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 a b s t r a c t

Large-scale energy storage concepts are essential for the transition to renewable energy sources. Metal particles 
have recently gained significant attention as a viable solution due to their recyclability in large-scale energy 
storage systems. To ensure the material’s long-term durability, a thorough understanding of the interplay between 
particle properties and process conditions is imperative. This study demonstrates the applicability of lab-scale 
X-ray scattering techniques (SAXS/WAXS) as a quick and easy-to-apply method to investigate the morphology 
evolution of iron oxide particles during hydrogen reduction in a solid-gas heterogeneous reaction. The increase in 
the specific surface area could be quantified at various time points, after the reaction was temporarily interrupted 
without removing the powder from the reactor. The experimental setup, which involves an optically accessible 
reactor with reactive oxide particles embedded within a low-Z matrix, also enabled the characterization of iron 
nucleation and growth of iron nuclei up to 30 nm in size.

1.  Introduction

The concept of large-scale energy storage is essential for increasing 
the fraction of usable energy generated by renewable sources, making 
new and reliable appoaches in this field crucial for the energy transi-
tion. An adequate solution, which is currently the focus of extensive 
research, involves micron-sized metal particles that release heat during 
oxidation under defined conditions (Shkolnikov et al., 2011; Julien and 
Bergthorson, 2017; Bergthorson, 2018; Halter et al., 2023). In a subse-
quent reduction step, the solid oxide particles can be thermochemically 
reduced back to metal particles without the emission of CO2. A lot of 
research has been made showing the applicability of iron as a suitable 
metallic and recyclable energy carrier (Dirven et al., 2018; Kuhn et al., 
2022; Debiagi et al., 2022; Sohrabi et al., 2024). However, during the 
recycling step, the process conditions of the reduction step have a strong 
impact on the particle properties making an adequate recycling of the 
metal fuel non-trivial. Particle growth and fragmentation or changes in 
the particle microstructure can have a significant impact on the subse-
quent oxidation and thus on the usability of the metal particles as an 
energy storage material. To mention one example, previous work has 
shown that the initial oxidation rate and the maximum oxidation degree 
can be incrementally increased with each oxidation–reduction cycle un-
der suitable conditions (Kuhn et al., 2024). This enhancement is most 
likely attributed to the formation of an inner porosity, which allows for 
improved mass transfer of the reactants (Li et al., 2017). Hessels et al. 
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(2023, 2022) show how the formation of pores correlate with varying 
reduction process conditions. They observe that the average pore size 
increases with temperature. Moreover, their experiments suggest that 
the hydrogen concentration in the feed gas has hardly impact on the 
particle morphology.

In general, multiple types of morphological changes have been re-
ported in the literature. Depending on the reducing agent (e.g. CO, H2) 
as well as the flow conditions or reaction temperature, the reduced par-
ticles can exhibit different microstructures apart from the formation of 
a porous microstructure: a dense and compact iron structure or fiber-
like whisker formations on the particle surface (Gong et al., 2014; Guo 
et al., 2020; Zhang et al., 2020a). Whisker formation, in contrast to the 
beneficial formation of a porous microstructure, can lead to efficiency 
losses. During reduction in a fluidized bed the whiskers have been ob-
served to cause particle agglomeration, which in turn leads to deflu-
idization (Komatina and Heinrich, 2004). In addition to agglomeration 
effects, particle aggregation must also be considered. Due to the for-
mation of sintering bridges, particularly during reduction in a solid bed, 
particles may fuse together, reducing their transport properties and han-
dling efficiency. Moreover, particle growth serves as an inhibiting fac-
tor for gas transport. According to the literature, particle aggregation 
becomes problematic above 575°C (Hessels et al., 2023), primarily due 
to surface diffusion as the underlying mechanism (Matsumura, 1971). 
The variety of morphological states illustrates the need for optimizing 
process conditions with regards to particle properties.
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\begin {equation}\biggl ( \frac {\text {d} \Sigma }{\text {d}\Omega } \biggl )_{\text {i}}(\vec {q}) \coloneqq l_{\text {i}} \biggl ( \frac {\text {d} \sigma }{\text {d}\Omega } \biggl )_{\text {i}}(\vec {q}) = \frac {I_{\text {i}}(\vec {q})}{C \cdot I_0 \cdot T_{\text {i}} \cdot A \cdot \Delta \Omega \cdot \eta }, \label {macroscopicScatteringCrossSection}\end {equation}
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\begin {equation}\biggl ( \frac {\text {d} \sigma }{\text {d}\Omega } \biggl )_{\ce {H2O}}^{(\text {th})}(\vec {q}) = \rho _{sl,\ce {H2O}}^{2}~kT~\beta _T, \label {Xeqn12-12}\end {equation}
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In summary, the inner surface area of the solid particles can alter 
significantly during the reduction of iron oxide and their quantitative 
change heavily depends on the reaction conditions. However, there is 
no data available to quantify the morphology changes under defined 
process conditions. Therefore, experiments for a morphology character-
ization, including the specific surface area quantification of the reacting 
particles, are required. This quantification, combined with the detection 
of iron nucleation, can be achieved using small-angle X-ray scattering 
(SAXS).

