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Nickel sulfate is a critical compound for lithium-ion batteries, mainly prepared
from nickel sulfide concentrate (NSC). Typically, high-temperature smelting or
high-pressure leaching is required to achieve high extraction rates for Ni and

Co. Here, we demonstrate an acid-free atmospheric leaching process for
effectively processing of NSC using a mechanochemical treatment. When a
suitable intermediate phase of the NSC is obtained, the leaching efficiency for
Ni and Co can reach 97.4% and 98.8%, respectively, while the main impure
element, iron, almost remains in the solid phase. As a consequence, the
leaching solution can be easily treated to prepare battery-grade NiSO,4. A
technoeconomic analysis demonstrates that the acid-free process provides
excellent economic advantages, with carbon emissions being reduced by
59.5%. This provides a sustainable alternative for processing complex sulfide
resources and is expected to be applied to zinc and copper sulfide

concentrates.

As the clean energy transformation of society promotes rapid
deployment of the electric vehicle (EV) and battery storage
industries?, there is an urgent demand for critical metal resources
such as battery-grade nickel (Ni) and cobalt (Co) sulfate. Considering
the high dependence of the clean energy industry on metal resources
such as Ni and Co, China, the United States, Canada, and Japan have
listed them as critical minerals®. According to the United States Geo-
logical Survey (USGS)*, land-based Ni-Co resources are mainly sulfide
and laterite ores, with Ni sulfide deposits located mainly in Russia,
Australia, Canada, southern Africa, and China’. Ninety percent of
battery-grade Ni sulfate is reported to be produced from Ni sulfide
concentrate (NSC), and over 90% of NSC is processed with pyr-
ometallurgical process®.

In a typical pyrometallurgical process, the NSC is smelted to
form nickel matte, which is then subjected to oxygen pressure acid

leaching to produce battery-grade Ni sulfate’. However, this process
suffers from substaintial Ni and Co loss into the slag®'?, and SO,
emission into the off-gas'", which place tremendous challenges on the
economic and environmental sustainability of Ni and Co
production'**. To improve the yields of Ni and Co and reduce the
environmental risks, hydrometallurgical processes including high-
pressure ammoniacal leaching', high-pressure acid leaching”',
roasting-leaching’”?°, and bioleaching?** processes, have been
explored. Among them, high-pressure acid leaching (with sulfuric acid
as the leaching agent and oxygen as the oxidant) has become the focus
of industrial applications due to its fast leaching kinetic, lower che-
mical agent costs, and higher leaching efficiency'. The high-pressure
acid leaching of NSC is mainly a sulfur oxidation process in which
sulfur ion is oxidized to elemental sulfur or sulfuric acid, with Ni or Co
being released from the solid into the solution. Nevertheless, at low
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temperatures (<120°C), the elemental sulfur (hard to oxidize****)
generated during sulfur oxidation encapsulates unreacted NSC and
hinders the oxidation, resulting in low Ni and Co leaching
efficiencies®?. To address this limitation, increased oxygen pressure
and elevated temperature are typically required to achieve higher Ni
and Co leaching efficiencies. However, these harsh operations raise
costs and increase the proportion of elemental sulfur oxidation to
sulfuric acid, thereby increasing the acidity of the leaching solution
and inducing unwanted iron (Fe) leaching? % Thus, there is an urgent
need to develop a leaching strategy that enables efficient leaching of
Ni-bearing sulfides under mild conditions®?*,

Mechanical activation enhances the reactivity of minerals by
introducing mechanical energy, which enables efficient leaching of
metals under mild conditions®*. This eco-friendly method is con-
sidered as a promising process for extracting metals from refractory
minerals®?® and solid waste®**°. During mechanical activation, the
mechanical forces induced by mechanical energy could reduce parti-
cle size, break the symmetry of chemical bonds, and alter the crystal-
line structure’s order, resulting in an increase in surface area,
microstructural changes, and probable phase transformation®*.
These structural alterations are accompanied by an accumulation of
system free energy, which significantly reduces the apparent reaction
free energy for mineral decomposition, avoiding the use of harsh
leaching conditions (e.g., high temperatures/pressures)*’.. However,
until recently, the application of mechanical activation for the atmo-
spheric leaching of sulfide minerals has relied on reagent-assisted
milling or high-concentration acid leaching**. These processes not
only elevated reagent consumption and undesirable metal dissolution
but also posed environmental risks associated with high-salt waste-
water. Inspired by the process in which sulfur-oxidizing bacteria utilize
sulfide minerals to produce sulfuric acid in the atmospheric
environment*, it would be highly desirable if the metal leaching could
be achieved by the atmospheric oxidation of NSC to produce sulfuric
acid. The main challenge is identifying endogenous acid-generating
sulfur species and properly breaking down the structure of NSC to
generate active acid-producing sulfur species that can be oxidized in
situ to produce acid to fulfill the acid consumption required for metal
leaching.

