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Nickel is a critical element in the shift to sustainable energy systems, with the demand
for nickel projected to exceed 6 million tons annually by 2040'*,largely driven by
the electrification of the transport sector. Primary nickel production uses acids and
carbon-based reductants, emitting about 20 tons of carbon dioxide per ton of nickel
produced”,  Here we present a method using fossil-free hydrogen-plasma-based
reduction to extract nickel from low-grade ore variants known as laterites. We bypass
thetraditional multistep process and combine calcination, smelting, reduction and
refining into a single metallurgical step conducted in one furnace. This approach
produces high-grade ferronickel alloys at fast reduction kinetics. Thermodynamic
control of the atmosphere of the furnace enables selective nickel reduction, yielding
an alloy with minimal impurities (<0.04 wt% silicon, approximately 0.01wt%
phosphorus and <0.09 wt% calcium), eliminating the need for further refining. The
proposed method has the potential to be up to about 18% more energy efficient while
cutting direct carbon dioxide emissions by up to 84% compared with current practice.
Our work thus shows a sustainable approach to help resolve the contradiction between
the beneficial use of nickel in sustainable energy technologies and the environmental
harm caused by its production.

Nickel (Ni) is a strategic and hard-to-replace element used in 1.97 mil-
liontonsofstainless steel and 210 kilotons of non-ferrous alloys, espe-
cially superalloys, annually'®, Both alloy families serve sustainability
indirectly, the former through enhanced longevity of products and
the latter through higher efficiency of engines. Although 70% of the
current  global annual Ni production (3 million tons) '*  is destined for
thestainless-steel sector, the decarbonization of the transport sector
through  the use of Ni-based battery electrodes in electric vehicles is
forecast to require an addit ional  3 million tons o f Ni solely for bat-
tery product ion  by 2040. This will cause a doubl ing  of the global Ni
demand to 6 million tons per year'“* (Fig.1a). Currently, 60% of the
annual Ni production relies on high-grade sulfide ores (with1.5-4 wt%
Ni content). Low-grade ore variants, namely, laterites (with an average
1.5 wt% Ni content), which are subdivided into two variants, namely,
saprolite and limonite,providetheremaining 40% (ref. 8;Fig.1b). How-
ever, land-based Ni reserves are inversely distributed,  that is, 60% of
the total Ni available in nature is found in laterites, and only 40% in
sulfide ores® (Fig.1b).

In sulfidic ore deposits, Ni exists predominantly in the form of
discrete binary and ternary  Ni-r ich  minerals such as NiS, Ni,FeS,
and (Co,Ni);S,. The chemical simplicity of sulfide minerals enables
effective separation of gangue impurities from valuable Ni-bearing
compounds using conventional techniques such as froth flotation”.
However, the finite and declining reserves of Ni sulfides cannot meet
the rapidly increasing global Ni demand, prompting the need for sus-
tainable Ni production from abundant, low-grade laterites. In laterite
deposits, Ni is not found as discrete minerals;  it is dissolved within

complex magnesium (Mg)-silicates (namely, saprolites)'°, such as
(Mg,Fe,Ni);Si,O;(OH), and (Mg,Fe,Ni);Si,O,-(OH);.4H,O, or partially
replaces iron (Fe) in Fe-oxide lattices (limonite)’, namely, goethite
(Fe,Ni)OOH. This mineralogical and chemical complexity limitsthe effi-
cient and sustainable beneficiation of these ores into Ni-concentrated
substances for downstream green technologies. This fundamental
challenge motivated us to develop a completely different approach,
namely, a smelting reduction process of the entire dried ore charge
in a single metallurgical  step using hydrogen plasma. This process
integrates calcination, smelting and refining into asingle step, with all
these operations occurring simultaneously within one furnace, thus,
a l lowingfor the direct tappingofhigh-grade ferronickel fromthe dried
ore charge in just one metallurgical step. A detailed explanation of the
term ‘single metallurgical step’ is provided in Supplementary Informa-
tion section ‘Definition of a single metallurgical step’.

The current industrial  Ni-laterite processing routes are largely dic-
tatedbythe  crystallographic structure of Ni-hostingphases and the Ni
and Fe content in the ore. Limonite ores, characterized by low Ni and
MgO content (<4 wt% Mg), are typically processed via high-pressure
acid leaching (HPAL) for Ni and cobalt (Co) recovery, when present"?  In
contrast,silicate-rich saprolites, which are difficult toreduce,undergo
pyrometallurgical  processing. This involves ore drying  and partial
reduction in rotary kilns (RK) using coke as a reductant, followed by
smeltinginelectric arc furnaces (EAFs), a methodknown as RK-EF* or
alternatively in blast furnaces’®. Further technical details are provided
in Supplementary Information section ‘Current industrial processing
routes of Ni-laterites’
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Fig.1| Integrated  overview ofthe product ionof Ni ffromits naturalores.
The market growth,  sources, production,  processing routes, emissions and
comparison with the sustainable one-step hydrogen-plasma route. a,Current
and projected (2040) Ni-market growth, fuelled by surging demand for battery
electrode precursor materials needed for the electrification ofthe transport
sector, propellingNi demand to double from 3 million tons to 6 million tons
(data from ref.1), at a sstaggering environmental to l lof 20 tonsof CO,per ton of Ni
(10 times the emission caused by the production  o f aton ofsteel).b, Schematic
showing the land-based world Ni-resources distribution and their corresponding
share in global Ni supply (data from ref. 8). c, CO,emissions (tons per ton of Ni)
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High-grade ferronickel

