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Shape-controlled microstructures (triangles and urchin-like) of Ni were synthesized using polyol synthe-
sis in the presence/absence of capping agent (polyvinilpyrrolidone, PVP). Direct visualization of crystal
structure and morphology before/after electrochemical tests in KOH were characterized using electron
microscopy techniques. Electrochemical characterizations illustrated that urchin-Ni-PVP has highest cat-
alytic activity among all investigated electrocatalysts for glycerol electrooxidation reaction (GEOR).
Improved activity was attributed to the surface area and the highly porous structure as identified by elec-
tron tomography analysis. All Ni shapes showed similar selectivity. DFT calculations on low-index b-
NiOOH and b-Ni(OH)2 planes were performed as possible surfaces present during electrochemical pro-
cesses. The (001) surface is the most thermodynamically stable in both systems and has different possi-
ble terminations. For O, Ni and mixed Ni-O atoms terminations the b-NiOOH(001) present metallic
behavior. DFT results show that either Ni or Ni-O exposed b-NiOOH(001) surfaces are possible scenarios
for glycerol adsorption on different catalytic charged surface sites.

Crown Copyright � 2021 Published by Elsevier Inc. All rights reserved.
1. Introduction

Glycerol has various industrial applications in pharmaceutics
solvents, cosmetics, food, plasticizers, beverage and food industries
and direct glycerol fuel cells (DGFCs). Biodiesel is generated
through trans-esterification reaction of triglycerides present in
vegetable oil and fats, with 10 wt% of low-grade glycerol as the
by-product [1–4]. Several unwanted issues are associated with
the presence of glycerol in biodiesel at high concentrations, such
as nozzles-clogging, poor engine performance and formation of
carbon deposits [5]. Furthermore, biodiesel combustion with glyc-
erol leads to acrolein formation, unsaturated aldehyde, which is a
toxic substance that is associated with serious health problems
related to digestive and respiratory systems [6]. Thus, the glycerol
concentration is viewed as undesired critical parameter to deter-
mine the quality of biodiesel. In this context, fuel cells could afford
a profitable answer to these issues. The application of glycerol
electro-oxidation in DGFCs has gained renewed interests in the
past 20 years [7] due to its high charge density (14F.mole-1), low
toxicity, high boiling point (290 �C) and high theoretical energy
density (5 Wh.kg�1 vs. 8 and 6.1 Wh.kg�1 for ethanol and metha-
nol, respectively) [8,9].

Ni-based catalysts are attractive candidates for glycerol electro-
oxidation due to high catalytic activity and stability in alkaline
media, as well as low-price compared to the platinum group met-
als. In addition, Ni-based materials have been applied over the last
three decades in various electrochemical processes such as photo-
catalysis [10,11], alkaline batteries [12], supercapacitors [13], sen-
sors [14], electrocatalysts for various organic oxidation and fuel
cells [15–17]. In all of these applications, the complexity of the
nickel surface chemistry strongly impacts its catalytic activity, effi-
ciency and performance.

Nickel behaviour is quite complex since it has several phases
(Ni hydroxides and oxyhydroxides between others). Besides, Ni
surfaces adsorb different species (H, O, OH and H2O) coming from
dissociation products of H2O in stable sites [18]. The Ni hydroxides
and oxyhydroxides are involved in the redox process. These com-
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pounds can be increased depending on a previous treatment,
resulting in the expansion of the electrochemical active surface
and the oxidation of Ni hydroxide to oxyhydroxide. The last one
is an active phase for GEOR giving Ni-hydroxide and different prod-
ucts.9 The redox process of the different phases of the Ni hydrox-
ides and oxyhydroxides is schematized by Bode et al. diagram
(scheme 1 in Supplementary Material (SM)) in 1969 [19,20]. All
of the structures comprise stack layers of edge-sharing NiO6 octa-
hedra, differing only in their gap distance between the layers, the
quantity of intercalated species (i.e. OH–, SO4

-2 H2O and CO3
-2) and

the stacking sequence [21–24].
Among them, a-Ni(OH)2 and c-NiOOH are relatively difficult to

obtain as the intercalated species affect both phases by making
them poorly crystallized with a turbostratic structure [25]. Fur-
thermore, since a-Ni(OH)2 and c-NiOOH are related to b-NiII and
b-NiIII (scheme 1 in SM), and the redox pair b-Ni(OH)2 and b-
NiOOH proceed with small structural changes, it is essential to ini-
tially comprehend the features that characterize the fundamentals
of b-phases and their different surfaces. Thus, our work will be
focused on the properties of b-hydroxides and oxyhydroxides.

b-Ni(OH)2 is a highly crystalline compound with ABAB oxygen
stacking sequence and H atoms in a tetrahedral environment (T1

structure) and space group of P 3
�
m1 (Brucite) [26,27]. The exper-

imental lattice parameters (a = b = 3.13 Å and c = 4.66 Å) were
obtained at room temperature through Rietveld refinement of neu-
tron diffraction. Thermogravimetric studies illustrate that the
weight of a- and b- hydroxides drops by 30% and 1%, respectively,
at 100℃ , indicating the vast amount of intercalated species extant
in the a-Ni(OH)2 structure [28,29]. Further detailed information on
b-Ni(OH)2 can be obtained from infrared spectroscopy and
extended X-ray absorption fine structure (EXAFS) techniques. The
infrared method illustrated a sharp intense antisymmetric OH
stretch at 3650 cm�1, which reflects free hydroxyl group and a lack
of hydrogen bond [30–32]. Another experiment on EXAFS analysis
exhibited coordination shells with 6 O2– ions at 2.07 Å and 6.2 Ni
ions at 3.13 Å [33]. These data had similar results at different tem-
perature of 77 K and 298 K. The EXAFS results could be elucidated
in terms of the ionic radii of Ni2+ and O2–. The ionic radius of O2–

with six neighbours is 1.35–1.4 Å, whereas the ionic radius of
Ni2+ is 0.69 ± 0.01 Å [34]. Taking the average of ionic radius of
O2– to be 1.38 Å and sum it with Ni2+ will give the Ni-O bond dis-
tance of 2.07 ± 0.01 Å. In addition, X-ray diffraction shows that b-Ni
(OH)2 (001) is the most intense and its strength and crystallinity
enhances with pH increasing [35,36]. Hence the electronic proper-
ties of b-hydroxide have also been stated to be p-type semiconduc-
tor with a 4 eV band gap [37,38].

