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Practically, an ideal catalyst for Formic acid-decomposition is one that best suits the reaction and significantly
lowers its activation energy and improves the reaction rate under favourable conditions. Several catalysts for
Formic Acid (FA)-decomposition reactions were examined. Based on the volcano curve and the potential of
copper to give high hydrogen yields, emphasis was placed on a Cu-catalysed reaction as potential system for
sustainable hydrogen production. Some recent advances in hydrogen production from formic acid were discussed
and an effective system for FA-decomposition for hydrogen production was proposed. Since helium can be stored
in weather balloons and weighs almost the same as hydrogen, a hydrogen buffer made from polyester fabric and
coated with polyurethane or a hydrogen cylinder/tube was proposed for storing hydrogen for use as transport-
fuel. Also, due to the nature of the mechanisms/pathways describing FA-conversion reactions at the sites or
surfaces of the copper-nanocatalysts, it is evident that the Cu(211) coordination site possesses the highest
activation energy relative to those of Cu(100) and Cu(111), hence, the reason for the noticeable high or low
hydrogen yields. Thus, the potential of Cu giving high hydrogen yields from FA spans from the reactions of FA at
the Cu(111) and Cu(100) sites.

Introduction disintegration, and due to its slow enhancement of FA-reaction rate,

alternative catalysts are being tested for improved hydrogen production

Hydrogen is an excellent energy carrier, which can be produced from
several precursors including natural gas [1] biomethane [2], coal, water
[3], formic acid [4], glycerol [5,6], biomass [7] and renewable energy
sources. The most abundant sources of hydrogen are hydrocarbons and
quite especially, those of the —-COOH family [8]. HCOOH has been
widely adopted as parent material for hydrogen production because it
consists of hydrogen-bonded polymers [9,10]. Without the involvement
of catalysts, hydrogen evolution from formic acid occurs slowly, thus
giving very low yield. However, in order to improve on hydrogen yield
from FA, elements/metals within the transition group of the periodic
table are usually employed [11]. According to Bulushev et al. [12],
palladium is one of the most prominent catalysts for formic acid
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[13]. When no catalyst is involved, the decomposition is usually very
slow, inefficient and very uneconomical. Due to the time taken for re-
action initiation, as well as Hy generation, several catalysts that possess
high time-saving tendencies for FA-breakdown were investigated. Ac-
cording to Sabatier’s hypothesis, the most ideal catalyst for a specific
reaction must possess the required/minimum binding strength that
keeps it in contact with the intermediate products when reaction is in
progress [14]. This necessitated a probe into the scientific understanding
of the underlying principles of the hypothetical propositions made by
Sachtler and Farenfort, where several transition metals were tested as
catalysts for effective formic acid decomposition to give hydrogen gas;
this then brought to fore, the utmost significance of the “classic volcano
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curve” (Fig. 1).

