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Metal oxides reduction is one of the most important steps in metal production, where hydrogen-based
metallurgy would significantly reduce greenhouse gas emissions from this emission-intensive process.
By using mechanical energy, mechanochemistry enables the reduction of metal oxides at lower
temperatures or even room temperature, which could significantly reduce energy loss due to heat
dissipation in metal production at high temperatures. However, increased water partial pressure from
hydrogen-based reduction leads to limited reaction rates. Herein, we demonstrate a mechanochemical
method for the reduction of nickel oxide, adopting a ball milling system under continuous hydrogen
flow. Nickel oxide can be mechanochemically reduced at room temperature or with mild heating
(100 °C) for faster water removal. 88 wt% of nickel could be reduced after 10 h of milling. Efficient
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Introduction

Humankind has benefited from metallurgy since ancient times,
by extracting metals from naturally occurring minerals for use
in production, manufacturing, construction, and other appli-
cations. Traditional metallurgical processes require high
temperature for faster mass transfer and favorable thermody-
namics. However, these processes are highly energy-intensive,
which contributes to metal production accounting for 10% of
the world's total energy consumption.”” In addition, the use of
carbonaceous materials as reducing agents leads to substantial
CO, emissions, contributing nearly 40% of the world's total
industrial greenhouse gas emissions.*?

To reduce CO, emissions during metallurgical processes,
technologies such as direct reduction with hydrogen gas**® and
hydrogen-based plasma in electrical arc furnaces”™ have
received more attention in recent years. With hydrogen as
reducing agent, the reduction process is emission-free as the
only byproduct is water. When the hydrogen is produced
through electrolysis powered by renewable energy, the entire
process becomes “green”. However, due to the thermodynamic
stability of metal oxides and sluggish reaction kinetics, an
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overall high temperature is still needed for efficient metal
oxides reduction.>”

Mechanochemistry, as was identified by IUPAC as one of the
most promising technologies for a sustainable future," might
provide energy-efficient solutions. The term describes chemical
reactions, typically solid-state reactions, enabled by mechanical
energy input, such as manual grinding, ball milling, twin-screw
extrusion, resonant acoustic mixing, spray drying, etc. These
reactions can take place under much milder conditions (lower
temperature, lower pressure, less solvent), benefiting from the
distorted symmetry within molecules, breaking of bonds,
formation of defects, etc. under mechanical impacts.”***
Mechanochemistry has a long history as a metal production
method. Since antiquity, humans have employed this method
to extract mercury with copper from ores.">*® Modern applica-
tions have been extended to mechanical alloying."”*® Metal
oxide reduction can also be realized via mechanochemistry.
Either carbon®***' or metals/metal composites with higher
reactivities®?® can be used as reductants. While carbonaceous
reductants still bring emissions of greenhouse gases, reactive
metals/metal composites are often difficult to be produced in
the first place. Yet, the ultimate goal remains to be hydrogen-
based reduction of metal oxides.

In this study, mechanochemical reduction of metal oxides
with hydrogen is investigated with NiO as a model oxide. Nickel
plays an important role in human life and exists in nature
mostly in the form of oxides as laterites. In addition, the
reduction of nickel oxide is an important step in nickel
production, as nickel oxide is often a key intermediate in the
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metallurgical routes of nickel, regardless from laterite or sulfide
ores.”” Furthermore, the reaction of nickel oxide with hydrogen
itself is a single-stage reduction due to the simplicity of Ni-O
phase diagram,*®*® which makes it easier to study and a good
model reaction to pave ways for general metal oxides reduction.

The thermal reduction of nickel oxide with hydrogen has
been studied to a good extent, despite that due to varieties of
experimental conditions, diverse observations were made such
as different applicable kinetic models or observable induction
period.**?* The reduction of NiO is shown as reaction (1), and is
typically performed at temperatures as high as 250-1300 °C, due
to its sluggish kinetics at low temperatures.*>**

NIO + H2 — Ni + Hzo (1)

The initial reduction of NiO with hydrogen generally occurs
at the surface via the generation of oxygen vacancies.>**¢ This
stage sometimes appears as an induction stage especially under
low pressure and/or at low temperature. As the concentration of
oxygen vacancies increases, reduced nickel particles grow and
H, is more easily adsorbed and dissociated,*® and the reduction
rate therefore significantly increases. The reduction process
then becomes diffusion-controlled, requiring hydrogen to
diffuse into the bulk material, while oxygen must exit either
through oxygen vacancies or in the form of water molecules.***”
The generated water slows the process by absorbing on the
surface of nickel particles, prohibiting H, dissociation, as well
as blocking the diffusion pathways.?***”

