant and m is the number of moles of
metal loaded on the electrode (i.e. Ni and Fe).

Electrochemical Surface Area (ECSA) was acquired by
measuring the current associated with double-layer ca-
pacitance from the scan-rate dependence of CVs. The
ECSA was measured on the working electrodes after LSV
measurements. The potential range used for the CVs was
0.2 - 0.3V versus Ag/AgCl (3 M KCl). The scan rates were
5, 10, 20, 50 and 100 mV s™.. The double-layer capacitance
was calculated by plotting the j.—jc/2 (anodic versus ca-
thodic currents) at 0.25V versus Ag/AgCl (3 M KCI)
against the scan rate. ECSA measurements were obtained
in an Autolab PGSTAT 128N potentiostat/galvanostat.

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out by applying an AC amplitude of 10
mV in the frequency range of 0.01-104 Hz at an overpoten-
tial of 0.3 V using a Gamry 1010E potentiostat-galvanostat.
Measurements were recorded after an equilibration time
of 30 s upon an overpotential of 0.3 V. EIS data were
analysed and fitted by means of Gamry Echem Analyst v.
7.07 software.

Diffusion coefficients were calculated taking into account
that the oxidation of nickel is diffusion limited. Then,
according to the Randles-Sevcik equation:
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where i, is the current peak in A; n is the number of elec-
trons transferred (usually 1); A is the surface area of the
electrode, 2 cm?; D, is the diffusion coefficient of the rate-
limiting species in cm>s?; v is the scan rate in V-s7; C, is
the proton concentration in the solution in mol-cm3. To
estimate the proton concentration, it is assumed to be the
same as Ni(OH), following the stoichiometry of the reac-
tion: Ni(OH), — NiOOH + H* + e". The electrodes were
prepared with the same electroactive metal mass loading.
Thus, the concentration of Ni(OH), in all cases is the
same.

Stability tests were carried out at constant current densi-
ties of 5 and 10 mA-cm~ and at constant overpotentials of
300 mV and 400 mV for 2 h for NiFe-Cl and NiFe-ODS.
In addition, the stability of NiFe-ODS and an exfoliated
NiFe-LDH was performed under a constant current den-
sity of 10 mA-cm™ during 48 hours.

ATR-FTIR spectra after the different electrochemical tests
were recorded by extracting the LDH material from the
Ni foam using a sonication procedure followed by a wash-
ing step.

RESULTS AND DISCUSSION

Pristine NiFe-Cl LDH was synthesized using triethanola-
mine as chelating reagent'®72° and following a modified
methodology in absence of urea described by Dang et al.*4
By subsequent anion exchange of the chloride form with
five different n-alkyl-sulphate derivatives, we obtained a
family of materials with an increasing number of carbon
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Figure 2. Physical characterization of the NiFe-LDH family.
(A) XRPD diffractograms highlighting the main basal reflec-
tions. (B) IR spectra (C) DLS measurements denoting the
average size of the particles. (D) N, adsorption-desorption
and CO, adsorption isotherms for NiFe-Cl and NiFe-ODS
samples.



atoms: 2 for the ethyl (-ES), 8 for the octyl (-OS), 12 for
the dodecyl (-DS), 16 for the hexadecyl (-HDS) and 18 for
the octadecyl (-ODS) form.® It is worth to remark that
every surfactant-intercalated material requires some spe-
cific synthetic conditions. LDH phases were confirmed via
XRPD pattern (Figure 2A and S1), highlighting the main
basal reflections that can be found in hydrotalcite-like
materials (JCPDS 22-700).2>?3 The main (003), (006) and
(009) peaks are related to the basal space of the LDH,
therefore dependent on the size of the interlayer anion.
We observe that the peaks shift towards lower 2-0 values
and increase their intensity as long as the length of the
interlamellar anion rises.® For the pristine NiFe-Cl
material, we observe a basal space which is 8.0 A, in good
agreement with that found in the literature4 For the
longest interlayer distance (NiFe-ODS) the basal space
increases up to 31.6 A, therefore confirming the successful
anion exchange reaction and, to the best of our
knowledge, the largest basal space reported so far for a
NiFe-LDH.®®* No contaminant phases were observed,
confirming that the anion exchange reactions do not
affect the overall crystallinity of the layered hosts. In addi-
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Figure 3. Electron microscopy characterization. TEM images
of (A) NiFe-Cl and (B) NiFe-ODS. XPS spectra of (C, D) NiFe-
Cland (E, F) NiFe-ODS.

