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Some Attributes of Mn3 + Sites in Nickel-Based Layered
Double Hydroxides during Methanol Electro-oxidation in
Alkaline Media
Miguel A. Oliver-Tolentino,[a] Guadalupe Ramos-Sánchez,[b] Arturo Manzo-Robledo,[c]

Daniel Ramı́rez-Rosales,[d] Jorge L. Flores-Moreno,[e] Enrique Lima,[f] and Ariel Guzmán-
Vargas*[a]

Ni-based layered double hydroxides (LDHs), or hydrotalcite-like

materials (HTs), were synthetized through co-precipitation at

constant pH (NiAl and NiMg) and urea hydrolysis (NiMn)

methods, and they were tested in the electrochemical methanol

oxidation (MOR). The physicochemical properties were explored

by using techniques such as X-ray diffraction, FT-IR spectro-

scopy, as well as electron paramagnetic resonance. In addition,

correlation between active site arrangements and electrocata-

lytic activity was evidenced by density functional calculations.

Specific site m(Ni2Mn-OH) showed the lowest proton energy

removal at approximately 3.6 eV and the NiMn LDH sample

containing a higher proportion of this site exhibited the best

performance for the MOR process, with an enhancement factor

of 5.16, which is attributed to limited deactivation of Ni during

the reaction. CO2 production was detected by differential

electrochemical mass spectrometry to be on the order of ten

times greater than O2.

1. Introduction

In the context of global environmental problems, triggered

from the use of fossil fuels, new electrochemical devices

capable to carry out direct transformations of plentiful raw

materials into energy, arises as an ecofriendly and cost-effective

process. This means the impulse of other sources of energy

taking into account the depletion of conventional sources e. g.

petroleum, carbon, etc.

Direct methanol fuel cells (DMFCs) are promising alterna-

tives for energy conversion due to their efficiency in power

mobile sources for transportation, portable electronics and

stationary applications. Meanwhile having a considerable

increase in energy efficiency transformation in comparison to

traditional heat engines transformations.[1] However, systems as

Pt-containing electrodes have not shown large-scale applica-

tions for total methanol oxidation reaction (MOR), due to the

fact that secondary or parallel reactions such as: oxygen

formation, incomplete oxidation and/or other by-products

appear during the process; mainly associated to kinetics

limitation due to strong adsorption of CO, poisoning the

catalytic surface under acid conditions.[2]

Therefore, the use of alkaline electrolytes and electro-

catalysts containing non-precious metals are suitable and

important alternatives. In this context, Ni-based catalysts have

been extensively used in MOR, in specific bimetallic nano-

structured catalysts called Ni-M, where M: Cr, Mn, Co and Cu.

Thus, diverse materials based on 3d-metal transition, mainly Ni

and Co have been studied.[3] Recently, it has been reported that

the surface of Ni-based electrodes is poisoned by the strong

adsorption of methanol on the active sites, in particular

materials containing NiOOH species, thus, one of the main

problem is the catalytic deactivation.[4]

In some cases, the strategy is to support active phases as Ni

and precious metals on well-structured materials and having

large surface area, e. g. graphene oxide. From this approach,

interesting performance was showed towards high catalytic
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activity and stability; although, these systems are complex

involving many steps from synthesis and electrode preparatio-

n.[2a,b] Based on this, in recent studies lamellar structured

materials called Layered Double Hydroxides (LDH) or hydro-

talcite-like materials have been reported as electrocatalysts in

MOR. Wang et al. demonstrated that NiAl-LDH exhibited higher

electrocatalytic activity for methanol oxidation and better

stability than Ni(OH)2.[3] Recently an enhancement on electro-

activity of NiIII/NiII redox couple due to substitution of

aluminium by iron in LDH, favoring the presence of Ni3 + active

site was reported by Tonelli’s group.[4] Incorporation of sulfur in

Co-Ni LDH decreased the charge transfer resistance improving

electrocatalytic behavior according to Qian et al.[5]

