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Abstract 

For a systematic materials selection and for design and synthesis of systems for electrochemical energy conversion 
with specific properties, it is essential to clarify the general relationship between physicochemical properties of the 
materials and the electrocatalytic performance and stability of the system or device. The design of highly performant 
and durable 3D electrocatalysts requires an optimized hierarchical morphology and surface structures with high activ-
ity. A systematic approach to determine the 3D morphology of hierarchically structured materials with high accuracy 
is described, based on a multi-scale X-ray tomography study. It is applied to a novel transition-metal-based materials 
system: MoNi4 electrocatalysts anchored on MoO2 cuboids aligned on Ni foam. The high accuracy of 3D morphologi-
cal data of the formed micro- and nanostructures is ensured by applying machine learning algorithms for the correc-
tion of imaging artefacts of high-resolution X-ray tomography such as beam hardening and for the compensation of 
experimental inaccuracies such as misalignment and motions of samples and tool components. This novel approach 
is validated based on the comparison of virtual cross-sections through the MoNi4 electrocatalysts and real FIB cross-
sections imaged in the SEM.
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Introduction
The development of technologies for the efficient use 
of renewable energies has become a research priority 
worldwide. For advanced electrochemical energy con-
version devices such as rechargeable metal–air batteries, 
regenerated fuel cells and water splitting devices, high-
performance and low-cost non-precious metal catalysts 
are of critical importance for pertinent electrochemical 

processes like oxygen reduction reaction (ORR), oxygen 
evolution reaction (OER) and hydrogen evolution reac-
tion (HER) [1].

A wide range of materials, especially various transi-
tion-metal (TM) based materials (e.g., Fe-, Co-, Mo-, 
Ni-, V-, Cu-based precursors) and metal-free carbon 
materials, have been regarded as promising economi-
cal and efficient replacements to conventional, expen-
sive precious-metal-based materials (e.g., Pt-, Pd-, Ir-, 
Au-, Ag-, Ru-based precursors). Some of these advanced 
electrocatalytically active materials outperform con-
ventional precursors, particularly considering proper-
ties like electrocatalytic activity and long-term stability 
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[1–3]. However, further systematic studies are needed to 
guarantee an efficient and durable operation during the 
requested lifetime of an energy conversion device.

Among the TMs, Ni and Mo have emerged as poten-
tial constituents because of their unique electronic 
properties and anticipated synergetic effects to alter 
significantly surface properties of materials to favor 
electrolysis. Ni atoms are characterized by a high reac-
tivity (Ni > Co > Fe > Mn), which is governed by the 
bond strength of OH–M2+δ, with 0 ≤ δ ≤ 1.5, energetics 
(Ni < Co < Fe < Mn), a trend which is independent of the 
source of the OH, i.e., either the supporting electrolyte 
(for the OER) or the water dissociation product (for the 
HER) [4]. Mo atoms have superior adsorption proper-
ties towards hydrogen. Consequently, Ni- or Mo-based 
electrocatalysts in the shape of alloys, nitrides, carbides, 
borides, phosphides, sulfides, selenides, oxides, hydrox-
ides and metal-organic frameworks (MOFs) [5] have 
been studied recently (see review [1]). Many of them have 
shown promising electrocatalytic activity towards ORR, 
OER and HER, as monofunctional or bifunctional mate-
rials. Particularly, reactivity and hydrogen adsorption are 
high for MoxNiy-based electrocatalysts [6].

For a systematic materials selection and for design and 
synthesis of systems for electrochemical energy conver-
sion with specific properties, it is essential to clarify the 
general relationship between physicochemical proper-
ties of the materials and the electrocatalytic performance 
and stability of the system or device. The following three 
aspects are important [7]:

•	 Firstly, the intrinsic properties of a component deter-
mine its activity and conductivity. Rational selection 
of components is beneficial for reducing overpoten-
tials and Tafel slopes, and for increasing catalytic cur-
rent density. Meanwhile, the incorporation of con-
ductive components facilitates fast electron transfer.

•	 Secondly, modification of the material’s morphology 
selectively exposes specific crystal faces with higher 
activity.

•	 Thirdly, the 3D porous structure with high sur-
face area can provide abundant active sites because 
favorable structures contribute to preventing 
agglomeration and can promote mass transfer (i.e., 
reactant diffusion and product release).