tion, the peak observed near 60° is indicative of the struc-
tural ordering of the material.>> The absence of extrinsic
magnetic impurities such as Fe-spinels, which can be
electrocatalytic active, has been further demonstrated by
temperature-dependent magnetic susceptibility meas-
urements, y, reported as xT versus T showing the absence
of a temperature-independent component (Figure S2).7

Attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectroscopy was carried out in order to
confirm the nature of the interlayer anion (Figure 2B),
highlighting the C-H stretching bands at 2917 and 2845
cm? plus the sulphate bands at ca. 1190 and 1050 cm™ in
the surfactant-intercalated samples.!®?* While the v(SO,)
band in the surfactant-intercalated LDHs is found at ca.
1219 cm?, for the NiFe-SO, sample it is observed at ca.
noo cm™ This shift is in good agreement with that ob-
served in the literature due to the loss of interaction be-
tween the headgroup and the carboxylic chain.?#* In
order to further corroborate this effect, we measured the
IR spectra of NaSO, and sodium dodecyl sulphate (Figure
S3). According to the work of Lagaly et al., we can expect
a bilayer arrangement of the surfactant in the interlamel-
lar space exhibiting tilt angles in the 9 - 24° region.?®

TGA/DSC analysis can be found in Figure S4, depicting
the typical profile for an LDH material, pointing out an
initial weight loss in the 25-220 °C range related to the
removal of physisorbed H,O and solvation molecules, and
a second weight loss in the 220-600 °C range, ascribed
with the decomposition of the interlayer anion as well as
the dehydroxylation of the LDH layers.?2?’-2° In addition,
dynamic light scattering (DLS) measurements were car-
ried out in order to evaluate the average size of the LDH
particles (Figure 2C and Ss). We found mean sizes in the
range of 150 — 250 nm for all samples, which agrees well
with other nanometric LDHs synthesised using non-
aqueous co-precipitation routes.*?73%3 The lateral size
and thickness of NiFe-ODS was further confirmed by
atomic force microscopy (AFM) (Figure S6). Moreover, to
further investigate the anion exchange process, a com-
plete porosity analysis was carried out for the NiFe-Cl and
NiFe-ODS samples, endowed with the lowest and highest
interlayer spaces, respectively (Figure 2D and Table S1).
The N, isotherms at 77 K exhibited a Type IV behaviour,
in good agreement with previous reports.?>3>3* While the
pristine NiFe-Cl displays typical values of Brunauer-
Emmett-Teller (BET) surface area of 100 m>g”, the sur-
face area abruptly decreases below 10 m?-g?* after the ani-
on exchange reactions. This shift to lower values is re-
ported in the literature for other hybrid LDHs intercalat-
ed with large organic molecules®*%. The effect is caused
by the densely packed intercalated surfactant molecules,
which block the passage of N, molecules during the ad-
sorption procedure.’”*® Additionally, we measured the
CO., adsorption at 298 K in order to evaluate the presence
of narrow micropores of < 0.7 nm. In this context, we
observed values of 0.037 and 0.027 cc-g* for the NiFe-Cl
and NiFe-ODS samples, respectively, hence exhibiting
the NiFe-ODS a narrow micropore contribution of ca. 73



Table 1. Compositional information of the NiFe-LDH family

Sample I\?s::l()):r szi:a(l A) Molecular Formula Ratio Ni:Fe
NiFe-Cl o 8.0 [Nio73Feo..,(0H),]°27+(Cl")6 27-0.44 H,0-016 C,H;OH 2.73
NiFe-SO, o 10.8 [Nio sFeo..;,(OH),]27*(SO,2)0.35°0.25 H,0-0.26 C,H;OH 2.75
NiFe-ES 2 15.4 [Nio73Fe0.27(OH),]°27*(ES™) 0.17(Cl7)0.10-0.39 H,0-0.20 C,H;OH 2.68
NiFe-OS 8 223 [Nio74Feo26(0OH),]026+(0S~)6.20(Cl™)0.06:0.60 H,O 2.85
NiFe-DS 12 25.2 [Nio75Feo..,(0OH),]027* (DS~)o.22(Cl)6.050.60 H,O 2.74
NiFe-HDS 16 29.8 [Nio.74Feo.26(0OH),]026+(HDS)6.51(Cl )6.05:0.5 H,O 2.81
NiFe-ODS 18 316 [Nio74Feo26(OH),]°26*(ODS )0.22(Cl)o0-0.8 H,0-0.2 C,H,OH 2.86