In order to prepare materials possessing properties for

targeting applications, hydrotalcite-like materials have been

synthetized by different methods: co-precipitation at high or

low supersaturation, urea hydrolysis, sol gel, ion exchange,

hydrothermal, among others.[6] Layered structures, similar to

brucite layer are formed by the union of blocks containing di

and trivalent cations, which are octahedrally coordinated with

hydroxyl group. The positive cation charge contribution is

balanced by negative charge from anions with different nature

and water localized in the region between layers.[7] Composition

of brucite-like layer is characterized by M2 +/(M2 + + M3 +) ratio

commonly called x, the conventional expression for LDHs

materials is stated as Equation (1):

ðM2þ
1�xM3þ

x ðOHÞ2Þxþ ½An�
x=n� � mH2O ð1Þ

Thus, this family of materials has the advantage to modify

physicochemical properties to be applied in many research

fields, e. g. heterogeneous catalysis, adsorption-desorption

process, etc.[8]

In this context, the presence of Mn in LDH composition has

exhibited interesting electrochemical properties as reported in

some studies, i. e. NiMn-LDH materials in energy storage as

supercapacitors[9] and; recently as electrocatalyst for water

splitting;[10] therefore, the main goal of this work is to propose

an approach to explain the influence on electrocatalytic activity

of Mn site in NiMn LDH evaluated during methanol oxidation

process.

2. Results and Discussion

Di (M2) and trivalent (M1) cation interactions within the layered

structure were evaluated by plane wave DFT simulations. The

positions of cations were arranged in such manner as shown in

Figure 1. This particular configuration has been chosen based

on previous analyses, which have indicated that the most

probable configuration is in which one trivalent cation (M1) is

surrounded by 6 divalent cations (M2) as was reported

before.[11,12] Moreover, the spectroscopic characterization later

evaluated indicated that this is fairly the configuration found in

the synthesized materials.

2.1. Structural Characterization

Powder X-ray diffraction patterns of the fresh prepared LDHs

are presented in Figure 2A, indicating that in all cases, almost

pure LDH phase with a good degree of crystallinity was

obtained, each sample showed typical XRD profile for LDH

compounds characterized by sharp intense peaks according to

JCPDS file 22-0700. From (110) reflection, a lattice parameter

(a = 2d110) can be determined, while c parameter was calculated

from (003) reflection as c = 3d003.

The lattice parameters shown in Table 1 agree with those

reported in literature for similar LDH-CO3
2�-containing MgMn,[13]

and NiAl;[14] however, in the case of NiMn LDH, c parameter was

slightly lower, due to an increase in electrostatic interaction

between neighboring layers and interlayer anions.[15] As

observed in Table 1 for binary MIIMIII LDHs, the parameter a,

Figure 1. Geometric arrangement of M13 + and M22 + cations in the layer-like
sheet of LDH. Red circles: OH, grey lines indicate the unit cell.

Figure 2. A) X-ray diffraction patterns and B) infrared spectra of LDHs.

Table 1. Lattice parameters of LDHs.

Sample Lattice parameters (Å)
d003 d001 c a

MgMn LDH 7.551 1.519 22.653 3.039
NiMn LDH 7.308 1.546 21.925 3.092
NiAl LDH 7.589 1.517 22.769 3.034
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linked to cation-cation distance in Brucite-like layer, increases

due to ionic radii of 6-fold coordinated cations (effective ionic

radii are: Mn2 + = 0.64 Å, Al3 + = 0.53 Å, Ni2 + = 0.69 Å and Mg2 + =

0.72 Å). Thus, for example, a parameter for NiMn LDH sample is

higher than for NiAl LDH; this situation can be explained in

terms of the difference between ionic radii of Mn3 + and Al3 +

cations. A similar trend can be observed for MgMn and NiMn

LDH samples.

FTIR spectra of the three LDHs are compared in Figure 2B.

For all samples, broad absorption band between 3400 and

3500 cm�1 is ascribed to the stretching frequency mode of O�H

groups in brucite-like layer and interlaminar water. MgMn and

NiAl LDH samples exhibit a band located at 1356 cm�1 and

1362 cm�1, respectively, assigned to the n3 mode of CO3
2�

species in the interlayer region of LDH. This band is absent in

NiMn sample indicating that charge-compensating anion is

different from CO3
2�. It is worth to mention that NiMn sample

was prepared from ammonium persulfate, which acts as

oxidizing agent during synthesis, allowing the oxidation of

Mn2 + to Mn3 +.

