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ABSTRACT

Ni/YSZ fuel cell electrodes of high-temperature solid oxide cells are commonly reduced from NiO/YSZ under hydrogen atmosphere at high temperatures, prior to
operation. Ni provides the required electronic conductivity and electrocatalytic activity and thus enables operability of the cell. The reduction results in a significant
change in microstructure which can be observed by in-situ transmission electron microscopy. As specific microstructural properties are crucial to achieve high
performance and durability of the cell, a comprehensive understanding of the reduction process is required. In this contribution, an in-situ real-time observation of
microstructural changes during reduction of a NiO/YSZ-compound as well as pure NiO-samples is performed and compared to an ex-situ analysis of a corresponding
cell after the reduction. For the first time, we reduce NiO/YSZ with in-situ TEM at Hy pressures up to 1 atm and different temperatures up to 850 °C, relevant to the
actual reduction conditions of the fuel electrodes. With three different reduction schemes, we show a drastic influence of the reduction conditions on Ni micro-
structure and Ni/YSZ interface. At low temperatures, grain boundaries and triple junctions between NiO and YSZ are determined as the starting points of the
reduction process. This process reduces the connection between Ni and YSZ. Novel in-situ TEM results from this work provide a clear evidence at the nanoscale that
high initial reduction temperatures lead to the different microstructure of Ni, better connection between Ni grains and superior quality of Ni/YSZ interface. This is

crucial to achieve a larger number of electrochemically active triple phase boundaries between Ni/YSZ and gas.
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1. Introduction

Solid oxide cells (SOCs) play a key role in the transition to the green
economy. They are able to convert the chemical energy of a fuel into
electricity (fuel cell mode) and vice versa electrical energy into
hydrogen or syngas (electrolyzer mode). SOCs are commonly operated
at high temperatures of 600-900 °C at a gas pressure of 100 kPa (at-
mospheric pressure). In most SOCs the porous fuel electrode consists of
an ion conducting ceramic phase like yttria-stabilized zirconia (YSZ) and
a metallic, electron conducting phase of Ni, which also works as elec-
trocatalyst, named cermet. The electrochemical reaction in such an
electrode is located at the triple phase boundary (TPB) between Ni, YSZ
and a pore or at the vicinity of TPB [1]. To enable a high performance,
Ni, YSZ- and the pore-phase have to form continuous matrices to enable
the transport of electrons, oxygen ions and gaseous species to/from the
TPBs.

During the initial operation of a solid oxide cell (SOC), a pre-defined
start-up procedure has to be followed prior to regular operation [2,3].
For solid oxide cells with nickel-based fuel electrodes this includes the
reduction of nickel oxide (NiO) to metallic nickel (Ni). Nickel oxide is
chosen within the manufacturing process of the cell as more complex
steps as sintering under vacuum or reducing conditions can be avoided
[4-6]. However, the reduction of NiO to Ni results in a significant
change of microstructure and the volume fractions, namely an increase
of the pore volume fraction and a decrease of the Ni-related volume
fraction [7,8]. Microstructural parameters, directly correlating with the
electrochemical performance of the electrode, such as porosity, tortu-
osity and the density of electrochemically active triple phase boundaries
(Ni/YSZ/gas-phase) are affected by the reduction procedure [9-16]. The
resulting microstructure will determine performance and durability of
the cell [17-21].

Reduction of pure NiO in hydrogen has been excessively studied in
literature and can be described by the simple equation: NiO + Hy = Ni +
H50. According to Richardson et al. [22] and previous works [23,24],
this reaction can be separated in five stages: 1) H, molecule dissociation
on NiO or later, on Ni; 2) diffusion of H atoms to the reaction center; 3)
breakage of Ni-O bonds to form Ni® atoms; 4) nucleation of Ni® atoms
into metallic clusters and 5) further growth of nickel metal clusters.
When first Ni° clusters are formed the reaction proceeds autocatalyti-
cally. Overall, the reduction process of NiO can be described with the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) nucleation model [25-27].