In this work, undercoordinated sulfur was identified as an active
acid-producing sulfur species, leading to the proposal of an acid-free
and selective NSC atmospheric leaching process. At the end of leach-
ing, the Ni and Co leaching efficiencies are 97.4% and 98.8%, respec-
tively, and most of the ferrous ions are oxidized to ferric ions and then
precipitated so that the leaching efficiency of unwanted Fe is only 4.7%.
The practicality of the acid-free process is reflected in the selective
atmospheric water leaching, which uses air or oxygen as oxidants
without additional leaching agents. Technoeconomic analysis shows
that the acid-free process provides excellent economic and environ-
mental advantages, indicating a low carbon footprint process for the
selective leaching of Ni and Co from NSC.

Results

Acid-free and selective leaching promoted by mechanical
activation

The crystal structure of a Ni-bearing sulfide involves the closest
packing of S, with Fe occupying tetrahedral or octahedral spaces and
Ni or Co replacing part of the Fe in the form of isomorphism (Fig. 1a).
As a result, the oxidation of sulfur is crucial to the leaching of metal
ions. Previous studies have shown that the main chemical reactions
during the NSC leaching process can be described with the following
equations (Supplementary Figs. 3-5 elucidates the outcomes of an
analysis grounded in reaction thermodynamics)*’*%;

FeyoS+0.450,+1.8H" — 0.9Fe’* +S+0.9H,0 oy

0.125Fe, Ni, sSg +0.560, +2.24H* — 0.56Ni2* +0.56Fe>* +S+1.12H,0
2

FepoS+1.950,+0.1H,0 — 0.9Fe?" +S03~ +0.2H" 3)
0.125Fe, 5Niy sSg +2.060,+0.24H* — 0.56Ni** +0.56Fe?* +S02~ +0.12H,0 (4)

Me,S + ’%302 +(1—x)H,0 - xMe?* +S0} +2 —20)H* ()

In accordance with the stoichiometric relationships presented in
Egs. (1-4), the oxidation of sulfides to sulfate proceeds via an acid-
generation pathway only when a specific metal-to-sulfur ratio is
attained. This regulation can be summarized with Eq. (5), which indi-
cates that when the ratio of metal (Me) to sulfur (S) expressed as Me/S
is less than unity (0 <x <1), the oxidation reaction leads to acid pro-
duction. Conversely, when the ratio exceeds unity (x > 1), the oxidation
reaction is associated with acid consumption. Consequently, the dif-
ferent coordination states of sulfur have a significant effect on the
oxidation process. This work demonstrates that the selective oxidation
of NSC was achieved by inducing mechanical activation, resulting in
the acid-free leaching of NSC under atmosphere. Acid-free and selec-
tive leaching was induced with mechanical activation, and the leaching
efficiencies for Ni, Co, Cu and Fe were 97.4%, 98.8%, 91.4% and 4.7%,
respectively (Fig. 1h). However, the leaching efficiencies of Ni and Co
were only 6.7% and 4.4%, respectively, without mechanical activation
(Fig. 1g). As shown in Fig. 1i, the Ni and Co solution obtained via acid-
free leaching undergoes conventional impurity removal and extraction
processes (Supplementary Fig. 17), culminating in the production of
battery-grade Ni and Co sulfate (Supplementary Fig. 18). Subsequently,
NCMS523 cathode material was synthesized by the conventional co-
precipitation and calcination using the prepared Ni and Co sulfate
(Supplementary Fig. 19). As shown in Supplementary Fig. 20, the syn-
thesized NCM523 cathode material has comparable cycle stability and
rate performance to commercial NCM523 cathode material.