Redox reaction between S2O8
2� and Mn2 + species forms

SO4
2� anions, they can be intercalated into the interlayer region

inducing electrostatic interaction with the layers,[16] as was

explained in XRD discussion. As a consequence, FTIR spectrum

of NiMn LDH (black line in Figure 2B) shows a band centered at

1125 cm�1 that is associated to the n3 stretching mode of

sulfate (free SO4
2� anion shows a band at 1104 cm�1 attributed

to n3 stretching mode[17]). The band observed at 1036 cm�1 was

attributed to Mn3 +-O vibrations. Weak bending modes (n2) and

symmetric stretching mode (n1) were not detected.

Electronic properties of LDHs were explored by UV-Vis and

EPR spectroscopy, neither Mg nor Al containing LDHs showed

electronic transition under UV-Vis light and EPR analysis

conditions. Whereas, for NiAl LDH only one electronic transition

associated to Ni2 + (t2g
6 eg

2, S = 1) in octahedral coordination

was observed (Figure 3A); with two spin-allowed transition at

643 and 381 nm, and two spin forbidden transitions at 740 and

420 nm.[18] On the other hand, for MgMn LDH only one

electronic transition associated to Mn3 + (t2g
3 eg

1, S = 2) in

octahedral coordination was presented; with three character-

istic bands at ca. 410, 470 and 750 nm,[19] associated to the

crystal field d–d transitions. In this context, it is well known that

Mn3 + exhibits Jahn-Teller distortions, assigned to spin-allowed

transition 5E1g!5T2g corresponding to one-electron interaction

acting near to 500 nm (band nJT).

MgMn LDH sample showed broad EPR signals around g =

2.1060 (Figure 3B, top); which are characteristics of high spin

Mn2 + (S = 5/2) with exchange and dipolar coupling among

them. Line width and EPR profile spectra indicate Mn2 +

�OH�Mn2 + interaction in the layer. This interaction is consid-

ered similar to that reported by our group previously,[15] when

Fe3 + is incorporated instead of Mn2 + because both ions are

isoelectronic (t2g
3 eg

2). EPR spectra at room temperature (RT)

and 77 K presented interesting differences. MgMn sample

showed a broad signal at 300 K (Figure 3B, curve a), but at 77 K

this EPR signal decreased (Figure 3B, curve b). This behavior

suggests that this sample exhibits ferromagnetic (F) interaction

with a small contribution of antiferromagnetic (AF) interaction

at RT. However, antiferromagnetic interaction is increased at

77 K.

These EPR results also point out that Mn is present mostly

as Mn2 +, whereas partial oxidation to Mn3 + and/or Mn4 + is

taking place. Usually, Mn3 + is EPR silent owing to its large zero-

field splitting.[20] Both Mn2 + and Mn4 + can give similar EPR

spectra. A closer observation reveals any existence of EPR

signals which can be assigned to Mn4 + species.[19] EPR spectrum

at 77 K also shows a broad shoulder around g = 3.86. A similar

low-field EPR peak around g = 3.2 was observed in Mn�MCM-41

material,[21] in this case, EPR results were assigned to extra-

framework Mn2 + cations in distorted tetrahedral symmetry.

In view of our results, it may be reasonable to assume that

Mn2 + species in MgMn sample be located in distorted

octahedral and/or distorted tetrahedral coordination, and there

should be more than one Mn2 + species.[21]

On the other hand, X- band EPR spectrum of NiMn LDH

system in polycrystalline state at room temperature and also at

low temperature (77 K), exhibited a single and very broad line

with g value around 2.1820 (Figure 3B, bottom). The shape and

line width indicate strong dipolar interaction among the spins

of Ni and Mn atoms and resulting a ferromagnetic response (F)