However, the size and shape of initial NiO material, reduction tem-
perature and heating rate together with hydrogen pressure can influence
each of the stages above and, therefore, have a strong impact on the
reaction speed and final Ni morphology. For example, Manukyan et al.
[28] showed that the reduction of polycrystalline NiO with a grain size
of 1-3 pm at low temperatures (270-500 °C) results in porous poly-
crystalline regions of Ni-NiO within the original NiO grains. Ni reduced
at high temperatures above 900 °C preserves the crystallographic
structure of the original NiO grains. The authors attributed this differ-
ence to the higher amount of Ni nuclei, faster nucleation and growth of
Ni at high temperatures preserving the initial NiO crystallinity. Lee et al.
[29] showed that larger NiO powder with average 150 pm particle size
reduces slower than the smaller one of 0.05 pm at the same conditions.
Richardson et al. [22] demonstrated that faster heating rate decreases
the duration of the initial nucleation stage leading to the lower reduction
temperatures. It was suggested by Bandrowski et al. [30] that kinetics of
the early stage of reduction involving reaction of NiO with hydrogen
atoms absorbed at the surface, is proportional to the square root of the
hydrogen partial pressure. During later stages of reduction, hydrogen
pressure in a range of a few thousands Pa does not play a significant role
in the final Ni morphology leading mostly to the polycrystalline Ni [28].
However, reduction of the ultrathin NiO film at very low hydrogen
pressures of about 10> Pa result in single crystalline Ni surface [31].
Preservation of initial NiO crystallinity in final Ni/YSZ structures
reduced at about 140 Pa, was also observed by Jeangros [32].
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Such strong dependence of Ni morphology on the reduction param-
eters asks for close replication of NiO/YSZ reduction conditions in our
experiment. Transmission electron microscopy (TEM) is a powerful tool
to investigate the microstructure of solid oxide cells [33,34]. So far,
knowledge about the physical mechanisms behind the microstructural
changes is still limited and requires a need for in-operando investigation
[33]. The reduction of NiO/YSZ was studied with environmental TEM
(ETEM) at initial moderate reduction temperatures of 200-500 °C and
hydrogen pressures of about 150 Pa in a range of works. Simonsen et al.
[35,36] found that reduction of NiO start between 300 and 400 °C and
YSZ has an inhibiting effect on NiO reduction. The authors also observed
the coarsening on Ni grains at higher temperatures. In a set of works by
Faes et al. [37] and Jeangros [32,38] in ETEM, the authors observed the
start reduction of at 320 °C at the NiO/YSZ interface. With the tem-
perature increase the reduction is initiated also from the free surface of
NiO grains. The authors suggested [32] that the reduction process at the
Ni/YSZ interface is activated by oxygen transferring from NiO to YSZ
resulting in NiO oxygen vacancies and thus creating hydrogen adsorp-
tion sites. The role of NiO/NiO grain boundaries is further discussed in
Ref. [38], concluding that coherent grain boundaries lead to preserva-
tion of the contact between these grains during the reduction. Inco-
herent grain boundaries result in separation of the grains during the
reduction.

The electrochemical characterization and post-mortem SEM analysis
of SOC with Ni/YSZ fuel electrode reduced at different temperatures
provided in literature, for example, in the works of Jiao et al. [10] and
Monzoén et al. [39] demonstrate that higher reduction temperatures lead
to the better SOC performance, better quality of Ni/YSZ interface and
higher TPB length.

In this contribution, we present in-situ real-time observations of the
initial reduction process of NiO/YSZ-compounds taken from fuel elec-
trode supported SOCs performed with transmission electron microscopy
under technically relevant operating conditions with hydrogen pres-
sures varying from 13 kPa to 100 kPa in a temperature range of
200-850 °C. Microelectromechanical systems (MEMS)-based TEM
holder allows us to broaden the pressure and temperature range of
reduction conditions of NiO/YSZ. With three different reduction
schemes, we demonstrate a strong dependence of Ni microstructure and
Ni/YSZ interface quality on the reduction conditions. This also allows us
to obtain a more complete picture of NiO/YSZ reduction at relevant
conditions and re-evaluate previous in-situ TEM results obtained at lower
temperatures and lower hydrogen pressures. In this work, the in-situ
reduction of the NiO/YSZ fuel electrode is compared to pure NiO-
samples to elucidate the influence of YSZ on the reduction process at
moderate temperatures. The final microstructure of the fuel electrode
reduced in-situ was compared with that of an ex-situ reduced fuel elec-
trode to evaluate the impact of TEM sample preparation and the sample
holder.

2. Experimental methodology

Using in-situ TEM atmosphere system from Protochips, we studied
the electrode reduction at the Hy pressures up to 1 atm and temperatures
up to 850 °C which fit the real reduction condition of a solid oxide cell.
Beforehand, electron transparent sample was prepared with a standard
procedure [40-42] from a bulk fuel cell [15] with a focused ion beam
(FIB) FEI Strata 400 S and placed on a MEMs-based chip for TEM
analysis supplied by Protochips.

2.1. In-situ reduction schemes

In literature various reduction methodologies for NiO/YSZ fuel
electrode material are described [12,43,44]. For example, the reduction
can be carried out at moderate 500-600 °C or high temperatures of
about 850 °C. Explorative reduction of NiO/YSZ has been tested even at
lower temperatures of about 300-500 °C [45]. As mentioned above, the
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reduction conditions such as temperature, time and gas type have a
strong impact on the final microstructure of Ni/YSZ and cell perfor-
mance. In this work, we investigate the influence of temperature on the
microstructural changes in Ni/YSZ during the reduction in Hy at relevel
pressures with in-situ TEM. Due to the small sizes of TEM lamella, the
time of reduction is much faster than in the bulk SOC and cannot be
directly compared. Three reduction schemes were chosen — the first one
starting from 200 °C with a gradual increase up to 850 °C, the second
with the reduction performed straight at 850 °C and the third started at
850 °C, followed by the rapid temperature decrease to 400 °C and
consequent increase back to 850 °C. To observe the reduction process at
moderate temperatures in detail in the first scheme, we began with 27
kPa Hj and 200 °C, then progressively increased to 100 kPa atm and
850 °C, as shown in Fig. 1. During the first reduction step the hydrogen
pressure was maintained at constant 27 kPa, while the temperature was
increased at a rate of 1 °C/s from 200 °C to 500 °C. During the second
reduction step the pressure was increased to 40 kPa and temperature
was raised from 500 °C to 650 °C by 1 °C/s and then kept constant for
about 5 min. After no further significant rapid changes were observed in
the sample, we proceeded with the final step at atmospheric pressure,
increasing the temperature from 650 °C to 850 °C at the same speed.
Then the sample was kept at 850 °C and 100 kPa H; for about 5 min to
observe the transformation of Ni/YSZ microstructure at the operating
temperatures of SOC, after Ni/YSZ was reduced at lower temperatures of
500-650 °C. After no significant morphological change had been
detected, the first scheme was terminated. In-situ TEM observation was
performed during the whole sequence. Grain orientation mapping and
EELS maps were determined in between the reduction steps and at
200 °C, as marked with “analysis” in Fig. 1. Before the detailed analysis,
the hydrogen gas was evacuated from the sample holder and sample was
cooled down to 200 °C with a maximum rate of 5 °C/s to diminish
possible microstructure changes related to further reduction or thermal
stresses. After the analysis the temperature was increased with the same
maximum rate to perform reduction steps 2 and 3.
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Second reduction scheme closely replicates the actual reduction
conditions of the bulk fuel electrode of SOC. The temperature was first
increased to 850 °C and then the hydrogen was introduced to the sample
holder with pressure of 40 kPa. The sample was held at these conditions
for about 5 min.

