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Exploring the Effect of Ball Milling on the Physicochemical
Properties and Oxygen Evolution Reaction Activity of

Nickel and Cobalt Oxides

Sabita Bhandari, Roland Schierholz, Riidiger-A. Eichel, Ana Laura Luna,*

and Anna Katharina Mechler*

Ball milling is commonly used to reduce catalyst particle size. However, little
attention is paid to further changes that ball milling can cause to the rest of the
catalysts’ physicochemical properties, which can impact their intrinsic catalytic
activity. The effect of ball milling on the physicochemical properties of NiCoO,,
NiO, CoO, and NiO:CoO mixtures is reported and correlated with their elec-
trochemical oxygen evolution reaction (OER) activity. It is also shown that
particle fragmentation is an inherent consequence of ball milling, but some
oxides can also experience a phase transformation. In the case of rocksalt-
structured CoO, it is partially or entirely transformed to spinel-structured
Co30,. Additionally, NiCo,0, with a spinel structure can be formed by ball
milling NiO and CoO simultaneously (both rocksalt structures), but only in the
absence of water. The changes impact the electrochemical activity of the initial
oxides. Ball milled NiCoO, exhibits the highest activity with a mean potential
of 1.563 V at 10 mA cm 2, demonstrating the advantage of having Ni and Co in
the same structure. Although NiCo,0O;, is also a binary oxide, the results indicate
that its metal coordination environment makes it intrinsically less active than
NiCoO, for the OER in alkaline media.

metal oxides such as RuO, and IrO, are
demonstrated to be efficient materials for
oxygen evolution in alkaline media, their
high cost and scarcity severely limit their
applications.'®! This has sparked research
for earth-abundant low-cost catalysts with
high activity. In this context, first-row tran-
sition metal oxides are attractive alternatives.

Despite being one of the earliest investi-
gated materials, cobalt oxides (CoO and
Co30,) and NiO remain the subject of stud-
ies due to their satisfactory OER activity
and availability.**! The OER activity of
such oxides has been correlated to their
active sites’ inherent binding energy
strength to the different intermediates spe-
cies (HO*, O%, and HOO%).**! Binary
nickel cobalt oxides have also gained atten-
tion as a way to profit of from the properties
of both NiO and CoO in a single material,
pointing them out as promising OER
catalysts.® The activity of such binary
oxides is attributed to their high electronic
conductivity and a large number of active

1. Introduction

The oxygen evolution reaction (OER) is a half-cell reaction of water
splitting, one of the crucial processes to produce green hydrogen, a
versatile energy carrier for replacing fossil fuels and reducing car-
bon emissions.l"! OER has slow reaction kinetics, making it the
bottleneck in water splitting.?! Hence, there is a strong interest
in developing highly active OER electrocatalysts. While precious

sites. Besides, it has been observed that OER performance varies
depending on the Ni-to-Co ratio,'% but more consensus about
the optimal composition is yet to be found. Because of the poten-
tial of unary and binary Ni and Co oxides, intensive research
efforts have focused on tuning or changing their intrinsic phys-
icochemical properties to yield better OER activity.

Ball milling is a frequently used method to have access to
smaller particles and facilitate their subsequent processing, for
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example, electrode preparation. However, beyond simple particle
fragmentation, ball milling may trigger a series of changes in the
physicochemical properties of the processed catalytic materials,
ultimately impacting their OER activity.l'""'? The changes can be
positive or negative. It will depend on the material’s properties
and the processing conditions.">"*! In this regard, ball milling
can be a door to enhance the catalyst activity, but may also lead
to negative effects. Therefore, the changes in physicochemical
properties caused by ball milling must be considered when inves-
tigating catalysts’ OER activity for accurate interpretations.

The essence of ball milling is to generate collision events
between powders and balls (i.e., the milling medium), leading
to particle fragmentation.'"'? In planetary-type mills, powders
also experience shear and friction.'"] All those events can gener-
ate changes of the atomic structure at the particle surface, which
might extend to the bulk, resulting in a change or modification of
the initial physicochemical properties of the ball milled material.
For example, Schiith et al. reported the phase transformation
of boehmite (y-AIOOH) into corundum (a-Al,03)." Similarly,
Gajovi¢ et al. found that ball milling induced changes in Y,0;
microstructure, introducing distortion of the crystal lattice and
oxygen vacancies in the cubic phase.”” Examples like those
emphasize what was mentioned above: the catalysts’ property
changes caused by ball milling need to be considered for
robust OER electrochemical studies. This becomes even
more important when two different materials are ball milled
together, because ball milling events could also promote chemi-
cal reactions between such materials. Indeed, this is why ball
milling is currently facing a renaissance as a mechanochemical
synthesis method with the advantage of being simple, scalable,
and ecofriendly.'” Various binary oxides have been directly syn-
thesized by this mechanochemical method, such as CoFe,0,!"®
and BaFe;,010.1” So far, binary oxides have been mechano-
chemically synthesized using metallic salts as raw materials.
However, it remains open whether one can synthesize binary
metal oxides by simply ball milling their corresponding unary
oxides together. If this were so, ball milling could offer a straight-
forward and scalable way to synthesize oxides. It would also
reaffirm the power of ball milling to change materials’ physico-
chemical properties. Certainly, there is a need to explore what
ball milling does to metal oxides when they are processed and
how it affects their properties to catalyze OER. This understand-
ing can further contribute to the progress of the development of
efficient, cost-effective OER catalysts.

