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ABSTRACT: A series of CokMn-LDH (R =1,
2, 3, 4, 5) was synthesized by the coprecipitation
method. The formation of layered double hydrox-
ides (LDH) phases is confirmed by powder X-ray
diffraction (XRD) and infrared spectroscopy
(FTIR). The energy dispersive X-ray analysis
(EDX) shows the total coprecipitation of Co and
Mn. The X-ray photoelectron spectroscopy (XPS)
gives evidence of the joint presence of Co(Il),
Co(III) and Mn(III) in the LDH structures in pro-
portion depending on the initial R value. The
Rietveld refinement of the structure using the
XRD data reveals that the sample with a CoMn
ratio 3:1 displays a pure LDH phase containing
mainly Co(II) and Mn(III) with a M(I1)/M(III) of
nearly 2.1, in agreement with the X-ray absorp-
tion spectroscopy (XAS) results at the Co and
Mn K-edges, strong hydrogen bonding network
involving CO5*/OH’ charge compensating anions
in the interlayers. When compared with the other
CorMn-LDH, the CosMn-LDH displays the best
redox properties in an alkaline medium (0.1 M
NaOH) and in a neutral pH (Tris buffer). An in-
depth study of the CosMn-LDH obtained after
electrochemical oxidation was also performed.
The evolution of Co and Mn oxidation state un-
der electrochemical oxidation were evidenced by
XPS. Finally, the performance of the Co;Mn-
LDH modified electrode was determined for the
electrocatalytic detection of hydrogen peroxide.

INTRODUCTION

Among the nanomaterials reported in the litera-
ture for various electrochemical applications®?,
layered double hydroxides (LDH) are mentioned
as emerging materials. LDH are two-dimensional
(2D) materials made by the stacking of positively
charged brucite-like layers separated by interca-
lated charge-compensating anions and water
molecules. They are represented by the general
formula [M**_, M*,(OH)2][X™ wm,nH20] with
M?* and M*" being divalent and trivalent metal
cations, respectively and X™ the anionic species.
Owing to their adjustable chemical composition,
concerning both the metal cations (M2+, M3,
M?*/M**) in the hydroxide layers and the interca-
lated anions (X™), LDH display modulating
electrochemical properties. Moreover, thanks to
the recent progress in synthesis and particle struc-
turation, LDH materials can be processed in dif-
ferent ways, such as well-defined nanoparticles,
exfoliated nanosheets, nano- or hollow spheres,
thin films coated onto planar substrates or various
3D macroporous scaffolders leading to aniso-
tropic materials with high surface area and en-
hanced diffusional properties.

LDH containing transition metals (TMs) (Ti,
V, Mn, Fe, Co, Ni, Cu) are, since very recently,
under great investigation for energy conversion
and storage®®, such as pseudo-capacitors’®, Li-
0, batteries® or electrocatalysts for water split-
ting*®**, as well for electroanalytical applica-
tions.” Indeed, the LDH structure is a unique



structure that can combine mixed-valent TM cat-
ions (NiFe, NiCo, CoMnTi, CoNiFe, etc.) in its
framework. In many cases, the combination of
two to three different TM cations promotes a
synergistic effect that improves the electroactivi-
ty of the multicomponent LDH compared to the
LDH based on a single TM™ . While this syn-
ergistic effect has been reported in many studies’,
a clear understanding of the fundamental phe-
nomena involved (change in the electronic struc-
ture, band gap, electron hopping pathway, etc.) is
still missing.**°

In the other hand, hybrid and biohybrid mate-
rials or nanocomposites based on LDH, with
unique electrocatalytic properties, have been used
as electrode modifiers in electrochemical sensing
applications for the determination of environmen-
tal pollutants or small biomarkers, such as glu-
cose or hydrogen peroxide™™ "%, Hydrogen per-
oxide (H,0,) is a small molecule which has key
implications in various industrial or biomedical
processes.?? It is a product generated from bio-
chemical reactions catalyzed by oxidoreductase
enzymes, such as glucose oxidase (GOx). Be-
sides its toxicity for living cells, hydrogen perox-
ide has been considered as a probe molecule for
recognition of oxidative stress. Moreover, in vitro
determination of H,O; is of great importance as
H,0O, is a biomarker for the diagnosis of cancer.
Therefore, H,O, detection is crucially important
for both academic and industrial purposes.?® This
molecule can be either oxidized or reduced by
electrochemistry, but for analytical purposes,
modified electrodes are generally used to de-
crease the overpotential and to increase the elec-
tron transfer kinetics. As recently reported in the
literature”® 2*%° both enzymatic and non-
enzymatic LDH modified electrodes have been
applied for sensing H,0,. Indeed, hemopro-
tein@LDH biohybrids, peroxidase-like LDH
hybrids and LDH nanocomposites based on metal
oxide nanoparticles (NPs), silver NPs or
nanodentrites (NDs) are reported to be good elec-
trocatalysts for H,O, reduction in neutral pH.
However, considering the negative potentials
required for a sensitive detection of H,O,, most
of these sensors must be used under a N, saturat-
ed atmosphere to avoid interference with oxygen

reduction. This can be a limitation for the devel-
opment of an enzymatic biosensor based on an
oxidoreductase using O, as a cofactor, such as
GOx. Recently, it was reported in the literature,
that TMs (Ni or Co) based LDH exhibit good
electrocatalytic properties for H,O, oxidation in
basic medium®?’. Redox molecules, i.e. iron
porphyrin®®, naphthol green B, or carbon nano-
tubes (MWCNts)*® can be added into CoAl multi-
layer structures to serve as an electron relay and
then improve the electrocatalytic process.

Due to the combination of mixed valence
states of cobalt and manganese, CoMn-LDH have
demonstrated interesting electrochemical proper-
ties as oxygen evolution catalysts** % and
pseudo-supercapacitors®*°.  However, so far,
only Xu et al.* mention the use of CoMn-LDH
combined with gold nanoparticles (AuNPs) for
H,O, electrodetection. They have reported that
CoMn-LDH is a good support for the electrodep-
osition of AuNPs. The resulting AuNPs/CoMn-
LDH nanocomposite was successfully applied to
H,0, detection in neutral pH. Moreover, metal
oxides, such as manganese oxide or cobalt oxide,
are also reported as promising candidates for
H,0, sensing, in replacement of expensive noble
metals.?®

Inspired by these considerations, we have pre-
pared a series of CogkMn-LDH with different
Co/Mn ratios (R = 1, 2, 3, 4, 5). The synergistic
effect of such metal combinations on the struc-
tural characteristics of the LDH materials and
their electrochemical properties in an alkaline
electrolyte (0.1 M NaOH) were investigated. The
electrocatalytic properties of CoRMn-LDH modi-
fied electrodes concerning H,O, detection was
then studied in Tris buffer solution pH 7.

