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ABSTRACT

NiO, CeO, and respective composites are extensively used in energy storage devices due to
mostly their high electrochemical activity. However, the assessment of battery-like
behavior of Ni-ceria based systems comprising (Ni or Gd)-doped ceria combined with NiO
seems to be neglected in the literature. In this work, NiO and ceria-based solid solutions
composite powders were obtained by a co-precipitation synthesis method. The structure and
particle size of the calcined powders were investigated by X-ray diffractometry (XRD) and
field emission scanning electron microscopy (FESEM), respectively. Oxidative states of
composites were inspected by X-ray photoelectron spectroscopy (XPS). The
electrochemical performance of powders was evaluated by cyclic voltammetry,
galvanostatic charge-discharge and impedance spectroscopy. Refinement of the XRD

patterns showed that powders have nanosized crystallites and mean size of particles within



20 — 70 nm were revealed by FESEM. The improved specific capacity of the NiO-CeO,
electrode material (about 2.5 times higher than that of NiO-CGO at 5 mV s%) is due to an
increase in Faradic reactions taken place on its surface with a higher fraction of defects
(namely Ni**, Ce®*" and oxygen vacancies), as determined by XPS. The superior
electrochemical performance of the NiO-CeO, electrode is also confirmed by

electrochemical impedance spectroscopy.
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1. Introduction

Supercapacitors (also known as electrochemical capacitors) and batteries are
promising electrochemical energy storage (EES) devices that have attracted significant
attention due to the increasing demand for electrical energy supply. Unlike batteries,
supercapacitors present higher power density, faster charge-discharge and longer cycle life.
However, they have lower energy density than Li-ion batteries commonly used in
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domestics electronics [1-4]. Batteries are considered one of the most important and
efficient energy storage devices due mostly to advances in their higher specific capacity
and long cycling life [5]. Among other characteristics, the electrodes play a significant role
in battery performance. In the electrodes, Faradic redox reactions responsible to the charge
and discharge of the battery take place, therefore, transition metal oxides (TMQOs) are
preferably used to manufacturing these components [6-9]. TMOs ions can present fast and
reversible surface redox reactions properties with OH’, which is the most desirable scenario
for enhanced performance of EES devices charge storage [10-13]. Additionally, TMOs as
RuO,, NiO, MnO,, Co304, and misfit-layered Ca3Co409 compounds are known to have
high electronic conductivity and electrochemical performances [5,14-21]. Research efforts
are currently focused on producing low-cost electrodes with high theoretical capacities.
Among promising electrode materials, NiO exhibits enhanced cycling properties and fast
charge transfer when compared to others low-cost metal oxides with low capacity and
limited power density [22-24]. In the current context, the discussion regarding capacitors
and batteries, in which the electrochemical behavior is prevailingly characteristic of
battery-like materials rather than pseudocapacitive materials seem to be unclear observing
the literature [10,11,25,26]. Independently, the materials selection for storage properties
devices must take into consideration the close relation between specific surface of metal
oxides particles and electrochemical activity properties.

CeO, (ceria) is also extensively studied because of its interesting redox properties
(fast oxidation state change of Ce** to Ce**in a certain range of temperature and pressure of
oxygen), high oxygen storage capacity (ability to store and release oxygen depending on
the reaction condition), hydrophilic behavior (increasing the surface active sites), and
environmentally friendly characteristics [27-29]. It is well known that the redox properties
of ceria can be considerably enhanced if additional elements are introduced into its lattice
[30-32]. Density functional theory (DFT) studies of ceria doped with divalent Ni reported
the potential for this dopant (lowering the formation energy of oxygen vacancies and
favoring the formation of Ce®* from Ce*") to be used in ceria-based materials for catalysis
or solid oxide fuel cells [33,34]. Despite NiO and CeO, materials have been extensively
studied separately as electrodes for energy storage applications [28,35-37], the

