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Abstract: This review highlights the opportunities of catalytic hydrolysis of NaBH, with the use of
inexpensive and active Co-B catalysts among the other systems of hydrogen storage and generation
based on water reactive materials. This process is important for the creation of Hy generators required
for the operation of portable compact power devices based on low-temperature proton exchange
membrane fuel cells (LT PEM FC). Special attention is paid to the influence of the reaction medium
on the formation of active state of Co-B catalysts and the problem of their deactivation in NaBHy
solution stabilized by alkali. The novelty of this review consists in the discussion of basic designs
of hydrogen generators based on NaBHy4 hydrolysis using cobalt catalysts and the challenges of
their integration with LT PEM FC. The potential of using batch reactors in which there is no need to
use aggressive alkaline NaBH} solutions is discussed. Solid-phase compositions or pellets based on
NaBHj and cobalt-containing catalytic additives are proposed, the hydrogen generation from which
starts immediately after the addition of water. The review made it possible to formulate the most
acute problems, which require new sci-tech solutions.

Keywords: NaBHy; Hy generation; acid; Co-B catalyst; deactivation; solid-phase composition;
pellet; reactor

1. Introduction

The accumulation of electric energy in the hydrogen cycle is one of the main scenarios
for the transition of the world power industry to carbon-free energy carriers. Electro-
chemical energy converters represented by fuel cells with a high efficiency (up to 70%)
are proposed for the efficient involvement of hydrogen in the process of electric energy
generation. Many efforts have been made for the development of power devices based on
low-temperature solid-polymer fuel cells with proton exchange membrane (LT PEM FC).
The rapid oxidation of H; and the formation of water as a sole by-product are advantageous
for the creation of small-sized and low-weight devices [1]. However, there is a problem that
hinders the commercialization of fuel cells in the power source market, namely, the lack
of suitable methods for compact, safe, and efficient hydrogen storage [2-8]. This problem
is most acute in the development of small-sized energy devices, which require compact
gas generators providing a high yield of hydrogen per unit weight or volume without
additional heating and LT PEM FC poisoning. The indicated requirements restrain the
choice of hydrogen-generating materials as the potential energy carriers.

Conventional methods of hydrogen storage in compressed (15-70 MPa) or liquefied
(—253 °C and 0.2 MPa) form are unacceptable for use in compact power sources due to the
low hydrogen content in a unit volume (0.042 g-cm 2 at 70 MPa for compressed H, and
0.07 g-cm ™3 for liquefied Hy), large sizes of cryogenic plants, high energy consumption,
explosion hazard, and evaporation losses up to 3 vol% per day. It is known that hydrogen
readily diffuses through metals, thus destroying them [9].

Among various hydrogen-containing compounds, a high gravimetric and volumetric
content of hydrogen is typical of hydrides, particularly borohydrides [10-13]. First, they ex-
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ceed other compounds in the content of hydrogen. For example, hydrogen density in KBHy
is 0.083 g-cm~3; in NaBHy, 0.112 g-cm~3; and in LiBHy, 0.123 g cm~3; these values are
higher than the density of liquid hydrogen. Second, in the case of their interaction with wa-
ter, the yield of hydrogen increases due to the involvement of water in the chemical process.
However, the hydrolysis of hydrides is accompanied by the release of a great amount of
heat per mole of the produced hydrogen [14,15]. The hydrolysis of NaBH, is characterized
by a low thermal effect (53-80 kJ per mole of Hj [15,16]); hence, the entire process is safe
and controllable. This hydride has an acceptable price, and its hydrolysis products are
environmentally benign [17,18]. In this connection, NaBH,4 has been thoroughly studied in
the last 20 years as a compact form of hydrogen storage. The choice of acid accelerators
and catalysts for the hydrolysis of NaBH,4 and the organization of the stable and control-
lable generation of Hj in this process are the widely discussed subjects. A model where
hydrogen is produced through the electrolysis of water, taking advantage of the electrical
energy produced by a renewable generator (photovoltaic panels), and chemically stored by
the synthesis of NaBHy, is discussed in [19]. It was shown that due to the safety and high
volumetric density of NaBH, it will be a promising technology for transportation to remote
sites where hydrogen is released from NaBH,4 hydrolysis and used for energy production.

This review considers the main classes of water-reactive materials for hydrogen pro-
duction. The focus is on hydrogen production via the NaBH4 hydrolysis. Achievements
in acid hydrolysis and catalytic hydrolysis with inexpensive and active cobalt catalysts
are discussed, with the main emphasis on their transformations in the reaction medium.
The new data on the preparation and investigation of solid-phase and pelletized com-
positions containing NaBH,4 and a cobalt catalyst are reported. The design of hydrogen
generators based on NaBH, hydrolysis with cobalt catalysts and the problems of their
integration with LT PEM FC are reviewed. The data obtained are generalized to outline
main directions of further studies that are promising for the development of autonomous
compact power devices based on LT PEM FC.

2. NaBH, as Water-Reactive Material for Hydrogen Storage and Production

The analysis of literature has revealed two main directions in the development of
portable systems for hydrogen storage and generation: the physical storage of adsorbed
hydrogen and the chemical storage of bound hydrogen. The chemical storage of hydrogen
as stable chemical compounds is commonly characterized by high hydrogen density, mini-
mum requirements to auxiliary infrastructure, and low energy consumption [20]. However,
there are some problems: the sensitivity of materials to storage conditions, stability in
iterative hydrogenation-dehydrogenation cycles, the regeneration of dehydrogenation
products, the cost and accessibility of components of a hydrogen generation system, etc.

