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Transition-metal oxides (MO,) play essential roles in chemistry,
catalysis, materials science and metallurgy. The MO, reduction
and doping are two ubiquitous reactions in academic research
and industrial manufacturing, but they are notoriously energy-
demanding and require harsh conditions (high temperatures,

Introduction

Transition-metal oxides (MO,) play crucial roles in small
molecule synthesis and catalysis,"? as well as in materials
science®™ and metallurgy.” MO, reduction® and doping® are
two essential reactions in all these applications. However, due
to the highly stable lattice structures of the MO,, their reduction
and doping are notoriously energy-demanding and present
formidable challenges for chemists. In this work, we focus on
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long durations). In this work, facilitated by mechanochemical
ball milling, we report a new route to conduct MO, reduction
and doping at room temperature within 20 minutes enabled by
mechanochemical ball milling and lithium metal.

two widely applied MO,: nickel(ll) oxide (NiO) and cobalt(ll,II)
oxide (Co,0,).

Co;0, reduction and Li™ doping are essential reactions in
Co,0, catalysis” and in the preparation of commercial battery
materials,®” such as lithium cobalt oxide (LiCoO, LCO).
However, both Li* doping and reduction of Co;0, require high
temperatures (>600°C) for several hours."®" Moreover, reduc-
tion of Co;0, requires reducing atmosphere (hydrogen/
methane/ethanol),"? hydrogen plasma at >800°C,"™® or at the
nanoscale  under strongly electrochemical  reduction
conditions.™ Similar harsh conditions (reducing atmospheres,
high temperatures, long durations) are also required for the
reduction™'® and Li* doping"” of NiO. Facile (room temper-
ature and short reaction times) Co;0,/NiO reduction and Li*
doping at preparative scales is highly desirable, as they could
potentially pave the way for new low-carbon and sustainable
routes toward battery materials and Co-/Ni-based catalysts
(such as metallic Co-/Ni-nanoparticles). However, to the best of
our knowledge, such facile Co,0,/NiO reduction and Li* doping
reactions are currently unknown.

Mechanochemistry exploits mechanical forces (impact,
shearing and pressing) to directly promote chemical
transformations."® Compared to conventional solution-phase
(stirring and heating) and solid-phase (high-temperature calci-
nation) chemical synthetic methods, mechanochemistry fea-
tures solvent-free and energy efficacy advantages. Mechano-
chemistry has a long history,"® with humans unintentionally
using grinding to deliver chemistry in the pre-historic ages. This
research field had been in hibernation until the 2000s, but the
last two decades have witnessed a renaissance and upsurge in
mechanochemistry research, driven mainly by the demands for
low-carbon, sustainable and energy-efficient chemical synthesis
methods.” Since then, mechanochemical methods have been
used for organic,”” inorganic/organometallic,*? polymer®® and
supramolecular® chemistry, particularly because of their merits
regarding sustainability. With regards to materials science,
mechanochemical methods have also been employed to
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http://orcid.org/0000-0002-0619-5967
www.erlilulab.org
https://sites.google.com/view/jamesdawson/home
https://doi.org/10.26434/chemrxiv-2022-ncw9w
https://doi.org/10.1002/ejic.202300344
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202300344&domain=pdf&date_stamp=2023-10-18

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]IC > .
doi.org/10.1002/ejic.202300344

European Journal of Inorganic Chemistry

synthesize metal oxide nanoparticles® and battery materials.?®

However, there is currently no precedent for using mechano-
chemical methods to promote doping and reduction of
transition-metal oxides.

