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red double hydroxide materials as
efficient catalysts for methanol electrooxidation†

Shimaa Gamil,a Waleed M. A. El Rouby, *b Manuel Antuch c and I. T. Zedana

In this work, efficient methanol oxidation fuel cell catalysts with excellent stability in alkaline media have

been synthesized by including transition metals to the layered double hydroxide (LDH) nanohybrids. The

nanohybrids CoCr-LDH, NiCoCr-LDH and NiCr-LDH were prepared by co-precipitation and their

physicochemical characteristics were investigated using TEM, XRD, IR and BET analyses. The nanohybrid

CoCr-LDH is found to have the highest surface area of 179.87 m2 g�1. The electrocatalytic activity

measurements showed that the current density was increased by increasing the methanol concentration

(from 0.1 to 3 M) as a result of its increased oxidation at the surface. The nanohybrid NiCr-LDH, showing

the highest pore size (55.5 Å) showed the highest performance for methanol oxidation, with a current

density of 7.02 mA cm�2 at 60 mV s�1 using 3 M methanol. In addition, the corresponding onset

potential was 0.35 V (at 60 mV s�1 using 3 M methanol) which is the lowest value among all other used

LDH nanohybrids. Overall, we observed the following reactivity order: NiCr-LDH > NiCoCr-LDH > CoCr-

LDH, as derived from the impedance spectroscopy analysis.
1. Introduction

Scientic research to nd convenient alternatives to fossil
energy is an important research topic worldwide. The research
interest in green energy technologies is reected by the use of
air and water for electric power generation through fuel cell
technology. Fuel cells have received much attention for power
generation compared to other conventional energy storage
systems because of their unique characteristics such as low
cost, diminished greenhouse gas emission, smog pollution and
simple structure.1–3

Direct methanol fuel cells (DMFCs) offer wide possibilities to
power electric vehicles and electronic portable devices.4,5 The
use of methanol in fuel cells is attractive due to its high energy
density, ease of storage, preparation, and availability.6,7 DMFCs
are mainly dependent on the electrocatalytic activity of the
electrode materials.6,8,9 The main problems which reduce its
power output and efficiency are the high cost and the high
tendency to poisoning by intermediate adsorption at the surface
which blocks the active sites.10,11 Platinum based catalysts have
a unique electrocatalytic activity for promoting methanol
oxidation.12,13 However, they are very expensive which limits
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their use.14 Therefore, current research has been directed to
improve the activity of methanol electro-oxidation catalysts with
reduced precious metals.9,15

Nanomaterials are interesting in the eld of electrochemistry
due to their high surface area to volume ratio, unique structure
and promising physicochemical characteristics.10,16,17 Layered
double hydroxides (LDHs) are formed by layers of metallic
hydroxides which are separated by hydrated anions as inter-
layer.16,18,19 These LDHs have been extensively studied for
different applications as new layered inorganic nanomaterials
which are two-dimensional organized structures.10,16,18,20–22

Moreover, these are ionic solids with excellent chemical and
thermal stability which obviously drive them as alternative
materials for catalyzing methanol oxidation.11 The modication
of electrodes by using LDHs is a new strategy for catalyzing
methanol oxidation. It has been shown that LDH compounds
bearing combinations of divalent and trivalent transition
metals in their structure were promising in electrochem-
istry.17,23 The improvement of the intrinsic properties of LDHs
rely on the identity of cations composing the layers.24 Among
the prospective transition metals, cobalt is an attractive choice
for using in electrochemical applications due to its low cost,
good thermal conductivity and environmental friendliness.25,26

Co-based materials have introduced non-precious and effective
catalysts for the oxygen evolution reaction. Particularly, the Cr3+

cation has a special electronic conguration, which enhances
charge transfer and electron capture.27 Chenlong Dong et al.,
used the binary CoCr LDH as a novel and an excellent electro-
active catalyst with long-term stability.28 The use of nickel
within the LDHs structure gained substantial interest from the
RSC Adv., 2019, 9, 13503–13514 | 13503
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scientic view due to its electrochemical reactivity, especially
towards the electrocatalytic oxidation of alcohols.25,29,30 Typi-
cally, nickel has a one-electron reversible redox couple, Ni(III)/
Ni(II), which is desirable for its electrocatalytic activity.1 Y. Vla-
midis et al. demonstrated that Ni/Fe LDHs can achieve higher
performance for methanol oxidation as compared to Ni/Al
LDHs. They proposed that Fe can enhance the electroactivity
of Ni by increasing the number of active sites in the Fe con-
taining material.31 It was found that the incorporation of Cr3+