Subjected to mechanical force, NSC particles are rapidly broken
along the cleavage plane, providing the potential to generate sulfur
species with reduced coordination (Fig. 1b)*°. Undercoordinated sul-
furs, characterized by their heightened reactivity’>, are the key to
acid-free leaching under atmosphere. As shown in Fig. Ic, the pro-
portion of undercoordinated sulfur (S") remained above 20% after
mechanical activation, while the ratio of iron-to-sulfur decreased from
1.07 to 0.83 with increasing activation time (Fig. le). Notably,
mechanical activation significantly changed the XPS peak positions of
the S 2p (Fig. 1f) and Fe 2p (Supplementary Fig. 6b) XPS peaks. As the
activation time increased, the peak positions of S> and S' shifted
toward low binding energies by 0.36 eV and 0.20 eV, respectively,
while Fe(ll) at the center of octahedra or tetrahedra composed of S
shifted toward high binding energies by 0.43 eV. It has been reported
that this variation in binding energy is associated with the change in
surface electron density’>*, meaning that in the lattice the electron
density of S increases after activation while the electron density of Fe
decreases. Therefore, mechanical activation enhances the polarity of
the Fe-S bond and increases its oxidation reaction activity.

Structural evolution of activated NSC

The edges of the fractured surfaces of NSC particles due to mining
crushing are clearly visible (Supplementary Fig. 7a). After 20 min of
activation, the edges of the NSC particles are destroyed (Supplemen-
tary Fig. 7b). The median particle (D50) size of the NSC particles
decreased from 29.6 pm to 12.4 pm (Supplementary Fig. 7d), the BET
surface area increased sharply from 0.8 m?> g’ to 83 m* g!
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Fig. 1| Acid-free and selective leaching promoted by mechanical activation.

a Crystal structure of Niy sFe, sSg, in which iron (Fe) occupying the tetrahedral or
octahedral spaces formed by the closest packing of sulfur (S). b Schematic diagram
of the bonding relationships in the Ni sulfide concentrate (NSC) before and after
activation, in which the square dotted line frame represents the lattice frame, and
the S atoms shaded in purple and green circles represent saturated sulfur (5*) and
undercoordinated sulfur (S*), respectively. X-ray photoelectron spectroscopy
(XPS) data showing the compositional proportions of (c) various sulfur species,

Acid-free leaching

Residue Solution NCM523

Filtration

100 pm
—

)
Sulfate

d various iron species, and (e) Fe/S in different samples. f'S 2p XPS spectra of NSC
activated for 0, 20, 60, and 240 min. Leaching efficiency of Ni, Co, Cu and Fe from
(g) nonactivated NSC and (h) 240 min activated NSC. The error bars in g, h reflect
the standard deviations from three individual experiments. i Flowsheet of the acid-
free leaching process, in Route 1, the nonactivated NSC is difficult to leach, while in
Route 2, the activated NSC undergoes efficient leaching to obtain a nickel-
containing solution, which is ultimately prepared into LiNip sC00,Mng 30,
(NCM523) cathode material. Source data are provided as a Source Data file.
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Fig. 2 | Structural evolution of activated NSC. a Schematic diagram of the
mechanical activation. b X-ray diffraction (XRD) analysis of activated Ni sulfide
concentrate (NSC). ¢ Peak shifts of the diffraction peaks of NSC with different
activation times. Cross-sectional scanning electron microscope (SEM) images and

energy dispersive spectroscopy (EDS) analysis of (d) nonactivated NSC, (e) NSC
activated for 20 min, (f) 240 min, and (g) the oxygen content of the cross-section.
The error bars in g represent the standard deviations from three parallel mea-
surements. Source data are provided as a Source Data file.

(Supplementary Fig. 7f), and the apparent reaction rate constant of Ni
increased by 477 times greater than that of nonactivated NSC (Sup-
plementary Table 2). As mechanical activation progresses, small par-
ticles aggregate due to electrostatic attraction (Supplementary
Fig. 7c), increasing the D50 size to 13.8 pm at 240 min of activation.
Additionally, the squeezing effect of the grinding ball welds the par-
ticles together, increasing the compactness of the agglomerates and
thus reducing the BET specific surface area of NSC to 6.1 m*> g* at
240 min of activation. However, as the activation time increased from
20 min to 240 min, the apparent reaction rate constant of Ni still
increased (Supplementary Table 2), inconsistent with the conventional
understanding that the BET specific surface area and apparent reaction
rate constant are positively correlated***. This is because mechanical
activation involves two functions: morphological reconstruction and
structural disorder (Fig. 2a)*%. As shown in Supplementary Fig. 14, the
overlapping effect of the BET specific surface area and structural dis-
order of the activated NSC particles was confirmed. This means that
after 20 min of activation, the negative effect of further activation
leading to a decrease in the BET specific surface area on Ni leaching is
offset by the positive effect of structural disorder. Therefore, for NSC
activated for 240 min the increase in the apparent reaction rate con-
stant is dominated by structural disorder. As shown in Fig. 2b, c, the
structural disorder of 240 min activated NSC is revealed by the max-
imum peak shift of the (012) planes of pyrrhotite toward high angles.
According to the Bragg equation, the spacing d between the (012)
planes decreases, meaning that the crystal planes where metal atoms
such as Ni or Co are located have the largest distortion, thus increasing
the apparent reaction rate constant of Ni and Co. Up to 480 min of
activation, the XRD diffraction peak of the (012) planes shifted to a
high angle by only 0.06°, and the diffraction peaks of the (011) and
(110) planes even shifted to low angles (Fig. 2c), causing the apparent