Current studies in the field are focused also on achieving the target values of volu-
metric (VHSC, g-cm~3) and gravimetric (GHSC, wt.%) hydrogen storage capacity, com-
plying with the requirements to temperature and hydrogen release rate, and establishing
a mechanism of the hydrogenation-dehydrogenation reactions, particularly the catalyst-
assisted reactions. The materials under consideration can be classified as reversible or
irreversible storage systems. In reversible systems, a material can be recharged with
gaseous hydrogen directly “on board” [20-29], whereas irreversible systems are regener-
ated chemically, “off board”.

Table 1 lists the main hydrogen storage systems based on hydrolysis or the involvement
of water in the hydrogen generation process, in which the spent fuels or byproducts should be
removed from the reactor and regenerated “off board”. All these processes are exothermic; they
often do not require an additional heat supply and can be performed at ambient temperature,
which is an essential advantage. Here, it is difficult to perform the reaction with a high yield
using a limited amount of water to provide high GHSC values [30]. Serious problems emerge
with heat and mass transfer, which are related to intense heating of the reaction medium, the
encapsulation of unreacted hydride with hydrolysis products, and the deposition of hydrolysis
products on the reactor walls and catalyst surface, leading to catalyst deactivation. This is why
the literature provides data mostly for the diluted solutions with low GHSC.
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Table 1. Water-reactive materials for hydrogen storage.

Advantages

Disadvantages

+ low cost, abundance on the earth
+ light weight
+ environmental-friendly products, may be raw materials of
ceramics
+ improved and tunable properties at additions of dopants
(salts, metals, oxides, hydrides, carbon materials, etc.), alloying
with metals, reducing the particle size (BM), etc.

— surface passivation of native oxide layer (more relevant to
Al)
— the hydrolysis products deposition on metal particles
surface (more relevant to Mg)
— heat and mass transfer problem
— unpromising regeneration process of solid hydrolysis
products

— unstable in the presence of moisture

+ low cost
+ can be industrially produced with a high energy efficiency
+ improved and tunable properties at addition of Brensted
acids, salts, metal catalysts, and alloying with rare earth
elements, BM, etc.

— reacts with water very slowly and incompletely
— formation of dense passivation layers of Mg(OH);
— complicated regeneration process Mg(OH), to Mg (by
reactive hydrogen plasma process)

+ commercial availability
+ no activation procedure is required
+ by-product is of market value

— unstable in the presence of moisture
— use of liquid hydrocarbons for stabilization
— excess water is required
— problem with design of the reactor to control the rate of gas
evolution

+ commercial availability
+high GHSC
+ safe and controllable on-board H, generation,
commercialized generators
+ producing pure H, at ambient temperatures without energy
supply
+ inflammable
+ high solubility (14.5 mol-L™1): 30 wt.% NaBH, solution
contains 6.7 wt.% Hp
+ improved and tunable properties at addition of catalysts or
acids
+ concentrated water solutions or solid pellets with catalysts
may be used as H; sources

— instability of aqueous solutions, stabilization with NaOH is
required
— deactivation of catalysts
— hydrolysis products deposition on the catalyst surface and
reactor walls in limited water conditions
— off-board and high-cost regeneration of solid hydrolysis
products
— heat and mass transport problem at design of reactors for
NaBHjy interaction with stoichiometric amount of water

AH,
Material Reaction kJ/mol
H,
Al —280 (at
B31] 2Al + 6H,0 — 2A1(OH);3 + 3H, ~50—
: 100 °C)
Mg
[32] Mg +2H,O — Mg(OH)2 +H; —354
N[[;f};‘]lz MgH, + 2H,O — Mg(OH), + 2H, ~160
I?ﬁjl 2NaSi + 5HyO — NaySipOs + 5H, _35
NaBH4
[17,18,35] NaBHy + 2H,0 — NaBO, + 4H, —60
KBH, KBH, + 2H,0 — KBO, + 4H, —55

+ improved properties at addition of catalysts

— instability of aqueous solutions
— low solubility (3.5 mol-L~1): low GHSC

[36]
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Table 1. Cont.

AH, Calc.
Material Reaction kJ/mol GHSC, Advantages Disadvantages
H2 wt.%
— preparation from NaBH,4
— flammable and unstable in the presence of moisture,
LiBH, + high GHSC instability of water solutions
[37] LiBHy + 2H,0 — LiBO; + 4H, -90 13.8 + improved properties at addition of catalysts, dopants — high exothermic hydrolysis process
g (MWCNTSs !, NH3BH3), use of double-solvents, etc. — incomplete hydrolysis
— hydrolysis products deposition on the catalyst surface and
reactor walls in limited water conditions
— high cost
— the presence of NH3 impurity in the Hj stream
NH~BH + high stability of aqueous solution — deactivation of catalysts
[239] 3 NH;3BH;3 + 2H,0 — NH4BO, + 3H, <=50 9 + high solubility (11.4 mol-L~1) — hydrolysis products deposition on the catalyst surface and
+ improved and tunable properties at addition of catalysts reactor walls in limited water conditions
— off-board and high-cost regeneration of solid hydrolysis
products
— high cost
o . . . — search for effective, low-cost, and stable catalysts for the
+ + + : ) !
N NaHiBits +3HR0 & Nafla + BOM: ] O ool e e N MO by drolyic dehydrogenation of boh the Bt moiety and the
[38] N,H,BH; + 3H,0 — N, + B(OH); + 39 10 + stability of water solutions at pH > 7/5 ) 2r4 molerty
5H. + improved properties at addition of catalyst: — low solubility (1.3 mol-L™")
2 proved properties on of catalysts