In earlier attempts for mechanochemical reduction of NiO,
carbon®® or reactive metals such as Mg,* Ti,*** Al,*"** Li** were
investigated to reduce NiO mechanochemically, benefited from
the thermodynamic stability of their respective oxides. However,
due to the same reason, the production of these reactive metals is
generally emission- and/or energy-intensive. Doppiu et al.** have
achieved controlled reduction of NiO via ball milling at room
temperature for the first time with H,. However, only a maximum
of ~29 wt% of Ni was reduced from NiO with H, after pre-milling
NiO under Argon atmosphere for a total of 20 h. The generated
water vapor was believed to be the key factor that limits the
reduction rate by reducing the diffusion of hydrogen into Ni layer
and the outward diffusion of water molecules, similar to the cases
in thermal reduction.

Herein, to promote sustainable reduction of NiO with low
temperature and low CO, emissions, we report an efficient
mechanochemical method to reduce NiO with hydrogen. With
the help of continuous H, flow at ambient pressure, water
generated from reduction reaction can be removed. Benefited
from increased surface area, shortened diffusion distances,
consistently renewed particle surfaces, and continuous removal
of generated water, NiO could be much more efficiently reduced.

Results and discussion

Room-temperature reduction of nickel oxide with reactive ball
milling

To confirm the feasibility of mechanochemical reduction of
NiO, NiO was first ball milled in a planetary mill using
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a tungsten carbide (WC) jar and balls under hydrogen pressure.
The powder X-ray diffraction (XRD) pattern (Fig. 1) confirms
that the initial NiO particles show characteristic peaks at 20 =
16.9°, 19.6°, 27.8°, 32.7°, 34.2°, 39.7°, 43.4°, 44.6°, and 49.2°,
corresponding to {111}, {200}, {220}, {311}, {222}, {400}, {331},
{420}, and {422} planes of face-centered cubic (fcc) NiO (ICDD
No. 00-004-0835), respectively. After 10 h of milling under 50 bar
H, at room temperature, peaks corresponding to {111}, {200},
{220}, {311}, {222}, and {400} planes of fcc Ni (ICDD No. 00-004-
0850) at 26 = 20.1°, 23.2°, 33.1°, 39.0°, 40.8°, and 47.5° appear,
which indicates the reduction of NiO at room temperature.
Mechanical impacts typically create abundant defects by
breaking chemical bonds and promoting the mobility of
atoms.'>">*34¢ In the case of metal oxides, oxygen vacancies can
be created mechanochemically, especially with the existence of
reductants.***-** Oxygen vacancies have been proven crucial for
the reduction process, especially in the early stage known as the
induction pertiod.**** The observable peak broadening of the
XRD patterns from the milled samples, compared to the start-
ing material NiO, suggests a decrease in crystallite size, due to
the fragmentation of particles and introduction of defects
caused by mechanical energy. The downsizing of particles helps
reveal more surface that is available for further mechanical
impacts. However, even with increasing milling time of 20 h, the
Bragg peaks of NiO remain much more prominent than those
for Ni, with the peaks at 26 = 16.9°, 19.6°, and 27.8°, which
corresponds to the {111}, {200}, and {220} planes of NiO,
respectively, still being the strongest peaks. A further increase of
milling time to 50 h and hydrogen pressure to 100 bar still
resulted in poorly reduced Ni. Rietveld refinement of the XRD
results suggest that the amount of Ni were only 7 wt%, 15 wt%,
and 19 wt% after 10 h, 20 h, and 50 h of milling, respectively.
This suggests a low reaction rate for the overall reduction. The
reason for the limited reaction yield is assumed to be the
increase in the water partial pressure in the closed milling jar,
as was also observed by Doppiu et al.** Absorbed water mole-
cules hinder the diffusion of hydrogen and oxygen species.***