EN Steel industry direct ly ZT )  Refinement to battery grade

from various extraction routes. The inner and outer circles signify lower and
upper emission l imits.  The highlighted middle ring numbers depict weighted
averages for each process (data from ref.15). Bar plots on the right show the
overall average CO,emissions from the Ni industry (highlighted by green arrow),
alongside  comparisons wi th other industries (data from refs. 5,7). d, Comparative
analysis ofcurrent  processingroutes and HPSR:the schematic diagram highlights
distinct  processing steps for each extraction method.  One-step HPSR stands
out asasingle-step process, directly feeding dried ore into a furnace f looded
with an Ar-H, mixture.  This streamlined process yields high-grade ferronickel,
slag and gaseous water asthe products.
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Fig. 2 | Unvei l ingphase transformations.  The complex Ni-hosting mineral
structureinthe originalore,  reduction mechanisms and a visual snapshot o f a
solidified sample. a, Phase evolution during melting ofthe originaloreinAr
and alean H, atmosphere (Ar-10% H,) for 2 min and 4 min, depicting the
transformation of the complex original  ore with various phases into simple
Mg-silicate phases. The term {Ni-Fe) alloy’ (shown in bright green), represents
the metallic nodules, and ‘Iron-fcc’, shown in grey, denotes iron droplets
entrappedinsilicates that could not be mechanically recovered. b, Photograph
oftheoriginalore  alongside the complex structure of lizardite that ispresent in

The energy demand for laterite-ore processingis immense, ranging
from 230 GJ per ton of Ni to about 570 GJ per ton of Ni (refs. 5,6), far
exceeding the 22 GJ per ton required for steel. Greenhouse gas emis-
sions are also substantial,withthe RK-EF/blast furnace and HPAL routes
emitting 45 tons of carbon dioxide equivalent (CO,e) per tonof Niand
14 tons CO,e per ton of Ni, respectively” (Fig.1c). Although 60% of Ni
comes from lower-emission sulfide processing (6 tons CO,e per ton of
Ni)”, laterites account for 40%,pushing the industry’s overall footprint
to about 20-27 tons CO,‚e per ton of Ni (refs.5-7; Fig.1c), over 10 times
that of steel (2.3 tons CO,e per ton). This makes Ni one of the most
environmentally harmful metals to produce (Fig.1c).

To mitigate emissions, researchers have investigated replacing
carbon-based reductants with hydrogen gas (H,)’  in the solid-state
direct reduction of laterites, particularly limonite”*”, However, the
complex crystallographic structure, low Ni content (0.5-2 wt%) and
up to 90% impurity contents (oxides of silicon (Si), calcium (Ca) and
aluminium (Al) to name a few) hinder reduction, leading to sluggish
kinetics!*!® and inefficient hydrogen utilization'®*”, and necessitates
several additional  pre- and post-treatments* to separate the metal
from unreduced oxides. The direct reduction of saprolites with gaseous
hydrogen (H,) is scarcely reported,  probably owing to the thermody-
namic stability ofsilicates'®”at typical direct-reduction temperatures

2e” + (Ni?*/Fe*+/Mg?*) — Ni + (Fe?*+/Mg?*)

2e” + Ni + (Fe?/Mg?*) — Ni-Fe + (Mg?)

I Akermanite (Ca,Mg(Si„O„))

"dlina .

WOMAN
© ©

Lizardite: (Mg,Fe,Ni)zSi„Os(OH)4O:
0 0
@ voreni

d Solidified sample

Top

Cross-section

Metal nodule Gas entrapments

it. Lizardite exhibits the capacity to host Ni?/Fe?* ions by replacingMg? ions,
highlighting the structural  intricacies within the ore. c, Schematic hypothesis
ofthe reduction mechanism. Precipitation of metals is initiated by the removal
offree oxygen from the melt. Hydrogen species extract free oxygen,leaving
behind twoelectrons.  These electrons selectively react with Ni?*, inducing
the precipitation ofmetallic Ni. The corresponding ionic reactions are also
illustrated. d, Solidified sample and cross-section. Notably, metallic nodules
are observable within the sample, alongside substantial porosities resulting
from gas entrapments. Scale bars, 1cm (b) and 5 mm (d).

(800-1,000 °C), and its reduction by molecular hydrogen might not
be feasible wi thout  prior chemical transformation into simpler sub-
stances, such as NiO, by using catalyst compounds”, as detailed in
Supplementary Information section ‘Solid-state DR of laterites’.

To overcome these l imitations,  particularly the ones associated
with the saprolites, we subject the ore (Extended Data Tables 1and 2)
to a single-step hydrogen-plasma molten state process, thereby dis-
sociating the crystallographic structure of the minerals (for example,
(Mg,Fe,Ni);Si,O;(OH),;Fig.2b) into simpler ionic species (Fe?*,Ni?‘,Mg?*,
O7 andSiO,*) without the need of catalysts, and concomitantly expos-
ingittothe highly reactive hydrogen-plasma species (H,, Hand H*).This
approach consolidates the lengthy and environmentally harmful pro-
cesses shown in Fig. 1into asingle metallurgical step: hydrogen-plasma
smeltingreduction (HPSR),beneficiation,metal separation and refining.
Operable entirely on renewable energy, it replaces carbon-based fuels
and reductants with renewable electricity and hydrogen, offering up
to 18% energy savings and a reduction in CO, emissions of up to 84%.
Additional plasma-free experiments with molten Ni ore and molecu-
lar hydrogen were conducted as reference and comparison tests. The
results showed significantly slower reaction kinetics with molecular
hydrogen compared with hydrogen plasma, discussed in detail in Sup-
plementaryInformation section‘Experiments with molecular hydrogen‘.
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Our investigation is focused on understandingthe hydrogen-plasma

reduction behaviour of saprolitic low-grade Ni laterite ore (Extended
Data Tables1and 2). This approach marks a promising departure from
conventional industrial  techniques such as RK-EF/blast furnace and
HPAL, by replacing carbon (C)- and sulfur (S)-based reducing agents
with hydrogen and hence minimizing  or eliminating direct CO, and
sulfur dioxide (SO,) emissions, circumventingthe use of harmful acids
(for example, sulfuric acid (H‚SO,) in HPAL), and negating the need for
costly pre- and post-treatments (Fig. 1d). This study provides experi-
mental evidence supportingone-step HPSR as a sustainable alternative
for metal product ion  from both oxides and silicates. This expands
feedstock options to low-cost, low-grade minerals. We investigatethe
thermodynamics, chemical partitioning,  microstructural  evolution
and reaction mechanisms of Ni extraction from lateritic ores, applying
these principles for precise and optimal  process design.

