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a b s t r a c t 

Steel is the most important material class in terms of volume and environmental impact. While it is a 

sustainability enabler, for instance through lightweight design, magnetic devices, and efficient turbines, its 

primary production is not. Iron is reduced from ores by carbon, causing 30% of the global CO 2 emissions 

in manufacturing, qualifying it as the largest single industrial greenhouse gas emission source. Hydrogen 

is thus attractive as alternative reductant. Although this reaction has been studied for decades, its ki- 

netics is not well understood, particularly during the wüstite reduction step which is much slower than 

hematite reduction. Some rate-limiting factors of this reaction are determined by the microstructure and 

local chemistry of the ores. Here, we report on a multi-scale structure and composition analysis of iron 

reduced from hematite with pure H 2 , reaching down to near-atomic scale. During reduction a complex 

pore- and microstructure evolves, due to oxygen loss and non-volume conserving phase transformations. 

The microstructure after reduction is an aggregate of nearly pure iron crystals, containing inherited and 

acquired pores and cracks. We observe several types of lattice defects that accelerate mass transport as 

well as several chemical impurities (Na, Mg, Ti, V) within the Fe in the form of oxide islands that were 

not reduced. With this study, we aim to open the perspective in the field of carbon-neutral iron produc- 

tion from macroscopic processing towards better understanding of the underlying microscopic transport 

and reduction mechanisms and kinetics. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction and motivation 

Steel is by far the most important metallic material, both in 

erms of quantity and the breadth of industrial applications, rang- 

ng from transportation, infrastructure, construction, machinery to 

afety. It is also an enabler of clean energy conversion technologies, 

uch as wind or solar thermal. Steel can be recycled practically in- 

nitely by collecting and re-melting scraps. When averaged over 

ll steel grades and scrap types its global recycling rate is about 

0%, making steel the world’s most recycled material, and, in ab- 

olute tonnage, amounting to more than all other recycled materi- 
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ls combined [1–3] . However, due to steel’s global role as a back- 

one material of economic development and its high and steady 

rowth rates, scrap-based secondary synthesis alone cannot satisfy 

he global demand. Also, a major challenge in using large amounts 

f scrap to produce high grade steel lies in the gradual accumula- 

ion of undesired tramp elements such as copper. Therefore, fresh 

ron from ore reduction will always be needed in addition to scrap 

ecycling. For these reasons, huge quantities of iron are produced 

ach year by conventional primary synthesis, via reduction of iron 

res in blast furnaces, using carbon as a reductant [4] . The current 

nnual consumption of iron ores for this process amounts to a gi- 

antic 2.6 billion tons, producing about 1.28 billion tons of pig iron 

hrough this route [5] . Each ton of steel produced by this conven- 

ional primary synthesis, i.e. through a blast furnace followed by 

 basic oxygen converter, creates about 2.1 tons of CO 2 . Currently, 

ore than 70% of the global iron production is made through this 

rocess route [4] . 

https://doi.org/10.1016/j.actamat.2021.116933
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116933&domain=pdf
mailto:b.gault@mpie.de
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These numbers make steel one of the most staggering single 

ources of greenhouse gas on the planet, with about 6.5% of all 

O 2 emissions, i.e. 30% of all CO 2 emissions from the manufac- 

uring sector [1] . Global growth rate projections suggest a massive 

urther increase of these emissions at least up to the year 2050 if 

o technology changes are implemented. 

However, unreflected CO 2 sequestration may also produce nega- 

ive impacts [6–10] . For instance, the currently developed approach 

f underground CO 2 storage for long-term periods (i.e. virtually 

undreds or thousands of years) is a technique that might cause 

armful effects on soil and water due to leakage [11] . Therefore, 

hree engineering strategies are currently being explored to miti- 

ate this dramatic contribution of primary iron synthesis to global 

arming. 

The first one is an increase in recycling. However, secondary 

roduction of steel still causes between 0.3 and 0.6 ton CO 2 per 

on of recycled steel, due to the use of graphite electrodes in the 

lectric arc furnaces, injected fuels and the electrical power which 

s mostly generated from fossil fuels. Also, there is simply not 

nough scrap available (globally only about 1/3 of the total pro- 

uction comes from such secondary resources) to cover the total 

emand, due to the longevity of many steel products, for instance, 

n buildings, machines and vehicles [12] . More than 3/4 of all steel 

roducts that were ever made are still in use today. Some steel 

onstructions and buildings have been lasting for 150 years, for in- 

tance the Brooklyn Bridge. 

The second scenario is the use of electrolysis, similar to the pri- 

ary production of aluminum via the Hall-Heróult process [13] . 

owever, the iron oxide’s high melting point and the chemically 

ggressive nature of the high-temperature liquid salts make this 

rocessing route currently less attractive for commercial produc- 

ion. Promising in this field, however, is the recent progress in low- 

emperature electrolysis, using ionic liquids as solvents [ [14] , [15] ]. 

The third, and currently most viable alternative, lies in the use 

f hydrogen as a reducing agent (instead of carbon), provided it 

omes from sustainable sources [16] . Hydrogen-based reduction 

chemes need to consider three thermodynamic constraints in the 

esign of reactors. (1) The net energy balance for the complete re- 

uction of iron oxide to iron with hydrogen is endothermic, i.e. it 

equires external energy to proceed [16] , whereas it is exothermic 

ith carbon monoxide. (2) In many of the current transition tech- 

iques for the reduction of iron ores, hydrogen is not used as the 

nly reductant, but it can be mixed with several types of carbon 

arriers in the same reactor [ [17] , [18] ]. This means that the cat-

lytic splitting of the injected molecular dihydrogen into reactive 

tomic hydrogen (H 2 ↔ 2H) and its reaction with the oxide com- 

etes with other reduction reactions [16] . Also, the reaction prod- 

ct, i.e. water, must be removed from the reaction zone as it can 

e-oxidize or block the reduction front. This is a challenging de- 

ail as water or, respectively, the oxygen that is removed from the 

xide, desorbs and diffuses only slowly compared with the atomic 

eductants. High partial pressure of water has indeed been shown 

o act detrimental to the nucleation and growth of iron on wüstite 

urfaces [ [19] , [20] ]. (3) The availability of green hydrogen (made 

rom sustainable sources) is currently by far too small to miti- 

ate the steel industry’s greenhouse gas output. This means that 

he reduction via gray hydrogen has to serve as transition tech- 

ology with a reduced mitigation effect [ [21] , [22] ]. Gray hydro- 

en, which makes currently more than 95% of the global hydro- 

en market, comes from steam reforming and partial oxidation of 

ethane, coal gasification and wet coke gas production. Hydrogen 

on from reforming contains CO as a contaminant, an effect which 

ust be considered in the carbon balance of downstream reac- 

ions. A more sustainable alternative to producing large amounts 

f hydrogen for iron ore reduction might come from methane py- 

olysis, where solid carbon is the byproduct. 
2 
. Approaches to hydrogen-based reduction of iron oxide and 

he role of microstructure 

The hydrogen-based reduction scenario with the currently high- 

st technology-readiness level is to inject hydrogen into existing 

last furnaces, in addition to coke [14] . The coke lends the furnace 

ts permeable structure. This structure is needed to allow gas per- 

olation as well as slag and metal outflux [16] . Current pilot oper- 

tions use either gray hydrogen (from gas reforming) or coke gas. 

he latter is a mixture containing up to 65% hydrogen and more 

han 20% methane, available in integrated steel factories from the 

oke plant [ [23] , [24] ]. 

Yet, the underlying microscopic processes and some aspects as- 

ociated with the basic thermodynamics and kinetics within the 

last furnace are not well understood and can thus not be con- 

rolled or tuned for higher reduction efficiency and improved CO 2 

alance. A possible consequence of this is that the injected hydro- 

en partially evades without contributing much to the reduction 

eaction and thus without markedly reducing CO 2 emissions, even 

hough hydrogen diffuses and percolates much faster than CO and 

O 2 . Another efficiency limit is that the reaction is endothermic, 

ence, more carbon-carriers are required to keep the temperature 

igh enough when increasing the hydrogen amount injected. 

The second technology option is the direct reduction of solid 

ron ore pellets by hydrogen at temperatures above 570 °C 

 [21] , [25] , [26] ]. In this case, the reduction proceeds from hematite

Fe 2 O 3 ) to magnetite (Fe 3 O 4 ), and further to wüstite (FeO) and

etallic iron (Fe). 