www.advenergysustres.com

Herein, we investigate the effect of ball milling on the physi-
cochemical properties of NiO, CoO, and NiCoO, oxides and cor-
relate them with their OER activity. We also elucidate, if
mechanochemical reactions between NiO and CoO oxides can
occur when they are ball milled together to deliver binary oxides.
The non- and ball milled catalysts were characterized by nitrogen
gas sorption, X-ray diffraction (XRD), scanning electron micro-
scope (SEM), and X-ray photoelectron spectroscopy (XPS). Cyclic
and linear sweep voltammetry were used to assess the OER activ-
ity of the oxides in alkaline media. For comparison, the samples
were also mixed using a conventional mortar and pestle, a less-
intensive energy process than ball milling. Our research reveals
that while grinding powders in a mortar causes negligible
changes in the physical properties of the processed catalysts, ball
milling can provoke not only particle fragmentation, but also par-
tial or full phase transformation in the case of CoO, or even
chemical reaction between NiO and CoO, forming spinel
NiCo,0,. The investigated oxides’ ability to catalyze electrochem-
ical oxygen generation was substantially changed by ball milling.

2. Results and Discussion

2.1. Characterization

In most cases, ball milling is used to decrease the particle size
and hence increase surface area. Therefore, as a first assessment,
the Brunauer—-Emmett-Teller (BET) surface areas are accessed
by nitrogen gas sorption, as shown in Table 1. The catalysts
prepared by dry ball milling exhibited a larger BET surface area
(26-42 m” g~ ') than those processed by conventional milling and
the initial commercial oxides. This surface area increase indi-
cates a reduction in catalyst particle size during ball milling.
The difference in the resulting specific surface areas between
the two mechanical approaches is due to the energy input in
milling, which is substantially higher in ball milling than in con-
ventional milling. Generally, high-impact energy gives access to
particle size reduction, consequently increasing the specific sur-
face area.'! Despite the benefits of the high-impact energy of
ball milling on particle fragmentation, its effectiveness depends
on the mechanical properties of the powders. It has been
reported that soft metal oxides might undergo agglomeration
due to so-called cold welding.!'*! To prevent agglomeration, pro-
cess control agents such as water, aliphatic alcohols, and stearic
acid are commonly used."*'® We selected water instead of

Table 1. BET specific surface area of commercial NiO, CoO, and NiCoO, powders and NiO:CoO (50:50) mixtures before and after their mechanical
processing by both conventional and ball milling for 4 h at 400 rpm. For wet ball milling, 0.544 uL water per mg of catalyst powder was added. BET mean
values with standard deviations. The symbol (¥) indicates that the samples were measured only one time.

BET specific surface area [m*g ]

- Unprocessed (initial)

Conventional milling (CM)

Ball milling (BM)

Without water (dry) With water (wet)

NiO:CoO (50:50) - 18 * 38* 46.5%
NiO 20+0.7 20+09 258 +04 41.7%
CoO 11.5+0.5 15.0+0.3 29.9+0.1 69.8 £0.3
NiCoO, 17.8% 13441 42.0+£0.2 46.9%
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organic compounds as the process control agent to prevent any
organic residues on the catalysts that could interfere with the elec-
trochemical measurements. We performed ball milling in the
presence and absence of water. In general, adding water increased
the specific surface of the ball milled catalysts compared to those
processed without water. For example, the BET surface area of the
CoO catalyst prepared by ball milling without water was about
30m’g !, while it was about 70 m? g~ with water.

Figure la—c shows the SEM images of the investigated
oxides before milling. Remarkable differences can be seen
between them. While the particles of NiOj,; are large and form
micrometer-sized entities with square edges, the CoOjy;; exhibits
spherical-type particles (<100nm), which agglomerate only
slightly, forming clusters of submicrometer size. NiCoOj i
has single cubic partices with sizes <150nm. The particle
morphology and size of the unprocessed oxides agree with their
corresponding BET results (see Table 1). For example, the large
particles in NiOj; explain its negligible BET area (2m”g™).
The cubic shape of the NiCoO, j,;; particles leads to a larger
BET area than the spherical CoO ones, though the CoO particles
are smaller. When commercial oxides were ball milled with water,
their particles were fragmented into finer entities, as Figure 1d—f
shows. The clearest example was NiOye pm, reducing the particle

www.advenergysustres.com

size from micrometer to submicrometer (Figure 1d). In the case
of CoOyer v and NiCoO,yer v, more individual particles are
observed with little difference in the shape.