reaction rate constant of Ni to stop increasing (Supplementary
Table 2). Moreover, the Ni distribution of the NSC particles after
mechanical activation can be visualized through EDS cross-sectional
analysis. After 20 min of activation, blocky Ni-rich particles are broken
(Fig. 2d, e), but some Ni-rich particles remain. These Ni-rich particles
were further broken after 240 min of activation, with Ni well dis-
tributed throughout the aggregates (Fig. 2f). In summary, although the
BET surface area of the NSC particles decreased after activation for
more than 20 min, the structural disorder continued, and the Ni-rich
particles were further broken and subdivided, resulting in an apparent
reaction rate constant for Ni after 240 min of activation was 2322 times
greater than that of nonactivated NSC. Therefore, structural disorder is
considered a major factor for Ni leaching of mechanically acti-
vated NSC.

XPS depth profiling was performed to understand the evolution of
the atomic fractions and the chemical state of the activated NSC. As
shown in Fig. 3d, the S 2p spectra can be split into groups of under-
coordinated sulfur (S") and saturated sulfur (5*) peaks at 162.0 eV and
161.3 eV, and the surface (0 s) spectrum is the same as in Fig. 1f, with a
weak peak corresponding to sulfate at 168.8 eV*. The sulfate peak
disappeared after etching for 60 s, indicating that the complete oxi-
dation of sulfur occurred on the near surface of the activated NSC
particles only, possibly caused by the particles being exposed to air.
The oxygen reactivity of the activated NSC can also be confirmed by
EDS analysis. As shown in Fig. 2g, after activation for 240 min the
oxygen content in the cross-section of the NSC particle aggregate
increased from 2.7% to 10.7%. As shown in Fig. 3¢, the O 1 s surface (0 s)
spectrum can be split into three peaks corresponding to gangue sili-
cate (0-Si)”’*%, metal hydroxide (OH) and metal oxide(0?)**° near
532.8 eV, 531.8 eV and 529.9 eV, respectively. After etching for 300,
the oxide surface of the NSC particle was removed, and the peak at
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Fig. 3 | Chemical state evolution of activated NSC.aNi2p,bFe2p,cOlsanddS
2p detail spectra for the x-ray photoelectron spectroscopy (XPS) depth profile of
240 min activated Ni sulfide concentrate (NSC), and (e) evolution of atomic

fractions for S, O, Ni and Fe calculated from the depth profile. The time labels on the
right side of d represent the etching time of XPS depth sputtering. Source data are
provided as a Source Data file.

approximately 530.9 eV was attributed to defective oxygen (O ger)®"*%
This is the result of oxygen atoms adsorbing on Ni and Fe vacancies in
the process of structural disorder caused by mechanical activation®,
As shown in Fig. 3b, the Fe 2p surface (0 s) spectrum can be split into
five groups of peaks. The three groups of peaks at 708.1eV, 710.7 eV
and 713.1 eV are attributed to ferrous sulfide (Fe-S), ferric sulfide (Fe**-
S) and oxide (Fe*-0), respectively. The other two groups are satellite
peaks at 715.9 eV and 719.3 eV****%*, The Fe species of the bulk (300 s)
NSC particles are consistent with those of the surface (0s) but the
proportion of sulfide inside is greater than that on the surface. As
mentioned above, this phenomenon is caused by surface oxidation
upon exposure to air. As shown in Fig. 3a, the Ni 2p surface (0s)
spectrum can be split into two groups corresponding to Ni hydroxide
(Ni (OH),) and sulfide (Ni-S) near 855.8 eV and 853.5 eV°"*, The surface
Ni hydroxide is formed by the reaction of air-exposed bulk (300 s) Ni
oxide (Ni*"-0), with a peak at 854.3 eV*2. Thus, the evolution of the
chemical state of activated NSC particles consists of the surface S
species becoming partially completely oxidized due to air exposure
while the bulk S species maintain their reduced state and have high
oxidation activity. The surface metal species such as Ni oxide react
with air to form hydroxides and the bulk Ni and Fe species were par-
tially oxidized. Considering that the metal atomic sites in sulfides, such
as Fe atoms, are the preferred sites for oxygen contact reactions®®®’,
the oxide species of Fe and Ni in the bulk of activated NSC particles are
possibly derived from the metal defect sites generated by mechanical