— lack of knowledge of the characteristics of the process in
limited water conditions, providing GHSC
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The analysis of data listed in Table 1 revealed that sodium borohydride (NaBHy) is
the most promising inexpensive material for hydrogen storage in terms of the operating
temperature, stability, and safety in air. In addition, its catalytic hydrolysis has been thor-
oughly studied with respect to hydrogen generation and the regeneration of hydrolysis
products (Figure 1). Note that the involvement of water increases twofold the hydrogen
yield upon hydrolysis as compared to thermolysis. Compact hydrogen generators based
on sodium borohydride are being developed in many countries: USA [39-42], Japan [43],
South Korea [44—46], China [43], France [47], Portugal [48,49], Italy [50,51], Taiwan [52],
Russia [53,54], and others. A review of NaBH4-based generators with the use of Co-
containing catalyst will be given in Section 7. It should be noted that a somewhat greater
interest in the hydrolysis of ammonia borane (Figure 1) is caused by the novelty of this
compound and its high stability in air [55]; nevertheless, the high cost of ammonia borane
and the presence of ammonia admixture in the evolved hydrogen limit its practical appli-
cation. Thus, the review further considers studies on the systems for hydrogen generation
and storage that are based on the hydrolysis of NaBHy.
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Figure 1. Number of results for a bibliometric resource search made on the Web of Science website
(December 2020). The search combination was “compound” AND “hydrogen storage material” AND
“hydrolysis”. An exception was made for sodium silicide. In this case, the search combination was
“compound” AND “hydrogen storage”.

Sodium borohydride is known to be highly stable in the solid state in the absence of
moisture and carbon dioxide [18]. Upon dissolution, it slowly reacts with water, releasing
4 moles of hydrogen per 1 mole of NaBHy:

NaBH, + 4H,0 — Na* + B(OH)s ™ + 4H, 1 1)

According to [16,39,56], a thermal effect of reaction (1) is 210-300 kJ /mol NaBHj. In the
case of insufficient heat removal and high concentration of NaBHy, the temperature may
increase, which may lead to a vigorous spontaneous release of H,. The reaction product is
sodium borate, the form of which depends on the pH of the solution: at pH < 9, B(OH)3
prevails, whereas at pH > 9, the main species is B(OH),~ [57]. If the reaction product is
dried at a temperature below 110 °C, it is present as NaBO,-2H,O and NaBO,-4H,O [58].

The rate of hydrogen evolution in the spontaneous hydrolysis of sodium borohydride
decreases with time, and the complete conversion of the hydride is not achieved. This is
related to an increase in the pH of the reaction medium due to the accumulation of sodium
borate. This property formed a basis for the stabilization of NaBH,4 aqueous solutions
by an alkali (NaOH) [59,60], thus providing their long-term storage without considerable
losses in the hydrogen capacity. A complete and rapid release of hydrogen from NaBH,
solutions (both aqueous and stabilized by NaOH) is possible only in the presence of acids
and catalysts.
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3. Acid Hydrolysis of NaBH,4

This method was considered by Schlesinger et al. in the well-known paper published
in 1953, which was devoted to the hydrolysis of sodium borohydride [61]. The development
of hydrogen economy gave an impetus to investigation of such systems. Since the GHSC is
among the key parameters [62], the most popular are such designs of hydrogen generators
where a limited volume of acid solution with the optimized concentration is fed to solid
NaBH, at a controllable rate [63,64]. The problems to be solved are the necessity of
increasing the hydrogen yield under water deficit conditions and the formation of solid
products hindering the contact between hydride and acid accelerator [65].

The application of strong inorganic acids (HCI, H,SO;,) instead of weaker organic
acids ensures a higher yield of hydrogen [63,65] and makes it possible to decrease the
amounts of acid and water, thus providing high GHSC values. According to [66], the acid
hydrolysis of NaBHj in the case of hydrochloric acid can be represented as follows (2):

NaBH4(S) + xHCl + (X ty+ 2)H20 — xNaCl + XH3BO3 + (1 - x)NaBOz + szo + 4H2 (2)

The use of 2.74 M HCl at x = 0.19 and y = 4.74 gave GHSC = 5.1%, taking into account
the weight of all the chemical reagents in the system. The optimization of conditions of
this process was described in detail in [67].

A high aggressiveness of strong acids imposes substantial limitations on the materials
used in the construction of hydrogen generators, so the application potential of weaker
acids in this process is still being investigated. Thus, the design of a hydrogen generator
proposed in [68] implies the interaction of a stoichiometric amount of water with a mixture
of solid reagents NaBH,; + H3BOj3, which provides GHSC = 3.88%. Among the tested
solutions of organic acids, high activity was observed for 12 N formic acid [65], acetic acid
at a molar ratio CH3COOH/NaBH, = 2 [63], as well as formic and malic acids at the
concentration above 10% [64].

As shown in the literature, the process of acid hydrolysis of NaBHy can be arranged
in different ways. For example, heterogeneous acid catalysts can be employed [69,70],
thermal interaction of NaBH, with HyCpO4-2H,0 is investigated [71], and the hydrolysis
is performed using the ZnCl, + NaBH, composition, where hydrochloric acid is released in
the reaction medium upon the hydrolysis of ZnCl, [72]. A combination of low-concentrated
acids (0.01, 0.1, or 0.25 M H3POy; 0.25 M HCI; 0.25, 0.1 M CH3COOH) with catalysts (Ni,
Cu) is used to hydrolyze the NaBHy solution stabilized by alkali [73-75].