One very important eye-opener of the volcano curve is that it es-
tablishes a relationship between the predicted heat of reaction and
formation for a specific conversion using several catalysts. Considering
the activation temperatures, it is obvious that for 80% conversion of the
reactant, the order of preference for the catalysts is Pt, Ir, Ru, Pd, Rh, Cu,
Ni, Co, Fe and W. However, due to the costs of Ag and Au as well as the
high heat of formations of Hy with respect to Ni, Co and W, it is advisable
to stick to catalysts such as Pt, Ir, Pd, Rh, and Cu owing to their lower
heats of formation and activation energy requirements. Also, it is
important to note that despite the advantages of each of the catalysts,
their limitations were reported to be as a result of the non-anchoring of
the catalysts on supports during the reactions. The variation in the data
generated, and the normalization of the reaction rate, are due to the bulk
catalyst-surface-area, however, low surface areas may result in very
slow reactions and errors in reaction rate measurements. This then
paved way for the successful introduction of a new parameter tagged the
Turn Over Frequency (ToF), which gives the number of molecules of
formic acid converted per active-catalyst surface area per second (mass
flux) [15]. Also, it was observed that the heats of formation of the in-
termediates (formates) resulting from the various reactions were
calculated using statistical mechanics, which considers the stability of
the bulk metal formate, rather than the surface formate formed; this is
quite more representative of the supposed reaction intermediate com-
plexes formed by the catalysts. It was also suggested that calculations on
bulk metal formates are not appropriate to simulate surface properties of
intermediates as they interact with catalysts. A study was conducted on
the catalytic decomposition of formic acid using Ag, Au, Pt, Pd, Ru, Ni,
Cu, Co, and Fe catalysts. The Temperature-Programmed Decomposition
(TPD) spectroscopy and a model-centred approach were used to criti-
cally examine the decomposition of FA-surface intermediates (HCOO*)
[16]. TPD spectroscopy only measures the superficial properties of
formate/intermediates, however, information on the surface kinetics of
the preceding step i.e. the adsorption of HCOOH is not feasible with
TPD. The surface decomposition of intermediates resulting from formic
acid can be seen to exhibit a volcano-type behaviour when the decom-
position temperature is plotted on the Sachtler-Fahrenfort chart. This
also leads to the conclusion that the slow steady-state scenario of the
rate of formic acid decomposition in the presence of Ag and Au catalysts,
is largely caused by the adsorption step, which is the rate limiting step
[14]. The Sachtler-Fahrenfort volcano curve has also attracted applica-
tions with respect to its use alongside the Density Functional Theory
(DFT), in areas requiring calculations on formic acid decomposition on
multifaceted-metallic surfaces/slabs [17,18]. In recent times, one very
significant subject, spurring research interests, is nano-catalysis, owing
to the ease with which the single/lone catalysts are sintered to improve
their reactivities and stabilities over their bulk counterparts [19]. Of the
available groups, nano-transition metals supported on oxides, have been
recommended as the most reliable group of catalysts for catalytic re-
actions [20]; this is as a result of how they are easily synthesized and
isolated when the need arises [21]. In addition, the anchor-metals for
nanoparticles kinetically serve as the rate controlling steps for catalytic
processes [22], whereas, this is not the case for non-supported colloidal
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Fig. 1. Classic volcano curve for 80% hydrogen formation from formic acid
using unsupported catalysts at varying temperatures. .
Adopted from [6,7]
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metal catalysts in semi-homogeneous systems [23]. Although, Sanni
et al. [24] synthesized a prominent Cu-tertiary amine catalyst, the
chemistry of the synthetic pathway was not studied. This review paper
looks into understanding the mechanism and chemistry of the formation
step of the formate-intermediate pathway, as one consisting of several
elementary steps of the FA-conversion process towards obtaining syn-
thetic hydrogen; the Cu-active sites and coordinates were also examined
in relation to hydrogen yield. In addition, efforts were made towards
advocating for the recovery of FA from biomass or other chemicals, for
further transformation by a reactor system, situated in an automobile,
whose engine serves as the source of heat for generating the needed
hydrogen as fuel.

Scouting for sustainable hydrogen

In this section, methods of synthesizing Hy from other sources be-
sides FA, are also discussed. Based on all the works consulted, it is clearly
evident that simply considering hydrogen carriers as a sustainable
measure for hydrogen production, may not possibly chat the way for-
ward for the existence and commercialization of an economical way of
producing hydrogen for use as automobile fuel in IC engines.

Avadilability status of formic acid from natural sources

In nature, FA is found in the venom of most ants and stingless bees of
the genus Oxytrigona. However, the implied venom is a mixture of
toxins and irritants (secrotonin, acetylcholine and histamine), of which
FA is predominant. John Ray, an English naturalist, was the first person
to have successfully isolated FA from the distilled bodies of ants, this was
done in 1671 [25]. Wood ants of the genus Formica family can spray FA
as a means of attack on their preys, or in defence of their abode/nests
against intruders; for instance, the puss moth caterpillar and the car-
penter ant often spray FA against their threatening-predators. FA is also
present in the trichomes of stinging nettles and there are also specula-
tions of its occurrence in the atmosphere which is traceable to forest
emissions. The human body also makes small but harmless/dilute
quantities of FA from ingested, inhaled or synthetic methanol. Liquid-FA
freezes at 8.3 °C (43 °F) and boils at 100 °C. The name formic acid was
coined from the Latin word “Formica”, which is the Latin name for “ant”.
It exists as a pungent, corrosive and colourless liquid comprising of
hydrogen bonded dimers [25].