Several macroscopic studies exist on the reduction of iron ox- 

de exposed to different gas mixtures (in part including hydro- 

en) in the temperature range of 50 0–90 0 °C [27–30] . However, 

everal key aspects that influence the reduction kinetics in terms 

f the microstructure, nano-chemistry, porosity, interface fracture, 

nd mechanics of the ores and partially reduced products have not 

een studied. These less-known parameters and mechanisms have 

n common that they act on micro- and even near-atomic length 

cales, with substantial influence on transport and reaction kinet- 

cs. Thus, the next level of insight into the carbon-free reduction of 

ron ores requires direct observations at these small scales, prob- 

ng both, structure and chemistry. Better understanding of these 

rocesses would enable the design of suited ore pellets and pro- 

ess conditions with respect to ore preparation, pre-processing, en- 

ichment strategies, microstructure, dispersion, porosity, grain size, 

exture, thermo-mechanical conditions, and chemical composition 

egarding the pellets, as well as reduction gas mixtures and reactor 

esign. 

. Experimental set-up and global kinetics of reduction of 

ematite with hydrogen 

For studying the influence of microstructure on the hydrogen- 

ased reduction of iron ore pellets, we conducted a multiscale in- 

estigation of an isothermal reduction of commercial hematite di- 

ect reduction pellets (8 mm pellet size; 0.36 wt.% FeO, 1.06 wt.% 

iO 2 , 0.40 wt.% Al 2 O 3 , 0.73 wt.% CaO, 0.57 wt.% MgO, 0.19 wt.%

iO 2 , 0.23 wt.% V, 0.10 wt.% Mn as well as traces of P, S, Na, K),

xposed to pure hydrogen at 700 °C in a static bed, using electron 

icroscopy, secondary electron imaging (SE), electron backscatter 

iffraction (EBSD), electron channeling contrast imaging (ECCI) and 

tom probe tomography (APT). Reference experiments were also 

onducted on pure wüstite single crystals, with the aim to under- 

tand microstructure evolution during the later reduction stages 

ithout inherited pores or cracks from preceding processing and 

eduction steps. 

The EBSD analysis in this system is challenging owing to the 

rystallographic similarity between magnetite and wüstite. The 
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Fig. 1.. Reduction kinetics of hematite ore pellets reduced in hydrogen at 700 °C at a gas flow rate of 30 L/h. (a) Mass change and temperature vs. time. (b) Reduction degree 

(normalized values from (a)) vs. time. The dotted lines at 0.11 and 0.33 are the theoretical reduction degrees for a complete reduction from Fe 2 O 3 to Fe 3 O 4 and Fe 3 O 4 to FeO, 

respectively. (c) Reduction rate vs. reduction degree. The end of the abrupt slope between 0.11 and 0.15 reduction degree marks the end of the first stage of the reduction. It 

is characterized by the fast transition from Fe 2 O 3 to Fe 3 O 4 and the subsequent stage of decelerating reduction rates roughly ends at the local minimum of ~0.23, indicating 

the Fe 3 O 4 to FeO transition regime. The further reduction of the FeO into Fe becomes then the rate-limiting process. 
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ematite (Fe 2 O 3 ) has a trigonal crystal structure and can be readily 

istinguished in EBSD from the other two oxide phases which are 

ubic. Yet, both, magnetite (Fe 3 O 4 ) and wüstite (FeO) have a face- 

entered-cubic (fcc) crystal structure. This crystallographic similar- 

ty makes indexing their Kikuchi diffraction patterns ambiguous. 

hen choosing default EBSD settings for structure files, it is not 

eadily possible to distinguish these phases. Therefore, the reflec- 

ions in the structure files and the indexing parameters must be 

ptimized for the differentiation of the EBSD patterns. In particu- 

ar, the reflection line pertaining to the {311} plane family must be 

ncluded in the structure files for identifying magnetite, but it is 

ot required for identifying wüstite. This adjustment enables the 

roper differentiation of magnetite from wüstite during EBSD data 

cquisition and microstructure reconstruction. 

Fig. 1 a shows the mass change of a hematite ore pellet during 

ts reduction in pure dihydrogen at 700 °C under a constant gas 

ow rate of 30 L/h. The reduction degree is shown in Fig. 1 b. The

eduction rate (quantified as mass loss per time) drops fast in the 

nitial stage, slows down after approx. 2400 s and reaches com- 

letion after approx. 60 0 0 s. More specifically, Fig. 1 c shows the

eduction rate as a function of the fraction of reduced material, 

llowing better separation of the kinetic stages in such gas-solid 

eactions [ [16] , [31] ]. Fig. 1 b and c summarize the different steps in

he reduction process from Fe 2 O 3 (hematite) to Fe 3 O 4 (magnetite) 

o FeO (wüstite) and finally to α-Fe ( α-iron, bcc). One should note 

n that context that wüstite is not a stoichiometric compound (yet, 

or simplicity written FeO hereafter) but a defected pseudophase 

hich can be chemically described as Fe (1-x) O, where X varies at 

00 °C between about 0.90 and to 0.97 at ambient pressure [32–

7] . 

The dotted lines at the reduction degree of 0.11 and 0.33 indi- 

ate the stoichiometry pertaining to the complete reduction from 

e 2 O 3 to Fe 3 O 4 and Fe 3 O 4 to FeO, respectively. The observed reduc-

ion sequence agrees with the previous literature on the hydrogen- 

ased hematite reduction at temperatures above 570 °C [16] . 

The global kinetic data show that the reduction rate initially de- 

reases very rapidly, going through a local minimum (at a reduc- 

ion degree of ~0.23) and then enters into a sigmoidal shape. The 

rst stage with its rapid decay ends between 11 and 15% of the 

verall reduced material. As suggested by stoichiometry, this tran- 

ition region marks the end of the first stage in reduction, namely, 

he reduction Fe 2 O 3 → Fe 3 O 4 . The subsequent stage, characterized 

y a steep yet decaying reduction rate corresponds to the transi- 

ion from Fe 3 O 4 to FeO. The mass change at the end of the Fe 3 O 4 

o FeO transition overlaps with the onset of the FeO → Fe reaction. 

e assume, that at the local minimum, the mass loss due to the 

eO → Fe transition is more dominant than that of the Fe 3 O 4 → FeO 
3 
ransition, after which the sluggish reduction of the FeO becomes 

he prevalent process. 

These findings about the global reduction kinetics from 

ematite to bcc iron and the suggested sequence of reduction 

tages observed in our study are similar to earlier observa- 

ions [ [27] , [37–45] ]. For example, Wagner et al. [46] found the

ame sequence in reduction stages by using thermogravimetry, X- 

ay diffraction, SEM and Mössbauer spectrometry. Zieli ́nski et al. 

37] investigated the reduction kinetics by exposing hematite to 

ixtures of water and hydrogen. They reported that for the case 

f a water-to-hydrogen ratio above 0.35 the reduction of hematite 

roceeds in three steps, namely,Fe 2 O 3 → Fe 3 O 4 → FeO → Fe and 

n two steps, namely, Fe 2 O 3 → Fe 3 O 4 → Fe for atmospheric ratios 

elow that value. This means that for high hydrogen partial pres- 

ures they found the same reduction sequence as observed in this 

tudy. 

Pineau and co-workers studied the reduction of hematite and 

agnetite across a wide temperature range [ [39] , [40] ], with the 

im to identify the rate-controlling processes. They suggested that 

he first reduction step, viz., from hematite to magnetite with hy- 

rogen gas has an apparent activation energy of 76 kJ/mol and the 

ne from magnetite to iron of 88 and 39 kJ/mol, for temperatures 

elow and above 420 °C, respectively. By using analytical rate mod- 

ls they concluded that the reaction rate was controlled by two- 

nd three-dimensional growth of nuclei and by phase boundary re- 

ctions at temperatures lower and higher than 420 °C, respectively. 

hey observed formation of compact iron layers during the reduc- 

ion of hematite above 420 °C. They and several other authors also 

ound that the total reduction rate of hematite with hydrogen was 

ystematically higher than that observed for CO-based reduction 

31] . For other temperatures and when using magnetite (instead of 

ematite) as a starting oxide they found slightly different apparent 

ctivation energies. 