Based on the proposed method of Spalla et al. (2003), several re-
searchers evaluate the specific surface area of a powder sample with 
known elemental composition via SAXS by normalizing the intensities 
on the solid sample thickness of the powder (Schlumberger et al., 2022; 
Chavez Panduro et al., 2012; Bouzakher-Ghomrasni et al., 2021), e.g., 
Bouzakher-Ghomrasni et al. (2021) apply this method of the specific 
surface area determination for several TiO2 nanoparticle powder sam-
ples and they distinguish the location of the Porod regimes between the 
samples. In the literature, the surface-to-volume ratio evaluation for the 
analysis of particles in suspensions is also described, e.g., for analyzing 
bio-molecules like proteins or enzymes and their morphological state 
within the suspension (Rambo and Tainer, 2011). However, for gas-solid 
reactions with high-Z materials like metals the analysis of pure powders 
is hard to apply due to their high X-ray absorption. For this purpose, 
it is recommended to specifically analyze the specific surface area of 
the reactive component within a multicomponent system, consisting of 
a mixture of the reactant and another powder (low-Z material). To the 
author’s knowledge, there is a lack of studies in the literature address-
ing the specific surface area analysis of reacting metal particles. For this 
reason, a lab-scale method is proposed to analyze the particle morphol-
ogy changes within a reacting powder at various time points without 
removing the particles from the reaction setup.

2.  Theoretical background

2.1.  X-ray scattering techniques

Small- and Wide-Angle X-ray Scattering (SAXS/ WAXS) are 
destruction-free scattering techniques for particle analysis. While SAXS 
can provide information about particle size and morphology, WAXS pro-
vides insights into the chemical composition. For crystalline samples, 
the wide-angle scattering data corresponds to that obtained from X-ray 
diffraction (XRD) experiments.

Both techniques can be applied in the same setup, allowing par-
ticle properties and composition to be determined either simultane-
ously or sequentially in a one-detector setup. With appropriate tem-
poral resolution, for example, through a sufficiently high intensity of 
the primary beam, the state of solid-state reactions can be tracked in 
situ and operando. In this work, the measurements are conducted after 
temporarily interrupting the reaction, but they are not time-resolved, 
as laboratory-scale X-ray scattering setups often cannot provide suffi-
ciently high beam intensities. However, the particle characterization is 
performed while the particles remain within the reactor, thereby avoid-
ing morphological changes due to particle handling. The SAXS analysis 
will focus on the determination of the specific surface area of loose pow-
ders based on the method provided by Spalla et al. (2003).

2.2.  Small-angle scattering

Small-angle X-ray scattering is founded on the elastic Thomson scat-
tering. The radiation corrected for the dark background and scattered 
by the material system i at the scattering vector 𝑞, measured in counts 
per second, can be expressed by

𝐼i(𝑞) = 𝐶 ⋅ 𝐼0 ⋅ 𝑇i ⋅ 𝑉i ⋅ ΔΩ ⋅ 𝜂 ⋅
(

d𝜎
dΩ

)

i
(𝑞), (1)

where 𝐶 is a dimensionless calibration constant that must be deter-
mined for the measurement setup and measurement conditions such as 

the sample-to-detector distance respectively. 𝐼0 is the incident beam in 
counts per time and area. The transmission 𝑇i is the ratio of the integral 
intensity measured at the detector in the region of the primary beam 
with the sample to that without the sample. The illuminated sample 
volume 𝑉i can be evaluated by
𝑉i = 𝐴 ⋅ 𝑙i, (2)

where 𝐴 is the beam cross-section and 𝑙i the sample thickness, which is a 
measure of the depth that the beam must penetrate. Since the scattered 
radiation propagates radially from the scattering center, the intensity of 
the scattered radiation is normalized to the solid angle ΔΩ. 𝜂 is the detec-
tor efficiency. The last factor in Eq.  (1) is referred to as the macroscopic 
scattering cross-section in cm−1, also known as the intensity in absolute 
units, as it is characteristic for a specific sample and independent of the 
measurement conditions. If the sample is a loose powder, a precise eval-
uation of the sample thickness is hardly accessible, as it can vary from 
measurement to measurement. Therefore, it is initially more practical 
to normalize the measured intensity units 𝐼i(𝑞) only by the irradiated 
cross-sectional area 𝐴 instead of the sample volume 𝑉i. The resulting 
intensity units, in the following referred to as the length-scaled macro-
scopic scattering cross-section, will thus retain the information of the 
sample thickness. Combining (1) and (2) the length-scaled macroscopic 
scattering cross-section is given by
(

dΣ
dΩ

)

i
(𝑞) ∶= 𝑙i

(

d𝜎
dΩ

)

i
(𝑞) =

𝐼i(𝑞)
𝐶 ⋅ 𝐼0 ⋅ 𝑇i ⋅ 𝐴 ⋅ ΔΩ ⋅ 𝜂

, (3)

and it describes the scattering contribution of the total mass of the par-
ticle type in the sample. In a loose powder, an effective length, the solid 
thickness 𝑙eff, can be chosen as the sample thickness. The solid thickness 
can be determined when the sample transmission is known and evalu-
ated using the Lambert-Beer law according to

𝑙eff, i =
− ln 𝑇i
𝜇i

, (4)

where 𝜇i is the total absorption coefficient that accounts for all atten-
uation effects, including elastic and inelastic scattering as well as pho-
toabsorption. These rescaled intensity units are called effective intensity 
units and, for the material system i, can be evaluated by

𝐼eff,i(𝑞) =
1

𝑙eff, i

(

dΣ
dΩ

)

i
(𝑞), (5)

where 𝑙eff,i and the length-scaled macroscopic scattering-cross-section 
are accessible from the transmission measurement and SAXS measure-
ment. For further information concerning the normalization to effec-
tive intensities the reader might refer to (Spalla et al., 2003). In a sam-
ple containing multiple particle types, each particle type contributes to 
the total intensity of a measurement. Approximatively, the measured 
total length-scaled macroscopic scattering cross-section is the sum of 
the length-scaled macroscopic scattering cross-sections of the individ-
ual components. This assumption is justified by neglecting interparticle 
interactions, whose influence depends on the considered scattering vec-
tor range and particle size. In this work, we focus on large scattering 
vectors within the Porod region, where the structure factor can be ne-
glected. The intensity is now to be presented in such a way that from 
the measurable intensity on the detector, which includes the scattering 
contributions of all particle types, the effective intensities of all particle 
types can be derived.