SEM images of NiO:CoO catalysts are shown in Figure 1gh.
The NiO:CoOc¢y (50:50) image displays a mixture of micro- and
submicro-sized particles, corresponding to the NiO and CoO
used to prepare such a catalyst. No particle changes compared
to the initial unary oxides are observed, indicating that milling
in an agate mortar does not cause particle fragmentation. As in
the case of individual oxides, ball milling NiO and CoO together
in presence of water causes a clear reduction of particle size
(Figure 1h). In general, when oxides are ball milled without
water, small but agglomerated particles are observed, as shown
in Figure S1, Supporting Information.

All the samples were analyzed using energy-dispersive X-ray
spectrometry (EDX) and the results are summarized in Table S2,
Supporting Information. The elemental analysis revealed the
presence of Ni, Co, O, and C. The carbon signal is attributed
to the carbon tape used for mounting the samples. Traces of
Zr were observed only in CoOye;_pm and NiOyer pwm, likely origi-
nating from the ZrO, milling balls and vessels.

We performed XRD measurements to investigate whether
conventional milling and ball milling led to phase changes in

Figure 1. SEM images of commercial oxides and NiO:CoO mixtures before and after conventional milling (CM) or ball milling with water (wet_BM).
a) NiOjni; b) CoOinis €) NiCoOy inis d) NiOyer gm; €) CoOuer_am; f) NiCoO, wet_gm; g) NiO:CoOcpm (50:50); h) NiO:CoOyer_gm (50:50). All figures
obtained at the same magnification of 50 k and scale bar corresponds to 1 pm.
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Figure 2. Phase identification of representative samples. XRD of a) commercial NiO, CoO, and NiCoO, powders before and after ball milling (BM) in the
presence of water b) NiO:CoO (50:50) powders prepared by conventional milling and ball milling.

our samples. Figure 2a shows the XRD diffractograms of the
commercial oxides before and after ball milling in the presence
of water, while those of dry ball milled samples are presented in
Figure S2, Supporting Information. The XRD patterns of the
unprocessed NiO;,;; and CoO;y,;; powders agree with the NiO and
CoO rocksalt structure (ICSD# 9865 and 9866).I"") NiCoO,_ini
shows reflections with positions between pure NiO and CoO,
indicating a solid-solution state (according to Vegard’s law)?%*!!
with a rocksalt structure, confirming the NiCoO, phase. On
the other hand, ball milled samples’ diffractograms display
broader peaks, indicating crystallite size reduction due to particle
fragmentation. Ball milling provoked crystallite size reduction
in NiO and NiCoO, samples, while in CoO, it also led to a
partial phase transformation into Co;0, (ISCD# 36 256).*
Interestingly, when CoO powders are ball milled without water,
they undergo complete phase transformation (Figure S2b,
Supporting Information). This is remarkable because the trans-
formation of CoO into Co;0, takes, conventionally, place at
240 °C.2! With the addition of water the phase transformation
is partially suppressed.

Figure 2b shows the XRD patterns of selected NiO:CoO sam-
ples prepared by conventional milling and ball milling. The dif-
fractogram of NiO:CoOcy (50:50) and NiO:CoOyer gy (50:50)
displays reflections corresponding to NiO and CoO with a rock-
salt structure, indicating that such samples are simple physical
mixtures. Conversely, when NiO:CoO samples are ball milled
without water, the CoO reflections disappear while new reflec-
tions arise. Peaks corresponding to the NiO phase are also
observed. The new reflections can be attributed to either Co;0,4
or NiCo,04 phases, which have similar XRD patterns since such

Adv. Energy Sustainability Res. 2024, 5, 2400183 2400183 (4 of 11)

oxides are isostructural. Co30,4 or NiCo,0, are the two possible
oxides that can be formed when NiO and CoO are ball milled
simultaneously, as Equation (1) and (2) illustrate. We refined
the corresponding XRD pattern to distinguish between the
two possible oxides. Details about the refinement are presented
in supporting information in Figure S3 and Table S3. The crys-
talline parameters, Bragg position, and percent phase concentra-
tion (48:52 for NiCo0,0,4:NiO) obtained in the refinement of NiO:
CoOgry_gm (50:50) indicate the formation of NiCo,O,4 spinel
oxide. This is important because it shows that binary oxides
can be produced by ball milling (without water) from unary
oxides (NiO and CoO, in our case).

1

1
3NIO + 3C00 +2 Os(g) — 3NIO + Co0, 2)

Overall, the XRD results revealed three significant findings.
First, milling powders in a mortar does not cause a phase change
in the metal oxide particles investigated. Second, dry ball milling
can result in substantial phase changes or mechanochemical
reactions between CoO and NiO. Third, adding water to ball mill-
ing reduces the energy transfer during milling impact, prevent-
ing or decreasing phase transformations or reactions between
oxides.