into Co or Ni hydroxides enhances the conductivity.27 Further-
more, Cr3+ ions can be oxidized easily to higher oxidation states
during the methanol oxidation reaction, whose effect is positive
on the obtained current density value. Recently, Y. Wen et al.
used NiCr-LDH, for the rst time, as an efficient and stable
bifunctional catalyst for the electrocatalytic oxidation and
reduction of water.27 Thus, the continuous challenges to
develop promising transition-metal LDH electrode materials for
methanol oxidation by increasing their performance and
stability is essential nowadays. In this work we have prepared
three mesostructured nanohybrids CoCr-LDH, NiCoCr-LDH
and NiCr-LDH by a coprecipitation method, which have not
been studied towards direct oxidation methanol before. As
a result, the gradual replacement of cobalt by nickel may
promote higher electrocatalytic activity and better stability for
methanol oxidation. This due to the electrochemical reactivity
of nickel towards methanol oxidation. Notably, compared with
other prepared nanohybrids, the nanohybrid NiCr-LDH showed
the fast electrode kinetics (lowest value of the charge transfer
resistance RCT) and the highest current density value. Therefore,
this work not only presents new types of LDHs as promising
cheap catalysts, but also provides new insights into the role of
nickel ions for enhancing the electrochemical activity of the
LDH layer.
2. Materials and methods
2.1. Materials

Cobalt(II) nitrate hexahydrate (Co(NO3)2$6H2O), nickel(II) nitrate
hexahydrate (Ni(NO3)2$6H2O), chromium(III) nitrate non-
ahydrate (Cr(NO3)3$9H2O), sodium carbonate (Na2CO3), meth-
anol (MeOH) and sodium hydroxide (NaOH) were purchased
from Oxford company Mumbai-400002 (India). The reagents
described herein were of analytical grade; these were employed
without additional treatment. Deionized (DI) water was used for
all syntheses and treatment processes under ambient
conditions.
2.2. Synthesis of LDHs nanohybrids

The three nanohybrids LDHs were prepared by a co-
precipitation method.32,33 For binary CoCr-LDH and NiCr-LDH
nanohybrids the mole ratio of the nitrate salts was 2 : 1, while
for the ternary NiCoCr-LDH nanohybrid the mole ratio was
1 : 1 : 1. Briey, 200 mL of a solution containing 1 M NaOH and
0.01 M Na2CO3 was rst prepared; then, 100 mL of the nitrate
salts were added dropwise under continuous mechanical stir-
ring. Aer these additions, the obtained suspensions were aged
13504 | RSC Adv., 2019, 9, 13503–13514
for 16 h at 65 �C; aerwards these were cooled to ambient
temperature. The obtained products were separated by ltration
and washed several times using DI water. Finally, all LDHs were
dried out at 60 �C during additional 24 h. The prepared mate-
rials were termed as CoCr-LDH, NiCr-LDH and NiCoCr-LDH.

2.3. Characterization of LDH nanohybrids

The phase structure and crystallinity of the prepared catalysts
were assessed by X-ray diffraction (XRD) in an X-ray diffrac-
tometer (PANalytical, Empyrean, Netherlands) equipped with
CuKa radiation of wavelength l ¼ 1.54045 Å and accelerating
voltage of 40 kV with operating current of 35 mA. Transmission
electron microscopy (TEM) (JEOL JEM-2100) was used to study
the morphologies of the prepared LDH samples. Fourier
transform infrared (FTIR) spectroscopy was performed to gain
information on the intercalation nature of the nanohybrids
LDH using Vertex 70 (Bruker, Germany). The surface areas and
pore-size distributions of the nanohybrids under investigations
were calculated from N2 adsorption–desorption isotherms
determined with a Tri-Star II 3020 (Micromeritics, USA) analyzer
by Brunauer–Emmett–Teller (BET) method.