Third reduction scheme serves purely explorative purpose to confirm
the influence of temperature on the kinetics of NiO/YSZ reduction
described later in the text. During the third reduction scheme, NiO
reduction also started at 850 °C. Considering very rapid reduction ki-
netics of thin NiO/YSZ lamella at 850 °C (see Supplementary informa-
tion), the temperature was decreased to 400 °C with a step of 5 °C/s just
3 s after the hydrogen gas introduction to the preheated sample. The
temperature was increased again to 850 °C with the same step at 40 kPa
H, pressure. After the temperature increase, the sample was kept at
850 °C and 40 kPa for about 3 min. The grain orientation mapping was
performed before and after the complete reduction in the second and
third case due to the rapid NiO reduction kinetics at high temperatures.

Pure NiO sample was reduced in-situ using the same reduction con-
ditions as in the first case of NiO/YSZ reduction. Due to the absence of
the supporting structure of YSZ, pure NiO sample remained mechani-
cally stable only below 650 °C.

2.2. Grain orientation mapping

Initially, and after every reduction step the grain orientation of NiO/
Ni and YSZ was determined with nanobeam electron diffraction using
the NanoMEGAS ASTAR precession system installed at Thermo Fisher
Scientific Themis 300 at 300 keV. The diffraction pattern was collected
with a pixelated detector Dectris Quadro. To avoid any structural change
in the sample throughout the acquisition of the grain orientation maps,
the temperature was lowered to 200 °C (see Fig. 1) and hydrogen was
evacuated from the atmosphere holder, followed by flushing with argon.

First reduction scheme

1000 a Reduction step 3:
100 kPa H
o 800 Reduction step 2:
°. Reduction 40 kPa H,
£ 600 step 1:
r 27 kPa H,
—
2 400
£
8
200 analysis analysis analysis analysis
before after after after
0 reduction step 1 step 2 step 3
time, a.u.
Second reduction scheme Third reduction scheme
1000 1000
b 40 kPa H, C 40 kPa H,
800 800
e b
o o
E 600 § 600
e ©
2 400 2 400
€ £
8 3
200 analysis analysis 200 analysis analysis
before after before after
0 reduction reduction 0 reduction reduction
time, a.u. time, a.u.

Fig. 1. Three reduction schemes of NiO/YSZ reduction with in-situ TEM. a. Reduction of NiO/YSZ is carried out in three steps: 1) from 200 °C to 500 °C at 27 kPa
H,; 2) at 650 °C and 40 kPa H,; 3) at 850 °C and 100 kPa Hs. b. NiO/YSZ is reduced at 850 °C and 40 kPa H,. c. Reduction of NiO/YSZ starts at 850 °C, followed by a
rapid temperature drop with a step of 5 °C/s to 400 °C and consequent increase back to 850 °C. The H, pressure was kept at 40 kPa during the third reduction
scheme. For each scheme the reduction and analysis were carried out during the same TEM session.
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2.3. EELS measurements

EELS spectrometer and NanoMEGAS precession system are not
available at the same microscope. Thus, to study the reduction of NiO, a
different TEM lamella was prepared from the same fuel cell and reduced
using the first reduction scheme described earlier. The reduction of Ni
was assessed by the electron energy loss spectroscopy (EELS) at 300 keV
at TFS Themis Z equipped with Gatan Continuum spectrometer and the
spectra were acquired with Gatan K3 camera. The EELS maps were ac-
quired initially and after every reduction step to determine the oxidation
state of Ni. The reference L-edges of Ni oxide and metallic Ni were
extracted from the EELS maps obtained before and after complete
reduction, respectively, and then compared to the spectra found in
literature [46]. The distribution of metallic Ni and NiO was measured
with linear least squares (LLS) fitting of the experimental spectra using
the provided references.

2.4. Ex-situ reduction

Complete ex-situ reduction of the bulk fuel cell samples is performed
in test benches described in depth in Ref. [47]. Here, a pre-defined
testing protocol with a stepwise increase of up to 100 % hydrogen is
followed at high-temperatures of 800 °C. Partial ex-situ reduction of the
same type of a fuel cell is carried out at a comparably lower temperature
of 580 °C with only 27 % Hy (balance N5) at atmospheric pressure for 30
min. NiO/YSZ lamellas for in-situ TEM experiments with a thickness of
100-150 nm, reduce much faster than the bulk SOC. Therefore, the
times of ex-situ and in-situ reductions cannot be identical. The reduction
time of NiO/YSZ TEM samples was chosen empirically by observing the
changes in the microstructure/composition during the in-situ TEM
reduction. First ex-situ reduction scheme at 800 °C is a standard reduc-
tion procedure for this type of cells. Second ex-situ reduction scheme at
580 °C is chosen to confirm the validity of in-situ TEM reduction results
at lower temperatures of 500-650 °C.