EXPERIMENTAL SECTION

Chemicals. The reagents used for the prepara-
tion of the LDH phases, cobalt nitrate hexahy-
drate (Co(NO3),-6H,0, 98%), manganese nitrate
tetrahydrate (Mn(NO3)2-4H,0, 97%) and sodium
carbonate (Na,CO3) were purchased from Hon-
eywell and sodium hydroxide (NaOH, 98%) from
Acros. The electrolyte solutions were prepared
with hydrochloric acid (HCI 37%) from Acros



and Trizma base (Tris(hydroxymethyl) amino-
methane, 99.9%) from Sigma-Aldrich. Hydrogen
peroxide (H20,, 35 wt,% solution in water) was
purchased from Acros. The interfering molecules
used in the electrochemical study were a-D(+)-
Glucose (CgH1206, 99% anhydrous, Acros), sodi-
um phosphate tribasic dodecahydrate
(NagP0O4.12H,0, >98%), (+)-sodium L-ascorbate
(NaCgH7O¢ crystalline, >98%), sodium acetate
(CH3COONa, >99%) from Sigma-Aldrich. All
these chemicals were used as received without
further purification. Deionized water was em-
ployed for all experiments.

Synthesis. The CorRMn-CO3; LDHs were syn-
thesized using the co-precipitation method. Typi-
cally, 100 mL of a mixed Co(NOs3),. 6H,O and
Mn(NO3),. 4H,0 solution, with a total metal con-
centration equal to 0.16 M and R = Co(Il)/Mn(Il)
molar ratio equal to 1, 2, 3, 4 and 5, was added to
100 mL of a basic 0.2 M NaOH/0.1 M NaCOg3
solution, previously purged for 1 h with N,. Ad-
dition was conducted over a period of 20 min in
an N, atmosphere and under a vigorous stirring.
Volumes and concentrations were previously
adjusted in order to reach a final pH of 10.0.
Crystallization was favored thanks to the use of a
reflux at 50 °C. The resulting precipitates were
washed with deionized water and centrifuged
three times, and finally dried at room temperature
in the dark for 12 h. The as-obtained products
were labelled CorMn-CO; with R =1, 2, 3,4, 5
(also abbreviated as 1 <R <5).

Characterizations. X-ray diffraction analyses
were performed using theta-theta PANalytical
X'Pert Pro diffractometer equipped with a Cu
anticathode (AKay = 1.540598 A, AKa, =
1.544426 A) and an X Celeretor detector. For the
phase identification and refinement of the unit
cell parameters of the series of CorRMn-CO3 sam-
ples, patterns were recorded in the range 3 -
90°/20 with a step size of 0.033422°. For the
structural and microstructural investigation of
Co3sMn-COg3, data were recorded up to 120°/20
with a step size of 0.008355°. The instrumental
resolution function of the diffractometer was de-
termined with an Y,03 standard (U =0.027834

deg?, V =—0.072321 deg?, W = 0.046085 deg?, X
= 0.103318 deg?, Y = 0.032418 deg®). Whole
powder pattern fitting was performed using the
software package FullProf®® and the pseudo-
Voigt function modified by Thompson-Cox-
Hastings was used as the peak profile function.*
The background was refined by adjusting the
height of pre-selected points for linear interpola-
tion. Anisotropic size broadening was modelled
in terms of spherical harmonics®, and the aver-
age apparent crystallite size was calculated along
[001] and [110] directions assimilated respective-
ly to the thickness Loo and the in-plane Lo di-
mensions of the LDH hexagonal platelets. The
structural refinement was carried out taking as
initial parameters those reported recently by Zhi-
tova et al. for the single crystal structure of
MgsAl,(OH)16(CO3)(H20)s.** Fourier transform
infrared (FTIR) spectra were recorded in trans-
mission mode using the KBr pellet technique
(2 % weight) with a Nicolet 5700 spectrometer
from Thermo Scientific over the wavenumber
domain from 400 to 4 000 cm™ with a scan num-
ber of 128 at a resolution of 4 cm™. Scanning
electron microscopy (SEM) images were record-
ed using a JSM-7500F Field Emission Scanning
Electron Microscope operating at an acceleration
voltage of 3 KV and magnifications of x500,
x5,000, x50,000. Samples to be imaged were
mounted on conductive carbon adhesive tabs and
coated with a gold thin layer. The SEM images of
the CosMn-LDH films were recorded directly on
a carbon electrode. Energy-dispersive X-ray
spectroscopy (EDX) was performed using the
same apparatus with an acceleration voltage of 20
kV and Cu as a calibration standard. Transmis-
sion electron microscopy (TEM) images were
taken using a Hitachi 7650 microscope at an ac-
celeration voltage of 80 kV. One droplet of the
aqueous colloidal suspension of CozMn-LDH
was deposited on a 400 mesh holey carbon-
coated copper grid and dried at room tempera-
ture. Thermogravimetric analyses (TGA) were
made using a Setaram 92-16.16 under air flow
(20 mL.min™) in the temperature range of 25-
1500°C with a linear temperature ramp of 5 °C
per min. X-ray photoelectron spectroscopy (XPS)
measurements were performed in an ultrahigh



vacuum photoelectron spectrometer equipped
with an Omicron DAR 400 X-ray source and an
Omicron EA 125 hemispherical analyzer. The
Mg Ka source (1253.6 eV) running at 300 W is
separated from the analyzer by an angle of 55°. A
medium magnification mode and constant pass
energy of the analyzer equal to 20 eV were used
for analysis. Photoelectron data were recorded at
a take-off angle of 90° (normal detection). The
survey spectrum and the high-resolution spectra
were recorded with an energy step of 0.5 eV over
1200 eV and 0.1 eV, respectively. The electron
binding energies (Ep) of the Co2p, Mn2p, and
O1ls core levels were corrected according to the
electrostatic charges which was assumed to be
equal to the difference between the measured
binding energy of the M-OH species in the O1s
and the reference value of 531.2 eV*™*, The
presence of overlapping contributions of car-
bonate of Co and Mn in the C1s peak complicates
the usual energy referencing to the C-C and C-H
bonds of adventitious carbon, which seem to
have a different charge level depending on the
composition of CorRMn-LDH. Binding energies,
line widths and areas of the different XPS peaks
were obtained by a weighted least squares fitting
of a Lorentzian-Gaussian model curve to the ex-
perimental data using the program XPSPEAKA41.
The atomic percentages were obtained using the
empirical formula of XPS signal intensity* con-
sidering a homogeneous atomic concentration
and the accurate spectrometer calibration de-
scribed in reference®. XANES and EXAFS
measurements at the Co (7709 eV) and Mn (6539
eV) K-edges were performed at the ROCK beam-
line (SOLEIL synchrotron)*, using the Si(111)
Quick-EXAFS monochromator with the main
goniometer aligned at 14.50 ° and 16.45° for an
oscillation amplitude of 2.0° and 3.1°, respective-
ly. Mirrors with a B,C coating and a grazing in-
cidence of 2.8 mrad with respect to the pink and
monochromatic beams were used for harmonic
rejection. For the pristine LDH prepared as pel-
lets diluted in boron nitride, data were collected
at both edges in transmission mode using 3 ioni-
zation chambers filled with nitrogen, the two first
ionization chambers are used for measuring the
sample transmission whereas the second and

third ones are used for collecting the signal of
manganese and cobalt reference foils. The LDH
thin film electrodes prepared for cyclic voltam-
metry (CV) were characterized at both edges af-
ter CV using a home-made electrochemical cell
available at the beamline®’. In that case, meas-
urements were carried out in fluorescence mode
using a solid-state Passivated Implanted Planar
Silicon (PIPS) detector from Canberra, Inc. lo-
cated at a right angle with respect to the incident
X-ray beam. The electrochemical cell with the
working electrode was tilted to 45° compared to
the incident X-ray beam towards the PIPS in or-
der to allow fluorescence collection. Oscillation
frequency of the crystal was chosen at 2Hz giv-
ing rise per second of 2 spectra collected with
ascending Bragg angles and 2 spectra collected
with descending Bragg angle. In order to improve
the Signal to Noise ratio, 3000 to 3600 spectra
recorded successively were merged for the pellets
and 1100 spectra for the thin film electrodes.
Normalization of the XAS spectra was performed
using the Python normal_gui graphical interface
developed at the beamline for the fast handling of
the Quick-XAS data*. EXAFS least square fit-
ting was performed using IFEFFIT* available
with Horae package®. The amplitude reduction
factor, S¢°, and energy parameter, were derived
using EXAFS analysis and fitting of Co30O4 and
Mn,O3 for which crystallographic structures are
known.