The b-NiOOH structure is considered more complex than b-Ni
(OH)2. Based on the investigation of Oliva et al., the oxygen staking
sequence in b-hydroxide (ABAB) alters upon oxidation to b-
oxyhydroxides (ABCA), which is similar to c-NiOOH in terms of
oxygen stacking sequence [27,39]. It has been reported that there
are two main possibile b-NiOOH structure deviations from the bru-
cite lattice structure which are related to either (i) overoxidation
(forming c-NiOOH) or (ii) uncompleted oxidation (forming b-Ni
(OH)2 residuals) [40], whereas other studies show no major struc-
tural alterations during redox oxidation between b-NiII and NiIII

[31,39,41]. EXAFS analysis exhibited two possibilities of Ni-Ni dis-
tances in b-NiOOH, which are either 3.13 Å (assortment of Ni2+ and
Ni4+) [42] or 2.82 Å (Ni3+ in distorted octahedra) [43]. In relation to
the electronic properties, b-NiOOH has been reported to be either
n-type or p-type semiconductor [44,45]. DFT solid-state calcula-
tions found out an OH staggered structure with the O octahedra
in between and with null dipolar moment [25]. Thus, no final con-
clusion was drawn regarding the properties of b-oxyhydroxides
since many questions are still unanswered
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In this work, a combination of electron microscopy and electro-
chemistry is employed to observe the surface transformation of
nickel to Ni hydroxide during cyclic voltammetry in KOH. Then,
we report the GEOR on triangular Ni and urchin-like Ni nanoscale
particles in the presence and absence of a capping agent as
polyvinilpyrrolidone (PVP). In-situ (PM-IRRAS) analysis was car-
ried out to identify the reaction products at various applied poten-
tials. As mentioned before, during the electrooxidation process in
the Ni-based electrode, the first step is the electrochemical oxida-
tion of the hydroxide to the oxyhydroxide phase, and then, after
the reaction occurs, the hydroxide is the resting state. The rate of
this process makes it very difficult to characterize the oxyhydrox-
ide surfaces. To provide a further insight on the possible surfaces
involved in the process, theoretical DFT calculations were per-
formed. We first modeled the b-Ni(OH)2 and b-NiOOH bulk phases
(henceforth collectively termed NiOx). Then, we analyzed the low-
index surfaces of these NiOx compounds at an energetic level, con-
sidering the geometrical and electronic structure. Furthermore, the
different atom expose surfaces were also searched. The determina-
tion of the most likely exposed surfaces of b-NiOOH is crucial to
identify the surface’s key features that enable glycerol adsorption
and reaction. Our calculations show that the (001) cleavage sur-
face plane is the most thermodynamically stable in both systems.
This surface has different possible terminations, being the most
stables those that expose Ni and/or O species.
2. Experimental and computational methodology

2.1. Synthesis of different shape of Ni nanoparticles

The synthesis of Ni nanoparticles was based on previous publi-
cations [46,47] but is summarized for convenience here. Nickel (II)
chloride hexahydrate (99.999%, Sigma-Aldrich) was dissolved in
50 mM ethylene glycol (99.96%, Fisher Scientific) in a three-neck
flask. The solution was kept under strong magnetic stirring at
100 �C on a hot plate. After 2 min, 1.7 mL of 0.1 M solution of
hydrazine hydrate (50�60% purity; degree of hydration, �1.5,
Sigma-Aldrich) was added, and the color altered to sky-blue, indi-
cating the formation of Ni-hydrazine complex. When 1.5 mL of
0.1 M NaOH (97%, Fisher Scientific) was injected to the mixture,
the color of the reaction slowly turned to black indicating the for-
mation of nickel nanoparticles (Ni NPs) based on the following
reaction 1:

2Ni2þ+N2H4 + 4OH�!2Ni + N2 + 4H2O ð1Þ
The solution was kept under stirring at 100 �C for 30 min to

ensure reaction completion, and then cooled down to room tem-
perature. A permanent magnet was used to recover Ni NPs from
the solution; NPs were then rinsed with ethanol three times and
separated by centrifugation at 6000 rpm for 10 min and stored in
ethanol. Similar procedure was followed for Urchin-like NPs in
the absence and the presence of 0.5g capping agent PVP-, where
the concentration of NaOH was increased to 0.5 M NaOH.

2.2. Physicochemical characterization

Powder X-ray diffraction (XRD) patterns were collected with a
Rigaku Ultima IV multi-purpose diffractometer with Cu Ka radia-
tion (k = 1.5418A) at 40 kV and 44 mA in the 2h range of 20–80�.
High-Resolution Scanning Electron Microscopy (HRSEM) was per-
formed with a FEI Magellan-400 microscope operating from 1 to
30 kV. Transmission Electron Microscopy (TEM) was carried out
with a Philips CM12 TEM operating at 120 kV for selected area
electron diffraction (SAED) analysis with a selected area aperture
(10 mm) to provide lattice spacing information on the particles.
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For High-Resolution TEM (HRTEM), electron tomography and
energy-filtered imaging, a FEI Titan 80–300 microscope operated
at 200 kV was used. In addition, all HRTEM data were analyzed,
using Gatan’s Microscopy Suite Digital Micrograph software for
colour coding display based on Fourier filtering of images to iden-
tify the different phases. Furthermore, tomography results were
processed using Image J and Inspect 3D software for image pro-
cessing and TomViz software for 3D Visualization. For the HRSEM
visualization, in combination with electrochemical experiments
(i.e. comparing the same samples before and after cycling), the
Ni nanoparticles samples were drop-cast on stainless steel sheets
which were then used as working electrodes and observed in the
pristine state, then as electrochemically cycled. Platinum elec-
trodes and Ag/AgCl were used as counter and reference electrodes,
respectively. Cyclic voltammetry was carried out in 1 M KOH
between 0.1 and 0.6 V vs. Ag/AgCl with a scan rate of 20 mV s�1

using a Gamry Reference 600 + Potentiostat.