Piotrowski et al. [ [47] , [48] ] studied the kinetics of hematite to 

agnetite and further to wüstite reduction by means of thermo- 

ravimetry in the temperature range between 700 and 900 °C. 

hey interpreted their experimental data in terms of simulation 

esults obtained by an Avrami-Erofeev model (which is a homog- 

nized mean-field formulation for nucleation and growth) for the 

nitial stages of the reduction process and coupled diffusion equa- 

ions for the final stages of the reduction process. They concluded 

hat the initial stage is controlled by nucleation (of magnetite or 

üstite, respectively) and 1D growth at the gas/iron oxide interface 

nd the latter stages are characterized by a shift towards diffusion 

ontrol. 

Our present data, specifically the decelerating shape for the first 

wo reduction steps Fe 2 O 3 → Fe 3 O 4 → FeO indicate that they 
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Fig. 2. Microstructure of a region inside of the pellet (taken about 2 mm below the 

pellet surface) imaged by using SEM and EBSD characterization after partial reduc- 

tion at 700 °C for 1 min under a H 2 flux of 30 L/h: (a) SEM image, (b) EBSD phase 

map together with high angle grain boundaries (HAB). 
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re predominantly controlled by diffusion or / and by the phase- 

oundary reaction [ [10] , [23] ]. In the former case, transport of reac-

ants to or – here more likely – products away from the reaction 

nterface are the rate-determining steps. In the latter case, the re- 

ction process itself and the motion of the reaction interface with 

rogressing reaction are the limiting factors [17] . The latter view 

s in line with the interpretation of Wang et al. [49] , who investi-

ated the reduction kinetics of Fe 2 O 3 (size of 10 0–20 0 μm) with

O and found that both the Fe 2 O 3 → Fe 3 O 4 and Fe 3 O 4 → FeO

eduction processes were rate-determined by the phase-boundary 

eaction and less by transport effects. 

Bonalde et al. [26] studied the direct reduction of Fe 2 O 3 pellets 

ith both, high porosity and high inter-pore connectivity, through 

ydrogen-carbon monoxide gas mixtures. They used an analytical 

pproach, referred to as ‘grain model’, to interpret and simulate the 

bserved kinetics for a scenario with a reduction at 850 °C using 

ydrogen and carbon monoxide. The reduction kinetics was experi- 

entally tracked by weight loss measurements. The model consid- 

red the grain particles’ diameters and the porosity of the hematite 

ellets. They concluded that for the case of hydrogen and carbon 

onoxide fueled reduction processes, the chemical interface reac- 

ions and the diffusion of the internal gas species acted as compet- 

ng processes during the first stage of the reduction, and the inter- 

al gas diffusion as a rate-controlling step during the last stage of 

he process. One assumption of the model by Bonalde et al. [26] is 

hat the phase boundary is moving towards the center of the pel- 

et. In this model such pellets are assumed to be compact and ho- 

ogeneous. However, the assumption of pellet homogeneity is not 

uite in agreement with the findings in our study, where we in- 

tead observe that the phase boundaries are scattered inside of the 

ellet, forming a complex microstructure together with multiple 

efects and pores, ( Fig. 2 ), yet, with a global volume and frequency

radient between surface and center. This gradient in the occur- 

ence of phase boundaries is characterized by a decrease in the 

ransformation rate from the readily transformed near-surface re- 

ions towards the less transformed center regions of the pellet yet, 

ith many scattered transformation zones in all the layers. Hence, 

e assume that the kinetics of the iron ore reduction during the 

rst stages is in our case most likely diffusion-controlled. Details 

f these gradients in microstructure and reaction kinetics through 

he thickness of the gradients will be discussed in the ensuing sec- 

ions. 
4 
As the onset of the FeO → Fe transition overlaps with the end 

f the Fe 3 O 4 → FeO transition ( Fig. 1 c), it is difficult to define in

ur case whether the wüstite reduction step itself is during the 

nitial stage sigmoidally-shaped or deceleratory-shaped [46] . 

Literature reports discuss the reduction of (mostly compact and 

ense) wüstite specimens essentially in terms of three stages, viz., 

xygen depletion of the wüstite, Fe nucleation and growth of Fe 

 [32] , [33] ]. 

The kinetics of the first step, namely, the gradual removal of 

xygen from the slightly under-stoichiometric wüstite [ [50] , [51] ] 

epends on the outbound diffusion length of the oxygen towards 

nternal or outer free surfaces. This in turn depends on the in- 

erited and on the reduction-acquired pore structure. This means 

hat originally dense iron oxide samples with no inherited pores 

nd/or low connectivity have longer diffusion lengths for oxygen 

han material that has a high pore and fracture content. The oxy- 

en depletion leads likely to first nanoscale Fe clusters, introduc- 

ng stage two of the wüstite reduction kinetics. The occurrence of 

he first Fe clusters will be influenced by the microstructure of the 

aterial, i.e. leading for instance to preferred formation of Fe nu- 

lei at grain boundaries. For instance, Bahgat et al. [52–54] studied 

he iron nucleation process in wüstite exposed to different reduc- 

ion gas mixtures and observed an influence of the grain bound- 

ries and of the grain orientations using EBSD. They found that the 

umber of iron nuclei that had formed near grain boundaries was 

uch larger than that in the grain interiors. They interpreted this 

reference of iron nucleation at defects in terms of faster transport 

f vacancies and divalent Fe cations via surface and grain bound- 

ry diffusion. Similar observations of Fe surface nucleation were 

lso made by Moujahid and Rist [55] , who described this stage in 

erms of the nucleation and surface growth of iron. 

Nicholle and Rist [56] studied the growth of iron whiskers on 

üstite and interpreted it in light of Wagner’s theory for the re- 

uction of nonstoichiometric oxides [57] . The term whisker is in 

his context used for tiny iron crystals that protrude from the ox- 

de and grow normal to the surface with a longitudinal shape. 

hey are of importance for both, studying the nucleation of Fe 

n wüstite and for understanding sticking among partially reduced 

üstite particles. In Wagner’s approach [57] the first nucleus of Fe 

evelops if its accumulation in the supersaturated wüstite is suffi- 

iently uniform [32] . Nicholle and Rist [56] cast this argument into 

 model where such Fe agglomeration inside wüstite prior to nu- 

leation is expressed in terms of the reaction constant, the chemi- 

al diffusion coefficient of Fe, the particle radius, the Fe/O ratio at 

quilibrium with the gas, and the critical Fe/O ratio for nucleation 

t the most favorable sites, for instance at internal interfaces or 

ther defects. 

The groups of Hayes et al. [ [50] , [58] , [59] ], Turkdogan et al.

 [27] , [60] , [61] ] and Gleitzer et al. [ [30] , [62] , [63] ] classified the Fe

roduct morphologies that formed during hematite and wüstite re- 

uction into three types of porous Fe, porous wüstite covered with 

ense Fe layers and dense wüstite covered with dense Fe layers, 

epending on the relative rates of the chemical reaction with the 

as and the mass transport processes both in and on the solid. 

After the nucleation of Fe in the wüstite the third and last stage 

f the reduction consists in the slow growth of Fe layers around 

he remaining wüstite, where the growth morphology of Fe de- 

ends substantially on both, the inherited and reduction-acquired 

icrostructure of the wüstite as well as on its chemical purity 

 [50] , [59] , [64] ]. Of specific importance for the overall kinetics dur-

ng this last stage is the connectivity, compactness and defect state 

f the Fe layers that form around the shrinking wüstite [ [51] , [60] ].

f the Fe forms a closed layer and is devoid of defects (such as in-

erfaces, pores and cracks) the outbound oxygen diffusion is dras- 

ically slowed down [65–67] while a higher degree of fracture and 

orosity allow for much faster surface diffusion of oxygen ions 
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Fig. 3. Atomic-scale schematic view of the wüstite reduction by H 2 after the for- 

mation of a continuous layer of reduced Fe on the wüstite. The recombination of O 

and H takes place at the free surface but not at the Fe/FeO reaction interface. 
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rom the reaction front with the wüstite to the outer surface of 

he Fe, where they can recombine with hydrogen to form water 

58] . 

This means that wüstite reduction into iron can be a 

ucleation-controlled process [23] , particularly during the initial 

tages, or a more oxygen diffusion-controlled process, particularly 

uring the later stages, depending on the microstructural defect 

opulation and its percolation features inside the freshly formed 

ron layers. 

This kinetic interpretation is plausible as the Fe 2 O 3 to Fe 3 O 4 re- 

uction as well as the Fe 3 O 4 to FeO reduction only stand for mod-

st stoichiometric O losses of 1/9 and 1/4 units of O, respectively, 

hereas in the final reduction step from wüstite to iron, FeO loses 

 full unit of O [ [35] , [68] , [69] ]. Thus, the compositional and struc-

ure fluctuations required for nucleation of Fe inside the FeO are 

arger than those required for the preceding reduction steps. In 

uch a case, the nucleation of iron might be the rate-limiting step 

n the initial stage of the wüstite reduction. 