electrochemical performance of the NiO-CeO, composite was punctually studied [38] and
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no report was found for (Ni or Gd)-doped ceria/NiO composites. Following the trend of
NiO-Cep9Gdy10195 (NIO-CGO) applications as precursors of energy conversion devices
[39-42], the present work is focused on evaluating the effects of Ni or Gd-doped ceria on
battery-like behavior of Ni-ceria based systems. The electrochemical assessment was
carried out by cyclic voltammetry, galvanostatic charge-discharge and electrochemical
Impedance spectroscopy at room temperature in an alkaline (3 M KOH) solution.
Considering that electrochemical reactions are favored if the formation of oxygen vacancies
and Ce*" is facilitated [43], type and concentration of surface defects were analyzed by X-

ray Photoelectron Spectroscopy (XPS).

2. Experimental

NiO-CeO, (more precisely NiO + Ce-Ni-O solid solution) and NiO-CeGdo 101,95
(NiO-CGO) composite powders, with 50 wt.% NiO, were synthesized by a co-precipitation
method using Ce(NO3)3.6H,O (Sigma-Aldrich, 99.0%) and Ni(NOg3),.6H,O (Sigma-
Aldrich, > 97.0%) as starting materials. In a typical co-precipitation procedure (Fig. 1),
appropriate amounts of Ce and Ni nitrates were dissolved in an alcoholic solution and
continuously stirred at room temperature to form a homogeneous solution. The
concentrations of the stock solutions were 0.232 and 0.238 mol L™ for Ce*" and Ni*,
respectively. NH,OH solution (Merck, 27% of ammonia) was used as a precipitating agent.
20 wt.% above the required amount of the NH,OH solution (27%) was used to precipitate
metal cations into the mixed gel. The precipitation occurred at a pH value of 9. Traces of
NH4OH were further removed by vacuum centrifugation. The gel was dried for 2 h at 100
°C, resulting in a finely powdered xerogel that was calcined in air at 800 °C for 2 h to
obtain the NiO-CeO, composite. For the synthesis of the composite with Gd-doped ceria
(Ni10-Ce9Gdg 101 95), GA(NO3)3.6H,0 (Sigma-Aldrich, 99.9%) was also used, following
the same experimental procedure described above. The concentrations were 0.104, 0.009
and 0.134 mol L™ for Ce**, Gd*" and Ni**, respectively. CeO, powder was also synthesized
and further calcined at 800 °C for 2 h to assess the solubility of Ni cations into the ceria

lattice.



Phase identification of the synthesized and calcined powders was performed at
room temperature by X-ray diffractometry (XRD) in the range of 20-80° (26), 0.02° step
sizes and 1° min™* scanning speed, operating with a voltage 40 kV and current of 30 mA
using Cu Ka radiation (Shimadzu, model XRD 7000). Rietveld refinement of the
diffraction data was performed using MAUD software (Materials Analysis Using
Diffraction). The crystallite sizes were estimated using a VVoigt methodology proposed by
Keijser et al. [44]. The chemical states at the surfaces were studied using X-ray
Photoelectron Spectroscopy (XPS). The analyses were carried out in an Ultra High Vacuum
(UHV) system with a base pressure of 2x10*° mbar located at TEMA, University of
Aveiro (Portugal), using a SPECS Phoibos 150 spectrometer with a high intensity
monochromatic Al Ka X-ray source (1486.6 eV). High-resolution spectra were recorded at
normal emission take-off angle and with a pass-energy of 20 eV, which provides an overall
instrumental peak broadening of 0.5 eV. The binding energy was referenced to C 1s line at
285 eV for calibration. Using CasaXPS fitting software, the height, area and position of the
peaks were determined to ally the separation of measured XPS spectra. Powder
morphological inspection was carried out using field-emission scanning electron
microscopy (FESEM, Carl Zeiss, Supra 35-VP Model) equipped with a Bruker EDS
detector (XFlash 410-M). The specific surface area of calcined powders was determined by
N, adsorption at -196 °C in a BELSORP-mini Il (BEL Japan Inc., Japan) analyzer using
BET (Brunauer, Emmett and Teller) method. Prior to analysis, powders were degassed

under vacuum at 300 °C for 3 h.