in the system.[15] Additionally, g value also indicates the highly

distorted octahedral system. Such distortion is due to ionic radii

of cations and distortions caused by the local crystal field and

electron interactions due to Jahn-Teller effect. These electron

interactions promote greater electron mobility and conse-

quently an increase in the system conductivity. Thus, It is

claimed that oxidation state of Mn is mostly 3+ because those

characteristics for Mn2 + signals are completely absent (see

Figure 3. A) UV/Vis-NIR spectra; B) EPR spectra at a) room temperature and
b) 77 K; C) XPS spectra of NiMn LDH.
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spectrum of MgMn LDH sample). Additionally, the oxidation

state of Ni and Mn in NiMn LDH was confirmed by X-ray

photoelectron spectroscopy (XPS), Figure 3C shows the spectra

for Ni and Mn, peaks for Ni 2p3/2 and 2p1/2 appear closed to

873.2 and 855.6 eV, respectively, both peaks are accompanied

by satellite bands, this indicate the presence of Ni2 +. On the

other hand, the prominent central peaks associated to Mn 2p1/2

and 2p3/2 situated at 652.5 eV and 641.7 eV, respectively,

indicate clearly the existence of Mn3 +.[10]

2.2. Computational Results

For bulk hydrotalcite-like materials, interlayer region contains

charged anions, which made up the charge on hydrotalcite

layer like-sheet, thus, one metal donates electrons. In order to

represent these changes, the system was optimized removing

one electron. For this, Bader charge analysis is a method

intended to calculate the electron density enclosed by the

atoms, it is based purely on the electronic charge density.

Although intuitive it has been used to determine the total

charge and the oxidation state of atoms in solids and

molecules.[22] In this work, it was used to determine the

differences in oxidation states of the cations on the layer

surface. By artificially removing one electron and performing

Bader analyses we can determine from which atom or group of

atoms the charge is preferentially removed. Figure 4A depicts

the average charge of M2 (divalent cation) and M1 (trivalent

cation), for MnMg LDH system, the Bader charge on both

metals is almost the same, thus there will be no specific

differentiation among trivalent and divalent cations in the

layers, due to that the electron is not specifically removed. On

the other hand, on NiAl LDH system Bader charges present

huge differences for Al and Ni atoms, consequently the specific

reactivity is expected to be different as a result of the higher

differences in oxidation states. For MnNi LDH system, there are

differences on the cations charge; however, but, the differences

are not as extreme as in NiAl LDH system. These results indicate

that although the ideal picture of LDH having trivalent and

divalent cations has been long accepted, it does not always

occur and it is modulated by the specific cations nature,

arranging LDH layers.

Decomposition of total Density of States (DOS) on partial

DOS provides a method to analyze the participation of specific

sites on solid reactivity. Figure 4B presents the differences on

partial DOS of three systems near Fermi level. In an initial

analysis, the band gap of NiAl LDH is higher than one for NiMn

LDH, which might have an effect on its effectiveness as

electrocatalysts, since electron transport to the specific reaction

site is limited.

Moreover, participation of trivalent cations near to Fermi

level is very different on Al and Mn containing LDH. For Mn

LDH independently of divalent cation, Mn states arise as the

main component of band closer to Fermi level; however,

depending on divalent cation, the next band is composed of

M2 +-O hybridization in the case of NiMn LDH or almost pure

oxygen states for MgMn LDH. On the other hand, NiAl LDH is

completely different, no Al states are detected close to Fermi

level, but only a very small amount of Ni states, thus,

participation of Al on redox processes is also very limited.

Superficial hydroxyl groups are active species of LDH,[11]

where deprotonation occurs as the first step during electro-

chemical oxidation. In order to prove the reactivity of layered

materials, hydrogen removal energy was calculated for all

systems. In this work divalent/trivalent cation ratio was 3, so

that the cation arrangement on layer sheet can be one M1

Figure 4. A) Bader metal charge of LDHs: M1 is a divalent and M2 is trivalent cations. B) Partial DOS of LDHs a) MgMn, b) NiAl, and c) NiMn.
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cation surrounded by six M2 cations; where the OH is

surrounded by three cations producing m(M2 +
2M3 +-OH) site;

from this, hydrogen removal energy values obtained for this

site were in the next order: 5.3 eV>3.85 eV>3.64 eV corre-

sponding to configurations m(Ni2Al-OH), m(Mg2Mn-OH) and

m(Ni2Mn-OH), respectively, more positive values indicate highly

forbidden processes.