Basal space was calculated as (doo; + 2doos + 3doos)/3

% of that calculated for the NiFe-Cl material. Both sam-
ples exhibited larger micropore volume (< 0.7 nm) when
obtained from the CO,-adsorption isotherms than the
total micropore volume extracted from the N,-adsorption
isotherms. This is indicative of the presence of narrow
constrictions which favour the insertion of CO, mole-
cules.? Additionally, the near to zero value of total mi-
cropore volume for N, molecules observed in the NiFe-
ODS sample indicates that all diffusion processes for
hydroxyl groups came from the ultramicropore (<o0.7 nm)
regime.# In order to check the stability of the samples
after the thermal activation prior to the isotherm experi-
ments (423 K for 12 h under vacuum), XRPD was meas-
ured on the activated samples confirming that the LDH
phase remains unaltered after the activation process (Fig-
ure S7).

The morphology of the samples was unveiled by means of
field-effect scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM, Figure 3A-B and
Figure S8 and Sg). In the light of the FESEM images, we
observed that the LDH crystallites tend to assemble into
bigger aggregates with average lateral sizes of ca. 1.8 pm
(Figure S10). TEM pictures allowed us a better identifica-
tion of the small particles composing the aggregates, in
good agreement with the DLS measurement (ca. 150 - 250
nm). After the anion exchange reactions, the morphology
was conserved, with no significant variation in the dimen-
sions of the different intercalated samples. Whereas Al3*-
containing LDHs synthesized in presence of ammonia
releasing reagents (ARR) exhibited a typical well-defined
hexagonal morphology*, the here reported NiFe-LDHs
displayed smaller particles with less-defined morphology.
This is due to the absence of urea, which allows to direct-
ly synthesize NiFe-Cl avoiding the presence of CO;* in
the reaction media.# Energy-dispersive X-ray (EDX) spec-
troscopy mappings confirmed the homogeneity of the
samples (Figure Su). Table 1 and S1 shows the molecular
formula of the LDHs calculated based on the TGA, EDX
and elemental analysis results.

XPS analysis was carried out for the NiFe-LDH family in
order to evidence the oxidation states of Ni and Fe (Figure
3C-F and S12). As reported in the literature for these ma-
terials, the presence of Ni (II) was confirmed according to

its main peaks at 856 (Ni 2p;,) and 874 (Ni 2p,s) €V,
combined with their satellite peaks found at 862 and 880
eV, respectively. On the other hand, the presence of Fe
(III) can be demonstrated by the characteristic peaks at
713 and 727 eV, related with the Fe 2p,,, Fe 2p,, signals,

respectively 2342744

As described above, all samples were fully characterized
and own very similar properties that strongly influence
the electrocatalytic behaviour (morphology, composition,
crystallinity, dimensions). Although these properties are
not optimized for electrocatalysis, they must stay invaria-
ble with the purpose of determining, by a systematic
study, the influence of the interlayer distance on the elec-
trochemical performance.

The whole NiFe-LDH family was investigated as OER
electrocatalysts using Ni foam collectors. Figure S13 dis-
plays the CVs of NiFe-LDHs performed at different scan
rates. The presence of a redox peak between 1.3 - 1.5 V vs
RHE is observed, which is related to the Ni redox process-
es.7%5 Electrocatalytic activity of the whole series was
tested and compared by measuring LSV (Figure 4A) until
2.0 V vs RHE. The electrocatalytic reaction follows differ-
ent trends. In fact, the current greatly increases upon the
augmentation of the basal space (Figure Si4). This can be
noticed in the inset figure where it is represented the
overpotential required at different current densities. At
low current densities, NiFe-DS, NiFe-HDS and NiFe-
ODS are the LDHs that take lower overpotential values.
Nonetheless, at current densities over 50 mA-cm, NiFe-
HDS and NiFe-ODS present the best electrocatalytic
response. It is worth to mention that for each sample, 5
CVs were recorded showing a similar registered signal
indicating high resilience during the OER experiments
(see Figure Si4).