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) were used to assess the performance of the
electrodes. All electrochemical studies were performed using a PGSTAT204 with FRA32M
module (Metrohm Autolab) in a three-electrode setup in 3 M KOH in deionized water. A
platinum plate and Ag/AgCl were used as counter and reference electrodes, respectively.
To prepare the working electrode, 80 wt.% active material, 10 wt.% carbon black and 10
wt.% polytetrafluoroethylene (PTFE) (60 wt.% PTFE dispersion in H,O) were dispersed in
isopropyl alcohol and sonicated for 30 min. Then, inks containing each composite powder



were drop-casted on Ni foams (1x1 cm?), previously cleaned by sonicated during 10 min in
2 M HCI, acetone, and deionized water, respectively; for the removal of the oxide layer.
Finally, working electrodes were heated at 100 °C for 12 h in a vacuum oven to remove
residual solvent, and then pressed at 1 ton for 30 s. The mass loading of the electrode
material on Ni foam was about 5 mg cm™. CV analysis was performed between 0-0.5 V/ vs.
Ag/AgCI at scan rates ranging from 5 to 100 mV s ™. In the CV tests, specific capacities
values at different scan rates were calculated by Eq. 1 [45].

_ [1av

s = @)

2mv

where the numerator value can be estimated from the CV curve area and the denominator is
double the product of the weight of the active material in each electrode (m) and the scan
rate (v). For comparison, a blank Ni foam was also studied under the same conditions. The
GCD test was conducted in a potential window of 0-0.45 V at a specific current of 0.5 A

g L. The specific capacity was then calculated using Eq. 2 [45].
Q=71 )

where m, At and | are weight of the active material (g), discharge time (s) and discharge
current, respectively. Electrochemical impedance spectroscopy (EIS) was performed when
the working electrode was biased at a constant potential of 0.32 V vs. Ag/AgCI in the
frequency range 0.01-100 kHz using a voltage amplitude of 5 mV.

3. Results and Discussion

X-ray diffraction patterns (XRD) and refinement fitting of calcined powders are
shown in Fig. 2. The obtained low values of goodness-of-fit (XZ = Rwp/Rexp), shown in Fig.
2a, indicate excellent agreement between data and refined models. The expected crystalline
phases were formed after calcination, demonstrating that precursor powders were readily
oxidized to NiO-CeO, and NiO-CGO nanoparticles. Diffraction peaks were indexed using
the space group Fm3m (225) of the sodium chloride-type crystal structure of NiO (ICSD

collection code: 24018), fluorite-type cubic structure of CeO, (ICSD collection code:
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88759) and fluorite-type cubic structure of Ce9Gdy10;95 (ICSD collection code: 28795),
as shown in Fig. 2b. For the prepared composites, peaks of the two phases (CeO,/CGO and
NiO) emerged separately without the existence of an unexpected crystalline phase. NiO-
Ce0, and NiO-CGO showed prominent diffraction peaks at 37.3° 43.3° 62.9°, 75.4° and
79.4° corresponding to (111), (200), (220), (311), and (222) crystal planes of the NiO
phase. The peaks of the CeO,/Cey9Gdy 10195 phase were observed at 28.6° 33.1°, 47.5°,
56.4°, 59.1° 69.5° 76.7° and 79.1° corresponding to (111), (200), (220), (311), (222),
(400), (331), and (420) crystal planes. It is worth mentioning that the CeO; structure may
be modified by Ni** substitution, which further gives rise to a Ce-Ni-O solid solution or
even a mixture NiO + Ce-Ni-O whether the nickel content surpasses its solubility limit in
the lattice of ceria. In fact, a solubility limit of about 15 at% Ni?" in CeO, crystals was
recently reported by Mahammadunnisa et al. [32]. In the case of the NiO-CGO composite,
the diffusion of Ni** in the Gd-doped ceria (CGO) lattice may be slower than that of Gd
cations, thus restricting the growth of the CGO phase.