Since current studies have alarmed FA as a major compound from
which Hj can be produced, an appropriate catalyst system that gives
high volumetric yield of hydrogen from the parent compound needs be
synthesized, with focus directed to obtaining the activation energy of the
reaction system. Some catalytic systems with high ToFs have been
identified, however, no estimates of the activation energy requirements
of such reactions were provided, hence, it becomes necessary that the
energy requirements of such reactions are estimated, with a view to
identify several potential catalysts that can give high Hy yield at very
low activation potentials. These will provide the necessary information
required for efficient designs of suitable fuel housing units in cars for
hydrogen storage and thus, inform the type of modifications required in
existing IC-engines for their compatibilities with hydrogen gas. Also, it
should be noted that reactions beyond 90 °C are not encouraged since a
car begins to show signs of over-heating beyond 90 °C. The authors of
this paper have also incorporated some of the findings made by Sanni
et al. [24] for a formic acid decomposition process where nano-catalysts
(copper nanoparticles) supported on triethanolamine were used to speed
up the process.

The continuous advocacy for the use of hydrogen as source of power
in fuel cells and automobile engines, will not only encourage energy
diversification but also reduce the overdependence on fossils as energy
sources. Hydrogen undergoes combustion in air to give less emissions
relative to fossil fuels. It also combines with air to release its stored H-H
bond thereby producing H,O. It can be stored in pressurized cylinders in
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gaseous or liquid forms. Since it barely releases any greenhouse gases
during combustion, it is a potential gas for the future if only the pro-
spective CO, emissions from the synthetic reactions are carefully mini-
mized. Although, hydrogen can be obtained from several precursors, it
barely exists in its free state, hence, it is not a primary source of energy.
Also, reports have it that the chemical industries that synthesize NH3,
CH30H and refined petroleum, consume about 66% of their yearly Hy-
output which is estimated at 35 million metric tonnes. Hydrogen in fuel
cells, helps to convert the inherent H-H bond/chemical energy to elec-
trical energy by a process that deviates from that of the Carnot cycle,
hence, the energy efficiency of the fuel cell is 2-3 times that of a com-
bustion engine. Polymer-Electronic-Membrane Fuel Cells (PEMFCs)
have the capacity to convert the inherent chemical energy in hydrogen,
to electrical energy with water released as the only by-product. This
serves as a clear justification of the huge potential of hydrogen as an
alternative fuel, because, it lowers the energy-burden/over reliance on
fossils and generates less-toxic emissions [8]. Therefore, there is no
doubt about the perceived role of hydrogen in the near future with
consideration for its medium-to-long term effects when used as fuel.
With the incorporation of fuel cells in the technology of mobile and
stationary systems, large-scale production of Hy gas will help alleviate
the overdependence on crude oil whilst reducing environmental pollu-
tion. Formic acid can serve as a sustainable hydrogen source because, it
can be sourced from biomass. Thus, cultivating plantations on which
these biomasses can be grown is of utmost importance and must be given
serious attention. According to Fierro et al. [26], other methods for
producing Hj include:

Steam reforming of Alkanes/Alkanols

Hj can be recovered from natural gas (NG), naphtha, fuel oil, coal
and higher hydrocarbons. However, the high H:C ratio in methane
relative to other sources, makes it the most sought-for precursor for Ha-
production. The process by which methane is processed to give Hj is
known as Methanol-Steam Reforming; this method is applied industri-
ally owing to the fact that the technology involved is quite affordable
and economical [27]. The stoichiometric equation for the reaction is as
given below:

CHy4 + H20 - CO + 3H; (1)

