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Abstract: The experiment explored the Fe,O; reduction process with H,/CO mixed gas and confirmed a promoting effect from CO when
its volume proportion in mixed gas is 20% at 850°C. The ReaxFF molecular dynamics (MD) simulation method was used to observe the
reduction process and provide an atomic-level explanation. The accuracy of the parameters used in the simulation was verified by the
density functional theory (DFT) calculation. The simulation shows that the initial reduction rate of H, is much faster than that of CO (from
800 to 950°C). As the reduction proceeds, cementite, obtained after CO participates in the reduction at 850°C, will appear on the iron sur-
face. Due to the active properties of C atoms in cementite, they are easy to further react with the O atoms in Fe,O;. The generation of in-
ternal CO may destroy the dense structure of the surface layer, thereby affecting the overall reduction swelling of Fe,O,. However, excess
CO is detrimental to the reaction rate, mainly because of the poor thermodynamic conditions of CO in the temperature range and the mo-
lecular diffusion capacity is not as good as that of H,. Furthermore, the surface structures obtained after H, and CO reduction have been
compared, and it was found that the structure obtained by CO reduction has a larger surface area, thus promoting the subsequent reaction of H,.

Keywords: hydrogen reduction; hydrogen/carbon monoxide mixture; ReaxFF molecular dynamics simulations; reduction swelling; atom-

ic mechanisms

1. Introduction

In iron production, direct reduction refers to a process that
does not involve melting the ore. Iron ore is reduced in its
solid state, frequently utilizing reduction gases or coal as a re-
ducing agent [1-5]. The resulting product is designated as
direct reduced iron (DRI) or sponge iron, which can sub-
sequently be employed in the steelmaking process [6—7]. Re-
duction gases typically contain H, and CO in direct reduction
processes. Based on the requirement of low carbon environ-
ment, the development of hydrogen-based reduction techno-
logies is a viable path [8-9]. Therefore, it is of research value
to analyze the influence of temperature, gas composition, and
other factors on the reduction process [10—11]. The effect of
H,/CO gas composition on the reduction of hematite was fur-
ther investigated [12—13]. The selection of CO and H, as re-
ducing agents is discussed, with CO identified as the more ef-
fective reducing agent at a lower temperature from a thermo-
dynamic perspective while it will produce more CO, [14].
Phase transitions are defined as the changes in the physical
and chemical states of iron ore that occur as a result of reduc-
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tion, which is a crucial process for controlling the quality of
DRI. The interplay between the aforementioned factors res-
ults in the formation of intricate microstructures, which are
characterized by a diverse range of defects spanning multiple
orders of magnitude in length. These include but are not lim-
ited to, vacancies, dislocations, internal interfaces, and free
surfaces in the form of cracks and pores [15]. Among these,
the formation of cementite has a more significant effect on
the structure change during the reduction process. Zhang et
al. [16] revealed that cementite may be generated in the
middle and late stages of reduction due to the involvement of
CO and the C/Fe mass ratio on the surface has a significant
influence on the stickiness and also the fluidization behavior
of DRI particles.

To better understand the transformation of Fe,O; to Fe on
an atomic scale and to summarize the laws involved, the
density functional theory (DFT) approach is often used to
study the system of reduction reactions [17-19]. DFT can
provide detailed insights into the fundamental mechanisms
and energetics involved in the reduction process, including
the transition from Fe,0; (hematite) to Fe;O, (magnetite) and
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ultimately to metallic iron (Fe). Wang and Li [20] addressed
this challenge and puts forward a DFT-based microkinetic
rate equation theory to calculate the heterogeneous kinetics of
Fe,0; reduction by CO in chemical looping. At the atom
scale, the surface reaction mechanism of H, with Fe,O; was
investigated based on DFT calculations [21].

