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Sodium borohydride (NaBH,) determination, both qualitative and quantitative, is of great significance in a

plethora of areas. These include NaBH, for energy systems such as direct borohydride fuel cells and in
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hydrogen production and storage, as well as use as a reducing agent in organic and inorganic synthesis

reactions or in electrodeposition processes. Herein the main methods for NaBH; monitoring have been
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Introduction

Sodium borohydride (NaBH,) has broad application as a
reducing agent in numerous organic and inorganic reactions,
including chemical synthesis and electroless plating of metals,*
as well as in energy systems, such as fuel cells or for hydrogen
(H,) production and storage.> NaBH, was first synthesised in
the 1940s by Schlesinger and Brown®® and soon attracted
significant attention (Fig. 1).° In 1942, researchers at Chicago
University were looking for volatile compounds to be used in
rocket engines and signal balloons for military purposes. Their
findings, being war-time military secrets, were not published
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summarised and described, including hydrogen evolution, hydride hydrolysis and iodate methods, and
different electrochemical and spectroscopic techniques overviewed.

until 1953. In 1979 Brown was awarded the Nobel Prize in
Chemistry “for the development of use of boron-containing
compounds into important reagents in organic synthesis.”
Following the first work of Schlesinger and Brown, intense
research related to NaBH, was performed resulting in many
papers about it being published in the succeeding twenty years.
At this early stage it was shown that NaBH, is a potential
hydrogen carrier as well as a potential energy carrier. During the
following period from the mid-1960s to the late 1990s, mostly
fundamental studies were carried out. NaBH, received more
attention as a reducing agent in the synthesis of organic
compounds, while very few studies about NaBH, as a hydrogen/
energy carrier were done. In the late 1990s, NaBH, had once
again drawn the attention of scientists. The late 1990s marked
the revival of the scientific and technological community's
interest in NaBH, as a hydrogen/energy carrier due to the
emerging energy crisis that is even more pronounced nowadays.
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Fig. 1 Schematic representation of the main NaBH,4 synthesis procedure and its
applications.

The first investigations were related to NaBH, for hydrogen
storage and generation by chemical hydrolysis, while NaBH,
direct electrooxidation with application in fuel cells received
more attention somewhat later. Today NaBH, is studied as a
hydrogen/energy carrier from energy and environment as well
as economic points of view.

With applications of NaBH, being so numerous and broad, a
need for development of new synthesis procedures as well as
techniques for its determination has arisen. Monitoring of NaBH,
is especially significant during its synthesis (for instance in
electrosynthesis), assessment of its purity, and for monitoring its
leaking in fuel cells. This paper provides an overview of analytical
methods for monitoring of NaBH,. These are grouped into 4
groups, with each one covering a different set of techniques:
gasometric, volumetric, electrochemical and spectroscopic.

NaBH, as a reducing agent

NaBH, is stable under dry conditions but undergoes chemical
hydrolysis in the presence of water. It is hygroscopic, with slow

View Article Online

decomposition starting at temperatures above 400 °C and pro-
gressing rapidly above 500 °C."* It is a selective, mild reducing
agent which can be used for organic and pharmaceutical
synthesis, wastewater treatments and wood pulp bleaching in
paper manufacturing. For example, it converts aldehydes and
ketones to the corresponding alcohols in the production of
pharmaceuticals and other fine chemicals, but on its own it
does not react with esters, amides, or carboxylic acids, and it
serves as a foaming agent for rubbers, etc. The advantage of
NaBH, in comparison with lithium aluminium hydride (LiAlH,)
for example is that it can be used for reactions in a range of
solvents. It can be dissolved or suspended in various solvents
due to its high resistance, allowing corresponding reductions to
be carried out in these media. The reduction effect can be
controlled by the choice of the solvent, by the working
temperature and by the NaBH, concentration. Furthermore the
NaBH, reactivity can be influenced by addition of iodine or
methanol in borane-tetrahydrofuran (BH;-THF) for reduction of
esters into the corresponding alcohols.

NaBH, has also found commercial use in the purification
and stabilisation of numerous organic compounds such as
alcohols, epoxides, ethers, amines and hydrocarbons. During
the purification process, different impurities are removed,
including aldehydes, ketones and peroxides that can cause
discoloration even if present just in traces. Moreover, NaBH,
solutions are customarily employed as heat-exchange media for
cooling purposes.

NaBH, as a hydrogen/energy carrier

Use of NaBH, as an energy material is more recent, but has
applications for H, production and storage and as a fuel in
direct borohydride fuel cells (DBFCs) which are proving to be
quite promising.>”* NaBH, is widely studied for use in elec-
trochemical power generation in portable devices due to its
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high theoretical hydrogen density (10.8 wt%) and ease of H,
release as well as low cost and safe handling.®*® The DBFC
anode is characterised with a high theoretical specific capacity,
ie, 5.7 Ah g ' (based on NaBH,), provided that borohydride
(BH, ") is fully oxidised to the metaborate (BO, ™) product. The
complete eight-electron oxidation process presented in eqn (1)
has a standard electrode potential of —1.24 V vs. SHE.

