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Abstract

In solid oxide cell (SOC) electrodes, nickel oxide reduction is a fundamental step occurring during 

the initial stages of cell operation. The reduction procedure is considered to be crucial in producing 

the final fuel electrode microstructure. This work studies the reduction reaction occurring in a SOC 

fuel electrode by means of X-ray ptychographic nanotomography. The same microstructure is 
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analyzed in its pristine state and after 1h of reduction at 850°C, in dry hydrogen. The microstructure 

evolution is discussed in terms of changes in volume fractions, surface areas, and connectivity of the 

different constituent materials. The pore network in the unreduced cermet is revealed to be fully 

isolated, implying that reduction proceeds inwards from the edges of the sample towards the center. 

For the given experimental conditions we report that reduction is complete after 1 h of treatment but 

the resulting nickel network is not yet percolated and detached from the yttria-stabilized zirconia.    
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1. Introduction

Solid oxide cells (SOC) are promising electrochemical devices able to efficiently convert chemical 

energy to electrical energy and vice-versa. Among the advantages of SOC technology is the use of 

inexpensive materials and the flexibility of using a large variety of fuels [1–3] (e.g CO, H2 and CH4). 

The state-of-the-art SOC fuel electrode design is based on porous ceramic-metal (cermet) composite, 

made of yttria-stabilized zirconia (YSZ) and metallic Ni. During production, NiO particles are 

sintered together with the YSZ. Subsequently, the NiO oxide is reduced to metallic Ni during the first 

stages of the cell operation [4].  

NiO reduction results in a volume reduction of ~41% during the conversion of NiO to Ni [1]. As a 

consequence, new porosity is created leading to the formation of additional active sites (triple phase 

boundaries). In previous works, it has been reported that different reduction conditions lead to 

different cell microstructure [4–6]. It is also shown that the morphology of the initial microstructure 

after reduction, influences the long-term nickel coarsening [7]. Therefore, a deeper understanding of 

the nickel reduction in real Ni-YSZ electrodes is crucial for designing long-lasting SOC fuel 

electrodes.



Dynamical observation of NiO reduction has been performed by neutron radiography [8,9], 

environmental scanning electron microscopy (ESEM) [10] and more recently, by environmental 

transmission electron microscopy (ETEM) [11,12]. ETEM analysis can provide precious information, 

ranging from changes in crystallographic orientation during reduction to following chemical reactions 

and morphological rearrangement at the nanometer scale. However, only 2D information can be 

obtained and strict requirements on the sample dimensions pose problems of samples 

representativeness. 

In our previous works, we demonstrated that ptychographic X-ray computed tomography (PXCT) is 

a valuable tool for investigating the degradation mechanisms for SOCs and their effect on the cell 

active layer microstructure [13,14].      

Here, we present an ex-situ reduction experiment where the active NiO-YSZ layer of a SOC electrode 

is first analyzed in its pristine state and subsequently after reduction, with the aim to describe the 

reduction process in a real SOC electrode, under realistic conditions.  

2. Experimental 

The sample was prepared from a typical NiO-3YSZ (Yttria-Stabilized-Zirconia, mol. 3%Y2O3) anode 

supported SOFC half-cell. Details of the cell production can be found elsewhere [15]. The sample 

was extracted from the functional layer (NiO-8YSZ), using precision polishing and FIB milling 

(CrossBeam X1540, Zeiss) to reach a final cylindrical pillar, ~14 µm in diameter and ~15 µm in 

height. The sample was mounted on a copper sample pin [16]. Details on the sample preparation can 

be found in our previous works [13,14].

The PXCT experiment was performed at the X12SA (cSAXS) beamline at the Swiss Light Source, 

Paul Scherrer Institute, Switzerland using the instrumentation described in [17]. The ptychographic 



measurement was carried out at 7.2 keV with a scanning field of view of 19 by 11 µm. Diffraction 

patterns with sizes of 400×400 pixels were used in the ptychographic reconstruction, giving an object 

pixel size of ~33.7 nm. For each dataset, 500 projections over an angular range of 180° were collected. 