It should be noted that the plot of the conversion rate against 

onversion degree for the wüstite reduction process ( Fig. 1 c) af- 

er a reduction degree of ~0.23 does not exactly follow a sigmoidal 

hape, but it has a plateau region starting at around 0.3–0.45 re- 

uction degree, Fig. 1 c. This feature indicates that even if the be- 

inning of the reaction is determined by the Fe nucleation rate, 

nother important factor, most likely diffusion, should have a sig- 

ificant influence on the kinetics particularly during the last stage 

f the FeO → Fe transition. This matches the kinetic picture behind 

ost of the existing rate models which have considered both, the 

ucleation and nuclei growth phase and the diffusion through the 

xpanding Fe layers, see e.g. [ [37] , [45] , [49] , [58] , [69–71] ]. 

Irrespective of this agreement in the basic global reaction se- 

uence, there is no clear picture yet on the possible roles of spe- 

ific microstructural factors such as the size and porosity of the 

ron ore particles, and the difficulty in differentiating the overlap- 

ing kinetic signals among some of the reaction stages. Thus, to 

ain better insight into the rate-determining mechanisms of the re- 

uction process, the kinetic steps at certain reduction stages have 

o be elucidated in higher microstructural and chemical detail. 

From a mean-field perspective, the reduction from wüstite can 

e essentially classified into two extreme scenarios, namely, one 

efore and one after the formation of a continuous Fe layer on 

op of the wüstite. When the H 2 reductant gas is in direct con- 

act with the iron oxide, the kinetic steps of the reduction pro- 

ess can be summarized as follows [72] : (1) H 2 molecules dif- 

use to the surface and (2) react with the oxygen ions from 

he external surface of the iron oxide, forming water and elec- 

rons part of which reduce Fe 3 + to Fe 2 + via the equation Fe 3 + 

 e − → Fe 2 + . (3) H 2 O moves away from the surface. (4) Driven

y the gradient of the chemical potential, Fe 2 + and electrons mi- 

rate through the Fe 3 O 4 (or FeO) layer to the Fe 2 O 3 (or Fe 3 O 4 )

ore where they form additional Fe 3 O 4 (or FeO) via the equation 

Fe 2 O 3 + Fe 2 + + 2e − → 3Fe 3 O 4 (or Fe 3 O 4 + Fe 2 + + 2e − → 4FeO).

Combing this picture with the aforementioned argument of dif- 

usion as the rate-limiting step in the first reduction stages, it can 

e assumed that steps (1) or (3), corresponding to the diffusion of 

 2 or H 2 O (the latter process should be slower due to the larger

olecular size of H 2 O), or step (4), corresponding to the inward 

igration of Fe 2+ , are the slowest processes in this scenario. 

Considering the relatively large gas flow rate used in this work 

nd the significantly higher coefficient of gaseous diffusion in com- 

ination with that of solid-state diffusion, it is expected that the 

nward transport of Fe 2 + to the reaction interface is the rate- 

ontrolling step prior to the formation of a continuous Fe layer. 

After the formation of a continuous and compact Fe layer, the 

urther removal of oxygen from the wüstite/iron reaction inter- 

ace has to take place though the iron layer, following the oxygen 
5 
hemical’s potential gradient. Several possible rate-determining 

echanisms for this regime have been discussed in the litera- 

ure [ [37] , [45] , [49] , [58] , [69–71] ]. According to these previous stud-

es the FeO to Fe transition process can be divided into several 

inetic steps: (1) H 2 gas molecules diffuse to the surface and (2) 

eact with the O atoms at the external surface of the Fe layer, 

orming water. (3) H 2 O moves away from the surface. (4) Due to 

 gradient in oxygen activity, O atoms diffuse through the Fe layer 

way from the FeO/Fe reaction front, where the FeO ↔ Fe + O 

quilibrium prevails, leading to (5) Fe nucleation and the steady re- 

ease of O at the internal reaction front. A corresponding schematic 

iagram of the wüstite reduction by H 2 after the formation of a 

ontinuous Fe layer is shown in Fig. 3 . As mentioned above, the 

pecific diffusion path plays an important role during the wüstite 

eduction process. However, analyzing integral kinetic reduction 

urves is insufficient to distinguish whether the rate-determining 

tep is the gaseous diffusion corresponding to step (1) or (3) or 

he outbound solid-state diffusion of oxygen corresponding to step 

4). 

Although for the Fe 2 O 3 → Fe 3 O 4 and Fe 3 O 4 → FeO transitions 

he respective Fe 3 O 4 and FeO product layers also serve as barriers 

gainst the inward solid-state diffusion of Fe 2 + from the surface to 

he reaction interface, the final Fe product layer surrounding the 

üstite suppresses mass transfer much more efficiently, owing to 

he low diffusion coefficient particularly of O in the bcc Fe lattice 

65–67] . Also, both FeO and Fe 3 O 4 contain multiple defects at el- 

vated temperatures [73] . Thus elemental diffusion through such 

onstituents should be faster than through bulk bcc Fe when it is 

evoid of defects. Moreover, the reduction of Fe 2 O 3 and Fe 3 O 4 with 

ydrogen is thermodynamically more favorable than the reduction 

f FeO. 

This first analysis and review of the existing literature shows 

hat a more detailed interpretation of the reduction kinetics with 

he aim to design suited pellets and reactors for such scenarios re- 

uires information about the microstructure of the pellets, both 

n their initial oxidic state as well as in their partially reduced 

tate(s). Also, more information about the distribution of the lat- 

ice defects, the pore evolution, fracture and the compactness of 

he iron layers is needed to interpret the reaction kinetics and 

evelop pellets that are custom-designed for hydrogen-based re- 

uction. Of special interest in this context are the later stages of 

he reaction, characterized by the reduction of the wüstite into 

ron. Fig. 1 b and c clearly reveal that the wüstite reduction rate 

ecreases substantially during the last 20–30% of the reduction. 

hese findings are consistent with earlier reports stating that the 

ematite is reduced very rapidly, while the later stages, dominated 
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Fig. 4.. Macro- and microscale structure and chemistry characterization of dihydrogen-reduced iron ore pellets. Micrographs and EDX maps taken in the center region of 

the pellet. (a) Porous iron ore pellets prior to reduction. (b) Iron ore pellet after reduction by using dihydrogen. (c,d) Optical images and micrographs of the as-reduced 

pellet, showing porosity. (e) Backscattered electron (BSE) imaging of the unreduced pellet in the scanning electron microscope (SEM). (f) Phase map obtained from electron 

backscatter diffraction (EBSD). (g) BSE image and elemental maps obtained by SEM energy-dispersive X-ray spectroscopy (EDX) for the initial pellet. (h) BSE image, phase 

map, and elemental maps obtained by SEM energy-dispersive X-ray spectroscopy (EDX) for the H-reduced pellet (700 °C, 2 h). 
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y wüstite reduction, are sluggish [ [74] , [75] ]. Microstructure obser- 

ations can thus inform, which defects can enhance mass transport 

uring this reaction stage. 

. Structure and composition analysis at macroscopic and 

icroscopic length scales 

When optically imaged, iron oxides can exhibit a variety of dif- 

erent colors, mainly depending on the oxidation state of the iron. 
6 
ig. 4 a shows the porous iron ore pellets prior to the reduction. 

t has a distinct reddish color, typical for its hematite-rich com- 

osition. This color vanishes, turning black, when the iron ore 

s reduced to metallic iron through the reduction with hydrogen, 

ig. 4 b. The samples were cut and embedded ( Fig. 4 c) for further

ight ( Fig. 4 d) and electron optical investigation, Fig. 4 e and f. 

Backscattered electron (BSE) imaging of the unreduced pellet in 

he scanning electron microscope (SEM), Fig. 4 e, reveals that the 
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Fig. 5.. Porosity analysis as a function of the reduction time, mapped in regions 

at the center of the pellets. Porosity prior to reduction, measured in sets of 2D 

metallographic images: 27.7 ± 3.2%; 700 °C for 10 min: 32.9 ± 5.7%; 700 °C for 

2 h: 46.2 ± 2.8%. Porosity analysis was conducted using the ImageJ software. For 

each condition, 12 SEM images were analyzed and the porosity value was averaged 

over 12 measurements. It should be noted that the true porosity values in 3D might 

deviate from these values. 
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icrostructure consists of grains with sizes of up to tens of μm. 

hey are separated by a fine mesh of pores, ranging from nm to 

ultiple μm in size. The influence of the single crystal effects and 

rain size of the ore on reduction kinetics has been studied in the 

iterature [ [76] , [77] ], reporting for the case of magnetite, that the

eduction kinetics gets faster with smaller grain size. 