The purity of evolved hydrogen is very important for the acid hydrolysis of NaBHy.
Conventional designs of the reactors include gas-liquid separators, water adsorbent,
and acid vapor adsorbents [66,76]. Particular attention is paid to purification of hydrogen
from alkali impurities that are carried by water in the gas flow [64]; however, a possible
release of diborane (B,Hg) is not mentioned. On the other hand, B,Hg can form via the
interaction of sodium borohydride with inorganic acids [77]:

2NaBH; + 2HC] — 2NaCl + B,Hg + 2H,. )

Certainly, in diluted solutions, diborane is instantaneously hydrolyzed with a release
of hydrogen. Nevertheless, when acid hydrolysis is carried out in the highly concentrated
solutions of sulfuric and hydrochloric acids, not only acid impurities but also diborane
are released to the hydrogen-containing gas [78]. This problem of the acid hydrolysis of
NaBH,4 deserves special attention.

4. Catalytic Hydrolysis of NaBH,

The most promising method used to obtain high-purity hydrogen from NaBHy is its
catalytic hydrolysis (1). Meanwhile, sodium borohydride is widely used as a reductant for
obtaining highly dispersed metals and metalloids in a solution at ambient temperature [79],
so the distinctive feature of catalysts for the hydrolysis of sodium borohydride is the
possibility to form the active component from precursor compounds directly in the reaction
medium under the action of the hydride (in situ).
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Optimization of the catalyst makes it possible to control the hydrogen generation
process [13,17,80-82] as well as to stop and launch it at the customer’s request [39]. In ad-
dition, the application of catalysts allows hydrogen generation to be performed in a wide
temperature range from —40 to +60 °C. The possibility of generating hydrogen at negative
temperatures is provided both by the low freezing point of NaBH, solutions stabilized with
an alkali [83] and by the heat that is rapidly released during the catalytic hydrolysis [16].
It should be noted that the produced hydrogen-containing gas does not contain diborane
impurities, which were observed in the acid hydrolysis of NaBHy4 [78].

The catalytic hydrolysis of NaBHj, is an intricate process, which is affected by the
properties and concentration of catalyst, the concentration of NaBHy, the addition of NaOH,
and the reaction temperature. At this stage of investigation, the mechanism and kinetics
of this process remain debatable [82,84-86]. Way back in 1971, K. A. Holbrook and P. J.
Twist studied the hydrolysis of an alkaline solution of NaBHy by deuterated water in the
presence of cobalt and nickel borides [87]. Mass-spectroscopic analysis of the evolved
gas revealed that it contains one hydrogen atom from NaBH,4 and one deuterium atom
from D,0O. The authors proposed the mechanism including dissociative chemisorption
of the borohydride anion on the catalyst surface, charge transfer through the catalyst,
and electrochemical decomposition of water as the key steps. This mechanism was verified
by NMR spectroscopy for the Pd/C catalyst [88] and is used by researchers for interpreting
various regularities that are observed in the hydrolysis of NaBH, [86,89-91]. The kinetics
of the NaBH, catalytic hydrolysis is described using the Langmuir-Hinshelwood and
Michaelis-Menten models, which take into account the step of BH;~ adsorption on the
catalyst surface and the effect of temperature [84,85,92].

The literature presents many studies on the catalytic hydrolysis of NaBH,4 in the
presence of catalysts containing noble metals [39,81,82,93-95]. According to independently
performed studies [40,96,97], the highest activity in the NaBH4 hydrolysis was shown by
rhodium, ruthenium, and platinum compounds. The catalytic activity decreases in the
following order: Rh > Ru > Pt >> Pd [97]; this sequence is retained also when metals are
deposited on different supports. The research studies on Rh catalysts are restricted by
their high cost. Investigation of the catalytically active phase formed from compounds
of ruthenium, rhodium, platinum, and palladium in NaBH4 medium has shown that it
consists of agglomerated nanosized particles with a metal crystal lattice [98-100]. A residual
amount of boron was presented in Ru metal [101]. The comparison of activity of noble and
non-noble catalysts was discussed in [81,82]. It can be seen that the activity of non-noble
Co-B-based catalysts (15,000-35,000 mLjp-min~!-g~!c4t) reaches the activity of Ru or Pt
catalysts. So, the high cost of platinum metals strongly limits their wide application in the
hydrogen generation systems.

The catalytic hydrolysis of NaBHj is considered as one of the main commercially
accessible ways of hydrogen generation and storage for LT PEM FC. In this connection,
particular attention is paid in the literature to a search for cost-effective methods of hydro-
gen regeneration from the hydrolysis products—sodium borates [102,103], for example,
by means of thermochemical [104-109] or mechanical activation methods [103,110-112].
The latter ones allow the process to be performed at room temperature, thus enhancing its
energy efficiency.

5. Co-B Catalysts for the NaBH4 Hydrolysis
5.1. The Formation of Active Component in the Reaction Medium (In Situ)

In 1953, Schlesinger et al. demonstrated [61] that the introduction of soluble chlorides
of transition metals in a sodium borohydride solution results in the formation of a black
precipitate, which is catalytically active toward the NaBH, hydrolysis. The activity of
chlorides in this case decreased in the series CoCl, > NiCl, > FeCl, > CuCl, > MnCl,.
Later works on the catalytic hydrolysis of NaBH, confirm that the highest gas release rate
is observed in the presence of cobalt compounds, whereas nickel and iron compounds are
less active [61,82,91]. In this connection, many works in the last 20 years were devoted to
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the bulk and supported cobalt-containing systems whose active components were formed
in an NaBH4 medium [13,86,113-115]. In distinction to platinum group metals, cobalt com-
pounds are reduced with the formation of amorphous particles of the catalyst [116-118].
It is noted that the activity of the in situ synthesized catalytic systems exceeds that of the
preliminarily (ex situ) synthesized systems [119-122].