The high electrocatalytic efficiency of Mo–Ni-based 
alloy (MoxNiy) electrocatalysts for HER is based on 
their advantageous surface chemistry, i.e., the crystal-
line structure of the materials and the chemical bond-
ing (to improve intrinsic surface properties). The energy 
barrier of the prior Volmer step (electron-coupled water 
dissociation for the formation of adsorbed hydrogen) 

is significantly reduced for these alloys, and—because 
of the reduced Tafel slope—the subsequent Tafel-step 
determined HER process (combination of adsorbed 
hydrogen into molecular hydrogen) is accelerated under 
alkaline conditions [4].

In addition to the intrinsic properties of the constitu-
ent components, the materials’ morphology is another 
crucial factor in designing high-performance electro-
catalysts, as it closely correlates with exposed facets and 
active sites [8–10]. The design of robust 3D electrocata-
lysts with an optimized hierarchical morphology and 
surface structures with high activity, resulting in highly 
performant and durable systems, is a task that is expected 
to play an increasing role in the future [11]. Advanced 
electrocatalysts have to be designed in a way that the 
total number of accessible active sites and the intrinsic 
activity of each active site is high [12–16]. The morphol-
ogy of such hierarchically designed systems and respec-
tive materials can be tailored, e.g., by precursor templates 
with a high specific surface area and well-designed pore 
topology as well as nanosized electrochemically active 
particles (to increase the number of active catalytic sites) 
and with high ion diffusion (to improve the reaction 
kinetics). However, these nanostructures are intrinsically 
less stable than bulk metals or oxides [17, 18]. Therefore, 
their morphology has to be optimized balancing effi-
ciency and electrochemical stability. On the other hand, 
improving reaction kinetics will convey an operation at 
lower overpotentials for the same hydrogen production 
rate with beneficial effects on the durability [19]. Systems 
with a narrow size distribution of nano-sized particles, 
exposed electrocatalytically active edges and corners as 
well as the availability of internal and external surfaces in 
the hierarchical 3D system, provide enhanced ion diffu-
sion, improved activity and reasonable durability [20].

A hierarchical nanoarray grown on free-standing 
electrode structures offers many advantages for the 
development of new electrocatalyst systems [21]. These 
hierarchically grown nanoarrays exhibit high open vol-
ume (porosity), high surface area, and uneven surface 
characteristics which enables to achieve a high density of 
catalytic active site [22, 23]. Furthermore, these unique 
morphological traits can provide another captivating 
property known as superaerophobicity [24]. In-time 
repelling ability to as-generated gas bubbles from the sur-
face of the electrode allows a larger contact between elec-
trode and electrolyte which accelerates the mass transfer 
[24, 25]. Additionally, superaerophobic behavior reduces 
the ohmic drop by alleviating the adhesion of as-formed 
gas bubbles on the electrode during the electrocatalytic 
process [26].

Ni foam supported MoNi4 nanoparticles [6], 3D MoNi 
nanowires [27] and porous MoNi alloys [28] significantly 
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improved the HER activity. That means that bicontinu-
ous and monolithic 3D electrode catalysts provide high 
reaction kinetics. Recently, we demonstrated an efficient 
hydrogen production on MoNi4 electrocatalysts with 
fast water dissociation kinetics by anchoring numerous 
MoNi4 nanoparticles on MoO2 cuboids that are aligned 
on a conductive Ni foam [6]. Ni- and Mo-based oxides/
hydroxides were used for the construction of hierarchi-
cal P-doped Ni(OH)2/NiMoO4 Ni(OH)2 nanosheet arrays 
that were grown on Ni foam [21]. This electrocatalyst 
exhibited superior HER activity with a small overpoten-
tial and a low Tafel slope, and it can act also as an inte-
grated electrocatalyst towards overall water splitting with 
a cell voltage of only 1.55 V to achieve a current density 
of 10 mA cm−2 [21].

To develop and synthesize highly active and durable 
electrocatalyst materials, and particularly, to acceler-
ate their reaction kinetics, most of the published papers 
analyze the surface activity of the materials. Crystal-
line structure, (surface) valence states of the cations and 
chemical bonding of the advanced electrocatalytically 
active materials are characterized using X-ray diffraction 
(XRD) [29], transmission electron microscopy (TEM) 
[30], X-ray photoelectron spectroscopy (XPS) [31] and 
X-ray absorption spectroscopy (XAS) [32].