Starting from Eq.  (3) one obtains
𝐼Mix(𝑞)

𝐶 ⋅ 𝐼0 ⋅ 𝑇Mix ⋅ 𝐴 ⋅ ΔΩ ⋅ 𝜂
=

𝑁
∑

i=1

(

dΣ
dΩ

)

i
(𝑞), (6)

where 𝐼Mix(𝑞) is the measurable intensity on the detector and represents 
the intensity scattered by the particle mixture in counts per second given 
by

𝐼Mix(𝑞) = 𝑇Mix
𝑁
∑

i=1

𝐼i(𝑞)
𝑇i

. (7)
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The transmission of the particle mixture 𝑇Mix results from the attenua-
tion caused by each individual component within the powder and is a 
product of each contribution given by

𝑇Mix =
𝑁
∏

i=1
𝑇i (8)

Since all quantities on the left-hand side of Eq.  (6) are known in 
a SAXS measurement, the measurement (M) of a mixture of ma-
terial i and material j will directly be expressed in terms of the 
length-scaled macroscopic scattering cross-section and be referred to as
follows:
(

dΣ
dΩ

)(M)

i+j
(𝑞) =

(

dΣ
dΩ

)(M)

i
(𝑞) +

(

dΣ
dΩ

)(M)

j
(𝑞). (9)

At this point, it is important to note again that the length-scaled 
macroscopic scattering cross-section is proportional to the sample thick-
ness, making the declaration of the measurement in brackets cru-
cial. If the same particle system is measured twice using two sam-
ples of one powder, the sample thickness will generally differ, re-
sulting in variations in the length-scaled macroscopic scattering cross-
section. After normalizing for the solid thickness, the results become
comparable.

Once the effective intensity of a component 𝐼eff,i is known, the inten-
sity for a smooth surface will follow Porod’s law for 𝑞 → ∞, as described 
by:

𝐼eff,i = 𝐾𝑃 ,i ⋅ 𝑞
−4. (10)

The Porod Constant 𝐾𝑃 ,i is related to the specific surface area of the 
sample and can be evaluated by fitting Eq.  (10) to the experimental 
data. The specific surface area of the particle system i is given by

𝑆V =
𝐾𝑃 ,i

2𝜋Δ𝜌2𝑠𝑙
, (11)

where Δ𝜌𝑠𝑙 (Å−2) represents the difference in scattering length density 
across the solid interface (Glatter and Kratky, 1983).

3.  Experimental setup and reactor design

The experimental setup comprises two major elements: a laboratory-
scale reduction unit with optical access for X-ray radiation and a 
laboratory-scale beamline for X-ray scattering experiments.

3.1.  Reduction unit and operating conditions

The reduction system comprises a mass flow controller (MFC, Wag-
ner Mess- und Regeltechnik GmbH, Offenbach am Main, Germany), two 
pressure sensors (BD SENSORS GmbH, Thierstein, Germany), a capillary 
enclosed by a heating cell with an optical window (Linkam Scientific In-
struments Ltd., Salfords, United Kingdom) and a temperature sensor (TC 
Mess- und Regeltechnik GmbH, Mönchengladbach, Germany).

The MFC regulates a standard volumetric flow of forming gas (2%
H2 in N2) within a range of 0 to 50 mLn∕min, serving as the inflow into 
the capillary. Due to the significant pressure losses associated with the 
flow through the packed bed, a pressure 𝑝1 develops upstream of the bed, 
which is monitored using a primary pressure sensor. The second pressure 
sensor measures the gas pressure 𝑝2 after the flow has passed through 
the packed bed, after the capillary. The heating cell can be controlled 
up to 350°C via an internal regulation system. Additionally, behind the 
packed bed, the temperature of the gas 𝑇  after passing through the bed 
is measured using a temperature sensor located in the capillary. Fig. 1 
depicts a schematic diagram of the experimental setup for the reduction 
unit.

Fig. 1. Schematic representation of the experimental setup for ensuring defined 
reaction conditions for the iron oxide reduction.

3.2.  Reactor design and material

The reaction is carried out in a small borosilicate glass capillary 
(Hilgenberg GmbH, Malsfeld, Germany) with an inner diameter of 
𝑑cap,i = 0.918mm. The powder sample, comprising reactive iron oxide 
(FeOx) particles and inert boron nitride (BN) particles, is placed between 
quartz wool layers (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) 
to stabilize its position within the capillary. The BN particles (Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany), with an average diame-
ter of 𝑑50,BN = 13.65 µm as determined by laser diffraction, are used as an 
attenuation-optimizing solid particle system. To ensure sufficient trans-
mission values for X-ray measurements, various mass ratios of BN and 
FeOx were tested. As a result, a mass ratio of 𝑤FeOx,0 ∶ 𝑤BN,0 = 3 ∶ 7 is 
selected ensuring high transmission while maintaining a sufficient XRD 
signal from the FeOx particles.

The initial solid bed for each reduction experiment is composed of 
reactive Fe2O3 particles (Sigma-Aldrich Chemie GmbH, Taufkirchen, 
Germany) with a mean diameter 𝑑50,Fe2O3

= 1.46 µm, embedded within 
the aforementioned inert BN powder. Since oxygen is continuously re-
moved from the oxide phase during the iron oxide reduction, the mass 
and, thus, the volume of the FeOx particles decrease over the reaction
progress.

