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1. Introduction

Nowadays, there is a consensus that the ever-growing energy
requirements of modern society cannot be supplied only by nonre-
newable energy resources. In addition, the environmental prob-
lems caused by them are worsening and the daily lives of the
population are being gradually impaired in a larger extent [1].
Therefore, there is an ever-growing and extremely urgent demand
for sustainable and green renewable energy sources [2]. Another
challenge is the development of energy technologies that are not
subject to weather, unpredictable environmental changes, and
intermittent characteristics [1,2]. In this context, the development
of electrode materials and devices for energy conversion and stor-
age is the key towards a more sustainable society. In fact, the per-
formance of the green energy-related technologies is mainly
determined by the materials that comprise them [1].

Among the promising hot topics in energy-related technologies,
the development of new materials for supercapacitors and
rechargeable batteries, as well as the preparation of electrocata-
lysts for water-splitting and fuel cells have received significant
attention in recent years. In fact, the design of transition metal-
based nanomaterials with the desired size, shape and composition
is a reality and a growing trend in research around the world. For-
tunately, as a result of such an effort, transition metal based mate-
rials showing impressive electrochemical performances have been
prepared [2-5] generating interesting perspectives to replace
noble metal based materials.

The promising progress of energy-related electrode micro/-
nanomaterials is closely related to the variety of synthesis methods
currently available such as solid-state reaction approach, sol-gel,
hydrothermal treatment, electrodeposition, mechanochemical
method, and so on. Furthermore, many groups have focused their
attention on the development of new nanomaterials based on tran-
sition metals employing the sacrificial template approach associ-
ated with different thermal and/or chemical treatment methods.
For instance, metal-organic frameworks (MOFs) are being exten-
sively reported as ideal sacrificial templates, or precursors, for elec-
trochemical sensor [6,7], energy storage [8] and energy conversion
materials [9] due to their unique architectures characterized by
huge surface areas, high porosity, and adjustable structures, into
which is possible to add heteroatoms in a controlled way while
preserving their structure, thus enhancing or incorporating new
features. All those characteristics are essential for the rational
design of multifunctional electrode materials [6,9].

Recently, metal-glycerolate (M—glycerolate) has been used as
sacrificial templates/precursors in the preparation of various mate-
rials such as metal oxides, metal hydroxides, metal sulfides, metal
phosphides and many more. In fact, glycerol is a biobased largely
available, biodegradable, non-toxic, low vapor pressure, high boil-
ing point, and non-flammable product (a coproduct from the bio-
diesel industry), that also is fully miscible with water. In the
neutral form, the three hydroxyl groups impart high polarity to
the molecule, but their coordination capacity is low, likewise other
alcohol derivatives. However, this is very much improved by
deprotonation generating alcoholate groups, a quite strong base
and a much better ligand. In other words, the glycerolates species
can present suitable coordination properties to produce structured
nanomaterials acting as a chelating agent [10]. However, it is

important to highlight that many of those coordination compounds
have been mistakenly denominated M—glycerates in the literature.
The similarity of the words glycerolate and glycerate probably was
responsible for such situation (Fig. 1). Glycerate anion is the conju-
gate base of glyceric acid, which is a natural three-carbon sugar
acid obtained from the oxidation of glycerol, whereas glycerolate
refers to the anionic species resultant from deprotonation of glyc-
erol, i.e.,, completely different chemical species. In this sense, our
first contribution in this review is to call the attention of the read-
ers, aiming to correct this unfortunate mistake. Therefore, in this
work we will only use the term “M-glycerolate” to refer to the
precursor of the different electrode materials that will be described
here. In fact, a variety of nanostructures based on or derived from
M-glycerolates were reported, being commonly used as precur-
sors in the preparation of very promising porous, hollow, or yolk-
shell nanomaterials for application in supercapacitors and batter-
ies, as well as in electrocatalysis (Scheme 1). M—glycerolates refers
to metal alkoxides consisting of stacked layers of glycerol (a polyal-
cohol) coordinated to metal ions. These hybrid inorganic-organic
materials, combining the advantages of polyalcohol molecules
and metal ions, exhibit substantial stability, high performance
and tunable morphology and composition [11]. For instance, Liu
et al. [12] summarized the advances achieved on the preparation
of water splitting electrocatalysts by using a variety of metal-
alkoxides and their derivatives as precursors.

As far as we know, there is no review work describing the
promising results on the synthesis and applications of M—glycero-
lates and their derivatives as electrode materials in different
energy technologies. Therefore, the recent progress in M—glycero-
late or M—glycerolate—derived electrode materials for application
in electrochemical energy technologies, especially as electrode
materials for supercapacitors and batteries, as well as the current
trends as electrocatalysts for water-splitting were highlighted.
Finally, the challenges and perspectives in this field as well as
the future directions are presented in this review.

2. General features and synthesis protocols of metal-
glycerolates and derivatives

2.1. Metal-glycerolates

M-—glycerolates are composed of two fundamental components,
glycerolate anions and metal ions, and can be classified as inor-
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Fig. 1. Wire and frame structure of glycerol, glycerolate ion, glyceric acid, and
glycerate ion.
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Scheme 1. Different types of micro/nanomaterials (metals, metal oxide/hydroxide, metal sulfides, metal phosphides, carbons, or their composites) prepared from
M-—glycerolate precursors for different applications (MIBs = metal-air batteries, HSCs = hybrid supercapacitors, HER = hydrogen evolution reaction, and OER = oxygen
evolution reaction). A representative M—glycerolate structure and the preparation scheme of M—glycerolate microsphere via solvothermal method shown in the center of the
scheme were adapted with permission from ref. [111]. Copyright © 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

ganic polymers combining the features of organic and inorganic
materials, likewise MOFs and other metal alkoxides [12]. For
example, a few isostructural 3d M—glycerolates with doubly-
deprotonated glycerolate ligands were determined by single-
crystal X-ray diffractometry, such as Co(C3HgO3) [13], Zn(C3HgO3)
[14] and Pb(CsHgO3) [15]. More recently, Teichert et al. [16]
reported the synthesis and characterization of Sns(CsHs03)s,
whose Sn?* and Sn** ions are linked by triply-deprotonated (CsHs-
05)>" ligands (Fig. 2A). The 3D coordination network structure
shows each O atom of the ligand bridging two Sn atoms, leading
to a us-bridging coordination mode of (C3Hs05)*~ (Fig. 2B), where
the Sn** ion has a triangular dodecahedron shaped holo-directed
SnOg coordination environment, while the lone-pair ion Sn?* dis-
plays hemi-directed SnO,4 coordination (Fig. 2C). In addition, Khon-
ina et al. [17] reported the synthesis of Fe2*/**-glycerolates (Fig. 2D)
which were characterized by Mossbauer and infrared spec-
troscopy, X-ray diffraction (XRD) and elemental analysis. However,
unlike MOFs, the overwhelming majority of M—glycerolates have
low crystallinity and are characterized by their amorphous nature.
On the other hand, the phase structure of the M—glycerolates usu-
ally presents a XRD pattern exhibiting a low-angle reflection peak
related to bonded glycerolate anion layers and stacked metal-oxy-
gen layers, which are similar to the common transition metal-
based hydroxides [12,18,19].

Interestingly, in contrast with MOFs, there is a lack of data
demonstrating the formation mechanisms of micro- and nanoma-
terials based on M—glycerolates, since most of the works focus on
the application of M—glycerolates or their derivatives, indicating
that there is much to be explored in order to fully understand
the properties and design of new M—glycerolate based materials.

@sn(v)
@) (B)

(D) 3 Fe(OH), 5 Fe(OH),

7Ho/\(\0H -21 H,0

OH

CH,~CHCH, CHy—CHYCH, CHy#CH—CH, CHy T CH—CH,

(0] o|l0_ O o |O o_ 0 0O O O
\_/ Nl \_/ NS \ /
Fe e = Fe n Fe
n+m=5

Fig. 2. (A) Crystal structure of Sns(CsHs05)4, showing a (B) us-bridging mode of the
(C5Hs505)*" ligand, and (C) edge-linked SnOg and SnO, polyhedral structures. Repro-
duced with permission from ref. [16]. Copyright © 2019 The Authors. Published by
Wiley-VCH Verlag GmbH & Co. KGaA. (D) Structure of a Fe?*’**—glycerolate.
Reproduced with permission from ref. [17]. Copyright © 2022 The Author(s).
Published by the Royal Society of Chemistry.
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The synthesis of M—glycerolates is generally carried out by mix-
ing a metal source (such as chlorides, nitrates, and acetates) with
glycerol in solvents such as isopropanol, and alcohol among others
[20], and subjecting to a solvothermal reaction typically in the
temperature range of 140-250 °C [12,20]. The M—glycerolates pre-
pared in this way are normally obtained as solid spheres with uni-
form size distribution (monodisperse) and good stability due to the
protection of organic ligands [20]. However, the type of metal ion,
structure of alcohol molecules and concentration, as well as the
presence of additives can affect the composition and morphology
of metal alkoxides [19], including M-glycerolates [12,19]. For
instance, Zn-based M—glycerolates generally have plate-like [21]
or microstacks [22] morphologies with high crystallinity.

An important similarity of M—glycerolates with the chemistry
of MOFs is that both are excellent sacrificial templates/precursors
for the design of micro/nanomaterials [6]. In fact, M—glycerolates
derived materials have recently been reported as excellent precur-
sors for the preparation of versatile, and multifunctional porous
metal oxides, metal hydroxides, metal sulfides, metal phosphides,
and metal carbides with homogeneous structures [20], as will be
discussed in the next topic.

2.2. Metal-glycerolates derived materials

It is important to highlight that the analogy between MOFs and
M-glycerolates extends beyond composition and morphology, as

Coordination Chemistry Reviews 477 (2023) 214954

the similarities are also present in their properties and applica-
tions. For instance, despite the attractive properties of M—glycero-
lates (and MOFs), M-glycerolates only partially meet the
requirements as advanced electrode materials for energy applica-
tion. In fact, realistic applications of M—glycerolates based elec-
trodes [6] are largely dependent on improvements of
conductivity and the design of redox-active sites, essential features
that must be satisfied for all electrode materials. In this context,
the design of M—glycerolate derived materials have shown great
promise, exhibiting exceptional conductivity, electrochemical
activity, and stability. In addition, compared with MOFs (for exam-
ple ZIF-67), the proportion of Co ions in Co-glycerolate sphere is
much higher [23], which can result in nanocrystalline oxides with
much higher Co concentrations and more stable porous structures
that can resist to oxidation without any structural deterioration
[23]. From this perspective, some strategies have been used in
the synthesis of M—glycerolate derived materials to achieve the
desired composition and porous structures, as presented below.
Generally, the synthesis of electrode materials derived from
M-glycerolates can generate four usual types of morphologies:
hollow spheres, yolk shelled hollow spheres, ball-in-ball hollow
spheres and 2D laminar structures. In all cases, first the M—glyc-
erolates are subjected to an anion exchange process to form metal
hydroxides [24], metal oxides [25-27], metal sulfides [28-31],
metal phosphides [32,33], metal selenides [34], among others. At
this point, it is important to emphasize that the resultant material’s

(E)

O: Co-glycerate sphere;

: > solution;

: Inner Co-glycerate sphere
7 could randomly translate and
rotate inside the CoS shell;

E
O: CoS shell;

: Co?* solution;
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Fig. 3. (A-B) SEM and TEM images of hierarchical NiMn-hydroxide hollow spheres Reproduced with permission from ref. [24]. Copyright © 2020 Elsevier Itd. All rights
reserved. (C-D) SEM and TEM images of NiCoMn-sulfide yolk-shell hollow spheres. Reproduced with permission from ref. [28]. Copyright © the Partner Organizations 2019.
(E) Schematic illustration of the synthesis of CoS hierarchical porous nanospheres. Reproduced with permission from ref. [36]. Copyright © 2018 Elsevier B.V. All rights
reserved. (F-G) SEM and TEM images of NiCo,04 core-in-double-shell hollow spheres. (H) Schematic illustration of the formation process of NiCo,04 core-in-double-shell
hollow spheres. Reproduced with permission from ref. [27]. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (I-]) SEM and TEM images of MnCoS,4
pinecone-like structures. Reproduced with permission from ref. [31]. Copyright Marketplace™, Royal Society of Chemistry.
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structure is strongly dependent on parameters such as tempera-
ture, heating rate, solvents, pH, ion concentration, and time of reac-
tion [24,27,29,35], that must be carefully controlled to yield a
specific product.