Electrochemical measurements. All cyclic
voltammograms (CVs) were carried out with a
potentiostat Autolab PGSTAT204 controlled by
the NOVA software (Metrohm). The experiments
were made in 0.1 M NaOH and 0.1 M Tris buffer
solution (pH 7) solutions using a three electrode
cell, including a Ag-AgCl electrode as the refer-
ence electrode, a platinum auxiliary electrode and
a pyrolytic graphite electrode (0.07 cm? PGE)
coated with LDH thin films as the working elec-
trode. Before deposition, the electrode surface
was polished with 1 pm diamond paste and
washed with acetone and then polished again
with 0.04 pum alumina slurry to be finally rinsed
with ethanol and water. A drop (10 pL) of a 2
mg/mL LDH suspension (20 pg) stirred over-



night was deposited on the electrode surface and
dried in a desiccator for 3 h. GCE and carbon
paper electrodes with 1 cm? area were used to
prepare the oxidized CozMn-LDH for XPS and
XAS characterization, respectively, the same
LDH surface density (= 300 pg cm™) was depos-
ited on these electrodes. Electrochemical Imped-
ance Spectroscopy (EIS) measurements were
recorded with the pristine and the oxidized LDH
coatings using a BiolLogic Science Instruments
SP-150 with a potential modulation of 10 mV
(peak to peak) in a frequency range between 25
mHz to 100 KHz. The data were recorded at the
initial open circuit potential (OCP;) and at 0.3
V/Ag-AgCl after CV 5 cycles in 0.1 M NaOH.
The Nyquist plots were fitted with EC-Lab soft-
ware using the equivalent circuit model previous-
ly proposed for CoAI-NO3z and NiAI-NO; LDH
samples.®  Chronoamperometry  experiments
were recorded with a potentiostat EA161
(EDAQ), under stirring conditions at an applied
potential fixed at 0.65 VV/Ag-AgCl.

RESULTS AND DISCUSSION

Chemical and structural characterization of
CorMn-LDH. From the literature, two methods
of preparation were used to synthesize CorMn-
LDH. CogMn-LDH powders were mainly pre-
pared using the coprecipitation method at a fixed
pH value of around 10. Most of these syntheses
were conducted under oxidative conditions, ei-
ther under air®™ *? or dioxygen® , with added
H,0,%" ** with the purpose of forcing the oxida-
tion of Mn(I1) to Mn(I11) even Mn(IV). Coatings
of CorMn-LDH thin films on scaffolders (i.e. Ni
foam>>°, carbon fibers®, carbon cloth® or acti-
vated carbon®®) were better obtained by the nu-
cleation/crystal growth separation method using
urea as base-retardant agent. Regarding XRD
data, impurities were observed in many cases,
while the purest reported CogMn-LDH phases
display a poor crystallinity®" %37 %4 % sq far no
investigation was done on CogkMn-LDH chemis-
try and structure while applications for such lay-
ered materials are emerging.

In the present study, the CorMn-LDH (R = 1,
2, 3, 4, 5) were synthesized by the coprecipitation

method at a final pH of 10.0 at 50 °C, R corre-
sponding to the initial Co/Mn molar ratio. The
reaction was conducted under inert atmosphere
(N2), avoiding the presence of dioxygen, in order
to limit, in a certain extent, the oxidation of the
divalent metals and to insure the formation of
pure LDH phases instead of cobalt or manganese
oxides or oxohydroxides. Nevertheless, the cen-
trifugation/washing step was conducted under air
atmosphere, step during which partial oxidation
of Co and Mn occurs through a topochemical
reaction.

The chemical compositions of the five
CorMn-LDH were determined by combining
EDX and XPS data (Table 1). Both techniques
confirm the presence of Co and Mn in the sam-
ples. The Co/Mn ratios, determined by EDX, are
close to the metal ratios (R) used in the initial salt
solutions, indicating that the synthesis conditions
insure a total coprecipitation of both transition
metals. The Co/Mn ratios determined by XPS are
in good agreement with the EDX data, showing
that all materials display a high chemical homo-
geneity from surface to bulk. However, as thick-
ness analysis by XPS is less than 10 nm, i.e. sta-
tistically <20 nm for one platelet, XPS quantifi-
cation concerns at the most only 40 % of the total
atoms from bulk and surface effect can only be
observed by this later technique.

The XRD patterns of CorMn-LDH are all
consistent with the formation of LDH phases in
major proportion (Figure 1A). Minor impurities
are present in all cases, except for the compound
with R = 3 which corresponds to the purest and
best crystallized LDH structure. For the Mn-rich
LDH phases (R = 1 & 2), the contamination by
MnCO; (COD - 1548822) is observed while for
the compounds with the lower contents of Mn (R
= 4 & 5), hexagonal B-Co(OH), (COD 1548810)
is the only detected impurity. Le Bail whole pat-
tern decomposition method was applied to de-
termine the cell parameters, assuming a hexago-
nal unit cell with a rhombohedral space group R-
3m as often reported for LDH systems (Figure
S1). A slight decrease in the cell parameter a is
observed for increasing values of Co/Mn ratio
(Table 1) consistently with the increased amount
of Co in the LDH structure as expected from the



difference in Co vs Mn ionic radii®, but probably
not in the expected proportion due to the pres-
ence of MnCOj3 and -Co(OH), phases. On the
other hand, the interlayer distance is almost con-

stant at around 7.60 A, a value that is consistent
with the presence of small anions, such as CO3%,
intercalated in between the layers.

Table 1. Chemical compositions and structural data of CokMn-LDH.