BH,  + 8OH™ — BO, + 6H,0 + 8¢~ (1)

DBFCs were first proposed in the early 1960s'“'* but it is
noted that in order to utilise NaBH, as fuel, its cost must be
reduced by at least one order of magnitude from its present
value (~40 € kg™ ). For a new technology to be widely accepted
and employed, it has to meet not only energy and environ-
mental requirements, but economic ones as well. An acceptable
cost can be achieved by introducing new NaBH, synthesis
procedures, its mass production and/or recycling of the sodium
metaborate product (NaBO,) back to NaBH,.

Synthesis of NaBH,

The most important NaBH, manufacturing technology is the
Brown-Schlesinger process that is based on Schlesinger and
Brown's original work and has practically remained the same
since it was first commercialised in the 1950s. This process
involves the reaction of fine sodium hydride (NaH) with tri-
methyl borate (B(OCHj);) in high boiling hydrocarbon oil
between 250 and 280 °C,>*>" as described by the overall
reaction:

4NaH + B(OCH3); — NaBH, + 3NaOCH; )

This procedure yields high purity NaBH,, but individual
reaction steps are not optimised in terms of energy efficiency
leading to only 20% efficiency of the overall reaction (eqn (2)).
Consequently, the cost of NaBH, produced via this process is
still too high for certain marketable applications, such as in
motor vehicle production. Another process that has been
employed on a commercial scale to produce NaBH, is the Bayer
process first developed by the Bayer Corporation for the com-
pany's internal NaBH, needs."*'® The Bayer process is a one-pot
synthesis combining finely grounded borax (Na,B,0-), metallic
sodium (Na), and H,, in the presence of silica (SiO,), to generate
NaBH, as described by the following expression:

Na,B,0; + 16Na + 8H, + 7Si0, — 4NaBH, + 7Na,SiO; (3)

The NaBH, is extracted from the borohydride-silicate
mixture with liquid ammonia under pressure. The Bayer reac-
tion carries the risk of explosion, primarily because it proceeds
at the temperature of about 700 °C, which is above the NaBH,
decomposition temperature. Additionally, it is a batchwise
method where raw materials are added to the reaction, pro-
cessed into products and then sent on for separation. Regarding
the cost, all materials used in the Bayer process are inexpensive
with the exception of Na. Consequently, there are current efforts
to modify the Bayer process by employing the less expensive
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reducing metal magnesium (Mg) instead of Na,"”™** yielding a
NaBH, product of price acceptable for all commercial applica-
tions. So far, these modified Bayer processes have not met the
requirement of being both fast and giving high yield. Other
organic reductions, such as multistep thermal reductions or
similar processes, have been attempted for NaBH, synthesis,
but their complexity prevents lowering of the product cost for it
to be considered as a low-cost fuel for commercial applications.

The electrosynthesis of NaBH, in aqueous media, particu-
larly molten salts and ionic liquids, has been examined as a
potentially simpler process for the production of NaBH,.** Sun
and Liang® and Guilbault et al.?* are among those who have
reported the electrochemical conversion of borate to borohy-
dride in aqueous media. During the last six decades, about
100 methods for NaBH, synthesis have been suggested with
more than 80 patents and numerous scientific papers being
published. Along with the development of NaBH, synthesis and
expansion of its utilisation, development of methods for its
monitoring has been explored such as monitoring leaks within
DBFCs. Herein, different techniques for the sensing of NaBH,
have been summarised and the most pertinent are described in
greater detail.

Methods for monitoring NaBH,

Numerous applications of NaBH, have urged the need for
development of a simple, fast and accurate method for its
qualitative and quantitative determination. Still, finding a
simple and reliable analytical method for NaBH, monitoring
represents something of a challenge. The amount of NaBH, can
be determined gasometrically, by the most commonly used
hydrogen evolution method,**** or volumetrically.**** Borohy-
dride releases H, in the presence of a suitable catalyst under
appropriate conditions; since the amount of H, produced is
proportional to the amount of borohydride, the measurement
of the evolved H, was the first method used for the determi-
nation of the borohydride present in a system.>*** This method
is also employed in studies searching for suitable electro-
catalysts for H, generation from borohydride under different
experimental conditions.””*® The hydrogen evolution method
has been reported to be the most accurate among the gas-
ometric and volumetric procedures for borohydride analysis.*®