XPS characterization was performed to elucidate the electro-
catalysts’ surface composition and chemical state. Figure 3a
shows the Co 2p spectra of CoO, NiO:CoO, and NiCoO,. It
has been reported that the Co 2p;,, peak binding energy of
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Figure 3. XPS spectra of a) Co 2p, b) Ni 2p, and c) O 1s for the different catalysts as purchased as well as processed by dry and wet ball milling.

various cobalt oxides and hydroxides overlaps, significantly
increasing the error in the oxidation state determination.’**]
However, differences in the cobalt shake-up peaks provide a
more accurate speciation assessment.””) Therefore, we com-
pared the binding energies of the shake-up peaks rather than
those of the Co 2p3,, peaks to investigate the cobalt oxidation
states. The spectra of the NiCoO, samples display pronounced
shake-up peaks at about 786.5 and 803.2 eV, indicating that its
surface is rich in Co®™ species. For the CoO and NiO:CoO mate-
rials, the peak at about 786.5 eV vanished, and instead only a pla-
teau was observed. The plateau is a hallmark of the coexistence of
Co*" and Co®* oxidation states.**?*] Therefore, the XPS analysis
indicates that on the surface of all investigated CoO and NiO:
CoO samples, both Co** and Co®>" species are present. The
XPS results agree with the crystallographic phases observed in
XRD, except for CoOyy;, which displays only XRD peak charac-
teristics of CoO. This discrepancy indicates that the amount of
Co’*" as Co304 in CoOyy is very little to be detectable by XRD,
which is a bulk technique.

Figure 3b displays the XPS of the Ni 2p;,, spectra of
NiO, NiCoO,, and NiO:Co samples. The Ni 2p;,, structures
display two peaks (at ~854 and ~856¢€V) related to two final
states but with different ratio intensities. The first peak
(at ~854eV) is known as a local screening and is usually
assigned to Ni*", while the second peak, located at ~856 eV,
is known as nonlocal screening and has contributions from
surface states.**?%%”) The ratio intensity between these two peaks
differs between each set of samples. For NiO samples the inten-
sity of the surface state peak relative to the Ni** one is as follows:
NiOyet_gm > NiOgry_pm > NiOjyir. NiCoO, samples, on the other
hand, display a predominant surface state peak. The intensity of

Adv. Energy Sustainability Res. 2024, 5, 2400183 2400183 (5 of 11)

this peak is reduced after ball milling, especially without water.
For the ball milled NiO:CoO, their state surface peaks are as
intense as their Ni** ones. To elucidate the origin of the surface
states, we analyze the O 1s XPS spectra shown in Figure 3c. The
intensity of the hydroxyl peak (at ~#531.2 eV) changes in the same
fashion as the surface state peak in their corresponding Ni 2ps,
spectrum, consequently indicating that the surface states in all
the samples are related to hydroxyl groups.

To better understand the origin of the hydroxyl groups, the Ni
LMM Auger spectra were analyzed. Biesinger et al. demonstrated
that NiO, Ni(OH),, and NiOOH exhibit remarkably different Ni
LMM spectra that help with speciation.”® The Ni LMM spectra
reported by Biesinger et al. are presented in Figure 4a for a facile
comparison. The Ni LMM spectra of the NiO samples corre-
spond indeed to NiO (Figure 4b). The increase of the hydroxyl
peak in those samples can be explained by environmental
hydroxylation, which naturally occurs in oxides when exposed
to the atmosphere. It is further promoted by particle fragmenta-
tion due to the increase in the specific surface area. The Ni
LMM spectra of NiCoO,_jni; and NiCoO,_yer pm show a slight
slope between 850 and 842 eV, suggesting a small amount of
Ni(OH), in addition to NiO. However, for NiCoO,_gry_pm the
slope is attenuated, resembling NiO more (Figure 4c). This
suggests that dry ball milling reduces Ni(OH), to NiO in
NiCoO; 4ry gm, Which corresponds well with the intensity
decrease of the hydroxyl peak (at ~531.6eV). Regarding NiO:
CoO samples, their Ni LMM spectra indicate the presence of
both NiO and Ni(OH), (Figure S4, Supporting Information).
Overall, the XPS analysis of the Ni 2p;;, spectra demonstrates
that nickel is present as Ni**, mainly forming NiO, but for some
samples Ni(OH), as well. While ball milling does not change the
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Figure 4. Ni LMM Auger regions of a) reported references (reprinted from ref. [28] with permission from the Royal Society of Chemistry) to compare with
the spectra of the herein investigated b) NiO and c) NiCoO,, each as purchased as well as after wet and dry ball milling.

nickel oxidation state, it influences the content of hydroxyls on
the surface.