LDH EDX XPS XRD
Coherent domain
R CoMn CoMn MYM"  a(A) c(A) d(A)
Looi/L110 (A)
1 1.0 1.2 0.55 3.12012(5) 22.7560(4) 7.585 430/360
2 2.0 2.6 2.60 3.12282(5) 22.7985(5) 7.599 550/840
3 3.1 3.1 2.13 3.11450(2) 22.7748(1) 7.600 330/550
4 4.0 4.3 2.19 3.11357(7) 22.819(7) 7.606 340/350
5 5.2 5.1 4.01 3.1103(1) 22.799(1) 7.599 340/200
Figure 1. Powder X-ray diffraction patterns A)
o and FTIR B) of CokMn-LDH (1 <R< 5) series.
A 8 *B-Co(OH), — Co;Mn
ooy o The FTIR spectra confirmed the intercalation
Co;Mn 1
—— CoMn of carbonate (v3(CO3) = 1361 cm™, v,(COs3) =
3 CogMn 861 cm™, v4(COs) = 725 cm™) in the LDH struc-
s ture (Figure 1B) and the presence of the above-
2 mentioned minor impurities for CorkMn com-
= pounds with R=3 whose infrared characteristic
E bands display increased intensities (v(OH) of
Co(OH), at 3629 cm™ for R = 4, 5); (vo(COs) of
MnCOs at 861 cm™ for R = 1).
Representative SEM images of the CorMn-
: : , : : , : LDH compounds and TEM images of Cos;Mn-
10 20 30 40 50 60 70 LDH are shown in Figure S2 and Figure S3. The
2 Theta (°) (CuKa) CorMn-LDH solids (R = 2, 3, 4) display well
(B) —— Co,Mn identified, individual hexagonal platelets with an
—— Co,Mn average width and thickness of about 200-580 nm
LVHO(Co(0H),) — CogMn and 40-60 nm, respectively. CokMn-LDH (R =1,
= VHO(H,0) — CoMn 5) samples display an inhomogeneity in terms of
) Coz;Mn . .
S particle size that may be related to the presence
o L;co, of additional phases. High magnification (x104
‘E SHOH(H,0) K) of CosMn-LDH TEM images (Figure S3)
5 SoMo clearly indicates that large mosaic crystals are
é w formed by a stacking of face-to-face oriented
- nano-slabs with a rather high number of edge
atoms.
‘w To gain further information on the chemical

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

composition of the samples, XPS was used as a
fine probe for the determination of the oxidation
states of both Co and Mn. The presence of C, O,



Mn and Co elements is clearly seen on the survey
spectrum of CosMn-LDH (Figure S4). Mn2p and
Co2p spectra display the typical two orbital spin-
orbit doublets (2p3» and 2p;») accompanied with

shake-up satellites (Sat). The peak fittings of the
well-defined Co2p and Mn2p peaks were done
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Figure 2. XPS spectra of CosMn-LDH before and after electrochemical oxidation in 0.1 M NaOH,

Co2psp (A, A’), Mn2p3 (B, B’), Ols (C, C°).
using parameters described in Refs*: ®"® in-
volving sets of multiplets, justified by the high-
spin configuration of Co and Mn in CorMn-
LDH, as shown in Figure 2 for the 2ps, peaks.
The peak energies (Ep) of the sets of multiplets
are listed in Table S1 and show a very weak di-
vergence (<1.5 eV) for a large variety of CorMn
compositions, with R from 1 to 5. The peak de-
compositions of Co2p clearly highlight the coex-
istence of two oxidation states Co(Il) and Co(III).

These two oxidation states can be recognized
by their satellite peaks***. Indeed, Co(11)2ps:
contributions have an associated strong satellite
peak around 786.3 eV, whereas the Co(lll)2ps.
exhibits a weak satellite peak at 790.4 eV (Figure
2A). A very good accuracy in the decomposition
of the Mn2p peak is more difficult to obtain due
to the low energy shift between the sets of multi-
plets of the different oxidation states. . Moreover,
the very low recorded signal of the Mn3s, due to
the low amount of Mn atom in the various LDH
materials, prevents from distinguishing oxidation
degrees as is usually done. However, the decom-
position of the Mn2p peak mainly shows a major-

ity of Mn(lll) regardless of the CorMn-LDH
composition (Figure 2B).

The relative abundances (in percentages) of
(I1) and (1) oxidation states for each TM were
calculated as a function of the sample composi-
tion (R) (Figure S5). First of all, it must be point-
ed out that due to the presence of impurities in
the samples (vide supra) it is difficult to get a
simple trends. However, we can conclude that i)
a partial oxidation of TM occurred during the
coprecipitation process under N, atmosphere at
pH 10.0, ii) Co(ll) is the major component in all
samples, the percentage of Co(lll) being very
dependent on the R value, with the lower values
(6-8 % for R=2, 3,5and 19 % and 17 % for R =
1 and 4, respectively (Figure S5), iii) Mn(lll) is
the highest contribution in the Mn2p peak, ac-
companied by a low Mn(ll) signal intensity in
CorMn R =2, 4 and 5, iv) the total M(I1)/M(I1I)
ratio for CozsMn and CosMn is nearly equal to 2.0
(Table 1).

The fit and the position of the Ol1s peak can
give information about the nature of the phase
and the presence of impurities. The O1s peak of
the CosMn-LDH (Figure 2C) spreads over a large



range of binding energy (525 eV — 535 eV) that
shows the contribution of different oxygen spe-
cies (Table S1 and Table 2). The component at
531.2 eV corresponds to oxygen from the CozMn
hydroxylated layers*®,

Table 2. Relative abundance (%) of atomic spe-
cies in each core level for CosMn-LDH before
and after electrochemical oxidation (0.1 M
NaOH) determined by XPS.

Core Atomic Species Relative abun-
level P dance (%)
Pristine  Oxidized
Co(ll) 90 -
Co2p Co(lll) 10 100
Mn(l1) - -
Mn2p Mn(l11) 100 -
Mn(IV) - 100
M-O 10 44
M-OH 36 14
Ols H,0 46 28
CO5> 11 14

This peak reveals also the presence of oxygen
from the intercalated carbonate (533.1 eV) and
oxygen from water molecules (532.2 eV)°"
(Table S1). A small component, situated at lower
binding energy (529.6 eV), can be attributed to
the oxygen atoms involved in metal-oxide bonds.

This data confirms that the CosMn compound is a
pure LDH phase with only 10 % of metal oxide
surface impurity (Table 2).

In order to confirm the oxidation state of both
Co and Mn in the pristine and oxidized (after CV,
vide infra) CozMn phase, X-ray absorption spec-
tra (XAS) were recorded at the Co (Figure 3A)
and Mn K edges (Figure 3B) and compared with
reference samples at different formal oxidation
states.

On one hand, the energy position of the rising
edge which is sensitive to the formal oxidation
state of the absorbing atom®, everything else
being equal, is pointed at 7718.9 eV for the co-
balt element in the pristine CosMn phase (Figure
3A) which is an intermediate value between the

CoO (-0.8 eV) and Co304 (+1.1 eV) reference
phases (Table 3).
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Figure 3. Co and Mn K-edge spectra of CozMn-
LDH and reference samples.