This phenomenon can be attributed to Mn3 + ability to

remove the charge density on oxygen atom in M�O bond,

decreasing the effective charge on oxygen in MO�H bond,

particularly, on four Mn�O shorter bonds caused by Jahn-Teller

distortions,[23] NiAl and NiMn LDH also exhibited the presence

of m(Ni3-OH) configuration with 4.7 eV for proton removal as

was reported previously.[11]

2.3. Electrochemical Characterization and the Methanol
Oxidation Reaction (MOR)

Electrochemical behavior was investigated using cyclic voltam-

metry (CV) in solution of KOH 1 M at scan rate of 5 mV s�1. The

profiles put in clear that in general, electrochemical process is

due to insertion/desertion of OH� ions in the LDH interlayer

space, during oxidation/reduction of nickel sites by electron

hopping mechanism along the brucite layer structure inducing

electroneutrality.[24]

Both Ni based materials exhibited well-defined redox peaks

during anodic and cathodic scans (Figure 5), which can be

attributed to Ni2 +/Ni3 + redox couple. NiAl LDH shows a peak at

potential of DEp = 0.23 V and formal potential of Ef = 0.5 V/SCE;

whereas in NiMn LDH, faradic process occurs at lower potential

(Ef = 0.41 V/SCE) with better electrochemical reversibility (DEp =

0.13 V); indicating that Mn(OH)6 unit plays an important role on

electronic properties, this was verified by electrochemical

impedance spectroscopy acquired in the middle peak potential

(see inset Figure 5). In this case, NiMn LDH exhibits a lower

charge transfer resistance than NiAl LDH during oxidation

process. The improvement is associated to the electron mobility

throughout the layer sheet, which is produced by the presence

of Mn3 + as it was discussed before in EPR results. This fact is

due to that manganese exhibited a band near to Fermi level

and their t2g orbitals are partially occupied, promoting the Ni�O

hybridization, which decreases the required energy for electron

subtraction of Ni2 + during the oxidation, as was proposed

according to theoretical calculation. Whereas, for MgMn LDH

any redox process was exhibited as it is shown in Figure 5;

confirming by instance, that only Ni species participate in

electrochemical process.

After formation of Ni3 + (t2g
6 eg

1) at ENi-onset = 0.53 V/SCE

during positive-going scan, oxygen evolution reaction (OER)

takes place at ca. 0.7 V/SCE in NiAl sample (curve a in Fig-

ure 6A). Conversely, methanol oxidation reaction is catalyzed by

Figure 5. Cyclic voltammetry profiles of LDHs at 5 mV s�1 in KOH (1 M); inset:
Nyquist plot at applied potential of middle peak potential.

Figure 6. A) Cyclic voltammetry of NiAl LDH in a) KOH (1 M), b) KOH
(1 M) + CH3OH (0.04 M), c) KOH (1 M) + CH3OH (0.1 M) obtained from
methanol addition to experiment without removing the electrode from
solution, and d) KOH (1 M) + CH3OH (0.1 M) with a new electrode surface. B)
Current�potential characteristics for NiAl LDH, in 1 M KOH and scan rate of
1 mV s�1, and mass signal profiles obtained using DEMS technique during
anodic polarization.
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chemical reduction of Ni3 + to Ni2 +, as can be observed from

curve (b) in Figure 6A (initial methanol concentration was

0.04 M). For this case, onset potential is the same as in the case

of methanol free solutions; nevertheless the increment in

faradic current associated to MOR is more marked, with a

crossing potential ca. 0.43 V/SCE suggesting an interfacial

modification during positive-going scan (see inset in Figure 6A)

as has been observed for electrochemical metallic deposition.[25]

This modification might be associated to the interfacial-

adsorbed non-oxidized-methanol in positive-scan direction.

Then, as the methanol oxidation rate is much lower than its

adsorption rate (Langmuir adsorption),[26] the charge of faradic

process related to nickel reduction decreases. As consequence

of that, a small portion of Ni3 +-sites are available for such

oxidation; the calculated EF was 1.73.

Additionally, electrocatalytic stability was studied without

removing the electrode from the cell-solution and by adding to

initial solution the required amount of methanol to reach 0.1 M.