The phase map from electron backscatter diffraction (EBSD) in 

ig. 4 f shows that the initial ore pellet is predominantly comprised 

f hematite (Fe 2 O 3 ) making up 99.3% of the volume, and a mi-

or amount of magnetite (Fe 3 O 4 ) of 0.7%. Elemental maps obtained 

y energy-dispersive X-ray spectroscopy (EDX) in the SEM are dis- 

layed in Fig. 4 g for some abundant slag elements [ [78] , [79] ], i.e.

i, Mg, Na, V. The elemental maps highlight the compositional 

omplexity on this scale, with a relatively homogeneous Ti distri- 

ution, while localized enrichments in Mg, Na, and V appear in 

ntergranular regions, likely in the form of oxides, which is cer- 

ainly related to the composition of the slag elements in the pellet 

nd their solubility in hematite. The EBSD map in Fig. 4 h shows 

hat after reduction (700 °C, 2 h) 94% ferrite and 6% of retained 

xide were obtained. Although the background signals are high in 

he EDX maps, compared with the initial ore pellet, and at that 

cale, all gangue elements appear to be localized in the vicinity of 

esidual oxide clusters. It is worth noting that all the metallic slag 

lements in the pellet, such as Ti, Mg, Na, and V, possess a signif-

cantly higher affinity for oxygen than Fe, and hence are markedly 

ore difficult to be reduced. The quite homogeneous appearance 

f the slag elements alongside with Fe on this scale is probably 

ue to the coarse resolution. Below, we study the oxides therefore 

t high resolution using atom probe tomography. 

Fig. 5 shows the porosity and cracks in the pellets in the ini- 

ial and reduced states. While the initial sample is characterized 

y the pore structure inherited from pellet manufacturing (poros- 

ty of 28 vol.%), the intermediate reduction stages reveal the forma- 

ion of a large number of additional lengthy and small cracks and 

ores in the microstructure. The reduction at 700 °C for 10 min 

esults in an increase in the free volume by about 5% and a de- 

rease in the average diameter of the pores from 1.70 to 0.41 μm. 
7 
his strong decrease in the average diameter is due to the huge 

umber of small pores with a size below 2 μm, Suppl. Fig. S1. 

fter reduction at 700 °C for 2 h the porosity increases by about 

3%, and the average diameter changes from 0.41 to 0.86 μm. This 

bservation means that the microstructure of the reduced pellets 

oes not only inherit its porosity from preceding processing, but 

lso acquires additional free volume, together with multiple lattice 

efects (e.g. dislocations and cracks) due to the volume mismatch 

nd the associated stresses between the educt and product phases. 

The presence and role of porosity in iron ore pellets have been 

iscussed in the literature. The pellets consist of iron ore fines 

hat either arise during the processing of high-grade iron ores (i.e. 

 60% Fe content), or during a beneficiation process in which 

ost of the gangue minerals are removed from low-grade iron 

res, thereby enriching their iron content. Considering the gener- 

lly highly heterogeneous composition of the natural raw material 

ombined with different processing steps that require the admix- 

ure of additives such as binders, fluxing agents, or carbon, it is not 

urprising that the resulting pelletized iron ores also inherit a com- 

lex pore structure across different length scales [80] . Besides this 

nitial porosity state, it is also important to understand that the 

orosity changes during the course of the reduction. This is due to 

a) the net volume loss as the oxygen gets removed; (b) the vol- 

me changes associated with the phase transformation sequence 

rom hematite to wüstite and finally to iron; (c) locally trapped 

as (e.g. the water) pressure aiding crack opening and (d) the mi- 

romechanical boundary conditions which create internal stresses 

hat lead to delamination and decohesion at the hetero-interfaces 

 [63] , [81] ]. The influence of the initial porosity on reduction kinet- 

cs was studied by Weiss et al. [82] , reporting also a change in

orosity with progressing reduction. It was found that the degree 

f the acquired porosity depends on the reduction boundary condi- 

ions, particularly on temperature. Higuchi and Heerema [ [83] , [84] ] 

uggested that the presence of large pores with sizes above 15 μm 

nhanced the reduction rate more efficiently than small pores be- 

ow 15 μm. However, it must be noted that these data were ac- 

uired on a case of CO-based reduction and not for H-based re- 

uction. This finding might be related to the relevance of capillary 

ffects in smaller pores and cracks, as well as connectivity. 

High porosity and tortuosity, i.e. the degree of the percolating 

opology of the internal free surface regions, provide fast diffusion 

athways for the reactants and ample potential nucleation sites. 

he accessibility of the internal surfaces for the reduction gas sub- 

tantially accelerates the global reduction kinetics. It also plays an 

ssential role in taking up and removing the oxidation product, i.e. 

he water that is formed during the redox reaction. 

This is also evident from Fig. 5 which reveals the significant 

ncrease in the acquired porosity and tortuosity as reduction pro- 

eeds. Noticeably, if diffusion of H 2 to or H 2 O away from the pel-

et/gas interface was the rate-limiting step of the reaction, the re- 

uction rate should vary with time, due to a continuously enlarged 

pecific surface area of the pellet and the corresponding change in 

he gas permeability. However, the iron ore reduction exhibits a 

elatively stable reduction rate within the reduction degree range 

f ~0.33 to ~0.7 ( Fig. 1 b). This observation indicates that gaseous 

iffusion is not the key factor controlling the wüstite reduction 

ate but rather the internal diffusion of oxygen through the solid 

ron. 

The tortuosity of the pores away from the pellet surface is nor- 

ally quite poor, especially at the early reduction stages when 

athways (e.g. cracks) to the external atmosphere have only rarely 

een formed. Consequently, it is necessary to understand both, the 

ffects of the initially existing closed pores and of the gradually 

cquired pores on the reduction kinetics during the most sluggish 

tep i.e. the FeO to Fe transition. 
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Fig. 6.. (a) Pellet phase analysis through the thickness, partially reduced at 700 °C for 10 min under an H 2 flux of 30 L/h. The yellow, blue, and green frames labeled, 

respectively, as 1, 2, and 3 represent the regions analyzed by means of EBSD mapping. (b) Image quality (IQ) and corresponding phase map acquired from region 1 close to 

the specimen’s surface. (c) IQ and phase maps from region 2, found between the surface and mid-pellet. (d) IQ and phase maps from region 3 at the central position of the 

pellet. In all phase maps, wüstite and ferrite are represented in green and red, respectively. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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Fig. 6 reveals that strong gradients in the reduction state ex- 

st inside the pellets (10 min at 700 °C). Not many specific core- 

hell structure features can be observed in the individual grains 

i.e. with wüstite in the center that is enclosed by a solid iron layer

round it). This means that the here observed reduction process 

oes not fully agree with the classical core-shell model [85] . The 

rrangement of the emerging Fe phase regions, scattered amidst 

he wüstite (and also partially adjacent to magnetite) implies that 

he description of the FeO to Fe transition stage on the basis of 

he shrinking core model alone can be misleading, as it does not 

onsider the pellet’s real microstructure. This observation suggests 

o conduct in future full-field simulations of the reduction pro- 

ess which are capable of considering pores, cracks and further mi- 

rostructure features and the associated topo-chemical effects [86] . 

The images show the microstructure and the three dominant 

hases in different regions through the thickness of one of the pel- 

ets, as marked in Fig. 6 a. The outermost region of the pellet has

een reduced into nearly 50% ferrite already after 10 min. ( Fig. 6 b).

he reaction sequence in this region and at this stage goes from 

üstite to iron. The fast kinetics in this region is attributed to a 
8 
horter solid-state diffusion distance from the surface to the reac- 

ion interface and thus a faster transport of O away from the re- 

ction interface. In the second and third set of microstructure im- 

ges, taken 2 mm below the surface and in the center of the same 

re particle, respectively, only less than 1 vol.% of iron has formed 

fter 10 min of hydrogen exposure at 700 °C. 