On the other hand, the absorption maximum
corresponding to the allowed 1s - 4p transition
is located at 7727.5 eV for the pristine LDH, a
value slightly shifted at higher energy (+ 0.7 eV)
than the one reported for pure Co(ll) species such
as CoO and at lower energy (-2.3 eV) compared
to Co3z04 where Co is present at the formal oxida-
tion state +2.66%. Taking into account those fea-
tures together with the fact that similar XANES
spectrum was obtained for Co(ll)ogsCo(l11)o.15
LDH by Vialat et al.?, we assume the presence of
a major contribution of Co(ll) and a minor pres-
ence of Co(lll) in good agreement with the XPS
results. Partial oxidation of Co(ll) is then con-
firmed. The valence of manganese can be dis-
cussed by comparison of the Mn absorption edge



with Mn(11)O, Mn(111),03 and Mn(l1VV)O, refer-
ence spectra (Figure 3B). With a rising edge posi-
tion at 6550.3 eV, the Mn XANES spectrum is
similar to that of Mn,O3 (6549.4 eV). That result
clearly identifies a pure Mn(l1l) oxidation state in
CosMn-LDH (Table 3), confirming the XPS data.
This tendency of LDH structure to stabilize the
Mn(lIl) oxidation state when performing basic
coprecipitation of Mn(ll) salt was also observed
for Ni-Mn-Fe®” and Mg-Mn-Al LDH®® by XAS
studies.

Table 3. Co and Mn X-ray absorption energies of
the rising edge for CosMn before and after CV
and reference samples. The tabulated values cor-
respond to those for a normalized absorbance in
the rising edge equal to 0.5.

Phases Rising edge position (eV)
Co K-edge Mn K-edge
Co3Mn (pristine) 7718.9 6550.3
Co3;Mn (oxidized) 7721.2 6552.2
CoO 7718.1 -
C0304 7720.0 -
MnO - 6544.7
MH203 - 6549.4
MnO, - 6552.3

A TGA analysis was carried out to complete
the detailed chemical characterization of the
CogrMn-LDH compounds. Differential thermo-
gravimetry (DTG) plots of CorMn are reported in
Figure S6A. The mechanism of thermal decom-
position, dominated by dehydration processes
(four events for CozMn-CO3 Figure S6A-Insert),
appears quite similar for the other CorRMn com-
pounds if additional decompositions of impurities
are considered. Calcination of CozMn-LDH at
900 °C corresponds to a total mass loss of
27.55 % and ends in the formation of a pure spi-
nel phase as shown by XRD (Figure S6B). The
whole X-ray diffraction pattern matches a cubic
Fd-3m cell typical of spinel system, very well,
with a refined parameter a obtained from Le Bail
refinement equal to 8.2082(1) A. Interestingly for
all CorMn phases, all TM cations are incorpo-
rated under calcination into a single spinel phase
thanks to the flexibility of the oxidation states of

10

both Co and Mn to fit the required A(11)B(111),04
spinel structure with variable chemical composi-
tion. Finally, it came out from the quantification
of TGA weight losses that CosMn-LDH chemical
composition could be near
C02,27Mno.73(OH)5(CO3)o.48.1.32H20 formula.

Structural characterization of CosMn-
LDH. The Fourier transforms of the extended
absorption fine structure signals (EXAFS) at both
Co (Figures 4A) and Mn K-edges (Figure 4B) of
CosMn-LDH and Figure S7 exhibit two mains
peaks resulting from the backscattered shells of
the first and second neighbors.
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Figure 4. Fourier transforms of Co and Mn K-
edge EXAFS signals of CosMn before and after
CV.

The first contributions appear in the 1 - 2 A
regions with a maximum at ~1.6 A and at ~1.4 A
respectively for the Co and Mn spectra. It is due
to the first shell scattering of the six oxygen
neighbours (MOg). Fitted metal-oxygen distances
are reported in Table 4. Because of a smaller ion-



ic radius for Mn(lll) than for Co(ll), the Mn-O
bond lengths (1.94 A) are shorter than for Co-O
(2.08 A) (Table 4). The second peaks correspond

to the first shell of metal, at (Co,Mn)-(Co,Mn)
distances

Table 4. Atomic distances of CosMn before and after CV from EXAFS analysis. S¢* = 0.75 (0.71) at the
Co (Mn) K edge, Coordination numbers were fixed at 6 for both coordination shells at the r distances.
DW parameters are the Debye-Waller factors. Fitting range: Ak: 3.5 -10.3 A™ and AR: 1.0-3.2 A.

Samples Co-O Mn-O Co-(Co,Mn) Mn-(Co,Mn)
(CoK-edge)  (Mn K-edge)
Co3Mn (pristine) r (A) 2.08(1) 1.94(2) 3.13(1) 3.13(2)
DW (A?) 0.0093(8) 0.0077(17) 0.0060(4) 0.0054(11)
CosMn (oxidized) r(A) 1.91(1) 1.90(2) 2.85(1) 2.85(2)
DW (A% 0.0026(6) 0.0014(15) 0.0056(6) 0.0029(15)

similar for both elements (Table 4). As expected,
only one M-M distance is obtained due to a
unique crystal site for both Co and Mn.

Owing to the apparent purity and good crystal-
linity of CosMn-LDH an in-depth structural in-
vestigation was performed.

The strong intensity of 01l (I = 2, 5, 8) reflec-
tions, observed on the XRD pattern (Figure 5),
clearly indicates a staking sequence correspond-
ing to the classic 3R; polytype commonly en-
countered in the hydrotalcite supergroup.

R-3m
a=311378(3)A
C=227684(1)A

Int (a.u.)

l R, = 0072
chi2w 24

JWA I

N

10 20 30 40 50 €6 70 80 90 100 110 120
200

Figure 5. Rietveld refinement of the powder X-
ray diffraction pattern of CozsMn-LDH: Experi-
mental powder X-ray diffraction pattern (black-
dots), calculated pattern (solid red line), Bragg
reflections (green ticks), and difference profiles
(blue dots, at the bottom).

11

Furthermore, the careful examination of the
pattern confirms the absence of supercell reflec-
tions; therefore, a cation ordering within the hy-
droxide layer and/or an ordering of the interlayer
species are unlikely.

As mentioned by Mills et al.®?, M?**-M* or-
dering may not be detected by XRD if successive
layers are offset in a disordered fashion. Howev-
er, in the present case, the relative sharpness of
the 01l and 113 reflections allow us to exclude
the presence of stacking faults and turbostratic
disorders.”® On the other hand, a rather common
alternative explanation is that the cation ordering
cannot be observed due to similar atomic scatter-
ing factors, which could be applied here with Co
and Mn.

To start the Rietveld structure refinement of
CosMn-LDH, we considered, as initial structural
model, the single-crystal structure of hydrotalcite
MgsAl>(OH)16(CO3)(H20)4 recently reported by
Zhitova et al.”*, Co and Mn atoms were placed on
the same site (3a) consistently with a disordered
distribution of the cations within the hydroxide
layers, with a Co/Mn molar ratio fixed to 3.1 as
proposed by EDX and XPS analysis (Table 1).
This leads to a single M(Co, Mn)-OH bond
length first fixed to 2.044 A in accordance with
the mean distance that can be obtained from
EXAFS data as follows : 2.08 * 0.756 +
1.94*%0.243=2.044 A,

In the model structure, the C atom of car-
bonate anions occupies the (6c) site lying directly



below the metal cations, and the oxygen atoms of
carbonate anions and water molecules occupy a
single set of sites (18g). We first assumed a simi-
lar distribution of the interlayer species, with
starting occupancies derived from experimentally
determined chemical composition ie.
C02_27Mn0,73(OH)5(C03)0.48.1.32 H,0. The z co-
ordinate of OH, the z coordinate of C and the x
coordinate of O1 (oxygen atoms of COsz and
H,0 ) are the only three refinable atomic parame-
ters in this model structure ; they were initially
kept fixed so as to start refining with suitable M-
OH and C-O distances respectively 2.044A and
1.29A.