Examples of the four types of possible structures are shown in
Fig. 3. The spherical structure of NiMn-hydroxide is clearly shown
in the SEM image (Fig. 3A) but the hollow structure, with a thin
shell and an empty core, is only revealed by the TEM image. The
low stability of M-glycerolate in water and 1-methyl-2-
pyrrolidone is responsible for the transformation (anion etching)
of NiMn-glycerolates to hierarchical NiMn-hydroxide hollow
spheres after 10 h of reaction [24]. In addition, there have been
reports that just a heat treatment can be enough to generate metal
oxide hollow spheres [25,26].

A clear void between the outer shell and the inner sphere, char-
acteristic of yolk-shell structure, is clearly shown in the TEM image
of NiCoMn-sulfide (Fig. 3D), synthesized by sulfidation of MnCoNi-
glycerolate with thioacetamide forming CosS4, NisS; and MnS
spheres (Fig. 3C) [28]. It is important to mention that metal sulfide
yolk-shell structures are an intermediate state in the ion exchange
process since the yolk tends to be continuously transferred to the
shell increasing its thickness, as illustrated by the mechanism
called “Brownian-snowball” [36]. For example, Zhao et al. [36]
reported that the Co-glycerolate inner nanospheres disappeared
after sulfidation for 24 h, resulting in a hollow cobalt sulfide sphere
with a thicker shell (Fig. 3E). In fact, the diameter of the inner
structure of the yolk-shell CoS hierarchical porous nanospheres
could be controlled accurately by the sulfidation time, temperature
and concentration of reagents used in the solvothermal reaction
[36].

Nevertheless, more complex structures denominated core-in-
double-shell or ball-in-ball hollow spheres were achieved with
NiCo,04, as shown in the TEM image of Fig. 3G while the SEM
image is shown in Fig. 3F. A solid core of 40 nm inside a hollow
sphere of 200 nm that in turn is inside another 400 nm diameter
hollow sphere can be clearly seen in Fig. 3G, as schematically
shown in Fig. 3H. In this structure, the large gradient temperature
generates contraction and adhesion actions (F. and F,, respectively)
in opposite directions. F. is associated with the degradation of
organic species decreasing the M—glycerolate region, whereas F,
hinders the inward contraction of the precursor core. The dynamic
equilibrium of F. and F, controlled by temperature and time, can
originate core-shell, yolk-shell and ball-in-ball hollow spheres
structures (Fig. 3H) [27,29].

The yolk-shell hollow spheres of MnCoS, shown in Fig. 31 were
converted into agglomerates of sheets (Fig. 3]) generating complex
pinecone-like structures. Such a transformation was the conse-
quence of reconstruction of the outer shell into thin sheets after
more than 2 h of reaction, but preserving the inner core structure
[31]. Nevertheless, M—glycerolates can be reacted with water to
generate MnCo-hydroxide 2D hierarchical structures [35], in a sim-
ilar way as in the preparation of NiMn-hydroxides hollow spheres
(Fig. 3B), by using a suitable amount of water, reaction time and
temperature to induce a controlled reconstruction of their
particles.

More recently, core-shell structure preparation has also been
reported [37]. In this work, a Co-glycerolate@nickel hydroxideni-
trate microsphere (CoG@Ni3(NO3),-(OH),) with core-shell struc-
ture is prepared by a simple two-step hydrothermal method. In
more detail, after the synthesis of CoG, the second step to synthe-
size CoG@Ni3(NOs3),-(OH)4 microspheres consisted of the reaction
between CoG and Ni3(NOs),-6H,0 in isopropanol, which was auto-
claved and kept at 180 °C for 12 h in an electric oven. After natural
cooling, the aquamarine precipitate was washed 3-5 times with
distilled water and ethanol dried overnight [37]. Despite the inter-
esting results, based on our opinion, the shell formation mecha-
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nism is not only about the growing of Ni3(NO3),-(OH)4 on the
surface of these CoG nanospheres, but also the ion exchange pro-
cess since the core tends to be continuously transferred to the shell
(increasing its thickness), resulting in the formation of Co3(NO3),-
-(OH)4 and/or (NiCo)3(NOs3),-(OH)4, as confirmed by the significant
presence of Co?* ions on the shell surface as shown in the XPS sur-
vey spectra.

3. Background in energy storage systems and water-splitting
3.1. Supercapacitors

Among the energy storage devices, supercapacitors (SCs) have
attracted a lot of attention since present higher power density,
faster charge/discharge, and longer life cycling stability but with
lower energy density [38] as compared to batteries. They are
classified as Electric Double Layer Capacitors (EDLCs) and pseu-
docapacitors depending on the electrode material and charge
storage mechanism. EDLCs are based on carbon materials such
as carbon nanotubes, graphene, and activated carbon, and their
capacitance is purely non-Faradaic, associated to the electric
charge accumulation in the electrode/electrolyte interface
(Fig. 4A). In contrast, pseudocapacitors rely especially on Fara-
daic processes [39] taking place at electroactive species such as
metal oxides, nitrites, and conducting polymers [40-42]
(Fig. 4B) but also on non-Faradaic electric double layer charge/
discharge processes.

The electrochemical signature (CV and GCD) of EDLC and pseu-
docapacitor electrode materials are very similar, both exhibiting a
rectangular profile within a potential range, and a linear potential
decrease as a function of time during a galvanostatic discharge at
constant current (Fig. 4D). In contrast, battery-type materials have
a purely Faradaic electrochemical behavior, i.e., the charge storage
mechanism is associated with redox reactions controlled by diffu-
sional processes (Fig. 4C), characterized by well-defined pair of
waves as signature in the cyclic voltammograms. Furthermore,
the potential remains almost constant during the galvanostatic dis-
charge curve while the redox process takes place, then suddenly
falling down, as shown in Fig. 4D. Nevertheless, battery-type mate-
rials have been mistakenly classified as pseudocapacitors by some
authors that are using F g~! (typical of EDLCs and pseudocapaci-
tors) [43] instead of C /g~! or mAh g~ ! as the charge capacity met-
ric for battery-type materials.

Supercapacitor devices can be further classified into three types
according to the cathode and anode material: symmetric, asym-
metric and hybrid. Symmetric devices have the anode and cathode
made of the same material, either with EDLC or pseudocapacitive
materials such as graphene//graphene and RuO,//Ru0, [44,45], as
depicted in Fig. 4E. In contrast, the negative and positive electrodes
of asymmetric devices [46] are made of different materials, which
can be EDLC or pseudocapacitive materials such as activated car-
bon and MnO,, as shown in Fig. 4F. Finally, the hybrid supercapac-
itor device combines a capacitive or pseudocapacitive material
with battery-type materials such as Ni(OH), and NiO [47]
(Fig. 4G). This approach seems to be more interesting because
the positive characteristics of each type of electrode material can
be combined to assemble energy storage devices with exceptional
electrochemical performance. In fact, battery-type materials can
provide high energy density while pseudocapacitive materials pro-
vide high power density and longer life cycles.

3.2. Rechargeable batteries

Unlike capacitors and supercapacitors, battery cells have high
specific capacity values (mA h g7!), and high gravimetric (Wh
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with permission from ref. [53]. Copyright © 2018 Macmillan Publishers Limited,
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Kg~') and volumetric (W h L") energy densities values. Basically, a
battery can store electrical energy in the form of chemicals and
redox reactions (faradaic charge transfer processes), providing
direct current electricity as shown in Fig. 5 [48]. During charging
of battery electrodes, ions are deintercalated from the cathode
material and diffuse to the anode via the electrolyte medium,
which is a conductor for ions and an insulator for the electrons

generated at the cathode, and permits the redox reaction on both
electrodes [48], while the electrons reach the anode material via
an external circuit, whereas discharging reverses this process.
Thus, specific capacity obtained in battery electrodes is limited
by solid-state ion diffusion, exhibiting relatively poor kinetics;
however, the use of the entire bulk of the electrode for charge stor-
age leads to very high energy density [49-52].

Among several different energy storage technologies, metal-ion
batteries, in particular lithium-ion batteries (LIBs) have currently
been accepted as the leading candidate for commercial electro-
chemical energy storage systems (EESSs). In fact, the LIBs have
played a dominant role in promoting the development of the por-
table device market, electric vehicles, and aerospace due to their
high energy density, high output voltage, long life, simple mainte-
nance, and environmentally friendly operation [54-56]. In addi-
tion, the success of LIBs so far can be largely attributed to their
high gravimetric (~100-265 Wh kg~ ') and volumetric energy den-
sity (~250-670 WhL™!) [57]. However, the high demand and
extraction of lithium have experienced a significant rise over the
last years [58], where the cost tends to be high due to the concen-
tration of strategic resources of key metals (Li, Co, etc.) in few
countries that are susceptible to geopolitical issues [57,59].

On the other hand, the sodium source in earth is much richer
than lithium in earth’s crust, being widely dispersed around the
planet and low cost [56], therefore, sodium-ion batteries (SIBs)
have gained considerable attention in the application of large-
scale stationary electrical energy storage. Li* and Na* cations are
neighbors in the alkali metals group and both have one loosely
bound electron in their outer shell with analogous chemical prop-
erties, which similar standard electrode potentials: -2.71 V vs SHE
for Na*/Na and -3.04 V vs SHE for Li*/Li [58]. However, the practical
implementation of SIBs as mobile devices and the vehicle trans-
portation sector can be a limiting factor due to the lower energy
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Fig. 6. Schematic representation of a water-splitting system and the OER and HER reacti
solution (C), and respective OER mechanism (D) in alkaline (orange arrows) and acidic
legend, the reader is referred to the web version of this article.)

density, not being a problem to be used in massive storage applica-
tions such as grid energy storage where energy density is not a cru-
cial factor [58]. Despite the great advances achieved and the
knowledge that sodium-ion batteries will play an important role
in energy management in the future, the scientific community rec-
ognizes that much research is needed to overcome the inherent
limitations of sodium as a guest species and electroactive element
[60].

It is important to mention that many review works already pub-
lished highlighting recent progress, issues and challenges in the
designer electrode materials, electrolyte, and interfaces for
rechargeable LIBs [61-65], as well as rechargeable SIBs as potential
alternatives to current LIBs [56,57,66], which can be used to obtain
more detailed information about these EESSs.

3.3. Water-splitting

Over the years, it has become increasingly obvious that obtain-
ing energy from non-renewable sources has brought serious prob-
lems to our planet as well as the people who live on it. In this sense,
the development of clean and sustainable energy is necessary due
to the environmental pollution and depletion of non-renewable
sources caused by the increasingly high energy demand [67,68].

Hydrogen is one interesting alternative to fossil fuels since it
has a high energy density (120 - 142 MJ/kg) [69] and is environ-
mentally safe because water is its only combustion product. Cur-
rently, more than 95 % of the world’s hydrogen demand is met
by reforming of natural gas, gasification of coal and oil since hydro-
gen fuel is not available in nature [70,71]. Nevertheless, those pro-
cesses are responsible for the emission of large amounts of
greenhouse gases and consumption of extensive amounts of fossil
fuels. An appealing approach to circumvent those drawbacks is
producing high purity hydrogen (greater than99.9 %) by clean
and sustainable water-splitting process [72].