2.4. Electrode preparation for methanol oxidation

The glassy carbon (GC) electrodes with area of 0.0706 cm2 were
cleaned by polishing with alumina ne powder on a smooth
emery paper until it became like a mirror and then washed with
distilled water followed by acetone. Then, the working electrode
was prepared by sonicating the solution of 2 mg of the prepared
catalyst (LDH) in 420 mL isopropanol and 20 mL Naon (5%)
solution for 30 min at room temperature. Subsequently, 15 mL
of the prepared slurry was spread over the active area of the GC
electrode. The GC surface was then dried out till ambient
temperature prior electrochemical tests.

2.5. Electrocatalytic activity measurements

The electrocatalytic activities of the prepared catalysts toward
methanol oxidation in alkaline media were carried out in
a three-electrode cell conguration at room temperature, using
a Ag|AgCl|Cl� (KCl solution of 3.0 M) reference electrode, a Pt
wire as counter electrode, and working electrode (the GC elec-
trode prepared by the above-mentioned procedure). The elec-
trolyte solution was 1 M KOH. All electrochemical experiments
were performed usingMetrohm-Autolab potentiostat controlled
by a computer via NOVA 1.11 soware. Cyclic voltammetry (CV)
at scan rates from 10 to 100 mV s�1, electrochemical impedance
spectroscopy (EIS) at 0.6 V and amplitude of 10mV, linear sweep
voltammetry (LSV) at 60 mV s�1 and chronoamperometry (CA)
at 0.6 V measurements were studied.

3. Results and discussion
3.1. Characterization of the prepared LDH nanohybrids

The X-ray diffraction analysis of the prepared nanohybrid CoCr-
LDH, NiCr-LDH, and NiCoCr-LDH was carried out to conrm
their crystallographic structures along with the purity of the
obtained phases. The XRD patterns as shown in Fig. 1a
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra01270b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
1:

43
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
indicates that the main characteristic peaks of the prepared
nanohybrid LDHs matches with the expected prole for LDH
compounds with crystallographic planes (003), (006), (012),
Fig. 1 (a) The XRD patterns for nanohybrid (I) NiCr-LDH, (II) CoCr-LDH an
and (d) NiCoCr-LDH; (e) FTIR spectra of hybrid (I) NiCr-LDH, (II) NiCoCr

This journal is © The Royal Society of Chemistry 2019
(015), (110) and (113) observed at 2q values of 11.1�, 22.2�, 34.0�,
38.8� and 59.4� respectively, indicating that the synthesized
LDHs were with well lamellar structures. The slight differences
d (III) NiCoCr-LDH; TEM images of hybrid (b) NiCr-LDH, (c) CoCr-LDH
-LDH and (III) CoCr-LDH.

RSC Adv., 2019, 9, 13503–13514 | 13505
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in broadness in the Bragg diffraction peaks among the different
LDH are likely to be due to differences in their crystallinity. The
remaining X-ray diffraction peaks in CoCr-LDH, NiCoCr-LDH
and NiCr-LDH related to Co, Ni and Cr doped oxides.

The structural features of the synthesized nanohybrids CoCr-
LDH, NiCoCr-LDH and NiCr-LDH were observed using TEM
images as shown in Fig. 1b–d. It demonstrates that the prepared
nanohybrids have ake-like morphology with pure sets of small
particles of hexagonal ordered. This structure with cross linked
nanoakes yield the high porosity exhibited by the prepared
nanohybrids. Moreover, it is clear from Fig. S1† that, the NiCr-
LDH nanohybrid with a much lower aggregation than CoCr-
LDH and NiCoCr-LDH which should contribute to the NiCr-
LDH electrocatalytic activity.