To properly analyse the electrocatalytic behaviour, four
key parameters were compared: the Tafel slopes, the
overpotential needed at 10 mA-cm, the current density
measured at an overpotential of 0.3 V and the turnover
frequency (TOF) values. All parameter values are reported
in Table S3. Figures 4B and Si5 show the Tafel slope val-
ues calculated from Figure 4A. Interestingly, the Tafel
slope values decrease from 101 + 2 mV-dec® to 73 + 2
mV-dec? when changing chloride by sulphates and their
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Figure 4. A) Lineal Sweep Voltammetry (LSV) of various NiFe-LDHs with different interlayer anions at 5 mV-s in 1 M KOH
solution. Inset: Overpotential measured at different current densities. B) Tafel slopes calculated from LSV data. Inset: values of

NiFe-ODS and the exfoliated NiFe-LDH using Ni foam and

glassy carbon rotating disc electrode (RDE). C) Overpotential

required for a current density of 10 mA-cm2. D) Current density at an overpotential of 0.3 V. E) Turnover frequencies calculat-

ed at 0.3 V overpotential.

derivatives, indicating a clear tendency with a better cur-
rent response when increasing the potential. This could
be related to the fact that the total accessible electroactive
sites are superior, leading to higher catalytic activity (vide
infra). It is important to note that the electrocatalytic
activity was performed with Ni foam collectors as the
working electrode. Interestingly, when using a 3 mm
diameter glassy carbon rotating disc electrode (RDE),
Tafel slope reaches values in the range of 23-31 mV-dec?
surpassing the value of 36 mV-dec™ previously reported in
the literature for the NiFe-DS.4. Going further, Tafel
slope of an exfoliated NiFe-LDH -which represents the
limit case- using the same experimental conditions, rang-
es between 19-26 mV-dec™. Therefore, NiFe-ODS displays
a kinetic response similar to the one exhibited by an exfo-
liated benchmark LDH (Tafel slope calculations were
done from NiFe-ODS and NiFe-exf. LSV data shown in
Figure $S16).

Overpotential values required for 10 mA-cm™ are dis-
played in Figure 4C. This current density was chosen
because it represents the current density from a device
with 12 % solar to hydrogen efficiency.’> Overpotential
obtained present an improvement until NiFe-DS sample

and then a slight drop tendency. As described by Hunter
et al. there is a strong correlation between water oxida-
tion activity and the pK, of the conjugate acids of the
interlayer anions.*® In this sense, the decrease in this val-
ue when replacing chloride by sulphate can be attributed
to an increase of the pK, from -7 (NiFe-Cl) to 1.99 (NiFe-
SO,). For the sulphate derivatives, the pK, value stays
rather constant (1.90 for NiFe-DS), so the differences do
not seem to come from anion basicity. Figure 4D reveals
the current density measured at a fixed overpotential of
0.3 V. Remarkably, a similar trend along the compounds
is observed, with a current density maximum in NiFe-DS.
To go deeper into the electrocatalytic comparison, TOF
values were calculated at an overpotential of 300 mV,
assuming that all the metal ions in the LDHs were active.
Figure 4E shows that the TOF values follow the same
course indicating the best OER at lower overpotentials for
the NiFe-DS instead of the NiFe-ODS sample.