Then, ENi-onset shifts to more positive potential (ca. 0.57 V/SCE),

see curve (c) in Figure 6A. Moreover, current magnitude linked

to MOR is less marked (with calculated EF�0.5), as a

consequence of adsorbed methanol at the electrode interface,

the catalytic activity is inhibited.[27] Increasing the methanol

concentration to 0.1 M and using a new electrocatalyst surface,

any variation of the onset potential was detected (curve d in

Figure 6); however, during applied potential, faradic current

increases reaching EF = 3.43, confirming that Ni+ n-sites are

disabled due to methanol adsorption.

Following this analysis, and in order to elucidate the role of

Ni-sites and detect the species formed at the electrode-electro-

lyte interface on MOR and OER; in situ differential electro-

chemical mass spectrometry (DEMS) technique was employed.

For such an approach, an alternative electrochemical cell

connected to mass spectrometer throughout vacuum system,

was used, scan rate was fixed at 1 mV s�1.

For NiAl LDH electrode, during LSV in anodic direction and

in 0.04 M of methanol, ionic-current versus potential character-

istics indicate the formation of O2 and CO2 as final products, as

it can be observed from the mass-to-charge ratio m/z = 32 and

m/z = 44, respectively (Figure 6B), not evidence of CO2 produc-

tion in absence of methanol was observed indicating that

carbon corrosion not occurs, this is in agreement with results

reported before.[15]

From Figure 6B, CO2 production starts at ca. 0.63 V/SCE

(after Ni3 + is formed); whereas at greater potential than 0.7 V/

SCE, the signal associated to oxygen production is evident,

suggesting that adsorbed OH� species on the electrode surface

are also oxidized. A closer inspection of these profiles shows

ionic-current values for both species in the same order of

magnitude (3 � 10�12 and 5 � 10�12 A for oxygen and carbon

dioxide, respectively) suggesting an important competition

between OER and MOR.

Based on the results obtained from DEMS experiments, one

possibility for the general mechanism of oxidation process, is

when nickel oxidation starts, promoting deprotonation of m(Ni3-

OH) site, then, methanol and OH� adsorption take place; thus,

methanol adsorbed is oxidized to CO2 due to dehydrogenation

of a-carbon as has been reported by Casella et al.[28] Whereas,

at more anodic potential, adsorbed hydroxyl ions are oxidized

to oxygen.

On the other hand, NiMn LDH exhibits lower initial potential

for OER (0.64 V/SCE) and the associated-faradic current is higher

compared with NiAl LDH sample, (curve a in Figure 7A);

indicating better electro-catalytic activity as has been reported

elsewhere for other Ni and Mn containing materials,[29] this can

be associated to NiMn LDH exhibiting better electron mobility

on the layer sheet as was discussed in EPR results. Whereas in

presence of methanol solution of 0.04 and 0.1 M, the current

attributed to nickel oxidation increases (see inset), and the

weak peak attributed to MOR is observed at ca. 0.57 V/SCE,

followed by slope modification associated to evolution of

oxygen. Calculated EF for methanol concentration of 0.04 M

was 2.35 (curve b).

Figure 7. A) Cyclic voltammetry of NiMn LDH in a) KOH (1 M), b) KOH
(1 M) + CH3OH (0.04 M), c) KOH (1 M) + CH3OH (0.1 M) obtained from
methanol addition to experiment without removing the electrode from
solution, and d) KOH (1 M) + CH3OH (0.1 M) with new electrode surface. B)
Current�potential characteristics for NiMn LDH, in 1 M KOH and scan rate of
1 mV s�1, and mass signal profiles obtained using DEMS technique during
anodic polarization.
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The addition of methanol (in-situ) increasing solution

concentration until 0.1 M, showed an increment in methanol

oxidation current (curve c in Figure 7A), electrocatalytic activity

was increased considerably obtaining the EF = 5.16, indicating

that catalyst deactivation is limited or controlled, this fact was

verified by electrochemical oxidation of methanol (0.1 M) using

new electrocatalyst surface (curve d), in that experiment current

associated to MOR was clearly increased. At these conditions,

current for OER decreases as methanol concentration increases.