The morphology of the formed nanostructures deter-
mines quantities like total surface area of the electrocata-
lytic active material and fluid dynamics, which has to be 
controlled during the formation process because these 
quantities determine the total activity and durability of 
the materials and consequently the operational perfor-
mance and system stability. So far, the total surface area 
is often determined using the Brunauer–Emmett–Teller 
(BET) method, and the morphology of the nanostruc-
tures is usually discussed based on scanning electron 
microscopy (SEM) and TEM images, depending on the 
size of the structures and features to be imaged. These 
2D images provide shape information about the formed 
nanostructures, however, the particle size distribu-
tion cannot be determined easily for most of the types 
of morphology of nano-sized particles (see e.g., [19]). 
In some cases, an estimate of the average crystal size of 
the material can be derived from the broadening of XRD 
lines. Detailed 3D information about the morphology of 

the advanced electrocatalytically active materials that is 
needed to correlate with parameters that describe the 
performance and durability of electrocatalysts can be 
derived from tomography studies. Depending on the 
typical size of the studied objects, i.e., the electrocatalyst 
materials and the supporting structures, and the features 
of interest, electron tomography (ET) in the TEM or 
X-ray computed tomography (XCT), both nano-XCT and 
micro-XCT, are suitable technique to provide the mor-
phology of the (sub-)structures of the electrocatalytically 
active materials [33].

Multi-scale tomography is an approach that combines 
the 3D image information at several hierarchical lev-
els (typical feature size of structures). In Table  1, typi-
cal values for field-of-view (FOV) and spatial resolution 
are given for several tomography techniques. Given the 
typical resolution limits of X-ray computed tomography 
techniques in order to fully resolve the 3D morphology of 
hierarchical levels of a complex system, the combination 
of several techniques with different sample volume and 
resolution is required.

Nondestructively obtained 3D tomographic images of 
an object are generated by acquiring many projection 
images of a static object at several projection angles, and 
subsequently, by applying a reconstruction algorithm to 
these images. The limited-angle tomography approach 
(incomplete set of 2D images) [34], usually applied for 
electron tomography studies in the TEM because thinned 
lamellae are investigated, produces artefacts. In addition, 
artefacts caused by thermomechanical instability of tool 
components and sample motion, center of rotation mis-
alignment and imperfections in the detector such as off-
set (geometrical shift of the detector grid) can occur in 
all types of tomography [35]. However, unavoidable mis-
alignment and thermomechanical effects are more criti-
cal for imaging techniques with high spatial resolution, 
i.e., electron tomography in the TEM and nano-XCT in 
the transmission X-ray microscope (TXM). Therefore, 
for high spatial resolution tomography techniques, it is 
necessary but practically difficult or impossible to align 
the various system components with sub-micron preci-
sion. Therefore, the acquired projections usually do not 
match strictly the acquisition geometry as defined in the 
reconstruction algorithm. Consequently, the artefacts in 

Table 1  Comparison of X-ray computed tomography techniques

Method FOV Spatial resolution Energy Sample thickness

Micro-XCT 0.5–50 mm 30–0.7 μm 30–160 kV 0.5–70 mm

Laboratory nano-XCT 10–100 µm 30–100 nm 5–20 keV 50 µm–10 mm

Synchrotron radiation nano-XCT 5–100 µm 10–100 nm 0.1–20 keV 1 µm–10 mm

ET/TEM < 1–10 µm < 1 Å 1 keV–1 MeV < 150 nm
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the reconstructed images are an unwanted consequence 
of this mismatch. The image artifact can be defined as 
any variation between the reconstructed values in an 
image and the true attenuation coefficients of the object. 
Since image artifacts can seriously degrade the quality 
of the reconstructed image it is critical to understand 
the reasons behind the artifacts and how to prevent or 
to suppress them to minimize the variation between the 
reconstructed values in an image and the true attenua-
tion coefficients of the object. The Image reconstruction 
appears as be a powerful domain to address the issues of 
accuracy of the XCT technique.

In this work, we demonstrate how the 3D morphology 
of electrocatalyst supporting structures can be deter-
mined using micro-XCT and nano-XCT, including the 
application of machine learning algorithms for the gen-
eration of 3D geometrical data of the formed micro- and 
nanostructures with high accuracy. The obtained 3D 
reconstructed volumes are used to describe hierarchi-
cal structures. This multi-scale approach is proven for 
MoNi4 electrocatalysts anchored on MoO2 cuboids 
aligned on the conductive Ni foam.