Structural parameters of powders estimated by Rietveld refinement are shown in
Table 1. A weight ratio ca. 1:1 (1.00 and 1.20% difference for NiO-CGO and NiO-CeO,,
respectively) of NiO and CeO,/CGO phases demonstrate an excellent control of phase
composition achieved through the proposed synthesis procedure. The obtained lattice
parameters, a = 4.1795 A, a = 5.410 A and a = 5.418 A, for NiO, CeO, and CGO phases,
respectively, are in agreement with their respective ICSD files and literature values for
NiO-Ce;GdxO,—5 (X = 0 or 0.1) composites [40,46,47]. NiO lattice parameters in the
current work are close to that of NiO standard (ICSD collection code: 24018). The Gd**
insertion promotes a slightly change into ceria fluorite structure when compared to undoped
ceria. Such phenomenon is well reported and can be attributed to the replacement of Ce**
for Gd*" with ionic radii of 0.097 and 0.105 nm, respectively [48]. Doping cubic fluorite-
type structure of ceria with Gd®" ions rises one oxygen vacancy for every two Gd** ions in
order to maintain the crystal electrical neutrality. The formation of gadolinia-doped ceria
may be represented by the following Krdger-Vink notation (Eqg. 3):



Gd,05 + 2Cel, + 0} - 2Gd;, +V5* + 2CeO0, 3)
Where, Gdg, indicates one Ce" site occupied by Gd** jon and Vg represents the oxygen
vacancy [49]. The defect structure of the Gd-doped ceria of the composition Ce,,Gd, O, . is
shown in Fig. 2b. The calculated crystallite size of NiO is slightly larger than those of
Ce0,/CGO (4-8 nm difference), in accordance with literature reports [39,40,50,51]. It is
expected since the activation energy for Ni diffusion in NiO (184-255 kJ/mol) is
energetically more demanding than that for Ce diffusion in CeO; (498 kJ/mol) [52,53]. Any
solubility between NiO and CeO, should decrease the cubic CeO, lattice parameter due to
the smaller ionic radius of Ni*? (0.72 A) when compared to Ce* (0.97 A). In fact, the
calculated (by refinement over raw XRD pattern, not shown) lattice parameter a = 5.412 A
for the synthesized single-phase CeO, powder suggests that one possible Ni dissolution in
the CeO, structure, originating a mixed (Ce-Ni-O, a = 5.410 A) oxide, seems to be likely
after calcination at 800 °C in air. This result is in good agreement with the lattice parameter
decrease through Ni doping reported by Kumar et al. [54]. One may suppose that the
presence of Ce** ions could prohibit some lattice contraction due to its larger ionic radius
(1.07 A) compared to Ce™. In addition, the replacement of Ce** for Ni** would be also
expected to create extrinsic oxygen vacancies, known to expand the lattice parameter of
fluorite-type structure [55]. Doping cubic fluorite-type structure of ceria with Ni** ions
rises a single oxygen vacancy for each Ni** ion in order to maintain the crystal electrical
neutrality. The formation of Ce-Ni-O solid solutions may be represented by the following
reactions (Egs. 4-6) [56]:

NiO + 2Ce** — Ni(Ce)3* + 2Ce3* + 1/20, (4)
NiO + 2Ce** — 2Ni, + 2Ce3* + 1/20, (5)
NiO + Ce** — 2Ni(Ce**) + Ce*t + A.V. (6)

Where Nij, are Ni?* ions retained in the interstitial positions; Ni(Ce**) and Ni(Ce®") are Ni*
ions located in the positions of the host Ce*" ions in the CeO, lattice and A.V. is anionic
(oxygen) vacancy. Oxygen vacancy formation is connected with the change in oxidation
state of cerium from oxidized Ce*" to reduced Ce®*. The substitutional solid solution is

predicted (with basis in Ab initio thermodynamics) to be more stable than the interstitial



one by more than 2.4 eV [57]. A typical scheme of the crystal structure of the Ce-Ni-O

solid solution in which Ni?* ions occupy substitutional sites is shown in Fig. 2b.