3.3.  Experimental setup for X-ray scattering experiments

Each X-ray scattering measurement was conducted in the laboratory-
scale SWAXS beamline Xeuss 2.0 Q-Xoom (Xenocs SA, Grenoble, 
France). The used measurement device mainly consists of an X-ray mi-
crofocus source (Genix3D Cu ULC) that emits Cu −𝐾𝛼 radiation, a col-
limation system, an evacuatable sample chamber and a hybrid pixel de-
tector (Pilatus3 R 300k, Dectris Ltd., Baden-Dättwil, Switzerland). The 
collimated X-ray beam with an energy of 8.04 keV irradiates the sample 
within the reactor setup by passing through the optical window. The 
beam cross-section was set to 500 µm x 500 µm to ensure that it did not ex-
ceed the inner edges of the capillary while irradiating a sufficiently large 
amount of powder. The distance between the powder sample within the 
capillary and the detector is set to 1000mm for SAXS measurements and 
79.2mm for WAXS measurements. A schematic representation of the re-
duction cell for the simultaneous collection of SAXS and WAXS data is 
depicted in Fig. 2.
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Fig. 2. Schematic representation of the reactor setup for the collection of SAXS 
and WAXS scattering data without removing the powder from the reaction setup.

4.  Methods and data treatment

4.1.  Calibration of effective intensities

To obtain absolute and effective intensities from a SAXS mea-
surement, the calibration factor 𝐶 in Eq.  (1) must be determined.
Therefore, pure water within the reactor will be employed as a cali-
bration standard. The theoretical differential scattering cross-section of 
water can be calculated using
(

d𝜎
dΩ

)(th)

H2O
(𝑞) = 𝜌2𝑠𝑙,H2O

𝑘𝑇 𝛽𝑇 , (12)

where 𝑘 is the Boltzmann constant, 𝑇  is the temperature and 𝛽𝑇  is the 
isothermal compressibility of water under the measurement conditions. 
For 25 ◦C the absolute intensity of water can be evaluated as 0.0166 cm−1.

The measurement (C) of the empty reactor (referred to as the ’cell’) 
provides
(

dΣ
dΩ

)(C)

cell
(𝑞) =

𝐼cell(𝑞)
𝐶 ⋅ 𝐼0 ⋅ 𝑇cell ⋅ 𝐴 ⋅ ΔΩ ⋅ 𝜂

. (13)

The measurement (S) of the standard within the cell can be described 
as
(

dΣ
dΩ

)(S)

H2O
(𝑞) +

(

dΣ
dΩ

)(S)

cell
(𝑞) =

𝐼H2O+cell(𝑞)
𝐶 ⋅ 𝐼0 ⋅ 𝑇H2O𝑇cell ⋅ 𝐴 ⋅ ΔΩ ⋅ 𝜂

. (14)

With measured sample transmissions of 𝑇 (C) = 0.489 and 𝑇 (S) =
𝑇H2O𝑇cell = 0.2283, the resulting transmission of pure water in the beam 
is 𝑇H2O = 0.4671. The thickness of the sample corresponds to the pure 
thickness of the water, which is evaluated according to Eq.  (4). This 
results in an effective thickness of 𝑙eff,H2O = 0.775mm. Based on the con-
dition
(

d𝜎
dΩ

)(th)

H2O
(𝑞) = 1

𝑙eff

[(

dΣ
dΩ

)(S)

H2O
(𝑞) +

(

dΣ
dΩ

)(S)

cell
(𝑞) −

(

dΣ
dΩ

)(C)

cell
(𝑞)

]

(15)

the calibration factor can then be calculated using

𝐶 =

𝐼H2O+cell(𝑞)
𝐼0⋅𝑇H2O𝑇cell⋅𝐴⋅ΔΩ⋅𝜂

− 𝐼cell(𝑞)
𝐼0⋅𝑇cell⋅𝐴⋅ΔΩ⋅𝜂

( d𝜎
dΩ

)(th)
H2O

(𝑞)
= 1.31. (16)

4.2.  Analysis of the phase composition by WAXS

The scattering curves obtained from wide-angle scattering experi-
ments are, similarly to XRD results, presented as intensity 𝐼 plotted 
against the scattering angle 2𝜃. The objective is to determine the mass 
fraction of each iron oxide (and iron) species within the FeOx particles. 
Quantitative analysis in this work relies on the intensity ratio method, 
which was calibrated specifically for the reactor as the sample holder. 
In previous work (Buchheiser et al., 2023), this method was described 
in detail and applied to determine the phase composition of flame-
oxidized iron oxide particles. Sperling et al. (2025) further validated 

this method by comparing its results to those obtained from Mössbauer 
spectroscopy. For a comprehensive description of the quantitative phase 
analysis, readers are referred to the aforementioned previous studies.

4.3.  Material property evaluation

To interpret the SAXS measurement results, the mass density, total 
absorption, and scattering contrast of the powder must be known. Since 
the powder contains two different particle types, BN and FeOx, with the 
latter potentially comprising several iron oxide species, this section will 
thoroughly describe the methodology used to determine the material 
properties.