FTIR spectroscopy was performed to assess the presence of
each functional group and both the interlayer anions and
cations in the LDHs as shown in Fig. 1e. The bands appearing at
low wavenumbers (i.e., below 800 cm�1) were essentially due to
both the stretching and bending normal modes of M–O–H and
O–M–O (M ¼ metal) in brucite-like layers.28,34 The band which
appeared at 1357 cm�1 conrmed the presence of CO3

�2

group.33 Obviously strong absorption bands at 1650 and
3400 cm�1 for the prepared nanohybrid LDHs can be attributed
to the stretching mode of the OH group of water molecules
inside the interlayer of LDH and the broadness of such band
indicates a variety of hydrogen bonds at the surface of the
prepared nanohybrids. The intensity of the band at 1650 and
3400 cm�1 varied from high to low according to the hybrid, the
intensity of CoCr-LDHmore than that of NiCoCr-LDH and NiCr-
LDH. This observation indicates that CoCr-LDH and NiCoCr-
LDH have high surface adsorbed –OH group but NiCr LDH
has higher amount of defects (oxygen vacancies).35

To further characterize the as-prepared nanohybrids LDHs,
the nitrogen adsorption–desorption isotherms were obtained in
order to study the surface area, the average pore size and the
mesoporosity of the samples; which should have an inuence
on the electrochemical performance. Each sample showed
a classical IV isotherm with a hysteresis loop (P/P0 > 0.4), sug-
gesting the presence of mesopores as depicted in Fig. 2a. It is
clear also from this gure that the CoCr-LDH has the highest
specic surface area of 179.87 m2 g�1. This value is signicantly
larger than that of NiCoCr-LDH (174.62 m2 g�1) and that of
NiCr-LDH (45.31 m2 g�1). From the obtained results, it was
noticed that a H1 hysteresis loop is observed for NiCr-LDH
hybrid, indicating the coexistence of high pore size and shape
uniformity. The uniformity can provide efficient transport
pathways for electrolyte ions and create high active sites for
methanol oxidation.36–40 Moreover, as shown in the Table 1, the
nanohybrid NiCr-LDH has the highest value of average pore
width of 56 Å. The redox reactions efficiency of both CoCr-LDH
and NiCoCr-LDH nanohybrids may be reduced since CoCr-LDH
(51 Å) has large pore size diameter with non-uniform distribu-
tion while NiCoCr-LDH (27 Å) has narrow pore size distribution
with uniform size. This explanation agrees with Z. Luojiang
et al. who have found that the increase in pore volume is related
to the formation of secondary pores which can enhance the
diffusion process.41 In addition, it was clear from Fig. 2b that
13506 | RSC Adv., 2019, 9, 13503–13514
the pore size distribution of CoCr-LDH and NiCoCr-LDH was
centered at 65 and 35 Å, respectively which could not serve for
the efficient access of OH– to participate in the redox reaction
but the pore size distribution mainly centered at 38 Å for NiCr-
LDH is optimal for the better OH– diffusion towards reactive
sites.8,41
3.2. Electrocatalytic activity

A conventional three-electrode cell conguration was used to
explore the catalytic performance of the prepared CoCr-LDH,
NiCr-LDH and NiCoCr-LDH towards methanol oxidation. In
order to evaluate the effect of the ohmic drop in our voltam-
metric measurements, we proceeded to determine the series
resistance of the system by EIS, as the limit of ZRe at high
frequency (Ru ¼ 1.5 U cm2), this value multiplied by the current
densities obtained by CV (the highest value being around 6 mA
cm�2) yields an estimated ohmic drop of 8 mV. Considering
that this is a low value, further ohmic drop compensation was
not performed. Current densities herein reported were deter-
mined per geometric surface area. The typical cyclic voltam-
metry of the prepared LDHs was carried out within the potential
window from�200 to 600 mV (vs. Ag/AgCl) at room temperature
and different scan rates (10, 20, 40, 60, 80 and 100 mV s�1).
Fig. 3 shows the CV curves of these three nanohybrids LDHs in
1 M KOH electrolyte. Pairs of oxidation and reduction peaks are
obtained in the anodic and cathodic sweeps in case of CoCr-
LDH and NiCr-LDH nanohybrids. The increase of the current
density was observed upon various potential sweeps, which
implies the formation of an active layer atop the catalysts
caused by CV cycling. This is likely to be related to the entry of
hydroxyl anions inside the catalyst interlayer.14,42 On the other
hand, NiCoCr-LDH hybrid showed a superior current density,
which is observable from the results (Table 2). It is observed that
at scan rate of 100 mV s�1, the current density values were 0.27,
1.48 and 1.63 mA cm�2 for CoCr-LDH, NiCr-LDH and NiCoCr-
LDH, respectively. The NiCoCr-LDH hybrid exhibits a capaci-
tive behavior and the enhanced electrochemical properties of it
may be attributed to the transformation of the surface layer to
a mixture of mixed metal oxyhydroxides as well as more active
sites derived from the incorporation of the three transition
metals.43 Together with mesoporous structure, pores distribu-
tion and high surface area (174.62 m2 g�1) which greatly
improves the electrochemical performance.