The ptychographic and tomographic reconstruction followed the scheme described in [18].

The sample was initially imaged in its pristine state (NiO-YSZ) and then subsequently after reduction 

in a gas mixture of 5% H2 and 95% N2. The sample was heated in a reducing atmosphere until it 

reached 850°C. Subsequently, it was kept at 850°C for one hour and then cooled to room temperature. 

The treatment was conducted in a small custom-made tube furnace with a flow rate of   5 l/h. The 

ramping rate was 10 °C /min for both heating and cooling.

The two datasets were registered performing two rigid transformations. First, a coarse registration 

was performed by a manual alignment of the external shape of the reduced volume to the oxidized 

volume as well as the interface to the dense YSZ electrolyte. The volumes center of mass and axis of 

inertia were also registered. Secondly, a final rigid transformation was determined by the iterative 

closest point algorithm [19].  The raw volumes [20] were segmented using a 2D histogram 

thresholding procedure [13]. Microstructural quantitative characterization of particle sizes, interface 

areas and connectivity were calculated as described elsewhere [14,21]. For the connectivity analysis, 

regions of the analyzed phase are considered isolated if there is no connection between two opposite 

sides of the volume. Particle sphericity is a measure of how closely the shape of a particle approaches 

the shape of a perfect sphere. The sphericity S of isolated particles is computed using equation 1:

 (1)𝑆 =
𝜋

1
3(6𝑉𝑝)

2
3

𝑆𝑝

where  is the volume of the particle and  its surface area [22]. 𝑉𝑝 𝑆𝑝



The registration of the two tomography datasets was performed using the commercial software Avizo 

9.2.0 (Thermo Scientific™) for the manual coarse alignment. The MATLAB® implementation of the 

iterative closest point algorithm [23] was used for the final fine alignment. Other in-house MATLAB 

scripts were subsequently used for segmentation and microstructural characterization.  

3. Results and discussion

Figure 1 shows the effect of the reduction on the microstructure, presenting the same slice from a 

sub-volume of the two spatially registered 3D datasets. 

Figure 1.  Representative slices from the spatially registered 3D volumes at identical locations in the electrode in the pristine 
state (a) and after reduction (b). In (a), the bright phase is NiO while in (b) the bright phase is metallic Ni. In (a) and (b) the 
grey phase is the YSZ while the black phase represents the pores.  The red circles indicate example locations where the effect 
of reduction is visible. The color scale indicates the electron density.

The original microstructure in its pristine state (Figure 1a) is directly compared with the reduced state, 

after 1 h of treatment in H2 at 850 °C (Figure 1b).  The evolution of the chemical compositions of the 

constituent electrode materials can be analyzed calculating the mass density from the datasets as in 

[24]. Taking the corresponding peaks and the width at the half-height of the electron density 

histograms, we can calculate a mass density of 6.6 ± 0.3 g/cm3 for NiO and 5.8 ± 0.4 g/cm3 for the 

YSZ. These values are in good agreement with the theoretical mass densities of 6.6 and 6.1 g/cm3 



respectively. It is worth mentioning that, as expected, the measured YSZ electron density is identical 

in the two volumes. After reduction, we detect a mass density of 8.6 ± 0.3 g/cm3 for nickel, compared 

to 8.9 g/cm3 of the theoretical value.

Using the Fourier shell correlation method according to [18], the isotropic 3D resolution of the 

pristine (NiO/YSZ) and reduced (Ni/YSZ) tomograms was determined to be 53.1 nm and 45.7 nm 

respectively. The lower resolution in the oxidized state is most likely due to the relatively lower 

electron density contrast between NiO and YSZ with respect to Ni and YSZ as revealed by Figure 1.