Original  laterite  Niore
The chemical and phase composition of the laterite ore investigated
in this study was determined by microwave plasma atomic absorp-
tion spectroscopy and X-ray diffraction (XRD), respectively, and are
documented in Extended Data Tables 1and 2. The original  ore con-
tains only 1.26 wt% Ni, mainly distributed between the Ni,O, (0.4 wt%)
and Ni;Si,O.„(OH)-4H,0 (8.02 wt%) constituents.  However, we can-
not discard the minor solubil ity of such an element in phases such
as lizardite (Mg;(SiO;)(OH), (Fig. 2b) and pyrope (Mg;Al,(SiO4)3), as
also documented inthe literature! ?224 The as-received ore was com-
pacted into green pellets and smelted for 2 minutes inan EAF under an
inert argon (Ar) atmosphere, as described in Methods. The solidified
sample showed a weight loss of approximately 23 wt%, attributed to
physical losses from thermal decomposition reactions occurring  at
temperatures above 1,600 °C and low oxygen partial pressures, as in
our furnace conditions. The weight loss was further  analysed using
thermogravimetric analysis-differential scanning calorimetry and
the results are shown in Extended Data Fig.1. The thermogravimetric
analysis-differential scanning calorimetry data reveal that the ore’s
weight loss up to 1,500 °C is pr imari ly  owing to moisture  removal,
occurr ing  up to around 83 °C. Beyond this ini t ial  phase, the weight
loss can be attributed to the dehydroxylation reactions of serpentine
minerals (2Mg;Si,O;(OH), > 3Mg,SiO, + SiO, + 4H,O;refs. 25,26). Above
1,600 °C, haematite, which is a product from the thermal decomposi-
tion of goethite (2FeOOH > Fe,O; + H,O), also thermally decomposes
into a mixture  of magnetite (Fe,O;) and wüstite (FeO).

XRD analysis of the solidified Ar-melted sample (powdered) reveals
solidification primarily into olivine MgogFeg,SiO,(86.6 wt%) and pyrox-
ene MgSiO, (9.4 wt%) structure types (Fig. 2a). The absence of Ni-rich
phases inthe solidified sample indicates that Ni is uniformly dissolved
in these silicate constituents, which was further  confirmed by scan-
ning electron microscopy and energy-dispersive X-ray spectroscopy
elemental mapping, as depicted in Extended Data Fig. 2.

Phase transformation and reduction  mechanisms
The reduction of later i te  Ni ore was performed under a H,-lean
hydrogen-plasma arc (Ar-10%H,) ignited at 200 A (details in Methods).
The reduct ion  kinet ics were studied by exposing the sample to
Ar-10%H, plasma for 2 min and 4 min. Even a brief 2-min exposure
resulted in the precipitation of pure metal droplets. Rapid cooling
fromthe water-cooled copper (Cu) hearth solidified these droplets into
approximately5-mm nodules within the unreducedsilicates (Fig. 2d) or
smaller1-3mm particles near the sample bottom (Fig. 3b). The majority
of the metal was concentrated at the bottom centre of the solidified
sample, suggesting complete mass separation between the silicate
and metallic melts, driven by their differing viscosities and mass den-
sities (a factor of two to three). The metallic nodules and unreduced
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silicates were mechanically separated after solidification. Thesilicate
portions were weighed, powdered and analysed by XRD to track phase
transformations (Fig. 2a). The processed samples (2 min and 4 min)
mainly consisted of silicates, with forsterite (Mg,SiO,; about 86 wt%)
and pyroxenes (MgSiO;; about 10 wt%). This indicates that the Nisupply
comes from these silicate variants rather than a specific Ni-enriched
phase. Theiron-fcc (face-centredcubic) phase (Fig.2a) detected by XRD
correspondsto metal or alloy trapped within silicates that could not be
mechanically separated. These minute metallic values were considered
losses and excluded from subsequent calculations,

The dissolution of Ni and Fe in Mg-silicate structures has been
reported in the literature”*,  The replacement of Mg” ions (with an
ionic radius of0.65 Ä (ref.25)) by Ni? and Fe? withslightly greater ionic
radii (0.72 Ä and 0.83 Ä for Ni and Fe, respectively”) led to expansion
of the unit cell depending on their ionic concentration when embed-
ded inthe crystal structure.  As an example, an expansion of 0.14%,
0.16% and 0.21% along the crystallographicx,yandz axis, respectively,
was observed for the orthorhombic crystal structure  of forsterite
MgosFe,„SiO,, whose cationic positions in the lattice were occupied
by Fe/Ni in amounts exceeding those suggested by the stoichiometry.In
Extended Data Fig.3a,b, a comparative XRD analysis of 2-min Ar-melted,
2-min Ar-10%H,-reduced and4 -min Ar-10%H,-reduced Ni-ore samples
reveals similar patterns (Fig. 3a) with continuous peak shifts towards
h ighe r20 values (whe re0 (Bragg angle) isthe angle between the incident
X-ray beam and the crystal plane in XRD) (Fig. 3b). This shift signifiesa
lattice contraction effect owing tothe progressive removal of N i ” /Fe**
ions from the forsterite crystal structure during reduction (Extended
Data Fig. 3c). Notably, the crystal structure of refined Mg,;Feo„SiO.in
the Ar-melted sample shows expansion compared with its ICSD (Inor-
ganic Crystal Structure Database) counterpart (Extended Data Fig. 3c),
i nd ica t ingthe substitution of Mg ions by Ni/Fe in amounts surpassing
the stoichiometric proportions suggested in the chemical formula.