Results
Micro‑XCT
For the projections acquired from micro-XCT, the recon-
struction was performed using the Feldkamp–Davis–
Kress (FDK) algorithm [36]. The imperfections in the 
acquired data were corrected by the procedure explained 
in methods section (Fig. 9). The size of the reconstructed 
volume is 19943 voxels and the voxel size is 0.44  μm. 
Reconstructed virtual cross-section images were taken 
after each step of the applied correction algorithm in 
Fig. 1. The proposed methodology successfully improved 
the reconstruction quality and effectively suppressed the 
artefacts. The center of rotation and the detector off-
set were calculated as − 3.6  μm and − 44.6  μm, respec-
tively. The visible ring artefacts that are associated with 
the defective and/or underperforming detector ele-
ments were eliminated from the reconstructed image 
after applying this correction. The motion compensation 
effectively suppresses the motion artefacts that occur as 
streaks and blur.

The obtained 3D volume information allowed us to 
describe the morphology of Ni foam and the attached 
MoO2 cuboids. The MoO2 cuboids grown vertically on 
the surface of Ni foam. Their shapes are resolvable from 
the reconstructed 3D volume as shown in Fig. 2.

Nano‑XCT
For the projections acquired from nano-XCT, the recon-
struction was performed using the Filtered-Back-Projec-
tion (FBP) algorithm [37]. In order to improve the quality 

of the acquired data, the workflow (Fig. 9) was applied as 
explained in the XCT image reconstruction section. The 
reconstructed virtual cross-section images from labora-
tory and from synchrotron radiation nano-XCT data 
are shown after each step of the applied correction algo-
rithms in Figs. 3 and 4, respectively.

The size of the reconstructed volume from data 
acquired using the laboratory nano-XCT tool is 5123 
voxels and voxel size is 31.9  nm. The center of rotation 
and the detector offset were calculated as − 1.1 μm and 
− 13.8  μm, respectively. The visible ring artefacts that 
are associated with the defective and/or underperform-
ing detector elements were eliminated from the recon-
structed image after the applied correction. The motion 
compensation effectively suppresses the motion artefacts 
that occur as streaks and blur (see Fig.  3). The applied 
correction methodology drastically improved the recon-
struction quality compared to the prior step by finding 
correct voxel position-intensity correspondence.

The nano-XCT investigation allowed us to image MoO2 
micro cuboids grown vertically on the surface of Ni 
foam. As shown in Fig. 5, these needle-like MoO2 micro 
cuboids are randomly spread over the surface of Ni foam. 
Their lengths vary between 10 to 20 μm. The laboratory 
nano-XCT investigation failed to resolve MoNi4 particles 
on MoO2 micro cuboids.

For the synchrotron radiation nano-XCT investigation, 
the size of the reconstructed volume was 5413 voxels, 
and the voxel size 9.4 nm. The applied new methodology 
effectively suppressed artefacts. The center of rotation 
and the detector offset were calculated as 2.9  nm, and 
3.8  nm, respectively. No center of rotation related ring 
artefacts were visible in the reconstructed image due to 
the negligibly small misalignment on the system. Because 
the main deterioration resulted from the motion, edge 
artefacts on MoO2 cuboids suppressed applying motion 
compensation (see Fig. 4).

The investigation of the MoNi4/MoO2@Ni composite 
using synchrotron radiation nano-XCT enables to resolve 
the single MoO2 micro cuboids, and it allows imaging 
of the anchored MoNi4 electrocatalytically active nano-
sized particles on a MoO2 micro cuboid as shown in the 
Fig. 6. The sizes of the round shaped MoNi4 nanoparti-
cles varies in the range of 20 to 100 nm.

Validation of the data
During the reconstruction of the acquired data, a series 
of correction steps including statistical minimization and 
machine learning was applied in order to suppress arte-
facts and to obtain highly accurate reconstructed data. 
To make sure that the applied correction algorithms do 
not introduce additional artifacts into reconstructed 
images, a validation test has to be performed. The applied 
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correction algorithms are identically for the analysis of 
the data from all 3 XCT investigations—micro-XCT, lab-
oratory nano-XCT and SR nano-XCT—and they do not 
depend on the studied sample volume and the resolution. 
Therefore, it is sufficient to perform the validation test for 
one XCT data set only.