As described in Section 4.2, the mass fraction of each iron/ iron oxide 
species within the metal oxide particles can be determined. Since the 
mass densities and molar masses of the iron oxide components are well 
known, the molar fraction and volume fraction of each species i can be 
evaluated using Eq.  (17) and (18): 

𝑧i =

𝑤i
𝑀i

∑

j=1
𝑤j
𝑀j

, (17)

𝜙i =

𝑤i
𝜌i

∑

j=1
𝑤j
𝜌j

. (18)

While the mass of iron within the FeOx particles remains constant during 
the iron oxide reduction, the amount of oxygen decreases. Therefore, 
the stoichiometry of FeOx depends on the reduction time and can be 
expressed as

𝑥 =
3𝑧Fe2O3

+ 4𝑧Fe3O4
+ 𝑧FeO

2𝑧Fe2O3
+ 3𝑧Fe3O4

+ 𝑧FeO + 𝑧Fe
, (19)

so that the reduction degree from hematite to iron in a full conversion 
shall be defined as
𝜒(𝑡) =

1.5 − 𝑥(𝑡)
1.5

. (20)

Furthermore, the ratio of particle mass to a fully reduced reference par-
ticle can then be formulated as

𝜉(𝑡) =
𝑢Fe + 𝑥(𝑡) ⋅ 𝑢O

𝑢Fe
, (21)

where 𝑢Fe and 𝑢O are the atomic masses of iron and oxygen, respectively. 
Thus, based on the mass ratios of metal oxide and BN (𝑤Ox,0, 𝑤BN,0) 
within the reactor at time 𝑡0, the ratio of metal/metal oxide particles 
to BN particles within the bulk material can be evaluated at any given 
time 𝑡:

𝑤Ox(𝑡) =
[

𝜉(𝑡0)
𝜉(𝑡)

(

1
𝑤Ox,0

− 1
)

+1
]−1

. (22)

Since all fractions can be determined using the WAXS measurements, the 
material properties of the reactive FeOx particles in the bulk material 
can also be provided at any given time. The average mass density of the 
FeOx particles within the powder can directly be calculated using

𝜌FeOx =
( 𝑁
∑

i=1

𝑤i
𝜌i

)−1
. (23)

The average total absorption coefficient 𝜇FeOx is provided by

𝜇FeOx = 𝜌FeOx
𝑢Fe ⋅ 𝜇̃Fe(𝜆) + 𝑥(𝑡) ⋅ 𝑢O𝜇̃O(𝜆)

𝑢Fe + 𝑥(𝑡) ⋅ 𝑢O
, (24)

where 𝜇̃Fe(𝜆) and 𝜇̃O(𝜆) represent the respective mass specific total ab-
sorption coefficients of the elements for the given wavelength of the 
X-ray radiation. The average scattering length density of the FeOx par-
ticles is given by 

𝜌𝑠𝑙,FeOx = 𝑟0 𝑁𝐴 𝜌FeOx
𝑓 ′
Fe(𝜆) + 𝑥(𝑡) ⋅ 𝑓 ′

O(𝜆)
𝑀Fe + 𝑥(𝑡) ⋅𝑀O

, (25)
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Fig. 3. Schematic representation of the effective solid thicknesses in the FeOx −
BN particle mixture 𝑑(M)

eff,FeOx and 𝑑(M)
eff,BN and in the BN reference 𝑑(R)

eff,BN.

Fig. 4. Start-up phases and heating of the reactor to reaction temperature: I 
Cold Startup Phase Establishing pressure until a steady-state level is reached 
at ambient temperature, II Heating Phase Achieving end temperature within 
the reactor, III Relaxation Phase Reaching steady-state conditions.

where 𝑟0 = 2.17940 ⋅ 10−15m is the classical electron radius, 𝑁𝐴 is the 
Avogadro’s number and 𝑓 ′

Fe(𝜆) and 𝑓 ′
O(𝜆) are the atomic scattering fac-

tors. The scattering contrast between the FeOx particles within the pow-
der and their environment is estimated to be
Δ𝜌𝑠𝑙 = 𝜌𝑠𝑙,FeOx − 𝜌𝑒,env ≈ 𝜌𝑠𝑙,FeOx (26)

as the measurements are conducted under vacuum conditions, with only 
point contacts occurring between the BN and FeOx particles. It should 
be noted that the averaged scattering length density of the particles does 
not accurately describe the scattering contrast along the particle surface. 
This is due to the non-homogeneous radial composition distribution that 
develops during the reaction. The surface-near region of the particle is 
expected to contain less oxygen compared to the region near the par-
ticle center. To account for this variation, the scattering length density 
contrast will be evaluated using the core-shell model of iron reduction, 
which assumes that the outermost exposed surface consists of the most 
reduced phase present and identified by WAXS. An error estimation is 
given in Section 4.7.

Fig. 5. Representation of primary beam intensity curves for determining sample 
transmission: intensity curves for an empty reactor, a reactor filled with boron 
nitride, and a reactor filled with the reaction mixture hematite - boron nitride.

Table 1 
Representation of the evolution 
of the determined specific sur-
face areas during the thermo-
chemical reduction of hematite 
particles.

 Pure material 𝑆V∕(m2 cm−3)

𝜒 = 0 15.2 ± 0.74
𝜒 = 0.11 16.1 ± 0.54
𝜒 = 1 18.0 ± 0.82

Table 2 
Mass specific total absorption coefficient 
and atomic scattering factors of the el-
ements used for evaluating the mate-
rial properties of the FeOx particles 
and BN particles for 𝜆 = 1.5406 Å based 
on (Seltzer, 1995a,b).
 Element i 𝜇̃i(𝜆)∕(cm2 g−1) 𝑓 ′(𝜆)∕−

Fe  300.698  24.83089
O  11.006  8.052019
B  2.195  -
N  7.189  -

Table 3 
Mass densities of the pure 
solid phases identified in 
the powder samples based 
on Haynes et al. (2017).
 Pure material 𝜌∕(g cm−3)

𝛼−Fe  7.87
FeO  6.0
Fe3O4  5.17
Fe2O3  5.25
BN 2.18

4.4.  Specific surface evaluation in a multi-particle system

Within the reactor, there are BN particles serving as attenuation-
optimizing particles and FeOx particles acting as the reacting particles. 
The specific surface information of only the FeOx particles must be ex-
tracted from the data. To achieve this, three preliminary measurements 
must be performed: the empty camera measurement (E), the empty cell 
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Fig. 6. Representation of the WAXS scattering curves for three different reduction degrees for the reduction of hematite at 350 ◦C.