Athermodynamic assessment (Methods) of the system’s constituent
stability (Extended Data Table 2) under increasinghydrogen exposure
revealsthat above1,600 °C, olivine dissociates upon melting into ionic
components such as Fe**,Ni”, Mg”, SiO,*,0 ”  and SiO,(Extended Data
Fig. 4). Oxygen in the melt exists as free ions (077), br idging  oxygens
(Si-O-Si,bonded totwo network cations, as in SiO,), and non-bridging
oxygens (Si-O”,bonded to one network cation, as in SiQO,* )?2, Owing to
their covalent bonds,bridging and non-bridging oxygens are more sta-
blethan free 0”, making them less reactive with hydrogen species”,
Whenthe ionic meltisexposed tothe hydrogen plasma, chemical redox
reactions occur at the arc-melt interface. Driven by chemical potential
gradients, free oxygen (0?) diffuses towards the interface and reacts
with hydrogen-plasma species (H, H* and so on), exiting as water vapour
or hydroxyl radicals (OH”), depending on the temperature. This reac-
tion leaves behind two electrons (2e; Fig. 2c), which are preferentially
consumed by metal cations (M?*) withthe  lowest oxygen affinity, lead-
ing to metal precipitation (M?* + 2e” > M). In the investigated system,
Ni?*, which has the lowest oxygen affinity,precipitates first, followed by
Fe**, Thethermodynamic assessment (Extended Data Fig. 4) illustrates
the chemical evolution of the silicate melt under varying hydrogen
exposure levels. Hydrogen reduces free oxygen (0*)  in the melt, ini-
tially depletingNi** site fractions to zero, followed by a decline in Fe?
site fractions. Site fraction definitions are provided in Methods. This
thermodynamic behaviour confirmsthe sequential precipitation of Ni
and Fe,governed by oxygen removal. Once precipitated,Ni and Fe form
a homogeneous molten phase, solidifying into an Fe-Ni alloy whose
composition depends onthe extent of oxygen extraction, as detailed
inthe following section.

Reduction pathway
Thermodynamic investigations (Extended Data Fig. 4) revealed the
mechanisms governing the sequential precipi tat ion  of Ni and Fe,
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The green dashed lines and the green arrow denote athermodynamic
compositional interval for tapping ofhighly enriched Ni alloy with optimal
Ni-recovery ratio (defined as the ratio between the Ni inthe alloy obtained
andthetotal Ni avai lable  in the o r i g ina l  ore).  b, Sol idif ied  sample (af ter 2min

demonstratingthe feasibility of selectively reducingNi over Fetoobtain
ahigh-grade Ni alloy under controlled conditions. To explore this,
equilibrium calculations were conducted using ThermoCalc software,
simulating the exposure of molten laterite ore (1,600 °C) to varying
amounts of an Ar-10%H,atmosphere. The molten pool temperature is
non-uniform, with the highest values at the reaction interface (1,800-
2,000 °C) and lower temperatures near the water-cooled Cu hearth‘°.
Previous studies show strong agreement between thermodynamic sim-
ulations at 1,850 °C (refs.31,32) and 2,000 °C (ref.33) with experimental
data. Given this gradient,  the overall temperature probably exceeds
1,600-1,700 °C. Although higher temperatures enhance reduction
kinetics, the melt pool composition evolves according to equilibrium
conditions,making ThermoCalc simulations of the (Ni-Fe)-silicate-H,
interaction sufficient to capture compositional changes with oxygen
removal. The results are shown in Fig. 3a, where Ni and Fe recovery
from the molten ore and the corresponding Ni-Fe alloy composition
(that is, alloy grade) are plotted  against the oxygen removal degree,
The oxygen removal degree is calculated from the oxygen mass loss
owingto either thermal decomposition (see differential scanning calo-
rimetry plots in Extended Data Fig. 4) or its reaction with hydrogen
(0? +H, > H,O + 2e7). Recovery is defined as the ratio of Ni (or Fe) in
the alloy obtained to the total Ni (or Fe) content in the original ore.
This includes Ni/Fe present in the obtained alloy to the total Ni (or Fe)
inthe original ore, excluding fine metallic droplets lost to slag during
slag-metal separation.

Figure 3a shows that metal precipitation begins only after oxygen
removal reaches about 20%, The associated oxygen loss is due to dehy-
droxylation and thermal transformations at high temperatures and

processing) showingthe presence ofan approximately 5-mm-sized metallic
nodule and other smaller metal droplets solidified within the sample. c, Scanning
electron microscopy micrograph o f a small metallic droplet  solidified at the
bo t tom  of the sample (dep ic ted  by the whi te  frame in b). d, Local chemical
composition ofthe metallic phase highlighted by the red frame inc, probed via
energy-dispersive X-ray spectroscopy (EDX). e, Scanning electron microscopy
micrograph and the elemental mapping ofthe area highlighted bythe green
rectangle inc, showing the presence o f a Ni-rich metallic phase. Scale bars,
1cm (b), 25 jım (c),10 jım (d) and 6 um(©).

low partial pressures (see ‘Original laterite Ni ore’). Notably, this 20%
oxygen removal occurs without  hydrogen consumption,as weight loss
results solely from thermal processes. Totrigger metal precipitation,
further oxygen removal is required,necessitating hydrogen exposure.

The green dashed lines and ar rowin Fig. 3a indicate that there exists
athermodynamic compositional interval, spanning a reduction degree
of20.7% to 21.3%, withthe  potential to yield high-grade ferronickel (that
is, with 70-90 wt% Ni content) with corresponding total recovery rates
ranging from 60 wt%to 90 wt%. To utilize this thermodynamic compo-
sitional interval effectively, it is essential to introduce a stoichiometric
amount of hydrogen into the system, aligning with an oxygen removal
degree in the range of 20.7% to 21.3%.

To validate the thermodynamic assessment shown in Fig. 3a,
we focused on the smallest alloy particles obtained after 2 min of
hydrogen-plasma exposure. Although the plasma arc’s direct inter-
action with the melt pool induces strong stirr ing that promotes coa-
lescence of metallic droplets, some droplets may escape the turbulent
flow and solidify independently before coalescing into larger droplets,
These smaller droplets,  which solidify  before coalescing, can serve as
a micro-lab, representing instantaneous metal precipitation events.
Some of these particles may originate from the early stages of reduc-
tion and are expected to exhibit  high Ni content, as indicated by the
white frame in Fig. 3b.