The validation of the reconstructed data, i.e., the virtual 
cross-sections, was performed applying the focused ion 
beam (FIB) serial sectioning technique and subsequent 
imaging of the series of cross-sections in the SEM with 
nanometer resolution. This destructive procedure was 

applied to the sample used for the nano-XCT experi-
ment. The comparison of the virtual cross-sections 
from the reconstructed 3D volume and the real cross-
sections from FIB/SEM is provided in Fig. 7. In order to 
obtain cross-section images (Fig.  7, center), subsequent 
SEM images are subtracted, and the comparison given 
for same ROI with nano-XCT at the same z-slice range. 
Considering the typical design of FIB/SEM tools and 
particular the angle between electron and ion columns, 
the SEM images are obtained with a tilt angle of 52°, i.e. 
virtual cross-section and real cross-section views may 

Fig. 1  The reconstructed virtual cross section of the MoNi4/MoO2@Ni composite sample investigated by micro-XCT. The hollow white lines are the 
Ni foam scaffold and the grey zones are MoNi2 oxide cuboids. The MoNi4 nanoparticles are not resolvable in the micro-XCT study. The proposed 
reconstruction procedure is applied using the FDK algorithm. a Prior to the correction procedure, b after the beam-hardening correction/intensity 
adjustment, c after detector offset and center of rotation correction, and d after final motion compensation



Page 6 of 14Topal et al. BMC Mat             (2020) 2:5 

differ due to fact that the acquired images in the SEM 
are side view projections. On the other hand, the posi-
tions are consistent as shown with arrows in Fig. 7. The 
thin pillar with an irregular arrangement, as shown with 
red arrow in Fig.  7, has a contrast difference with the 
other pillar due to its size, it is only seen as black dot in 
the virtual cross-section. Due to tilting of the SEM stage 
planar sectioning of this thin pillar is observed in the FIB 
cross-section. In addition, at the end point of the thin pil-
lar, the positions of another non-vertically aligned pillar 
and another vertically aligned cuboid pillar, shown with 
blue and green arrows in the Fig. 7, respectively, supports 
our assessment. That means, since the arrangement of 
features in both cross-sections, the virtual cross-section 
based on nano-XCT data and the real FIB cross-section, 
are matching well, the methodology of data analysis as 
described in this paper, using machine learning algo-
rithms, is validated.

Discussion
The advanced reconstruction of multi-scale tomography 
data provides comprehensive 3D information about the 
hierarchical structure of the studied electrocatalyst sys-
tem: MoNi4 electrocatalysts anchored on MoO2 cuboids 
aligned on conductive Ni foam. The 3D morphology 
of electrocatalyst supporting structures as determined 
using micro-XCT and nano-XCT provide the following 
findings:

•	 The micro-XCT images clearly resolve the Ni foam 
and the attached needle-like MoO2 micro cuboids.

•	 Using the laboratory nano-XCT technique, the 
MoO2 micro cuboids were imaged. The MoO2 
micro cuboids are vertically arranged on the Ni 
foam, and the lengths of these cuboids are in the 
range of 10–20 μm with a rectangular cross-section 
of 0.5 × 1 μm2.

•	 MoNi4 nanoparticles positioned on one single 
MoO2 cuboid were imaged using synchrotron 
radiation nano-XCT. The MoNi4 nanoparticles are 
anchored on the MoO2 cuboid. The sizes of these 
round shaped MoNi4 nanoparticles are in the range 
of 20–100 nm.

The applied multi-scale tomography approach ena-
bles one to provide 3D information on the hierarchical 
morphology of the MoNi4/MoO2@Ni composite sys-
tem nondestructively. Furthermore, the obtained 3D 
morphological data can be used to characterize size 
distribution and shape of cuboids and nano-sized parti-
cles to tailor the hierarchical morphology.

The application of machine learning algorithms 
allowed us to generate 3D geometrical data of the 
formed micro- and nanostructures with high accuracy. 
The developed reconstruction software, empowered by 
machine learning algorithms, significantly improved 
the reconstruction quality of the acquired data for both 
micro-XCT using cone-beam geometry and nano-XCT 
using parallel-beam geometry. The applied correc-
tion procedure effectively suppressed beam hardening 
effects, detector offset and center of rotation misalign-
ment artefacts and motion during the XCT acquisition 
process.