Interestingly, most of the quite few scattered Fe grains in 

ig. 6 c,d have not formed close to the relatively large pores which 

bviously are part of the initial (inherited) porosity. This could in- 

icate that the local atmosphere in these pre-existing closed pores 

t this stage might have generally not been reductive enough for Fe 

ormation, for instance, due to the presence of the oxidation prod- 

ct, i.e. water. This could also be indicated by the fact that many 

ores are accompanied or even partially surrounded by magnetite 

ather than by wüstite at this stage, e.g. in Fig. 6 c. 

At the transition stage from Fe 3 O 4 to FeO, the oxygen partial 

ressure at the local atmosphere in the closed pores must assume 

 value between the FeO/Fe 3 O 4 and the Fe/FeO equilibria, respec- 

ively. As the reduction progresses, the first nucleation of Fe ap- 

ears, alongside the ongoing Fe 3 O 4 to FeO transition, Fig. 6 c. The 
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losed pores cannot play an important role in mass transport here, 

wing to a lack of sufficient connectivity. Also, the equilibrium 

xygen partial pressure for Fe/FeO is significantly lower than that 

or FeO/Fe 3 O 4 , which renders the local atmosphere for the closed 

ores unsupportive for the preferential formation of the Fe nuclei. 

his means that any possible beneficial effect of the pre-existing 

losed pores on the reduction kinetics of the FeO to Fe transi- 

ion becomes quite limited. Yet, closed pores possibly can shorten 

he outbound oxygen diffusion distance through short-circuit paths 

nd serve as sink regions where water can form. 

Fig. 6 d also reveals the interesting detail that a few iron is- 

ands (red domains) have not only wüstite adjacent to them (which 

ould be the expected thermodynamic reaction pathway for this 

emperature according to the Baur-Glaessner diagram) but they 

lso show (at this resolution) a partial magnetite layer (blue) 

round them. This might have several possible reasons, such as lo- 

ally deviating boundary conditions in terms of the oxygen and/or 

ydrogen chemical potentials, presence of water at adjacent free 

urfaces (cracks or nanopores), poor statistics, 3D topology effects 

hat remain hidden when looking at the 2D maps alone, or re- 

xidation of material portions that had been wüstite. However, 

he current probing resolution and statistics are insufficient to un- 

quivocally explain the origin of these features. In any case, the 

iscussion of these details underscores the necessity of under- 

tanding the role of the local chemical conditions, microstructure 

nd pore features in that context. 

Fig. 7 provides a closer view of the microstructure of the par- 

ially reduced pellet. Almost all of the Fe nuclei are present at the 

rain boundaries, where nucleation of new phases and fast mass 

ransport are often favored, Fig. 7 a. The microstructure images also 

eveal multiple delamination and crack events between ferrite and 

üstite, due to the build-up of mechanical stresses associated with 

he transformations. More specifically, the volume shrinkage from 

he initial α-hematite Fe 2 O 3 to the magnetite spinel Fe 3 O 4 is about 

.93%. The total volume difference between hematite and wüstite 

s even 19%. The final mismatch between FeO and Fe is large, about 

4% [87] . This creates high stresses between FeO and Fe which can 

e stored in the form of elastic energy, and/or released by plas- 

ic work or fracture. Particularly the elastic work can act as an 

bstacle against Fe nucleation. Once a Fe nucleus is formed, the 

arge volume change and the associated deformation cannot be ac- 

ommodated by elastic distortion alone but leads to the forma- 

ion of cracks, creep pores, and dislocations. This is revealed by 

he microstructure presented in Fig. 7: the secondary electron im- 

ge shows a variety of pores, cracks, and delamination features of 

ifferent size and morphology. Fig. 7 c shows several such delami- 

ation effects between the ferrite and the adjacent wüstite. Local 

racking and delamination provides new free volume in the system 

nd thus contributes to locally enhanced kinetics of the wüstite re- 

uction, as it enables faster diffusion. 

Fig. 7 d-g show that the volume mismatch and the associated 

igh-temperature deformation of the two adjacent phases lead to 

he substantial accumulation of dislocations, as revealed in Fig. 7 e 

hrough electron channeling contrast imaging (ECCI). The associ- 

ted curvature of the lattice close to the interfaces is revealed in 

ig. 7 f and g in terms of the gradual crystallographic rotation near 

ome of the hetero-interfaces, a feature which translates to arrays 

f geometrically necessary dislocations. Transport of H (inbound) 

67] and O (outbound) [ [65] , [66] ] through these crystal defects 

ight play a vital role in the kinetics (particularly the removal 

f oxygen), especially during the later stage of wüstite reduction 

hen a relatively thick reduced iron layer surrounds the remain- 

ng wüstite islands in an approximate core-shell type morphology. 

The data and the discussion so far clearly show that the mi- 

rostructure plays an important role in the hydrogen-based reduc- 

ion kinetics of iron ore pellets. The microstructure of the pellets 
9 
onsists of multiple pores (both, isolated and interconnected ones), 

eterophase-interfaces, grain boundaries, dislocations and cracks 

hich can all become relevant for specific aspects of transport, re- 

ctivity, reactant recombination and water trapping. When aiming 

t the design of pellets and process conditions that are particularly 

uited for hydrogen-based reduction and specific reactor types, it is 

elpful to differentiate between those microstructure features that 

re inherited from pellet manufacturing and those that evolve dur- 

ng the reduction, due to mass loss, non-volume conserving trans- 

ormations and mechanical stresses that lead to decohesion and in- 

ernal damage. 

For this reason, we conducted experiments on single crystalline 

üstite specimens with (100) orientation, which were devoid of 

ny inherited microstructure features prior to hydrogen reduction. 

e subjected this single crystalline laboratory-grown FeO model 

aterial to the same reduction conditions as the pellets. The SEM 

nd EBSD investigations show that this originally fully compact 

nd dense single crystal evolves into a highly porous and modestly 

olycrystalline iron compound after 2 h hydrogen-based reduction 

t 700 °C, Fig. 8 . The high porosity range of about 30–45 vol.% (de-

ending on probing position) is similar to the expected value of 

bout 42 vol.% volume loss which occurs when reducing Fe 0.95 O 

üstite to pure bcc iron. 

The microstructure and crystallographic texture measurements, 

epresented here in terms of SEM images ( Fig. 8 a,b) and two EBSD 

aps ( Fig. 8 c,d), taken at the center and surface regions of the 

ydrogen-reduced wüstite single crystal, show the formation of a 

assive population of pores. The newly formed iron has a very 

trong crystallographic texture, which indicates an oriented nucle- 

tion mechanism by which the iron forms on the wüstite. 

These results about the acquired porosity confirm that the 

lobal kinetics of the hydrogen-based reduction of iron oxide can- 

ot be solely interpreted in terms of the classical core-shell model. 

. Structure and composition analysis at near-atomic scale 

Some studies on H-based hematite reduction have discussed 

he role of the oxide gangue [ [88] , [89] ], however, no chemical anal-

sis at high spatial resolution has been conducted so far, and re- 

orts on the global chemical composition of ores do not provide a 

onsistent picture of the effects of chemical impurities on the re- 

uction kinetics and on the associated mechanisms. 

Elemental inhomogeneity is not only a feature visible at the 

acro- and/or micro-scale, such as shown in Fig. 4 , but can also be 

bserved at the reaction front at the atomic scale. For revealing the 

ossible role of non-ferrous oxides on the reduction kinetics at the 

eaction front, we studied the distribution of impurities by atom 

robe tomography (APT), before and after complete reduction. De- 

ails on the experimental protocols are given in the supplemental 

ig. S2–S5. 

The three-dimensional atom maps obtained from the as- 

eceived hematite ore are shown in Fig. 9 a, in which Fe atoms 

re shown in pink and O atoms in cyan. The data set has an av-

rage Fe and O content of 44.4 and 51.6 at.%, respectively, trans- 

ating to a stoichiometry ratio of 0.86 (see Table S2 for atomic 

omposition details) although the expected stoichiometric ratio of 

ematite is 0.67. The O depletion in the composition can be ex- 

lained by the loss of neutral O during field evaporation as des- 

rbed neutral O atoms and also O 2 molecules do not contribute to 

he detector signal [ [36] , [90] , [91] ]. Fig. S6 shows a multiple-event

orrelation histogram that reveals significant tracks indicative for 

he formation of neutral oxygen species through the decomposi- 

ion of FeO 2 
+ → Fe + + O 2 and FeO 3 

+ → FeO 

+ + O 2 during the 

PT measurement. 