Interestingly, within experimental error, at the same onset

potential (0.6 V/SCE), ionic current for CO2 is in the order of

magnitude of 10 times greater than ionic current for O2, see

Figure 7B. Suggesting that MOR and OER occur simultaneously

on different electrocatalytic sites; so that methanol can be

absorbed preferentially on m(Ni2Mn-OH) site type by interaction

of non-bonded electron pairs of oxygen from CH3-O with

partially vacant d-orbital of Mn species,[30] whereas OH�

adsorption is favored on m(Ni3-OH) site, which inhibits the

oxygen production, due to m(Ni2Mn-OH) site shows lower

energy proton removal, therefore, this last site acts as methanol

attractor protecting the m(Ni3-OH) site; thus, methanol will be

faster and preferentially adsorbed, reacting before that the OH�

species reach the same site (m(Ni3-OH)).

Electrocatalytic stability on methanol oxidation of LDH’s

was evaluated by chronoamperometric experiments at 0.6 V vs

SCE during 3500 s (Figure 8), it is evident that NiMn LDH

showed higher current than NiAl LDH, further, the oxidation

current for NiAl LDH decrease after 1500 s, whereas the current

for NiMn LDH is stable and constant; this result confirms the

stability of octahedral Mn3 + in LDH structure during oxidation

process, which contributes to the inhibition of nickel poisoning.

3. Conclusions

A series of Ni containing layered hydroxides were prepared and

evaluated on electrochemical methanol oxidation. The results

clearly showed that the presence of manganese in NiMn LDH

improves the electrocatalytic properties associated to nickel, it

was mainly associated to specific Mn site which; showed lowest

deprotonation energy associated to high electron mobility

trough the brucite-type layer. Ionic current for CO2 was in the

order of 10 times greater than for O2, this is an evidence of

MOR and OER occur simultaneously on different electrocatalytic

sites; methanol is absorbed preferentially on m(Ni2Mn-OH) site

type by interaction of non-bonded electron pairs of oxygen

from methanol; thus, catalytic deactivation is partially inhibited.

Experimental Section

Materials Preparation

NiAl LDH was prepared through high saturation co-precipitation
method, briefly 0.117 mol of NaOH and 0.034 mol of Na2CO3 were
dissolved in 100 mL of deionized water; pH of this solution was
13.4. A second solution was prepared by dissolving 0.034 mol of
Ni(NO3)2 · 6H2O and 0.017 mol of Al(NO3)3 · 9H2O in 100 mL of
deionized water. While maintaining the first solution under
vigorous stirring, the second solution was slowly added by means
of a peristaltic pump. After complete addition, the resultant slurry
was stirred for 2 h at room temperature; pH of the suspension was
9.5. Finally, the suspension was stirred for 2 days at 50 8C, and then
the solid obtained was separated by centrifugation, rinsed
thoroughly with warm distilled water, and dried overnight at 80 8C.

NiMn LDH material was synthetized by urea hydrolysis method
with slight variations.[11b] Ammonium persulfate was used to oxidize
Mn2 + to Mn3 + ions during synthesis. Nickel nitrate hexahydrate,
Ni(NO3)2 · 6H2O, manganese nitrate tetrahydrate, Mn(NO3)2 · 4H2O,
and urea, NH2CONH2, were dissolved in 100 mL of distilled water at
room temperature, molar ratio was Ni : Mn:urea = 4 : 1 : 7. The
solution was transferred into a 300 mL Teflon-lined Parr reactor and
heated at 180 8C for 48 h. The product was filtered, washed several
times with distilled water, and finally dried overnight at 100 8C.

On the other hand, MgMn LDH material containing carbonate ions
was prepared by conventional co-precipitation method under high
supersaturation conditions.[14] A solution 0.04 M of Mg2 + and Mn2 +

was prepared by dissolving magnesium chloride hexahydrate
(MgCl2 · 6H2O) and manganese chloride tetrahydrate (MnCl2 · 4H2O)
in 100 mL of distilled water. Molar ratio Mg2 +/Mn2 + was fixed at
3. Separately, solution with 100 mL of NaOH 0.2 M and Na2CO3

0.1 M was prepared. This solution was added drop wise to the
solution containing Mg2 + and Mn2 + at rate of 2 mL/min. At the end
of addition, a suspension was obtained and aged at room temper-
ature overnight. Then, it was filtered; solids were washed several
times with distilled water, and finally dried at 100 8C.