We realize that two challenges must be tackled to eliminate
the harsh conditions from the Co;0,/NiO reduction and Li*
doping: (1) a more powerful reductant must be developed; (2) a
more efficient energy input must be employed. Based on our
experience in Group-1 metal chemistry,”’*? we hypothesize
that lithium metal, which features a strong reducing power
(standard redox potential —3.07V vs. standard hydrogen
electrode), could act as both a strong reductant and a Li*
source for doping. Regarding energy input, as abovementioned,
mechanochemical ball milling provides a prime choice. It is
worth mentioning that directly employing zero-valent metals (s-
, p- and d-blocks) in mechanochemical reactions as reductants/
catalysts to facilitate challenging organic/inorganic reactions
has emerged as a new trend in mechanochemistry research
since the 2010s.5°2% With these hypotheses, we set off to
investigate the mechanochemical ball mill reactions between Li
metal and Co;0,/NiO. The findings are reported herein.

We would like to clarify that, the mechanochemical
reactions in this Article should not be confused with classic
heat-induced thermite reactions:® (1) We use mechanical
forces instead of heat as energy input to initiate the reactions.
(2) Our reactions are controllable, while the thermite reactions
are largely not. (3) We employ Li metal which has not been
studied in the thermite reactions.

Results and Discussion

Under argon atmosphere, ball milling reactions between Li
metal (ingots or ribbon) and NiO or Co;0, were examined at
three different stoichiometric ratios (Li:MO,=1:1, 2:1 or 3:1)
(see Supporting Information for details). The ball milling
frequency and time are key factors that influence the reaction
outcomes. We employ a mild 20 Hz frequency to avoid
potential thermal runaway. The reactions were conducted in an
intermittent manner by stopping the ball milling every 1 to
2 min to check the external temperature of the milling jar. In all
reactions, we observed a three to five minutes induction period
(jar temperature did not rise), followed by a one to two minutes
exothermic reaction period (jar temperature increased to
approximately 35-45°C). The ball milling processes continued
after the exothermic period until the total reaction times
reached 15 to 20 minutes to ensure that the reactions were
completed.

A 1:1 reaction between Li metal and NiO (20 Hz, 20 min)
leads to the full consumption of the Li metal, producing a black
powder. Powder X-ray diffraction (PXRD) analysis of the
resultant black powder on a silicon zero-background sample
holder suggests that the main phases are: (1) Ni; (2) Li,O; (3)
unreacted NiO, in an approximate 1:1:1 ratio (Figure 1a & b).
Here, NiO is reduced to zero-valent metallic Ni powder, which
can be easily separated from the mixture using a magnet. The
PXRD sample was sealed on a silicon sample holder using
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Figure 1. (a) Reactions between Li metal and NiO. (b) Powder X-ray
diffraction data of the powdery products from the Li:NiO n:1 (n=1, 2, 3)
reactions. *: Li,O (COD ref.: 4311895).

Scotch Magic™ tape. Given the mild conditions, the reaction
herein is significantly improved compared with the current high
temperatures  hydrogen  atmosphere  NiO  reduction
conditions.™ Since unreacted NiO presents in the 1:1
reaction, we anticipate that by increasing the Li:NiO ratio, the
reaction could be pushed to completion. Indeed, by increasing
the stoichiometric ratio of Li metal to 2 and 3 equivalents, the
NiO was significantly (2:1 Li:NiO) or totally consumed (3:1 Li:
NiO). In summary, enabled by mechanochemical ball milling,
we observed facile and clean reductions of Ni(ll)O into Ni(0) and
Li,O. On the other hand, Li™ doping products (e.g., LiNiO®)
were not observed.