3. Results

3.1. Microstructural change of NiO/YSZ during first in-situ reduction
scheme at moderate temperatures

Fig. 2 shows the grain orientation maps of NiO/YSZ (a) cermet and
pure NiO (b) before reduction. High angle annular dark field (HAADF)
STEM images, c,e,g,i, and annular dark images (ADF) STEM, d,f,h,k, on
the same figure show the reduction progress and the microstructural
evolution of NiO taken at different temperatures and 27 kPa Hp, for NiO/
YSZ and pure NiO, respectively. Fig. 2a shows the polycrystalline grain
structure of NiO/YSZ, with mean grain size of about 720 nm. The grain
size of NiO, provided in Fig. 2b is much larger, so that just seven grains
are visible in the chosen field of view. The grain orientation is shown in
color code. No preferential grain orientation is observed, for both sam-
ples. At the very beginning of reduction, NiO grains appear slightly
darker in the HAADF STEM image at Fig. 2c—e, whereas YSZ grains are
brighter.

We observe the start of nickel oxide reduction in NiO/YSZ at 260 °C
and 27 kPa Hj (see the video 1). Fig. 2¢ shows the microstructure at
slightly higher temperature of 271 °C where the reduction has already
started in a few regions. These regions can be identified as ‘cauliflower’
areas with strong contrast variations in the HAADF STEM images. NiO
starts to reduce from the triple junctions between NiO and YSZ, which
are marked with yellow dots in Fig. 2c—e. Then the reduction front
propagates along the phase boundaries and towards the middle of NiO
grains, as visible in Fig. 2g at 288 °C. In a couple of cases, NiO reduction
initiates from the centers of the grains, indicated by blue dots in
Fig. 2c—e. A video of the initial reduction is available in the attachment,
showing the findings even more clearly.

After the first reduction step, a porous microstructure is visible
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beside the Ni-grains in Fig. 2i. It forms due to oxygen loss and the related
volume change. The presence of pores explains the cauliflower-like
contrast appearance in the HAADF STEM images.

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.jpowsour.2024.235626.

Multimedia component 2.

3.2. Microstructural change of pure NiO during in-situ reduction at
moderate temperatures

At the same pressure of 27 kPa Hj, the reduction of the pure NiO
starts at about 320 °C (see video 2) which is 50 °C higher than the start of
the reduction of NiO/YSZ. The reduction initiates from the grain
boundary triple junctions, marked with yellow dots on Fig. 2d, and from
the grain boundaries, marked with light green lines on the same Figure.
The images f,h,k show the reduction progress at higher temperatures
(334 °C, 344 °C and 364 °C) during step 1 (see Fig. 1). Similar to the
previous case of NiO/YSZ, the reduction front spreads along the grain
boundaries and also extends towards the center of NiO grains, resulting
in the formation of a porous structure.

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.jpowsour.2024.235626.

Multimedia component 3.

3.3. Reduction of NiO measured with EELS

The EELS data presented in Fig. 3 was acquired after the NiO/YSZ
sample was reduced under identical conditions as those used in the first
step of the reduction scheme 1. EELS map with a corresponding HAADF
STEM image given in Fig. 3, demonstrates the distribution of Ni and NiO
in a NiOy grain after exposure to 27 kPa Hj and an increase in temper-
ature to 500 °C. The Ni-containing grains exhibit many pores, visible as
dark regions in Fig. 3a and b. The reference spectra of NiO and metallic
Ni before and after complete reduction, are presented in Fig. 3c. The
pores do not only propagate perpendicular to the surface of the lamella
but also sideways forming channels which are clearly visible in Fig. 3a.
NiO is detected at the edges of the channels and pores formed during the
reduction. Ni grains are completely reduced after the sample was sub-
jected to 40 kPa Hy and a temperature of 650 °C during second reduction
step (see Supplementary information).

3.4. Ni microstructure during first in-situ reduction scheme

According to the grain orientation map of the NiO/YSZ electrode
before reduction in Fig. 2a, all the grain or phase boundaries have
misorientations of more than 15°. Fig. 4 shows the grain orientation of
Ni-containing grains before (a) and after each reduction step (b-d)
included in the first reduction scheme. YSZ grains are removed from the
crystal orientation maps for clarity. The corresponding HAADF-STEM
images (e-h) are presented below each orientation map. The initial
NiO grains in the polycrystal have an average diameter of about 800 nm.
After the exposure to 27 kPa H; and the temperature increase to 500 °C
(Fig. 4b) during the first step of reduction, Ni nanocrystals with an
average diameter of about 100 nm develop. They form in the place of the
initially large NiO grains. The Ni-nanocrystals are randomly oriented
after the reduction. Thus, there is no preferred orientation relation be-
tween the initial NiO grains and the final Ni-nanograins.

Subsequent reduction at 40 kPa Hy and 650 °C (Fig. 4c) leads to the
increase of the average nanocrystal Ni grain size to 170 nm. This is
attributed to Ni-grain growth and coarsening. The final reduction step at
850 °C and 100 kPa Hj (Fig. 4d) causes further coarsening of the Ni
grains, leading to an average domain size of about 340 nm.