The microstructure of the particle in Fig. 3c primarily consists of a
bright  metallic phase and micrometre-sized dendrites of unreduced
Ni-rich oxides.Energy-dispersive spectroscopy analysis (Fig.3d) reveals
ahighNicontent of 97.3 wt%, with minor Fe (0.44 wt%) and O (2.22 wt%).
This composition aligns with the calculated selective thermodynamic

Nature | www.nature.com | 5
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Fig.4|  TrackingbothNigradepresent  in the  Fe-Nibinary  product  alloy and
recovery degree. a,b, Experimental protocol  for a two-step experiment designed
here to emphasize the significance ofproper atmosphere control  over the
reduction time. Ina,the  ore was reduced for 2 min in step1. The corresponding
metal and silicate portions were mechanically separated and thesilicate was
then subjected to further reduction usinga plasma arc ignited withan atmosphere
of Ar-10%H,. This second reduction sequence was denotedasstep2.Inb,  step 2

compositional range (Fig. 3a), supporting the feasibility of selective Ni
reduction over Fe, as predicted by thermodynamic theory.Inaddition,
an entrapped Mg-silicate slag droplet was observed within the metallic
particle,  caused by the strong melt turbulence induced by the arc, as
shownin Fig. 3c. The slag-metal interface and corresponding elemental
mapping are shown in Fig. 3e.

Extended Data Fig. 5a shows the Ni grade and recovery degrees
for samples reduced in Ar-10%H, for 2 min and 4 min. After 2 min,
55wt% of Ni was extracted as metallic nodules,  mechanically sepa-
rated from the slag, and confirmed by scanning electron microscopy
and energy-dispersive X-ray spectroscopy to contain 52 wt% Ni. After
4 min, the Ni grade reached 42 wt%, with recovery increasing to 74 wt%.

The decline in the Ni grade (amount of Ni (wt%) in the alloy) after
4 min indicates that continued reduction leadsto Fe enrichment and Ni
depletion inthe alloy, as shown in Fig.3a. This was confirmed by repro-
cessingthe unreduced silicate from the 2-min plasma-processed sample
for another 2 min under Ar-10%H, plasma (Extended Data Fig. 5b),
yielding an alloy with 9 wt% Ni and 90 wt% Fe,

Process flexibility and atmosphere control
To assess the flexibility of HPSR in processing different Ni ores, a sec-
ond type of Ni laterite ore containing slightly more Ni (1.57 wt%) and
Fe (16 wt%) was also studied. This ore is hereafter referred to as ‘Ni ore
2’. The detailed chemical and phase composition of Ni ore 2 is docu-
mented in the Extended Data Tables 3 and 4, respectively. This ore
variant was processed under similar conditions tothe ones adopted for
the first Ni ore studied here, as described in Methods. A 2-min reduc-
tion process leads to the formation of high-grade (65 wt% Ni) metallic
nodules, translating to a recovery of 45 wt% Ni (denoted as ‘step I’ in
Fig. 4a). Further processing of the unreduced silicates that had been
obtained after2 min for an additional 2 min under identical conditions
(Ar-10%H,) resulted in the formation of a second por t ion  of metallic
nodules with a grade of only 12.4 wt% Ni (‘step 2’ in Fig. 4a). By com-
bining the results from these two steps, as described in Fig. 4a,c, the
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was conducted with a mixture ofonly Ar-2.5%H,, to make the process as H,-lean
as possible and increase the Ni content  extracted. G,Nigrade (amount o f Niin
wt%);R,Nirecovery (amount, wt%), which refers tothe amount of Niextracted
f romthe  original  ore, c, Comparison of the weighted averages ofthe grade
and recovery for the alloy (metal 1 + metal 2) obtained insteps1and2ofthe
experimental protocols described ina and b. Scale bars, 1cm.

overall grade (Ni content  (wt%)) of all metallic droplets obtained after
a cumulative processing duration of (2 + 2) min was about 30 wt% Ni,
whichtranslates to a global Ni recovery of 65 wt%. This result suggests
that our procedure could beapplied to a wider range ofNi-containing
silicates. However,prolonged exposure to hydrogen-containingplasma
reducesthe ferronickel grade, as shown in Extended Data Fig. 5. These
findings highlight the importance of consistently monitoring  and con-
trolling the reducing atmosphere to optimize the Ni concentration in
the final alloy.

Inthis sense and to e luc idatetheimpact of the H,-containing atmos-
phere control  on the Ni content of the recovered metallic nodules, we
adopted the two-step experimental protocol  depicted in Fig. 4b. This
approach involved processing the Ni ore 2 in two steps with different
plasma atmospheres: in step 1, the ore was exposed to a 2-min treat-
ment in Ar-10%H,, followed by separation of the metallic nodules from
theunreducedsilicates.In step 2,the unreduced silicates (obtained in
step1) were subjected to an additional 2-min processing in Ar-2.5%H,.
The resulting alloy obtained after exposure to the Ar-2.5% H, plasma
(step 2,Fig. 4b) resultedin a significant enrichment in Ni, with a content
of about 45 wt%. By considering the metal portions obtained in both
steps 1and2, the overall grade of the alloy is about 55 wt% Ni, a value
that can be translated into a recovery of about 64 wt% of the total Ni
present in the original  ore (Fig. 4b,c). Comparing the results of this
atmosphere-controlled experiment (Fig. 4a,c) to the one processed
without any control (Fig. 4b,c), we observethat after only an effective
4-min processing duration, a higher-grade product is obtained (in
controlled atmosphere) without compromising the degree of metal
recovery.

Thetwo-step reduction process shown in Fig. 4 is meant to illustrate
theeffect ofthe reducing atmosphere on nickel grade and recovery.In
practice, this process can run continuously, s im i la rtoconventional EAF
operations, without  the need for stopping the process for gas adjust-
ments. The remaining slagcanbe further processed in the continuous
cycle to recover the remaining Ni. The silicates obtained after 4 min
(step 2) ofthe reduction were further processed in Ar-2.5%H,for 4 min,
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which allowed totap aferronickel of grade10 wt% Ni, which translates
to the overall recovery of 78 wt% Ni. Combining the alloys obtained
from each step, we get an alloy containing 30 wt% Ni.