The four most cited volumetric methods of assay are the
acid-base titration,” the iodate method,” the hypochlorite
method* and a potentiometric titration with potassium
permanganate (KMnO,).** In the iodate method, excess iodate
(I0;7) is added to the medium and the remaining I0;" after
reaction with BH, is back titrated with buffered thiosulfate
(S,05%7).%* The hypochlorite method involves the direct titration
of NaBH, solution with standard sodium hypochlorite (NaClO)
utilising Bordeaux red as an indicator.>® The pH value of the
solution during the titration is a critical parameter and should
be maintained in the pH range of 9.6 to 10.3. Although not
commonly used in the literature, the disappearance of the
characteristic pink colour of KMnO, solution upon the addition
of strongly basic 0.05-0.1 M NaBH, solution can be used as a
spot test for the presence of BH, . Other volumetric methods
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have also been explored for NaBH, sensing such as the chlo-
ramine-T*' and the argentimetric method.** The use of chlora-
mine-T as an oxidising agent for NaBH, oxidation and
subsequent determination was suggested because of its higher
stability in comparison with, for example, NaClO.** Further-
more, this method can be employed for NaBH, quantification in
some non-aqueous solvents. The argentimetric, semi-
quantitative silver-ethylenediamine (Ag-EDA) procedure is
based on the reduction of Ag(1) by BH,  in 50% NaOH, 4% EDA
solution.?* The precipitated Ag is removed from the solution by
filtration and the excess of Ag" ion is determined by a standard
volumetric procedure. In the volumetric methods, especially
those involving redox reactions in acid media, there are two
competing reactions: the oxidation - reduction reaction,
involving NaBH, and the oxidising species, and also the NaBH,
hydrolysis reaction. Therefore, for accurate quantitative results
using iodometric methods for instance, the BH,  has to react
with the iodine (I,) or alternatively with an iodine complex at a
much faster rate than the rate of hydrolysis; however this
hydrolysis mechanism has been reported to be quite
complicated.*®

There are also other techniques that have been reported to
be successfully employed for NaBH, determination, including a
gas chromatographic method based on the reduction of iso-
butylaldehyde to isobutyl alcohol and an indirect spectropho-
tometric method based on the reduction of acetone to isopropyl
alcohol.”

The spectrophotometric determination of BH, is based
upon its reaction with an additive agent yielding a coloured
product that gives a signal at a certain wavelength. For instance,
NaBH, in reaction with trinitrobenzenesulfonate ion in alkaline
aqueous solutions gives a red-orange product with an absorp-
tion maximum at 460 nm.** The reduction of phosphotungstate
(PW1,040°7) by BH, ™ can also be conveniently used as a spot
test for the determination of the presence of BH, in the
medium.* The neutral solution exhibits the characteristic blue
- violet colour of the heteropoly blue species formed by the
BH,” reduction of PW,;,0,,°  that gives an absorbance
maximum at 680 nm.

Electrochemical techniques such as polarography
voltammetry,***° usually with gold (Au) working electrodes,
allow sensing with much lower limits of detection (LOD)
compared to the above mentioned methods.

For trace analysis, some modifications of the described
methods used for regular samples are necessary in order to
reach lower detection limits. For instance, in the H, evolution
method for trace analysis, a confining solution designed to
dissolve only small amounts of gas is used instead of water.*'
Other approaches used successfully for sensing trace BH,
include: the nicotinamide adenine dinucleotide (NAD'),*
crystal violet,**** phosphomolybdic acid (PMA)* and the nico-
tinamide benzyl chloride (NBC') methods.*® In the NAD"
method, NaBH, reduces NAD" to the ultraviolet absorbing
species NADH, which is then detected spectrophotometrically at
340 nm. The crystal violet method is particularly suitable in
non-aqueous media where a solution of crystal violet in N,N-
dimethylformamide (DMF) is employed to titrate an organic

36-38 and
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solution containing NaBH, to a purple endpoint. In the case of
the PMA colorimetric method, PMA is reduced with NaBH, to a
blue colour that can be measured at 665 nm.

Nuclear magnetic resonance (NMR) spectroscopy has also
been used for qualitative analysis, but not for quantitative
determination of BH, . Both '"H NMR and B NMR have been
tested.*””*® Another technique that has given noteworthy results
is infrared (IR) spectroscopy which allows the observation of the
B-H bond characteristic vibration frequencies.>»***

Table 1 summarises the main advantages and disadvantages
of some of the above mentioned methods for borohydride
qualitative and quantitative determination.

Hydrogen evolution method

The most common method used for the quantitative determi-
nation of NaBH, is the hydrogen evolution method.*?*?** This
technique is based on the measurement of the volume of H, gas
released upon the complete hydrolysis of a NaBH, solution of
known volume. BH, hydrolysis yields H, gas evolution as
described by:

BH; (ag) + 4H20(1) = B(OH)4 (aq) + 4Ha 4

The amount of H, gas released upon hydrolysis is propor-
tional to the quantity of BH,  present in the solution. In this
technique, the released H, gas is collected and its volume
measured in a water trap that consists of two inverted cylinders
immersed in a water tray (Fig. 2A). The pressure head of the
water and the water vapour pressure at the temperature of
the water need to be taken into account when determining the
volume of H, produced. The measurement and control of the
mentioned parameters makes this technique somewhat
complicated. Additionally, efficient temperature control of the
process is necessary. Otherwise, inaccurate results could be
obtained if changes of water pressure with temperature are
considered.