Electrode Preparation

Modified carbon paste electrodes (MCPE) were prepared by mixing
graphite powder (Alfa Aesar, 99.9995 %), silicon oil (Aldrich), and
the corresponding LDH at 20 %wt. The mixture was mechanically
homogenized and inserted in a 2 mm diameter cylinder
(0.0314 cm2). Electrode surface contact was made with Pt wire.

Figure 8. Chronoamperometric performance at 0.6 V vs SCE of LDHs in KOH
(1 M) + CH3OH (0.1 M).
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Physical Characterization

Structural characterization of LDHs by X-ray diffraction (XRD) was
performed on a Philips X’PERT PRO instrument using Cu Ka1
radiation (l= 1.542 Å, 45 kV, and 40 mA); whereas IR analyses were
recorded with a Fourier transform infrared (FT-IR) spectrophotom-
eter PerkinElmer FRONTIER equipped with an attenuated total
reflectance accessory (ATR).

Electronic properties were studied with an UV-Vis-NIR spectropho-
tometer PerkinElmer Lambda 950. EPR spectra were recorded on an
X-band Bruker EPR ELEXSYS II E500 operating at 9.44 GHz. A
modulation field of 10 G and a frequency of 100 KHz were applied.
The first derivative of power adsorption was detected as a function
of applied field, and the field range was 0–8000 G. X-ray photo-
electron spectroscopy (XPS) was carried out using a K-alpha
Thermo Fischer Scientific spectrometer with a monochromatic AlKa
radiation (1487 eV) as an X-Ray source and was micro-focused at
the source to give a spot size on the sample of 400 mm in diameter.
XPS survey and high-resolution spectra were collected using
analyzer pass energies of 160 and 40 eV, respectively. In order to
compensate effects related to charge shift, O1s peak at 531.0 eV
was used as internal standard. The samples remained in the pre-
chamber for 15 h and were later transferred to the analytical
chamber with a base pressure of 1 � 10�9 Torr.

DFT Simulations

The layer system showed in Figure 1 was relaxed until the forces
between atoms were lower than 0.05 eV/Å. Plane wave expansion
was optimized to 600 eV and Brillouin zone was sampled following
Monkhorst-Pack 13 � 13 � 1 gamma centered meshes. Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional was utilized
in addition to GGA + U Dudarev approach to calculate high
electronic correlation of system. The optimal effective Hubbard
(Ueff) parameter was used in all simulations, Ueff values for Al, Mn, Ni
were directly taken from those reported in literature Ni = 6.0, Mn =
3.9, Al and Mg = 0. Bader charge analyses and partial density of
states (DOS) were calculated as well as hydrogen removal energy
for the systems under study.

Electrochemical Experiments

Electrochemical analyses were carried out at room temperature on
a potentiostat�galvanostat VERSASTAT3-400 (Princeton Applied
Research). A three-electrode standard electrochemical cell was used
for cyclic voltammetry (CV) measurements at 5 mV s�1, with a
carbon rod as counter electrode and saturated calomel electrode
(SCE) as reference. For the experiments, carried out by triplicate,
working electrode was made from LDH synthesized materials,
immersed in carbon paste electrode (CPE) matrix prepared as was
described above, electrolyte support was KOH solution (1 M) and
two solutions with different methanol concentrations 0.04 M and
0.1 M, applied potential was from 0 to 0.8 V/SCE. In order to
quantify electrocatalytic activity toward methanol electro-oxidation,
enhancement factor (EF) was calculated using Equation (2).[31]

EF ¼ IMetOH � IOH

IOH

ð2Þ

Where IMetOH and IOH are current intensity at 0.6 V/SCE in

presence and absence of methanol, respectively.

For in situ experiments during polarization, DEMS coupled with a
homemade electrochemical cell made of Teka-Peek was used;
experimental details have been reported in previous work.[14]
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