2.3. Electrochemical and in-situ polarization modulation infrared
spectroscopy (PM-IRRAS) characterization

The details of electrochemical and spectro-electrochemical
characterization techniques have been reported in our previous
work [9,47,48]. In summary, the following methods were used:

& All electrochemical measurements were performed in a Teflon
three-electrode electrochemical cell using the potentiostat (Bio-
Logic Science Instruments SAS, Claix, France) at room tempera-
ture. All potentials were measured with respect to (Hg/HgO),
but reported versus the reversible hydrogen electrode (ERHE =-
EHg/HgO + 0.855 vs RHE), unless otherwise stated.

& In-situ PM-IRRAS measurements were equipped with PMA-50
XL chamber and in-house designed spectro-electrochemical cell
[9]. Before initiating the experiment, the system was purged
with dry air and N2 for 1.5 h to remove all atmospheric H2O
and CO2 interferences.

2.4. Computational methods

As mentioned in the Introduction, experimental results indicate
that at the beginning of the electrochemical reaction b-Ni(OH)2
phase is present and that during the reaction course b-NiOOH
could be formed. For these reasons we used these structures as
the starting point for the simulation.

All calculations were performed using spin-polarized DFT-
based within the all-electron, frozen-core projector-augmented-
wave (PAW) formalism [49,50] with periodic boundary conditions
as implemented in VASP code [51,52]. The Perdew � Burke �
Ernzerhof (PBE) functional in generalized gradient approximation
(GGA) for the exchange–correlation functional [53] was used.
Plane-wave basis set, with a cutoff energy of 750 eV was consid-
ered. All the structures have been optimized until the forces acting
in each atom are less than 10-4 eV/Å and the energy convergence is
less than 1 meV. It well known that standard DFT fails on the
description of transition metals oxides as a result of spurious
self-repulsion and the missing derivative discontinuity in the
exchange–correlation functional that lead to over delocalization
of electrons. Then, the Hubbard correction as implemented by
Dudarev et al. was used to partially correct these problems [54].
An effective U of 5.5 eV was used for the Ni(III) 3d orbitals, derived
from linear response theory, which was taken from ref [43,55]. A
C-point-centered Monkhorst-Pack k-point meshes of 6 � 6 � 4
and 5 � 5 � 3 for b-Ni(OH)2 and b-NiOOH, respectively [56] was
considered.

For the bulk model of the b-Ni(OH)2 phase we use its usual
brucite-type structure made of hexagonal OH-Ni-OH tri-layer
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sheets superimposed in simple stacking of 1H-type (T1), with a
ABAB oxygen stacking sequence and hydrogen in a tetrahedral
environment [57,58]. In the case of b-NiOOH phase, usually
obtained in an ill-crystallized state, its structure is not well charac-
terized in the literature. Considering that numerous previous stud-
ies suggest that the oxidation of nickel hydroxide proceeds without
major structural modifications [59–61], we chose a representative

P 3
�
m1 (brucite) structure to model b-NiOOH. Besides this, one

must choose where to locate the H atoms forming the OH groups.
In this work we considered the most likely b-NiOOH structure
formed upon the complete oxidation of b-Ni(OH)2 with the stag-
gered hydrogen arrangement. In all layers of this configurations,
the H are equally distributed at each side, being arranged in such
way that all Ni atoms have a NiO3(OH)3 coordination sphere as
suggested by Tkalych et al [25].

Is well known that the larger clusters, with many thousands of
atoms and diameters, in the range of 10 nm and more, have a
smoothly varying behavior, which tends to the bulk limit as size
increases [62–64], then is possible to model this NP with a surface
slab. Therefore, and considering that the exposed plane is difficult
to be. Experimentally determined during the reaction, we modeled
several low-index planes to predict the most stable surfaces of b-Ni
(OH)2 and b-NiOOH phases: (100), (010), (001), (101), (011),
(111) and (102). A vacuum layer of 15 Å was introduced between
the slabs, which was enough to prevent interactions between peri-
odic images. These surfaces were modeled using a 6-layers super-
cell. The thickness of the slab should be such that it approaches the
electronic structure of 3D bulk in their inner most layers. Only the
first three layers are allowed to relax, while the three remaining
layers (bulk like) were kept fixed. The relaxation of the 4th layer
changes the energy less than 4 meV. The surface energy (Esurf)
for each considered cleavage plane for both systems is computed
as:

Esurf1 nð Þ ¼ 1
2SðnÞ Erel

slabðnÞ � NnEBulk=AtomðUÞ
n o

ð2Þ

where SðnÞ is the surface area of the slab, Erel
slabðnÞ is the energy of the

relaxed slab, Nn is the number of atoms in the slab n , EBulk=AtomðUÞ is
the bulk energy per atom of the U system, with U ¼ b-Ni(OH)2 or b-
NiOOH.

Regarding the electronic structure and reactivity, the d-band
center (ed) was calculate used the Hammer-Nørskov method
[65–68]:

ed ¼

R1

�1
Eq E� EFð ÞdE

R1

�1
q E� EFð ÞdE ð3Þ

with q E� EFð Þ is the DOS projected on the d-states of the metal
and EF is the Fermi energy. Bader analysis as implemented by Tang
et al. was used to calculate electronic charges on atoms [69,70].
3. Results and discussion

3.1. Physiochemical characterization of nickel microstructures

Different shapes of Ni particles were synthesized by a facile
three-step modified polyol method as shown in Fig. 1a. Initially,
the Ni2+ precursor NiCl2�6H2O was reduced by hydrate hydrazine
in the presence and the absence of PVP at pH 12, generating small
Ni nanocrystals. Then, these particles were joined with other under
the influence of the magnetic dipole interactions resulting in the
formation of large Ni particles with selective spear-like branches,
leading to lower magnetic anisotropic energy and surface energy.