At this stage of the refinement, the difference
Fourier map was computed and indicated a max-
imum in the residual electron density observed at
the position (0,0,0.5) and corresponding to the
(3b) site. This site is the midpoint of the line join-
ing the hydroxyl groups of adjacent metal hy-
droxide layers, hence suited for an occupation by
water molecules with hydrogen bonding with the
metal hydroxide layer.

Therefore, interlayer water molecules were in-
cluded in this position as Ow atom and its occu-
pancy was refined together with that of O1 and C
under the constraint that their sum be close to the
interlayer composition determined experimental-
ly. Finally, the coordinates of OH, C and O1 at-
oms were refined. It was also possible to refine
the isotropic atomic displacement parameters
(Biso) of M and OH atoms in the layers while a
fixed value of 3.0 A% was set to interlayers spe-
cies, taken from the literature.” The results of the
refinement are reported in Tables S2 and S3. The
fit is satisfactory with a featureless difference
profile as can be seen in Figure 5. The structure is
represented in Figure 6.

The chemical formula derived from this struc-
ture refinement IS C02.27Mng 73(OH)g
(C03)0_43(OH)0_1_1.56H20 (MW =328.56 g.mol'l),
very close to that determined experimentally. The
site occupancy of C slightly lower than that ex-
pected (8 %) led us to consider the presence of a
small amount of hydroxyl ions as charge com-
pensating anion and located on O1 position; in-
deed, with a combination of both coulombic and
H-bonding interactions, the 18g site is ideal for a
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mixed occupancy (Figure 6A). Given the high
synthesis pH conditions used here, the presence
of residual OH anion is not surprising. Moreover
similar co-intercalation phenomena involving OH
species have already been reported.” "

(A)

(B)

Figure 6. A) Arrangement in the interlayer space
viewed along the c-axis with carbonate anions
distributed on 6c¢ sites (C atoms in grey) and 18g
sites (O atoms in red), hydroxyl anions on 18g
sites, and water molecules both on 18g and 3b
sites (in blue), B) Structure of the CozMn-LDH
viewed along the a- axis.

Table S3 lists interatomic distances and an-
gles. The refined M-OH 2.0410(7) A and C-O
1.241(3) A distances are consistent with EXAFS
data and the presence of carbonate anions, re-
spectively. The distortion of the M(OH)g octahe-
dra with OH-M-OH angles significantly different
from 90° leads to two OH-OH distances, an in-
plane distance (measured perpendicular to the c-
axis) at 3.11378(2) A and an out-of-plane dis-
tance (shared octahedral edge) at 2.63982(2) A
These two distances are very different from those
observed in MgsAl>(OH)16(CO3)(H20), (3.0728
A and 2.6814 A, respectively) indicating an im-
portant in-plane elongation of M(OH)s octahedra
and a flattening of the hydroxide layer in CosMn-
LDH. These values are actually comparable to
those reported for M-Ga-CO3; LDH series with M
= Ni,CoMn.* The comparison  with
C04Gay(0OH)12C03.3H,0 sample is particularly



interesting first because of the presence of cobalt,
secondly because the M?*/M** ratio is equal to 2
like in CosMn-LDH and finally because the ionic
radius of Ga** (0.76 A)™ is close to that of Mn**
(0.78A). As shown by the authors of this previ-
ous study,’* the strength of the coulombic attrac-
tion and hydrogen bonding between the layer and
the interlayer can be reflected in M---CO3/H,0
and OH---CO3/H,0 distances, respectively. With
M/Ga---CO3/H,0 distances almost constant in
M-Ga-CO; LDH series (3.97 + 0.01 A), it was
established that the coulombic interaction is simi-
lar in all samples and independent of the M?**
cation. The Co/Mn---CO3/H,0O distance obtained
here i.e. 3.99293(2) A allowed us to say that cou-
lombic interaction may also be independent of
the M** cation (Figure 6B). Furthermore, with a
OH---CO3/H,O distance of 2.8208(9) A,
C04Gay(0OH)12,C03.3H,0 was found to display
the strongest hydrogen bonding. A similar value
is obtained here for Co/Mn---Ow i.e. 2.82807(2)
A therefore suggesting strong hydrogen bonding
which could explain the remarkable stability of
Co3Mn-LDH phase.

All these characterizations converge to high-
light a unique result, never reported so far. Many
papers on CorRMn-LDH have investigated a wide
range of Co/Mn ratios but most of them have
never reported, neither discussed their chemical
compositions in terms of oxidation states. The
structural refinement of the CosMn-LDH shows a
dense packing of the negatively charged interlay-
er species (OH, COs*) and water molecules.
This is in favor of a continuous hydrogen-
bonding network that electrostatically stabilizes
the structure. Consequently, there is a lowering of
the symmetry of the H-bonded CO3? species that
undergoes a distortion from a D3h to a C2v or
even a Cs symmetry which accounts for a split-
ting of the vz asymmetric stretching band into
multiplet (1358, 1384, 1458, 1473, 1542 cm™).

Electrochemical behavior in 0.1 M NaOH.
The electrochemical behavior of CorMn-LDH
series was then evaluated using cyclic voltamme-
try (CV) in a three-electrode cell system. Cyclic
voltammograms of CozMn-LDH in 0.1 M NaOH
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are shown in Figure 7A. The first scan corre-
sponds to an irreversible peak situated at = 0.6
V/Ag-AgCl. The following cycles displayed a
stable signal with a quasi-reversible redox signal
at Ep, = 0.320 V/Ag-AgCl and Ep. = 0.110
V/Ag-AgCl, respectively.

The value of charge Q, exchanged during the
electrochemical oxidation can be estimated from
the peak area measured in CV at low scan rate (v
= 10 mV.s™"). The charge (Q, = 4x10™ C) of the
stable third cycle corresponds to 33% of the ini-
tial (Q 1.2x10° C of the first cycle). The current
intensity, as well as the potential peak, depend on
the Co content in the samples. The highest redox
current was observed for CosMn-LDH (Figure
7B). An optimum electroactivity was reported in
the literature for a Co/Mn ratio of 2.3 * This
value is close to that found in the present work.

1 »
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Figure 7. A) Three first cycles of CosMn-LDH
recorded in cyclic voltammetry. B) CV curves of



CorMn-LDH (third cycles) in 0.1 M NaOH, v =
10mvs™,

Compounds with higher R ratio (R = 4 and 5)
display a decrease in the electrochemical re-
sponse with a new contribution at Ep, = 0.29
V/Ag-AgCl, corresponding to -Co(OH), impuri-
ty.

The presence of Mn in the LDH structure
seems to boost the electrochemical response of
the cobalt-based LDH, in comparison with the
electrochemical response obtained with f-
Co(OH), and CoAl-LDH®.

To address the synergistic effect of the Co and
Mn TM combination, the CozMn-LDH modified
electrodes were characterized before and after the
electrochemical oxidation by EIS, SEM, EDX,
XPS, XAS, DRX and FTIR. Figure 8 shows the
SEM images of the CozMn-LDH film before (A)
and after (B) potential cycling (3 scans) in 0.1 M
NaOH. Thanks to the synthesis conditions al-
lowed us to prepare stable colloidal suspensions
of CosMn-LDH, the film coated on the electrode
was highly homogeneous and dense with well-
defined individual nearly monodisperse hexago-
nal platelets (Figure 8A).