DFT is a highly efficient and widely applicable computa-
tional method that provides excellent accuracy for ground-
state properties across a diverse range of systems. However,
due to the limitation of computational ability, DFT is often
applied to structures with small scales, generally within the
nanometer scale. ReaxFF molecular dynamics (MD) method
was born with great computational power and relative accur-
acy [22-24]. In contrast to conventional force fields, which
are generally constrained to modelling fixed bond topologies,
ReaxFF permits the dynamic formation and dissolution of
chemical bonds during a simulation [25-26]. Van Duin’s
group [27] first applied the ReaxFF method to the Fe system
and developed a set of Fe/H/C/O potentials. The accuracy of
the existing ReaxFF Fe/C/O/H description is evaluated,
thereby furnishing indispensable data regarding the specific
areas that require further enhancement. Additionally, reac-
tion processes involving iron-related compounds such as
Fe,S and iron oxides with gas-phase molecules have been in-
vestigated to develop more systems and create more possibil-
ities. Shin et al. [28] developed a ReaxFF force field for
Fe/Cr/O/S based on the oxidation of butane over a pyrite-
covered Cr,O; catalyst, which is parametrized against data
from quantum mechanical (QM) calculations.

Numerous studies have examined gas composition, tem-
perature, and pressure effects on direct reduction [29-31].
However, comprehensive analyses of reduction mechanisms
at the atomic level across different reduction stages remain
limited. In addition, it has been found experimentally that CO
seems to have a facilitating effect on the reduction of H, un-
der specific conditions. It has been reported that the group of
80vol%H,—20v0l%CO at 850°C could promote the overall
reduction to a rate exceeding that of 100% H, [32]. This is an
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important topic that deserves specific investigation using
computational simulations. DFT uses quantum mechanics to
calculate the charge transfer between atoms, whereas MD
study calculates the forces between atoms based on Newton’s
laws, often used in a much larger system [33-34]. Unlike
other computational studies, this study is based on experi-
mentally phenomena and employs simulations to explain the
mechanisms and obtains more compatible results.

In this study, reduction experiments and ReaxFF MD sim-
ulations were combined to summarize the effect of H~CO
mixed gas on the reduction pattern. The effect of different gas
components on the reduction rate was analyzed. X-ray dif-
fraction (XRD) and scanning electron microscopy—energy
dispersive spectroscopy (SEM-EDS) tests were used to in-
vestigate the transformation patterns and structural character-
istics of the phases during the reduction process. The accur-
acy of the parameters was verified by the DFT method prior
to simulation. The relative energies of H, and CO as a func-
tion of bond length and the variation of Fe and Fe,O; as a
function of cell volume were tested to determine the applic-
ability of the parameters. Different simulation structures were
created to reflect the different gas—solid reactions at the be-
ginning and middle stages of reduction process. Furthermore,
the factors affecting the reduction swelling were analyzed in
detail.

2. Experimental
2.1. Reduction experiments

Reduction method was used to analyze the effect of gas
components on reduction rates. As shown in Fig. 1(a), the ex-
periments are divided into four steps. (1) The amount of 3.00
g Fe,0; powder with a purity of more than 99.9% was
pressed using a cylindrical mold. (2) To increase its strength
of the obtained cylindrical sample, it was calcined at 1000°C
for 3 h under the protection of pure argon. (3) The obtained
high-strength sample was placed in a tube furnace for reduc-
tion testing. The used equipment is shown in Fig. 1(b). The

Fig. 1. (a) Experimental procedure comprising pressing, roasting, reduction, and analysis; (b) equipment used in the roasting and

reduction experiments. TG—Thermogravimetric.
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protective gas and the reducing gas were input from the bot-
tom and flowed out from the top. The sample was placed in
the middle hanging basket and connected to a balance with a
computer for weight detection. The reduction rate can be re-
flected by the change in the mass of sample. The main prin-
ciple is that Fe,O; undergoes a step-by-step reduction reac-
tion to generate metallic Fe after contacting CO and H,. (4)
Reduced samples were finally analyzed by XRD and
SEM-EDS. The type of equipment for XRD analysis is
X'Pert PRO MPD with a scanning speed of 2°/min. The type
of SEM-EDS equipment is FEI Quanta and has a resolution
of 3 nm under vacuum condition.