Fig. 1. (a) Illustration of the fabrication process of different Ni morphologies. SEM micrographs before (top) and after (bottom) conversion of (b,f) triangular-Ni, (c,g) urchin-
Ni and (d,h) urchin-Ni with PVP to b-Ni(OH)2. (e) Schematic for one-step processing of Ni hydroxide in indirect approach.
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Finally, triangular and urchin-like electrocatalysts were fabricated
under the influence of NaOH concentration (Fig. 1a).

The metallographic characteristics of the as-synthesized Ni par-
ticles were characterized by HRSEM (Fig. 1b-d). It is clearly seen
that Ni particles have size of 100–130 nm. The crystallite particle
size estimated by Debye � Scherrer’s formula using the FWHM
(Full Width at Half Maximum) parameter of the Ni (111) peak
and the shape factor 0.9 from XRD is 20.1, 13.7 and 18.9 nm for
triangular-Ni, urchin-Ni with and without PVP, respectively (Fig-
ure S1 in SM). This indicates that Ni particles were aggregated of
several nanometer-sized crystallites.

The surface transformation of these three morphologies to Ni
hydroxides were further investigated using in-situ HRSEM in com-
bination with cyclic voltammetry (CV) experiments. Fig. 1e-h
shows micrographs of Ni after 20 cycles in 1 M KOH between 0.1
and 0.6 V vs. Ag/AgCl at 20 mVs�1. Before the conversion
(Fig. 1b), Ni microstructure resembles a very sharp triangular-
shaped needle-like structure. After CVs, the surface becomes much
smoother with a layer covering the particles, which causes an
apparent expansion (Fig. 1f). While for urchin-Ni without surfac-
tant, the particles appear as spheres with small extrusions
(Fig. 1c), resembling a sea urchin shape with short spikes as illus-
trated in Fig. 1g. After CVs, no traces of extrusions were visible and
the surface was rather rough. Furthermore, Fig. 1d revealed that
the presence of PVP in urchin-Ni allows having sharper spikes with
no significant effect on nanoparticle size. However, after conver-
sion, these spikes were no longer sharp (Fig. 1h).

Randomly chosen microparticles for TEM selected area electron
diffraction (SAED) point analysis shows that each material has high
polycrystallinity and a well-defined ring structure pattern (Fig. 2).
Specifically, the patterns of as-synthesized materials (Fig. 2a, e and
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i) show evidence of a typical face-centered cubic (fcc) structure of
Ni (111), (200) and (220) (overlayed red rings), which is in corre-
lation with our XRD data (Figure S1 in SM). After conversion, an
additional ring of Ni hydroxide crystalline planes appears (over-
layed green ring) in Fig. 2-c, -g, and -k. While only, one plane seems
to be strongly visible b-Ni(OH)2 (102), other planes may also exist
for nickel hydroxide; however, they are not detectable due to the
low nickel hydroxide content, as well as their close proximity to
Ni diffraction rings.

To visualize the co-existence of the two crystalline structures in
real space, the microstructures of electrocatalyst were further
investigated by creating a composite colour image using overlayed
phases identified by the differences in crystalline structures
extracted from HRTEM images, as shown are in Fig. 3. For mapping
of the spatial distribution of all phases, the we used one colour
channel (green) corresponding to locations of the b-Ni(OH)2 as
identified from Fourier filtering of the periodicity of unique lattice
spacings of the b-Ni(OH)2 and another colour channel (red) corre-
sponding to the locations where only the Ni lattice spacing is
detected. As seen in Fig. 3a, before conversion, the whole structure
of triangular Ni was identified with Ni planes (red) with no traces
of Ni(OH)2 , which is in a good agreement with our XRD and SAED
data. However, after CV, significant amounts of nickel hydroxide
(green regions) were present (Fig. 3b), which confirms the conver-
sion. Similar trend is shown in the RGB images (Figures S2 and S3
in SM) for Urchin-like Ni in the absence and the presence of PVP.

It is worth noting that Ni planes are detected towards the core
of the particles, while Ni hydroxide usually visible on the edges and
tip of the particles, which is due to its contact with the electrolyte,
making the surfaces easily converted. Fig. 3c illustrates the HRTEM
analyses of the exact location of triangular Ni after conversion



Fig. 2. SAED patterns before (left-side) and after (right-side) conversion of (a,c) triangular-Ni, (e,g) urchin-Ni and (i,k) urchin-Ni with PVP to b-Ni(OH)2. Low magnification
TEM images of (b,d) triangular-Ni, (f,h) urchin-Ni and (j,h) urchin-Ni with PVP.

Fig. 3. (a) HRTEM and colour-coded phase micrographs (Ni in red, b-Ni(OH)2 in green based on Fourier filtering of images based on the crystalline reflections unique to the
two phases) of triangular-Ni (a) before and (b) after conversion. (c) Indexed HRTEM of triangular-Ni after conversion and FFT. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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(Fig. 3b), and Fast Fourier transform (FFT) analysis is used to sepa-
rate the noise signal (usually high frequency) from the useful com-
ponent. In order to decrease the error from the indexing of the
interplanar spacing in high-resolution real space images, the crys-
talline planes of fcc Ni (220) and hexagonal b-Ni(OH)2 (002) and
(110) have been identified.