The water-splitting reaction (2H,O — H, + O,) can be carried
out by photocatalytic and electrocatalytic processes. The first is
the most desirable one but still technologically challenging conver-

ons in alkaline and acidic conditions (A). HER mechanism in alkaline (B) and acidic
solution (red arrows). (For interpretation of the references to colour in this figure

sion of solar to chemical energy. In contrast, the electrochemical
water-splitting, as discussed earlier, converts electricity into chem-
ical energy by promoting simultaneously the hydrogen and oxygen
evolution reactions. As can be seen in Fig. 6A, the overall water-
splitting process can be separated in two half-electrode reactions:
the hydrogen evolution reaction (HER) at the cathode and the oxy-
gen evolution reaction (OER) at the anode [73]. In order to provide
abundant H"/OH™ ions and improving the electrocatalytic process,
the electrolyzer operates with water under extreme acidic or alka-
line pH conditions suchas pH 1 -4 or pH 11 - 14 [74], whose equa-
tions are displayed in Fig. 6A. The detailed mechanisms of HER and
OER and some important water-splitting parameters are discussed
below.

3.3.1. Hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER)

The HER mechanism involves two electron-transfer processes,
both in alkaline and acidic media, and the production of molecular
hydrogen can be summarized in three steps, as illustrated in Fig. 6B
and 6C. Firstly, hydrogen species are adsorbed on the catalyst sur-
face either from the cleavage of the O—H bond of the water (alka-
line medium) or direct from the abundant H* species present in
acidic solution. That first step called Volmer reaction is a common
step in HER, regardless of the medium used (alkaline or acidic).
Then, two adsorbed hydrogen species (H.qs) react with each other,
or with H" species in solution forming a H—H bond, generating
molecular hydrogen through the Volmer-Tafel or the Volmer-
Heyrovsky pathway that finally detaches from the catalyst surface.
Despite the similarity of the HER reaction in both conditions, the
rate in alkaline is two orders of magnitude lower than in acidic
conditions [75].

The OER is the other half-reaction that takes place concomi-
tantly and the rate-limiting reaction of the overall water-splitting
process involves the transfer of four-electrons, the break of two
O—H bonds and formation of a O=0 bond in acidic medium. The
OER mechanism in acidic (red arrows) and alkaline (orange
arrows) conditions is presented in Fig. 6D showing that the oxygen
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evolution is preceded by the oxidation of hydroxide ion or water
molecule respectively under alkaline and acidic conditions [76].
Also, when compared to the HER mechanism, the OER has more
intermediate species (such as 0%, OH*, and OOH*) than HER (H,qs
or H"). Accordingly, the OER process is significantly more sluggish
thus demanding extra energy to take place at suitable rate, i.e., a
higher overpotential is necessary to produce O,.

3.3.2. Key parameters in water-splitting electrocatalysis

The performance or efficiency of an electrocatalyst to promote
the HER at the cathode and the OER at the anode can be evaluated
considering key parameters such as overpotential, Tafel slope,
exchange current density, and stability of the electrodes in opera-
tion condition.

Although, the theoretical thermodynamic potential difference
to drive the water-splitting is 1.23 V, under standard conditions
(1 atm of H, and 05, 298.15 K), in practice the potential that must
be applied is much higher, in the range of 1.3 to 2.0 V, to overcome
activation energy of both electrodes. The additional voltage (en-
ergy) that must be added to overcome the kinetic barrier is denom-
inated overpotential (1). However, we should be aware that there
are other factors contributing to the total applied voltage in addi-
tion to the anode (1n,) and cathode (n.) overpotentials such as
the resistance of the electrolyte and at the electric contacts. The
overpotentials under a specified current density, for example of
10 mA cm 2 (N10), can be easily measured and used to evaluate
the electrocatalytic performance of materials, where lower 1o val-
ues indicate higher electrocatalytic activity [77].

The Tafel slope and exchange current density are two significant
parameters that can be deduced from Tafel equation: = a + blogj.
The Tafel slope “b” can be associated with the sensitivity of the cur-
rent density to the applied potential and is inversely proportional
to the heterogeneous reaction rate on the electrode surface. Conse-
quently, the smaller the Tafel slope b, the less overpotential is
required to supply the same current density increment, as
expected for a higher reaction kinetics [78]. The electron transfer
efficiency at the electrode/solution interface, denominated
exchange current density (jo), is the current density determined
at zero overpotential [79] from the Tafel equation, under equilib-
rium condition. Thus, a good electrocatalyst must exhibit high jg
and low Tafel slope b value, in addition to good chemical and
mechanical stability.

Three are the methods to estimate the stability of an electrocat-
alytic material: chronoamperometry, chronopotentiometry and
linear (or cyclic) voltammetry. The first one monitors the current
at a constant applied potential, whereas the second monitors the
potential at a constant current density. A decrease of current den-
sity at a given potential, or the need of a higher potential to keep a
given current density indicates a lowering of the electrocatalytic
activity. Generally, the current density should be equal or higher
than 10 mA cm 2 (most commonly used value), and the stability
test must be carried out for periods longer than 10 h when consid-
ering perspectives of practical application. A good electrocatalyst
must present small potential or current variation along the test.
Another way to evaluate the durability of an electrocatalyst is by
cyclic voltammetry or linear sweep voltammetry before and after
the stability test. If the onset potential and overpotential at a con-
stant current density remained more or less constant with no sig-
nificant shift, then the electrocatalyst has good durability and
stability.

4. Metal-glycerolates and their derivatives for supercapacitors

Electrode materials derived from M—glycerolates such as metal
oxides, metal hydroxides, metal sulfides and metal phosphides
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have been reported as supercapacitor electrode materials, showing
comparable or better electrochemical properties than their corre-
sponding analogs (directly synthesized). For example, among the
electrode materials listed in Table 1, hierarchical bimetallic
NiMn-hydroxide hollow spheres [24] shows a superior specific
capacitance of 1680 F g~ ! at 2 A g !, rate capability of 64 %
(1068 F g~ at 15 A g~!) while retaining 96.6 % of specific capaci-
tance after 5500 charge/discharge cycles, at 10 A g~!. In fact,
NiMn-hydroxide hollow sphere derived from M-glycerolate
showed higher specific capacitance than the more sophisticated
rGO@NiMn-LDH@NF electrode material (1547 F jg ' at 2 A g ')
[80] and other electrode materials based on NiMn-hydroxides
[59,81]. These results can be explained by the: i) high surface area
(140.68 m? g~!) and mesoporosity enhancing the contact area of
electrolyte with the electrode, ii) hollow architectures effectively
enduring volume expansion during charge/discharge cycles, iii)
presence of nanosheets in the outer shell minimizing the ion/elec-
tron diffusion, and iv) the amorphous layered structures further
favoring the diffusion of ions/electrons.

Similarly, trimetallic NiCoMn-sulfide yolk-shell hollow spheres
[28] show high specific capacitance of 1360 Fg ' at 1.0 A g~ !, with
exceptional rate capability of 88.5 % (2-10 A g~') and 92.6 % of
capacitance retention after 6000 cycles at 4.0 A g !, that were
ascribed to its relatively high surface area (106.1 m? g~') enhanc-
ing the accessibly of electrolyte. Moreover, the yolk-shell structure
can efficiently accommodate volume expansion, reduce the diffu-
sion and transmission path for electrolyte ions, and serve as a
reservoir of ions.

NiCo,04 core-in-double-shell hollow spheres [27] showed a
1141 Fg 'at1Ag !, arate capability of 69 % (1-15 A g ') superior
to many other NiCo,04 electrodes (see reference [82] and refer-
ences therein), and 94.7 % of capacitance retention over 4000
cycles. The unique three-layer core-in-double-shell inner structure
and porous shell favor the easy insertion/extraction of electrolyte
ions while buffering the large volume change associated with it
[27].

MnCoS, pinecone-like structures [31] present intermediate val-
ues of specific capacitance (992 Fg~! at 1 Ag™~!) and rate capability
(65 % from1to20A g, and 75 % from 1 to 10 A g1, calculated
from ref. 24), but exceptional capacitance retention of 102.35 %
after 5500 cycles at 10 A g~!. This material behaves as a 2D mate-
rial with more restricted electrochemical properties as compared
to spheres [32,35], as shown in the Table 1, where the performance
of different materials as positive electrodes of supercapacitors is
summarized. It is evident that the type of metal plays a key role
in defining the efficiency of electrode materials. Accordingly, most
electrode materials are based on Ni and Co, with much lower
amounts based on Mn and only a few made of Cu as complemen-
tary metal. Among the materials considered in this review (metal
oxides, metal hydroxides, metal phosphides and metal sulfides
derived from metal-glycerolates), most of them have spinel-like
structures, such as Co304 [27], NiC0,04 [27], CuC0,04 [25], MnCo,-
04 [26], CosS4 [83], NiCo,S4 [84], and CuCo,S4 [30]. Moreover,
materials based on metal sulfides demonstrated superior rate
capabilities especially when associated with the ball-in-ball struc-
ture. This tendency can be mainly attributed to their higher electric
conductivity [9,85,86] and the core-in-double-shell structure
buffering the large volume changes associated with the ion inser-
tion/extraction process [27]. Also, it is important to note that most
materials in Table 1 present charge retention on cycling above 90 %
demonstrating good stability.

Some examples of composite materials derived from M-glyc-
erolates by incorporation of a second component are shown in
Fig. 7. For instance, PrGO/NiCoP [33] (Fig. 7A-D) is a material show-
ing NiCoP particles supported on P-doped reduced graphene oxide
(PrGO) synthetized by the reaction of NiCo-glycerolates with gra-
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Table 1
Comparison of the relevant electrochemical parameters of M—glycerolates and their derivatives electrode materials and their performance in supercapacitor devices assembled with a suitable carbon cathode material.
Electrode Material Electrode Material Collector electrode/ Metal- Three electrodes system Two electrodes system Ref.
Morphology binder and solvent glycerolate (device supercapacitor)
precursors Specific Specific Potential Rate Charge Electrolyte Voltage Energy Power Negative
Capacitance Capacity Window Capability retention window Density Density Electrode
(Fg™") (Cg") (Vs in % capacity % v) (Wh (kW Material
reference retention (number kg) kg
electrode) (current of cycles)
density
range)
Ni-Mn hydroxide Hollow spheres NF/(PVDF, acetylene Ni-Mn 1680 Fg ! at - 0-06vs 64%(2-15A 96.6 % (5500 3.0 M KOH O0- 42.8 1.703 AC [24]
hollow spheres black and IPA) 20Ag! Hg/HgO g cycles at 10 A 165V 297 12.747
g
CuCo,V,05 Hollow sphere NF/(PVDF, acetylene Cu-Co - 799.8C -0.1 - 60.65 % (2- 96.5% (7000 3.0MKOH 0-1.6V 6254 1928 AC [25]
CuCo,V,0g black and NMP) glat2 05Vuvs 50Ag") cycles at 2 A 35.13 42.307
Agl Ag/AgCl g
MnCo,0,4 Hollow Hollow spheres Carbon Fibers (CF)/ Mn-Co 800 mFcm2at - 0-04Vyvs 52.5%(2- 99 % (2000 1.0 MKOH 0-1.2V 0.052 32mW AC [26]
Spheres (PVDF and acetylene 2 mA cm 2 SCE 40mA cm2  cycles at ok mwWh  cm3
black and NMP) (200F g ! at or05-10A 40 mA cm2 cm3
05A g—l **) g—l **) or «10Ag—l **) seokok
0.043 320
mWh mwW
cm> cm™
NiCoMn sulfide yolk-  Yolk-shell hollow NF/(PVDF and Ni-Co-Mn 1360Fg'at - 0-05V 885%(1-10 92.6 (6000 3.0MKOH 0-1.7V 4938 1.700 AC [28]
shell HSs acetylene black) 10Ag! vs Hg/HgO Ag) cycles at 4.0 A 389 8.499
g
NiCo,04 Core-in-double-shell NF/Carbon black and Ni-Co 1141 Fg'at - 0-06V 69%(1-15A 94.7 % (4000 6.0 M KOH - - - - [27]
hollow spheres PVDF 1.0A g™ vs SCE g cycles at
5g7")
NiCo,S, ball-in-ball Ball-in-ball hollow NF/(carbon black and  Ni-Co 1036 Fg! - -0.1 - 68.1 % (1-20 87 % (2000 6.0 MKOH 0-16V 423 0.476 G/CSs [29]
hollow spheres spheres (Core-in- PVDF) (518F cm3) at 055Vvs Agh cycles at 5 A 229 10.208
double-shell hollow 1Ag! SCE g 1)
spheres)
CuCo,S,4 ball-in-ball Ball-in-ball hollow NF/(Carbon black, Cu-Co 442Fglat05 - 0-04V 475%(05- 84.5% (5000 2.0MKOH - - - - [30]
HNSs spheres (Core-in- PVDF and NMP) Ag! vs Hg/Hg0 10A g ")* cyclesat5A
double-shell hollow g
spheres)
CoS-9 h Ball-in-ball hollow NF/ethanol (no binder) Co 932F/gat5A - 0-06V 70%(5-50A Above 100% 3.0 MKOH - - - - [36]
spheres g! vs SCE g (1000 cycles
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Table 1 (continued)