The specific details of the reduction experiment are listed
in Table 1. The components of 5 different mixed gases were
compared. The effects of reduction temperature on the reduc-
tion rate were investigated, and the temperature of 800, 850,
900, and 950°C were set respectively. The reference prin-
ciple for temperature setting is the reduction processes of
Midrex and HYL [35-37]. This temperature range is the ad-
vantage zone of H, reduction, aiming to explore the influ-
ence of CO addition on H, reduction.

Table 1. Conditions of a series of reduction experiments

Mixed gas
Series composition/ vol%  Temperature / °C

H, CcO
1 (100H,) 100 0 800, 850, 900, or 950
2 (80H,/20C0O) 80 20 800, 850, 900, or 950
3 (50H,/50C0O) 50 50 800, 850, 900, or 950
4 (20H,/80CO) 20 80 800, 850, 900, or 950
5 (100CO) 0 100 800, 850, 900, or 950

2.2. ReaxFF methods

ReaxFF MD simulation is a computational method based
on classical MD and incorporated exchange for chemical re-
action systems calculation. Therefore, the breakage and syn-
thesis of chemical bonds is an important characterization.
This method uses DFT fitting parameters to express the inter-
action between atoms through specific formulas. ReaxFF has
been applied to a diverse range of chemical systems, includ-
ing hydrocarbons, ceramics, metals, polymers, and bio-
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molecules. Its ability to handle large systems with thousands
or millions of atoms makes it particularly useful for studying
many processes. Since the research system involves the reac-
tion between gas phase and solid phase, this method is ap-
plicable. As shown in Eq. (1), the energy in the system in-
cludes bond energy (Eyong), over- and under-coordinated en-
ergy correction (E,. and E), lone pair electron energy
(Eyp), bond angle energy (E,,), dihedral energy (£,,), van der
Waals force (Eygwaais), and Coulomb force (Ecouom)-

Esystem = Ebond + Eover + Eunder + Elp+
Evul + Etor + EVdWL\'dlS + ECoulnmb (1)

As shown in Fig. 2, the two main systems are calculated,
namely the reaction processes of Fe,O; and metal Fe sub-
strates with gas molecules. The first reaction system ex-
presses the initial reaction between reducing gas and iron ox-
ide. The total number of gas phase molecules is set to 200,
and the Fe,O; substrate is set to 40 A x 40 A with a thickness
of 12 A. Considering the changes in the surface in the middle
and late stages of the reaction, the second reaction system
covers 10 A of iron carbide on the Fe,O; substrate. The reac-
tion is set to NVT system, the reaction time is set to 200 ps,
and the step size is as 0.25 fs. The XY directions are set as a
periodic boundary, and the both sides in Z direction are set as
the unreacted region.

2.3. Parameters validation

To demonstrate the advantages of the ReaxFF method,
which has a high computational efficiency and capacity for
larger atomic systems, we verify the accuracy of parameters
through comparison with the DFT (GGA-PBE) results
[38-39]. The parameters initially developed by van Duin’s
group and subsequently optimized. To verify their applicab-
ility in this research system, relative energy tests were per-
formed on H,, CO, Fe, and Fe,0s, as depicted in Fig. 3. Rel-
ative energy is a fundamental concept in understanding and
predicting the behavior of physical and chemical systems,
particularly in computational modeling and theoretical stud-
ies. Generally speaking, a molecule has a fixed length of
chemical bonds at their lowest energy state, which is called a
steady state. Therefore, we first compared the relative energy
changes of H, and CO obtained by DFT and ReaxFF meth-