activation and adsorbing oxygen in the grinding tank. As shown in
Fig. 3e, from the surface to the bulk of the particles (Etch 0-300 s)
oxygen content decreases, while the content of S, Ni and Fe contents
increase and then stabilize. Therefore, the outside-in oxidation char-
acteristics of the activated NSC particles were confirmed by the evo-
lution of the atomic fractions and chemical states.

Leaching behavior of activated NSC

As a proof of concept, a two-step process was established for the
selective leaching of Ni from NSC, in which mechanical activation can
be easily achieved by ball milling equipment, and subsequent leaching
was performed in a custom-designed aeration reactor. Figure 4a, b
shows the effects of the activation time on the leaching efficiency of Ni
and Fe. Increasing the activation time can improve the Ni leaching
efficiency and reduce the Fe leaching efficiency, thus promoting the
selectivity of the leaching process. The three key parameters of
mechanical activation, activation time, ball-to-powder ratio (Supple-
mentary Fig. 8d), and ball milling speed (Supplementary Fig. 8e), can
be unified by Eq. (7) for the mechanical energy (£) input into the NSC
powder system. As shown in Fig. 4c, in the range of 0 to 350k]J, the
leaching efficiency of Ni, Co, and Cu continued to increase with
increasing mechanical energy, while the leaching efficiency of Fe
increased and then decreased, with a maximum leaching efficiency of
15% and a minimum pH of 1.8 near 150 kJ. When the leaching rate of Fe
is faster than the precipitation rate during the leaching process, the
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Fig. 4 | Leaching behavior of activated NSC. Effects of activation time (a, b),
mechanical energy (c), reaction temperature (d, e) and oxygen flux (g, h) on metal
leaching. f pH of the solution during the acid-free leaching process. The lines in
cserve only as a visual guide to show the distribution of the data points. The shaded

error bands in f reflect the standard deviations from three individual experiments.
i Distribution of Ni, Co, Cu and Fe ions in aqueous solutions with different pH values
(Calculated using Visual MINTEQ 3.1 software). Source data are provided as a
Source Data file.

leaching efficiency of Fe increases, and vice versa. The precipitation of
Fe depends on the pH of the solution. Figure 4i shows that at pH 2.3,
less than 10% of the Fe** remains in the solution. As mentioned in the
previous section, the undercoordinated sulfur in NSC generated by
activation is oxidized to sulfuric acid during leaching, causing the pH
of the solution to drop from 7.5 to 2.3 after 120 min of leaching
(Fig. 4f), resulting in an acid-free leaching process under atmosphere.
The leaching of activated NSC is temperature dependent (Fig. 4d), and
a shrinking core model was established to describe the kinetics of acid-
free leaching (Supplementary Fig. 11). For the 240 min activated NSC,
Ni leaching at lower temperatures (50-70 °C) exhibited two distinct
stages (Supplementary Fig. 12a). The first stage demonstrated slow
kinetics with an apparent free energy of 94.6 k] mol™ (Supplementary
Fig. 12g), indicating Ni leaching controlled by the surface reaction rate.
This originated from the initial leaching solution containing only water
and air, where the metal leaching relied on acid-generating oxidation
of undercoordinated sulfur, which is a rate-determining step under
low-temperature conditions. Upon elevating the temperature to
80-90°C, the inhibitory effects of the first stage were essentially
eliminated, and the apparent free energy of Ni leaching from 240 min

activated NSC is 11.3 k) mol™ (Supplementary Fig. 12d), which is half the
20 min activated NSC (25.6 k)l mol™) (Supplementary Fig. 12k), indi-
cating Ni leaching controlled by the gray layer diffusion. Cross-
sectional SEM-EDS analysis of leached particles revealed that 240 min
activated NSC surfaces developed a porous iron oxide layer (2-4 pm)
after 60 min reaction at 90 °C, confirming the kinetic analysis con-
clusion that Ni leaching controlled by the residual layer diffusion
(Supplementary Fig. 13). Therefore, increasing the oxygen transfer rate
can significantly accelerate the Ni leaching process (Fig. 4g).