Electrode Material Electrode Material Collector electrode/ Metal- Three electrodes system Two electrodes system Ref.
Morphology binder and solvent glycerolate (device supercapacitor)
precursors Specific Specific Potential Rate Charge Electrolyte Voltage Energy Power Negative
Capacitance Capacity Window Capability retention window Density Density Electrode
(Fg™") (Cg") (Vs in % capacity % ) (Wh (kKW Material
reference retention (number kg') kg
electrode) (current of cycles)
density
range)
NiHPi-500 2D formed with Carbon Paper/(water/  Ni 450Fg'at1.0 - 0-045V 513 %(1-10 102.35% 1.0 M KOH 0- 50 0362 AC [32]
Nanotubes of Nickel ethanol and Nafion) Ag! vs Ag/AgCl Ag) (5000 cycles 145V 32 2.838
phosphate at10A g™ )
2D NiCo,04NSs Two-dimensional Graphite substrate/ Ni-Co 200F/g at - -0.1 - 62.5 % (5- - 3.0MKOH 0-1.6V 3853 0.299 GO [35]
mixed oxide (PVDF, acetylene black 5mVs! 0.5V vs 100 mv s~ 1) 21.05 0.34
nanosheets and NMP) Ag/AgCl
MnCoS, Pinecone-like NF/ethanol (no binder) Mn-Co 992Fglat1A - 0-04V 65%(1-20A 10235 % 3.0MKOH - - - - [31]
g! vs Hg/HgO g ') (5500 cycles
at10Ag™)
PrGO/NiCoP Hollow spheres of NF/(PVDF, acetylene Ni-Co 25869 Fglat - 0-05vs 89%(1-20A 80 % (6500 at 3.0 MKOH 0-1.7V 49.7 0.366 AC [33]
NiCoP embedded in black and NMP) 1.0Ag! Hg/HgO0 ¢ ) 30Ag) 23.3*  5.092*
PrGO
NiCo0,S4/2RGO Yolk-shelled NiCo,S4 Self-material Ni-Co 10005 Fg'at - 0-04V 62%(1-10A - 60MKOH 0-16V 154 0.22 AC [84]
hollow spheres on RGO sandwiched between 1.0Ag! vs Ag/AgCl g 1) 9.8 2.227
films two pieces of Ni foam
with platinum foil as
counter electrode/
binder free
o-MnS@Co3S,@NF Hollow sphere MS @ NF/(PVDF, acetylene Mn - 10199C 0-05V 81.5%(1-25 92.74 % 6.0 MKOH 0-15V 549 0.753 AC [83]
nanosheets of CosS, black and NMP) g lat  vsAg/AgCl Ag™!) (10000 at 15
1.0Ag! Agh)
NiMn-Gly Microspheres NF/(PVDF, acetylene Ni-Mn - 719 C 0-04V ~60%(1-20 100 % (20000 3.0 MKOH 0-1.6V 544 0.8 AC [89]
black) g 'at Ag™) cycles 10 A
1.0Ag! g1

of NiCo,S,4 and rGO in the mass ratio of 1: 2, NSs: nanosheets, HSs: hollow spheres, G/CSs: graphene/carbon spheres nanocomposite, HNSs: hollow nanospheres.
*: Data estimated from figure in the article.
**: Calculated from articles’ data.

***: Solid-state electrolyte PVF-KOH.

-: No mention in the article.

Where: NF: Nickel foam, PVDF: polyvinylidene fluoride, IPA: isopropyl alcohol, NMP: N-methylpyrrolidone, AC: Activated carbon, PrGo: P-doped reduced graphene oxide, NiHPi: Nickel hydrogen phosphate, NiC0,S4/2rGO: mixture
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Fig. 7. Schematic representation of the structure, TEM and SEM images, and specific capacitance (or capacity) vs current density (rate capability) of: (A, B, C, D) PrGO/NiCoP.
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2021 Elsevier B.V. All rights reserved. (I, ], K, L) NiC0,S4/2rGO materials. Reproduced with permission from ref. [84]. Copyright © The Royal Society of Chemistry and the Centre

National de la Recherche Scientifique 2018.

phene oxide (GO) in an autoclave, followed by a phosphorization
reaction. PrGO/NiCoP showed the highest specific capacitance
and rate capability respectively of 2596.9 F g~! and 89 % from 1
to 20 A g~! (Fig. 7D), that were assigned to the synergic effect of
NiCoP and PrGO (both phosphorized), the hierarchical hollow
structure with mesoporous structure and large specific area
(294.3 m? g~"). In addition, pseudocapacitive behavior predomi-
nates in the energy storage mechanism of PrGO/NiCoP [33].

The material o-MnS@CosS, (Fig. 7E-H) presented a specific
capacity of 1019.9 C g at 1.0 A g~ ! and 81.5 % of rate capacity
from 1to25Ag ! (Fig. 7H) [83], whereas NiC0,S,/2rGO [84] (Fig. 7-
I-L) showed a specific capacitance of 1000.5 F g ' at 1.0 Ag ! and
62 % of rate capacity from 1 to 10 A g~' (Fig. 7L) [84]. These three
examples demonstrate the synergic effect of metal sulfides or
phosphides hollow spheres with highly conductive carbon materi-
als as support improving the overall performance and durability of
electrode materials.

Finally, the most relevant supercapacitor device parameters as
well as the M—glycerolate precursor, the electrode material and
morphology are also listed in the Table 1. The type of supercapac-
itor device, asymmetric or hybrid, can be deduced from the posi-
tive electrode and the carbon material of the negative electrode.
The correlations of power density and energy density of the differ-
ent electrode materials are shown in the Ragone plot (Fig. 8) where
clearly the CuCo,V,0g//AC supercapacitor device show the highest
energy and power density of 62.54 Wh kg~ ! and 42.307 kW kg !
[25]. This confirms that trimetallic positive electrode materials
tend to present the highest power and energy density [25,28] gen-
erally assigned to properties such as large specific surface area,
high porosity, and complex hollow sphere, yolk-shell and ball in
ball structures. Those features can be enhanced by rational design
and composition exploring the best of the individual constituents
but also of synergistic effect of Ni, Co, Mn, V, Cu and other metal
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Fig. 8. Ragone plots for supercapacitor devices assembled with electrode materials
prepared from metal-glycerolate precursors as positive electrodes. Only the highest
power and energy density values of each electrode material are shown.

based materials [3,87,88]. Finally, it is important to emphasize that
all electrodes to assemble devices are coated onto nickel foam
(used as current collector) from a slurry or paste prepared by incor-
porating to the electrode materials, binders and additives such as
polyvinylidene fluoride, isopropanol, acetylene black and N-
methyl pyrrolidone. Accordingly, their relative amounts on the
electrode influence the conductivity, mechanical properties, dura-
bility, and ultimately the performance of the energy storage device.
In conclusion, metal-glycerolates provide an effective strategy for
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preparation of high-performance electrode materials based on
metal oxides, metal sulfides and metal phosphides, among others,
with relatively complex structures, in a simple way making possi-
ble their large scale production and successful application in
energy storage devices.

5. Metal-glycerolates and their derivatives for batteries
5.1. Metal-glycerolates and their derivatives as anode for LIBs

Electrode materials prepared from M-glycerolate precursors
have wide application in metal ion batteries. In fact, as shown in
Table 2, many mono- and bimetallic glycerolates were used in
the design and preparation of different M—glycerolate derived
materials, such as metal sulfides, metal phosphides, metal sele-
nides and especially metal oxides.

Monometallic M—glycerolates were recently applied in lithium-
ion batteries (LIBs) where excellent performances were reported.
For example, one of the very promising results was reported by
Ma et al. [90] who used 900 nm diameter Fe;04 hollow
spheres constructed from a large amount of radially standing 2D
nanosheet precursor (~10 nm thick, Fig. 9A-9C), obtained by
solvothermal annealing of Fe-glycerolate hollow spheres. The Fes-
04 hollow spheres exhibited initial discharge and charge capacities
respectively of 1614 and 1063 mAh g~! (Coulombic efficiency (CE)
of 66 %), and stable cycling performance over 100 discharge-
charge cycles at a current density of 500 mA g~! (Fig. 9D). Good
cyclability and charge retention capacity of 94 % in the second
cycle was achieved after 100 cycles suggesting that Fe;04 hollow
spheres is a potential anode material of LIBs.

Other monometallic M—glycerolate derived materials were also
reported for LIBs application such as MoS; [92] and Mo-PDA [93]
(triple-shelled Mo-polydopamine). However, it is important to
highlight that the construction of carbon-coated monometallic
materials derived from M-glycerolate was recently reported as
an interesting strategy for LIBs anode design. For instance, Wang
and collaborators [91] reported a nickel phosphide nanoparti-
cle assembled submicrospheres coated with a glucose-derived car-
bon shell (Ni,P@C), prepared via calcination-phosphatization of a
Ni-glycerolate precursor by carbon coating route (Fig. 9E). The Ni,-
P@C electrode delivers a discharge and charge capacity respec-
tively of 1514 and 1018 mAh g lin the initial cycle,
corresponding to a CE of 67 %. In addition, a high retention capacity
of 587 mAh g !after 400 cycles at 100 mA g~! was realized,
demonstrating that the fabricated hybrid electrode exhibits better
performance as LIBs anode than the Ni,P submicrospheres. Accord-
ing to the author, its unique core shell structure can naturally
accommodate the volume change caused by (i) the progressive
cycling and (ii) increase the electrical conductivity thus (iii)
improving the kinetics of the electrochemical reaction at the Ni,P
nanoparticles.

Similar strategy was used by Yuan et al. [23] who reported a
universal chelation-carbonization-oxidation strategy to synthesize
CoO nanocrystalline-assembled hierarchical mesoporous nano-
spheres starting from a Co-glycerolate precursor, followed by coat-
ing with TiO, and amorphous carbon (CoO@TiO,@C, Fig. 9F-9 J).
HMN CoO@TiO,@C exhibited excellent lithium storage perfor-
mance with the first discharge and charge capacities of 1538.8
and 1096.3 mAh g~ !, and CE of 71.2 %. The first three cycles at cur-
rent density of 0.5 A g~! are shown in Fig. 9K-9 M, revealing that
the carbon coating leads to the nearly overlapping of its discharge
and charge profiles, indicating an excellent combined stabilizing
effect of the TiO, and carbon coating. In fact, the robust TiO, and
amorphous carbon shells improved the structural stability and
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electronic conductivity of CoO hierarchical mesoporous nano-
spheres [23].