measurement (C), and the reactor filled exclusively with BN particles 
as a reference (R). Once these measurements are completed, the reac-
tor filled with FeOx particles is measured for each time step, referred to 
as the mixture measurements (M). While the length-scaled macroscopic 
scattering cross-section of the cell remains constant across all measure-
ments, the length-scaled macroscopic scattering cross-section of the BN
particles in (M) and (R) may vary due to differences in the solid thick-

ness of BN within the cell. As a result, the length-scaled macroscopic 
scattering cross-section of BN must be rescaled accordingly: 

(

dΣ
dΩ

)(M)

BN
(𝑞) =

𝑑(M)eff, BN
𝑑(R)eff, BN

(

dΣ
dΩ

)(R)

BN
(𝑞). (27)
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Fig. 7. SAXS scattering curves (Porod plot) for three reduction degrees during 
the reduction of hematite at 350 ◦C, showing the evolution of the Porod regions.

Thus, the effective intensity of FeOx within the reactor can be expressed 
as

𝐼eff,FeOx(𝑞) =
1

𝑑(M)eff,FeOx

[(

dΣ
dΩ

)(M)

FeOx+BN
(𝑞) −

(

dΣ
dΩ

)(M)

BN
(𝑞)

]

, (28)

with
(

dΣ
dΩ

)(M)

FeOx+BN
(𝑞) =

[(

dΣ
dΩ

)(M)

FeOx+BN+cell
(𝑞) −

(

dΣ
dΩ

)(C)

cell
(𝑞)

]

(29)

and
(

dΣ
dΩ

)(M)

BN
(𝑞) =

𝑑(M)eff, BN
𝑑(R)eff, BN

[(

dΣ
dΩ

)(R)

BN+cell
(𝑞) −

(

dΣ
dΩ

)(C)

cell
(𝑞)

]

. (30)

To evaluate Eq.  (28) the effective solid thicknesses of BN in the mix-
ture 𝑑(M)

eff,BN and in the BN reference 𝑑(R)eff,BN as well as the effective solid 
thickness of the FeOx particles 𝑑(M)

eff,FeOx in the mixture must be known. 
In the BN reference measurement, the effective solid thickness can be 
determined directly by evaluating the transmission values of the cell (C) 
and the reference (R) according to:

𝑑(R)eff,BN = − 1
𝜇BN

⋅ ln 𝑇 (R)

𝑇 (C)
. (31)

To evaluate 𝑑(M)
eff,FeOx 𝑑(M)

eff,BN the volume fractions 𝜙FeOx and 𝜙BN of FeOx
and BN must be determined using the WAXS measurement for the de-
termination of the mass fractions of the oxide phases within the FeOx
particles and the help of Eqs.  (17), (18), (19), (21) and (22). Conse-
quently, the effective solid thickness of FeOx in the measurement of the 
mixture is given by

𝑑(M)
eff,FeOx = − 1

𝜇FeOx +
𝜙(M)BN

1−𝜙(M)BN
⋅ 𝜇BN

⋅ ln 𝑇 (M)

𝑇 (C)
, (32)

the effective solid thickness of BN in the mixture measurement is pro-
vided by

𝑑(M)
eff,BN =

𝜙(M)BN

1 − 𝜙(M)BN

⋅ 𝑑(M)
eff,FeOx. (33)

A schematic representation of the evaluated effective solid thicknesses 
is depicted in Fig. 3. As a result of this, the specific surface of the FeOx
particles within the reactor can be calculated using Eq.  (10), (11) and
(28).

4.5.  Reduction experiment and ramp-up process

Each reduction experiment consisted of the three following steps:

Fig. 8. Comparison of the particle morphology between a) an arbitrarily chosen 
hematite particle (reactant) before reduction , b) an arbitrarily chosen particle at 
the intermediate stage and c) an arbitrarily chosen iron particle (product) after 
the complete reduction of hematite. To sample a particle at the intermediate 
stage, the experiment was repeated under the same conditions.
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Fig. 9. Enlarged view of an iron particle after reduction, highlighting the nanos-
tructures ≤ 30 nm formed. The arrows indicate regions where structuring at these 
size scales becomes apparent.

1. System ramp-up until steady-state conditions are reached
2. Reduction period
3. System shut down and conduction of the scattering measurements

The system ramp-up itself comprised three phases. Initially, the mass 
flow through the reactor was increased to operating conditions at am-
bient temperatures (cold startup phase). Once the pressure upstream of 
the packed bed became nearly constant, the stage was heated to the reac-
tion temperature (350 ◦C) at a heating rate of approximately 30K min−1

(heating phase). After the target temperature was reached, a significant 
pressure drop developed, causing an increase in the upstream pressure 
before the reactor. Consequently, the superficial gas velocity slightly de-
creased until steady-state conditions were achieved (relaxation phase). 
To minimize the impact of the startup process, the startup time for each 
measurement point is kept below 5% of the total duration of the reduc-
tion period. The shutdown and cooling time could be kept even shorter 
due to the small geometric dimensions of the capillary. The sample was 
directly evacuated in the sample chamber after the reaction, and SAXS 
and WAXS measurements were conducted at pressures below 1mbar.

The time required to reach steady state conditions in the capillary 
and during cooling defines the temporal resolution of the technique. The 
SWAXS measurement device, however, has only a minor impact. Thus, 
fast structural changes or temperature effects can only be observed using 
time-resolved in-situ analysis.