Extended Data Fig. 6 shows the microstructure and composition
of the metallic phase obtained after 4 min of processing (from step 2,
Fig. 4b), as determined by scanning electron microscopy and
energy-dispersive X-ray spectroscopy. The overall composition of
the area highlighted in red (area 1) is 44 wt% Ni, with minimal impuri-
ties, including Si (about 0.08 wt.%), phosphorus (P; about 0.00 wt%)
and Ca (about 0.09 wt%).

Discussion
We have demonstrated the feasibility of extracting metallic Ni from
highly diluted ore without  carbon-based fuels or reductants. Next, we
present atheoretical  evaluation to understand the thermodynamic
foundations of this process, enabling knowledge-based protocols for
industrial upscaling. Traditional Ni laterite processing(RK-EF) is a mul-
tistep, energy-intensive route involving: (1) ore drying ina rotary dryer,
(2) calcination and partial  reduction ina rotary kiln, and (3) smeltingin
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environment,  respectively (represented by maroon strips). Direct dried ore
charge processing inthe HPSR route can mitigate these losses, achieving
energy savings of up to 19% (depicted by light green strips in the HPSR column).

an EAF*, relying on carbon-based fuels (bituminous coal,natural gas).
Figure 5a details the RK-EF process and its CO, emissions, compared
with the proposed HPSR process in Fig. 5b. Figure 5c breaks down the
CO, contributions per processing step: mining  and ore preparation
contribute only about 4.4% and 6.6%, respectively, whereas the primary
extraction step, involving emissions fromthe rotary dryer, rotary kiln
and EAF operations, accounts for a significant 87% of the overall CO,
emissions**,In contrast to this lengthy processing route, our one-step
HPSR process (Fig. 5b) bypassesthe pre and post treatments like calci-
nation and pre-reduction of ore in rotary kilns,refining ofthe crude FeNi
inladle furnaces or converters. The entire dried ore chargeisprocessed
directly inan EAF without  any preceding refinement, using renewable
electricity and a minimal  amount of sustainably produced hydrogen
as agreen reductant. Preliminary calculations (Supplementary Infor-
mation section ‘CO, emissions and energy assessments’) estimate an
84% reduction in CO, emissions with this method, as shown in Fig. 5c,
assuming full reliance on renewable energy, a highly plausible scenario
inthe near future with the ongoing green energy transition.

The energy required for the pre-treatments accounts for about 57%
of the total energy required for the entire RK-EF process, with rotary
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dryers consuming about15% and rotary kilns about 42% (ref. 35; Fig. 5d).
Amongthetotal energy consumed inthese steps only about 27% ofthe
energy is required to thermally run and maintain  the process, such
as heating of the ore, decomposition reactions of serpentine miner-
als, removal of free moisture and chemically bonded water, and the
chemical redox reactions”.  From the rest, about 7% of the energy is
reutilized as a heatingsource” and the remaining fraction is losttothe
environment inthe form of flue gas losses, thermal losses to air during
thetransfer of materials and dust losses, to mention  a few of the main
parameters, As an example, the calcined ores leave the rotary kiln at
an average temperature of 880 °C and enter the EAF at about 400 °C
(ref. 35). The energy loss during this transfer step alone in today’s pro-
duction practice accounts for about 8% of the total energy consumed
along the entire extraction process”,

By bypassing all these energy- and CO,-intensive pre-treatments
and instead processing the entire dried ore charge in an EAF in asingle
smelting reduction step, all these losses can be avoided to make the
process energy efficient.  On the basis of the calculation, as shown in
Supplementary Information section ‘CO,emissions and energy assess-
ments), it is estimated that energy savings of up to18% can be achieved
by using HPSR to produce Fe-Ni from laterite ores, as also shown in
Fig. 5d. Ore drying can be efficiently achieved by utilizingthe outflow
gas mixture of H,and H,O. Hot steam candirectly heat the drying vessel
(for example, a rotary dryer) and unutilized H, can be combusted for
additional heat. Any remaining H, can be recirculated to the plasma
furnace after dust filtration and water condensation, a processthat is
well established in hydrogen-based direct-reduction iron reactors*®.
Furthermore,the alloy obtained during the processis highly enriched
in Ni (about 30%) and it can be utilized directly for stainless steel,invar
or magnet alloy making without  any energy-intensive refining treat-
ments (Fig. 5b).

When it comes to the technical perspective for using this at larger
scale, one of the crucial aspects for upscaling this technology involves
ensuring adequate mass transport  of the unreduced melt to the reac-
tion interface. This is significant because most ofthe chemical reactions
during the process occur at the arc-melt interface, with free oxygen
(0?) consistently being removed by hydrogen-plasma species. This
means that for the reaction to advance, a continuous supply of free
oxygen species (0?) must be maintained at such an interface. This
continuous supply is sustained by strongmelt stirring,  driven by tem-
perature gradients within the volume* and electromagnetic forces
from the electric current  in d.c. mode”.  In large-scale systems, mass
transfer during smelting can be enhanced by usingshort arcs with high
currents and increasingthenumber of electrodes in a.c.EAFs”®, Alter-
natively, external electromagnetic stirring” or bottomgas injection“
can create localized vortices, significantly improving melt stirring.
Thesetechnologies are already well established inthe industry.In addi-
tion, maintaining low viscosity is crucial for efficient mass transport.
This occurs naturally as complex ore constituents such as lizardite,
pyrope,goethite,pimelite and silica (Fig. 2a) transform into a simpler
Mg-silicate system (Fig. 2a). The conversion of polymeric SiO, into
SiO,* monomers further  reduces viscosity, facilitating melt flow“.

Allinall,HPSR allows the extraction ofa high-gradeNi-enriched Fe-Ni
alloy in a single metallurgical step from dried ore feedstock, suitable
for the stainless-steel or special metals industry.  Alternatively, the
alloy can undergo further  refinement (for example, matte smelting
or hydrometallurgical treatments) for specialized applications such
as battery electrodes. The process produces Mg-silicate slags, which
can be used in brick,  road and cement production or refined for use in
the cosmetic industry” .  This study demonstrates HPSR as a sustain-
able and energy-efficient method for Ni extraction from low-grade
laterite ores. Thermodynamic control  of the reduction atmosphere
optimizes Ni reduction,  directly forminga high-grade Fe-Ni alloy with
low impurities (<0.04 wt% Si, about 0.01 wt% P and <0.09 wt% Ca),
eliminating the need for further refining. Powered by renewable energy
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and usinggreen hydrogen, the process could potentially achieve 18%
energy savings and reduce CO,emissions by up to 84%. Furthermore,a
detailed cost analysis (detailed in Supplementary Information section
‘Cost analysis’) highlights the positive financial outcome, reinforcing
the possible commercial viability of this sustainable alternative to
conventional Ni production.