(a) Unreacted region

Unreacted region

@ H @ o
®c (:\)Fe

ZL»
e Y

(b) Unreacted region

Unreacted region

Fig. 2. Reaction systems: (a) initial system; (b) mid stage system.
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ods. The results show that the system reaches steady state at a
bond length of H, bond length of 0.74 A, which is com-
pletely consistent with the experimental results. Similarly,
CO exhibits its lowest energy at 1.13 A, which is also very
close to the experimental data. Steady-state cell volume is of-
ten studied in DFT and MD simulations to define the perfect
size of the given structure. The most stable volume of Fe
(body-centered cubic, ie., bcc) unit cell calculated by
ReaxFF is 23.22 A’, which has a 1.3% decrease compared to
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that by DFT, almost showing a good performance. For the
Fe,0; unit cell, the most stable sizes measured by two meth-
ods differ by about 3.5%, which is mainly due to the com-
plexity of the oxide system compared to pure metals. This de-
viation remains within a reasonable range and there is a pos-
sibility of continuous optimization in the future. Therefore,
all parameters used in this study are scientific and reprodu-
cible. The outcomings have been analyzed using Ovito and
visual molecular dynamics (VMD) [40-41].
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Fig. 3. Validation of simulation methods for all systems by checking the relative energy of (a) H, bond length, (b) CO bond length,

(c) Fe cell volume, and (d) Fe,O; cell volume.

3. Results and discussion
3.1. Fe,O; reduction using H, and CO

The Fe,0; reduction process involves two primary reac-
tions. In Eq. (2), CO reduces Fe,O; to iron, producing carbon
dioxide as a by-product. In Eq. (3), H, acts as the reducing
agent, reducing Fe,O; to iron, generating water vapor as a by-
product. Fig. 4 shows the reduction curves under different
gas components from 800 to 950°C, and two main obvious
phenomena can be found. First, the higher the temperature,
the faster the reduction rate. At 950°C with pure H,, the re-
duction endpoint is basically reached within 14 min whereas
at 800°C with pure H,, the reaction remains incomplete even
after 30 min. Second, H, is more reactive than CO, particu-
larly at higher temperatures, which can lead to faster reduc-
tion rates. These phenomena can be explained by that hydro-
gen is a lighter and more reactive molecule than CO, which
can penetrate the iron ore particles more easily and promote
faster reduction rates, especially beneficial at higher temper-

atures, where the reduction rate of H, exceeds that of CO.
However, it is worth noting that at 850°C, the sample has the
fastest reduction rate under the particular composition
(80vol%H,—20v0l%CO), which indicates that the addition of
a small amount of CO can effectively promote the overall re-
duction. Initially, this result was suspected to be an accident-
al error in the test, but the repeated experiment has once again
confirmed this phenomenon. The reason for this result may
be the phase transition during the reduction process affecting
the kinetic conditions of the chemical reaction.

Fe,0; +3CO = 2Fe + 3CO, 2)

Fe,0; + 3H, = 2Fe + 3H,0 3)

To further explore how the addition of a small amount of
CO promotes reduction at 850°C, we compared the reduc-
tion process of Sample 1 and Sample 2, which represents the
samples obtained at 850°C with the gas conditions of 100%
H, and 80vol%H,—20vol%CO, respectively. For a Fe,0s
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Fig. 4. Changes in reduction degree under different gas compositions at (a) 800°C, (b) 850°C, (c¢) 900°C, and (d) 950°C.

particle, the reduction is carried out from the outer layer to
the inside. The reduction of the outer layer is a surface reac-
tion where the reducing gas (CO or H,) reacts with oxygen
atoms on the surface of the metal oxide, forming gaseous by-
products like CO, or H,O and leaving behind a partially re-
duced metal oxide. The outer layer always forms metallic
iron first. To understand the process of subsequent reduction

: E b
w8 &4 Element Content / wt%
Py {

: @ Fe 73.69

| O 26.04

Fe 99.99

o P2 E.
' Element Content / wt%

of the gas and the internal iron oxide in the middle stage of
reduction, SEM and EDS were used to analyze Sample 1 and
Sample 2 after 10 min of reduction, as shown in Fig. 5(a) and
(b). The interior of the grain can still maintain a relatively
dense state, while more cracks and pores appear in the outer
layer of the grain. The outer layer of the particle in Sample 1
after 10 min reduction is almost pure metallic iron (refer to

~ {Element Content / wt%

96.79
C 3.21

—~
o
=

— Sample 1

Intensity / a.u.
Intensity / a.u.