Hydride hydrolysis method

Santos and Sequeira, aiming to overcome some difficulties of
the hydrogen evolution method (see above), have developed a
new procedure for determination of the approximate NaBH,
content in a given sample, named the hydride hydrolysis
method.? This newly developed approach is based on the gas-
ometric measurement of the H, released during the BH,
hydrolysis. However, the apparatus used is less complicated
than the one used in the conventional hydrogen evolution
method (viz. Fig. 2B), and importantly does not require
temperature and pressure control during the measurement
process. In this method, a regular measuring cylinder is filled
with water, closed with a stopper with two exits, inverted and
dipped into a water tank. One exit of the measuring cylinder is
connected to the reaction vessel, while the other one allows the
equivalent volume of water to exit to the tank. The sample is
placed inside the reaction vessel and a diluted acidic aqueous
solution is added to the closed reaction vessel. Since all the
equipment is in a closed circuit, the only mass entrance is from
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Table 1 Comparison of several borohydride detection methods
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Method

Advantages

Disadvantages

Limit of detection

Hydrogen evolution

Hydride hydrolysis

Todate

NAD"

Crystal violet

Voltammetry

FTIR

High accuracy

Simplicity; high reproducibility

No calibration curve required

Rapidness; simplicity; applicability
over a wide pH range

Rapidness; simplicity; applicability
to both aqueous and non-aqueous
systems

High sensitivity

No effect of competition between
BH,  oxidation and hydrolysis

Specialised glassware and
temperature control required

LOD depends on correct
optimisation of the system

Somewhat erroneous quantitative
results due to a possible hydrolysis
side reaction; possible interference
of other oxidants and reductants;
slow

High cost and instability of the
reagent; applicability only in
aqueous solution

Non-applicability to caustic
solutions or when strong
nucleophiles are present

Competition between BH,
oxidation and hydrolysis reactions;
possible catalytic effect of anode
material

Sample preparation can be time-
consuming

100 ppm

500 ppm

20 ppm

1 ppm

Depends on the solvent used

3 x 107> M (1 ppm, SWV)

V. (A)

acid inlet

water inlet —>

bulb with
distilled water

H-shaped
tube

flask for
NaBH,4sample

acid inlet

measuring

cilynder
NaBH, 1 [
lfnlzcsj{olysm hydrogen water

bubble

_\-/ airstone

water jacket

Fig. 2 Schematic representation of the apparatus for hydrogen evolution (A)
and the hydride hydrolysis method (B)."2°

This journal is © The Royal Society of Chemistry 2013

the acid pipette connected to the reaction vessel and the only
exit of the system is in the measuring cylinder, which allows
the water to come out to the tank. The volume of water that
leaves the measuring cylinder is the sum of two volumes: the
added acidic solution plus the volume of gas produced in the
reaction.

The method appears to be much simpler in comparison
with the hydrogen evolution method, as parameters such as
the pressure head of the water or water vapour pressure at the
temperature of the experiment do not play a role when deter-
mining the volume of H, produced. Alternatively, to determine
the exact gas quantity produced during the BH,  hydrolysis, a
manometer can be used instead of an inverted measuring
cylinder. This method is based on the use of a calibration
curve: plots of the volume of water that leaves the measuring
cylinder versus the mass of pure NaBH, show linear trends
and thus can be used as an analytical calibration curve.
Consequently, when a sample is analysed using the hydride
hydrolysis method, the measured volume immediately indi-
cates the NaBH, content in the sample. Of course, it is
assumed that the calibration curve and the NaBH, sample
analysis are performed under the same temperature and
pressure conditions.

Good reproducibility is observed with the hydride hydrolysis
method, but the obtained LOD of 500 ppm is still too high to
meet the requirements of some applications, such as NaBH,
monitoring during its electrochemical synthesis. Further design
optimisation is required in order to reduce the LOD and to
enable broader application of the method.
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Iodate method

Apart from the measurements of H, released, the amount of
NaBH, in a sample can conveniently be determined by the use
of titrimetric methods. Among them, the iodate method is still
fairly a popular approach despite being more than 50 years old
and exhibiting several drawbacks. The iodate method was
developed by Lyttle et al in 1952>° and is based upon the
oxidation of BH, with an excess of I0;, which is, after
conversion of excess to I, back titrated using S,0;> . The
procedure starts by adding a sample of NaBH,, solid or in
alkaline solution, to an excess of standard potassium iodate
(KI1O3):

3BH, + 4105~ — 41" + 3H,BO; + 3H,0 (5)

If a solid sample of NaBH, is used, sodium hydroxide
(NaOH) or potassium hydroxide (KOH) should be added to the
105~ solution. Subsequently, I" is added, followed by addition
of an acid:

105~ + 5" + 6H" — 3L, + 3H,0 (6)
Liberated I, is then titrated with standard S,0,>":
I, + 28,0377 — 840%™ + 217 (7

Lyttle and co-workers first reported very good agreement of
this method with the standard hydrogen evolution procedure,
with slightly higher values obtained by the iodate method (see
below). They claimed that the BH,  reduction of IO;~ is an
instantaneous reaction as the presence of alkali in amounts
greater than that necessary to neutralise all boric acid (H;BO;)
formed had no effect on the reaction between I0;~ and BH, .
Based on their study, they concluded that commercial NaBH,
quickly deteriorates in aqueous medium, but is fairly stable in
alkaline medium, where a greater stability is observed at the
higher pH values.