After the electrochemical treatment, no no-
ticeable change in the film morphology was ob-
served (Figure 8B), highlighting the high stability
of the CosMn-LDH phase. The diffusion of an
electroactive probe, K4;Fe(CN)g, through the LDH
thin  film was analysed by CV using
Randles—Sevcik relation at different scan rates
(10 < v < 100 mVs™) (Figure S9A). In compari-
son to the bare PGE electrode, the peak current
increases slightly and the signal remains reversi-
ble and governed by a diffusional process (ip, fct

v2). This proves that the permeability of the
LDH is good and that an apparent electroactive
surface can be estimated as 27 % higher than the
surface of the bare electrode.

The Co/Mn ratio in the oxidized film, deter-
mined by EDX and XPS, were 3.3 and 2.8, re-
spectively. Therefore, no significant film destruc-
tion or metal leaching in the electrolyte solution
was observed during the electrochemical treat-
ment. The Nyquist plots of the EIS spectra of the

14

pristine CosMn-LDH at OCP; and at fixed poten-
tial (0.3 V/Ag-AgCl), clearly show differences in
the electrochemical properties before and after
the electrochemical oxidation (Figure S9B). The
pristine CosMn-LDH electrode is characterized
by a great depressed semicircle, whereas a well-
defined loop was obtained for the oxidized film,
which corresponds to a low value for the charge
transfer resistance (~130 Q ). XPS analysis has
shown a clear evolution of the experimental spec-
tra in relation with the redox processes. Indeed,
TM were oxidized to reach 100 % of Co(lll)
(Figure 2A”) and 100 % of Mn(IV)(Figure 2B’)
in the oxidized sample (Table 2) which corre-
sponds to an electron transfer of -0.92 e¢/TM
leading to an average oxidation state of +3.8/TM
atom). It is also interesting to note the splitting of
the O1s peak after the electrochemical oxidation
(Figure 2C”). In the oxidized CozsMn-LDH phase,
the component situated at lower energy 530.0 eV,
corresponding to the oxygen atoms involved in
metal-oxide bonds, increases whereas the O1s in
metal-hydroxides bonds situated at higher energy
(Ep = 531.2 eV) decreases simultaneously ** ®
(Table 2). Of course, these variations of oxidation
states are determined for the extreme surface as
determined by XPS.

Intensities (a.u)

3500 3000 2500 2000 1500 1000 500
2Theta (°) (CuKa) Wavenu

Figure 8. SEM images of the CozsMn-LDH film
before (A) and after potential cycling (3 scans) in
0.1 M NaOH (B). XRD and FTIR corresponding
data.

10 20 30 40 50 60 70
mber (cm)

Moreover, XANES and EXAFS (Figure 4)
analysis confirms the change in oxidation states



of both Co (Figure 9A) and Mn (Figure 9B).
From the comparison of the rising edge energy
position of oxidized CosMn-LDH (after CV) with
reference samples reported in Table 3, it appears
clearly that electrochemical activation forces the
Co(Il) to oxidize into Co(lll) and the Mn(lll) to
Mn(IV). It is noteworthy that thanks to the oxida-
tion of both cations, the formation of a less dis-
torted structure than the pristine LDH is observed
in which irrespective to the cation, the metal-
oxygen and metal-metal distances in the first and
second coordination shells are equal to 1.90 A
and 2.85 A, respectively (Table 4, Figure S8).
Those distances are characteristic of the local
order of Co(lll) when located in the octahedral
sites of the spinel Co30, structure and of Mn(IV)
in MnO..
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Figure 9. Co and Mn X-ray absorption spectra of
CosMn-LDH before and after oxidation in CV.

To gain further insight into the phase modifi-
cation occurring during the oxidation process, the
resulting oxidized CosMn-LDH film coated on
the carbon electrode was also characterized by
XRD (Figure 8C) and FTIR (Figure 8D). Struc-
tural changes are clearly observed. The XRD of
CosMn-LDH thin films displays, beside the broad
peak of the carbon electrode, the (00I) diffraction
line series with high intensities due to a preferred
orientation of the particles on the substrate. The
three (00I) peaks of the oxidized CosMn-LDH
film shift toward the low 2theta angle values.
This indicates an expansion of the interlayer do-
main from 7.588 A (Table 1) to 9.767 A, i.e.
+2.179 A, which is significantly higher than what
has been previously observed with operando
XRD measurement of oxidized CoAl-LDH
films',

This expansion is accompanied by a structural
change of both the layer and interlayer domains
as shown by the comparison of the FTIR spectra
and the occurrence of Na* cations identified by
the XPS analysis (Figure S4) and the EDX analy-
sis (data not shown). A part of the carbonate ani-
ons (v = 1388 cm™) are expelled from the inter-
layer gallery simultaneously to an increase in the
intercalated H,O content (5 = 1639 cm™). Mean-
while the LDH layer seems to undergo a partial
de-hydroxylation, as indicated by the decrease in
the intensity of the v (MOH) band (740 cm™) and
the loss of the characteristic v (M(OH)g) (563 and
528 cm™) and (OMO) (400 cm™) bands.

Obviously the oxidation reaction of Co(ll) and
Mn(I11) is assisted by a deprotonation and by the
insertion of hydrated Na® cations inside the
CosMn-LDH and concerns the entire structure.

Electrocatalytic oxidation of H,O,. The elec-
trocatalytic properties of CorMn-LDH as regard
to H,O, oxidation were evaluated using CV in
Tris buffer solution pH 7.0 (anodic sweep be-
tween 0 and 0.9 V/Ag-AgCl, Figure 10) and re-
duction (cathodic sweep between 0 and -0.9
V/Ag-AgCl, Figure S10) and then compared to
that obtained at the bare PGE.



As depicted in Figure 10A, the electrochemi-
cal response in neutral pH electrolyte is low for
all the samples. However, upon addition of 5 mM
H,0,, the CorMn-LDH modified electrodes ex-
hibited significant oxidation (Figure 10B) and
reduction (Figure S10) currents, in comparison
with that observed at the bare electrode. Interest-
ingly in both cases, the shape of the voltammo-
gram curves and the peak intensities varied with
the Co/Mn ratio. In oxidation, a hysteresis phe-
nomenon was observed for the samples corre-
sponding to a low Co amount in the LDH struc-
ture (R =1 and 2), whereas direct oxidation peaks
were observed for the other samples. The highest
catalytic current was obtained with the CosMn-
LDH which gradually increased with the H,0,
concentration (Figure 11A).