Here, NG reacts with steam in the presence of Ni-catalyst in a pri-
mary reforming unit at a temperature and pressure range of 1200 K and
20-30 atm respectively. A preliminary pre-treatment stage is necessary
owing to the fact that there is need to eliminate the inherent sulphur/
mercaptans in the gas. Clean CHy is then supplied as feed gas to a reactor
containing the Ni-catalyst. Although the exit gas from the reactor is high
in Hy but low in CO, it reacts with water vapour/steam before being
converted in a second or third reactor to generate more hydrogen gas.
The final product comprises mainly of hydrogen with trace amounts of
CO3 (1% v/v) and excess/unreacted CH4. Modern Hy-producing plants
are designed to incorporate compression, absorption and desorption
units in order to improve on the purity of the generated hydrogen gas to
as high as 99.99 %v/v. Also, considering the fact that NG contains small
amounts of CoHg, C3Hg and C4H;(, which disintegrate to give carbon
residues, a pre-reforming stage becomes very necessary to aid their
conversion into CO/H,. This can be integrated in the upstream
reforming unit, thus making it possible to adapt the entire process
scheme to a variety of feed stocks. Pre-reforming has a way of influ-
encing the composition of the feed gas in the steam-reforming unit.
However, longer chain hydrocarbons can be totally eliminated while
fractional/partial methane conversion begins to take place. This is tar-
geted at reducing the tendencies of these long chain carbons giving rise
to carbon residues during the reforming process, and thus, preserves the
service-life of the catalyst employed in the reforming process. The steam
used in the reforming process may be replaced with CO3, O, or their
mixture. Advanced reforming units of this sort, are similar to classic
steam reforming processes. In particular, this route is employed if it is
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desired to use the C/H, mixture to synthesize hydrocarbons or CH30H
rather than H,. Also, instead of CH4, CH30H can be used as raw material
for this process, such that, the alkanol is first reacted with steam in the
presence of a catalyst to give Ha. Given that the reaction is endothermic,
the energy required for the reaction is obtained from the heat of com-
bustion of the tail-gas and a light portion of the methanol-feed. The Hy-
stream is then scrubbed in an absorption/desorption unit i.e. a CHy-
reformer. The advantage of this process is that it does not allow for the
formation of intermediates/oxygenated constituents. However, for
economic reasons, the method is only applied when the methanol to be
used is in excess, since part of it is used as fuel for the system. The LPG-
content, quantity of distillates recovered and the good distribution
network, make these fractions ideal candidates for H, production. In lieu
of the aforementioned cases, the development of these processes have
only gained little attention owing to issues related to catalyst-poisoning
by carbon deposits, partial oxidation of the inherent hydrocarbons in the
methanol-feed, rise in temperature of the HC-air mixture, expulsion of
sulphur in the form of HyS at the reactor outlet, and steam injection
which precedes the water-gas-shift reaction. Considering polymer
membrane fuel cells, the CO released from this process must be less
than 10 ppm which is achieved by passing the mixture over catalysts
that are able to convert the CO to CO; at room temperature. The release
of poisonous mercaptans and coke deposits, on the surface of the catalyst
for this system, is yet to be curtailed, however, in lieu of the impact of
this technology on the environment, car manufacturers still deem it a
suitable/considerable option to use Hy as power source for fuel cells. Do
et al. [28] succeeded in producing hydrogen from propane via hydro-
thermal/steam reforming, which was aided by a nickel-based catalyst
supported on AlSixOy, where they established the effect of acidity on the
performance of the catalyst at high temperatures (i.e. 200-600 °C); they
adopted a steam to propane ratio of 1:6, which makes the process
somewhat highly energy intensive and expensive in terms of overhead
cost of the entire process per kg hydrogen produced.