During the second reduction step, we observe the volume decrease of
the Ni grains with respect to the initial NiO grains by pore formation.


https://doi.org/10.1016/j.jpowsour.2024.235626
https://doi.org/10.1016/j.jpowsour.2024.235626
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364 °C

(caption on next column)
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Fig. 2. Reduction of NiO/YSZ and pure Ni. a. Grain orientation in NiO/YSZ
cermet before the reduction in H,. b. Grain orientation in pure NiO before the
reduction in H,, Both a and b are mapped with ASTAR precession electron diffrac-
tion. Dimensions of images a and b are the same as on c and d, correspondingly. c,e,g,
i. HAADF STEM image series taken at different temperatures and 27 kPa H pressure
during in-situ reduction of NiO/YSZ. The phase boundaries between NiO, and YSZ
are marked with dark green and grain boundaries between NiO,/NiOy or YSZ/YSZ
are marked with black lines. d, f, h, k. ADF STEM image series taken at different
temperatures and 27 kPa H, pressure during in-situ reduction of pure NiO in the
presence of 27 kPa H,. Yellow dots indicate the start of NiO reduction at the triple
junctions between NiO and YSZ grains, or NiO/NiO grains in case of pure Ni. Light
green lines indicate the start of reduction at grain boundaries in case of pure NiO.
Blue dots mark another starting point of NiO reduction: middle of NiO grain
(possibly, crystalline defects or FIB artefact induced site). White arrows indicate the
ciirection of the reduction front.

Small pores formed during the initial reduction step, grow in size with
the raise of temperature, as shown in the HAADF-STEM images in the
second row of Fig. 4e-h.

At first, Ni-nanograin coarsening is accompanied by an increase of
the number of larger pores while smaller ones vanish. After exposure to
100 kPa H; and 850 °C during the last reduction step, the pores inside Ni
grains disappear (Fig. 4h). The gap between the initial phase boundaries
of NiO and YSZ grow with the subsequent reduction steps, as visible in
the HAADF images in the second row of Fig. 4, especially for the image
taken after the last reduction step at 850 °C (Fig. 4h).

The slight tilt of TEM lamella, visible by the loss in sharpness in the
HAADF STEM image in Fig. 4h, is caused by exposure to high temper-
atures and stresses arising during reduction. The vertical stripes visible
in the HAADF-STEM images, result from the FIB curtaining artefact [48].

Like for the fuel cell electrode reduction, in the pure NiO sample
individual grains become nanocrystalline and porous after the first
reduction step with an average grain size of about 120 nm. With the
absence of support structure of YSZ network, Ni grains lose connection
between each other above 600 °C during the reduction step 2 at 40 kPa
Hp. This leads to the fragmentation of the lamella. Grain orientation of
NiOy after reduction at 500 °C and 27 kPa Hj is given in the Supple-
mentary information.

3.5. Ni microstructure after the second and third in-situ reduction
schemes

The microstructure of the sample before and after reduction is shown
in Fig. 5a and b. The kinetics of the reduction is extremely fast at 850 °C
and 40 kPa Hy. Just 5 s after hydrogen gas introduction to the preheated
sample, the whole surface of NiOy grains becomes porous. A slight in-
crease in the pore size and minor grain shrinkage were observed after
maintaining the sample under the same conditions for 5 min. A rapid
change in the microstructure at the very beginning of the gas intro-
duction, followed by only minor changes, suggests that the reduction
mostly happens within first 5-20 s. The images demonstrating the in-
termediate changes in the NiOy/YSZ microstructure are given in the
Supplementary information. Fig. 5c and d demonstrates the grain ori-
entations of NiO before reduction and Ni after reduction at 850 °C.
Remarkably, each Ni grain remains single crystalline after the reduction.
Large pores can be observed in the reduced Ni. Contradictory to the
previous case, the pores do not disappear even after the exposure to high
temperatures and high hydrogen pressures for 30 min (see Supplemen-
tary information).

The results of the third reduction scheme are demonstrated on Fig. 6.
Intermediate drop in temperature to 400 °C from 850 °C led to the
formation of the nanocrystalline Ni and almost complete absence of
pores in the reduced Ni. Significant changes in the microstructure and
volume of NiOy grains during cooling and subsequent reheating indicate
that the reduction was still ongoing (see Supplementary information).
White lines in Fig. 6d demonstrate a high number of FCC twins which
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Fig. 3. EELS mapping of the partially reduced NiOy grain. a. HAADF STEM
image of Ni grain bordering YSZ after first reduction step with H, pressure of
27 kPa and temperature increase from 200 °C to 500 °C. b. EELS map of Ni
oxidation state at the same area as in a. Oxidation state of Ni is determined with
the reference fitting. c. Reference spectra of Ni L-edges are extracted from the
same sample before reduction (NiO) and after complete reduction (metallic Ni)
after step 3.

After reduction at
500 °C and 27 kPa H»
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Journal of Power Sources 625 (2025) 235626

could be attributed to >3 {111} twin boundaries, appeared after the
reduction.

The connection between Ni and YSZ is preserved better after the
second and third reduction schemes than after the first.

3.6. In-situ vs. ex-situ reduction

The microstructures of the Ni/YSZ electrodes reduced ex-situ at
580 °C (Supplementary information) and in-situ at 500 °C (Figs. 3 and 4)
are very similar: porous, nanocrystalline, not completely reduced and
with a wide gap between Ni and YSZ.

After the ex-situ reduction at 800 °C Ni is completely reduced
forming individual nanocrystalline Ni grains, which show brighter or
darker gray diffraction contrast in ADF-STEM image in Fig. 8a while YSZ
looks uniformly gray at the same image. Defects such as dislocations and
small pores, are visible in the ex-situ and in-situ samples (Supplementary
information). After the second in-situ reduction scheme, Ni preserved
single crystalline orientation of the initial NiO grains and remained
porous which differs from the ex-situ results.