Precursors based on bimetallic M—glycerolates have also been
reported, especially for the development of metal oxide electrode
materials such as NiCo,04 hollow spheres [27], NiCoO, hollow sub-
microspheres [94] and MnCo,0y [95]. It is important to mention
that despite the data presented in Table 2, still there is much
research to be done in the development of materials derived from
bimetallic M—glycerolates. In addition, no work yet reported the
preparation of trimetallic M—glycerolate derivatives, confirming
that there is plenty of room for the development of new materials
for batteries application. In fact, recent literature has shown that
the development of bi- [3], tri- [87] and multimetallic and/or
high-entropy [96] electrode materials is a new trend in the field
of energy storage materials, especially the last ones.

In relation to bimetallic oxides derived from M-glycerolates,
Shen et al. [27] and Wang et al. [94] reported the design and prepa-
ration of NiCo oxides with different phases from a similar NiCo-
glycerolates precursor. More specifically, Shen et al. [27] synthe-
sized a cubic spinel NiCo,04 core-in-double-shell hollow spheres
after a simple annealing of the precursor at 350 °C, in air, for 2 h,
at a slow heating rate of 1 °C min~'. The average diameters of
the outer and inner shells as well as of the solid core was measured
by TEM as being about 400, 200, and 40 nm, respectively. The
NiCo,0,4 electrode delivered a first-cycle discharge and charge
capacity of 1401 and 928 mAh g~ respectively, corresponding to
a CE of 66 %. Considering the previously reported discharge and
charge capacities, the cubic spinel NiCo,04 core-in-double-shell
hollow spheres showed a greater capacity to store energy than
the cubic crystallographic structure of NiCoO, hollow submicro-
spheres which shown the initial discharge and charge capacities
of ~ 1034.8 and ~ 730.3 mAh g !, respectively, corresponding to
a CE of ~ 70.5 % [94]. These results show that, even with no change
in composition, structural modifications can provide relevant addi-
tional contribution to morphological changes, for the rational
design of high-performance electrode materials.

5.2. Metal-glycerolates and their derivatives as anode for SIBs

The anode materials are far from satisfactory for development
of competitive sodium-ion battery technologies [101] and yet a
major scientific challenge. In this sense, M—glycerolates derived
materials can play a major role since excellent results were
reported when applied to the design and development of suitable
anodes for SIBs, as shown in Table 2. More interestingly, in analogy
to what was reported for LIBs, the preparation of carbon-coated
M-—glycerolates derived materials is a promising strategy for the
design of electrode materials for SIBs. For instance, Zhang and
coworkers [34] reported a hierarchical MoSe,@C hollow nano-
spheres (MoSe,@C HNSs), assembled with ultrathin nanosheets
via a solvothermal method. Its fabrication involved an anion-
exchange reaction from monometallic Mo-glycerolate solid
spheres followed by a step of carbonization of glucose (Fig. 10A-
10C). When used as an anode material for SIBs (Fig. 10D), the
MoSe,@C HNS composite performed gives a specific discharge
capacity of 683.1 mAh g~! and charge capacity of 520.2 mAh g~!
in the first cycle, with an initial CE of 76.2 % (Fig. 10E), and retained
a capacity of 458 mAh g! after 200 cycles at 200 mA g~ . In fact,
the performance of MoSe,@C HNS electrode is relatively superior
to the M-glycerolate derived hierarchical yolk-shell MoSe,
spheres (MoSe, YSs) without carbon coating reported by Wang
et al. [100] (Table 2). In this context, the excellent result must be
evaluated considering other aspects than morphology. In fact,
according to Zhang and coworkers [34] the synchronously incorpo-
rated carbon not only enhances the whole conductivity of MoSe,@-
C HNS electrode material, but also acts as structural adhesives
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Table 2
Comparison of the relevant electrochemical parameters of M—glycerolate derived materials and their performance in LIBs and SIBs.
Type Electrode Material Electrode Material Metal-Glycerate Precursor Initial discharge Potential Window Reversible capacity % Stability (Cycles) Ref.
Morphology (mAh g ') (V vs reference) (Nth) mAh g !
Li-ion  NiCoO, Hollow spheres NiCo-glycerate ~1034.8 0.01-3.0 V vs Li/Li" ~709.0 (10) @ 100 mA g ! ~119.2 % (750 at 0.5 A g™ ') [94]
~72.9 % (750 at 20 A g™ ")
o-MnS/CogSg/C Nanosheet-assembled MnCo-glycerate 1376.2 0.01-3.0 V vs Li/Li* 608 (300) @ 500 mA g ! ~44.2 % (300 at 0.5 A g™ 1) [95]
flower-like morphology
MnCo,0x Flower-like morphology - 0.01-3.0 V vs Li/Li" 203.4 (300) @ 500 mA g! 11.7 % (100 at 0.5 A g™ ")
Fe304 Hollow spheres with Fe-glycerate 1614 0.01-3.0 V vs Li/Li* 1046 (100) @ 500 mA g ! 94 % (100 at 0.5 A g™ ')* [90]
ultrathin porous nanosheets
NiCo,04 Core-in-double-shell hollow NiCo-glycerate 1401 0.01-3.0 V vs Li/Li" 885 (50) @ 150 mA g~ 78 % (100 at 0.2 A g 1)* [27]
spheres
Mo-PDA Triple-shelled hollow Mo-glycerate 1139 0.01-3.0 V vs Li/Li* 580 (200) @ 500 mA g! - [93]
spheres (200at05A¢g 1)
MoS, Hollow nanospheres Mo-glycerate - 0.01-3.0 V vs Li/Li* 1100 (100) @ 500 mA g ! 86.6 % (100 at 0.5 A g~ 1)* [92]
HMN CoO@TiO,@C CoO hierarchical Co-glycerate 1538.8 0.01-3.0 V vs Li/Li* 1136 (200) @ 500 mA g ! ~73.8 %(200at 05 A g™ ") [23]
mesoporous nanospheres
coated by TiO, and
amorphous carbon
Ni,P@C Submicrospheres Ni-glycerate 1514 0.0-3.0 V vs Li/Li* 587 (400) @ 100 mA g~ ! - [91]
(400 at 0.1 Ag™!)
MoSe,@C Hollow nanospheres Mo-glycerate 1005 0.0-3.0 V vs Li/Li* 711 (300) @ 500 mA g ! 98 % (300 at 0.5 A g~ ')** [34]
HYIFs Hollow yolk-like spheres Fe-glycerate 306 1.5-4.2 V vs Li/Li* 220(25) @712 mA g ! ~53.6 % (40 at 0.0712 A g™ ") [97]
Na-lon (Nip33C0067)9Ss@C nanospheres.  Ball-In-Ball Structured with ~ NiCo-glycerate - 0.01-3.0 Vvs Na/Na* 335.1(200)@ 1000 mA g ' - [98]
the free hollow space and
complete carbon layer
(Nip33C00,67)9Sg/C mixture Ball-In-Ball Structured - 0.01-3.0 V vs Na/Na* 23.4 (200) @ 1000 mA g~ ! -
NiCo,04 Double-shelled hollow NiCo DH-glycerol composites 814 0.01-3.0 V vs Na/Na* 341 (100) @ 100 mA g’ 66 % (100at 0.1 Ag 1)* [99]
spheres
MoSe, Yolk-shell spheres Mo-glycerate 542.1 0.01-3.0 V vs Na/Na* 335.9 (100) @ 200 mA g~ ~62 % (100 at 0.2 A g 1)* [100]
Ni,P@C submicrospheres Submicrospheres coated by  Ni-glycerate 714 0.0-3.0 V vs Na/Na* 296 (100) @ 50 mA g~ ! - [91]
a continuous carbon coating (100 at 0.05 A g~ 1)*
shell
MoSe,@C Hollow nanospheres Mo-glycerate 683 0.01-3.0 V vs Na/Na* 458 (200) @ 200 mA g ! ~75.4%(200at 0.2 Ag 1) [34]
VyS3 ¢ C Hollow spheres with a core-  V-glycerate 850 0.01-3.0 V vs Na/Na* 777 (-) @ 100 mA g ! ~100 % (600 at 1.5 A g™ ") [101]
shell structure
Y-CoMoO,Sy Yolk-shell spheres CoMo-glycerate 692.2 0.01-3.0 V vs Na/Na* 479.4 (100) @ 200 mA g~ ~69.2 (100 at 0.2 Ag™ 1) [102]
Y-CoMoO, Yolk-shell spheres - 0.01-3.0 V vs Na/Na* 26.9 (100) @ 200 mA g~ -
(100 at 02 Ag™)
H-CoMoO,S, Hollow spheres - 0.01-3.0 V vs Na/Na* 227.7 (100) @ 200 mA g -

(100 at 02 Ag™1)

NiCo DH = Ni-Co double hydroxide, Mo-PDA = triple-shelled Mo-polydopamine, * = from the second cycle onward. ** = in terms of charge capacity. HYIFs = hollow yolk-like spheres iron fluoride, SSIFs = single solid spheres iron

fluoride.
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Fig. 9. (A-B) FESEM images and (C) TEM image of as-prepared hierarchical Fe304 hollow spheres. (D) charge-discharge voltage profiles for the first, second, and 100th cycles
at a constant current density of 500 mA g~'. Reproduced with permission from ref. [90]. Copyright ©® 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Schematic
illustration of the synthetic process of Ni,P@C submicrospheres. Reproduced with permission from ref. [91]. Copyright © 2018 Elsevier Inc. All rights reserved. (F) Schematic
illustration of the HMN CoO@TiO,@C synthesis. (G) SEM image of HMN CoO@TiO,; and (H) SEM, (I) TEM and (J) HRTEM images of HMN CoO@TiO,@C. Galvanostatic
discharge-charge profiles of the first three cycles of (K) HMN CoO@TiO,@C, (L) HMN CoO@TiO, and (M) HMN CoO, at a current density of 0.5 A g~'. Reproduced with

permission from ref. [23]. Copyright © 2021 Elsevier B.V. All rights reserved.

contributing to the maintenance of structural integrity during
charging/discharging processes [34].

In addition to selenides, even better results were reported when
monometallic M—glycerolates were also used as precursors in the
preparation of carbon-coated metal sulfides (V,S3 ¢ C [101]) and
phosphides (Ni,P@C [91]). For example, Shen et al. [101] developed
a hierarchical nanoscale carbon coated vanadium sulfide (V,S3 c C)
spheres with a core-shell structure based on a simple thermal sul-
furization (Fig. 10F-10G), which delivers discharge and charge
capacities of 850 and 777 mAhg ! during the first cycle, respec-
tively, with a high CE of 914 % (Fig. 10H). In addition, the
V,S3 ¢ C material exhibited a highly reversibly sodium storage
capacity of 777 mAhg~' at 100 mA g~ !, excellent rate capability
of 410 mAhg~! at 4000 mA g, and impressive cycling ability.
According to the authors, the design strategy based on an efficient
electron/ion conducting network, can overcome the problems
associated with the energy conversion reactions and may inspire
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the design of a wide range of high-performance electrode materials
[101] (Fig. 101-10 J).