In addition, the oxidation-reduction potential (ORP) is also crucial
for the oxidation reaction in NSC leaching**°®. Previous studies have
shown that the use of oxygen microbubble aeration produces hydroxyl
radicals, which significantly increases the ORP (Supplementary
Fig. 9a)*°"'. As shown in Supplementary Fig. 9b, DMPO-OH was detec-
ted in the reactor aerated with a 5 pm aperture for 20 min, confirming
the formation of hydroxyl radicals. Under the same conditions, no
obvious signal was detected with aeration with a 6 mm aperture (Sup-
plementary Figs. 9¢c, 10). Therefore, microbubble aeration can improve
the leaching efficiency of nickel. As shown in Supplementary Fig. 9d, the
Ni leaching efficiency of 20 min activated NSC with 5 pm aeration was
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proposed acid-free and selective leaching mechanism. The non-activated NSC
surface formed a dense hematite layer hindering oxygen diffusion, whereas

240 min activated NSC developed porous amorphous iron oxides. Oxygen per-
meated through these pores to access undercoordinated sulfur sites within parti-
cles, enabling in situ acid generation via sulfur oxidation. Source data are provided
as a Source Data file.

15.1% greater than that with 6 mm aeration, and the difference in
leaching efficiency decreased as the activation time increased. As
mentioned above, mechanical activation improves the oxidation reac-
tivity of NSC, reducing the dependence of the NSC leaching reaction on
a high ORP. Thus, when air was used instead of pure oxygen as the
oxidant to leach 240 min of activated NSC, the leaching efficiency of Ni
and Co was also above 92% (Supplementary Fig. 9¢).

Mechanism of acid-free and selective leaching

To further reveal the oxidation characteristics of NSC in aqueous
solution, the leaching residue was fixed in resin, which was subse-
quently polished to expose the inside of the particles. Figure 5c, d shows
the surface mappings of the cross-sectional profiles for the non-
activated and 240-minute activated NSC particles. The leaching of
nonactivated NSC for 8 h led to the formation of an Fe oxide layer with a
thickness of approximately 2.52 im on the particle surface (Fig. Se). This
layer was predominantly composed of rod-shaped hematite (Supple-
mentary Fig. 15a, d). Upon subjecting the 240-minute activated NSC
particles to acid-free leaching for 8 h, complete oxidation was achieved
(Fig. 5f), with the leaching residue primarily comprising elemental sulfur
and iron oxides (Supplementary Figs. 15b, 16). The elemental sulfur was
readily extractable with tetrachloroethylene, while the residual iron
oxide exhibited an amorphous structure devoid of distinct XRD peaks

(Supplementary Fig. 15c). Figure 5a presents the N, adsorption-
desorption isotherms for the 8-hour leaching residues of both the
nonactivated NSC and 240-minute activated NSC. The residue from the
240-minute activated NSC sample exhibited a type IV isotherm with a
pronounced H3 hysteresis loop, indicative of a prevalent and well-
distributed mesoporous structure. The corresponding average pore
diameter and specific surface area for this residue were determined to
be 9.52nm and 25.65 m* g, respectively (Supplementary Fig. 15f). In
stark contrast, the 8-hour leaching residue of the nonactivated NSC
manifested a significantly lower specific surface area of 0.95 m? g™ and
lacked a discernible pore structure, suggesting a dense morphology.

Figure 5g shows that as a consequence of the acid-free leaching
process a compact layer of rod-shaped crystalline hematite formed on
the surface of the nonactivated NSC. The formation of hematite at the
oxidatively active sites results in the deactivation of oxidation, with the
diffusion of oxygen being impeded by the dense hematite layer. This
barrier effectively retards the leaching of Ni. In contrast, the 240-
minute activated NSC exhibited a fourfold increase in specific surface
area post leaching attributable to the precipitation of iron, which
congregated to form porous, amorphous iron oxides. Oxygen
permeates through these pores, reaching the undercoordinated sulfur
sites within the particles and in situ acid generation to sustain the
requisite acidity in the solution for the leaching of Ni.
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Technoeconomic assessment