After the first reduction scheme, the gap is present along all of the
Ni/YSZ boundaries (Fig. 4h). After the second and third reduction
scheme better connection can be observed between Ni and YSZ in
Figs. 5b and 6b. In case of the ex-situ-reduction, the gap exists only along
large pores which, probably, are formed in a place of the pre-existing
pore network, where NiO came in contact with the Hy during initial
reduction (Fig. 8a). Otherwise, the interface between Ni and YSZ is
crystalline as can be seen in Supplementary Information.

4. Discussion
4.1. Reduction mechanism

Due to the very small thickness of TEM lamellas below 100-150 nm,
we assume that the reduction kinetics of NiO/YSZ during in-situ TEM
experiment is mostly governed by nucleation [22] and can be described
by JMAK model [25-27]. The kinetics of Ni reduction at different
temperatures plays a major role in NiO/YSZ reduction mechanism. With
three different reduction schemes we obtain contrasting final micro-
structures and morphologies of Ni. The reduction conditions also

After reduction at After reduction at

850 °C and 100 kPa H,

>

Fig. 4. Grain orientation mapping of Ni-containing grains (a—d) with corresponding HAADF STEM images (e-h) before and after three reduction steps for
the first reduction scheme (see Fig. 1). Individual NiO grains become nanocrystalline after reduction. Large pores develop inside the initial NiO-grain regions and

at the phase and grain boundaries.



S. Korneychuk et al.

![b).

Journal of Power Sources 625 (2025) 235626

218 2%y
AR

111

001 4l 101

Fig. 5. ADF STEM images (a,b) before and after second reduction scheme with corresponding grain orientation mapping of Ni-containing grains (c,d). Ni
grains preserved single crystallinity of NiO grains. Ni grains overlapping with YSZ are excluded from the grain orientation maps. The difference in orientation
between NiO and Ni grains can be explained by the tilt of the TEM lamella which happened due to mechanical stresses during the exposure to high temperatures.

influence the quality of the interface between Ni and YSZ or connectivity
of Ni grains. Within the chosen range of hydrogen pressures from 27 kPa
to 101 kPa, temperature plays a major role in the reduction kinetics. As
mentioned in the introduction, formation of the Ni nuclei is strongly
affected by the temperature. With the temperature rise, the amount of
initial Ni nuclei increases and nucleation can start not only at the pha-
se/grain boundaries but also at the whole surface of the grains [28]. A
sketch of the mechanisms taking place at different temperatures, is
presented in Fig. 7.

For the first reduction scheme, the formation of nanocrystalline Ni in
place of the initial NiO grains hints at multiple but sparse nucleation
points. First nuclei are formed at triple junctions between NiO and YSZ
grains and phase/grain boundaries (see Fig. 2). NiO reduction at the
nucleus sites leads to the local lattice shrinkage and elastic stress. Stress
release is associated with the formation of pores [49] visible in Figs. 2
and 3 and dislocations (see Supplementary Information). Further
NiO-reduction at the hydrogen gas and NiO interface leads to pore
extension and pore channel formation. Interface between reduced Ni
and NiO has a higher amount of oxygen or nickel vacancies due to the
lattice mismatch. It has been shown that the oxygen can be transferred
from NiO to Ni easier in the presence of oxygen vacancy [50,51] and Ni
can diffuse into NiO in the presence of Ni vacancy [51]. Therefore, the
pore formation could also be promoted by the diffusion of vacancies at
the reduction front between NiO and Ni. The reaction front propagates
from the initial nucleation sites at triple junctions between NiO/YSZ
grains and phase/grain boundaries towards the inside of the grains
confirming the autocatalytic nature of this reaction. Initial nickel

clusters rotate with respect to the NiO lattice forming nanocrystalline
microstructure of the reduced Ni.

In a few instances, the reduction started in the middle of the NiO
grain in the NiO/YSZ electrode (Fig. 2b). This could be an effect related
to the TEM lamella: the location is found in vicinity to the FIB curtaining
artefact which might have created sharp edges in the middle of NiO
grain. Angelis et al. [52] suggested that during reduction NiO/YSZ the
system tends to minimize the surface energy of reducing Ni by elimi-
nating sharp edges and minimizing surface curvatures. Therefore, the
initiation of reduction at the sharp edges created by FIB preparation,
may also be linked to the surface energy minimization process. The
presence of crystallographic defects inside NiO grain such as oxygen
vacancies, offers an alternative explanation. As mentioned above, NiO
reduction process observed in this work is similar in NiO/YSZ and pure
NiO in the range of 200-500 °C. We observe the start of the reduction at
the triple junctions followed by phase boundaries (when YSZ is present)
and then grain boundaries (see video in the attachment). Higher energy
regions might promote local energy reduction by the formation of a new
phase, in this case the Ni-phase. Experimental studies in metallic copper
[53] confirm that triple junctions can have higher energy than grain
boundaries. The energies of the phase boundaries in ceramics can also
have higher energies that grain boundaries [54]. Higher amount of de-
fects at triple junctions and phase/grain boundaries [55], in particular
oxygen vacancies in NiO, can also promote the start of the reduction in
these regions [50,56].