Fig. 2  The reconstructed 3D volume rendering of the MoNi4/MoO2@Ni composite sample investigated by micro-XCT. a Only Ni-foam scaffold, b 
MoO2 cuboids on Ni-foam scaffold. Green color is used for the visualization of the Ni foam and blue color for the needle-like MoO2 micro cuboids
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Conclusions
We have demonstrated a systematic approach to deter-
mine the 3D morphology of hierarchically structured 
materials such as electrocatalysts with high accuracy, 
based on a micro- and nano- X-ray tomography study. 
The high accuracy of 3D morphological data of the 
formed micro- and nanostructures is ensured by apply-
ing machine learning algorithms for the correction of 
imaging artefacts of high-resolution X-ray tomography 
such as beam hardening and for the compensation of 

experimental inaccuracies such as misalignment and 
motions of samples and tool components.

The multi-scale 3D imaging of an electrocatalyst based 
on XCT, as demonstrated here for a MoNi4/MoO2@
Ni composite, provides comprehensive 3D information 
about the hierarchical morphology of the electrocata-
lyst. This morphology information describes the formed 
nanostructures, e.g., nanosized particles on supporting 
structures, and it allows one to increase the total elec-
trochemically active surface area, the number of active 

Fig. 3  The reconstructed virtual cross-section of the MoNi4/MoO2@Ni composite, sample investigated using laboratory nano-XCT. The white 
regions are MoO2 micro cuboids. The proposed reconstruction procedure is applied using the FBP algorithm. a Prior to the correction procedure, 
b after the beam-hardening correction/intensity adjustment, c after detector offset and center of rotation correction, and d after final motion 
compensation
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catalytic sites, and the ion diffusion (i.e., the reaction 
rate). This information is complementary to the infor-
mation about the surface chemistry, i.e., the crystalline 
structure of the materials and the chemical bonding, 
which allows one to improve specific surface properties. 
The morphology information is of particular interest 
for the up-scaling of processes and for the development 
of technologies to fabricate advanced energy conversion 
devices.

Tomography studies, both electron and X-ray, at 
different scales and with different spatial resolu-
tions, allow to develop, optimize and control the 

electrocatalytic processes in devices, particularly sub-
strate and precursor as well as process temperature 
and time. These parameters have to be balanced to 
achieve an optimal hierarchical morphology of the 
electrochemical system, i.e., that the formed nano-
sized particles will guarantee an efficient and durable 
operation during the requested lifetime of an energy 
conversion device. Particularly, size distribution and 
shape of cuboids and nano-sized particles can be con-
trolled. Special nanostructures (e.g., arrangements 
of nanoparticles with optimized size distribution and 

Fig. 4  The reconstructed virtual cross-section of the MoNi4/MoO2@Ni composite, sample investigated using synchrotron radiation nano-XCT. 
The white regions are MoO2 micro cuboids. The proposed reconstruction procedure is applied using the FBP algorithm. a Prior to the correction 
procedure, b after the beam-hardening correction/intensity adjustment, c after detector offset and center of rotation correction, and d after final 
motion compensation
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porous films) can be developed and characterized to 
avoid chemical leaching of active species.

Specially designed operando studies in the TEM or 
in the XCT tools will provide information about kinet-
ics processes, i.e., the transition of NiMoO4 cuboids 
into MoO2 cuboids and the formation of the nano-
sized particles. In addition, degradation processes dur-
ing operation of catalytic systems, particularly anode 
electrocatalyst operation at high current density that 
increases both cell potential and temperature and that 
causes significant durability issues, can be studied 
using operando chambers in microscopes that allow 
one to vary pH value, electrode potential and tempera-
ture systematically. In particular, the anodic oxygen 
evolution reaction is the determining step for the deg-
radation rate of the entire process, and it affects sig-
nificantly the system stability [38–40].

We believe that our multi-scale tomography study 
of the 3D morphology of electrocatalysts will open up 
a new exciting avenue toward exploring the design of 
robust 3D electrocatalysts with high activity and dura-
bility for large-scale hydrogen production.

Methods
Synthesis of the MoNi4/MoO2@Ni composite
The synthesis of the MoNi4 electrocatalyst involves 
two steps (see [6, Fig.  1]). Firstly, NiMoO4 cuboids 

were grown on a piece of Ni foam (1 × 3 cm2) during a 
hydrothermal reaction at 150 °C for 6 h in 15 ml deion-
ized water containing Ni(NO3)2·6H2O (0.04  M) and 
(NH4)6Mo7O24·4H2O (0.01  M). Secondly, while the as-
synthesized NiMoO4 cuboids were heated in a H2/Ar 
(v/v, 5/95) atmosphere at 500  °C for 2  h, Ni atoms dif-
fused in a controlled way to the surface of the cuboid and 
formed numerous MoNi4 nanoparticles with a size of 