Online content
Any methods,additional references,Nature Portfolio reportingsumma-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competing interests;and statements of data and code availability
are available at https://doi.org/10.1038/s41586-025-08901-7.
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Methods
Material
The material used in this research comprises Ni ore, specifically of
saprolite type, directly  sourced from the mine, The as-received ore
manifested as rocks of varying sizes (refer to Fig. 2b). To achieve a
consistent composition, the ore underwent ball milling to achieve
anapproximate size of 100 um. The chemical and phase composition
of the ore was determined using inductive coupled plasma optical
emission spectroscopy and XRD, respectively, and is documented in
Extended Data Table1. For the validation experiments, a distinct type
of saprolitic ore was utilized,  and its chemical and phase composition
is detailed in Extended Data Table 2.

Thermogravimetric analysis-differential scanning calorimetry
Toidentify  mass changes and energy endo- and exothermic reactions,
associated with phase transitions, thermogravimetric analysis coupled
with differential scanning calorimetry experiments were carried ou tin
an SDT Q600 thermal analyser, using a heating rate of 20.00 °C min”
and an Ar flow of100.0 ml min”.

Reduction experiments
TheNi-ore fines were compacted into green pellets under a maximum
pressure of 20 x 10° Pa. Approximately 10 g of the pellets was placed
onthe water-cooled Cu hearth of a conventional arc melt ing  furnace
equipped with a tungsten electrode (6 mm in diameter). The furnace
chamber (18 I) was purged with a gas mixture  of (Ar-10%H, or Ar-
2.5%H,) at a total pressure of 900 mbar. An arc plasma was init iated
betweenthe electrode and the input material at 200 A. Simultaneous
melting and reduction occurred during a2-min exposure to hydrogen
plasma. Subsequently, the arc turnedoff,  the sample solidified and the
chamber atmosphere was replenished with a fresh gas mixture. This
procedure was repeated once for the 2-min processed sample and twice
for the 4-min processed sample.

Phase quantification
Small sections were cut from the solidified samples for microstruc-
tural analysis. The remaining por t ion  was subjected to hammering
to separate metallic nodules of millimetre size from the remaining
silicates. The corresponding silicate port ions  were further  pulver-
ized and analysed via XRD. XRD was performed in a Bragg-Brentano
configuration using a Cu Ka source. The 28 scan range was set from
20° to120° with a sampling step of 0.01°. The XRD data were analysed
through  Rietveld refinement. XRD facilitated the quantif ication of
micrometre-sized metallic domains entrapped within the silicate
portions and the determination of lattice constants for the identified
phases.

Microstructural characterization
Representative samples underwent  metal lographic preparat ion
through  grinding,  polishing and finalization with silica particle OPS
(oxide polishing suspension) polishing. Metallographic investigation
was conducted using a Zeiss Merlin  microscope via high-resolution
scanning electron microscopy, which included energy-dispersive X-ray
spectroscopy.

Thermodynamic calculations
Equilibrium calculations were conducted using ThermoCalc software
in conjunction with the TCS Metal Oxide Solutions Database (TCOX10)
to describe the liquid phases and the SSUB5 SGTE (Scientific Group
Thermodata Europe) Substances Database for characterizing the gas
phase, inclusive of metallic and oxide vapours.

Theliquid  phase was described by a two sublattice model consider-
ing the following species: (Fe Mg”, Ni? Si'*),(0?, SiO,*, VA”, FeO,s,
SiO,),, where charged vacancies vary with the composition to keep
electro-neutrality. The position occupied by each of these species in
the sublattice is called ‘site fraction’”.

To establish boundary  conditions, a 10 g mass o f Ni ore with the
chemical composition outlined in Extended Data Table1was utilized.
The molten Ni ore was maintained at 1,600 °C while progressively
introducing  varying quantities of a gas mixture  containing Ar-10%H,.
During the simulations, element parti t ioning was allowed among all
constituents. The total pressure was maintained at 0.9 x 10° Pa, the
same as that used for experiments.

CO, emissions and energy assessments
The CO,emissions were calculated using extracted values from ref. 24,
andthe energy comparisons with traditional  RK-EF routes were calcu-
lated based on the data in ref. 23. Detailed descriptions of the calcula-
tions are provided in full in Supplementary Information section ‘CO,
emissions and energy assessments’.

Data availability
The data are available from the corresponding author.
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Extended  Data Fig.1| Weight loss of Ni-ore due to thermal  decomposition,
Weight loss experienced by Ni-Ore upon heating in an inert atmosphere (Ar) as
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(Ni3Si,O,-(OH),-4H,0). Stage 3- Dehydroxylation of serpentine minerals such
aslizardite to forsterite, fayalite, entstantite type species (2Mg;Si,O;(OH), >
3Mg,Si0,  + SiO, + 4H,0; (Mg,Fe,Ni);Si,O;(OH),> (Mg, Fe,Ni),SiO, + S iO ,+4H,0;
(Mg,Fe,Ni);Si,O;(OH), > (Mg,Fe,Ni)SiO; + (Mg, Fe,Ni),SiO, + 2H,0) - and
transformation from olivines to pyroxenes (Mg,SiO, + SiO, > 2MgSiOs).
Endothermic peaks are related with dehydroxylation reactions and
decomposition of serpentines to simpler species. The exothermic peakat
814 °C is related to the formation of pyroxene from olivine species, such as
enstantite.
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Extended  Data Fig. 2 |Microstructure  ofNi-ore  after 2 min processingin does not selectively part i t ion  into any specific phase, exhibiting uniform
inertatmosphere (100%Ar). Microstructure and elemental mapping ofNi-ore dissolutionacross allphases. Scale bar: 5 um.
melted in anargon atmosphere, as determined by SEM-EDX.It is evident that Ni
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Extended  Data Fig.  3| XRD data ana l ys i so f2  min Ar-melted, 2 m in&4  min
(Ar-10%H,) reducedNi-ore samples,peak shifts  and lat t ice  contract ion.
(a) Comparative display the XRD patterns of samples;100% Ar-melted for
2 min, 2 min and 4 min reduced in Ar-10%H,. The patterns are predominantly
dominated by Mg-silicate peaks (Mg,S iO,&MgSiO-;), constituting over 95 wt.%
of the samples,For simplification purposes, smaller peaks correspondingto
Ca-Al-Fe oxides/silicates are not highlighted.  (b) Provides an enlarged view of
two peaks framed in green in (a).It is evident that these peaks shift towards the
right as we progress to more reduced samples. Although arbitrarily  chosen,