4.6.  Transmission evaluation

To determine the average solid thicknesses within the sample, it is 
necessary to measure the sample’s transmission. Therefore, to measure 
the transmitted radiation, the capillary was gradually shifted within the 
beam while determining the intensity in counts per second across all 
pixels within the primary beam’s area. This process ensured alignment 
of the capillary’s center, at which point the intensity of the transmitted 
radiation is recorded. Once the capillary fully exits the primary beam’s 
area, the intensity of the incident beam 𝐼0 can be approximately deter-
mined. The transmission equals the ratio of both intensity values. The 
alignment curves for determining the transmission values of the empty 
capillary, the capillary filled with boron nitride, and the capillary con-
taining the reactant sample are shown in Fig. 5. This procedure has been 
applied in order to align the capillary for each SAXS measurement.

4.7.  Uncertainty estimation

In this work, the error estimation in the quantification of the specific 
surface area accounts for the two factors: first, the uncertainty associated 
with the Porod fit to the experimental SAXS data, and second, the error 
arising from the estimation of the scattering length density using the 
core-shell model during the reduction process. The error estimation for 
the conversion into effective intensities as well as for the determination 
of the transmission is not considered in this study.

The uncertainty of the specific surface area based on Eq.  (11) is 
evaluated by

𝜎2𝑆𝑉
=
(

−2
𝐾𝑃
2𝜋

Δ𝜌−3𝑠𝑙

)2
⋅𝜎2Δ𝜌𝑠𝑙 +

(

1
2𝜋

Δ𝜌−2𝑠𝑙

)2
⋅𝜎2𝐾𝑃

, (34)

where 𝜎𝐾𝑃
 is the uncertainty from fitting 𝐾𝑃  to the experimental data. 

This uncertainty is estimated from
𝜎2𝐾𝑃

≤ 𝑞4max ⋅ 𝜎
2
𝐼 , (35)

where 𝑞max is the maximum 𝑞 value of the fitting range and 𝜎𝐼  the stan-
dard deviation between experimental data points and Porod fit.

The literature values for the scattering length densities are 4.12 ⋅
10−5 Å

−2 for Fe2O3, 4.04 ⋅ 10−5 Å
−2 for Fe3O4 and 5.94 ⋅ 10−5 Å

−2 for Fe
respectively. The uncertainty is estimated as 𝜎Δ𝜌𝑠𝑙 = 0.1 ⋅ 10−5 Å

−2
.

5.  Results and discussion

5.1.  WAXS Analysis

The WAXS results are used to quantify the phases present within the 
FeOx particles, thereby providing information on the reduction degree 
𝜒 and material properties. Fig. 6 exemplarily shows three WAXS curves: 
a) the state of the hematite - boron nitride mixture before the reaction, 
b) an intermediate state after the onset of reduction where all phases 
coexist, and c) the state of the reaction mixture after complete conver-
sion.

In all diffractograms, the wide-angle range is resolved up to approx-
imately 50◦. Fig. 6 a) specifies all hematite peaks retrieved from the 
educt sample measurement. After the onset of the reduction process, 
the (104) hematite peak at a scattering angle of 33.17◦ diminishes while 
the magnetite (220) peak at a scattering angle of 30.36◦ grows corre-
spondingly. As can be seen in Fig. 6 b), the reaction proceeds in such a 
way that hematite is initially converted to magnetite. The mass fraction 
of hematite is approximately 28%, that of magnetite is 70%, a small 
amount of formed iron (2%) is also present in the sample, since the 
(110) 𝛼-iron peak at a scattering angle of 44.69◦ can be observed. The 
diffractogram of the full reduction to iron in Fig. 6 c) does only contain 
the boron nitride peaks and the (110) 𝛼-iron peak. To emphasize the 
peaks at scattering angles above 40◦, a logarithmic scaling of the inten-
sity axis is applied here. This is necessary because, in all diffractograms, 
it is evident that the baseline intensity level decreases significantly at 
higher scattering angles as the scattering angle increases. This decrease 
is attributed to the geometric arrangement of the optical window and 
the embedding of the capillary within the heating unit. When the beam 
passes through the capillary, radiation scattered at large angles can only 
reach the detector if the scattering occurs near the exit point. However, 
proper embedding of the capillary within the heating element turned 
out to be essential to ensure a nearly constant temperature throughout 
the capillary. Thus, the effect on the quantitative phase analysis was 
taken into account and corrected through an adapted calibration using 
the intensity ratio method.

5.2.  SAXS Analysis

Fig. 7 displays the Porod plot of the SAXS curves of the FeOx parti-
cles corresponding to the measurements discussed in Section 5.1. In this 
form of representation, the intensity curve in the Porod regime appears 
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horizontal according to Eq.  (10). Using Eq.  (11), the specific surface 
area is then evaluated. It can be observed that the specific surface area 
of the solid particles increases with the reduction degree, from approx-
imately 15.2m2 cm−3 at 𝜒 = 0 to 18m2 cm−3 at 𝜒 = 1 after the reduction 
is complete. The results are summarized in Table 1. Interestingly, the 
Porod fits not only reach higher intensity levels with increasing reduc-
tion degree, but also the scattering vector range shifts to higher values. 
Thereby, it is noteworthy that with an increasing reduction degree, ad-
ditional scattering contributions in the scattering vector range between 
0.01Å

−1 and 0.06Å−1 emerge. Since the SAXS curve for scattering vec-
tors > |

|

𝑞1|| provides all the information of structures with the largest 
diameter of 𝑑eq = 𝜋∕|

|

𝑞1|| (Glatter and Kratky, 1983), the information of 
structures with equivalent sizes of up to approximately 30 nm can be 
derived from the measured data in this scattering vector range. It can 
be evaluated that the SAXS curves of 𝜒 = 0.11 and 𝜒 = 1 differ in that 
the additional scattering contribution compared to the hematite scat-
tering curve (𝜒 = 0) tends to originate from smaller structures at larger 
scattering vectors (0.04 − 0.06Å

−1
), while in 𝜒 = 1, additional scattering 

contributions arise at smaller scattering vectors (0.01 − 0.03Å
−1
) from 

larger structures. This indicates an additional scattering contribution 
arising from nanostructures up to size scales of 30 nm in the resolved 
scattering range.