2.2. Electrochemical Characterization

2.2.1. Analysis of CV Peaks

To better understand the changes ball milling causes on the cat-
alysts and how such changes impact their OER activity, features
observed in cyclic voltammetry measurements are correlated to
the physical and chemical characterization of the catalysts.
NiO, CoO, and NiCoO, Catalysts: Figure 5a shows condition-
ing cyclic voltammograms (CVs) of commercial NiO before and
after ball milling. The three samples exhibit single anodic and
cathodic redox peaks attributed to the Ni*™/Ni** redox couple,
confirming that ball milling did not change the Ni*" oxidation
state in the sample. However, the redox peaks of the ball milled
samples are more intense and shift to higher potentials than
those of the unprocessed NiO. For example, the anodic peak
of the NiOye, pm and NiOgry pv samples shifts by 0.04 and
0.05V, respectively, relative to the NiO;,; one (at 1.35V).
These differences probably reflect the increased hydroxylation
of the surface that ball milling induced in NiO samples.
Processing CoO by ball milling provoked a Co*" oxidation
state and crystalline phase change, as evidenced in CV traces
shown in Figure 5b. The CV curves of CoOj,;; show two anodic

Adv. Energy Sustainability Res. 2024, 5, 2400183 2400183 (6 0f11)

peaks at 1.30 and 1.44 V (and their corresponding cathodic peaks
at 1.19 and 1.41 V), related to Co*"/Co*" and Co**/Co*™, respec-
tively. It is known that the octahedral-coordinated Co*™ of CoO
can be reversibly oxidized and reduced between Co®* and Co**.
Then, the appearance of both redox couples confirms that CoOj,;;
is mainly CoO, which agrees with its XRD and XPS characteri-
zation. On the other hand, the CV of CoOg,y g exhibits only a
single anodic (at 1.43 V) and cathodic (at 1.41 V) peak, character-
istic of the redox couple Co**/Co**, as shown in Figure 5b. CV
curves with similar shapes have been reported for Co;0,.2°7"
Co30, has a spinel structure, containing Co’* on octahedral
coordination sites and Co*" on tetrahedral coordination.*%**
The Co®" cation in the spinel’s octahedral sites is reported to
be responsible for the catalysis of OER, yet Co®" in the tetrahe-
dral sites is relatively inactive.?***! Then, the absence of
Co®*/Co®" peaks in the CV of the CoOyyy g catalyst indicates
a complete phase transformation from CoO to Co;0, under ball
milling (without water). Conversely, CoOye gm shows a faint
anodic peak at 1.3 V revealing the presence of Co®" on octahedral
sites characteristic of CoO. This is consistent with the XRD
results, which show CoO and Co3;0,4 phases in the CoOyet gm
catalyst. In general, the obtained CVs clearly reflect the partial
or full CoO transformation into Co30, when the powders are ball
milled with or without water, respectively.

The NiCoO, CVs display a broad anodic and cathodic peak at
around 1.28 and 1.13V, respectively, as shown in Figure 5c.
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Figure 5. Comparison of CVs of unprocessed versus ball milled a) NiO,
b) CoO, and c) NiCoO, catalysts in 1 M KOH (binder-to-catalyst ratio: 0.1,
loading: 100 ug cm ™2, @: 1600 rpm of RDE).

Similar CV curves have been reported for solid solutions of
nickel-cobalt oxide with a Ni:Co atomic ratio of 1:1 (denoted
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as NiCoO, or NioA5CooA50).[35'36] It agrees with our XRD results,
which indicate that the commercial NiCoO, is a solid solution
with a rocksalt structure, where Ni** and Co®* are coordinated
in octahedral sites. These oxidation states match those found in
our XPS analysis of the commercial NiCoO, powders. Therefore,
the observed anodic and cathodic peaks can be assumed as
the result of the contribution of the redox couples Ni**/Ni**,
Co”>"/Co®*, and Co*>"/Co*". The difference in peak potential
is attributed to the surface changes after ball milling which,
for NiCoO, samples, is the decrease of Ni(OH),.

Mixed NiO:CoO Catalysts: Figure 6a shows the conditioning
CVs of NiO:CoO prepared by conventional milling with three
NiO:CoO mass ratios (25:75, 50:50, and 75:50). Although NiO:
CoOcy catalysts contain NiO, in their CVs, the Co®'/Co**
and Co®>"/Co*" peaks characteristic of CoO are mainly observed.
As the CoO amount increases in the catalysts, the Co*™/Co** and
Co**/Co*" peaks become more prominent. Conversely, such
redox peaks are attenuated when NiO content dominates, resem-
bling the CV of unprocessed NiO. Importantly, despite the
different NiO:CoO mass ratios, the redox peak potentials
remain unchanged (without shifting). The potential is an inten-
sive property depending only on the system’s energy but not on
the amount. Therefore, the same peak potential in the NiO:
CoOcym CVs implies that conventional milling caused negligible
chemical or physical changes in the NiO and CoO powders
to modify their catalytic properties. Accordingly, the XRD,
XPS, and BET of these samples demonstrated that NiO and
CoO remained virtually unchanged after conventional milling.
Thus, the fact that NiO:CoOc¢y CVs exhibit the same redox peak
potential confirms again that such catalysts are physical
mixtures.