Technoeconomic assessment (TEA) was conducted to evaluate the
practicality of the acid-free atmospheric leaching process (Process II)
compared with the traditional pyrometallurgical hydrometallurgical
combined process (Process I). The specific calculations of the TEA are
provided in the Supplementary Tables 3-5. Taking the treatment of 10
t NSC as an example (Fig. 6a, b), the production of Ni, Co, and Cu
sulfate by the Process I is 3.80 t, 0.07 t, and 0.63 t, respectively, while
the production of Ni, Co, and Cu sulfate by the Process Il is 4.00 t, 0.13
t, and 0.64 t, respectively, indicating a notable 85.71% increase in the
production of Co sulfate compared with Process I. As shown in Fig. 6¢,
owing to increased Ni, Co, and Cu sulfate production and the reduced
reagent consumption, the profit of Process Il is 474.94 $ t™* NSC™,
which is 5.1 times greater than that of Process I.

The core difference between Processes | and Il is the reaction path
of Ni from the solid phase into the solution. In Process I, Ni is treated
with high-temperature smelting and pressure leaching, while in Pro-
cess II, Ni is leached directly at atmospheric pressure. Figure 6d dis-
plays the energy consumption of different processes, revealing that
the energy consumption of pyrometallurgical smelting constitutes
58.55% of the total energy consumption of Process I. The energy con-
sumption of Process Il is 1408.36 kWh t ?NSC™, 1815.96 kWh t " NSC™*
less than Process I and involves no direct combustion of fossil energy.
The resulting reduction in greenhouse gas (GHG) emissions is 1.19 tCO,
tNSC™, which is 59.5% lower than for Process I. Notably, Process Il has

almost no sulfur dioxide emissions and reduces solid waste by 23.70%.
Although relatively more wastewater is generated, the wastewater is
easy to treat and recycle due to the absence of additional leaching
agents in the leaching process (Fig. 6e). Overall, Process Il is sig-
nificantly superior to Process | in terms of energy consumption,
exhaust gas and slag emissions, and economic benefits. It is a pro-
mising process with great potential for application.

Discussion
Inspired by the oxidation of undercoordinated sulfur to sulfuric acid,
we presented an acid-free and selective NSC atmospheric leaching
process. Owing to the structural disorder caused by mechanical acti-
vation, over 20% of the undercoordinated sulfur was formed in the
NSC. During atmospheric leaching of activated NSC, undercoordinated
sulfur is oxidized in situ to sulfuric acid, which facilitates the in-situ
leaching of metals. The oxygen microbubbles collapsed in the solution
to form hydroxyl radicals, increasing the oxidation potential and
thereby improving the leaching efficiency and selectivity of Ni and Co.
Under optimized operating conditions, the Ni and Co leaching effi-
ciencies are 97.4% and 98.8%, respectively, and most of the ferrous ions
are oxidized to ferric ions and then precipitated so that the leaching
efficiency for unwanted Fe is only 4.7%. When oxygen was replaced
with air, the leaching efficiency of Ni and Co was also above 92.0%.
Efficient leaching of Ni and Co under atmospheric pressure was
achieved without additional leaching agents. Technoeconomic
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analysis revealed that compared with the traditional
pyrometallurgical-hydrometallurgical process, the acid-free process
reduces energy consumption by 56.3%, carbon dioxide emissions by
59.5%, sulfur dioxide emissions by almost 100%, and solid waste by
23.7%. In summary, the acid-free process offers substantial economic
and environmental advantages. This method is expected to be applied
to zinc and copper sulfide concentrates (Supplementary Figs. 21, 22),
providing a sustainable alternative for processing complex sulfide
resources.

Methods

Chemicals and materials

Nickel sulfide concentrate was provided by a Chinese mineral resource
development company (Qinghai Yellow River Mining Co., Ltd.). The
relevant mineral characterization was presented in the Supplementary
Table 1, Supplementary Figs. 1, 2. The aqua regia used to dissolve the
samples is prepared with hydrochloric acid (Superior pure, Sinopharm
Chemical Reagent Co., Ltd.) and nitric acid (analytical pure, Sinopharm
Chemical Reagent Co., Ltd.) in a volume ratio of 3:1. Ultrapure oxygen
gas (purity > 99.999%) was obtained from Beijing Qianxi Gas Co., Ltd.
Commercial NCM523 cathode material was purchased from Kejing
Star Technology Co., Ltd., Shenzhen, China. All solutions were made
with ultrapure water (Milli-Q Direct 8, Millipore).