Fig. 3 shows microstructure images of powders at low and high-magnification,
including elementary maps of both composites. Fig. 3a depicts typical low magnification
FESEM images of powders with high-density morphologies. The micrographs with high-
magnification (Fig. 3b) clearly indicate the presence of aggregated nanoparticles of
different sizes and shapes. The large particle aggregation is due to the presence of
nanosized crystals with large surface energy. The particle size (Fig. 3c) of the NiO-CeO,
powder (23 3 nm) is in agreement with the crystallite size retrieved from the XRD
patterns (Table 1). On the other hand, the NiO-CGO powder is composed of nanoparticles
with a size close to 70 nm, almost twice the values estimated by refined crystallite sizes
(Table 1). EDS mapping of NiO-CeO, (Fig. 3d) and NiO-CGO (Fig. 3e) composites shows

a homogeneous distribution of Ni, Ce and Gd elements at the nanoscale.

The surface areas of the calcined powders were investigated using nitrogen
adsorption analyses. As shown in Fig. 4, the steep increase in the amount of N, adsorption
for NiO-CeO, was larger than NiO-CGO, with a sudden increment in the high-pressure
region which is characteristic of type Il isotherm (according to IUPAC classification). BET
surface area and total pore volume (P/Py = 0.973) of NiO-CeO, (6.06 m? g* and 0.017 cm®
g™h) were slightly higher than those of NiO-CGO (5.04 m? g™ and 0.007 cm® g*). The low
surface area of both composite powders impairs the electrolyte (KOH solution) access to
the NiO and CeO,/CGO electroactive sites where reversible surface redox (Faradic)
reactions occur. Taking that into account, the surface areas of these materials should not

have any influence on their electrochemical performances.

The deconvoluted XPS spectra of NiO-CeO; and NiO-CGO powders are shown in
Fig. 5. Core level of high-resolution spectra of the Ni 2p and Ce 3d regions were

deconvoluted to reveal Ni and Ce oxidation states. The overview spectra (Fig. 5a) show



several electronic structures that can be attributed to photoelectrons excited from the Ce
(3d), Ni (2p), O (1s), and C (1s) core energy levels. Peaks originating from Ni LMM and
Ce MNN Auger processes are also present. Furthermore, NiO-CGO shows peaks attributed
to Gd (3d), confirming the presence of Gd-doped ceria. The Ce ions in the Ce*" state were
assigned to Ce 3ds, (v, v/ and v'") and Ce 3da, (u, u” and u™) and those in the Ce®* state
were assigned to Ce 3ds, (Vo and V') and Ce 3day, (Uo and u') [58,59], as shown in Fig. 5b.
NiO-CeO, presents 25% of Ce®* and 75% of Ce*", whereas NiO-CGO presents 21% of
Ce®* and 79% of Ce*". The higher Ce** content in NiO-CeO, may be due to the reduction
of ceria enhanced by the synergic effect of nickel [60]. Due to this, NiO-CeQO; triggered the
creation of oxygen vacancies which is further confirmed via deconvolution of O 1s XPS
spectra. Moreover, NiO is a p-type oxide, where the mobile species are cations. They
diffuse through lattice defect sites such as vacancies and/or grain boundaries to the
oxide/interface where they react with O,. For NiO, defect formation involves the creation
of a Ni** vacancy at the oxide/interface and, to balance charge, two neighboring Ni** atoms
each lose an electron forming two Ni** (electron holes) [61]. XPS estimated Ni**/Ni*" ratio
was 0.5 and 0.6 for NiO-CeO, and NiO-CGO, respectively. The O1s scan (Fig. 5¢) shows
the spectra with three main peaks observed: 529.9 eV (O.), 532.2 eV (Oy) and 535.8 eV
(On) [32,62]. The first peak (O.) is oxygen in lattice often associated with metal-oxygen
bonds. The second peak (Oy) is attributed to defective sites with low oxygen coordination
(vacancies). One can correlate O, and Oy intensity ratio to oxygen vacancies. NiO-CeO,
shows a Ov/O, ratio of 0.87, against 0.02 for NiO-CGO. The third peak (Oy) is associated
with hydroxyl groups/organic species/H,O absorption. XPS analyses suggested that NiO-