To further understand the observed electrochemical be-
haviour, we extracted the electrochemical surface area
(ECSA) of all the LDH-family. Indeed, it is well-known
that the increase in the specific surface area and thus, in
the number of electroactive sites leads to an improvement
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Figure 5. A) Electrochemical surface area (ECSA) of the
different samples calculated from CVs performed in a non-
faradaic region at different scan rates. B) Linear slope values
representing the ECSA. Inset: Current density at 300 mV
overpotential plotted against ECSA for the surfactant inter-
calated compounds. C) Electrochemical impedance spectra
(EIS) of NiFe-LDH samples recorded at an overpotential of
0.3 V. Points correspond to experimental data and line is a
curve fitted with the equivalent circuit. D) Resistance values
obtained from EIS data. (E) Linear relationship of the cur-
rent of the peak potentials and scan rates for the different
NiFe-LDH samples during the oxidation of Ni(OH),. (F)
Values of the diffusion coefficient of the proton multiplied
by the proton concentration for the different samples.

of the OER performance.’> ECSA of each compound were
analysed by obtaining the double layer capacitance (Fig-
ure 5A); the slopes of the fitted plots correspond to the
double layer capacitance whose values are plotted in Fig-
ure 5B. Remarkably, the ECSA shows a similar trend that
the one observed in the Tafel slope, with values going
from 0.6 mF-cm? (NiFe-Cl) to 1.3 mF-cm™ (NiFe-ODS).
Therefore, there is a strong correlation between the Tafel
slope improvement and the increase of electroactive sites
achieved by enlarging the interlayer LDH distance. Re-
garding the current values, the inset in Figure 5B displays
a linear relation between ECSA and current at 300 mV

overpotential for the surfactant samples until NiFe-DS.
Enlarging more the interlayer distance leads to higher
ECSA and consequently does not explain the decrease of
the activity at low overpotentials.

In order to shed light on the observed trend, electrochem-
ical impedance spectroscopy (EIS) which is a useful tech-
nique to understand electrocatalytic processes, was per-
formed (Figure 5C). The equivalent circuit used to fit
these data contains a resistance Rs in series with two
circuits where Rs corresponds to the ionic transport re-
sistance through the solution. The high-frequency arc (R,
CPE,) could be associated to the charge transfer from the
Ni foam to the electroactive sites, and the low-frequency
arc (R,, CPE,) could be related with the chemisorption of
oxygen. Resistance values from each frequency arc are
shown in Figure 5D. R, decreases as well as the interlayer
distance increases reaching a minimum in NiFe-OS sam-
ple that remains similar for higher basal spaces. The re-
duction of R, can be associated with a larger number of
active centers that are facilitating the oxygen formation
(thus, increasing the OER performance). However, the
electrocatalytic activity continues improving by enlarging
the interlayer space beyond 22.3 A (NiFe-OS), while R,
does not vary. Therefore, for larger interlayer distances,
the OER enhancement is mainly due to the ECSA incre-
ment.

The combination of ECSA and EIS suggest that the larger
electroactive sites and the decrease of the resistance are
vital factors responsible for the advanced electrochemical
performance on water oxidation. However, the above
discussion explains the Tafel slope progress but does not
clarify the optimum behaviour recorded for NiFe-DS
(Figures 4B, 4C, 4E and inset of 5B). In that case, we have
to focus on the charge transfer from Ni foam to the elec-
troactive sites. In fact, R, does not continue a tendency
and reaches the lowest value for NiFe-DS. Surprisingly,
the highest value corresponds to the NiFe-ODS sample.
The increment of this resistance could be responsible for
a higher onset value of LDHs with a basal space beyond
NiFe-DS.

The mechanism for OER on NiFe-LDH is still under de-
bate and investigation.’ The nickel oxyhydroxide has been

R**® and the iron

investigated as an active phase for OE
oxyhydroxide possibly plays a crucial role.*’ Nevertheless,
while the iron peak is surely masked because of the OER,
the nickel oxidation (considered vital for high OER per-
formance) can be experimentally detected and thus, stud-
ied by means of CVs. 3830 Keeping this in mind, Luan et
al. studied the proton diffusion coefficient during
Ni(OH), oxidation that can be estimated for diffusion-
limited reactions using the Randles-Sevcik equation.® A
higher proton diffusion coefficient is related to faster
oxidation of Ni(OH), to NiOOH phase (NiFeOOH in our
case) and then it leads to an improvement on the overpo-
tentials required for starting the OER. From CVs (Figure
S13), NiFe-LDH oxidation peak currents were plotted
against the square root of the scan rate obtaining a linear
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Figure 6. Stability of NiFe-ODS and NiFe-exfoliated under a
constant current density of 10 mA-cm during 48 hours. The
overpotential required is increased by 23 mV and 43 mV for
the NiFe-ODS and the NiFe-exf respectively, showing the
better performance of the tridimensional material.