Sodium borohydride is the most optimal reductant for cobalt compounds. This follows
from a comparison of data on the reduction of cobalt chloride and oxide in the presence
of NaBH, or another boron-containing hydride—ammonia borane (NH3BH3), which is
known to be a weaker reductant. It was shown [120,123] that the use of sodium borohy-
dride in the reduction of cobalt chloride provides a higher reduction rate and results in
the formation of a highly dispersed active state of the catalyst (Figure 2). A lower rate of
cobalt chloride reduction in NH3BH3 medium is confirmed by the presence of an induction
period on the hydrogen generation curve (Figure 2). According to [123], the average size
of the particles formed from cobalt chloride under the action of sodium borohydride is
ca. 30 nm. When cobalt chloride is reduced in a solution of ammonia borane, this leads
to the formation of large particles with the diameter from 150 to 500 nm and the predom-
inant size of ca. 250 nm. On the other hand, particles with the size < 10 nm and a low
aggregation degree were obtained upon the reduction of CoCl, by a NaBH, solution in
the presence of ammonia borane, the hydrolysis of which leads to the formation of NH,*
ions that are likely to have a stabilizing effect [124]. It should be noted that the literature
provides a thorough description of the effect exerted by various factors determining the
characteristics of amorphous cobalt catalysts, which are formed in a sodium borohydride
medium: cobalt salt precursors [91,114,119,122,125], pH of the medium [91,126,127], sol-
vent [91,128], NaBH, /Co ratio in solution [91,125,129], the order and manner of reagents
introduction [127,129,130], changes in the composition of NaBH4 + NaOH solution upon
storage [131], etc.

TEM images Particle size
i < e ¥

[ ] NH,BH, +2H,0 — NH,BO, + 3H,0
|:] NaBH, + 2H,0 — NaBO, + 4H,

20-60nm

60 CoCl, reduced by NaBH,

H, Yield, %

600 800
Time, s

1000 1200 1400

CoCl, reduced by NH;BH,

Figure 2. The influence of the nature of the hydride (NaBH4, NH3BHj3) on the formation rate
and dispersion of Co-B catalysts forming in situ. The Co-B catalyst instantaneously formed in the
NaBHjy hydrolysis medium has a smaller particle size and shows a higher hydrogen generation rate.
Conditions—1.2 mmol NaBHy, 10 mL H,O, 0.0117 g CoCl,-6H,O or Co30y4, 40 °C. Adapted from
Refs. [123,132].

In distinction to salts, in the case of introduction of Co30y in both the NaBH, and
NH3BHj3; media, the induction period with a very low rate of gas generation is observed
on the hydrogen generation curve (Figure 2). However, in sodium borohydride solution
after a few minutes, H, generation starts and proceeds quite rapidly, whereas the rate of
hydrogen evolution from ammonia borane solution remains insignificant even 6 h after
the introduction of cobalt oxide [132]. It was found that within a short induction period,
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Co30; is reduced under the action of NaBH, to form a new catalytically active ferromag-
netic phase containing cobalt and boron [132]. Its accumulation in the course of reaction
provided the growth of hydrogen generation rate. Thus, a correlation is observed between
the activity and magnetic susceptibility of the cobalt catalyst that is formed in the reaction
medium. Characteristics of the cobalt oxide samples (method of synthesis, morphology,
defectness, crystallinity, etc.) have a substantial effect on this process [53,114,133]. For ex-
ample, it was shown in [53] that defectness of the Co304 sample, which was synthesized
by the calcination of cobalt chloride, provided its rapid reduction in the reaction medium,
leading to the formation of the most active state of the catalyst. Significant differences were
observed in the temperature dependences of magnetic susceptibility for such catalyst and
the catalyst synthesized from the well-crystallized Co30;. In addition, the presence of
alkali in the reaction medium as well as sodium borate, which is accumulated due to the
spontaneous hydrolysis of NaBH, upon storage of the solution, exerts a detrimental effect
on the formation of the active phase from CozO4 [53,134].

5.2. The State of the In Situ Formed Active Component of Co-B Catalysts

The nature of the catalyst active phase formed in the reaction medium from cobalt
compounds during the hydrolysis of sodium borohydride is still a debatable question.
Investigation of the active phase is complicated by the fact that catalysts are examined after
their withdrawal from the reducing reaction medium followed by washing and drying.
The number of publications on the subject is ever growing, and review papers summarizing
new information are sometimes published [79,86,91,113,115,135].

It was shown that the catalyst particles formed in a sodium borohydride solution
from cobalt compounds have a spherical shape [136,137] and are usually in the aggregated
state [127,138,139]. The average size of the particles and their size distribution depend on
the reduction conditions. For example, in [140], the synthesized samples had the particle
diameter from 10 to 100 nm and a narrow particle size distribution with the maximum near
30 nm. Such particle sizes are most typical of the systems under consideration [127,137,138].
It is known that solutions of reverse micelles [136,141] or surfactants [142] used in the syn-
thesis can prevent the aggregation of the particles and reduce their size (4-10 nm) [136,141].