In addition to monometallic materials, bimetallic M—glycero-
lates based sulfides have also been recently reported. In fact, metal
sulfides has been considered a class of highly promising electrode
materials for energy storage and conversion, especially when they
present core-shell [86] or yolk-shell [103] structures, due to the
unique cavity structure between the yolk and the shell, which
can accommodate the volume changes during charge-discharge,
thus alleviating the mechanical stress on the electrode [102]. In
this context, Wang et al. [102] reported the fabrication of amor-
phous yolk-shell Co-Mo oxide/sulfide nan, spheres (Y-CoMoO,S,)
via solvothermal sulfurization of CoMo-glycerolate using thioac-
etamide as sulfur source (Fig. 11A). The electrochemical perfor-
mance of Y-CoMoO,S, was compared with those of Y-CoMoO4
and H-CoMoOjS, electrodes. According to the authors, the superior
sodium storage performance of the Y-CoMoO,S, electrode in terms
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KGaA, Weinheim.

of specific capacity, cycling stability, and rate capacity was
assigned to the synergistic enhancement effects provided by the
unique yolk-shell nanosphere architecture and the amorphous
Co/Mo oxides/sulfides. In fact, the number of electrochemically
active sites for intercalation of sodium ions was increased by the
inner yolk of the yolk-shell nanospheres enhancing the energy
density. In addition, the pulverization of electrodes was suppressed
by the middle cavity between the yolk and the shell, preventing the
volume change of electrodes during the charge and discharge pro-
cesses. In addition, the amorphous structure has a very important
role since it provides multiple Na* diffusion pathways and more
electrochemically active sites for Na* intercalation, thus making
it possible to anticipate the preparation of advanced electrode
materials for electrochemical energy storage in near future.

6. Metal-glycerolates and their derivatives for water-splitting

6.1. Metal-glycerolates and their derivatives as electrocatalyst
materials for HER

Hydrogen evolution reaction is a multi-step two electron trans-
fer process that occurs at the electrode surface [104,105] in acidic
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and alkaline medium. A good catalyst for HER must have a hydro-
gen adsorption free energy (AGy*) close to zero. This energy is
related to the ease of breaking bonds between hydrogen and the
catalyst surface. Good catalysts such as the Pt-based materials,
show weak interactions assuring a fast release of hydrogen from
the surface. Weak interactions mean low free energy of hydrogen
adsorption [104]. Platinum-derived materials are known to be effi-
cient HER catalysts but its scarcity on earth and consequent high
cost decrease the competitiveness. Accordingly, it is necessary to
study and develop noble metal-free electrocatalysts with similar
efficiency, robustness, stability, and low associated cost to increase
the possibility of industrial use [106,107].

Metal-glycerolates can be used as template for preparation of
different types of electrocatalysts, where Co [108,109] and NiCo-
containing phosphide [110,111] have been predominantly devel-
oped and gained considerable interest as potential electrocatalysts
for HER (Table 3).

For instance, Guo and co-workers [109] synthesized
monometallic hierarchical cobalt phosphide (CoP) nanospheres
using solid cobalt-glycerolate (CoG) nanospheres as a sacrificial
template. The CoG was prepared by a two-step solvothermal pro-
cess and, after phosphorization reaction, converted into hierarchi-
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Fig. 11. (A) Schematic illustration of the evolutions from solid CoMo-glycerolate nanospheres to yolk-shell and hollow CoMoO,S, nanospheres. TEM images for (B) CoMo-
glycerolate and the resulting products after solvothermal sulfurization with thioacetamide for increasing reaction times: (C) 0.5 h, (D) 2 h, (E) 6 h. Reproduced with
permission from ref. [102]. Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 3
Performance parameters of recently reported M—glycerolates and their derivatives electrocatalysts for HER/OER: overpotential at 10 mA cm~2, onset potential, Tafel slope, and
stability.
Catalyst Precursors Preparation Method Substrate 7,,(mV) Tafel Slope Stability pH Ref.
(mV dec™ ) (h) condition
OER Mn-Co-P Co-glycerolate Solvothermal/Phosphorization GCE 330 59 8 1.0 M KOH [117]
YS
CoCuFe-Gly CoCu-glycerolate Solvothermal GCE 317 69 8 1.0 M KOH [11]
5TMZ CrMnFeCoNi- Solvothermal Ni foam 251* 42.3 60 1.0 M KOH [118]
glycerolate
Fe-CoyP Co-glycerolate Solvothermal/Phosphorization GCE 300 49 12 1.0 M KOH [119]
CoOOH Co-glycerolate Solvothermal/ Ni foam 275 49 12 1.0 M KOH [120]
NiCo-HP NiCo-glycerolate Solvothermal CPE 320 84 15 1.0 M KOH [121]
NiCoCrMn-  NiCoCrMn-glycerolate  Solvothermal Ni foam 229 40 36 1.0 M KOH [122]
G
Ni-Co-TEP NiCo-glycerolate Solvothermal/Calcination GCE 310 68 16 1.0 MKOH  [123]
CoP/Cpps Co-glycerolate Solvothermal/Carbonization/ Ni foam 280 144 15 1.0 M KOH [108]
Phosphorization
FeNiGly FeNi-glycerolate Solvothermal GCE 320 50 25 1.0 M KOH [18]
NiCo-Fe NiCo-glycerolate Solvothermal/Hydrothermal GCE 285 62 12 1.0 M KOH [124]
LDH
CoFeG-HS CoFeG-HS Solvothermal GCE 242.0 49.4 50 1.0 M KOH [125]
HER CoP Co-glycerolate Solvothermal/Phosphorization GCE 121 56 1000 0.5 M H,S0, [109]
cycles
NiCoP NiCo-glycerolate Solvothermal/Phosphorization GCE 95 63 24 0.5MH,S0, [111]
127 61 1.0 M KOH
CoP/Cpps Co-glycerolate Solvothermal/Carbonization/ Ni foam 101 79 15 1.0 M KOH [108]
Phosphorization
NiCoP-H NiCo-glycerolate Hydrothermal/Solvothermal GCE 90 68 24 0.5 MH,S0, [110]
121 65 1.0 M KOH
157 84 0.5 M PBS

Cpps = P-doped Dual Carbon Shells; CPE = Carbon Paper Electrode; GCE = Glass Carbon Electrode; Gly, G = Glycerolate; H = Hollow; HP = Hydrogen Phosphate; HS = Hollow
Sphere; LDH = Layered Double Hydroxide; P = Phosphide; PBS = Phosphate Buffered Saline; TEP = Triethyl Phosphate; YS = Yolk-shell; 5TMZ = CrMnFeCoNiTiZn-glycerolate;

5 M = CrMnFeCoNi-glycerolate.
*=150(50 MA cm2).

cal CoP nanospheres with well-preserved morphology. Under
acidic condition (0.5 M H,SQ,), it exhibited an overpotential of
121 mV at a current density of 10 mA cm~2, a low Tafel slope of
56 mV and similar performance up to 1000 voltammetric cycles.
The good result was attributed to the hierarchical structures cap-
able of reducing mass transfer resistances, improving electrolyte
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penetration and diffusion, since the best catalytic performance
was presented by nanospheres with ultrathin nanosheet subunits
[109].

Acidic electrolytes (e.g., H,SO,4) provide a high concentration of
protons that are used during the HER process, thus being one of the
most used conditions to evaluate the electrocatalytic activity of
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electrocatalytic materials. However, a corrosive acidic fog is gener-
ally formed under such conditions, contaminating the H;, gas pro-
duced and corroding the electrocatalysts. Thus, expensive anion
exchange membranes, as well as electrocatalysts, [112] resistant
to acidic conditions and with minimum gas crossover, are required
under industrial conditions.

Fortunately, materials resistant to both conditions have been
developed. For instance, Liu and co-workers [111] reported the
preparation of a bimetallic hierarchical nickel-cobalt phosphide
(NiCoP) hollow nanoflowers with ultrathin nanosheet assembly,
by hydrothermal treatment of solid NiCo-glycerolate nanospheres
followed by phosphorization. In alkaline medium (1 M KOH),
NiCoP exhibited an overpotential of 127 mV at a current density
of 10 mA cm~2 and Tafel slope of 61 mV. Electrochemical evalua-
tions under acidic conditions (0.5 M H,SO4) showed an overpoten-
tial of 95 mV at a current density of 10 mA cm 2 and Tafel slope of
63 mV. In both conditions, the material showed stability for at least
24 h. Compared with solid NiCoP nanospheres, the hollow NiCoP
nanoflowers with ultrathin nanosheets is a more efficient HER
electrocatalyst due to high specific surface area, generating large
exposed active sites and affluent mass diffusion routes [111].

In the same line but in a more complete research that evaluated
the electrocatalytic activity under acidic, neutral and alkaline con-
ditions, Liu et al. [110] synthesized via solvothermal process a
bimetallic nickel — cobalt phosphide (Ni-Co—P—H) hollow
nanoflowers with ultrathin nanosheet arrays (Fig. 12A-12D) using
NiCo-Glycerolate as a template. Under acidic conditions (0.5 M
H,S0,) the material exhibited an overpotential of 90 mV at a cur-
rent density of 10 mA cm™2 and Tafel slope of 68 mV (Fig. 12E-
12G). Under neutral conditions (0.5 M PBS) the overpotential
increased to 157 mV at a current density of 10 mA cm~2 and Tafel
slope to 84 mV (Fig. 12H-12 J). Finally, in 1 M KOH the overpoten-
tial receded to 121 mV at a current density of 10 mA cm~2 and
Tafel slope of 65 mV (Fig. 12K-12 M). This electrocatalyst was
stable for 24 h under all pH conditions analyzed. The ultrathin
nanosheets are favored by the abundance of active sites. The por-
ous core-shell structure, on the other hand, in addition to prevent-
ing the aggregation of nanosheets, generates channels for efficient
mass transfer, increasing the catalytic activity for HER. Further-
more, the incorporation of Ni into CoP to form CoP/NiCoP opti-
mized the electronic structure and boosted its electrocatalytic
activity (Image 12 N-12P) [110].

To perform the overall water splitting, Mohite and co-workers
[108] prepared P-doped dual carbon shells coated with cobalt
phosphide nanoparticles (CoP/Cpps), using a Co-glycerolate precur-
sor obtained via solvothermal process. Electrocatalytic evaluations
for HER, under alkaline conditions, showed an overpotential of
101 mV at a current density of 10 mA cm~2 and Tafel slope of
79 mV. The OER tests resulted in an overpotential of 280 mV at a
current density of 10 mA cm ™2 and Tafel slope of 144 mV. Interest-
ingly, the material showed a durability of 15 h in both conditions
but a comparison with the others reported here demonstrated that
it does not perform as well. For example, its Tafel slope, both in
OER and HER, were much higher indicating a slower reaction kinet-
ics. However, any other material reported so far is as versatile as
CoP/Cpps working as a bifunctional electrocatalyst.

6.2. Metal-glycerolates and their derivatives as photocatalyst
materials for HER

The use of solar energy to carry out the water splitting over
semiconductor photocatalysts is an alternative [113]. In this con-
text, transition metal chalcogenides have been used as an promis-
ing alternative to improve the photocatalytic capacity of wide
bandgap semiconductor materials [114]. For example, Huang and
co-workers [115] prepared the metal compound Ni-glycerolate
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and combined it with chalcogenide-based compound ZngsCdgsS,
to form the nanocomposites ZngsCdysS@Ni-glycerolate with a
core-shell structure. Under photocatalytic conditions, the material
showed H, production rate up to 2800 pmol h~! 0.1 g, about 6
times that of pure ZngsCdgsS. In this case, the metal glycerolate
helps in the separation of the photoinduced charges and acceler-
ates the photocatalytic water decomposition reaction. Using a sim-
ilar material, Gholipour et al. [116] synthesized zinc cadmium
sulfide (ZnyCd;_,S) by utilizing metal-glycerolate followed by calci-
nation in air and sulfuration under flowing H,S. Changing the Zn/
Cd ratio, the researchers evaluated the material’s photocatalytic
capacity. Under a solar simulator, the best result was obtained with
the Zn3oCd;oS material that exhibited a hydrogen evolution of
12 mmol h™! g~'. These recent works demonstrate the potential
of M—glycerolate based materials as photocatalysts for HER, and
there is still much unexplored space for these applications.