* ONi*

CeO, exhibited maximum surface defects in the form of Ce and oxygen vacancies

which are expected to boost the electrochemical performance.

Cyclic voltammetry (CV) was performed to assess the effect of (Ni or Gd)-doping
on the electrochemical performance of composites deposited onto Ni foams. Figs. 6a, b
show CV curves of NiO-CeO, and NiO-CGO electrodes at various scan rates (5-100 mV s
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1. Typical CV responses, showing clearly separated oxidative and reductive peaks, are
characteristics of battery-like behavior [25]. The well-resolved redox peaks can be observed
for both samples, within the measured potential window, indicating the battery-like
behavior can be attributed to fast and reversible Faradic redox reactions of mixed Ni?*/Ni**
and Ce**/Ce*" couples highlighted by XPS, together with contributions of oxygen
vacancies. The broad anodic peaks (oxidation) can be seen at 0.33 and 0.32 V for NiO-
CeO;, and NiO-CGO, respectively, and the cathodic peaks (reduction) at 0.19 and 0.22 V
for NiO-CeO, and NiO-CGO, respectively. As the scan rate increases, the cathodic peak
shifted towards negative potentials while the anodic peak shifted towards positive
potentials, which is ascribed due to the electrode polarization effect. The prominent and
broad peaks in the NiO-CeO, electrode confirm the contribution of the redox behavior of
the ceria phase (Ce**/Ce™) in the surface redox reaction. However, redox peaks of
Ni%*/Ni** and Ce®*'/Ce*" were not discernible in the CV curves. Such characteristic is
probably due to the match of potential range of the reversible valence change between
Ce**/Ce™ and Ni?*/Ni** [38]. These processes can be explained by the following reversible
reactions (Egs. 7, 8) [29,63]:

NiO + OH <> NiOOH + ¢’ (7)
Ce0,+K' +e « Ce'"O-0OK (8)

The anodic and cathodic peak currents of the CV curves grow with the increasing
scan rate. Besides, curves width remains unaltered over the entire scan rate range. It reveals
a good Kkinetics reversibility of the OH™ ions, improved mass transport and fast
electronic/ionic transport rates. That demonstrates a good stability of the alkaline
electrolyte with the electrode material for battery application. Fig. 6¢ shows the CV curves
of NiO-CeO,, NiO-CGO electrodes and a blank Ni foam (for sake of comparison) at a
constant scan rate of 100 mV s*. It is possible to note that the area under the CV curve for
the Ni foam is very small compared to those of Ni-ceria based electrodes, which shows that
its contribution to the capacity is insignificant. Analyzing the curves of the electrodes, it
can be seen that the CV curve of NiO-CGO is much smaller than that of NiO-CeO,. The
increased particle size of the NiO-CGO electrode (70 nm vs. 23 nm for NiO-CeOy)
suggests a size-dependent electrochemical performance enhanced with decreasing particles
size, as reported in previous works [64,65]. Indeed, peak currents recorded in cyclic