Electrolysis of water

This method is employed for small scale production of Hy. The re-
action prevails in an alkaline medium at a controlled pH which helps to
boost electrical conductivity. The set-up comprises of terminals (elec-
trodes; cathode and anode) where anions/cations migrate to as soon as
electrical pulses are supplied in terms of direct current to the cell. The
cathodic hydrogen is impure as it contains certain amounts of Oy and
moisture. The moisture is dried over a suitable adsorbent while the O, is
eliminated in a deoxo-converter. Oxygen is also produced at the anode,
although, its volume is half that produced at the cathode. The electro-
lytic reactor takes the form of a rectangular tank with parallel electrodes
and the heat released is removed by counter current flow of water
recirculating around the cells. The disadvantage of this process is the
relative cost of Hy which is worth 4.9-5.6 kWh/m®, thus making it at
least twice as expensive as the Hy from NG reforming. Since conven-
tional electrolysis produces high-cost hydrogen, other alternative pro-
cesses being exploited include steam-phase electrolysis where the
reversible potential of the cell is lowered as the temperature of the cell
increases; since the cost of energy/electrical power required to produce
1 mol of Hy from water is proportional to the EMF of the cell, it then
implies that, the total cost can be reduced by lowering the temperature
of the system. Also, since the reaction is endothermic, the system can be
maintained at constant temperature which makes cooling easier. Hence,
the electrical energy is electrochemically converted to Hy without
necessarily needing to go through an intermediate phase or the energy
transition stages of the cycle. Thus, at 1,500 K, the amount of heat spent
in the thermo-chemical decomposition of Hy0 is 50% of the total energy
input of the conventional process. Another electrochemical process or
alternative route for Hj-production is one which employs or takes
advantage of electro-catalysts at lower voltages, thus reducing the
overall cost of Hy produced. According to the comparative life cycle
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analysis of two hydrogen production routes (i.e. the membrane water
electrolysis and methane steam reforming) conducted by Bareil} et al.
[29], the adoption of membrane water electrolysis depends on renew-
able energy as the source of electrical energy for the system. Although
this system limits CO, emissions by 75%, the process is somewhat
expensive if it must be commercialized on a large scale; also, the issue of
membrane fouling and stability are of paramount concern.

Hydrogen from Thermo-chemical conversion of biomass

Hydrogen in biomass can be obtained via thermo-chemical processes
(combustion, liquefaction, pyrolysis and gasification). Firstly, the
biomass is partly oxidized above 1000K in order to obtain a gaseous
fraction as well as carbon residue, which is subsequently converted to
Hpy, CO, CO, and CH4. Aerobic biomass gasification generates a Hp-rich
stream which is reformed at the water vapour gasifier-exit to release
additional hydrogen. A major shortcoming in hydrogen recovery from
biomass gasification is the formation of tar or ash which increases the
tendencies for catalyst poisoning [27]. The resulting heavy residues/
components undergo polymerization which give rise to complexes that
do not favour the Hs-production process. Tar formation can be
controlled by retrofitting the gasifier and integrating self-repairing cat-
alysts as well as, adjusting the operating conditions and process vari-
ables; the proposed catalysts will help to lower tar formation, improve
the quality of Hy produced and enhance the conversion of the inter-
mediate product/gas. On the other hand, ash formation can cause a
build-up of solids on the catalyst-surface, which subsequently plugs and
deactivates the catalyst, although, this can be controlled by ash
extraction and fractionation during the operation in order to reduce the
accumulation of these constituents in the reactor or product-channels
during the process.

Hydrogen from Microbes: Fermentation and photosynthesis (Bio-
photolysis)