6.3. Metal-glycerolates and their derivatives as electrocatalyst
materials for OER

As an alternative to the noble metals commonly used as OER
electrocatalyst, significant advances were achieved with the first
transition series elements such as Mn, Fe, Ni and Co, generally as
nitrides [126], phosphates [121,123], phosphides [127], oxides
[128,129], hydroxides [5,130,131] and hybrid materials [132],
exploiting the synergy of different transition metals [133].

In this regard, metal-glycerolates can be a powerful electrocat-
alyst and a template for obtaining other types of catalytic materi-
als. In fact, since 2019, research involving glycerolates has
demonstrated the possibility of developing durable and efficient
OER electrocatalytic materials based on earth abundant metals
such as Ni and Co. In fact, cobalt is present in 10 of the 11 materials
reported here. Moreover, phosphorus containing electrocatalytic
compounds, such as metal phosphides and phosphates, are being
more commonly used than other derivatives, due to their good
electrochemical activity and high conductivity [121,134]. For
instance, the open structure framework, rich redox behavior and
the relatively strong P—O covalent bonds in the structure of metal
phosphates make them promising materials for electrochemistry
[134]. However, analyses carried out after the OER experiments
proved that, in most of these cases, the active species ends up
being converted to the respective oxyhydroxide. Similar to metal
phosphates, it is important to highlight that despite the good sta-
bility of metal phosphides for HER, under anodic oxidation reaction
conditions, this class of materials is also being transformed in situ
into their corresponding high activity oxyhydroxides [127]. This
behavior was observed in both, metal phosphates and phosphides
prepared from metal-glycerolates, showing that the OER active site
probably is the respective metal oxyhydroxide.

In fact, Septiani and co-workers [121] monitored in situ by XPS
analysis the transformation of a bimetallic nickel-cobalt (Ni-Co)
hydrogen phosphate nanotubes (NiCo-HP) into active Ni-Co oxyhy-
droxide species on the surface of the NiCo-HP electrode after OER.
The material was prepared using monodispersed NiCo-glycerolate
spheres, previously obtained by a solvothermal method, as self-
sacrificial templates. The best OER electrocatalytic activity was
achieved with the material with the highest Ni/Co ratio, that pre-
sented a Tafel slope of 84 mV dec! and an overpotential of
320 mV at a current density of 10 mA cm 2. The authors attributed
this result to its lower charge transfer resistance, increased density
of active sites and the nanotube-assembled 2D architectures pro-
viding enhanced interconnectivity between the particles to create
a highly conductive network for diffusion of electrolyte ions [121].

In addition, Septiani and co-workers [123] used NiCo-
glycerolate as the precursor (Fig. 13B) and triethyl phosphate
(TEP) to induce the self-assembly of uniform Ni — Co phosphate
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nanoplates into porous 1D chainlike particles (Ni-Co-TEP)
(Fig. 13C), upon a solvothermal and calcination process
(Fig. 13A). The bimetallic glycerolate is essential for generating
ethyl glycerolate during the solvothermal reaction, which is
responsible for the self-stacking of these nanoplates into chainlike
structures. The electrochemical measurements (Fig. 13E-13G) indi-
cated an OER overpotential of 310 mV at a current density of
10 mA cm~2 and Tafel slope of 68 mV dec’!. Furthermore, the
bimetallic phosphate catalyst exhibited electrochemical stability
even after 16 h of continuous electrolysis. The XPS measurements
of Ni-Co-TEP post OER process exhibited the oxidation of the Ni%*/
Co?* to the corresponding Ni**/Co®" species, indicating that the
actual catalytic sites may originate during the conversion of the
phosphate derivative to the Ni — Co oxyhydroxide, where the Ni
cations synergistically enhance the catalytic activity. The presence
of phosphate in the system can help in the activity of the electro-
catalyst since it may distort the nickel or cobalt coordination
geometry, increasing the stability of the activated complex by
Jahn — Teller effect while enhancing the electronic interactions
between Ni-Co and the oxygen atoms. Post-OER SEM images of
the material (Fig. 13D) showed the presence of sheetlike structures
on the surface, attributed to the formation of the metal oxyhydrox-
ide phase [123].

Kaneti and co-workers [117] synthesized manganese-cobalt
phosphide yolk-shell spheres (Mn-Co-P YS) (Fig. 14A-14C) instead
of bimetallic phosphates by mixed hydrothermal solvothermal
reaction of cobalt glycerolate spheres, as a sacrificial template. This
material exhibited an overpotential of 330 mV at a current density
of 10 mA cm 2, a Tafel slope of 59.0 mV dec! and 8 h stability, pre-
senting superior results as compared to the analogous Mn-Co oxide
yolk-shell spheres and the monometallic cobalt phosphide (Fig. 14]
and 14 K). Analogously to the previously discussed metal phos-
phate derivatives, the post-OER analysis by XPS indicated the for-
mation of Mn*/Mn3* and Co®*/Co?* oxyhydroxide species on the
surface which may be responsible for the electrocatalytic activity
(Fig. 14D-14l). The presence of metal ions such as Mn in different
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valence states (Mn>" and Mn?*) suggest the formation of a mixed
valence material with higher conductivity and much faster elec-
tron transfer via the polaron hopping conduction mechanism,
increasing the catalytic activity. Furthermore, the presence of the
two redox couples of Mn and Co may be able to provide donor-ac-
ceptor chemisorption sites for the reversible adsorption/desorption
of oxygen, assisting the OER [117].

The best result of a phosphorus compound electrocatalyst was
obtained by Song and co-workers [119] with the Fe-Co,P hollow
iron cobalt phosphide. Co-glycerolate nanospheres (Fig. 15A), syn-
thesized by a solvothermal process, were used as sacrificial tem-
plates. The hollow Fe-CoP nanospheres were obtained after
anion-exchange and phosphorization process (Figure 145-15D).
The catalyst showed excellent activity for OER when compared to
other previously reported materials, exhibiting an overpotential
of 300 mV at a current density of 10 mA cm 2 (Fig. 15E), and Tafel
slope of 49 mV dec! (Fig. 15F), indicating a favorable electrocat-
alytic kinetics for OER. In addition, the chronoamperometry test
has proven catalyst stability for at least 12 h (Fig. 15G). In this case
also, there was the formation of FeCo (oxy)hydroxides in the sur-
face, as confirmed by post-OER XPS analysis. The good catalytic
activity was attributed to (a) the morphology of the catalyst, where
the Fe-CoxP core can serve as a conductive support for rapid elec-
tron transfer, enhancing the synergistic effect between the oxo/hy-
droxo surface species, active for the OER, and the intrinsic metal
phosphide; (b) the high hydrophilicity and surface roughness con-
tributing to enhance the OER performance in alkaline solution; (c)
the synergistic effect on bimetallic system and (d) enhanced sur-
face area and density of active sites due to the hollow structure
[119].

In addition to phosphides and phosphates, transition metal-
based hydroxides/oxyhydroxide are known as promising alterna-
tives to noble metal-based electrocatalyst [77,130]. For instance,
Wang and co-workers [120] report the synthesis of hierarchical
ultrathin sheet-based CoOOH hollow nanospheres, using Co-
glycerolate as a precursor synthesized by solvothermal process.
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Hollow cobalt oxyhydroxide nanospheres rich in oxygen vacancies
were prepared at room-temperature by self-template strategy
(Fig. 16A). The ultrathin nanosheets and abundant oxygen vacan-
cies provide high density of catalytic sites to the material (Fig. 16-
B-16E), shortened charge/ion diffusion path, reduced resistance to
charge transport, good stability and extraordinary electrocatalytic
activity for OER [120]. A CoOOH exhibiting good OER catalytic
activity, with low overpotential of 275 mV and Tafel slope of only
49 mV dec’! (Fig. 16F-16G) was prepared by the authors. The mate-
rial shows excellent activity even after 1000 cycles (Fig. 16H) and
no change in potential, at the current density of 10 mA cm~2 and
100 mA cm 2, even after 12 h. They prepared a similar material,
v-CoOOH, previously reported in the literature [135], and com-
pared it with the hierarchical ultrathin sheet-based CoOOH hollow
nanospheres showing its superior properties (Fig. 16F-16G).

In addition to monometallic hydroxides/oxyhydroxide, layered
double hydroxide (LDH) are also cited as excellent catalysts for
OER, especially those containing two or more dissimilar metals
[130,136]. LDHs exhibit a 2D layered nanosheet structure consti-
tuted by layers of octahedrally metal ions coordinated with edge-
sharing hydroxyl groups perpendicular to the plane generating
hydroxyl stacked interlayer space [137-139], where anions suc-
cessfully intercalate. Using this class of material, Septiani et al.
[124] reported the preparation of a holey assembly of 2D iron-
doped nickel-cobalt LDH nanosheets (NiCo-Fe LDH) (Fig. 17C-
17F) and its catalytic activity for OER. The catalyst was obtained
by hydro/solvothermal reactions using NiCo-glycerolate spheres
(Fig. 17A-17B) as self-templates. Regarding the activity for OER
(Fig. 17G-171), NiCo-Fe LDH exhibit an overpotential of 285 mV
at a current density of 10 mA cm™2 and Tafel slope of
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62 mV dec’!. The catalyst showed stability of 12 h under OER con-
ditions. Such good results were attributed to enhanced ion trans-
port and electrical conductivity promoted by iron doping and
synergistic effects, and provision of many active sites for the OER
conferred by the large specific surface area of the holey
nanosheets. The presence of trivalent Fe>* ions can change the oxi-
dation state of Co and Ni cation and induce metal vacancies as ver-
ified by XPS analysis [140]. In addition, the Fe** cation doping is
favored by the presence of Ni** and Co®* ions ''“. However, the
presence of metal ion species in different oxidation states are able
to potentiate the electrical conductivity, enhancing the activity for
OER [141]. The Fe*" ions can replace Ni?* jons and occupy the octa-
hedral sites in the NiOOH structure changing the oxidation state of
Ni or Co and induce the formation of metal vacancies, distort the
octahedral coordination geometry, broaden the d bands, and
improve the orbital overlapping. In short, the decrease in the coor-
dination number of neighboring catalytic sites synergistically
improves the adsorption of the OER intermediate (O*) and the elec-
trocatalytic activity of NiCo-Fe LDH [124,140].

As reported earlier, M—glycerolates are normally used as pre-
cursors for preparation of many other classes of materials. How-
ever, its direct application as electrode materials has not been
largely reported, especially for energy storage devices. On the other
hand, the use of M-glycerolate, or other metal alkoxide-based
materials, have received significant attention as electrocatalysts
for OER because of the structural advantages perceived in materials
based on stacked layers of metal — glycerolate, exhibiting well-
organized organic and inorganic portions [12] suitable for the
design of electroactive materials for different applications
[18,19]. As already mentioned before, M—glycerolate based mate-



Josué M. Gongalves, Artur Luis Hennemann, José G. Ruiz-Montoya et al.

Coordination Chemistry Reviews 477 (2023) 214954

Solvothermal
Hydrothermal
(H) (0
06 5.0
| —— NiCo-0.1Fe - —— NiCo-0.1Fe o
—— NiCo-0.5Fe —— NiCo-0.5Fe
& 150 —— NiCo-1.0Fe % 0.51 —— NiCo-1.0Fe . E 40
b —— NiCo-1.5Fe = —— NiCo-1.5Fe 19 mV decC :
£ c s £ 30 j=10 mA cm
© 100 2 04 >
: 2 | = 3
= 50 g 03 kil 82 mV dec” g
o 62 mV dec’ s 1.0
o
0 . 0.2 1 D — -
1.1 12 13 14 15 16 08 1.0 1.2 14 16 0 2 4 6 8 10 12 14 16
Potential (V vs. RHE) log [j (mA cm?)] Time (h)
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rials tend to be converted to the corresponding metal oxyhydrox-
ide based material exhibiting excellent electrocatalytic activity,
under alkaline conditions.