To partly remove the generated water from the closed system
and further confirm the influence of water partial pressure on
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Fig.1 XRD patterns of NiO powders milled for 0, 10, 20 h under 50 bar
Hz and 50 h under 100 bar H in a planetary mill at room temperature.
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NiO reduction, several evacuation sessions were performed
during the milling process to renew the reaction atmosphere.
After every 10 h of milling, the milling jar was evacuated under
dynamic vacuum for 1 h via a Schlenk line and then refilled with
dry hydrogen to remove moisture from the closed system. This
process was repeated four times, resulting in a total milling
time of 50 h. As confirmed by XRD results (Fig. 2), peaks cor-
responding to Ni became much stronger, with the peak at 20 =
20.1° (Ni {111}) becoming the strongest, signaling that signifi-
cantly more NiO was reduced after moisture removal by the
evacuation sessions. Rietveld refinement of the XRD pattern
confirms that 56 wt% of Ni was reduced, which proves the
decisive effect of water in terms of reduction rate.

Improved reduction of nickel oxide with continuous hydrogen
flow

Given the crucial role of water partial pressure in metal oxide
reduction, a continuous gas-flow ball milling system* was then
used for NiO reduction, with the aim of uninterrupted removal
of water with H, flow. This was achieved by a modified Retsch
MM400 shaker mill, in which home-built stainless-steel jars are
equipped with gas connections. As illustrated in Fig. 3, the
system is also equipped with a heating plate, a back-pressure
regulator, and a Fourier-Transform Infrared (FT-IR) Spectrom-
eter, which enables heating, back-pressure regulation, and real-
time analysis of the gas phase product, respectively. For further
details of this set-up, readers are referred to our previous work.*

Due to the increased surface area of ball-milled materials
and the significant water affinity of NiO,** the H,O produced
from the reduction process can be easily absorbed on the
surface of the powders. To accelerate water desorption during
milling, a mild heating (100 °C) was applied. The temperature
was recorded at the interior upper wall of the jar and the
temperature profile is shown in Fig. S1. Real-time FT-IR spectra
(Fig. 4) of the exhaust gas show a noticeable removal of moisture
with the appearance of absorption peaks between 4000-
3000 cm ™" and 2300-1300 cm ™', which are characteristic peaks
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Fig. 2 XRD patterns of NiO powders milled under 100 bar H; for 50 h

in a planetary mill, with and without evacuation sessions in between.
Initial NiO is provided as reference.
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Fig. 3 Schematic illustration of the continuous gas-flow ball milling
system.

corresponding to water.”® After 1 h of milling, the spiky peaks
representing moisture began to appear by pointing upwards,
indicating a decreased amount of moisture in the exhaust gas
compared to the reference measured before milling began.
Despite a very pure H, gas source (99.999%), additional mois-
ture can be introduced along the pipelines. The reason for a less
moist exhaust gas after 1 h could be the result of particle size
reduction of the highly hydrophilic NiO,** which leads to
a larger surface area and thus more surface adsorption sites. It
could also be a result of the reaction between moisture and
steel, consuming water and generating hydrogen via ball
milling.*® After 2 h of milling, a small amount of CO,
(~2356 cm ') was detected, which should be desorbed from the
NiO particles and stainless steel after milling began. The
absorbed CO,, together with other carbon species in the steel
and/or PTFE gasket ring, also leads to a small amount of CH,
(~3020 cm ™) after hydrogenation,* where steel and/or Ni-NiO
can serve as catalysts.””*® As milling progresses, more water is
generated and carried away by the H, gas flow. After about 5 to
6 h, the moisture content of the exhaust gas reached a peak.
Although the reaction rate did not necessarily peak until then,
the subsequent decrease in moisture content indicates an
advancement of the reaction.
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Fig. 4 Real-time FT-IR Spectra of the exhaust from milling NiO with
a H, flow of 30 mL min* at 100 °C.
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Fig. 5 (a) XRD patterns of NiO-Ni powders for different milling times under H, flow and (b) NiO/Ni content development at different milling
times.

The extent of reduction is indicated by powder XRD patterns
after different reaction times, as shown in Fig. 5a. The peaks at
26 = 20.1°, and 23.2°, corresponding to {111}, and {200} planes
of Ni, became the strongest peaks only after 4 h of milling,
which is in stark contrast to the case with the closed system (see
Fig. 1). After 10 h of milling, most of the diffraction peaks cor-
responding to NiO became significantly weaker with some
being barely identifiable, which signifies a decrease in the
amount of NiO. The ratio between NiO and Ni, as shown in
Fig. 5b, was derived from Rietveld refinement of the XRD
results. After 4 h, approximately 65 wt% of Ni was reduced, and
after 10 hours, 88 wt%. This indicates a much faster reaction
rate and an improved reduction extent compared to the closed
system.