11



voltammetry of the NiO-CeO, electrode are higher than those of NiO-CGO (Fig. 6c),
indicating particles with smaller size have higher electrochemical activity. The CV data for
the composite electrodes at different scan rates (Figs. 6a, b) were used to understand the
contribution of diffusion-controlled processes. The plots of both anodic and cathodic scans
are near-linear, for the two composites, with the coefficient of determination in the range of
96 to 99% (Fig. 6d). The slopes (b = ip/vl’z, where b is the slope, i, is the peak current and v
is the scan rate) of NiO-CeO, and NiO-CGO electrodes are 385.84 and 90.50 for anodic
currents and -393.58 and -63.66 for cathodic currents, respectively, which determine
diffusion rates with surface redox reactions taking place in charge storage processes [66].
Therefore, the rates of anodic/cathodic reactions on the surface of NiO-CeO, composite are
very faster than that of the chemical reactions in NiO-CGO. These results confirm that the
Faradic reactions occurring on the surface increase with increasing the concentration of
surface defects. The specific capacities for each composite were then calculated from their
voltammetric data at the different scan rates used, as shown in Fig. 6e. It is possible to
observe that specific capacities increase with decreasing scan rate because higher fractions
of OH" involved in the reversible surface redox reactions (Egs. 7 and 8) have more
favorable conditions to access CeO,/CGO and NiO particles. At a low scan rate, there is
much time for the diffusion of ions through the electrode materials. As the scan rate
increases, the diffusion of ions becomes limited, resulting in a less diffusive capacity [67].
In summary, CV tests demonstrated the electrochemical activity of the NiO-CeO, electrode

surpasses that of the NiO-CGO, as predicted by the defect analysis done by XPS.

Fig. 7 shows the galvanostatic charge-discharge (GCD) curve for the NiO-CeO,
composite (the best one in the CV tests) at a constant specific current of 0.5 A g™. The
charging step shows a first linear stage corresponding to the oxidation of NiO (Ni**) to
NiOOH (Ni**) and Faradic redox conversion of Ce** <> Ce*™, and a second stage attributed
to the charging process itself. The discharging curve (clearly non-linear) indicates potential
plateaus related to Faradic reactions, confirming a battery-like behavior [4,25]. It can also
be observed that charge and discharge times are quite similar (30.5 and 27.7 s,
respectively), indicating a good coulombic efficiency [68]. From the GCD curve, the

12



electrode has a specific capacity of 14 C g™ (estimated by Eq. 2), in good agreement with
the value retrieved from the cyclic voltammetry at 5 mV s, In addition to the characteristic
Ce*/Ce™ redox couple contribution, the hydrophilic nature of the CeO, is expected to
increase the number of active surface sites [27,38]. Importantly, the observation of mixed
Ni%*/Ni** redox couple (Fig. 5b), with a slightly higher fraction of Ni** in the NiO-CeO,
material, is expected to be a potentially useful factor for its enhanced electrocatalytic rates
[69].

Impedance spectroscopy analyses were performed to understand the electrochemical
behavior of NiO-CeO, and NiO-CGO electrodes during the charge storage process. Those
results are shown as Nyquist plots in Fig. 8. The values of ESR (Equivalent Series
Resistance — intercept at the real part in the high-frequency region) were 0.23 and 0.33 Q
for NiO-CeO, and NiO-CGO, respectively, showing a lower conductivity of the NiO-CGO
composite during redox processes [70]. No semicircle was verified in the high-frequency
region, suggesting fast charge transfer at the electrolyte/electrode interface [71]. In the low-
frequency region, the slope of the straight-line is associated with a mass transfer resistance
(Warburg impedance) during diffusion of the redox species [72]. The higher slope for the
NiO-CeO, electrode manifests a faster diffusion of ions from the electrolyte [72,73].