Encouraged by the facile mechanochemical reduction of
NiO, we expand the methodology into Co;0,. Following the
same protocols for NiO, mechanochemical reactions between Li
metal and Co,0, were conducted at three different stoichio-
metric ratios (Li:Co;0,=1:1, 2:1 or 3:1) (Figure 2). The reaction
outcomes are more complicated compared to the NiO
reactions. We identified Co metal, Li,Co,_,O and CoO as major
products, along with other minor products such as LiH and Li,O
(Figure 2a). The approximate product distributions are eluci-
dated in Figure 2a. Co metal, as the reduction product, was also
produced at all the three Li:Co;0, ratios. Comparing with the
fine Ni metal powder in the NiO reactions, the Co metal was
produced as ingots with sizes up to >5 mm (see Supporting
Information for details). More interestingly, we observed the
formation of mixtures of Li,Co;_4O materials (0 < x <0.2), which
is the result of Li* doping into Co(Il)O. The Li,Co,_,O materials
feature a rock salt structure and have been widely investigated
as precursors to the mainstream commercial Li-ion battery
cathode material LCO.%®
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Figure 2. (a) Reactions between Li metal and Co;0, and their approximate
product concentrations (wt.%). (b) Powder X-ray diffraction data of the
powdery products from the Li:Co304 1:1 (a, red), 2:1 (b, blue) and 3:1 (c,
green) reactions. Note: The approximate product concentrations (wt %) in
Figure 2a were deduced by weighing the magnet-separated Co metal pieces
(for Co metal) followed by quantitative phase distribution Rietveld analysis
(remaining powder materials).

Specifically, for the 1:1 reaction, the PXRD result suggests
that the main phase was unreacted Co;0,, with a small amount
of Lip;0C005:0,5"3” and a second form of Co,0, (Co0-Co,0;).
Increasing the Li:Co;0, ratio to 2:1 results in further consump-
tion of Co;0, which was largely converted into Co metal and
Li,Coy_ 4O (Lig185C00g:s0 in this case), along with a minor
component of Li,O. In other word, the increased Li metal
stoichiometric ratio facilitated both reduction and doping of
Co,0,. Further increasing the Li metal ratio to 3:1 led to a
dramatic change in reaction pattern. The products from the 3:1
reaction is a mixture of Co metal ingots (15-20 wt.%) and a
dark blue powder (80-85 wt.%). The dark blue powder was air
sensitive, in contrast to the air-stable black powdery products
from the 1:1 and 2:1 reactions. The PXRD data (collected under
argon atmosphere) of the dark blue powdery products indicates
that it was a mixture of Co(ll)O (main), Lig,55C00:50 (minor), Co
(minor), Li (minor), LiH (minor) and Li,O (minor) (Figure 2b).
There is no unreacted Co;0,, but instead, with the presence of
unreacted Li. In other word, the major reaction pattern in the
3:1 reaction is reduction (producing Co metal and CoO), while
the doping pathway (producing Li,.Co,_,O) is largely sup-
pressed. This finding is crucial, as it indicates that by tuning the
stoichiometric ratio of Li metal, it is possible to switch between
the reduction and doping reaction pathways. This observation
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could unlock new avenues to high Li-content Li,Co O
materials, which are of significant industrial importance but are
currently synthesized via energy-intensive protocols.

We conducted density functional theory (DFT) calculations
to plot the thermodynamic profiles of the Co;0, reduction and
doping reactions, focusing on the formation of Li,Co,_,0O
materials (x=0-0.44). Three possible fully balanced reactions
are postulated (see Egs. (S1-59) in Supporting Information) for
each of the three Li:Cos0, ratios considered (Figure 3). As
expected, all the calculated reaction energies are strongly
exothermic. It is noteworthy that the reactions energies for the
three Li:Co;0, ratios are reasonably similar, with values ranging
from —1.30 to —1.63 eV per Li. These results suggest that there
is little benefit in using high Li metal concentrations (e.g., 3Li:
Co;0,) in these reactions as the energetic benefit per Li is
negligible or is instead an energetic penalty. With regards to
the Li* doping concentration (x values in Li,Co,_,O; the red,
green and blue bars in Figure 3), each of the three reaction
mechanisms displays a unique trend (Figure 3). For Li:Co;0,, the
reaction energy increases with increasing Li, which suggests
that, at least thermodynamically, higher Li concentrations in
Li,Co,_4O should be attainable. In contrast, the opposite trend
is observed for 2Li:Co;0,; while in the case of 3Li:Co;0,, the
reaction energy is unaffected by the Li dopant concentration
considered. These results suggest that the reaction mechanism
for Li metal and Co;0, is likely to change based on the
concentration of Li in Li,Co,_,0. A complete understanding of
these mechanisms requires a range of factors, including
reaction conditions and the interfaces of and between Li metal
and Co;0,, to be accounted. Such simulations are currently
being developed in our research groups and are expected to
reveal crucial insights into the mechanochemistry of alkali metal
and metal oxides. For comparison, we also considered the
energetics of the conventional solid-state reaction between
Li,0, and CoO used to synthesize Li,Co;_,0.""" As shown in
Figure S6, the energies for this reaction, from —0.94 to
—1.18 eV, are consistently less favorable than the reaction
energies presented in Figure 3 for Li metal and Co;0,. This