Fig. 4 displays the electrochemical performance of the ob-
tained hybrid materials using diverse methanol concentrations
(0.1, 0.2, 0.5, 1, 1.5, 2, 3 M). The electrochemical characteristics
indicated that there is a progressive increase in the current
density upon methanol addition, which indicates further
methanol oxidation at the surface of the prepared hybrids. The
methanol oxidation process may be followed during the
cathodic half cycles given that both products or intermediates
may be desorbed from the surface.44 Interestingly, there was
a direct relationship between the electrocatalytic activity of the
prepared nanohybrid LDHs for methanol oxidation and the
nickel content. Whereas, the gradual substitution of cobalt by
nickel in the LDH nanohybrid led to gradual increase in the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) N2 adsorption–desorption loops and (b) the BJH pore size distribution profiles of nanohybrid CoCr-LDH (red), NiCr-LDH (blue) and
NiCoCr-LDH (green).
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current density. It was observed that the intense increase of the
anodic current density was obtained during the measurements
using 2 M methanol at scan rate of 60 mV s�1 for the catalyst
Table 1 Specific BET surface area, pore volume and average pore size o

Sample NiCr LD

BET surface area (m2 g�1) 45.31
A cumulative surface area of pores (m2 g�1) 42.03
A cumulative volume of pores (cm3 g�1) 0.06
Average pore width (Å) 55.5

This journal is © The Royal Society of Chemistry 2019
NiCr-LDH. It was 3 times higher than NiCoCr-LDH and 8 times
higher than CoCr-LDH (Fig. S2†). This is due to the low catalytic
activity of cobalt as compared to nickel.45 The better
f the CoCr-LDH, NiCoCr-LDH and NiCr-LDH samples

H CoCr LDH NiCoCr LDH

179.87 174.62
192.79 160

0.24 0.11
50.51 27

RSC Adv., 2019, 9, 13503–13514 | 13507
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Fig. 3 CVs of the (a) NiCr-LDH and (b) CoCr-LDH (c) NiCoCr-LDH in 1 M KOH at different scan rates at 25 �C.
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performance of NiCr-LDH electrode (Fig. 4a) was attributed to
the intrinsic activity of this compound, joined to its meso-
porous structure and large pore width which enhance mass
13508 | RSC Adv., 2019, 9, 13503–13514
transport and electron transfer.8 Also, it has the high amount of
the surface reactive oxygen species (according to FTIR results)
directly participated in methanol oxidation. It is known from
This journal is © The Royal Society of Chemistry 2019
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Table 2 The current density of the CoCr-LDH, NiCoCr-LDH and
NiCr-LDH samples at different scan rates with 1 M KOH

Scan rate (mV s�1)

Current density (mA cm�2)

CoCr LDH NiCr LDH
NiCoCr
LDH

10 0.25 1.25 1.35
20 0.23 1.25 1.37
40 0.24 1.33 1.43
60 0.25 1.38 1.49
80 0.26 1.42 1.56
100 0.27 1.48 1.63
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the literature that defective Ni(OH)2 species promotes the OH–

moving from Ni(OH)2 to the adjacent nanocrystals forming
a new channels and active sites for OH– adsorption and devel-
oping the removal of carbonaceous poisons (CO) from the
catalyst surface which increase the electroactivity of nanohybrid
LDH.13

The methanol oxidation performance was further studied by
Linear Sweep Voltammetry (LSV). The onset potential is an
important parameter to assess the effectiveness of the
Fig. 4 CVs of the nanohybrids at different concentration of CH3OH; (a) N
the nanohybrids with 3 M methanol concentration.