However, several authors have reported erroneous results
obtained with the iodate method.*****' This procedure also has
the disadvantage of having an overall lengthy analysis time.
Gyenge and Oloman® suggested that erroneously high BH,
concentrations obtained with the iodate method could be due
to the insufficient acidification of the highly alkaline samples.
During I, titration with S,0;>~ in samples of insufficiently low
pH, hypoiodite (I07) is generated as an intermediate and eight
times less S,0;> is consumed per mole of I,, causing the
process described in eqn (7) to be replaced by that described by
eqn (8).*

41, + S,0°~ + 100H™ — 258042~ + 81" + 5H,0 ®)

With back-titration, the consumption of a smaller amount of
S,05>" can be interpreted mistakenly as the presence of a
certain amount of BH,  in the sample leading to higher total
BH, values. Additionally, formation of a black precipitate upon
the addition of potassium iodide (KI) has been observed during
the BH, analysis of some samples making the results partic-
ularly inaccurate.*® Incorrect NaBH, content values, in general,
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arise from its intrinsic instability in aqueous medium that
produces unreliable analytical results. H, gas liberated in the
BH, decomposition process may also lead to an overestimate
of the BH, in a sample. The BH, hydrolysis process is slower
in alkaline medium, but still it is not completely avoided even at
the highest pH. Thereafter, special, extensive precautions are
required for the iodate method to give quantitatively accurate
results.

When comparing the iodate method with the hydrogen
evolution method, it can be noticed that the first one has a
detection limit as low as 20 ppm, while the second one only
detects quantities above 100 ppm. Both these methods are
normally used for regular assays but these detection limits allow
them to also be used for trace analysis. Though these two
methods are almost sixty years old and have several drawbacks,
they are still the most commonly used ones in the borohydride
manufacturing companies. The hydrogen evolution method is
used for finished goods where high accuracy and precision are
required. The iodate method is used for in-process control, in
kinetic studies and by customers who avoid using the hydrogen
evolution method since it requires more specialised equipment
than that usually available in the laboratory. The above
discussion shows that development of new methods for NaBH,
analysis, both qualitative and quantitative, is necessary.

Electrochemical methods

Electrochemical methods are finding broad application in
sensing of both organic and inorganic substances,”** and
potentiometric and voltammetric methods have been studied
for the determination of BH, in aqueous solutions as well.
These methods include potentiometric titration, linear scan
voltammetry (LSV), cyclic voltammetry (CV), and square wave
voltammetry (SWV), all based on the borohydride oxidation
reaction (BOR) that in highly alkaline solutions (pH > 12)
proceeds as:

BH, +xOH™ — B(OH), + (x — 4) H,O + (4 — x/2)H, + xe (9)

where x is the coulombic number, ie. the actual number of
electrons transferred and it depends on the anode material.>®
The electrode material to be used in NaBH, analysis has to be
inactive for BH,  hydrolysis and inactive for oxidation-reduc-
tion of any other species present in the system in the potential
window used. Some authors® argue that electrochemical
methods have the disadvantage of the competition between the
BOR (eqn (9)) and BH, hydrolysis process yielding H, gas
evolution (viz. eqn (4)), and the possible catalytic effect of the
anode material.>**” Strong alkaline conditions slow the
competitive hydrolysis reaction, which is mainly dependent on
the electrode material.*® Still, the actual number of electrons
transferred in the BOR at high pH is usually lower than the
expected value of 8,°*° indicating that the hydrolysis reaction
cannot be completely avoided.®® Also, the heterogeneous
processes proceeding on the electrode surface by the reaction
intermediates can give rise to mutually superimposed Faradaic
currents, which consequently affect the reliability of the main
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BOR current peak as an analytical signal and the method
selectivity.**

Potentiometric techniques have been known to allow
monitoring of numerous compounds, and therefore the use of
potentiometry for determination of BH, in a wide range of
concentrations was proposed.***®* Amendola et al.*® suggested a
non-destructive, in situ potentiometric titration technique for
detection of relatively low NaBH, concentrations in the range
from 10* to 10~* M. The method is based upon a metal open
circuit potential (OCP) change with BH,  concentration. The
study was performed with three different electrode materials:
platinum (Pt), rhodium (Rh) and cobalt (Co) and the BH,
concentration could be determined by simply measuring the
OCPs of these electrodes in BH,  solutions. It was shown that
for a certain electrode material it is possible to determine a
characteristic potential for a given NaBH, concentration and,
therefore, to obtain curves that can help determine the amount
of BH, .