4. Conclusions

A co-precipitation synthesis method was successfully employed to prepare Ni-ceria
based systems as battery-like materials. Electrodes made of these nanosized (double phase)
particles were electrochemically evaluated by cyclic voltammetry, galvanostatic charge-
discharge and impedance spectroscopy in alkaline (3 M KOH) solution. The NiO-CeO,
electrode exhibited better electrochemical behavior with improved specific capacity (about
2.5 times higher than that of NiO-CGO at 5 mV s™) and smaller ESR (0.23 Q vs. 0.33 Q)
than the NiO-Ce(9Gdy 101,95 electrode. The superior electrochemical performance of NiO-
CeO, is ascribed due to an increased concentration of defects (Ni**, Ce** and oxygen

vacancies) used to boost Faradic surface redox reactions.
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Table caption

Table 1. Quantitative phase analysis (wt.%), lattice parameter (a) and crystallite size
(Dxrp) estimated by Rietveld refinement of the XRD data.
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Figure caption

Fig. 1. Co-precipitation method scheme used to obtain the composite powders.

Fig. 2. (a) Rietveld refinement XRD patterns of calcined powders and (b) crystal structures
of the obtained phases.

Fig. 3. FESEM images with (a) low and (b) high-magnification of calcined powders, (c)
their corresponding particle size distributions and EDS mapping of (d) NiO-CeO, and (e)
NiO-CGO powders.

Fig. 4. N, adsorption isotherms of NiO-CeO, and NiO-CGO powders.

Fig. 5. High-resolution XPS spectra of NiO-CeO, and NiO-CGO powders: (a) Overview,
(b) Ce 3d/ Ni 2p and (c) O 1s.

Fig. 6. CV curves of electrodes made of (a) NiO-CeO, and (b) NiO-CGO powders,
measured at different scan rates in 3 M KOH. (c) Comparison of CV curves recorded at 100
mV s™. (d) Plots of i, versus v'* used to calculate the slopes for the anodic and cathodic
scans, with scan rates varied from 0.5 to 100 mV s, (e) Specific capacities obtained from
CV tests at different scan rates.

Fig. 7. GCD curve of the NiO-CeO, electrode at 0.5 A g™.

Fig. 8. Nyquist plots of the NiO-CeO, and NiO-CGO electrodes in 3 M KOH electrolyte
with the inset showing the high-frequency region.
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Table 1. Quantitative phase analysis (wt.%), lattice parameter (a) and crystallite size (Dxrp)
estimated by Rietveld refinement of the XRD data.

wt.% a(A) Dxro (M)
Sample _ . - - - -
NiO Ceria phase NiO Ceriaphase  NiO  Ceria phase
NiO-CeO,  49.00 51.00 4.179 5.410 25 21
NiO-CGO  48.80 51.20 4.180 5.418 36 28
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Fig. 1. Co-precipitation method scheme used to obtain the composite powders.
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Fig. 2. (2) Rietveld refinement XRD patterns of calcined powders and (b) crystal structures

of the obtained phases.
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Fig. 3. FESEM images with (a) low and (b) high-magnification of calcined powders, (c)
their corresponding particle size distributions and EDS mapping of (d) NiO-CeO, and (e)
NiO-CGO powders.
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Fig. 4. N, adsorption isotherms of NiO-CeO, and NiO-CGO powders.
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Fig. 5. High-resolution XPS spectra of NiO-CeO, and NiO-CGO powders: (a) Overview,

(b) Ce 3d/ Ni 2p and (c) O 1s.
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Fig. 6. CV curves of electrodes made of (a) NiO-CeO, and (b) NiO-CGO powders,
measured at different scan rates in 3 M KOH. (c) Comparison of CV curves recorded at 100
mV s™. (d) Plots of Ip Versus v'2 used to calculate the slopes for the anodic and cathodic
scans, with scan rates varied from 0.5 to 100 mV s™. (e) Specific capacities obtained from
CV tests at different scan rates.
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Fig. 8. Nyquist plots of the NiO-CeO, and NiO-CGO electrodes in 3 M KOH electrolyte

with the inset showing the high-frequency region.
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Highlights

Ni-ceria based systems as battery-like materials;

(Ni or Gd)-doping effect on the performance of ceria in alkaline (3 M KOH) solution;
NiO + Ce-Ni-O solid solution with better battery-like behavior than NiO-Cey ¢Gdy101.9s.

Battery-like behavior enhanced by surface defects.
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