3.2. Electrochemical and in-situ PM-IRRAS measurements

Cyclic voltammograms of triangular and urchin-like Ni particles
are illustrated in the cathodic region (Fig. 4a) and anodic region
(Fig. 4b) in N2-purged 1 M KOH. The formation of various Ni phases
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was well established in our previous work [9,47,48]. The reversible
oxidation of Ni to a -Ni(OH)2, which takes place between �0.8 and
�0.4 V vs. Hg/HgO, was used to determine the electrochemical sur-
face area (ECSA) [9,71]. The estimated ECSA of Ni catalysts is
1.36 ± 3.2%, 1.61 ± 7.2% and 1.86 ± 4.7 % cm2 for triangular-Ni,
urchin-Ni and urchin-Ni with PVP, respectively. This observation
is in good correlation with the tomography analysis (Figure S4 in
SM) that examines and visualizes the internal structure of
nanoparticles slice by slice. After tomographic reconstruction, the
presence of internal porosity is clearly identified (Figure S4 in
SM). Qualitatively, from the inspection of tomograms, the porosity
level for the different shapes of Ni clusters follows the order:



Fig. 4. Cyclic voltammograms (CVs) of Ni electrocatalysts of different shape, as indicated in the figure, in 1 M KOH (black line) and 1 M KOH + 0.1 M glycerol (red line) in the
cathodic (a) and anodic (b) regions. (c) LSVs of GEOR at 1 mV.sec-1 Comparison of the glycerol electro-oxidation on various glycerol concentration (d) in 1 M KOH + x mM
glycerol. Scan rate 50 mV.sec-1 (10th Cycle). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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urchin-like Ni with PVP has a higher porosity followed by urchin-
like Ni and then triangular-Ni. Based on the above analysis, the use
of polymer ligands in the synthesis seems to increase the active
surface area, which is due to its structure that consists of
hydrophobic portion (i.e. alkane chain). This chain is adsorbed on
the surface of Ni crystal nuclei, leading to higher active sites and
uniform lower surface energy that leads to evenly formed catalyst
[72].

Fig. 4b shows the anodic region of CVs of Ni particles in 1 M
KOH (thin line) and 0.1 M glycerol + 1 M KOH (bold line) at
50 mV sec-1. The CVs in the absence of glycerol show a typical pro-
file of Ni-based electrodes in alkaline solution [73–76]: (i) the
redox pair of Ni2+/Ni3+ in the region between �0.3 and 0.6 V; and
(ii) the oxygen evolution reaction (OER) in the region above 0.6 V
vs. Hg/Hg.O. In the presence of 0.1 M of glycerol, the voltammetric
profiles changes, leading to higher current density values at 0.62 V,

which are 3.8 mA:cm�2
ECSA (or 31.1 mA:cm�2

GCarea), 4.4 mA:cm�2
ECSA (or

30.6 mA:cm�2
GCarea) and 4.7 mA mA:cm�2

ECSA (or 42.6 mA:cm�2
GCarea) for

triangular-Ni, urchin-Ni and urchin-Ni with PVP, respectively. In
all of these catalysts, the onset potential initiates at 0.41 V vs.
Hg/HgO, indicating a similar GEOR kinetics. This potential also cor-
responds to the beginning of b-NiOOH formation, which is an elec-
trochemical active species for glycerol oxidation and other organic
molecules known as the ‘‘indirect electron transfer mechanism”
[77]. Fig. 4c shows the linear sweep voltammetry (LSV) measure-
ments at 1 mV.sec-1 indicating a similar trend in case of GEOR cat-
alytic activity and the overpotential compared to Fig. 4b.

Fig. 4d shows the effect of different glycerol concentrations
ranging from 10 to 300 mM as a function of current density at
0.62 V. At this applied potential, the catalytic activity increases
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with concentration up to 150 mM of glycerol, followed by a sudden
drop at 300 mM. Similar behaviour was detected for all three cat-
alysts and the catalytic activity decreased in the following order:
urchin-Ni with PVP > urchin-Ni > triangular-Ni. At the same time,
OER shifts towards more positive potentials when increasing the
glycerol concentration as shown in Figure S5 in SM. This was
mainly attributed to the strong interaction of alcohol with high
valence nickel species than with OH� species [47]. Simultaneously,
the cathodic peak reduces gradually until it disappears completely
at 100 mM (Figure S5 in SM). This is an indication that there is a
change in the GEOR mechanism. At lower concentrations (less
than100 mM), the direct electron transfer pathway takes place,
where the alcohol molecule incorporates the film of Ni hydroxide
and become oxidized by the trapped hydroxyl ions [78]. Whereas
at higher concentration (>100 mM), the glycerol is chemically con-
sumed, leading to cathodic peak disappearance known as indirect
mechanism.

The in-situ PM-IRRAS measurements were conducted to deter-
mine the product distribution of GEOR as a function of applied
potential. Fig. 5 depicts the spectra obtained during chronoamper-
ometry (CA) measurements at different applied potentials from
0.34 to 5.4 V for 30 min. As mentioned in our previous publications
[9,47,48], the spectra illustrate the oxidation species formed on the
surface (Fig. 5b) and in the bulk region, i.e., in the electrolyte
between the CaF2 prism and glassy carbon (GC) electrode in
Fig. 5b. The presence of a negative band positioned
at � 1017 cm�1 is assigned to C-O stretching of glycerol in KOH
solution, thus indicating its consumption during electrooxidation
reaction [8]. At all applied potentials, the spectra have mainly four
peaks at � 1358, 1390, 1430 and 1585 cm�1, corresponding to



Fig. 5. PM-IRRAS spectra during GEOR on different shapes of Ni NPs. The spectra show oxidation species (a) on the surface and (b) in the bulk/thin cavity solution in 1 M
KOH + 0.1 M glycerol at various potentials as indicated in the figure.
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symmetric and asymmetric COO– stretching of formate, carbonate
and carboxylate species [76]. These four absorption bands appear
on all three different shapes of Ni NPs with different intensities,
indicating that the main reaction products do not change. More-
over, a negligible amount of CO2 was observed due to OH– con-
sumption, thus changing the interfacial pH to acidic [73]. A
similar finding was reported in earlier reports using Ni-based elec-
trocatalysts for GEOR [9,47,48,73–76].
3.3. Theoretical calculations

3.3.1. Energetic and geometric considerations
As shown in Section 3.2, the diffraction ring cannot be fully

interpreted due to sample size before reaction and was impossible
to be determined under fast reaction conditions (Fig. 2). For this
reason, to determine which b-Ni(OH)2 and b-NiOOH surfaces are
the most likely to be present during GEOR, we calculated the ener-
gies for several low-index surfaces. The results are listed in the
Table 1. The obtained values showed that all considered surfaces
are stable, where the (001) surface is the most stable in both cases.
These results are in good agreement with previous work Tkalych
et al. [25], Martirez et al. [79].