The active phase of the catalysts, which are formed upon the reduction of cobalt com-
pounds in a NaBHj solution, is X-ray amorphous and ferromagnetic. Its X-ray diffraction (XRD)
pattern usually contains a low-informative broad line at 20 =45 £ 5 [125,127,129,140,143].
In high-resolution transmission electron microscopy (HR TEM) data, it shows up as the diffuse
rings (halo), indicating the amorphous structure of the particles [128,144,145].

It is well known that such catalysts contain Co, B, and O. The Co:B ratio is most often
close to 2 [123,129,138-140], but it may vary depending on the reduction conditions of
samples [113,139,146].

2CoCl, + 4NaBH; + 9H,0 — Co,B + 4NaCl + 12.5H, + 3B(OH); @)

Different content of oxygen is determined mostly by the degree of inertness of the
atmosphere in which drying of the sample was performed [79]. According to HR TEM
with energy-dispersive X-ray (EDX) analysis [123,139,147-149], nanosized particles of
the catalysts are surrounded by a 2-5 nm thick shell containing oxygen compounds of
cobalt and boron. This is confirmed by X-ray photoelectron spectroscopy (XPS) and
infrared (IR) spectroscopy data indicating that the shell consists mostly of amorphous
cobalt borate [139,149,150]. The formation of the shell may be related to the oxidation of an
active component in an alkaline solution in the presence of sodium metaborate [131,139].

Indeed, according to XPS data, cobalt is present in the samples in two states, which cor-
respond to CoY and Co?* in cobalt oxides, hydroxide and borate [113,149,151]. The CoY/Co?*
ratio considerably increases after the removal of the upper oxidized layer with a thickness
no smaller than 3 nm by argon bombardment [147]. In distinction to cobalt, such treatment
of the sample has only a slight effect on the ratio of oxidized and non-oxidized boron species
when moving from the shell to the core [147,152].
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Much attention is still focused on the composition and structure of the X-ray amor-
phous cobalt-containing core. In 2011, Arzac et al. published a paper [149] where examina-
tion by various methods (HR TEM, scanning TEM, electron energy loss spectroscopy, XRD,
and XPS) revealed that the core of the 2040 nm particle covered with the Co(BO;), shell
contains 1-3 nm microcrystallites of metallic Co with the hexagonal crystal structure that
are stabilized in the amorphous single- or multiphase matrix consisting of CoxB, CoXOy,
Co(BOy),, and B,O3. The amorphous matrix prevents the oxidation and growth of cobalt
clusters. Such a microstructure was observed in [153] for the nickel-boride system.

It should be noted that important additional information on the state of the core
in amorphous catalysts containing Co and B? can be obtained by magnetic methods.
The residual magnetization typical of amorphous Co-B samples is lower than that of
metallic cobalt and crystalline cobalt borides that are formed in the high-temperature
synthesis [117,154]. However, their Curie temperatures (T.) are very close to each other.
For example, for amorphous cobalt borides with the molar ratio Co:B = 2:1 and Co:B = 3:1,
T, is equal to 155 and 452 °C, respectively [155]. These values are close to T. of crystalline
cobalt borides Co,B (156 °C) and Co3B (474 °C) [156]. The magnetic moment per Co atom
and the Curie temperature decrease with increasing the boron content in the cobalt envi-
ronment [155,157,158]. As shown by calculations [158], such weakening of ferromagnetism
of the amorphous samples may be caused by changes in the electronic structure owing
to hybridization of the electronic states of cobalt (s-d) and boron (s-p). Along with the
boron content, magnetic properties of amorphous cobalt borides are affected also by their
oxidation state [139], size [136,154], agglomeration of particles [154], and their thermal
treatment [117,154]. The informativeness of this method concerning the state of Co-B
catalysts synthesized in the medium of boron-containing hydrides was demonstrated in
our previous works [53,132,147,148,159].

It was known that hydrogen enters the composition of samples that were reduced
by NaBHjy in organic solvent; in this case, the formation of bridge M-H-B structures with
terminal B-H bonds was supposed [79]. For example, the reduction of cobalt chloride in
ethanol led to the formation of a sample with the stoichiometry Co,B1Hj 4, the desorption
of hydrogen from which was observed upon heating in vacuum up to 100 °C and higher
temperatures [160]. Treatment of the sample with water was also accompanied by a release
of gaseous Hj, and formation of H3BO3, which decreased the content of hydrogen and
boron [160]. On the other hand, according to [116], the presence of hydrogen was detected
in the composition of samples obtained in an aqueous solution. In that work, a series of
Co-B samples was synthesized with the hydrogen content varying from 0.2 to 0.8 wt.%;
therewith, the hydrogen content decreased with increasing the boron content in the samples.
Further studies confirmed the presence of hydrogen in the sample obtained upon the
reduction of cobalt chloride by sodium borohydride in an aqueous solution [161]. The molar
ratio of elements was Co:B:O:H = 3.2:1.5:1.4:1 (or 0.46 wt.% H). Hydrogen release on the
differential thermal analysis curve corresponded to the maximum at 230 °C [161], which is
the decomposition temperature of higher borohydrides [162].