For all three studied metals, it was found that the OCP as a
function of NaBH, concentration in 20% NaOH undergoes step-
function change at a certain BH, concentration value.*®
For example, Co OCP was relatively constant at approximately
—0.95 V vs. the saturated calomel electrode (SCE) reference, for
BH,  concentrations below 6 x 10> M. At higher concentra-
tions, the Co OCP changed abruptly to ca. —1.3 V vs. SCE and
remained relatively constant at that potential. Two different
operating mechanisms were proposed in order to explain step
function changes in the three metal OCPs as a function of BH, ™
concentration;*® one that describes the behaviour of Rh and Pt,
and another that explains Co behaviour. All of these transition
metals are capable of catalysing BH, hydrolysis even in
strongly alkaline solutions® with their catalytic activity towards
BH, hydrolysis following the trend: Rh > Pt > Co. It was shown
that H, formed during BH,  hydrolysis adsorbs on the Pt and
Rh metal surface (which are much stronger BH,  hydrolysis
catalysts than Co). This adsorbed H, is responsible for the more
negative OCP observed on these metals at high BH,  concen-
trations. Once the metal surface is covered with adsorbed H,, its
OCP sharply changes. For Co, at high BH,~ concentrations, OCP
is due to the BOR on bare metal as given by eqn (1), whose
reduction potential is —1.48 V vs. SCE.*® Abrupt changes in the
Co OCP as a function of BH, concentration are, thus, due to
competition between hydroxide removal from Co, and BOR on
bare Co.

Santos and Sequeira studied thirteen different materials as
indicator electrodes for NaBH, monitoring in alkaline medium
using the potentiometric method.*® These included Pt, Au,
palladium (Pd), cadmium (Cd), copper (Cu), nickel (Ni), iron
(Fe), AISI 304 stainless steel, zinc (Zn), molybdenum (Mo),
niobium (Nb), graphite and silicon (Si). It was shown that
materials whose OCP is significantly different in the absence
and in the presence of NaBH, in 4 M NaOH supporting elec-
trolyte have the potential to be used as indicator electrodes in a
novel BH,  microelectrode sensor. For example, Pd OCP starts
to decrease for NaBH, concentrations above 10> M, with an
OCP response range of about 1 V (see Fig. 3A). Analysis of the
obtained OCP vs. NaBH, concentration plots was performed
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Fig. 3 OCP vs. BH,;~ concentration for a Pd electrode at 25 °C in 4 M NaOH
solution (A) with the list of top materials for BH,~ detection in specific concen-
tration ranges (B).>¢

using thermodynamic data®* and complemented by addi-

tional OCP measurements in H,-saturated NaBH,-free alkaline
solutions. The later kinetic experiments were used for differ-
entiation between the effects of NaBH, and H, on the OCPs of
the indicator electrodes. Among the tested materials, Pt, Pd, Au,
Co, Ni and graphite were found to be the top indicator electrode
materials, each one for each specific NaBH, concentration
range where its OCP change takes place (Fig. 3B). This poten-
tiometric titration method based on the OCP response of
different indicator electrode materials proved to be fast and
relatively precise, suggesting further improvements for appli-
cation in a microelectrode array for BH, sensing.*®
Determination of NaBH, in a solution by voltammetric
methods was first proposed by Mirkin and Bard in 1991* as
these methods fulfil major sensor requirements of being
simple, rapid and accurate. Moreover, voltammetric methods
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Fig. 4 CV of an Au working electrode recorded in 0.09 M NaBH,4 + 2 M NaOH
solution using a scan rate of 0.5 V s~ at the temperature of 25 °C.%
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have the advantage of allowing continuous monitoring of the
NaBH, concentration directly in a reaction system, such as an
electrochemical cell, by simply inserting the electrodes directly
into the cell during the studied process.

Gold electrodes in alkaline NaBH, solution gave linear scan
voltammograms with a well-defined signal suitable for analyt-
ical determinations (see Fig. 4), unlike for example Ni and Pt
electrodes.* A single wave due to the BH, oxidation could be
observed between —0.364 and +0.136 V vs. SCE at voltammo-
grams recorded with a Au electrode in NaBH, solutions of
different concentrations in 0.2 and 2 M NaOH supporting
electrolyte.?>*”* There were no significant differences between
successive voltammograms at the Au electrode indicating that
the electrode surface does not undergo any irreversible changes
during this process. By performing fast CV studies using a Au
microelectrode, Mirkin et al. have found at least two reversible
electrochemical stages.®® The overall (kinetic) irreversibility of
the process is caused by very unstable intermediate products
that can be reduced only under conditions of a sufficiently fast
electrochemical method. Although the process forming this
intermediate is a two-electron process, the first intermediate
cannot be the rather stable BH;0OH , as Mirkin and Bard first
suggested.* Instead, the authors have proposed a borane
species, such as monoborane (BHj;) or diborane (B,Hs).
However, the following six-electron transfer could not be
elucidated even using very high scan rates up to 3 x 10* Vs,
Therefore it was suggested that the BH, ™ oxidation on Au is an
eight-electron process with an ECE reaction mechanism
sequence.*

BH;  — BH; + e~ (10)
BH,; + OH™ — BH; + H,O (11)
BH;™ — BH; +e™ (12)

It has been proposed that the BH; formed in the ECE
sequence (eqn (10-12)) is further engaged in fast reactions with
OH"™ and/or dimerisation, yielding species that are further oxi-
dised to produce the total eight-electron wave.*