The reduction of pure NiO started at higher temperature of 320 °C
compared to 260 °C for NiO in YSZ. The onset of reduction at earlier
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Fig. 6. ADF STEM images (a,b) before and after third reduction scheme with corresponding grain orientation mapping of Ni-containing grains (c,d). Ni
grains became nanocrystalline after the lowering the temperature to 400 °C from 850 °C in the middle of the reduction.

temperatures in the fuel electrode suggests higher excess energies of the
triple junctions between NiO and YSZ than pure NiO/NiO triple junc-
tions leading to formation of Ni nuclei at lower temperatures. Transfer of
oxygen ions to the ion conductor YSZ was proposed by Jeangros et al.
[32] as one of the contributors to NiO reduction in the YSZ matrix. This
could be another factor contributing to the onset of the reduction at
lower temperatures in NiO/YSZ compared to pure NiO.

The reduction of NiO/YSZ at 850 °C during second reduction scheme
resulted in the preservation of the single crystallinity in almost every
reduced Ni grain. This suggests that a homogeneous reduction front with
closely spaced Ni nuclei propagates through the initial NiO grains
without breaking the single crystallinity as shown in Fig. 7. Interestingly
enough, initial grain boundaries in NiO in most cases remain in the same
place in the reduced Ni, possibly serving as a barrier for the propagation
of the reduction front. Differently from the first reduction scheme, Ni
grains are still porous after the reduction at 850 °C suggesting that the
single crystallinity of each grain prevented them from coarsening.
Notably, the creation of pores does not lead to the rotation or inter-
ruption of the reduction front, at least at high temperatures.

As can be seen in Fig. 5, after the reduction many of the Ni grains,
even with high angle grain boundaries remained connected to each
other. Contradictory to that, after the reduction at low temperatures the
connection between Ni grains is destroyed (Figs. 4 and 7). Good
connection between two Ni grains in Ni/YSZ fuel electrode was observed
in the literature [32] only for low angle coherent grain boundaries in

Ni/YSZ after reduction at low temperatures and low hydrogen pressures.

The reduction of temperature from 850 °C to 400 °C during the third
reduction scheme led to the formation of the nanocrystalline micro-
structure in the reduced Ni grains. Possible mechanism could be
described as follows: the number of newly formed Ni nuclei decreases
with the temperature reduction leading to the interruption of the ho-
mogeneous reduction front and rotation of newly forming Ni clusters
with respect to the NiO lattice. This support the hypnosis of Manukyan
[28] that the Ni nuclei should be closely spaced for the preservation of
single crystallinity. After ramping the temperature back up to 850 °C,
the final Ni microstructure contains a large number of FCC twin
boundaries, possibly Y3 {111} type marked with white lines in Fig. 6.
Presence of the twin boundaries can modify mechanical [57] and elec-
trical [58] properties of Ni. Hydrogen is known to reduce the energy
formation of stacking faults and promote mechanical twinning in steels
[59,60]. However, formation of twins was not observed during the first
scheme when the sample with nanocrystalline Ni was cooled down for
analysis and then subsequently re-heated with the same heating rate in
between steps 1 and 2 or 2 and 3. In case of the third reduction scheme,
twin formation induced by hydrogen may also arise from higher me-
chanical stresses compared to the first reduction scheme. These stresses
could appear due to the interruption of the homogeneous reduction
front between the already reduced epitaxial single-crystalline Ni layer
and the remaining NiOx during sample cooling to 400 °C and subsequent
reheating (see Fig. 7).
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Fig. 7. A sketch of the NiO/YSZ reduction mechanisms taking place during three reduction schemes carried out with the in-situ TEM, compared to the ex-situ
reduction of the bulk NiO/YSZ mechanism at high temperatures.
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Fig. 8. Microstructure of Ni-YSZ after reduction ex-situ and in-situ. a. ADF-STEM image of Ni/YSZ electrode of a SOC reduced ex-situ at 800 °C. b. ADF-STEM
image of Ni/YSZ electrode reduced in-situ using a first reduction scheme, with a gradual increase of temperature: 200 °C — 650 °C — 850 °C. c¢. ADF-STEM image of
Ni/YSZ electrode reduced in-situ with a second reduction scheme at 850 °C. d. ADF-STEM image of Ni/YSZ electrode reduced in-situ with a third reduction scheme
starting at 850 °C, decreasing the temperature to 400 °C with a consequent increase back to 850 °C.

After the third reduction scheme Ni does not contain pores. The coarsening.
disappearance of the pores is linked to the exposure of nanocrystalline
Ni to high temperatures as shown in the first and confirmed with the 4.2. Influence of the in-situ TEM conditions on the reaction process
third reduction schemes. In the second case, single crystalline Ni grains
remain porous, at least in the time frame of the experiment. Therefore, Small sizes of the TEM lamella and sample interaction with the

nanocrystallinity of Ni can be one of the main factors in Ni grain electron beam can alter the processes observed with in-situ TEM from the
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bulk case. For example, after reduction in TEM at 850 °C individual Ni
grains remained single crystalline and porous. On the other hand, after
ex-situ reduction, Ni became nanocrystalline without the presence of the
large pores. In this case, the size of the sample clearly plays a major role.
In the bulk NiO/YSZ material for fuel electrode NiO grains are about 1-2
pm in size. The reduction of NiO in this material can be approximated
with a shrinking core model [61] where the diffusion of hydrogen
through already reduced Ni to the core of the grain starts to be a limiting
factor for the reaction speed as illustrated in Fig. 7. On the other hand,
the thickness of a standard TEM lamella is below 100-150 nm. Ac-
cording to Richardson et al. [22], the shape and size of nanoparticles
with diameters of 7-163 nm do not impact the reaction speed. The total
surface of NiO grains initially exposed to hydrogen can also contribute to
the reduction kinetic. In case of the TEM experiment, the whole surface
of the sample is exposed to hydrogen creating more nucleation points at
the surface of the grain at high temperatures.