The (001) surface has three possible terminations (facets) in
both structures: i) the (001) plane outmost layer can expose H
atoms (pristine surface plane), ii) O atoms (plane with surface H
atoms removed) or iii) Ni atoms (plane with surface OH groups
Table 1
Surface energies of different low index planes for the b-NiOOH and b-Ni(OH)2 phases.

Cleavage planes Esurf1 (J/m2)

NiOOH Ni(OH)2

(100) 0.190 0.735
(010) 0.224 0.675
(001) 0.032 0.019
(011) 0.192 0.126
(101) 0.209 0.583
(102) 0.182 0.112
(111) 1.216 0.202
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removed) denoted by (001)-H, (001)-O and (001)-Ni, respec-
tively. Considering that in the reaction process a defective outmost
layer is possible we also studied an O-Ni mixed termination (plane
with all surface H atoms removed, while only some of the surface O
atoms removed) denoted by (001)-mix. The optimized surfaces for
b-Ni(OH)2 and b-NiOOH are show in Figs. 6 and 7, respectively.

In these surfaces the usual form of surface energy definition was
not suitable. Then, the surface energy for the different surface ter-
mination v (Esurf2) was calculated using the following equation:

Esurf2 vð Þ ¼ Ecl vð Þ � Erel Uð Þ ð4Þ
Where, Ecl vð Þ is the cleavage energy, and Erel Uð Þ is the energy of

the relaxed surface U . Ecl vð Þ , was computed as:

Ecl vð Þ ¼ 1
NvS

XNv

v¼1
Eunrel
slab vð Þ � NT:A:EBulk=Atom Uð Þ

n o
ð5Þ

Where Nv is the number of considered surface terminations, S is

the surface area of the slab, and Eunrel
slab vð Þ is the unrelaxed energy of

the v slab, NT:A: is the total number of atoms contended in all v
slabs.

The relaxed energy of the v surface, Erel vð Þ , was computed as:

Erel vð Þ ¼ 1
2S

Erel
slab vð Þ � Eunrel

slab vð Þ
n o

ð6Þ

Where Erel
slab vð Þ is the relaxed energy of the v slab. For more

detailed description see refs [80–84]. The calculated surface ener-
gies are listed in Table 2.

In the Ni hydroxide, the surface with mixed Ni and O atoms in
the outmost layer is found to be the most stable, however the sur-
face energies vary slightly. This indicates that the removing of all
these different atoms from the surface do not change their energy
values considerably. Regarding the geometry, the Ni-O and Ni-Ni
bond lengths, for L1 on (001)-H surface of Ni(OH)2, are the same
that in the bulk 2.08 and 3.16 Å, respectively. These results are in
good agreement with experimental and theoretical values reported
in the literature [25,85]. In the outmost layer of (001)-O facet Ni-O
bond formed with an O atom above (below) the plane line is short-
ened (elongated) about 2% (1%), while the Ni-Ni bond lengths



Fig. 6. Top views (top: a, b, c and d) and lateral view (bottom: e, f, g and h) of (001) cleavage plane to the b-Ni(OH)2 system. From the left to the right-side different surface
terminations are shown as H exposed (a and e), O exposed (b and f), Ni exposed (c and g) and O&Ni exposed (d and h), named as (001) -H, -O, -Ni and -mix, respectively. For
the sake of clarity only the first four layer are show, since the remaining two are bulk like.

Fig. 7. Top view (top: a, b, c and d) and lateral view (bottom: e, f, g and h) of (001) cleavage plane of the b-NiOOH system. From the left to the right-side different surface
terminations are shown as H exposed (a and e), O exposed (b and f), Ni exposed (c and g) and O&Ni exposed (d and h), named as (001)-H, -O, -Ni and -mix, respectively. For
the sake of clarity only the first four layer are show, since the remaining two are bulk like.
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almost not changes. For the outmost layer of (001)-Ni termination
the Ni-Ni remain unchanged, while the Ni-O bond length decrease
about 1%. In the case of (001)-mix surface, the Ni-O bond formed
by an O atom above (below) the plane line is shortened (elongated)
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about 4% (3%) and some of the Ni-Ni bond lengths are shortened
about 3%. In all cases the bond lengths do not change in the other
layers. All these results are consistent with a small reconstruction
in the (001)-Mix facet (see Fig. 6). In the case of oxyhydroxide, the



Table 2
Surface energy (Esurf2) for different terminations of the (001) cleavage plane for both
b-Ni(OH)2 and b-NiOOH systems.

Cleavage plane termination Esurf2 (eV)

b-Ni(OH)2 (001)-H 0.16
(001)-O 0.16
(001)-Ni 0.16
(001)-mix 0.14

b-NiOOH (001)-H 0.37
(001)-O 0.37
(001)-Ni �0.17
(001)-mix 0.35
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(001)-H and (001)-O has two Ni-Ni (Ni-O) bonds with distance
values of 2.88 and 3.10 Å (1.92 and 2.08 Å), as in the bulk. These
results are similar to that reported by Tkalych et al. [25] For the out-
most layer of (001)-Ni surface the longest and shortest Ni-O bonds
lengths decrease about 5% and 7%, respectively. Also, some Ni-Ni
bond lengths are elongate about 6%. In the (001)-mix surface,
the Ni-O shortest (longest) bonds in L1 not change (decrease about
Fig. 8. DOS Curves for the (001) surfaces terminations for the different layers (L1, L2, and
DOS for single layers are magnified.
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2%) with respect to that in the bulk, while some Ni-Ni bonds
decrease about 4%. The results of the last two facets are consistent
with a surface reconstruction, being the most noticeable that on
the (001)-Ni surface (see Fig. 7). It is also important to note that
the outermost layer is the only affected layer for the cases that pre-
sent reconstruction. The layers separation is almost unchanged
when the different surface terminations are considered for the Ni
(OH)2. While in the NiOOH, for the (001)-Ni and -mix facets the
L1 and L2 separation is elongated about 7% and 4%, respectively.
Also, in the (001)-Ni the L2 and L3 layers separation present a
small elongation of 1%. These results agree with the energetic
behavior and are consistent with the charge redistribution and
electronic structure that will be discussed in the next section.
3.3.2. Electronic structure and magnetic properties
Regarding the electronic structure Figure S6 in SM shows the