The very small background current at an Au electrode in
alkaline solution in this potential region allows the use of vol-
tammetry for detection of low levels of BH, . The interference
could be expected only by substances that can be oxidised or
promote the oxidation of Au electrode in alkaline solution in the
potential region from 0 to —0.4 Vvs. SCE or that can absorb onto
an Au surface. The high selectivity of voltammetry is considered
as the most important advantage when compared with other
methods such as the iodate method. During BH,  electrosyn-
thesis attempts, the iodate method suggested erroneously high
concentrations of BH,  in some solutions due to other reduc-
tants produced during the electrolysis process;** using the vol-
tammetric method, no traces of BH, were found in these
solutions following electrolysis.>**°

CV has been further studied as a method for BH,  deter-
mination.®”* McLafferty and co-workers® tested CV with a Au
disc working electrode as an in situ probe for NaBH,
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determination. A decrease in peak current was noted on
subsequent cycles, though linear dependence of peak current
on the NaBH, concentration was observed for all ten cycles.
Thereafter, the authors suggested that CV, as a relatively inex-
pensive and easily implemented technique, is still an acceptable
quantitative method as long as the same cycle is used for the
concentration analysis. Colominas et al.®® developed a simple
CV method with Au microelectrode disc working electrodes for
analysis of NaBH, in aqueous solutions, for example in cath-
olyte solutions during electrochemical reduction of H;BO; or
BO,  experiments. Better linearity in peak current with
concentration was noted for the lower concentration range of
0.2 to 1 mM NaBH, in pH 12 solution. The sensitivity was
evaluated to be 0.0163 mA mM ' NaBH, for a 1 mm Au elec-
trode and 0.516 mA mM ' NaBH, for a 6 mm electrode. This
method cannot be used for absolute qualitative analysis of
BH, , but can be employed for its semi-quantitative or quan-
titative analysis, depending on the NaBH, concentration range
in an aqueous solution. Therefore, it is proposed to serve as a
simple and relatively inexpensive complement to other quali-
tative methods such as ''B NMR.

NaBH, determination in alkaline medium was also studied
using SWV with a Au working electrode.*® This method gives
much sharper and better separated peaks compared to CV and
polarography and resulted in a limit of detection of 3 x 107> M,
much lower compared to those obtained with the spec-
trochemical and titrimetric methods. Au was found to be the
most suitable electrode material for the voltammetric determi-
nation of BH, . The Au CV peak current gave a linear response
by the use of a standard addition method at a concentration
level of 107> M NaBH,. Au electrodes were found to give rise to
more satisfactory results compared to Pt, Ni and Pd electrodes
due to the fact that Pt and Pd electrodes oxidise the BH, at the
transpassive oxide formation region and the electrocatalytic
activity of the Ni electrode becomes very low as the medium is
made more alkaline due to the formation of non-conducting Ni
hydroxides. Moreover, Au electrodes are known to be relatively
inactive with respect to BH,~ hydrolysis accompanied by H,
evolution.

Infrared spectroscopy

BH, can display a characteristic infrared (IR) spectrum due to
the vibration of its B-H covalent bonds. For a non-linear
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Fig. 5 IR spectra of the electrosynthesis reaction product obtained in aqueous
medium (A) with the IR spectra of pure NaBH, (B).2°
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Table 2 Characteristic B-H bond vibration bands in borohydride infrared spectra

Frequency/cm "

NaBH, (ref. 20) 2225, 2293, 2359
NaBH, (ref. 51) 2224, 2291, 2386
NaBH, (ref. 69) 2200-2640
NaBH, (ref. 70) 2229, 2305, 2400
NaBH, (ref. 71) 2213

NaBH, (ref. 72) 2217, 2284, 2404
NaBH, (ref. 73) 2218, 2283
NaBH, (ref. 74) 2115, 2168

polyatomic ion as the BH, ion, 9 modes of vibration are
expected according to the rule of the 3N — 6 modes of vibration,
where N is the number of atoms. Experimental studies per-
formed in order to identify these vibrating bands of BH,™ group
have shown that three B-H stretching vibration bands observed
in the NaBH, synthesis®>*® reaction product (Fig. 5) are in good
agreement with the characteristic wavenumbers for the B-H
bond vibrations reported in the literature (Table 2). However, it
was argued that the IR spectroscopy method for BH,  moni-
toring has the disadvantage of being time-consuming, as
sample preparation (complete drying of the sample followed by
preparation of KBr/sample pellet) requires time.>®