From Figure 1, for the given experimental conditions, the four following qualitative observations can 

be made: 

1. The YSZ network remains unchanged during reduction

2. Additional porosity is formed during reduction

3. The resulting nickel particles appear rounded and detached from the YSZ network

4. The NiO network evolves into more fragmented Ni particles

For the analysis of the microstructure, the largest possible sub-volume (~ 7 x 8 x 10 m) was 

extracted from a region close to the dense electrolyte. The microstructural parameters before and 

after reduction are summarized in Table 1.

The comparison reported in Table 1 is made on the same region of the electrode and it is, therefore, 

contrary to post-mortem analyses free from issues resulting from sample-to-sample variations. 

However, errors may arise from imperfect alignment and irreproducibility in the segmentation 

procedure. To provide an indication of the magnitude of these errors, we analyze the differences in 

the total YSZ surface area, which should remain unchanged after reduction. The relative difference 

in the YSZ total interface area is 5.5 % which we attribute primarily to the difference in contrast level 



of NiO/Ni relative to YSZ. From image analysis, we calculate a NiO/YSZ ratio of 54/46 %, with an 

error of ~6% compared to the 60/40 % ratio based on production parameters. These volume averaged 

values of YSZ surface area and phase fractions are consistent with our previous works [13,20] and 

with other reports (e.g. [15,25]) on nominally identical pre-pilot production scale Ni-YSZ electrodes, 

implying that the manufacturing process produces microstructurally homogeneous electrodes.

Table 1. Calculated microstructure parameters for the sample in the pristine and reduced state.

Pristine 
NiO-YSZ

Reduced
Ni-YSZ

Relative 
difference [%]

Phase  fractions
(NiO/Ni) [-] 0.48 0.29 -39.58
YSZ [-] 0.41 0.41 0.00
Pore [-] 0.11 0.30 172.73
Connected (NiO/Ni) [-]* 0.99 0.00 -
Connected YSZ [-] 0.99 0.99 0.00
Connected Pores [-]* 0.00 0.99 -
Volume-specific surface areas
Pore/YSZ interface [µm2/ µm3] 0.48 1.68 250.00
Pore/(NiO-Ni) interface [µm2/ µm3] 0.54 1.42 162.96
(NiO-Ni)/YSZ interface [µm2/ µm3] 1.52 0.41 -73.03
Pore interface [µm2/ µm3] 1.01 3.11 207.92
YSZ interface [µm2/ µm3] 1.99 2.10 5.53
(NiO-Ni) interface [µm2/ µm3] 2.07 1.84 -11.11
TPB densities
Total [µm/ µm3]** 2.34 3.35 43.16
Percolating [ µm/ µm3]* 0.00 0.00 -

* Relative difference not defined here. 

** The pristine column refers to the density of the NiO-YSZ-Pore triple phase boundaries.

Table 1 shows that, upon reduction, there is a reduction in volume fraction from 48% NiO to 29% 

Ni, which is in excellent agreement with the difference in the molar volume of the two materials 

(0.604 ratio measured vs 0.600 theoretical). This confirms that the observation of change in electron 

density above is due to the completion of NiO reduction and does not indicate the presence of a large 

volume of sub-resolution nano-porosity. NiO reduction leads to the opening of new porosity, whos 



volume fraction increases from 11% in the pristine state to 30% in the reduced state in direct 

accordance with the change in molar volume of NiO. The increase in the pore fraction explains the 

increase in the overall pore surface area and Ni/pore interface area. The considerable decrease of 

NiO-Ni/YSZ surface area confirms that the resulting nickel network is detached from the YSZ 

network. Interestingly, this finding is in agreement with what we reported in [14], where the nickel 

network was detached from the YSZ at the end of a redox cycle. Table 1 reports that the total TPB 

length increases when passing from the pristine to the reduced state. In the pristine state, the NiO 

network completely wets the YSZ and presents high connectivity (see Table 1) but has limited pore 

access. Contrarily, after reduction, the Ni microstructure is highly fragmented and not percolated 

(Table 1 and Figure 3b). The fragmentation of the resulting nickel network produces new TPBs. 