This journal is © The Royal Society of Chemistry 2019
introduced electrocatalysts in alcohols oxidation because this is
the point at which the reaction product is formed. In alcohol
oxidation, a more negative onset potential for the anodic reac-
tion means a lower over potential and hence a higher activity.46

There is an obvious change in the onset potential value before
and aer methanol addition (Fig. S3†). It shied to more
negative values by increasing the methanol concentration for
the CoCr-LDH, NiCoCr LDH and NiCr-LDH which indicated the
high electrocatalytic activity of them towards the methanol
oxidation reaction. From Fig. 4d it can be inferred that the
increase of Ni ratio in the LDH nanohybrid causes more nega-
tive onset potential, signifying an enhanced electrocatalytic
methanol oxidation. Overall, the onset potential was 0.42, 0.38
and 0.35 V for CoCr-LDH, NiCoCr-LDH and NiCr-LDH, respec-
tively using 3 M methanol at scan rate of 60 mV s�1.

The electrochemical stability of the synthesized nanohybrid
materials is another important issue to account for aiming at
practical applications. Consequently, chronoamperometric
measurements at a constant potential (600 mV vs. Ag/AgCl) in
1 M KOH and 3 M methanol were performed to assess the
stability of these materials. It can be seen that the NiCr-LDH
shows a superior durability as shown in Fig. 5a. Initially, the
current density decreased rapidly due to the double layer
iCr-LDH and (b) CoCr-LDH (c) NiCoCr-LDH; (d) the onset potentials for

RSC Adv., 2019, 9, 13503–13514 | 13509

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra01270b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
1:

43
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
contribution, and then decreased slowly with time, which is due
to the formation of the carbonaceous intermediate COads.47

These results conrm the long-term stability of the NiCr-LDH,
whose performance for methanol oxidation is superior if
compared with the stability of the CoCr-LDH and the NiCoCr-
LDH nanohybrids.

Fig. 5b–d shows 5 cyclic voltammograms recorded aer the
chronoamperometric stability tests. This behavior proves the
outstanding stability of these materials since there is no
appreciable change in the electrocatalytic activity.
Fig. 5 (a) Chronoamperometric response for the prepared hybrids
NiCr-LDH (black), CoCr-LDH (red) and NiCoCr-LDH (blue). CVs for 5
cycles after stability of the prepared hybrids (b) NiCr-LDH (c) CoCr-
LDH and (d) NiCoCr-LDH.
3.3. Reaction dynamics studied by electrochemical
impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) consists in the
study of the impedance variation of an electrochemical system
with the frequency of a small-amplitude AC perturbation. It is
used to characterize complex electrochemical reactions, along
with faradaic and non-faradic processes.48

In alkaline media, the mechanistic details of methanol
oxidation may be summarized by the following general
equations49,50

M + OH� / M–(OH)ads + e� (1)

M–(CH3OH)ads + 4OH� / M–(CO)ads + 4H2O + 4e� (2)

M–(CO)ads + M–(OH)ads + OH� / 2M + CO2 + H2O + e� (3)

where M represents an active metallic site at the surface of the
electrode.

This mechanism consists in the oxidative adsorption of the
hydroxyl ion (eqn (1)) followed by the oxidative adsorption and
dehydrogenation of methanol to yield adsorbed carbon
monoxide (eqn (2)). Finally, adsorbed intermediates may react
in order to regenerate active catalytic sites and form carbon
dioxide (eqn (3)).

The EIS analysis of the CoCr-LDH, NiCoCr-LDH and NiCr-
LDH nanohybrids were carried out at 600 mV vs. Ag/AgCl to
examine the main behavior of these nanohybrids as electrodes
using various methanol concentrations (0.1, 0.2, 0.5, 1, 1.5, 2
and 3 M, see Fig. S4–S6†). Typical impedance spectra are
depicted in Fig. 6. It is worth noting that the mechanism of
methanol oxidation is complex due to multiple electron transfer
and adsorption/desorption steps which depend much on the
nature of the electrocatalyst. Therefore, EIS spectra can display
a large variety of features, including inductive loops, negative
resistance, and multiple time constants.44,49–61 In our case, the
spectra presented broad semicircles that could not be t with
a Randles circuit; instead, two relaxation constants could be
identied, which has been observed before.44 Likewise, the
semicircles were depressed, thus constant phase elements
(CPEs) were included in the t in order to account for surface
heterogeneities detected with TEM microscopy. Such surface
heterogeneities are responsible for uneven current lines at the
interface which are described by the CPE. Consequently, the
equivalent circuit depicted in Fig. 6 inset was used to model the
experimental data. The circuit comprises two contributions: (i)
13510 | RSC Adv., 2019, 9, 13503–13514
one at high frequency, associated to the charge transfer rate
(RCT) and the double layer capacitance (Qdl); and another
contribution (ii) related to the rate of intermediate adsorption
(Rads) and to the adsorption capacitance (Qads).
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Nyquist plots for the oxidation reaction at 0.60 V using 2 M
methanol (inset shows equivalent circuit compatible with the experi-
mental impedance data for methanol oxidation on NiCr-LDH, CoCr-
LDH and NiCoCr-LDH).