Li:CozO, 2Li:CosO, 3Li:Coz0,

%‘ -0.2
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Figure 3. Calculated energies for reactions between Li metal and Li:Co;0, as
a function of the Li:Co,0, ratio and Li doping concentration.
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further evidences the potential of using Li metal as a starting
material for the synthesis of lithium transition metal oxides
materials. Moreover, Bader charge analysis“” of the lowest
energy Li,Co(,_,O configurations from the DFT calculations were
conducted, to understand the changes of formal charges for Li,
Co and O as a function of Li* doping concentration (x)
(Figures S8). The biggest charge change was observed for O
(11.33 %), followed by Co (5.05%), while the Bader charge of Li
(~0.89 e) remains relatively constant at all doping concentra-
tions. These findings suggest a significant level of oxygen
oxidation (from —1.27e at x=0 to —1.14e at x=0.44), in
addition to the expected Co oxidation (from 1.27 e at x=0 to
1.33 e at x=0.44), as a result of Li* doping. Similar results have
been observed previously using X-ray photoelectron spectro-
scopy for both the Li doping of CoO*" and the deintercalation
of Li* from LiCo0Q,.*?

Our combined experimental and computational studies
suggest that the formation of Li,Co,_,O, i.e, Li* doping, is
preferable with a lower Li metal stoichiometric ratio. On this
basis, it is sensible to extrapolate that, instead of a one-pot Li:
Co;0, 3:1 reaction, introducing the three equivalents of Li
metal in a sequential manner would improve the production of
Li,Co;_4O. Indeed, we found that the sequential reaction not
only increased the Li,Co;;_,O wt.%, but also produced doped
materials with higher Li contents (higher x value), such as
Li; 47C0505 75, Liy6,C00, and LiCoO, (Figure 4). In comparison, for
the one-pot reactions, even with three equivalents of Li metal,
the highest Li-content is Liy;55C004:s0. The presence of
unreacted Li-metal in the 3:1 one-pot reaction proved that the
Lig155C004150 is the highest possible Li-content in the one-pot
context. The limit, nonetheless, was overcome by the sequential
reactions. We also noticed that, different from the one-pot
reactions, the CoO was not observed during the sequential
reactions.

oo

00 15 minutes Co304

0304 +
e Lio.19C00.610
™ea.Li o (14 wt%)

2nd eq. Li

oo

15 minutes \
Co (12 wt%)

Li.13C00.670
+
Liy 47Co30:
1.47 +3 3.72 (%
Li 52C00; 15 minutes Co304
+ +
LiCoO, / Lio 84C03 1604
+ Co (13 wt%) 34 eq. Li

Li(OH)(H,0), Li,O

Figure 4. Stepwise reactions between Li metal and Co,0,.
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Conclusions

By introducing mechanochemical ball milling as an efficient
energy input and Li metal as a reductant and Li* source, we
have provided proof of concept for facile (room temperature,
15-20 min) and controllable reduction and doping of transition-
metal oxides. Compared to the state-of-the-art energy-intense
methods, this new mechanochemical approach features sub-
stantial potential in reducing the carbon footprint. Future work
is underway to expand the MO, scope, as well as employing
this novel approach in preparing Li-ion battery cathode
materials.