Fig. 5  The reconstructed 3D volume rendering of the MoNi4/
MoO2@Ni composite sample investigated by laboratory nano-XCT. 
Green color is used for the visualization of the needle-like MoO2 
micro cuboids, and blue color for the Nickel foam

Fig. 6  The reconstructed 3D volume rendering of the MoNi4/
MoO2@Ni composite sample investigated by synchrotron radiation 
nano-XCT. The MoNi4 electrocatalytically active nano-sized particles 
anchored on a single MoO2 micro cuboid are visualized
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20–100 nm on the surface of the MoO2 cuboids. Simul-
taneously, the composition of the cuboids changed from 
NiMoO4 to MoO2 caused by Ni out-diffusion. The MoNi4 
electrocatalyst exhibited a zero onset overpotential, an 
overpotential of 15  mV at 10 mAcm−2 and a low Tafel 
slope of 30 mV per decade in 1 M KOH electrolyte [6].

The MoNi4 electrocatalytically active nano-sized par-
ticles anchored on MoO2 cuboids that are vertically 
aligned on the conductive Ni foam were characterized 
using TEM and XPS. In addition, these MoNi4 nano-
particles and the MoO2 cuboids were imaged using SEM 
[6]. A scheme of the hierarchical structure of the system, 
including Ni foam, MoO2 supporting cuboids and MoNi4 
nanoparticles is shown in Fig. 8.

Micro‑XCT (laboratory tool)
The micro-XCT tool (Zeiss Versa 520) was set to 80 keV: 
A geometrical magnification of 0.665 and an optical mag-
nification, using an additional scintillator-objective com-
bination in the beam path, of 20.05 resulted in a voxel 
size of 448 nm. The best possible spatial resolution of the 
micro-XCT tool is 0.7 μm. A tilt series with 2401 images 

was recorded for a complete rotation (angular range of 
360°). The exposure time per image was 30 s. This micro-
XCT setup uses a cone-beam geometry. The sample was 
prepared by picking up a loose particle from a section of 
the Ni support foam with the MoO2 cuboids and MoNi4 

Fig. 7  Virtual cross-sections from reconstructed 3D volume (right) and the real, physical FIB cross-sections imaged with SEM (left, center). The 
FIB-SEM cross-sections are obtained by subtracting subsequent SEM images, and comparisons are shown for same ROI with nano-XCT at the 
same z-slice range. The features of the MoO2 cuboids and the gold beads from the SEM image of the FIB cross-section match well with the virtual 
cross-section obtained applying the new data analysis methodology using machine learning algorithms

Fig. 8  The hierarchical structure of the studied electrocatalyst 
system: MoNi4 electrocatalysts anchored on MoO2 cuboids aligned 
on conductive Ni foam
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electrocatalysts on it, and subsequently, it was fixed on 
the tip. The sample size was about 377 × 590 × 365 µm3.

Nano‑XCT (laboratory tool and synchrotron radiation 
station)
The laboratory nano-XCT tool (Xradia Ultra 100) was 
used at a photon energy of 8 keV and in high resolution 
mode. The spatial resolution of laboratory nano-XCT 
tool is 50 nm. The field of view was 16 µm with 512 pixels, 
resulting in a voxel size of 31 nm. A MoO2 cuboid sample 
with a size of about 15 × 15 × 15 µm3 was picked up from 
the Ni foam scaffold, and subsequently, it was fixed on 
the tip of a tungsten wire. The tilt series for the tomog-
raphy consisted of 501 images within an angular range of 
180°. The exposure time per image was 265 s. The nano-
XCT series conforms to the parallel beam geometry, 
thus, a half turn is sufficient for a complete tomography.

The synchrotron radiation nano-XCT data were 
recorded at the BESSY II beamline UX41-TXM at a pho-
ton energy of 875  eV. The spatial resolution of the syn-
chrotron radiation nano-XCT tool is 36  nm [41] and 
achieved voxel size is 9.4 nm. The sample was cleaned in 
an ultrasonic bath in ethanol, and subsequently, it was 
dipped on a quantifoil TEM grid. The size of the sample 
was about 2.4 × 0.4 × 0.2 µm3. Due to the sample geom-
etry, the tomography tilt series was limited to 110°, with 

111 individual images. The exposure time per image was 
2 s.