In reduction, the opposite was observed since
the hysteresis phenomenon occurred with the
samples having the highest Co/Mn ratio (R = 4
and 5) (Figure S10). The highest catalytic current
in reduction was observed for the Co;Mn-LDH.
This confirms that CorMn-LDHs have electro-
catalytic properties in the presence of H,O, but
the mechanism depends on the respective contri-
bution of both metals in different electroactive
sites. Indeed, as reported by Kuo et al. for mixed-
valence CoMn oxides’’, the presence of multi-
valent  species, i.e.  Co(I)/Co(lll) and
Mn(111)/Mn(1V), contributes to the electrocatalyt-
ic performance in H,O, reduction. Similarly, Su
et al.”® have shown that nanostructured cobalt
oxides, photochemically synthesized, exhibit an
electrocatalytic activity in both H,O, oxidation
and reduction. In both cases, the electrocatalytic
performance seems to be highly associated with
the formation of hierarchical nanostructures with
a specific elemental composition. In the present
study, the segregation-free multiple mixed-
valence systems of  Co(ll)/Co(lll) and
Mn(I1)/Mn(1V) with an optimum Co/Mn ratio (R
=3) in the LDH structure may contribute to the
high electrocatalytic performance. Based on the
mechanisms proposed for the electrocatalytic
oxidation of H,O, by mixed valent oxides”™®,
we can postulate the following mechanism:
Co",Co""Mn,""-LDH + (x+y)OH —

Co"'1.xMn'"V-LDH + (x+y)e’
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Co"'1xMn"y-LDH +H,0, —
Co"xCo""Mn,"-LDH + 0, +H,0

However, the presence of MnO, as a by-
product in Co;Mn-LDH induced an enhancement
of the reduction activity but not in the oxidation.
The same behaviour was reported with a
MnO,NPs/MgAI-LDH  nanocomposite’.  The
hysteresis phenomenon suggests that H,O, oxida-
tion becomes easier when the CogkMn-LDH films
(R =1 and 2) were electrochemically oxidized.
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Figure 10. Cyclic voltammograms of the
CorMn-LDH modified electrodes (1 <R< 5) (an-
odic sweep) in 0.1 M Tris buffer solution (pH
7.0) (A) in absence and (B) presence of 5 mM
H20,. Inset shows the CV curves under the same
conditions using a bare PGE. (v = 10 mV s™).



The calibration curves of H,O, were then es-
tablished for CosMn-LDH using chronoam-
perometry under stirring conditions at 0.65V/Ag-
AgCI (Figure 11B). The influence of the amount
of deposited catalyst and hence the thickness of
the LDH film on the sensor response was exam-
ined. The reproducibility of the sensors was test-
ed for three different electrodes for each amount
of catalyst. The sensor response increased by
doubling the amount from 10 to 20 pg with a
good reproducibility, but for a thicker film (40
1g) the response became less reproducible and no
significant enhancement of the amperometric
response was observed. This confirms that
CosMn-LDH is effectively an electrocatalyst for
H,O, oxidation but an increase in the film thick-
ness may limit the diffusion pathway of H,O..

As shown in FigurellC, addition of 1 mM
H,O, caused an increase in the anodic current,
with a response time (tgs) of 3 sec, and the pres-
ence of interfering species caused no current
change except with ascorbic acid (21%). The
linear range of the calibration curves was fixed
according to the best correlation coefficient (R?)
(Figure 11D).
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Figure 11. A) Cyclic voltammograms (anodic
sweep) of the CozMn-LDH modified electrode
(20 pg) as a function of H,O, concentration in
the range from 1 to 5 mM (0.1 M pH 7.0 Tris
buffer solution, v = 10 mV s-1), B) H,0O, calibra-
tion curve established using chronoamperometry
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at 0.65 V for 10 and 20, 40 pg of electrocatalyst,
C) Current response as function of time of the
sensor in the presence of 1 mM H,0,, glucose,
phosphate and ascorbate, D) Linear range for
H,0, determination.

A  linear  response,  satisfying Y=
0.13596(+0.015) + 2.10717(x0.050)x (R® =
0.994, n = 12), was obtained between 0.11 and
1.2 mM for 20 pg of CosMn-LDH (Figure 11D).
The sensitivity, calculated from the slope of this
equation, was 30£0.7 mA M™ cm™ and the limit
of detection (LoD) was 86 uM (S/N = 3). These
values can be compared to those reported for
sensors based on other LDH or mixed spinel ox-
ides (Table 5), showing the interest of bifunc-
tional CoMn-LDH in sensing H,0O, in neutral pH
under oxidation condition leading to dioxygen
generation. To a certain extent, depending on the
envisaged application, our study shows that the
use of expensive AuNPs can be omitted for the
detection of H,O, by using an oxidation process
in neutral pH.

Table 5. Detection of H,O, by electrochemical
oxidation using LDH modified electrodes

. Sensitivity

LDH  Sensing mAMT LoD e

conditions 2 (M)

cm™)

NI e —0.06v oX10°
NO, pp

pH 13
CoAl- Eapp=0.49V -8 2%
NO, pH 13 5x10
NiFe- Eapp=0.4V 7 27
NO, pH 13 1704 5x10
CosMn-  E4p=0.65V 5 This
CO, pH 7 30 8.6x10 work
Hybrids
CoAl/Fe

Eapp=05V -8 28
TSPP oH 13 1.8x10
CoAl/N

Eapp =0.38V -7 29
GB pH 13 9x10
Nanocomposites
MWCN B
Ts/CoAl Faw =023V o 30
o 118 5x10

3 pH 14

Auypy/C 60 1x107



oAl-
CO;

AuNPS/M
gMn-
CO;

Eypp = 0.55 V 4

23 2.5x107

pH7

AuNPs/ C
oMn-

8
CO; 6x10
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CONCLUSIONS

In this study, we have demonstrated the elec-
trocatalytic performance of a novel CorMn-LDH
material for the electrocatalytic detection of hy-
drogen peroxide, a key molecule in many chemi-
cal and biochemical pathways. This new sensor is
effective in neutral pH compared to those report-
ed in the literature. This distinctive property aris-
es from a unique divalent/trivalent transition
metal composition leading to a synergistic elec-
tronic coupling between mixed-valent
Co(ID)/Co(111) and Mn(111) cations, hosted jointly
in the octahedral sites of the layered double hy-
droxide structure. Indeed, precipitation of Co(ll)
and Mn(Il) under O,-free and basic conditions
allows for a self-adjustment of the Co and Mn
oxidation states giving rise to a unique LDH
phase with the presence of Co(lIl)/Co(lll) and
Mn(lIl) cations. In-depth structural refinement
revealed the formation of a unique
C02.27Mng 73(OH)6(CO3)0.43(OH)0.1.1.56 H>0
LDH phase stabilized with co-intercalated COz”
and OH" anions and water molecules. Chemical
compositions and structure were supported by in
depth XPS and XAS analysis.

These new results highlight, once more, the
great flexibility and ability of the LDH structure
to accommodate a large panel of transition metal
compositions. This enhances the interest to fur-
ther explore the chemistry of LDH for sustainable
development. Combined with the biocompatibil-
ity of LDH for enzyme immobilization'®, the
electrocatalytic behavior of these materials may
be useful to explore new biosensor design.
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Supporting Information

Detailed XPS data : fitted positions of Co, Mn, O
in various materials, Co, Mn relative abundances;
refined XRD patterns, atomic positions, bond
angles and distances for Co3Mn LDH; electronic
microscopy images and thermogravimetric analy-
sis; EXAFS data; electrochemical and impedance
measurements (CoRMn-LDH_JPhysChem
C_Sl.pdf).
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