Experimental Section

Materials and instruments: The mechanochemical reactions were
conducted using a Retsch™ MM400 mixer mill with a 25 mL Teflon™
reaction jar (screw-and-thread sealing) and a 10 mm-diameter
Teflon™ coated steel ball. The reactants (Li metal, NiO or Co,0,) are
loaded into the reaction jar in a Vigor™ glovebox (argon
atmosphere; O, and H,0 < 1.0 ppm), together with the milling ball.
The lithium metal was used either as plates (approximately
5%5x0.5 mm) or small grains (approximately 1x2x1 mm). The NiO
and Co,0, (powder, <10 um) were purchased from Merck, dried at
80°C under dynamic vacuum and stored in the glovebox.

General mechanochemical protocol: Caution! The ball milling
reactions are exothermic, therefore a cautious approach should be
taken by stopping the ball milling intermittently and checking the
temperature of the jar. The reactions should never be left unattended,
otherwise thermal runaway is likely to take place.

The 25 mL Teflon™ reaction jar and the ball were pre-dried in 75 °C
oven overnight before use. In the glovebox, 10 mmol of NiO/Co,0,
and the corresponding amount of Li metal were loaded into the jar,
sealed, brought out of the glovebox, and loaded on the MM400
mixer mill. The ball milling reactions were conducted at 20 Hz
frequency for an overall reaction time of 15 minutes. A cautious
and intermittent approach was adopted for the exothermic
reaction: the reactions were stopped every 0.5-1 minutes and the
jar's temperature was checked. After the reactions, the jar was
taken into the glovebox, where the products were stored. The Co
metal grains/ingots and the powdery products were separated by a
sieve and a magnet.

Powder X-ray Diffraction (PXRD) data were collected using a
Panalytical XPert Pro MPD with an Xcelerator detector using Cu Ko
radiation, with a Ka,, ratio of 1:0.5 respectively. A secondary
monochromator was used to limit the fluorescence from the
presence of cobalt within the samples. Air-sensitive samples were
mounted in a glove box, and sealed to the Si zero background
holder with Scotch Magic™ Tape. All data were evaluated using the
Malvern Panalytical HighScore Plus software package (V5.1),
comparing to reference patterns from the Crystallography Open
Database (COD).*¥ The data were analysed further with Rietveld
methods to determine standardless, quantitative phase analysis
using HighScore Plus.

A Jeol JSM 5610LV fitted with an Oxford Instruments INCA x-act
EDX detector, was used for the EDX analysis of the sample. The
sample was mounted on an aluminium stub fitted with a double-
sided carbon sticker. The EDX analysis of the Co metal grain/ingot
was carried out on five different areas of the sample at a
magnification of x500 and using a beam voltage of 20 kV, a working
distance of 20 mm and spot size 49.
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Ball milling reactions between Li metal and NiO: The 1:1 (Li :
NiO), 2:1 and 3:1 reactions are conducted following the same
protocol, hence are summarized here. In the glovebox, NiO
(351 mg, 4.7 mmol) and corresponding amount of Li metal pieces
were mixed in the reaction jar. The reaction was ball milled (20 Hz)
for 15 minutes. . After 5 minutes, the jar started slightly warming up
and continued for 4-5 minutes. The warming-up procedure is
irrelevant to the Li:NiO stoichiometric ratio. After the reactions, the
powdery mixtures were subjected to PXRD studies. The results are
summiarized in Figure 1.

Ball milling reactions between Li metal and Co;0,

Li:Co;0,=1:1

In the glovebox, Co;0, (2.568 g, 10.66 mmol) and Li metal (0.074 g,
10.66 mmol) were mixed in the reaction jar. The reaction was ball
milled (20 Hz) for 15 minutes. After 5 minutes, the jar started
warming up and continued for 4-5 minutes. The mixture of
products (2.250 g) was separated into the Co metal grains (0.524 g)
and the black powder (1.726 g) by collecting the Co metal grains
with a magnet. The outer shell of Co metal grains are briefly
polished by sonicating with presence of sands and passing through
a plastic sieve.