The particle size and morphology development of Ni-NiO
species were investigated using Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM). As shown
in Fig. S2, the commercial NiO particles (325 mesh, 99%, Alfa
Aesar) are generally in the size of several micrometer to several
tens of micrometer, exhibit a relatively smooth surface, and
tend to agglomerate. This morphology is typical when thermal
treatment is part of the synthesis process.>**° During the milling
process, the particle size reduced significantly to the nanometer
range, and the surface also became more uneven due to
mechanical interactions, as shown in Fig. S3-S5 shows typical
overviews of particles under TEM. After 4 h of milling, Ni-NiO
particles have a mean particle diameter (geometric mean) of
105 nm, and it became 76 nm when the milling time was
extended to 10 h. It is worth noting, however, that observations
under TEM may have the tendency towards smaller and less
magnetic particles in the sample, which may lead to bias in
determining particle size. A reduced particle size leads to an
increased surface area. As suggested by N, physisorption
(Fig. S6), commercial NiO has a BET surface area of <4 m”> g™,
which is a typical value for non-porous materials in the
micrometer range. After 4 h of milling, it increased to about 17
m?> g '. While after 10 h of milling, the BET surface area
decreased slightly to 13 m” g~ . The pattern of the surface area
change, characterized by an initial increase followed by
a decrease, is not uncommon in mechanical treatment.®>** In
this case, the increase in surface area is mainly driven by the
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fragmentation of large NiO particles, which is beneficial for
mechanochemical reactions, as mechanical forces are mainly
applied directly at the surface of particles. A later decrease in
surface area is possibly derived from particle growth of Ni due to
cold welding.

Control experiments were performed to confirm that the
reduction of NiO at 100 °C was mechanically-driven instead of
thermally-driven. Same as in the closed planetary milling
system, room-temperature reduction was possible under H,
flow in the shaker mill. As shown in Fig. S7(a), the peak at 26 =
20.1°, corresponding to {111} planes of Ni in the XRD pattern,
was the strongest after 11 h of milling, suggesting a higher
reduction level with hydrogen flow than in the closed milling
system. Rietveld refinement of the XRD pattern confirms that
62 wt% Ni was reduced at room temperature with H, flow,
which is much higher than that from a closed system. Due to
slower moisture removal, the reduction rate is slower than that
at 100 °C. Fig. S7(b) shows the real-time FT-IR spectra of the
exhaust gas from the NiO reduction with H, flow at room
temperature. The signals of water show similar but delayed
pattern as those observed with mild heating, as a result of
slower water desorption and therefore slower reaction rate.
After 3 h of milling, the water level in the exhaust increased,
compared to the reference value recorded at the beginning of
the reaction. After 11 h of milling, the peaks corresponding to
water were still prominent, which shows delayed reaction
progress relative to the case with heating. The increase of the jar
temperature due to friction was monitored, as shown in Fig. S8.
The temperature of the jar increased to about 32 °C after 2 h of
milling and stayed dynamically stable afterwards. These results
suggest that at room temperature (without heating), NiO
reduction with hydrogen flow develops the same way as with
heating, only at a lower rate because of slower water desorption.
By shaking in the milling jar without balls with the same
frequency at 100 °C under H, flow, no reduction of NiO was
observed by XRD after 14 h of shaking, as shown in Fig. S9. By
first milling under Ar, then heating under H,, the sole effect of
size reduction from ball milling was tested out. Only a small
amount of NiO was reduced to Ni and/or iron-nickel alloy, as
shown in Fig. S10, likely due to the reaction with iron from
stainless steel. The possibility of nickel oxide reduction with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ni(111)

Energy (keV)

(a) TEM image of typical Ni particles after 10 h of milling. (b) High-resolution TEM image of the selected area in (a), with an enlarged view of

the selected area in (b) as inset. (c) STEM-EDX elemental mapping of the particles. The gray scale image represents the corresponding HAADF-
STEM image. (d) EDX spectrum of the selected area in (c), with an enlarged view of the O-K, and Ni-L, X-ray energy range in (d) as inset.

iron is further confirmed by Fig. S11. These results suggest that,
even with the size reduction effect from ball milling, tempera-
ture as low as 100 °C is not sufficient for thermally-driven
reduction of NiO.