The conditioning CVs of NiO:CoO prepared by dry ball
milling are displayed in Figure 6b. NiO:CoOgy CVs differ
considerably from NiO:CoOcy CVs. Such differences reflect
the complexity of the catalysts as a result of the ball milling. For
example, the resulting NiO:CoOq,y gy catalyst contains NiCo,04
generated during its processing and the remaining NiO.
Particle fragmentation also influenced the NiO:CoOgy CVs.
Consequently, the intrinsic complexity of the NiO:CoOgy CVs
makes their redox peak assignment difficult. But it is pertinent
to point out that the redox peaks appear at different potentials
when the NiO:CoO ratio varies, indicating that the overall
changes introduced by ball milling alter their electrochemical
properties, too.

2.2.2. OER Activity

Finally, we attempt to find a correlation between the observed
structural changes and the OER activity of the different catalysts.
For activity determination, linear sweep voltammograms (LSVs)
were obtained at 5 mV s™'. The LSV are presented in Figure S5,
Supporting Information. From these, the mean potential
achieved at 10 mA cm ™ was obtained for each catalyst and plot-
ted in Figure 7 to compare their activity. This is a commonly used
metric for investigating electrocatalysts’ activities on a laboratory
scale.’”) Especial care was taken for the reproducibility of the
results, leading to comparable small error bars for rotating disk
electrode (RDE) experiments of max. 45 mV.>®!
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Figure 6. Comparison of conditioning CVs of NiO:CoO catalysts prepared by a) conventional milling and b) dry ball milling.
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Figure 7. Comparison of mean potential at 10 mA cm ™2y, of commercial unprocessed oxides (init), conventionally milled oxide (CM), dry ball milled
oxides (dry_BM), and wet ball milled oxides (wet_BM) in 1M KOH (binder-to-catalyst ratio: 0.1, loading: 100 pg cm ™2, w: 1600 rpm). 50:50 ratios repre-

sent NiO:CoO in the binary oxide mixtures.

Activity of NiO, CoO, and NiCoO,: The comparison of the
unprocessed commercial catalysts reveals that the binary oxide
NiCoO;_in; is more active, that is, exhibits a lower overpotential
than the unary metal oxides, NiOjy;; and CoOjp;;. It highlights the
advantages of Ni and Co in the same catalyst. Among the unary
oxides, CoO;p;; shows a lower overpotential, which is unexpected
as NiO is typically reported to be a more efficient material for
oxygen evolution. It is important to note that NiO;,;; particles
are micrometer in size, which results in a lower specific surface
area (<2m?*g ') than CoOyy; (12m? g "). The higher the spe-
cific surface area, the more active sites are available for water oxi-
dation. Hence, the low activity of NiOj;; relative to CoOyy;; can be
explained by its larger particles.

The activity of the catalysts increases when they are ball
milled. In the case of NiO, its efficiency for OER was as follows:
NiOget_pm > NiOgry_pm > NiOjy;. This activity trend matches the
increase in the BET area, as shown in Table 1. It indicates that
particle fragmentation is the change that most influenced the

Adv. Energy Sustainability Res. 2024, 5, 2400183 2400183 (8 Of11)

activity of NiO samples. Notice that after ball milling, NiO
becomes a better catalyst than CoO, which is in-line with literature.
On the other hand, ball milling CoO also favored its activity.
CoOyer v and CoOgry pv are more efficient catalysts than
CoOyit. The activity of CoOye_pm is attributed only to particle frag-
mentation that led to increase its BET surface area of about
5.8 times in comparison to CoOjy;; (see, Table 1). However, in the
case of CoOgry pu its activity cannot be simply attributed to the
particle size reduction since ball milling also causes its full
transformation to Co3;O4. The mean potential (1.634V) of the
CoOqyy_pm is indeed the activity of Co;0, particles with a BET area
of 30m” g . Because the BET area between such samples differs,
it is difficult to conclude which oxide (Co30, or CoO) favors OER.

NiCoO, also exhibited better activity when ball milled. The
activity for these three samples is as follows: NiCoO;_ary_gm >
NiCoO;_wet_gm > NiCoO,_jni. Notice that the activity trend
does not match their specific surface area: NiCoO,_yet_pm >
NiCoO;_gry gm > NiCoOy_jni. Then, the improvement in the
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activity of the ball milled NiCoO, samples cannot be explained
only in terms of particle fragmentation. According to the XPS
analysis, the NiCoO,_jy,;; surface has Ni(OH),, which is reduced
after ball milling. NiCoO,_4,y pm is the sample with the lowest
amount of Ni(OH), and is also the most active. Thus, the activity
improvement in NiCoO, performance is assigned to both parti-
cle fragmentation and Ni(OH), reduction.