However, the lack of connectivity for the Ni phase electrochemically deactivates all the TPBs in the 

microstructure (see Table 1).  

PXCT allows the determination of material electron density [24]  and offers the unique capability of 

coupling information on chemical composition and morphology at high resolution in three 

dimensions. Ideal locations for monitoring the reduction reaction in a real SOC fuel electrode are 

isolated NiO particles. In fact, regions of interest (ROI) can be identified inside the electrode where 

the isolated particles are fully enclosed within the ROI. In this case, the effects of the chemical 

reaction on the particle morphology are independent of the conditions at the ROI boundary and 

quantitative information such as reduction in volume, surface area or particle sphericity can be 

precisely obtained. Figure 2 shows a study of the reduction reaction and the evolution of sphericity 

based on image analysis.              

The reduction reaction follows the following formula:



𝑁𝑖𝑂 + 𝐻2→ 𝑁𝑖 + 𝐻2𝑂 

where each mole of NiO is reduced to Ni. 

Figure 2. Evolution of one isolated particle from (a) pristine state to (b) reduced state. In (a) the YSZ is presented in grey, the 
NiO in green and the pores are transparent. In (b), Ni is presented in black. In the insets, the corresponding two-dimensional 
midplane slice from the raw data of each volume is shown.

The NiO particle presented in Figure 2 has a volume of 0.0961 µm3 which decreases to 0.0536 µm3 

after reduction. Therefore, we can calculate a reduction in volume from NiO to Ni of ~44%, close to 

the theoretical value of ~41%. Regarding the evolution of particle sphericity, the particle presents a 

sphericity of 0.91 in its pristine state which evolves to 0.96 in the reduced state. This process testifies 

that, after reduction, the particle is free to reduce its interface area and evolves towards a spherical 

shape to minimize its surface energy.  It should be noted that achieving a sphericity of 1.00 is unlikely 

due to the fact that the Ni particle remains bonded to the YSZ backbone and the probability that the 

local YSZ curvature matches the radius of the Ni particle is extremely low.

Information on how reduction proceeds within the sample can be obtained from the connectivity 

analysis of the pore phase in the pristine state. Figure 3a shows a plot of the pore network in the 



pristine state where where each connected component of the pore network is colored individually. As 

reported in Table 1, all the pores present in the analyzed volume are isolated in the pristine state. 

Despite the fact that no pores cross the volume in any of the three cartesian directions, a significant 

number of pores are intersected by the volume boundaries as can be seen in Figure 3a. Whether these 

particles would be connected to technological scale features, such as inlet and outlet gas channels, in 

a functioning electrode in the pre-reduced state is thus unknown. As no pores connect opposite sides 

of the volume over distances between 7 to 10 µm in any direction, it is expected that the majority of 

these pores are also disconnected from the sample extremities over significantly larger distances 

considering the relative homogeneity of the microstructure. During reduction, hydrogen molecules 

react with the exposed surface of the NiO network generating small Ni clusters [26]. Due to the 

volume contraction caused by reduction, new paths for H2 are created and the reaction proceeds 

inwards, producing a nano porous sponge-like structure within the newly formed Ni particles/network 

[12,27].  

Figure 3. Surface rendering of the (a) pore network in the pristine state and (b) nickel network in the reduced state. Connected 
regions are colored individually. 

Referring to the conditions of this experiment, since no pores transverse the entire volume there is no 

reducing gas flow to the center of the volume in the pristine state, only regions of the NiO network 



at the edge of the sample are in contact with hydrogen molecules. Therefore, we can conclude that 

the reaction proceeds inwards from the exterior towards the center of the sample. The contraction in 

volume due to the reduction of NiO to Ni opens new pathways for hydrogen molecules to reduce the 

inner regions of the sample until all the NiO is reduced to Ni. Therefore, we speculate that there is a 

reaction front, which proceeds inwards from the outer regions of the sample and its properties could 

significantly affect the final Ni-YSZ microstructure. 