In the bulk cell, hydrogen is supplied to NiO trough the 3D network
of pores, limiting the contact areas. Extrapolating the TEM reduction
results to bulk SOC, at low reduction temperatures (200-500 °C), the
NiO/YSZ reduction would initiate primarily at triple junctions and phase
boundaries that are exposed to hydrogen through the 3D pore network.
In contrast, at higher temperatures (around 850 °C), the reduction
would begin across the entire surface of the NiO grains in contact with
hydrogen.

Electron beam could create oxygen vacancies in NiO [62] which
facilitate the dissociation of hydrogen molecules at the surface of NiO. In
the previous studies, the influence of the electron beam on NiO reduc-
tion was found insignificant [36]. However, preservation of the single
crystallinity of each individual NiO grain was observed in the literature
only above 900 °C at similar hydrogen pressures. Single crystallinity of
Ni grains detected in this work after reduction at lower temperatures of
850 °C can be explained firstly, by the small sizes of the TEM lamella
and, secondly, by the higher amount of oxygen vacancies accelerating
the reduction process.

4.3. Influence of the reduction process on triple phase boundaries

The microstructure of the Ni/YSZ electrode reduced ex-situ at
different temperatures suggests that the initial reduction temperature is
very important with respect to the length, density and good crystalline
connection between solid phases of the TPBs - Ni/YSZ/gas phase - in the
solid oxide cell. Reduction at 580 °C leads to a wide gap between Ni and
YSZ, making TPBs almost non-existent. This would lead to a comparably
insufficient electrochemical performance of the cell. This gap is defi-
nitely created by the start of the reduction at the grain boundaries.
According to in-situ experiment, further increase of temperature during
reduction induces the coarsening of the Ni grains but does not seal the
gap between Ni and YSZ (see Figs. 4 and 7). On the other hand, TPBs
created in the sample reduced ex-situ at 800 °C, are of comparably good
quality. In-situ results confirm that high initial reduction temperatures
are preferred for better Ni-YSZ interface quality. Moreover, the quick
drop of temperature during the reduction does not affect final Ni-YSZ
interface quality but modifies the microstructure of the reduced Ni.
This intentional modification could be adopted in bulk SOCs with the
adjustments of temperature and time of the reduction.

In conclusion, faster reduction kinetics and initiation of the reduc-
tion at the whole interface between NiO and gas contribute to the higher
TPBs length and density together with better crystalline connection
between solid phases. The quality of TPB is known as one of the major
factors in the SOC performance and degradation mechanism [63].
Therefore, the higher initial reduction temperatures should be preferred.

5. Conclusions

With in-situ gas TEM performed at real conditions, we observe the
NiO reduction in a NiO/YSZ fuel cell electrode at different temperatures
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in real time. We show the importance of closely replicating the exact
conditions of bulk NiO/YSZ reduction with in-situ TEM by demon-
strating the detrimental effect of temperature on the final Ni micro-
structure with three reduction schemes at relevant hydrogen pressures.
Broadening the range of temperature and pressure allows us to obtain a
clearer and more relevant picture of Ni/YSZ reduction at the nanoscale
re-evaluating previous results obtained in ETEM.

For the first time, we demonstrate that initial high reduction tem-
peratures at relevant hydrogen pressures of about 40 kPa Hj lead to the
preservation of single crystallinity in each Ni grain, better connection
between Ni grains and superior quality of Ni/YSZ interface.

At high temperatures, nanocrystallinity of the reduced Ni can be one
of the main forces in the grain coarsening causing the grain shrinkage
and the disappearance of pores.

By comparing direct in-situ observations and ex-situ analysis, we
demonstrate that the starting reduction temperature has a detrimental
effect on the final length of the triple phase boundaries and the
connection between Ni and YSZ. In the temperature range between 200
and 500 °C the in-situ reduction starts from the NiO/YSZ triple junctions,
then from phase boundaries followed by the grain boundaries creating a
wide gap between Ni and YSZ, also observed in the literature on NiO/
YSZ reduction in ETEM. Novel in-situ TEM results from this work show
that the reduction of NiO/YSZ at high temperatures of 800-850 °C and
relevant for SOC hydrogen pressures starts from the whole interface
between NiO and gas leading to the better Ni-YSZ connection. Real-time
in-situ TEM observations provide deeper insights into NiO/YSZ reduc-
tion, confirming the literature evidence that higher reduction temper-
atures result in an improved Ni/YSZ interface. Initial superior triple
phase boundary quality obtained at higher temperatures can potentially
enhance the performance of the electrode.

6. Future prospects

The outcome of this work could be applied to the production of
various types of fuel electrodes that require NiO reduction. In addition to
the general conclusion that higher reduction temperatures result in an
improved interface between Ni and the solid electrolyte, the Ni micro-
structure could also be tailored. For example, to replicate the single
crystallinity of each Ni grain in the bulk cell, higher temperatures may
be required or/and larger contact areas between NiO and gas. However,
the in-situ reduction conditions from this work could be directly repli-
cated to achieve a desired microstructure for the production of Ni nano-
electrodes due to their small size, similar to the TEM lamella. The in-
termediate short reduction of temperature could be used to produce
twins in Ni preserving the quality of Ni/YSZ interface.
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