DOS curves for b-Ni(OH)2 and b-NiOOH. There is a band-gap of
about 3 eV for b-Ni(OH)2. This result is similar to other theoretical
values reported in the literature [25].
L3&L4) for b-Ni(OH)2 phase. The Fermi level is located at 0 eV. For a better view the
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From Figure S7 in SM it is clear that the effect of different termi-
nations in the outmost layer of the (001) surface is almost imper-
ceptible in the total DOS curves. For the sake of clarity, we also
plotted the layer by layer DOS curves in Figs. 8 and 9 for the (001)
surface different terminations of b-Ni(OH)2 and b-NiOOH, respec-
tively. The most significant changes are in the outmost layer (L1)
(Fig. 8d, g and j). It can be noted in Fig. 6 that for the second, third,
and fourth layers (L2, L3, and L4) the main change in DOS curves
is a shift to lower energies for some of the terminations, while for
the (001)-H surface the DOS curves are similar to those of the bulk
as show in Fig. 8a-c, h, i, k and l (the layers labels are shown in
Figs. 10 and 11). This similar DOS and PDOS in (001)-H surface indi-
cates the cleavage keeping the O-H bonds in the surface does not
change anything in the electronic structure, and this is a normal
cleavagewithout no important bond broken. Besides the O-H bonds
are in the internal bands as it can be seen in the hydrogen PDOS.

Regarding the local magnetic moment, in the (001)-H surface
the Ni atoms value is approximately 1.78 lB, which is consistent
with the Ni2+ oxidation state and, as expected, it is similar to that
in the bulk. When the superficial hydrogen atoms are removed
Fig. 9. DOS Curves for the (001) surfaces terminations for b-NiOOH phase. The Fermi
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from the outmost layer, the PDOS of O and Ni nearest to the Fermi
level of L1 go to more positive values and the band gap is reduced;
in the L2 the band gap increases; and in L3&L4 are the most similar
to the bulk DOS. In L1 there is an important reduction on the mag-
netic moment, while the other layers have a similar value to that in
the bulk. In the case of the (001)-Ni surface, only the PDOS-Ni
remain in the Fermi level and all the PDOS-O close to it disappear,
indicating the O bands near the Fermi level are surface states in
(001)-O. In the (001)-Ni the spin up and spin down contributions
present different bandgaps, showing the more important decreas-
ing for the spin up contribution in L1, nevertheless in L2 and L3&L4
the behavior is the opposite (Fig. 8g, h and i). The local magnetic
moment slightly decreases in the layer L1. This is a consequence
of the small increase in the spin down contribution due to a shifted
of the DOS curves to lower energies (Fig. 8g). In addition, it can be
seen that the outmost layers of (001)-O, (001)-Ni, and (001)-mix
surfaces show an increase of DOS states across the Fermi level
which could improve the conductivity.

In the case of the b-NiOOH phase, Fig. 9, the (001)-H surface
does not show any important changes, but the (001)-O loses an
level is located at 0 eV. For a better view the DOS for single layers are magnified.
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internal PDOS around 7.5 eV, showing a little band gap, so it looks
like this lost PDOS corresponds to the O-H bond. In general, all DOS
of Fig. 9 shown that only the outmost layer of each termination
presents changes, while the other layers are almost the same. For
the first layer, all systems have states across the Fermi level, being
the (001)-Ni and (001)-mix surfaces those with more states
around EF, which could indicate an improvement in the conductiv-
ity of these systems. Considering the magnetic behavior, the
(001)-H outmost layer is similar to that in the bulk. For (001)-O
an important reduction in the local magnetic moment appeared.
This is a consequence of the different oxidation states of the super-
ficial Ni atoms due to the removal of H. In this surface, some super-
ficial Ni atoms have a value of 1.10 lB consistent with Ni3+

oxidation state, while others have an amount of 0.05 lB that corre-
spond to a Ni4+ oxidation state. In the case of (001)-Ni plane, some
of the surface Ni from the outmost layer have an increase in the
local magnetic moment resulting in a value of 1.68 lB, while in
the others the value is 1.28 lB, which are consistent with a Ni2+

and Ni3+ oxidation states, respectively. These results are in a good
agreement with the results reported by Fildesky et al and Bender
et al [86,87]. Regarding the center of the d-band energy in both sys-
tems the (001)-Ni and (001)-mix surfaces are more reactive with
an ed close to the Fermi level, with the (001)-Ni surface for the Ni
oxyhydroxide being the closest one.

3.3.3. Charge transfer
Figs. 10 and 11 show the layer-by-layer net charge transferred

(into the smallest super-cell containing four Ni per layer) and onto
the individual atoms in the cross section (upper and lower part of
each one of the subfigures, respectively) for the last four of the
(001) cleavage plane for both b-Ni(OH)2 and b-NiOOH systems,
respectively. In the bottom part of these figures, a darker blue color
indicates more electron accumulation, while a darker red color
indicates electron depletion (crossing through the white tone that
indicates no electron transference). For each system, the four dif-
ferent terminations of this cleavage plane are shown (from left to
right side, named as the (001)-H, (001)-O, (001)-Ni and (001)-
Fig. 10. Electron charge transfer of (001) cleavage plane to the b-Ni(OH)2 system of the d
and e), (001)-O (b and f), (001)-Ni (c and g) and (001)-mix (d and h). The upper part of t
part (e, f, g and h). The lateral view in the lower part shown the electron charge transferr
L3 and L4, respectively. The charge transfer is in units of e-.
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mix). From these figures, it is clear that varying the cleavage plane
composition, only the outmost layer is considerably affected in
both systems. The charge is not equally distributed onto the atoms
within the same layer, almost all of the charge transfer occurs
between nickel and oxygen atoms, where the oxygen atoms gain
electrons at the expense of hydrogen and nickel atoms, which lose
electrons.