EAnitial state .
1.0 | EMReduction for 10 min
M A fter reduction

Sample volume / cm?
=
>

20 30 40 50 60 70 20 30 40
20/ ()

50 60 70
20/ (°)

Sample 1

Sample 2

Fig. 5. SEM and EDS analysis of (a) Sample 1 after reduction for 10 min and (b) Sample 2 after reduction for 10 min; XRD analysis
of (c) Sample 1 after reduction and (d) Sample 2 after reduction; (e) volume change of Sample 1 and Sample 2 in different stages.
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P2), while the darker area inside is still in the state of iron ox-
ide (refer to P1), which indicates that the reduction is not yet
sufficient. In contrast, the elemental analysis of the outer lay-
er in Sample 2 after 10 min reduction shows a certain amount
of C, which indicates that iron carbide may have formed in
this area.

After complete reduction, the sample was cooled to room
temperature under Ar protection and preserved. XRD detec-
tion was used to specifically explore the final phase composi-
tion of the samples. Fig. 5(c) and (d) reveals that the final
phase of Sample 1 is pure metallic iron, and no other peaks
are found in the curve. Sample 2 mainly includes two phases,
metallic iron and Fe;C. By analyzing the variation in the
mass of the sample (from 2.10 to 2.15 g), it is possible to ac-
curately calculate the percentage of Fe;C in the sample as
35.7wt%. Therefore, at a specific temperature (850°C), the
addition of CO may cause the formation of iron carbide. In
addition, the volume change of the samples was statistically
analyzed, and it was found that the volume change after the
addition of CO was more obvious, expanding by about
15.4%. The series of phenomena show that the addition of
CO causes the appearance of iron carbide in out layer in the
middle stage of reduction, which makes it easier for volume
expansion to occur there. The loose structure caused by
volume expansion is more conducive to gas diffusion and
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promotes deep reduction [42—43]. It is shown that the reduc-
tion swelling of the pellets further enlarges with the increas-
ing CO content and the overall structure becomes loose.
However, at the same time, a large amount of CO occupies
the reaction sites on the surface of iron oxides. Moreover, the
reaction rate of CO is lower than that of H,. Therefore, the
overall reduction rate decreases with the increasing concen-
tration of CO.

The data of different gas flow rates at 850°C are recorded
in Table 2. The gas utilization rate can be calculated by de-
tecting the top gas components at different times. /; is defined
as the initial utilization rate at the beginning of reduction, and
Iy is defined as the average utilization rate during the entire
reduction process. The results show that as the reduction pro-
gresses, the gas utilization rate continues decreasing, and the
initial gas utilization rate is always the highest. The initial and
average gas utilization rates have been calculated in Table 2.
The reduction can be divided into three stages. At the early
stage, all CO is used to reduce the O atoms in the iron oxide.
In the middle stage of reduction, metallic iron appears in the
outer layer of the pellet, at which time most of the CO is still
consumed by reduction, and a small amount of CO reacts
with the metallic iron to form Fe;C. In the late stage, the O
atoms in the samples have already been consumed, and all
the CO is used to combine with the iron to form cementite.