Fig. 7 Variation of the charge transfer resistance (RCT) with different
methanol concentrations for NiCr-LDH, CoCr-LDH and NiCoCr-LDH.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
1:

43
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Interestingly, none of the impedance spectra recorded in this
work showed inductive characteristics. Certainly, inductive
loops appear in the fourth quadrant of a Nyquist complex plot
and have been thoroughly interpreted as a signature of the
oxidation of (CO)ads to CO2 as the rate determining step in the
mechanism. Thus, our impedance data support the fact that the
step represented by eqn (3) is not determining the overall
electrocatalytic process, but it is the methanol dehydrogenation
step (eqn (2)) the key kinetic reaction in the mechanism.50

The catalytic activity of these catalysts is embodied in the RCT
parameter, and shall be given special attention in this discus-
sion. The evolution of RCT vs. methanol concentration is
depicted in Fig. 7; all other EIS t parameters are presented in
Table S1.† Consistently, the CoCr-LDH material exhibited the
highest value of RCT, and therefore the poorest charge transfer
kinetics. Regarding the other two nanohybrids LDH, for meth-
anol concentrations lower than 1 M, the lowest values of RCT
and therefore the fastest heterogeneous reaction were observed
for the NiCr-LDH solid. At the highest concentrations (1.5 and
2.0 M), the catalytic activity of NiCr-LDH and NiCoCr-LDH were
similar as expressed by the similar values of RCT.

Particularly, in the case of the NiCr-LDH nanohybrid, at the
highest concentration of methanol there was a sudden change
of the shape of EIS, since the semicircle developed in the second
quadrant and thus the Rads value was negative (see Fig. S4†).
This dramatic change in the spectrum is related to a change in
the operating mechanism, whose rate determining step shis
from methanol dehydrogenation step (eqn (2), observed for all
other conditions) to the oxidation of (CO)ads (eqn (3)), which
operates only at the surface of NiCr-LDH material at very high
methanol concentrations.

The overall reactivity order, where the more reactive species
is the one exhibiting the lowest value of RCT, was the following:
NiCr-LDH > NiCoCr-LDH > CoCr-LDH as depicted in Fig. 7 for
the oxidation reaction at 0.6 V using 2 M methanol as
This journal is © The Royal Society of Chemistry 2019
a representative example. This might be due not only to the
intrinsic electrocatalytic activity of the material, but also to the
highest pore width (cf. Table 1) which would enable an easier
access of reactive species to the catalytic sites at the electro-
de|electrolyte interface.8
4. Conclusion

This study aims to nd non-expensive catalyst with good
performance and stability for methanol oxidation fuel cells.
Using the co-precipitation method, three nanohybrids CoCr-
LDH, NiCoCr-LDH and NiCr-LDH were prepared. All the
prepared nanohybrids presented mesoporous structures and
the NiCr-LDH had the highest pore width. Optimum tests could
be achieved to detect the most efficient nanohybrid. The ob-
tained plots from the CV tests showed superior oxidation of
methanol activities with better stability for the NiCr-LDH
material. The obtained current density using NiCr-LDH was
7.02 mA cm�2 at 60 mV s�1 using 3 M methanol. Where it
exhibits the more negative onset potential 0.35 V. This might be
due to the reversible one-electron redox couple nature of nickel
and the pore width value which play the main role for its elec-
trocatalytic activity by enabling an easier access of reactive
species to the active sites. Furthermore, the kinetic analysis by
EIS revealed that the NiCr-LDH material exhibited the lowest
values of charge transfer resistance, which is consistent to the
lowest observed over-potential for methanol oxidation.
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