Interestingly, Table 1 and Figure 3b show that, after reduction, the resulting nickel network is not 

percolated. Therefore, the resulting microstructure is not suitable for a working solid oxide cell since 

the electron transport is hindered by the lack of electron pathways.  

As discussed above, immediately after reduction, a nanoporous sponge-like nickel structure is formed  

[10,12]. Secondly, agglomeration occurs resulting in the formation of dense nickel particles [27]. For 

the conditions of this experiment, results show that the agglomeration leads to a non-percolating 

nickel network, mainly detached from the YSZ.

In order to gain additional information on the coarsening process immediately after reduction in 

addition to the kinetics of the reduction, time-dependent studies are required. Furthermore, 

monitoring the microstructure evolution during longer exposure times is required to assess how 

coarsening proceeds, leading to a more interconnected nickel network and thus an electrochemically 

active electrode. 

4. Conclusions

The evolution of the microstructure of a NiO-YSZ cermet for SOC fuel electrodes was studied by 

PXCT. The sample was first analyzed in its pristine state and subsequently after 1h of reduction at 

850°C, in dry hydrogen. 



The statistical analysis confirms that, after reduction, the pore fraction increases while the nickel 

volume decreases when compared to NiO in agreement with the theoretical molar volumes of NiO 

and Ni. In the reduced state, there is less Ni/YSZ interface area compared to the NiO/YSZ area in the 

pristine state, testifying that the nickel network is mainly detached from the YSZ. Furthermore, 

compared to the NiO network, nickel microstructure is more fragmented leading to an increase in 

TPB density. However, nickel particles are fully isolated rendering all the TPBs electrochemically 

inactive. The connectivity analysis of the NiO-YSZ pore network revealed all pores within the 

volume are disconnected in the pristine condition. Since reduction occurs at the NiO exposed surface, 

the reaction is concluded to start from the sample exterior and proceed towards the center, suggesting 

the existence of a reaction front.

Analyzing the shape and volume of isolated NiO particles reveals that particle volume conforms to 

the molar volume contraction upon reduction and that isolated particles increase their sphericity to 

minimize their surface area.

Finally, for the conditions of this experiment, the resulting nickel network after 1h of reduction was 

not percolated. Time-dependent studies are required to gain insights on the initial coarsening of nickel 

crystallites right after reduction. Furthermore, analysis of the microstructure after longer exposure 

times is necessary to asses if the coarsening proceeds, leading to a more connected nickel structure.      
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Pristine 
NiO-YSZ

Reduced
Ni-YSZ

Relative 
difference [%]

Phase  fractions
(NiO/Ni) [-] 0.48 0.29 -39
YSZ [-] 0.41 0.41 0
Pore [-] 0.11 0.30 172
Connected (NiO/Ni) [-]* 0.99 0.00 -
Connected YSZ [-] 0.99 0.99 0
Connected Pores [-]* 0.00 0.99 -
Volume-specific surface areas
Pore/YSZ interface [µm2/ µm3] 0.48 1.68 250
Pore/(NiO-Ni) interface [µm2/ µm3] 0.54 1.42 162
(NiO-Ni)/YSZ interface [µm2/ µm3] 1.52 0.41 -73
Pore interface [µm2/ µm3] 1.01 3.11 207
YSZ interface [µm2/ µm3] 1.99 2.10 5
(NiO-Ni) interface [µm2/ µm3] 2.07 1.84 -11
TPB densities
Total [µm/ µm3]** 2.34 3.35 43
Percolating [ µm/ µm3]* 0.00 0.00 -

* Relative difference not defined here. 

** The pristine column refers to the density of the NiO-YSZ-Pore triple phase boundaries