In order to get more information about the reduction
process, the distribution of Ni-species was investigated by
Energy Dispersive X-ray (EDX) Spectroscopy equipped in a TEM.
Doppiu et al.** have observed a core-shell structure while
mechanochemically reducing NiO, suggesting a surface reduc-
tion process. Although no obvious radial distribution of nickel
or oxygen content was observed in our measurement, as shown
in Fig. S12, it is believed that reduction first takes place at the
surface of the NiO particles due to collisions among the surface
of particles, balls, and the jar. Iron elements come from abra-
sion of stainless steel milling jar and balls. Compared to that of
4 h, at 10 h of reaction time, separated metal oxide and metal
particles could be observed. TEM images and EDX mapping
with higher resolution reveal clear distinction between oxide
particles (Fig. S13) and reduced particles (Fig. 6), suggesting
a separation of Ni after being reduced from NiO. In a thermal
reduction scenario, reduced Ni often forms at the surface of
NiO, thus hindering the mass transfer of hydrogen and oxygen-
species.*** The separation of Ni from NiO during mechano-
chemical reduction is likely the result of cold welding from
metal-metal contact among the reduced Ni at the surface of NiO
particles.® As ball-milling process promotes particle movement
and interaction, metallic Ni is more easily welded onto each

© 2025 The Author(s). Published by the Royal Society of Chemistry

other and grows into individual particles. This is beneficial for
further reduction as it continuously renews the surface and
reveals more NiO.

Based on the aforementioned observations, the proposed
NiO-Ni particle evolution during mechanochemical reduction
is schematically illustrated in Fig. S14. In the first stages of ball
milling, the initial NiO powder particles are first fragmented to
smaller particles, which provides larger surface area and
therefore more available sites for both mechanical impacts and
hydrogen adsorption. The formation of defects especially
oxygen vacancies induced by mechanical forces promotes the
reduction reaction. The O atoms are taken by H,, turning into
H,0. The thus-revealed nickel sites surround oxygen vacancies
further help H, dissociation into H atoms and diffuse at the
surface. The surface of the particles could be first reduced to Ni
with mechanical energy input. As the particles constantly
collide, the reduced Ni is cold-welded with each other and
subsequently detaches from NiO, leading to the formation and
growth of Ni particles. This helps reveal fresh surface of NiO and
hence promote further reduction of NiO. Benefiting from the H,
flow, the partial pressure of H,O remains low. Compared to the
closed system, the generated H,O can desorb more easily from
the surface of the particles. The absorbed water layer is mini-
mized especially with mild heating, minimizing the hindrance
to the diffusion of hydrogen and oxygen species.

Fig. 7 illustrates the comparison between thermal reduction
and mechanochemical reduction of NiO. During a typical

RSC Mechanochem.
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Fig. 7 Schematic illustration of mechanochemical reduction of NiO in comparison to thermal reduction.

thermal reduction, the reduction of NiO follows a Ni nucleation
- pore formation - Ni densification scheme, the reduction of
NiO follows a surface-to-bulk pattern and NiO is often trapped
inside Ni, suffering from a deteriorated diffusion.*** In the
mechanochemical scenario, the penetration depth required for
hydrogen is greatly reduced due to downsize effect from ball-
milling, which contributes to improved kinetics. Conse-
quently, cold welding and particle growth of Ni renews the
surface of particles and reveals more unreduced NiO, continu-
ously improving the mass transfer. Additionally, benefiting
from the continuous atmosphere renewal from H, flow enabled
by the gas-flow milling system, water partial pressure in the
milling jar is controlled, enabling a better reaction rate as
compared to a closed system.

Experimental

Room-temperature reduction of nickel oxide with reactive ball
milling

800 mg NiO (325 mesh, 99%, Alfa Aesar) as well as tungsten
carbide milling balls with a ball-to-powder ratio of 40:1 were
put in a tungsten carbide milling jar with a volume of 30 mL.
The atmosphere inside the jar was first replaced with Argon via
Schlenk line for 3 times. Additional 50 or 100 bar H,
(99.999 mol%, Air Liquide, Alphagaz 1) was then charged into
the jar. A planetary ball mill (Pulverisette 6, Fritsch) was used for
0, 10, 20, or 50 h at a rotation speed of 450 rpm, with 10 min
pause for every 30 min of milling to mitigate temperature
increase of the system. The evacuation process was conducted
by releasing the pressure after every 10 h of milling and
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evacuating dynamically for 1 h before filling ambient-pressure
Ar and recharging hydrogen.