The regular ordered microcomposition of the metal glycerolate-
based materials, allied with controlled anion substitution reaction
in mild conditions, mostly preserving the host structure thus act-
ing as templates, allows the development of heterostructures,
design of structural defects, formation of binary or multiple com-
pounds and doping with other metal ions to improve the intrinsic
activity of the electrocatalyst [12]. Based on that, Wang and co-
workers [18] synthesized, via simple solvothermal process, layered
bimetallic iron-nickel glycerolate microspheres (FeNiGly). The
incorporation of Fe as a synergistic component, induced partial
charge transfer and activation of the sites surrounded by Ni,
increasing the density of charge carriers and improving the OER
electrocatalytic activity. Accordingly, the resultant material
showed an overpotential of 320 mV at a current density of
10 mA cm~2 and Tafel slope of 50 mV dec’!. The post-OER, XPS
and XRD analyses confirmed the presence of Fe(Ni)OOH, both
metal ions in the 3 + oxidation state. The metal glycerolates and
metal (oxy)hydroxides electrocatalysts exhibit excellent
hydrophilicity and have an interlayer space that easily accommo-
dates and improves the adsorption of water and other OER
reagents and intermediates on the surface. The incorporation of
iron in the structure generates strong electronic interactions
between Fe and Ni, optimizing the energetics of the OER activated
complex and reducing the required overpotential for OER, thus
boosting the electrocatalytic activity of the Fe(Ni)OOH phase
[18,142,143].

In the same line, Dong and his collaborators [125] reported the
synthesis of Cobalt Iron-glycerolate hollow spheres organized by
nanosheets (CoFeG-HS) by an one-pot template-free solvothermal
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method (Fig. 18A-18E). The material exhibited an excellent elec-
trochemical performance, with an overpotential of 242 mV at
10 mA cm 2 and Tafel slope of 50 mV dec™! (Fig. 18F-18H). The hol-
low spheres have low density and high shell permeability provid-
ing fast diffusion and easy access to active sites, facilitating the OER
process. The good catalytic activity of the material was also attrib-
uted to the formation of oxyhydroxide species on the surface, as
confirmed by XPS analysis. The overall OER reaction mechanism
in conventional catalysts consists of 5 steps (Fig. 18I), but the for-
mation of M—OOH on the surface reduces the number of steps to
two thus improving the reaction kinetics (Fig. 18]) [125]. In addi-
tion, the good catalytic activity can also be attributed to the syner-
gistic effect between Fe®* and Co?', which is evidenced by
comparing the performances of CoFeG-HS, Co-glycerolate and Fe-
glycerolate (Fig. 18F-18H). In fact, the catalytic activity reported
for the CoFeG-HS is superior to the CoCuFe-Gly hollow sphere pre-
pared by Moradi et al. [11] which exhibited an overpotential of
317 mV at 10 mA mA cm—2 and a Tafel slope of 69 mV dec'.

At this point, it is evident the tendency towards multimetallic
systems to take advantage of the synergic effects between the
components [144] to enhance the electrocatalytic performance of
materials for water oxidation. For instance, Nguyen and co-
workers [122] prepared high entropy materials (HEM) via a simple
solvothermal process starting with a high entropy glycerolate
(HEG) with 5 different metals, FeNiCoCrMn-G (Fig. 19A). Thanks
to the layered structure similar to anion intercalated hydroxides
and generous interlayer spacing, the reagents are easily accommo-
dated thus facilitating the OER process. The electrochemical mea-
surements (Fig. 19B-19G) indicated an overpotential of 229 mV
at a current density of 10 mA cm~2 and a Tafel slope of 40 mV
dec’!, that showed no significant changes after 36 h of test. The
evaluation of similar systems with different metallic compositions,
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as can be seen in the Fig. 19B-19G, evidenced the perfect synergy of
the metal sites of the HEG for OER electrocatalysis. The evaluation
of density of states (Fig. 19H) showed that the FeNiCoCrMn-G elec-
trocatalyst has more electronic states near and below the Fermi
level than similar multi-metallic glycerolates, providing more hole
states to promote the oxidation reaction. Interestingly, (Fig. 19I)
HEG was demonstrated to be an amorphous material by XRD anal-
ysis, thus being able to provide more active sites for electrocataly-
sis and accelerate the charge transfer between active sites and the
reaction intermediates. In fact, amorphous phases have a higher
proportion of randomly oriented bonds with unsaturated elec-
tronic configurations which facilitates the adsorption and activa-
tion of the reagents [122,145]. It is important to mention that
FeNiCoCrMn-G showed higher electrocatalytic activity than septe-
nary HEG containing Cr, Mn, Fe, Co, Ni, Ti, and Zn (designated as
5MTZ) prepared by Ting and collaborators [118] (overpotential of
251 mV at 50 mA cm 2 and a Tafel slope of 42.3 mV dec™?). In
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short, this work evidenced the relevance of amorphous phase
and synergistic effects between the transition metal ions to realize
high performance electrocatalysts that can serve as alternatives for
the noble metal-based materials.

7. Summary and outlook

M-—glycerolates are auspicious precursors for the design and
preparation of a large variety of electrode materials for energy
technology applications owing to their distinct structures and mor-
phologies, chemical composition, as well as electrical and electro-
chemical properties. The M-glycerolates are not extensively
explored but the materials prepared from them are promising can-
didates as electrode materials of supercapacitors and batteries, as
well as electrocatalysts for water-splitting, as discussed in this
review article.
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Fig. 19. (A) STEM-EDS mappings of FeNiCoCrMn-G. (B-D) LSV Curves, Tafel plots and overpotentials, respectively, of the first group of metal glycerolates. (E-G) LSV Curves,
Tafel plots and overpotentials, respectively, of the second group of metal glycerolates. (H) Calculated density of states and (I) XRD profiles of multi-metal glycerolates.
Reproduced with permission from ref. [122]. Copyright © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH.

Several well-established synthesis methods are available to pre-
pare micro- and nanostructured M—glycerolates and derived metal
hydroxides, metal oxides, metal sulfides, metal phosphides, and
metal selenides among other materials, prepared as hollow
spheres, yolk shelled hollow spheres, ball-in-ball hollow spheres
and 2D morphology materials were discussed.

The materials with spherical layered structures derived from
M-glycerolates show high capacitance, rate capability and cycling
retention for application in supercapacitor devices. Such enhanced
properties are generally ascribed to the efficient accommodation of
volume expansion, the reduced diffusion path of electrolyte ions,
and presence of structural voids as ion reservoirs. In addition, com-
posite materials constituted by M—glycerolate derived materials
and carbonaceous materials such as graphene, reduced graphene
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oxide among others, showing very strong synergic effects can be
easily prepared in few steps. In this context, trimetallic materials
derived from M-glycerolates showed the highest energy and
power densities (62.54 Wh kg~! and 42.307 kW kg~ ') in superca-
pacitors devices, highlighting the importance of the synergic effect
of Mn, V and Cu on common Ni and Co based materials, where cop-
per precursors are showing obvious advantages.

M-—glycerolates derived materials also exhibit wide application
in metal ion batteries such as LIBs and SIBs. In fact, many Ni, Co and
Mo mono- and bimetallic glycerolates were used in the prepara-
tion of several M—glycerolates derived materials, such as metal
sulfides, metal phosphides, metal selenides and especially metal
oxides. However, the main trend and promising application is in
the development of carbon-coated M—glycerolates derived materi-
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als that have emerged as very high conductivity electrode materi-
als while acting as adhesives to improve the structural integrity
during charging/discharging processes.

The regularly ordered microcomposition of the metal
glycerolate-based materials, allied with the possibility of anion
substitution reaction in a controlled way, while preserving the
structure thus acting as templates, allows the development of
heterostructures, design of material with engineered structural
defects, as well as preparation of multi-metallic materials to
improve the intrinsic activity of the electrocatalyst by electronic
activation and synergic effects. In fact, the incorporation of ele-
ments such as iron in the structure can induce strong electronic
interactions with other metal ions next to it, changing their oxida-
tion state and creating coordination vacancies, decreasing the
energy of the activated complex and the overpotential for OER.
The overall OER reaction mechanism conventionally taking place
in 5 steps (Fig. 18I) can be simplified to two steps by the adsorption
of M—OOH on the surface, thus boosting the electrocatalytic activ-
ity. Furthermore, the higher density of randomly oriented unsatu-
rated bonds in amorphous materials can be exploited in parallel
with the excellent hydrophilicity and interlayer spacing of metal
glycerolates and metal (oxy)hydroxides to facilitate the adsorption
and activation of reagents.

Despite the significant research efforts in recent years to pre-
pare M-—glycerolates derived electrode materials by exploiting
their composition and structural tunability, there are still some
challenges and bottlenecks that need to be sorted out to realize
the mass production, practical application and commercialization
of the next generation of energy technologies. In fact, to overcome
the significant limitations and challenges some future perspectives
and directions are discussed as follows and summarized in the
Scheme 2:

1. Despite several reports on the syntheses and characterization of
M-—glycerolates and their derived materials, the mechanism of
formation of their lamellar structure has not been investigated
in much detail. In fact, a fundamental experimental and theo-

SiZe
o o "
S e .
\.‘\)e‘\(\"‘ec“‘}:{; S0 TEM M. e :,,,7“1' S
&0 er((:f» *S' 6‘9-\‘:%") 0/6
NG RN
("
I§Q @(\b(;\ s@/}.o% J“\
s IZI—é %%,
S €, 50 %
& 2
& e % 2
A~ 3
.© 2
& |
T O =
g £ Future o=
s € ; ) S
a2 = o Perspectives OOR &2
5 % 22
22 » €% o § &
- e Q
9 = Q D g
S 9 d o
% N
Qg 7 5y .
o& < > 0
9,2, L
2l $
S
W

G} &
Phene, Carbon nanotubes, WK

Omposites mater?

Scheme 2. Schematic illustration showing a few possible research directions and
great opportunities that deserve continuous attention for the next generation of
electrode materials based on M—glycerinates.
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retical understanding on the coordination chemistry of glycerol
and metal ions is still necessary. In addition, advanced in-situ
and in-operando characterization techniques are key to obtain-
ing real-time information about the intermediates and reaction
mechanism [146], as well as degradation mechanisms of the
electrode materials. Among them, advanced spectroscopic tech-
niques employing synchrotron light such as Extended X-ray
Absorption Fine Structure (EXAFS), X-ray Absorption Near-
Edge Structure (XANES) and Near Edge X-ray Absorption Fine
Structure (NEXAFS), XPS, Resonant Inelastic X-ray Scattering
(RIXS), among others are of great importance to unravel the true
structure of M—glycerolate derived materials.

2. Generally, M—glycerolates and their derived materials are char-
acterized as spheres with a size outside the nanometer scale.
Thus, new preparation methods to get M—glycerolate based
materials with less than 100 nm are highly desired, since their
properties should be differentiated and highly promising, not
only due to the larger surface area but especially for the emer-
gence of unique nanometer scale properties.

3. The development of tri- and multi-metallic, and/or high-
entropy electrode materials is a trend in the field of energy
application. However, there is still much research to be done
in the development of such a system based on M—glycerolates
derived electrode materials.

4. The design of new composite materials is highly desired. Fur-
thermore, the optimization of the mass ratio of electroactive
materials/conductive materials is crucial for obtaining materi-
als with higher energy and power densities [9].

5. The development of metal oxides or metal oxide-based com-
posites derived from M—glycerolates usually goes through an
annealing process at high temperatures, which is an expensive
and time-consuming step, especially considering the large-scale
production of affordable electrode materials for energy storage
or conversion. In this context, the use of reagentless laser-based
techniques in the synthesis [147] and improvement of electrode
materials [148] is an excellent alternative since it is a simple
and fast synthetic process [3,9].

In short, the recent progress in the use of metal-glycerolate
electrode materials in energy technologies reveals promising
advances, yet still there is much to be done to catch the needs of
our energy hungry society.
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