Recently, Fourier transform infrared spectroscopy (FTIR) has
been proposed as a method for determination of NaBH, and its
purity.®* FTIR spectra of NaBH, samples showed well-defined
sharp bands. A single peak due to the wagging band of BH,
could be observed at 1126 cm ™', with three distinct and sharp
bands at 2224, 2291 and 2386 cm ™%, and a small contribution at
2594 cm™ " due to stretching modes of the BH, group. The three
well-defined bands correspond to a mixture of stretching modes
involving different H atoms of the BH, moiety, while the small
one at 2594 cm™ ' corresponds to the single stretching mode of
B-H;. FTIR methodology has the advantage of assessing the
purity of NaBH, in the solid state, so previously mentioned
problems related to the competition of BOR and the hydrolysis
process in aqueous solutions are here avoided. Additionally,
FTIR spectra can be successfully employed for the assessment of
the presence of BO, . Namely, the NaBO, band appears at 1437
cm ™' which does not overlap with those of NaBH,. Thereafter,
FTIR signals represent good fingerprints for qualitative detec-
tion of NaBH, and NaBO,. Quantitative analysis attempts were
performed using the Lambert-Beer law based on the ratio
between NaBH, and NaBO,. This FTIR NaBH, determination
procedure is based upon a calibration curve, so the calculated
results can slightly differ from the real value. Still, when
assessing the NaBH, purity by FTIR, voltammetry and the
iodometric method, it can be noticed that the standard devia-
tion is much smaller in the case of FTIR than in cases of vol-
tammetric and iodometric methods. Analysis of an old NaBH,
sample by FTIR gave a purity of 81 mol% (range: 78-83%,
number of measurements n, = 5), while voltammetry gave a
value of 86.3 mol% (range: 76.4-92.9%, n, = 5) and the iodo-
metric method value of 82.8 wt.% (range: 75.0-89.1%, n, = 6).
Still, the proposed FTIR analysis, due to its simplicity along with
the above mentioned advantages, can be efficiently used for the
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analysis of the purity of solid NaBH, and quality control
purposes.

Nuclear magnetic resonance spectroscopy

NMR analysis, specifically "H and "'B NMR, for the identification
of NaBH, present in a system, i.e. qualitative analysis of samples,
has been attempted.*>° The magnetic equivalence of all four H
atoms in NaBH, implies that there will be only one resonance in
the "H NMR spectrum. However, due to the presence of the
magnetically active boron nucleus, the signal will be split by the
coupling to this boron nucleus. Indeed, "H NMR analysis of
NaBH, (ref. 47) revealed four equally intense singlet peaks due to
the coupling with 'B. These signals appear at —0.882 ppm
(—52.92 Hz), 0.462 ppm (27.72 Hz), 1.803 ppm (108.18 Hz) and
3.149 ppm (188.94 Hz). Furthermore, there are seven peaks of
equal intensity that result from coupling with boron isotope '°B.
These peaks are not as intense as those corresponding to
coupling with ''B because the natural abundance of *°B (19.6%)
is much less than that of ''B (80.4%). The appearance of the 'H
resonance splitting into a four-line multiplet by coupling to "'B
(spin I = 3/2) and a seven-line multiplet for '°B (I = 3) is in
accordance with the rule that multiplicity, i.e. the number of
lines in a multiplet, is equal to 2nI + 1, with n, the number of
neighbouring protons, being 1 for both isotopes.

When performing ''B NMR analysis in a solution where BH,
is not the only species with boron present, the peaks appear at
different locations due to the effect of the electronegativity of the
adjacent atoms. Thus, in the case of a solution of BH,  and BO, ™~
in the presence of the standard boron trifluoride diethyl etherate
(BF;-Et,0), the spectrum will show 3 peaks, where the order will
be BF;-Et,0, BO,” and BH, from the lower to the higher
chemical shift. The reason why this particular order is observed
is because the more electronegative the adjacent atom is, then
the more deshielded the boron nucleus will be. This will decrease
the necessary magnetic field to apply in order for the nucleus to
achieve resonance. With the electronegativity order of fluorine,
oxygen and hydrogen atoms as follows, F > O > H, then the order
of appearance in the "'B NMR spectra should be BF; > BO,™ >
BH, . Expected chemical shifts of NaBH, for the ''B NMR are
—38.7 in water, —42.2 in diglyme, and —25.3 in dimethylether
(DME), relative to BF;-Et,0.7®

Recently, solution-state ''B NMR analysis was used for
following the BH, hydrolysis process, determination of its
mechanism and products.* It was suggested that the relative
area under each spectral peak can be calibrated to give the
molar concentration of a certain boron-containing species.
Different chemical shifts of BH,  and B(OH),  species make
possible the distinguishability of different species in the spec-
trum. In situ NMR analysis enables following the trans-
formation of BH, to B(OH), in time, with individual
concentrations of these ions being determined.

Conclusions

The analytical techniques for identification and quantification
of the NaBH, presence are summarised herein and the most
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relevant among them are described in detail. Some of these
methods are around sixty years old but new endeavours in the
field resulted in the development of promising new techniques.
Until recently, the most commonly employed techniques for
BH, quantitative analysis were the hydrogen evolution method
and the iodate method. Another gasometric method, named
hydride hydrolysis method, has been developed and success-
fully tested. Electrochemical methods, potentiometry and vol-
tammetry have shown to be potentially good alternatives for
BH, analysis due to their high sensitivity. For the identifica-
tion of the presence of the borohydride, other techniques were
tested such as ''B NMR and 'H NMR and IR spectroscopy. The
two groups of techniques often complement each other and
they are combined in order to obtain accurate qualitative and
quantitative results. Based on the above overview and analysis
of the existing analytical methods for NaBH, monitoring, it is
clear that further work is needed in developing accurate NaBH,
sensing tools. We anticipate that the most likely route to take is
further development of the electroanalytical methods as they
fulfil the requirements of low cost, rapidness, simplicity and
accuracy, and enable direct monitoring of NaBH, in a reaction
system.
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