Reduction of nickel oxide with continuous hydrogen flow

800 mg NiO (325 mesh, 99%, Alfa Aesar) as well as stainless steel
milling balls with a ball-to-powder ratio of 30:1 were put in
a stainless steel milling jar with a volume of 23 mL. The
atmosphere was first replaced by purging with 30 mL min™" H,
(99.999 mol%, Air Liquide, Alphagaz 1) for 1 h. A shaker mill
(MM400 mixer mill, Retsch) was then used for continuous
milling with a shaking frequency of 18 Hz, where it was heated
up to 100 °C with a heating plate below the jar. H, flow was kept
constant at 30 mL min~". Another experiment was done without
heating.

To rule out thermally-driven reduction, NiO was shaken at
18 Hz without balls for 14 h at 100 °C under 30 mL min * H,
flow. Additionally, NiO was also first milled under 20 mL min~"
Ar at room temperature for 8 h, and subsequently heated
without milling under 30 mL min~" H, at 100 °C for 8 h.

Material characterizations

The phase composition of powdery samples was characterized
by powder X-ray diffraction (XRD, STOE STADI P transmission
diffractometer) with Mo Ko (A = 0.7093 A). The instrument is
equipped with a primary Ge(111) monochromator (Mo Ka1) and
a position-sensitive Mythen1K detector. Data were acquired in
the range between 26 of 5 and 50° with a step size of 0.015°. The
measurement time was 20 seconds per step. Samples were filled
into glass capillaries (D0.5 mm) for measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fourier-Transform Infrared (FT-IR) spectra of the product
gas stream were collected in transmission mode on a Thermo
Nicolet Avatar 370 FT-IR spectrometer equipped with a DTGS-
detector and a 2 m flow cell (200 mL) heated to 150 °C. For
each data point, 32 scans were measured with a resolution of
4 cm ™! in the 4000-500 cm " range.

Nitrogen physisorption was performed on a Micromeritics
3Flex at —196 °C. Prior to all measurements, the samples were
degassed at 150 °C under vacuum (<1.33 x 10~ mbar) for 12 h.
Brunauer-Emmett-Teller (BET) surface area was calculated
with the Micromeritics MicroActive software (version 5.02) in
the relative pressure range of 0.05 to 0.30.

Particle morphology and lattice structures were character-
ized using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). SEM was performed using
Hitachi S-5500 at an acceleration voltage of 30 kv. TEM was
performed employing both a JEOL 2100 F operating at 200 kV
and an image-corrected Titan Themis G2 microscope at 300 kV,
each equipped with energy-dispersive X-ray spectroscopy (EDS).
Samples were prepared by dispersing dry powder onto a 400-
mesh carbon lacey copper grid.

Conclusions

In conclusion, efficient mechanochemical reduction of nickel
oxide has been realized by ball milling in hydrogen. Induced by
constant mechanical impacts, nickel oxide can be reduced with
hydrogen at room temperature. However, water generated
during reduction accumulates in the system, gains partial
pressure, absorbs on the surface of the particles, and thus
hinders the diffusion of hydrogen, leading to a decreased
reaction rate, with only 19 wt% Ni reduced after 50 h of milling
under 100 bar H,. With the continuous hydrogen flow, moisture
is continuously taken away, which helps maintain a much
higher reduction rate. With 30 mL min~" H, flow at ambient
pressure, 62 wt% Ni could be reduced after 11 h of ball milling
at room temperature, and 88 wt% after 10 h of ball milling only
with mild heating (100 °C). Compared to hydrogen-based
thermal reduction, mechanochemical reduction benefits from
abundant oxygen vacancies, increased surface area, consistently
renewed particle surface, and therefore shortened mass transfer
distance. Much lower temperature is required while good
reduction rate is achieved. Compared to traditional metal oxide
reduction methods, hydrogen-based mechanochemical reduc-
tion provides a low-temperature metallurgical pathway with no
direct carbon emissions.
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