5.3.  SEM Analysis

To further validate the morphology evolution study, SEM measure-
ments of hematite and reduced iron were conducted. The SEM images 
are presented in Fig. 8. The educt material is shown in Fig. 8a. The par-
ticle morphology is characterized by an aggregate structure composed 
of multiple primary particles, with the primary particle size on the or-
der of 102 nm. The fully reduced iron particles, shown in Fig. 8 c), re-
tain an aggregate structure, however, they exhibit secondary structures 
of similar size to the primary particles observed in the hematite sam-
ple. These aggregates form fractal-like configurations, appearing frag-
mented into even smaller primary particles with a size scale of approx-
imately 101 nm. Since the particles at the intermediate stage could not 
be sampled directly, the reduction experiment has been repeated un-
der the same conditions, and the particles were collected at a reduction 
degree of 𝜒 = 0.11. The SEM image of a magnetite particle of this sam-
ple is shown in Fig. 8 b). It appears that the primary particles are less 
clearly distinguishable compared to the initial material. Domains with 
sizes comparable to the initial primary particles exhibit fine surface fur-
rows, indicating that fragmentation into smaller structures has already 
commenced. An enlarged view of the reduced iron structure is provided 
in Fig. 9, demonstrating that the formation of the fractal structure aligns 
well with the results from the SAXS analysis. For full reduction, the ad-
ditional scattering contribution observed in the SAXS curve is likely at-
tributable to the formation of the fractal configuration, which exposes 
primary particles with size scales ranging from 10 up to 30 nm and be-
yond. Information on larger primary particles cannot be retrieved from 
the measured curves, due to the low resolution for lower scattering vec-
tors. However, larger primary particles can also be detected by the SEM 
images.

5.4.  Discussion

The observed morphological changes can be related to the iron nucle-
ation during the reduction of the oxide. Before the formation to metal-
lic iron, a slight restructuring of the surface already occurs through the 
formation of surface furrows during the magnetite formation. During 
the successive reduction to iron, metallic iron nucleates at the edges 
of the particles and subsequently grows further. As shown by the SEM 
images, the change of the scattering contribution between partial and 
full reduction is likely attributed to the growth of the nuclei at the 
edges of the reducing particles, which leads to the fractal structure ob-
served in Fig. 8 c). Zhang et al. (2020b) summarizes the mechanisms 

driving morphology evolution during iron oxide reduction, emphasiz-
ing the interplay between reaction and diffusion rates. In a reaction-
limited regime dominated by iron diffusion, fewer but larger nuclei 
form, which can grow into whisker-like structures. Conversely, in a 
diffusion-limited regime, supersaturation occurs, leading to the forma-
tion of a larger number of surface nuclei, which may result in porous 
structures. The reaction-limited regime typically prevails at high tem-
peratures, while the diffusion-limited regime is commonly observed at 
lower temperatures. In the present work, the reduction occurred in a 
low-temperature, diffusion-limited regime. However, since the primary 
particles of hematite and the nuclei exhibit similar sizes, the resulting 
secondary structures appear more fragmented than porous.

6.  Conclusion

In this work, an experimental method is proposed to investigate the 
morphology evolution of solid particles in a solid-gas heterogeneous re-
action, using the reduction of iron oxide with hydrogen as an example. It 
was shown that lab-scale X-ray scattering techniques (SAXS/WAXS) can 
effectively measure the increase in specific surface area without remov-
ing the powder from the reactor. This was accomplished by embedding 
the particles in a boron nitride matrix within a capillary with optical 
access to enhance transmission. The proposed method enables the ob-
servation of iron nucleation and the growth of iron nuclei by detecting 
an increasing scattering contribution originating from formed nanos-
tructures during the reduction process.

7.  Additional material

7.1.  Material properties of pure components

7.1.1.  Mass specific total absorption coefficient and atomic scattering 
factors
7.1.2.  Mass densities and isothermal compressibility of water

The mass density of pure water is evaluated by

𝜌(𝑇 )∕(g cm−3) = 10−3 ⋅
𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2 + 𝑎3𝑡3 + 𝑎4𝑡4 + 𝑎5𝑡5

1 + 𝑎6𝑡
, (36)

where 𝑎0 = 999.83952, 𝑎1 = 16.945176, 𝑎2 = −7.9870401 ⋅ 10−3, 𝑎3 =
−46.170461 ⋅ 10−6, 𝑎4 = 105.56302 ⋅ 10−9, 𝑎5 = −280.54253 ⋅ 10−12 and 
𝑎6 = 16.878950 ⋅ 10−3 and 𝑡 = 𝑇 ∕◦C (Kell, 1975). The compressibility of 
pure water is given by

𝛽𝑇 (𝑇 )∕(Pa) = 10−11 ⋅
𝑏0 + 𝑏1𝑡 + 𝑏2𝑡2 + 𝑏3𝑡3 + 𝑏4𝑡4 + 𝑏5𝑡5

1 + 𝑏6𝑡
, (37)

where 𝑏0 = 50.88496, 𝑏1 = 0.6163813, 𝑏2 = 1.459187 ⋅ 10−3, 
𝑏3 = 20.08438 ⋅ 10−6, 𝑏4 = −58.47727 ⋅ 10−9, 𝑏5 = 410.4110 ⋅ 10−12

and 𝑏6 = 19.67348 ⋅ 10−3 and 𝑡 = 𝑇 ∕◦C (Kell, 1975).
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