Table 2. Utilization rate of H,and CO including initial utilization rate and average utilization rate at 850°C

No. H, flow rate / (L-min™") CO flow rate / (L-min ") I,of Hy / % I, 0of CO /% Iy of Hy, /% Iy of CO/ %
1 2.0 0 48.1 — 14.2 —

2 1.6 0.4 50.2 519 14.8 15.8

3 1.0 1.0 51.8 50.6 15.6 15.3

4 0.4 1.6 53.6 49.3 16.1 14.7

5 0 2.0 — 47.6 — 13.9

3.2. ReaxFF MD simulations on H,/CO with Fe,0;

In this part of the study, to be consistent with the reduc-
tion experiment, the temperature of 850°C has been chosen
as the characteristic temperature for exploration. First, the re-
duction process of Fe,O; under H, and CO conditions was
compared. Fig. 6(a) depicts the system composition after H,
reduction. It can be found that the structure of Fe,O; has
changed significantly, and a large number of water vapor
molecules are attached to the surface. Another part of the wa-
ter vapor migrates to the gas phase. Fig. 6(b) details the form-
ation process of H,O. First, hydrogen molecules are ad-
sorbed on the surface by intermolecular forces, and then H,
dissociates at high temperature to obtain two separate H
atoms. H atoms and O atoms can easily exchange charges,
form chemical bonds, and generate H,O. The obtained water
molecules are active at high temperatures and have a certain
probability of migrating to the gas phase. In the molecular
dynamics research system, the rate of various processes is of-
ten reflected by the change of the products. Therefore, the
change in the number of H,O molecules and H, molecules
can intuitively reflect the reduction rate. Fig. 6(c) describes
that hydrogen is continuously reduced at a fast rate and is

completely consumed within about 55 ps, transforming into
100% water molecules. Fig. 6(d)—(f) examines Fe,O; reduc-
tion process by CO through similar analysis. The results
show that the reduction of CO can also be divided into the
following stages. First, CO is adsorbed, and the C atoms in
CO transfer charge with the O atoms on the surface of Fe,O;
to form chemical bonds. After bonding, C-O continuously
adjusts the length and angle until the three atoms are adjusted
to a straight line, generating CO, molecules and returning to
the gas phase. Unlike H,, the overall reduction efficiency of
CO is slow and has a reduction limit, hence it cannot be com-
pletely converted into CO,. At 200 ps, 39vol% CO, has been
produced. Finally, reduction processes of three mixed gases
are further compared. The results shown in Fig. 6(g)—(i) re-
veal that the higher the CO content, the lower the overall re-
duction rate. However, the addition of 20vol% CO signific-
antly increases the H, consumption rate. H, is completely
consumed in just 40 ps with addition of 20vol% CO, which is
faster than the 55 ps required without CO addition. This is
consistent with the results obtained from the reduction exper-
iments. When the volume content of CO reaches 50%, the H,
consumption rate decreases significantly, mainly because a
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large number of CO molecules in the gas phase will occupy
the effective adsorption sites on the Fe,O; surface. These
simulation results only display the interaction between the
gas and Fe,O; surface in the initial stage of the reduction. To
more clearly understand the formation of metallic iron in
subsequent reduction process, the structure after 200 ps of re-
duction has been re-input each time, and the reducing gas will
be inserted for simulation, and this cycle repeats until the O
atoms in Fe,0; are completely consumed.

After multiple cycles of reduction, the reduced structure is
obtained. This section mainly compares the effects of H, and
CO on the products obtained after reduction. The primary ad-
vantage of using hydrogen as a reducing agent is the signific-
ant reduction in carbon emissions. Instead of producing CO,
as by-product in traditional carbon-based processes, the
byproduct of hydrogen reduction is water vapor (H,0O), mak-
ing it a much cleaner process. At 850°C, metallic iron is in
the alpha iron (ferrite) phase with a bce structure. Although
iron has lost its magnetism at this point, its crystal structure
has not yet transformed into the face-centered cubic structure
at higher temperatures. Iron at this temperature is still a solid
metal with good ductility and relatively low strength.
Fig. 7(a) shows the crystal structure after complete H, reduc-
tion. The structure is metallic iron, and no other elements are
found. The radial distribution function (RDF) method was

used to explore the specific arrangement of atoms. Metallic
iron is with an obvious crystal structure with a clear peak at
2.48 A between Fe atoms, which is consistent with the char-
acteristic bec Fe structure (Fig. 7(b)).