Activity of Prepared NiO:CoO Catalysts: According to its CV and
characterization, NiO:CoOcy (50:50) is a physical mixture of NiO
and CoO powders. Despite this, NiO:CoOcy (50:50) showed a
significantly lower potential than NiO;,; and very close to the
CoOjpir mean potential, indicating that the presence of Ni and
Co atoms in a catalyst favors the OER reaction rates even though
they do not share the same crystalline structure. Nevertheless,
having Ni and Co atoms in the same crystalline structure is more
powerful as the low mean potential (1.605V) of NiCoO; init,
which is comparable to NiO:CoOcy (50:50) in terms of specific
surface area and Ni:Co atom ratio, indicates.

NiO:CoOgqyy v also contains a binary oxide, NiCo,O,.
However, its mean potential (1.614 V) is 51 mV above the one
higher than that of NiCoO, 4ry pm, indicating less activity,
despite their similar BET areas (difference of only 4m”g™ ")
and the Ni and Co coexistence in their structure. Such activity
difference is explained, in part, by the way in which Ni and
Co are arranged in the material. The structural characterization
of such samples concluded that NiCoO, has a rocksalt structure
with Ni?* and Co®" at octahedral sites. NiCo,04, on the other
hand, has a spinel structure, containing Ni*" in octahedral coor-
dination sites and Co®" in both octahedral and tetrahedral coor-
dination. Reported density functional theory calculations have
demonstrated that the metal coordination environment in
NiCoO, allows this oxide to have nearly double the concentration
of active Ni and Co atoms on its surface than the concentration
on the NiCo,0, surface.*> With half of the active atoms exposed
on NiCo,0, surface, it is reasonable that NiO:CoQOgy,_pm per-
forms lower. Thus, although NiCo,0, can be formed by dry ball
milling, its atom arrangement does not favor the OER, as in the
case of NiCoO, 4ry pum. This highlights that in electrocatalyst
activity, the atom arrangement is highly relevant.

To check for significant catalytic changes, the OER curves
were further linearized by a Tafel approximation (Figure S6,
Supporting Information). Most of the prepared catalyst
materials show a slope around 50mV dec™', while CoOjp,
and NiO:CoOcy show slightly higher slopes about 55 mV. For
NiOjy; a very high slope of about 91 mV dec™! can be observed,
which can possibly be assigned to the extremely large particle
size, leading to an inhomogeneous catalyst layer and possible
conductivity issues within the large semiconducting NiO
particles. The catalyst with the highest activity in this study,
that is, NiCoO,_gry pm, also shows the lowest slope with
~34mVdec .

3. Conclusion

Ball milling has the power to substantially change the original
chemical and structural properties of unary and binary Ni and
Co oxides to an extent that even new compounds were formed,
consequently impacting their OER activity. Ball milling decreases
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the particle size, and adding water as a processing agent even
favors this effect. Besides, water reduces the possibility of chem-
ical reactions and crystalline phase changes. According to the
characterization results, dry ball milling (i) transformed CoO into
Co30,, (ii) promoted the reaction between CoO and NiO into
NiCo,0,, and (iii) transformed the Ni(OH), present on the
NiCoO, surface into NiO.

For the investigated materials, ball milling enhanced the OER
activity of the processed samples. Because water prevents chem-
ical changes, the activity of wet ball milled samples is mainly
attributed to particle size reduction. In the case of dry ball milled
samples, the activity results from both particle fragmentation
and specific chemical changes, the latter having the more signif-
icant impact. For example, NiCoO, 4ry gm showed a potential
31 mV lower than its analogous NiCoO;_ye_pm because surface
Ni(OH), was reduced after dry ball milling.

This work emphasizes the importance of investigating in
detail the overall changes that ball milling might cause to the cat-
alysts to correlate with their activity accurately and ultimately
accelerate the development of efficient OER catalyst.

4. Experimental Section

Materials: Nickel cobalt oxide (NiCoO, 99% trace metals basis),
nickel (I) oxide (NiO>99.995% trace metals basis), cobalt (Il) oxide
(Co0), and Nafion(x5% in a mixture of lower aliphatic alcohols and water)
were purchased from Sigma Aldrich (Merck). Potassium hydroxide (KOH,
>85.0%) in pellets and ethanol (ROTIPURAN > 99,8%) were purchased
from Carl Roth. All the chemicals were used as received without further
purification.

Electrode Preparation: Commercial NiO, CoO, and NiCoO, powders
were used as raw materials. These metal oxides were ball milled individually
with and without water as an additive agent in a planetary ball mill (Fritsch,
PULVERISETTE 7). The specific amount of powders (Table S1, Supporting
Information) was loaded in a grinding bowl made of stainless steel with an
internal ZrO, coating, along with ZrO, balls of 5 mm diameter. The ball-to-
powder mass ratios are summarized in Table S1, Supporting Information.
The ball milling vessels were sealed under air. The samples were milled at a
rotation rate of 400 rpm for 4 h. When deionized (DI) water was added
to the process, a ratio of water to the catalyst of 0.544 pL mg~' was used.
NiO:CoO samples with a mass ratio of 50:50 were prepared by ball milling
(BM) commercial NiO and CoO together and applying the abovementioned
processing conditions. For comparison, NiO:CoO samples were ground by
conventional milling (CM) in an agate mortar and pestled for 10 min.