The magnetic susceptibility technique, XPS, EXAFS, XRD, and thermal analysis [147,161]
were used to refine the model of the X-ray amorphous core, the structural elements of which
include cobalt tetramers with the shortest Co-Co distance of ca. 2.5 A and the coordination
number equal to 2.7. It was supposed for the first time that such tetramers are stabilized
in the hollows of a borohydride matrix. Taking into account X-ray diffraction data on the
regular arrangement of cobalt clusters in the amorphous matrix (the distance between adja-
cent clusters is 5.8 A), it was hypothesized that cobalt tetramers that formed in the sodium
borohydride solution are involved in the build-up of the borohydride structure from BH,™ an-
ions. The calculations by Density Functional Theory confirmed that ferromagnetic tetramers
can exist in the borohydride matrix isolated from the environment by the amorphous shell,
which may be the product of their decomposition in an aqueous medium. We think that
further studies are needed to detail the state of hydrogen in such compounds.
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5.3. The Role of Boron in the Activity of Co-B Catalysts for the NaBH,4 Hydrolysis

In 2016 [163], direct evidence indicating that boron is essential for the activity of cobalt
catalysts in the hydrolysis of sodium borohydride was obtained. It was found that the
introduction of boron via magnetron sputtering of cobalt on a nickel foil provided a more
rapid evolution of hydrogen per cobalt atom as compared to the cobalt catalyst synthesized
by a similar method without boron. The greater the boron amount in the sample, the higher
the catalyst activity. This effect was attributed to an increase in the dispersion of the metallic
phase. The replacement of boron by carbon in the catalyst synthesized by the same method
led to a twofold decrease in activity in spite of the similar textural characteristics of cobalt—
boride and cobalt—carbon catalysts. Therewith, the activity of cobalt—carbon catalysts
increased during five cycles of their testing in NaBH, hydrolysis [163]. A comparative
XPS study of these catalysts before and after the reaction demonstrated the accumulation
of boron in the samples. Thus, the formation of the Co-B phase on the surface of the
cobalt—carbon catalyst may be considered as the main factor enhancing its activity toward
the hydrolysis of sodium borohydride.

A relation between the activity of the catalysts and boron content is noted also in some
other studies [114,120,125,164]. This effect may be related to changes in the electronic state
of cobalt. Contacting with boron enriches cobalt atoms with electrons, thus protecting cobalt
from oxidation and activating BH4~ anions on the catalyst surface [120,143]. Therewith,
calculations testify to the existence of the optimal stoichiometry between cobalt and boron,
which provides high activity of the catalyst [165]. The site comprising two cobalt atoms
and one boron atom is the most active one; this may be caused by the electronic structure
of such a cluster, which provides the most favorable conditions for hydrogen binding.

5.4. Deactivation of the Co-B Catalysts in the NaBH, Hydrolysis

Stability of the cobalt-boride catalysts in long-term tests is very important for their
practical application. Table 2 lists changes in the activity of bulk and supported Co-B
catalysts during their cyclic testing and long-term operation. One can see that the indicated
catalytic systems are often deactivated under the conditions of NaBH,4 hydrolysis. The ac-
tivity of these catalysts changes to different extents, which may be related to differences in
their physicochemical properties and testing conditions.

Table 2. Changes in the catalytic activity of bulk and supported Co-B catalysts during their long-term testing in the

hydrolysis of NaBHy.
The Number of % of Initial
Catalyst Test Conditions Cycles or Test R Ref.
. Activity
Duration
. L 2% NaBHy, 4% NaOH, 30 °C 3 89
Co-B obtained in situ from CoCl, 19% NaBH,, 4% NaOH, 30 °C 3 89 [166]
. L . o 6 100
Co-B obtained in situ from LiCoO, 0.5% NaBHy, 40 °C 14 40 [159]
Co-Co;,B obtained by reduction of
CoCl, in a methanol solution of 0.76% NaBHy, 0,1% NaOH, 30 °C 12 100 [167]
NH3BH;
Honeycomb Co-B obtained by plasma
treatment of o o o 30h 100
Co(NH3)g2* + KBH, + 2% NaBHy, 7% NaOH, 25 °C o [168]
triethanolamine solution then deactivation
Co-B obtained in situ from Co304 10% NaBHy, 5% NaOH, 25 °C 3h ~70 [133]

20h ~70
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Table 2. Cont.

The Number of % of Initial
Catalyst Test Conditions Cycles or Test O s Ref.
. Activity
Duration
Co-B in hydrogel obtained by
impregnation with CoCl, solution and 0.2% NaBHy, 5% NaOH, 30 °C 5 93 [169]
reduced by NaBH,
C-B/attapulgite clay obtained by
impregnation with Co(NOg3), and 10% NaBHy, 5% NaOH, 25 °C 9 31 [170]
reduced by NaBH,
Co/nickel foam obtained by o o o 2 53
electrodeposition from CoCl, 10% NaBHy, 2% NaOH, 80 °C 3 35 [171]
Co-B/Pd-nickel foam obtained by
dip-coating from CoSOy4 and reduced 20% NaBHy, 0.4% NaOH, 30 °C 70 ~100 [172]
by NaBHy
Co-B/nickel foam obtained by 5% NaBHy, 5% NaOH, 25 °C 54h N§08_870 [173]
electrodeposition from CoSOy4 10% NaBHy, 5% NaOH, 25 °C 60 h : 60-70

Researchers suppose that activity of the cobalt-boride catalysts may decrease due to
agglomeration of the particles [159,174,175] caused by their magnetization [140]. In the
case of supported catalysts, a decrease in the hydrogen release rate during the long-term
testing may occur also due to leaching of the active component under vigorous release of
H, [176,177].