XCT image reconstruction
A novel hybrid tomographic image reconstruction 
approach was developed and implemented for parallel-
beam and cone-beam geometries. The proposed hybrid 
approach includes data driven and machine learning 
approaches for suppression of artifacts in combina-
tion with an analytic image reconstruction algorithm. 
The procedure followed for the reconstruction of tomo-
graphic images is provided in Fig. 9. The applied correc-
tion algorithms do not depend on the studied sample 
volume and the resolution, they are identically for the 
analysis of the data from all 3 XCT investigations: micro-
XCT, laboratory nano-XCT and synchrotron radiation 
nano-XCT.

The intensities of acquired raw radiographs are initially 
normalized using Eq. 1:

The next step is an intensity adjustment to improve the 
contrast (different grey values) as a part of the beam hard-
ening correction. As one of the most commonly encoun-
tered artefacts in X-ray radiography and XCT, beam 
hardening results in the edges of a homogenous object 
appearing brighter than the center. Lower energy pho-
tons are attenuated more than higher-energy photons, 
and a polychromatic beam passing through an object 
preferentially loses its lower-energy part [42]. Ultimately, 
absorption leads to a diminishment of the overall beam 
intensity, however, the beam has a higher average photon 
energy after passing through the object than the incident 
beam. In order to minimize the artefact, we applied an 
empirical beam hardening correction approach [43]. The 
acquired radiographs and the forward projection model 
are used to derive weight factors for discrete intensity 
ranges. The obtained weight factors are multiplied with 
the intensity values of acquired radiographs to suppress 
beam-hardening artefacts. To adjust the intensities of the 
multi-scale XCT studies, we applied the beam harden-
ing correction to radiographs from nano-XCT too, even 
though a monochromatic beam (Cu-Kα, 8 keV) is used in 
this case.

The precise knowledge of the object’s center of rota-
tion with respect to the detector positioning is crucial to 
obtain an accurate 3D reconstruction from radiographs. 
The inaccuracy of detector positions has to be taken into 
consideration during the reconstruction step because sys-
tematic ring-like imaging artefacts, introduced by defec-
tive and/or underperforming detector elements, appear 
in the reconstructed images at sharp boundaries. The 

(1)Inormalized =

Iraw − Idark

Iwhite − Idark
,

Fig. 9  The workflow of the reconstruction procedure for multi-scale 
XCT data: micro-XCT, laboratory nano-XCT and synchrotron radiation 
nano-XCT
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correction includes the following steps prior the recon-
struction: alignment of the center of sample rotation to 
the detector grid and compensation of an offset value to 
compensate detector offset-induced artifacts. To elimi-
nate these artefacts, a reconstruction-based total varia-
tion based gradient descent minimization [44] approach 
is applied. As a result, an estimation of the average detec-
tor offset and of the center of rotation is provided apply-
ing a multi-range testing approach with a predefined set 
of values.

The approach used for motion estimation is based on 
the fiducial marker approach [45], however, the detec-
tion and tracking purely relies on intrinsic patterns 
of the object on two successively acquired 2D tomo-
graphic images. We combined computer vision and 
deep neural network approaches in order to adapt fea-
ture tracking to the acquisition procedure of computed 
tomography data where the features are changing over 
angles. A region-based CNN (R-CNN) [47] is used for 
extracting feature maps for detection of intrinsic pat-
terns/features from the acquired projections and for 
assigning a unique id to each of them. The network 
design is completed with addition of a Support Vector 
Machine (SVM) classifier to provide a robust track-
ing over the entire projections. The architecture of the 
convolutional neural network for pattern tracking and 
overview of proposed approach are shown in Fig.  10. 
The trained model employs a selective search to derive 
object proposals [46] and extracts region-based convo-
lutional neural network features for each proposal of 

possible positions of the feature. It feeds the patterns 
to a support vector machine classifier to decide if the 
feature is included in the search windows. Once detec-
tion and tracking over projection images is completed, 
recorded centroid coordinates are fitted accordingly to 
the position of the center of the X-ray beam to obtain 
offset values from the ideal position of the X-ray beam 
path. Eventually, the obtained offset values are used for 
shifting detector pixel positions in order to compensate 
motion shifts in reconstrued images. This proposed 
approach offers clear advantage over the available 
methods due to fact that it doesn’t need prior actions 
(attaching fiducial marker) and/or post processing 
(aligning the acquired radiographs according to fiducial 
marker). Furthermore, the proposed method tracks all 
the available patterns of the scanned object, and thus, it 
effectively eliminates errors.
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