The unprocessed commercial oxides were labeled as NiOjn, CoOinit,
and NiCoO,_;nir. When the powders were processed, BM or CM subscripts
were used to distinguish between ball milled samples and those processed
with conventional agate mortar, respectively. Similarly, the word wet or dry
was added to differentiate between samples processed with or without
water. So, for instance, NiO,.; gum refers to NiO powders ball milled in
the presence of water. On the other hand, NiO:CoO was used to identify
mixtures of NiO and CoO. The labeling style applied to refer to the
processing method and conditions used was the same as described above.
We defined a NiO:CoO ratio mass of 50:50 as the standard ratio. Other
NiO:CoO ratios are specified in the manuscript where necessary.

For electrode preparation, the catalysts were dispersed in a solvent mix-
ture to produce a catalyst ink, which was later deposited onto a glassy
carbon disk (Metrohm) of 5 mm diameter. The inks comprised 5 mg of
catalyst powder in 494.3 uL of DI water, 494.3 pL ethanol, and 11.4 uL
of 5wt% Nafion solution. The ink was sonicated for 15 min, and then
3.92 uL were drop coated on the glassy carbon disk (5 mm) of the rotating
disk electrode (RDE) resulting in a 100 pg cm ™2 catalyst loading. In order
to dry the catalyst ink, the glassy carbon disk was rotated at 600 rpm with
the disc facing upward.
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Electrochemical Characterization: Metrohm RDE and Metrohm potentio-
stat (PGSTAT204) were used in combination with the NOVA software
(Nova 2.1) for the standard electrochemical techniques. Electrochemical
measurements were performed in a three-electrode cell with a catalyst-
deposited rotating disk electrode as a working electrode, a graphite rod
as a counter electrode, and Hg/HgO as the reference electrode (RE) in
1M KOH at room temperature. The electrode potential collected with
Hg/HgO RE was converted to the reversible hydrogen electrode (RHE)
scale. All potentials were reported against RHE unless stated otherwise.
The electrochemical measurement protocol included conditioning the cat-
alyst via cyclic voltammetry from 1 to 1.45 V at a scan rate of 100mV s~ at
0 rpm followed by electrochemical impedance spectroscopy (EIS) to deter-
mine the solution resistance (i.e., iR-drop). After conditioning and EIS,
OER activity was measured by cycling the potential between 1 to 1.8V
at a scan rate of 5mV s~ at 1600 rpm. The detailed measurement proto-
col has also been described previously.*®!

Catalyst Characterization: Gas sorption experiments were performed on
Micromeritics ASAP 2020 using N, at 77 K. The samples were degassed at
100 °C for 12 h prior to the measurement to remove any adsorbed species
from the sample surface. The total specific surface area was determined by
the multipoint BET method using MicroActive software.

X-ray diffraction (XRD) patterns were recorded on a Panalytical
Empyrean diffractometer with Molybdenum Ko radiation and § filter
on the diffracted beam side. The generator was operated at 50 kV
and 50 A. The angular range from 5 < 26 < 70° was scanned stepwise/con-
tinuously with 59.69 s/step. Crystalline phase identification was done by
comparing the obtained patterns with those reported in the Inorganic
Structure Database. Fullprof software was used for X-ray pattern refine-
ment. To improve the fit to the profile parameters, the unit cell and peak
profiles were further refined by the full pattern decomposition process for
single and overlapping intensities. This was done according to the Le Bail
method. The peak profiles were best modeled using a pseudo-Voigt func-
tion. The background was estimated and subtracted as a set of points with
refinable heights.

A Hitachi Schottky FESEM SU5000 microscope was used to take scan-
ning electron microscopy (SEM) images. The microscope was operated at
an accelerating voltage of 5.0 kV and a working distance of 5.8 mm, using
secondary-electron mode with a low-angle detector. The SEM was also
equipped with an energy dispersive X-ray spectroscopy (EDX) to analyze
the elements in the samples. For EDX measurements, the Aztec software
from Oxford Instrument was utilized.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed at the EPSRC National Facility for XPS (‘HarwellXPS’), operated
by Cardiff University and UCL. The analysis was performed using
a Thermo K-Alpha+ XPS fitted with a microfocused monochromatic
Al ko X-ray source (1486.7eV), a spherical sector analyzer, three-
multichannel resistive plates, 128 channel delay line detectors. All data
was recorded at 72 W with an X-ray beam size of 400 x 600 pm. Survey
scans were recorded at a pass energy of 200 eV, and high-resolution scans
were recorded at a pass energy of 40 eV. Electronic charge neutralization
was achieved using a dual-beam low-energy-electron/argon-ion source
(Thermo Scientific FG-03). The ion gun current was 100 pA. All sample
data was recorded at a pressure below 107 Torr and a room temperature
of 294 K. Data was analyzed using CasaXPS v2.3.24. Peaks were fit with a
Shirley background prior to component analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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