In the b-Ni(OH)2 system, the (001)-H surface has similar charge
distribution for all layers. The H and Ni atoms lose 1.00 and � 1.35
e-, respectively; while the O atoms gains � 1.70 e- (Fig. 10a and e).
For the outmost layer (L1) in the other three surfaces terminations,
the Ni lose around 1.40, 1.25 and 0.71 e-, respectively; while the
lower (upper) O gain � 1.70 e- (�1.00 e-) (see Figs. 10 and 6f-h).

In the case of the b-NiOOH system, it can be seen that the
hydrogen atoms lose 1.00 e- for all terminations (Fig. 11e, f, g
and h). In the case of (001)-H surface a similar charge distribution
for all layers was observed, but the behaviour of O and Ni atoms
differed slightly with respect to b-Ni(OH)2, depending on if they
are bonded to a hydrogen or not: the upper O atoms bond gain
around 1.57 and 0.89 e- and the lower O gain 1.54 and 0.93 e-,
respectively. Meanwhile, the Ni atoms lose around 1.47 e-

(Fig. 11a and e, and 7e). For the (001)-O termination, the upper
(lower) O atoms gain between 0.75 and 0.81 e- (1.45 and 0.93
e-), while the Ni atoms lose around 1.45 and 1.51 e-, depending
on if the lower oxygen is binding to a hydrogen or not (Fig. 11b
and f, and Fig. 7f). In the (001)-mix system, the upper O won
0.97 e-, and the upper Ni lose 1.25 e-, while the nickel below the
oxygen lost 1.32 e-. The lower O atoms gain 1.58 and 1.05 e-,
depending on if they are bonded to a hydrogen or not (Fig. 11d
and h, and 7 h). The (001)-Ni surface presents an important recon-
struction in the outmost layer and an important charge distribu-
tion (Fig. 11c and g). The O atoms bonded to an hydrogen remain
close to their unrelaxed position (remarked with a green full circle
denoted by OI in Fig. 7g gain around 1.65 e-, while the O atoms that
shifted significantly of their position (remarked with a green
dashed circle and denoted by OII in Fig. 7g) gain about 1.18 e-.
The Ni bonded to the OI atoms (remarked with a light blue full line
ifferent surface termination are shown from the left to the right side, as (001)-H (a
he figure (a, b, c and d) shows layer-by-layer charge transferred as sort in the lower
ed atom by atom. Starting from the outmost to the inner the layers are called L1, L2,



Fig. 11. Electron charge transfer of (001) cleavage plane to the b-NiOOH system of the different surface termination are shown from the left to the right side, as (001)-H (a
and e), (001)-O (b and f), (001)-Ni (c and g) and (001)-mix (d and h). The upper part of the figure (a, b, c and d) shows layer-by-layer charge transferred as sort in the lower
part (e, f, g and h). The lateral view in the lower part shown the electron charge transferred atom by atom. L1, L2, L3 and L4 denote the outmost layer, the one that follows and
so on, respectively. The charge transfer is in units of e-.
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denoted by NiI in Fig. 7g) lose around 0.81 e- and the others nickels
(remarked with a light blue dashed circle denoted by NiII in Fig. 7g)
lose about 1.16 e- (Fig. 11c and g).

In summary, the electronic structure and charge transfer results
show that the layer interactions in both systems are weak. In addi-
tion, in the case of b-NiOOH different terminations affect the local
magnetic moment and the transferred charge of surface Ni atoms.
These results are consistent with Ni+3 and Ni+4 oxidation states
present in the systems. These facts could explain experimental
results without considering a multiphase composition of the sam-
ple, and also could indicate that during the reaction process a
transfer of both electrons and protons occur. The increase in the
DOS around the Fermi level and the d-band results suggests that
the surface is reactive and could be suitable candidate for the elec-
trooxidation of glycerol to occur.
4. Conclusion

Different electron microscopy characterization techniques have
shown the conversion of monometallic Ni to Ni hydroxides during
cyclic voltammetry causing a volume expansion of particles. Effec-
tively, nickel hydroxide is formed on the shell while nickel remains
in the core. The presence of both phases is demonstrated with elec-
tron diffraction. The electrochemical oxidation of glycerol in alka-
line media showed the catalytic activity of mono-metallic Ni
catalyst depends on the morphology and decreases as Ni-urchin-
PVP > Ni-urchin > Ni-triangular in a potential range higher than
0.4 V vs. Hg/HgO. All different shape-controlled microstructures
either follow indirect electron transfer mechanism at higher glyc-
erol concentration � 100 mM or the direct electron transfer path-
way at low concentration. In-situ infrared spectroscopy
measurements illustrated those main products are mainly sym-
metric and asymmetric COO– stretching of formate, carbonate
and carboxylate species with no significant effect for GEOR reac-
tion pathway.

Our computational models propose a way to connect NP of
about 10 nm or more with a particular plane using a plausible
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experimental structure. DFT calculations of the oxy-hydroxide
compounds indicated that the most stable plane in b-NiOOH is
(001)-Ni as a metallic state presenting an important surface recon-
struction, which is consistent with DOS change and charge trans-
fer. This characteristic makes it a favorable active surface for
GEOR. In addition, from the magnetic moments extracted from
the PDOS, the surface termination exposes a mix of Ni+3 and Ni+4

oxidation states representing an interesting couple that may be
responsible for electrochemical reactivity of Ni-based materials.
The computed map of electronic charges on the surfaces showed
an increase in the global electron density and the present of Ni
cations and O anions and the same height after reconstruction.
These facts could supply useful sites for glycerol OH groups inter-
action under electrooxidation. This will be subject of the future
works.
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