The most abundant gangue elements such as Mg, Al, Ti, and V 

xhibit a homogeneous distribution in the initial iron ore on the 
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Fig. 7.. Correlative SE and ECCI analysis for region 2 (about 2 mm below the pellet surface) of the partially reduced pellet (10 min, 700 °C) shown in Fig. 5 . (a) SE image of 

the map of the pellet microstructure. The white frames marked as 1, 2, and 3 highlight specific regions whose enlarged views are given in (b), (c), and (d), respectively. (e) 

ECCI image obtained from the area delimited by the yellow frame in (d). (f) SE image from the area labeled as 4 in (a). The arrows A, B, and C were used as a reference to 

obtain local orientation gradients. (g) EBSD phase map from the area delimited by the yellow frame shown in (f). Point-to-origin local misorientation profiles acquired along 

the arrows A, B, and C in (f). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ano-scale, as revealed by a nearest-neighbor analysis presented 

n Fig. S8. Fig. 9 b shows a reconstructed 3D atom map of the re-

uced iron ore exhibiting a Fe content of 98.6 at.%, with a resid- 

al oxygen content of 0.01 at.%. Retained crystallographic informa- 

ion from the APT data confirms the body-centered cubic crystal 

tructure (Fig. S9). Major impurity elements such as Mg, Al, and Ti 
o

10 
re not detected within reduced α-Fe but trace amounts of V at 

00 ppm level are observed (see Table S2). 

Another dataset displayed in Fig. 9 contains a nano-sized 

xygen-rich platelet embedded within the reduced α-Fe matrix, 

hich appears to be crystallographically aligned along the {002} 

lanes of the bcc structure (details in Fig. S10). The composition 

f the remaining, trapped oxide is complex: it contains 33.3 at.% O 
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Fig. 8.. SEM and EBSD mapping on a hydrogen-reduced single crystalline FeO specimen (a,b). The original wüstite (100) crystal was compact and devoid of defects or 

pores. EBSD phase map overlaid on image quality (IQ) map from the (c) surface and (e) center region of the hydrogen-reduced wüstite single crystal; (d) and (f) corresponding 

inverse pole figure (IPF) maps of the crystallographic textures of the phase maps shown in (c) and (e). The analysis shows the formation of a massive population of pores 

during the reduction process of the originally fully compact wüstite single crystal. The crystallographic texture of the newly formed iron shows a texture inheritance effect, 

indicating an oriented nucleation mechanism of the iron on the wüstite. 
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nd the rest consists of several metals, namely, 36.7 at% Fe and 19.1 

t% V, as well as low amounts, below 3 at%, of the other gangue el-

ments Mg, Al, and Ti, as revealed by the one-dimensional compo- 

ition profile in Fig. 9 d. The nano-sized oxygen islands remaining 

lso after reduction, originate from the gangue oxides and not from 

e-based oxide as they have low oxide-formation free energies at 

he reduction conditions according to Ellingham’s diagram [92] . 

During the reduction process, oxidized species of less noble el- 

ments such as Al, Mg, and Na cannot be reduced. When they are 

elatively homogeneously distributed inside the iron oxide, they 

an either remain in the form of tiny oxide nano-particles, which 

ight be thermodynamically not favorable (as the interface energy 

etween oxide and metal is generally high), or they can be ex- 

elled from the reduction front into the remaining oxide. As the 

ize of the remaining oxide shrinks, this oxide will become en- 

iched by these species, and the highest concentration of the slow- 

st diffusing and strongest bonded elements will accumulate at the 

nterfaces. The enrichment of the less noble elements at the inter- 

ace might significantly influence the further reduction. 

The APT results also show that several gangue-related impuri- 

ies indeed get captured in nano-sized metastable oxides, possibly 

n the way to the spinel phase formation. The observed ratio of 

 to metal ions is unlike any of those reported for typical Fe-rich 

xides, including those in the Fe-V-O system [93] . A Fe O oxide 
2 

11 
ineral was reported to be stable at high pressures such as those 

ncountered in the Earth’s core [ [94] , [95] ] and off-stoichiometric 

morphous Fe-rich oxides with similar compositions have been re- 

orted in tribological layers [96] . Here, while embedded within 

he metallic lattice and in the harsh conditions of the reduction 

i.e. 30 L/h of H 2 gas flow at 700 °C), out-of-equilibrium, transient 

tates are likely to appear. 

Some details of the composition of these remaining oxide par- 

icles are worth to be further explored. It is conceivable that the 

arsh reaction conditions have enabled diffusion of these elements 

ut of the Fe(O x ) matrix, resulting in chemical partitioning across 

he metal/oxide interfaces and within the remaining oxide. The Na 

ppears segregated at the interface. As the mobility of Na is com- 

aratively poor due to its large ionic radius, Na is supposed to 

e one of the last gangue elements reaching the nano-sized ox- 

des. The solubility of Na in the residual oxides is also expected 

o be low on account of the large difference in the ionic radii, 

hich, accompanied by the belated arrival of Na, leads to its en- 

ichment at the metal/oxide interface. From the tomogram of the 

xide, most Na atoms (in green) are segregated at the apex of the 

xide platelet, possibly a region of higher tensile stress where the 

arge Na ions would be better accommodated. 

Fig. 10 reveals that at the later reduction stage FeO might be 

educed to Fe via transient states due to the influence of certain 
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Fig. 9.. 3D atom maps of (a) before and (b) after the direct reduction of as-received hematite ore, from a region about 1 mm below the pellet surface. Pink and cyan dots in 

the 3D reconstructions represent individual Fe and O atoms, respectively. (c) A reconstructed 3D atom map acquired from as-reduced ore. Iso-surface of O at 25 at.% (cyan) 

represents the interface between α-Fe and the wüstite oxide. The inset is a 3D atom map of a 5 nm thin slice. (d) Corresponding one-dimensional composition profile from 

the cylindrical region of interest, marked as ROI #1, (Ø15 × 30 nm 

3 ) across the oxide nano-feature. (e) Na segregation at the interface between the retained oxide and the 

reduced matrix. Pink, cyan, golden brown, red, blue, and green dots represent the reconstructed positions of Fe, O, Mg, Ti, V, and Na atoms, respectively. 
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angue elements. Actually, this process can start much earlier than 

xpected, as can be seen in Fig. S11 of an impurity-doped oxide 

ith a Fe to O ratio of 3.3 just after 30 min reduction. A deeper

eduction of the nano-sized residual oxide should lead to the for- 

ation of a remaining Fe-depleted oxide, as clearly illustrated in 

ig. 10 , where phase separation between Fe-rich and Fe-depleted 

xides appears. Ti and Mg are enriched in different oxides, as re- 

ealed in Fig. 10 a. Here the Fe to O ratio in the Fe-rich oxide

s remarkably lower than that of its counterpart in Fig. 9 (Table 
t

12 
2), which further indicates a higher reduction degree for the two- 

hase oxide. 

Fig. 10 b shows a series of slices through the tomogram evidenc- 

ng the separation between the two oxide variants. Fig. 10 c is a 

omposition profile evidencing that Mg partitions to the Fe-rich 

xide and Ti in the Fe-depleted oxide, while Na is segregated at 

he interface between the two oxides. 

The Fe-rich oxide is mainly composed of V and Fe, with the V to 

e ratio remaining at a rather constant value slightly above 2 along 

he distance, which can be best ascribed to Mg-doped FeV 2 O 4 (also 
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Fig. 10.. Atom probe tomography analysis of partially reduced iron oxide, from a region about 1 mm below the pellet surface. (a) 3D atom map showing the distribution of 

selected major species with Mg- and Ti-rich oxides phases highlighted in 2 and 4 at.% iso-surfaces, respectively. (b) series of 2.5nm-thick slices through the reconstructed 

point cloud. (c) one-dimensional composition profiles (Ø7.5 × 40 nm 

3 ) across the adjacent oxides. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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oped with other gangue elements, as documented in more detail 

n Table S2). The Fe-depleted oxide is mainly consisting of V and 

i, probably corresponding to (V,Ti) 2 O 3 , as the metal to O ratio of

he Fe-depleted oxide (0.83) is quite similar to the Fe to O ratio 

f Fe 2 O 3 (0.86) acquired by APT. Also, the solubility of Ti in V 2 O 3 

s relatively high. The identification of the two-phase oxide is rea- 

onable also from a thermodynamic perspective, as the thermody- 

amic onset of the oxygen partial pressure follows the sequence: 

 2 O 3 < FeV 2 O 4 < FeO. 

To study the role of Na that was observed at several hetero- 

nterfaces between mixed oxides and iron ( Figs. 9 e, 10 c) in a spec-

men without an inherited microstructure, atom probe tomogra- 

hy experiments were conducted also on a wüstite single crystal, 

igs. 8 , 11 . The data show representative results before ( Fig. 11 a)

nd after partial ( Fig. 11 b) wüstite H-reduction. Two observations 

re of specific interest here. First, solute Na is enriched at the 

etero-interface ( Fig. 11 b) and second, the oxygen content of the 

üstite close to the iron interface is depleted to oxygen values be- 

ow the expected equilibrium stoichiometry Fe (1-x) O, with X vary- 

ng at 700 °C between about 0.90 and to 0.97 [32–37] . 