One of the main reasons of deactivation of the Co-B catalysts is the formation on their
surface of a layer of strongly adsorbed borate anions [175]. It is difficult to remove this
borate layer from the catalyst surface by washing with water [171]. Only the treatment with
a diluted solution of sulfuric acid made it possible to destroy the borate layer of deactivated
Co/nickel foam catalyst and provide a constant rate of hydrogen evolution in the next five
cycles [171]. A similar result was obtained in [178] with the use of diluted hydrochloric acid.

The authors of [168] managed to restore the initial activity of the honeycomb Co-B
catalyst after its operation for 30 h by a repeated plasma treatment. This effect was
attributed to the reduction of the oxidized boron residing on the surface:

B,Os + 6e~ +3H,0 — 2B + 60H . ()

It should be noted that a prolonged contact of Co-B catalysts with an aqueous
medium generally exerts a detrimental effect on their activity. It is known from the early
works [138,179] that in water, cobalt borides are hydrolyzed to form boric acid and may
completely transform into metallic cobalt upon boiling:

CoyB + 3H,O — 2Co + H3BO3 + 1.5H,. 6)

The stability of transition metal borides directly depends on the content of boron [131,173].
Leaching of boron from the Co-B catalyst decreases its activity [114,164]. It is known that
metallic cobalt nanopowders are low active in the hydrolysis of NaBH, [119,146]. In addition,
a higher magnetization typical of Co” will lead to a greater aggregation of the catalyst particles
in the reaction medium, thus decreasing the total surface area of the catalyst contacting the
reaction medium [114,165].

XRD data obtained in our works show that the formation of Co® and Co(OH), occurs
when Co-B catalysts are tested in the NaBH, solution stabilized with an alkali [114,131,180].
The application of IR spectroscopy allowed us to reveal the presence of a certain amount of
other oxidized cobalt compounds (Co304, CoO, CoOOH) in the catalysts [114]. The surface
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oxidation of cobalt boride to cobalt hydroxide (7), when the pH of the solution increases
due to accumulation of NaBO,, was also reported in [139,175]:

CoyB + OH™ + 7H,O — 2Co(OH), + B(OH)4~ + 3.5H,. 7

A contact with a fresh portion of NaBH,4 may lead to reactivation of the catalyst due
to reduction of the oxidized cobalt compounds, as was supposed in [139]:

2Co(OH), + BH;~ — CoyB + 0.5H, + OH™ + 3H,O. (8)

However, actually, there are only a few reports on the formation of the catalyst active
phase from cobalt hydroxide under the action of NaBHy. Thus, the authors of [127]
observed under certain conditions (CoCl,:NaBH4:NaOH = 1:6.5:1.9 in moles) the formation
of colloidal Co(OH),, the further reduction of which resulted in the formation of highly
reactive ultradispersed Co-B.

The majority of studies show that cobalt hydroxides, both neat and with intercalated
anions of precursor salts, are characterized by a slow reduction in the NaBH4 medium and
hence by a low activity [114,119,122,150]. Raising the pH of the NaBH, solution extends
the induction period during which the active Co-B phase is formed from cobalt compounds
in the reaction medium [53,131,134].

The oxidation of cobalt and accumulation of borate anions in the reaction medium
are accompanied by the formation of cobalt borate, which, according to [129,130], can be
summarily expressed as follows:

Co%* + 2NaBO, — 2Na* + Co(BO,),. 9)

However, in distinction to cobalt hydroxide, cobalt borate is reduced quite readily after
the introduction of fresh NaBH4 solution to form the active Co-B phase [150]. The decrease
in the activity of Co-B catalysts upon treatment with water or sodium borate solution was
not so pronounced as in the case of their treatment with an alkali [114]. This occurs because
changes in the phase composition of the catalyst follow different routes. Leaching of boron
from the catalyst under the action of water or sodium borate solution is weaker than in
the case of alkali solution. In addition, the oxidized cobalt compounds (cobalt borate and
oxide) are formed, which transform more readily into the active state upon the addition of
a fresh portion of hydride [132,150].

6. Hydrogen Storage Systems Based on Solid-State NaBH,; Composites with
Cobalt Catalysts

As it was discussed above in Section 5.4, cobalt-boride catalysts rapidly deactivate at
high pH during the hydrolysis of NaBH4 solutions stabilized by alkali. One of the ways
to provide sustainable hydrogen generation is to abandon the use of alkaline solutions.
Some authors propose solid-phase hydrogen storage systems based on NaBH,4 in a compo-
sition with cobalt catalyst (or its precursor), which include the dosing of a limited amount
of water that initiates hydrogen release [47,181,182]. Another variant implies the dosing
of a cobalt chloride solution on solid NaBH, [43]. The obtained results listed in Table 3
indicate that optimization of the water amount, the content of cobalt catalysts, and the
method of its introduction in the reaction medium allow high GHSCs to be achieved,
although the 100% conversion of NaBH4 was not reached.

The application of pellets containing NaBH, and anhydrous CoCl, for hydrogen
generation with the addition of water was first proposed by Schlesinger et al. [61,183],
who noted that a decrease in the amount of introduced water leads to undesirable strong
foaming and heating of the reaction medium. This study was further developed within the
advancement of hydrogen economy. The application of the pellets containing NaBH, and
inexpensive cobalt catalyst has some advantages: a high content of hydrogen in a pellet (up
to 10 wt.%), storage under moisture-proof conditions without hydrogen losses, the absence
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of hydride dust during the operation, and convenient application because gas generation
starts immediately after water addition. Water can be taken from any natural source.

Table 3. Characteristics of H, evolution from the solid-phase system based on NaBHy.

H,O:NaBH,4 Conversion GHSC

Solid Phase 