For CO reduction process, carburization reaction will oc-
cur in the middle and late stages of reduction, mainly be-
cause CO will decompose under specific conditions. As CO
continuously reduces iron oxides, all O atoms from the Fe,O;
surface react. The newly generated metallic iron has a certain
catalytic effect on the decomposition of CO. Due to the
strong effect of Fe—C, CO is first adsorbed on the iron atom.
When another CO migrates nearby, the C—O bond is activ-
ated and then broken, generating CO, while leaving a C atom
sandwiched in the iron lattice. C atoms can continuously mi-
grate in iron and form cementite at a certain temperature.
Fig. 7(c) describes the final structure after CO reduction. It
can be seen that the metallic iron contains a large number of
C atoms, which are widely distributed throughout the struc-
ture. Fe;C structure exhibits strong interaction between iron
atom and carbon atom, forming Fe—C bonds that combine the
properties of metallic and covalent bonds. The bond length
between Fe and C ranges from about 1.98 to 2.03 A, depend-
ing on the position of the atoms in the unit cell. The RDF
analysis in Fig. 7(d) reveals that part of the structure shows
the bee metallic iron (peak position is 2.48 A), and another
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part of the structure shows the Fe—C bonds (peak position is
2.00 A), consistent with the characteristics of cementite
structure.

3.3. Expansion effect caused by CO reduction

Through the previous stage of research, it has been proved
that when CO participates in the reduction, cementite will be
preferentially obtained on the surface in the middle and late
stages. Cementite (Fe;C), is a metastable phase in the
iron—carbon system. It can decompose into iron and carbon
under certain conditions. This decomposition is a key part of
processes like the tempering of steel and the production of
malleable iron. Fe;C is stable at lower temperatures but will
decompose at higher temperatures. The decomposition is in-
fluenced by both the temperature and the presence of other
phases. The obtained cementite structure is covered on the
upper layer of Fe,O; and performs as a channel for the con-
tinuous development of reduction from outer layer to inner
layer in the middle stage. As shown in Fig. 8(a), when CO
transfers into CO,, some of the C atoms will form Fe;C. In
addition, the surface structure of the substrate has changed
significantly and is no longer a regular iron crystal. As shown
in Fig. 8(b) and (c), the structure before and after the reaction
has been sliced along Z direction, and the specific transform-
ation path of the C atoms has also been discovered. Before
the reaction, a part of C atoms exists in the cementite, and its
properties are relatively active, so it is easy to migrate in the
lattice. It is found that a part of CO is still retained in the in-
terface between Fe;C and Fe,O; after the deep reduction.
These internal CO have a tendency to migrate to the surface,
which is mainly because CO is large in volume and difficult

to effectively exist in metal or metal oxide structures. The
large internal pressure forces CO to migrate to the surface
and return to the gas phase. In addition, obvious cracks ap-
pear on the surface structure, suggesting that the process of
CO escaping to the surface is likely to cause the structure to
expand and form the cracks.

The migration of O atoms is also an important phenomen-
on in the middle stage of reduction. Fig. 8(d) briefly de-
scribes the average diffusion depth of C atoms. Due to the
concentration difference caused by the high C content on sur-
face will migrate to metallic iron at a certain temperature.
The primary driving force for concentration diffusion is the
concentration gradient. Atoms move to minimize this gradi-
ent, leading to a more uniform distribution of particular ele-
ments over time. At a high temperature, due to the higher dif-
fusion coefficient of C, they will diffuse into the iron lattice at
a faster rate and reach a greater diffusion depth. At 950°C, the
maximum diffusion depth reaches 2.935 A. However, a high
temperature will accelerate the decomposition of cementite.
We keep the saturated cementite at constant temperature for
200 ps, and the results are shown in Fig. 8(e), which indic-
ates that cementite may be more stable at low temperatures.
The number of internal CO at different temperatures is stat-
istically shown in Fig. 8(f). The reaction rate between C in
Fe;C and Fe,)O; is intensive at a high temperature and more
CO can be generated. At 850°C, the presence of cementite
gives a channel for the diffusion of C and O.