Li:Co;0,=2:1

Follow the procedure of the 1:1 reaction, Co;0, (2.323g,
9.65 mmol) and Li metal (0.184 g, 19.36 mmol) produced Co metal
ingots (0.742 g) and the black powder (1.305 g). The reaction jar
was warmed up after 5 minutes of ball milling, and cooled to room
temperature in 10-15 minutes.

Li:Co;0,=3:1

Follow the procedure of the 1:1 reaction, Co;0, (2.133g,
8.86 mmol) and Li metal (0.143 g, 26.58 mmol) produced Co metal
ingots (0.430 g) and the black powder (1.911 g). The reaction jar
was warmed up after 3 minutes of ball milling: the temperature
was significantly higher than the 1:1 or 2:1 reactions. In
15 minutes. The jar was cooled to room temperature.

Sequential Reactions: Follow the procedure of the one pot
reactions, Co;0, (1.89 g, 7.87 mmol) was treated with 0.54 g of Li
metal (7.87 mmol) under 20 Hz for 15 minutes. The products were
sieved and the resultant black powder was treated with another
one equivalent of Li metal (0.54 g, 7.87 mmol). The process was
repeated for one more time, where in total 3 equivalent of Li metal
was introduced.

EDX SEM Characterization of the cobalt metal phase produced by
ball milling reactions between Li metal and Co;0, Cobalt metal
ingots with a variety of sizes (1-5 mm) were produced by the 1:1
(Li : Co;0,) and 2:1 reactions. The metal ingots were isolated from
the mixture using a magnet, which were initially covered with a
shell of black materials (a mixture of unreacted Co;0,, Li,Co,0 and
Li,O). The black covering materials were removed by sandpaper to
expose the silvery metallic surfaces, which were subjected to SEM
EDX analysis with multiple spots to understand the elemental
components of the metallic phase. The metal ingots from 1:1 and
2:1 reactions were found to have similar elemental components of
their metallic phases, which are comprised of >80% Co, with the
rest are C (~7%) and O (~9%). See Tables S1-S5 and Figures S1-S6
for the representative results.
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Powder X-Ray Diffraction (PXRD): Phase identification of exper-
imental materials was performed by PXRD utilising a PANalytical
X'Pert Pro MPD, powered by a Philips PW3040/60 X-ray generator
fitted with an X'Celerator detector. Diffraction data were acquired
by exposing powder samples to Cu—Ka X-ray radiation, which has a
characteristic wavelength () of 1.5418 A. X-rays were generated
from a Cu anode supplied with 40 kV and a current of 40 mA.
Datasets were collected step size of 0.0334° 26 and nominal time
per step of 1, using the scanning X'Celerator detector and a Ni Kf
filter in the diffracted beam path. When the samples contained Co
which fluoresce in copper radiation, a secondary monochromator
was used to reduce the observed fluorescence.

PXRD Sample preparation: As all of the samples were sensitive to
reaction with oxygen/moisture, PXRD sample preparation was
perfomed in a N2 glove box. Powdered samples were transferred to
a Si zero background holder and were sealed using Scotch Magic™
Tape. Samples were rapidly transferred to the diffractometer for
measurement.

PXRD data analysis: The standardless, quantitative phase analysis
was completed using Rietveld methods within the Malvern
Panalytical HighScore Plus software package. The Rietveld method
involves constructing a model consisting of the crystal structures of
all component phases, and the differences between the observed
and simulated diffraction patterns are minimised by varying scale
factors, unit-cell parameters, and crystallite size for each phase. This
method provides information on well-ordered (crystalline) phases,
and determined the quantitative distribution of the crystalline
phases within the powdered samples.
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Co,0, Li metal mechanochemistry L'XCOYO
Facile Reduction & Li-ion doping
Reduction and Li-ion doping of metal report facile reduction and Li-ion
oxides are important but notoriously doping (for Co;0,) of cobalt and

difficult. Herein, by introducing Li-
metal into mechanochemistry, we

nickel oxides, namely, Co;0, and NiO.
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