Extraction process
Mechanical activation was performed in a planetary ball mill facility
(PULVERISETTE-7, Fritsch, Germany) equipped with two 45 ml zirconia
jars. The effects of the ball-to-powder mass ratio (5, 10, 20, 30, or 40 g/
g), mill rotation speed (200, 300, 400, 600, or 800 rpm), and rotation
time (20, 60, 240, or 480 min) on the metal leaching efficiency were
investigated systematically. To prevent the equipment from over-
heating, the ball mill was operated continuously for 20 min at 10 min
intervals. The final mechanically activated nickel sulfide concentrate
samples were collected for subsequent leaching experiments.

The atmospheric acid-free leaching experiment was carried out in
a custom-designed aeration reactor. First, the activated ore powder
with a specific weight was weighed and put into the reactor, and then
300 ml of ultrapure water was added. After the reactor was assembled,
hot water and cold water were introduced. When the thermometer in
the reactor reaches the specified value, the oxygen (air) flow meter
valve (the zero point at the beginning of the reaction) is opened, the
specified flow of oxygen (air) is passed into the solution through a
specially designed microporous aeration head (pore 5-10 um) in the
form of microbubbles. Sampling is performed as needed during the
reaction process and the reaction time is strictly recorded. The effects
of temperature (50, 60, 70, 80 and 90 °C), the liquid-solid ratio (10,
20, 30, 50 and 100 mL/g) and the oxygen flux (50, 100, 200, 300 and
400 mL/min) on the leaching efficiency of the main metal elements
were investigated systematically.

The leaching efficiency of metal elements (Ri), was calculated via
Eq. (6):

R;=my /(M +my)x100% (6)

where m; is the mass of “i” in the leaching solution, m; is the mass of
“i” in the leaching residue, and “i” represents Ni, Co, Fe, or Cu.

The mechanical energy involved in the mechanical activation was
calculated via Eq. (7)*:

3 dp
E wy (Rv - 7) d,
" -(prbmbt(Wp - WV) [Wp +WW,R, (RV - 7) Jjonm,  (7)
where, £ is the mechanical energy involved in the ball milling process;
my, is the mass of the materials in the pot; @, is the vial filling factor; Ny
is the number of balls; m, is the mass of a ball; ¢ is the rotation time; W,

and W, are the mill speed and angular velocities of the disk and vial,
respectively; R, and R, are the radii of the vial and disk, respectively;
and d,, is the ball diameter.

Characterization

To obtain a more accurate content for the metal elements the leaching
residue was dissolved in aqua regia (HCI: HNO5 = 3:1, v/v) and filtered,
then the filtrate was diluted multiple times. The element content was
analyzed using inductively coupled plasma-optical emission spectro-
metry (ICP-OES; Agilent 5800 VDV, Agilent Technologies, Inc.,
Malaysia). The crystal structure and phase composition of the nickel
sulfide concentrate were characterized using X-ray diffraction (X'pert
PRO, PANalytical) with Cu Ka radiation. The data were collected using
step scanning with a scanning speed of 10°/min and a scanning angle
(20) of 5-90°. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi
spectrometer, Thermo Scientific) was subsequently used to explore
the surface phase formation and transformation behavior before and
after ball milling or leaching. The excitation source was an Al Ka X
diffraction source and the binding energy was corrected using the C1s
peak of hydrocarbons at 248.8 eV. Furthermore, the morphologies of
the activated samples were observed using a field emission scanning
electron microscope (FESEM; JSM-7610F, JEOL, Ltd., Japan) equipped
with an energy dispersive spectrometer. Additionally, the specific
surface areas of the activated samples were measured with a nitrogen
gas adsorption analyzer (ASAP 2020 HD88 AS, Micromeritics Instru-
ment Corporation, USA) employing the Brunauer-Emmett-Teller (BET)
method. TEM analysis was performed with transmission electron
microscopy (TEM, JEOL JEM2010F, Japan). Finally, the Gibbs free
energy change during the possible chemical reactions were calculated
using HSC 10.0 software (Metso Outotec, Finland).

Data availability

The source data presented in this study have been deposited in the
Figshare database under access code https://doi.org/10.6084/m9.
figshare.28816484. All raw data generated during the current study
are available from the corresponding authors upon request. Source
data are provided with this paper.
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