The iron slab obtained through pre-reduction by H, and
CO exhibit different phase compositions and overall structur-
al states. By comparing the structures of the substrates in
Fig. 9(a) and (b), it can be clearly seen that there are obvious
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cracks in the substrate obtained by 80vol%H,—20vol%CO
pre-reduction. This result is consistent with the reduction ex-
periment (the structure obtained by CO contained reduction
has a higher reduction swelling index). The surface area
caused by cracks, often referred to as the ‘fracture surface
area’, which is the total area of the new surfaces generated
when a material undergoes cracking or fracturing. Generally
speaking, a structure with cracks trends to have a higher sur-
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face area. The specific details are recorded in Fig. 9(c), and it
can be found that the structure obtained by CO contained pre-
reduction does have a higher surface area. In addition, under
higher temperature conditions, a relatively higher surface
area can be obtained. This is because the substrate obtained
by 80vol%H,—20vol%CO pre-reduction contains more C
atoms, and a higher temperature can promote the formation
of CO at a faster rate. The concentrated CO is removed to the
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Fig. 9. Deep reduction of H, with the slab pre-reduced by (a) pure H, and (b) 80vol%H,-20vo0l%CO; (c) surface area of the struc-
ture pre-reduced by pure H, and 80vol%H,-20vol%CO; (d) synthesis rate curve of H,O at 850°C on different substrates.



0. Cheng et al., Mechanisms and interactions in the reduction of Fe,O; by H,/CO mixed gas: Atomic insights from ... 1381

surface, which is more likely to cause cracks. Finally, H, mo-
lecules are inserted on the obtained substrate to explore the
effect of different substrates on the deep reduction of H,.
Fig. 9(d) describes the reduction process of two different sub-
strates. Case 1 represents the substrate obtained by H, pre-re-
duction, and case 2 is that obtained by 80vol%H,—20vol%CO
pre-reduction. The results show that case 2 has a higher re-
duction rate, which indicates that a higher surface area is con-
ducive to increase the reaction frequency between H, and
Fe,0;. Due to its small size and strong diffusion ability, H,
can easily enter the structure through cracks and other loose
locations, and further combine with O in the lattice to gener-
ate H,O. The above simulations can explain that adding a
certain amount of CO is beneficial to the formation rate of
H,O. Therefore, the 80vol%H,—20vol%CO experimental
group can obtain a faster reduction curve.

4. Conclusions

This investigation combines the experiments and compu-
tational simulations to present the following findings.

(1) A maximum reduction rate of 80vol%H,—20vol%CO
at 850°C was found, with the main difference being in the
middle and late stages of reduction. The phenomenon is at-
tributed to the generation of a small amount of cementite,
which provides a good channel for the diffusion of C atoms,
which in turn synthesizes internal CO. Therefore, a tendency
for the enhancement of hydrogen utilization as the CO con-
tent increases.

(2) DFT calculations verify the accuracy and applicability
of the parameters. The ReaxFF MD simulation results
showed that H, has a high reduction rate and can completely
consume H, before 55 ps. The iron layer obtained by H, re-
duction is a pure bee structure (peak position of 2.48 A),
while that obtained by CO involved reduction contains a mi-
xture of metallic iron and cementite (peak position of 2.00 A).

(3) After the formation of cementite on the surface, a large
amount of internal CO is easily generated at the interface of
Fe;C and Fe,O; because of the C diffusion. The process of
CO removal from the interface may cause cracks in the sur-
face structure and increase the surface area which is condu-
cive to increase the reaction frequency between H, and
Fe,0s. The swelling ratio of the sample after adding 20vol%
CO is higher than that obtained by pure H,. These simulation
results provide an atomic explanation for the experimental
phenomenon. At the same time, it gives a relatively novel re-
search idea for gas—solid reactions.
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