relationship (Figure 5E). Therefore, the Randles-Sevcik
equation can be used to extract and compare the proton
diffusion coefficient values of all NiFe-LDH samples (Fig-
ure 5F). These results clearly point towards an improve-
ment of the proton diffusion, reaching a maximum for
NiFe-DS, in excellent agreement with the trends observed
in Figures 4C and 4D. Along this front, the higher number
of carbons in the surfactants results in an increment of
the hydrophobicity of the interlayer space as well as in
stronger hydrophobic interactions among the longer-
chain sulphates. Thus the proton diffusion from the hy-
droxide layer to the solution is reduced.>>>* In this man-
ner, the increase of the basal space leads to a better pro-
ton diffusion (therefore, to faster oxidation) until reach-
ing a distance where the hydrophobic contribution be-
comes significant. This suggests that the ratio between
hydroxide/oxyhydroxide is higher in NiFe-HDS and
NiFe-ODS compared to NiFe-DS. It is important to re-
mark the fact that NiFe-LDH is an insulator whereas
NiFeOOH is considered as a semiconductor.”*>® Thus,
the superior hydroxide/oxyhydroxide ratio could be
responsible for the increase in R, for an interlayer distance
beyond NiFe-DS. It is worth to remark that this is a com-
plex process as mentioned above, where structural chang-
es and ion dynamics may also play a key role in the elec-

trochemical behaviour.””

Last but not least, stability and durability of the more and
less spaced LDHs (NiFe-ODS and NiFe-Cl, respectively)
were tested at constant current densities of 5 and 10
mA-cm~ and at constant overpotentials of 300 mV and
400 mV for 2 h. High stability is observed in all conditions
(Figure Sr7). Moreover, in order to demonstrate the use-
fulness of the anion exchange approach, the stability
during 48 h under a current density of 10 mA-cm™ was
recorded for the NiFe-ODS versus the exfoliated NiFe-
LDH (Figure 6). The variation of the required overpoten-
tial after this long-time experiment shows an increase of
ca. 7% and 13% for the NiFe-ODS and the exfoliated LDH,
respectively. Therefore, the NiFe-ODS exhibits a similar
kinetic behaviour that the exfoliated LDH while present-
ing a bigger structural resilience due to its tridimensional

structure, opening the door to the design of improved
catalytic materials.

Given the high tendency of LDH phases towards anion
exchange reactions to incorporate carbonates,” we have
checked by ATR-FTIR that the surfactant molecules re-
main intercalated during the different electrochemical
tests (Figure S18). Only for the longer stability tests it is
possible to appreciate that the intensity of the character-
istic surfactant peaks decreases concomitantly with the
appearance of the carbonate peak located at ca. 1360 cm™

CONCLUSIONS

In summary, we have reported the synthesis by anion
exchange reactions of a family of surfactant-intercalated
NiFe-LDH having similar crystallinity, metal composi-
tion, morphology and dimensions, but endowed with
different interlayer anions. This has allowed us to exclu-
sively vary in this LDH family the basal space. The oxygen
evolution reaction was explored to analyse the impact of
interlayer distance on the electrocatalytic performance.
The increment of the basal space results in a decrease of
the Tafel slopes, an increase of the electrochemical sur-
face area and a reduction of the resistance connected to
the oxygen chemisorption that improves the kinetic
behaviour. Interestingly, we observed an optimum onset
potential for the NiFe-DS sample (basal space of 25.2 A).
A further increase in the basal space compromises the
onset potential likely due to proton diffusion limitations
as a consequence of the pronounced alkyl-chain hydro-
phobicity between the layers. Finally, by maximizing the
basal space to 31.6 A, a very small Tafel slope of ca. 27
mV-dec?, similar to that of exfoliated NiFe-LDHs, can be
achieved, but showing a much better long-term stability
as a consequence of the tridimensional robustness of the
hybrid material. This work provides significant insights
into the OER activity of NiFe-LDHs, illustrating the im-
portance of molecular engineering in the design of novel
high-performance catalytic materials.
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