a similar shift isobserved for all peaks corresponding to the forsterite structure.
(c) Illustrates evidence of lattice contraction in the forsterite structure as we
transition from the Ar-melted sample to the 4-min sample reduced in H, plasma,
Additionally, it can be observed that the crystal structure of the refined
Mg..sFe,.,SiO,structure in the Ar-melted sample is expanded compared toits
1CSD crystal structure.  This expansion suggests that Mgions are replaced by
Ni/Fe in amounts exceeding the stoichiometric proport ion  indicated inthe
chemical formula.
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Extended  Data Fig. 4 | Chemical  evolut ion  of Ni-ore1silicatemelt upon
exposure  to hydrogen. The figure i l l us t ra testhe site fractions of various ionic
species within molten Ni-Ore, Suggesting the transformation of the complex
Ni-Ore system into simple system containing ionic species like Fe?*,Ni?*,Mg?*,
SiO,*,  0”, and SiO, It also depictsthe chemical transformation of this melt
composition upon exposure to hydrogen, demonstrating the elimination of
free oxygen (07). Consequently, there is a discernible selective precipitation of
Ni over Fe, as evidenced by the observed decline inthe site fractions ofNi”  to
zero attheonset  ofexposure.
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Extended  Data Fig. 5| TrackingNi-Grade (amount of Ni (wt.%) present  inthe
Fe-Nibinary  alloy)/Recovery (amount (wt.%) of Ni recovered in theformof
alloy from the original ore) over time. (a) Showsthe variation ofNi-grade
(Ni-content (wt.%)) (teal bars) and recovery (amount (wt.%) of Ni recovered in
the form of alloy from the original ore) (red stars) ofmetallic nodules obtained
after 2 min and 4 min processing in lean hydrogen plasma (Ar-10%H,). (b) Variation

70

©

Variation in alloy composition with reduction

2min, 10% H2
Alloy

x 52 wt.% Ni

silicates<,

2min, 10% H2

9 wt.% Ni

inalloy composition with reduction progression: The ore was reduced for 2min
in Ar-10%H,and the corresponding metal and silicate portions weremechanically
separated andthe letter was further  subjected to reduction with a plasma arc
ignited under the identical  conditions,  the Ni-content in the later alloy was
found to belower (9 wt.%) than the former alloy (52 wt.%).
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ExtendedData Fig. 6 |Microstructure  and composition of the metallic phase
af ter4 minutes  ofprocessing. (a) Microstructure  o f the  metallic nodules.
(b) Enlarged view of the metallic region (highlighted in pink, A) showing
micron-sized inclusions within the metal. (c) Elemental mapping of an inclusion
(highlighted in orange, B), showinga Si-rich core surrounded by Fe oxides.

x

EAN
d Elemental composition

Area 1 Spot 1
Element

Wt.% Wt.%
Ni 44 44

Fe 55 56
Si 0.08 0.04
P 0.00 0.00

Ca 0.09 0.08

(d) Overall composition ofthe region highlighted in red (Area1) shows 44 wt.%Ni,
with minimal  impurities (Si -0.08 wt.%, P - 0.00 wt.%, Ca -0.09 wt.%). Spot
analysis ofan inclusion-free region (spot1, (b)) reveals a dissolved Si content of
lessthan 0.04 wt.%, significantly lower than typical  commercial ferronickel
alloys (Siup to 0.3 wt.%). Scale bar: (a) 300 1m, (b) 5 Lım, (c) 1um.



Extended Data Table 1 | Phase composition of as -received
Ni-ore  1

Chemical formula Mineral Content (wt. %)

SiO, Quartz 14.2
Ni,Si,O,„(OH),-44,0 Pimelite 9.01

Mg.(Si,O_XOH), Lizardite 50.2
Mg,Al(SiO,), Pyrope 16.3

Ni,O, Bunsenite 0.2
FeO(OH) Goethite 8.8

Phase constitution of the as-received Ni-ore determined by XRD.
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Extended Data Table 2 | Elemental  composition of as-received Ni-ore  1

Element Si Mn Cr Ti Mg Fe Ni Al Ca Co Cu

Content (wt.%) 21.5 0.1 0.4 0.1 17.1 87 1.26 0.8 04 0.014 0.012

As-received Ni-ore elemental composition as determined by MP-AES (microwave plasma-atomic absorption spectroscopy).



Extended Data Table 3 | Elemental composition of as-received Ni-ore 2 used for validation experiments

Element Si Mn Cr Ti Mg Fe Ni Al Ca

Content (wt.%) 21.70 0.30 0.90 0.10 10.5 156 1.57 1.00 0.50

As-received Ni-ore 2 elemental composition as determined by ICP-OES (inductive coupled plasma-optical emission spectroscopy).
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Extended Data Table 4 | Phase composition of as -received
Ni-ore 2 used for validation experiments

Chemical formula Mineral Content (wt. %)

Sio, Quartz 19.8

{Mg,Fe),(Si,O_XOH) Lizardite 41.2

Fe203 Iron oxide 28.7

FeO(OH) Goethite 10.3

Phase composition of as-received Ni-Ore determined by XRD.