The first observation matches the findings from the other sam- 

les, namely, that Na segregates at the hetero-interfaces between 

xides and iron, an effect which might influence the kinetics of the 

ransformation and the motion of the reaction front. The second 

oint, i.e. the under-stoichiometric oxygen content of the wüstite 
13 
djacent to reduced iron must be seen in light of two effects. The 

rst effect is due to possible experimental errors, related to the re- 

ombination of oxygen ions at the atom probe tip surface into neu- 

ral species, depending on local electrical field strength [ [91] , [97] ].

his effect might lead to the apparent loss of oxygen as the spec- 

rometry only counts charged particles. Clarification of the magni- 

ude of this effect requires for the specific case of wüstite reduc- 

ion more detailed instrumental follow-up experiments. The sec- 

nd reason for the low oxygen content can be seen in the inter- 

lay of the elementary diffusion steps during the progressing re- 

uction across the hetero-interface [ [57] , [98] ]. The chemical poten- 

ial of the oxygen forms a steep gradient into the freshly reduced 

ron. The actual concentration profiles for Fe and O across the in- 

erface are then determined by their respective diffusion rates. 

Regarding the tramp elements in the ores it needs to be empha- 

ized that no matter which kind of Fe-containing oxide of gangue 

lements is formed during the wüstite reduction process, the equi- 

ibrium oxygen partial pressure for Fe/transient-state oxide must 

e at a value below that for Fe/FeO (e.g., the thermodynamic onset 

f FeV 2 O 4 formation is three orders of magnitude lower than that 

or FeO at 700 °C). This means that the oxygen gradient from the 

eaction interface to the surface will be lowered due to the forma- 

ion of the transient-state oxide (when assuming the same thick- 

ess) and thus the diffusion of O through the Fe product layer will 

e further reduced. The formation of the Fe-containing intermedi- 
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Fig. 11.. Atom probe tomography analysis of single crystalline wüstite before (a) and after (b) H-based reduction. (b) Interface region between iron and wüstite with 

minor Na segregation. The iso-composition surface shown in purple marks 75 at.% Fe. 
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te oxide plays a critical role in the significantly reduced kinetics 

uring the final 20% reduction regime. 

Understanding the behavior of gangue-related tramp elements 

llows us to identify kinetically relevant factors with respect to 

eneficial (catalysis effects) or harmful (delayed reaction rate) in- 

uence on the reduction reaction. Typical gangue compounds ob- 

erved in direct reduction pellets are mostly Si-, Al-, Mg-, Na- 

nd Ca- containing oxides. While reports by Wang and Sohn 

 [99] , [100] ] indicated that Ca- and Si oxides may alter the volume

hanges during reduction and affect the reduction rate, other pa- 

ers found no clear trend of the influence of these oxides on the 

inetics [ [27] , [60] ]. Depending on the content and conditions, MgO 

as reported to either lower the reducibility of sintered hematite 

101] or promoting its reduction [ [88] , [102] ]. Al 2 O 3 was observed 

o affect the reduction rate of magnetite as it triggers the forma- 

ion of a network-like wüstite structure. The highest reduction rate 

as observed when adding 3 wt.% Al 2 O 3 into the magnetite [103] .

 TiO 2 content > 0.5 wt.% was reported to significantly increase 

he reduction induced degradation, resulting in heavily cracked 

ellets [104] . The thickness of the formed Fe crystals gradually in- 

reases with increasing V 2 O 5 additions in magnetite, which facili- 

ates the aggregation and diffusion of Fe atoms [105] . 

Inconsistencies in some of these trends can now be better un- 

erstood in terms of the fact that these studies were performed on 

he macro- and/or micro-scale and not at the near-atomic-scale at 

hich the actual rate-limiting processes take place. Furthermore, 

evealing the effect of the gangue elements on the most sluggish 

tep, i.e. the wüstite reduction, should be more beneficial for an 

n-depth understanding of the reduction kinetics, which, however, 

s rarely reported. Our APT results indicate that among the many 

angue elements, special attention should be placed on those that 

an form mixed oxides with Fe and those that can be enriched at 

he Fe/oxide interface at the wüstite reduction stage. 

The effects of the nano-scale chemistry on the reduction must 

e assessed further, as indeed most of the oxides encountered here 

lay a critical role in the reduction process itself. There are many 

nknowns in the atomic-scale processes of how the local composi- 

ion of the material affects the solid-state diffusion of elements, 

specially O and how the gangue elements accumulated at the 

t

14 
etal/oxide interface influence the reduction kinetics. Of high rel- 

vance is also the effect of certain gangue elements on the forma- 

ion of the transient-state oxide during the FeO to Fe transition and 

he interplay between the transient-state oxide and iron phases. 

. Conclusions and outlook 

The impact of steel production via the conventional blast fur- 

ace and converter route, using carbon as a reductant, on the 

reenhouse gas emission is staggering, causing about 6.5% of all 

lobal CO 2 emissions. Reducing iron ores with hydrogen, via the 

olid-state direct reduction route, offers a viable alternative. The 

ain challenge to solve, however, is to understand the origin of 

he sluggish reduction kinetics, particularly during the later stages 

f the wüstite-to-iron reduction. 

Here, we conducted a study about the role of the micro- and 

anostructure of the ores, both inherited and acquired during re- 

uction, and about the nano-chemistry. 

We find that the relatively easy nucleation of magnetite and the 

ubsequent wüstite as well as the fast solid-state diffusion (most 

ikely inward diffusion of Fe 2 + ) through the iron oxide product 

ayer are the main reasons for the fast reduction kinetics of the 

ematite to wüstite. The third step, viz. the reduction of wüstite 

nto iron is – during the final 20% reduction regime – nearly an or- 

er of magnitude slower. This effect can be most likely attributed 

o the sluggish mass transport (particularly of the outbound O 

olid-state diffusion) through the already formed iron product lay- 

rs surrounding the wüstite. 

The role of the pre-existing closed pores in the kinetics of the 

üstite reduction is quite limited in view of the high nucleation 

arrier for Fe to form. Fe nuclei tend to preferentially form at 

he wüstite grain boundaries rather than at pores. This observa- 

ion suggests that the pores are mostly closed rather than inter- 

onnected. The fast reduction at the external regions of the pellets 

s thus due to the short diffusion distances of O from the reaction 

nterface to the surface. This supports the general observation that 

he outbound diffusion of O plays the dominant important role in 

he reduction kinetics. 

The high volume mismatch between the wüstite and Fe leads 

o delamination cracks and high dislocation densities which might 
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ocally aid mass transport and thus the reduction process. This ef- 

ect is, however, less relevant to notably mitigate the overall kinetic 

eceleration observed towards the later reduction stages. 

Near-atomic scale chemical probing reveals the presence of 

ano-sized Fe-containing transient-state oxides and the accumu- 

ation of certain gangue elements i.e. Ti and Na at the metal/oxide 

nterface, both of which are assumed to be another cause for the 

low reduction kinetics at the late stages of the wüstite reduction. 

Approaches to enhance reduction kinetics are, therefore, a high 

egree of plastic deformation and micro-cracking of the ore pellets 

before and during reduction), providing more percolating free vol- 

me for accelerated mass transport; elimination of certain stable 

xide-forming tramp elements stemming from the gangue; elimi- 

ation of certain gangue elements that form ions with large radii; 

nd smaller pellets containing small randomly oriented grains. A 

ay towards enhanced reaction kinetics for instance in fluidized- 

ed direct reduction furnaces might thus also lead through a 

omewhat counterintuitive approach, namely, to make the pellets 

echanically weaker (rather than stronger) so that they break in 

he reactor under well-defined loads during the wüstite reduction 

tep, yet, without leading to undesired sticking. 
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