This method takes advantage of bio-photosynthetic/non-
photosynthetic microorganisms (Scenedesmus/green algae, Cyanobac-
teria- Spirulina species etc.), which are able to breakdown water mole-
cules into its constituents (Hy and O3) in the presence of visible light or
under anaerobic conditions in the absence of light. Reports have it that,
the Scenedesmus species is not only able to stimulate Hy production by
irradiation of light, but can also produce Hy via fermentation under
anaerobic conditions with starch as starting material. However, the
produced Hj obtained by fermentation is more stable relative to that
from photosynthesis owing to the absence of oxygen. Despite the low
investment cost involved in this process, the challenge with producing
hydrogen by this method still remains “non-commercialization”, caused
by the low energy efficiency of converting solar power to chemical en-
ergy by the aforementioned biological systems/microbes. Evidence has
it that, photoheterotrophic microorganisms have a 7% maximum con-
version efficiency of solar power to chemical energy. Furthermore,
biological reactors have also been exploited for use in producing
hydrogen. These reactors require less energy, ambient temperature and
pressure, with the requisite advantage of bypassing CO2 production,
which may result in terrible consequences for the electrodes of a fuel
cell. Two routes are involved in the hydrogen production process, and
these include fermentation and photosynthesis. The photosynthetic step
is either aided or non-aided by oxygen. Other aerobic photosynthetic
microbes include Chlamydomonas and Rheinhardtii, while an example of
the anaerobic photosynthetic ones are the Rhodobacter spaeroides. Mi-
crobes such as Escherichia coli, Clostridium and Enterobacter species, that
undergo fermentation to produce hydrogen, have been studied [30-34].
According to literature, the hydrogen production per cell obtained in a
fermentation process is higher than that obtained from photosynthesis.
Bio-hydrogen production rates of 151.2 mg L'h~! and 605 mg L'h~! by
Enterobacter cloacae IIT-BT08 and a consortium of mesophilic bacteria,
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which have an equivalent volumetric flow rate of 7.4 Lh™! at room
temperature, are the highest ever-reported hydrogen production rates
till date. However, the major concern still remains that such hydrogen
production rates are not commercially viable [30,35]. In order to abate
this problem, two things to consider include improving on their low Hy-
yields and volumetric fluxes. According to Woodward et al. [36],
11.6 mol of Hy can be generated from 1mol of glucose 6-phosphate
extracted from a microbe. The low quantity of Hy produced was
attributed to the growth rate of the anaerobe, its total cell count and low
cell density [37]. Yoshida et al. [38] overcame this problem of low
hydrogen production by genetic modification/increase in number of
microbial cells which served as catalyst for the reaction, and increased
the microbial cell density with subsequent conversion of the formate
formed as intermediate product from the glucose into the needed
hydrogen. Other substrates that have been used besides glucose include
Nicotine Adenine Dinucleotide Hydride (NADH) and Nicotine Adenine
Dinucleotide Phosphate Hydride (NADPH); both are intermediates
formed from their precursors during the breakdown of glucose which
need be oxidized prior the commencement of a new cycle of the con-
version process. Furthermore, ferrodoxin, cytochrome which enhances
electron transfer as well as formate (the end product) formation, have
been identified as promoters of microbial hydrogen synthesis. The active
catalysts/enzymes in microbes that help in the catalytic dehydrogena-
tion of formate is the Formate Hydrogen Lyase (FHL) complex, which is
present in microbes such as Enterobacter, Methanogenes and photosyn-
thetic bacteria [39-41]. Fig. 2 gives the hydrogen production rate for
different FHL strains experimented by Yoshida et al. [38] where the
highest volume of hydrogen recorded was for the SR13 strain with a
production rate of 300 mmol/gh after 10 h of production time.

Thermal conversion of H,0O/Metal sulphates

This process simply involves the thermal dissociation of water mol-
ecules into molecular hydrogen in nuclear reactors/solar furnaces by the
application of heat at high temperatures of less or equal to 950 °C. The
generated heat in transit, is used to breakdown water into its constitu-
ents (Hy and O2) [27]. An example of this kind of process is the thermal
decomposition of a metal sulphate first at 1100 K to give a metal oxide
alongside SOy and O». In the second stage, oxidation of the metal oxide
to sulphate and Hj is aided by introducing steam and SO,. Two major
advantages of this process are the zero CO, emission and an achievable
efficiency of about 85% conversion of water to Hy. However, the method
has not been implemented on industrial/commercial scale and it is
highly energy intensive.

Photochemical reactions

These reactions result in the splitting of water molecules on a
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Fig. 2. Ha-Production rate over 10 h culture-resuspension in 50 mL phosphate
buffer in the presence of 100 mM sodium formate at an OD610 of 1.0. Adopted
from ref. [38]
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semiconductor using sunlight. The efficiency of this method is highly
dependent on the photo-physical properties of the semiconductor. The
limitation of this method is that a thorough understanding of its com-
mercial application requires that the Hy produced in the visible spec-
trum photon is further improved with advanced science and engineering
principles in order to be able to achieve stable photocatalysts during the
dissociation process [27]. Other unresolved issues include, the unrav-
elling of the mechanism behind the charge transfer between the semi-
conductor and co-catalyst which will help in understanding its
dependence on the inherent morphological and interfacial electronic
factors. However, these points pose excellent opportunities for
improving the photocatalyst-options available for photo-chemically
dissociating water. Also, efforts can be directed towards controlling
the structures of the catalysts employed at the nanometric scale, which
will in turn foster adequate photocatalyst morphology-modulation and
reactivity.

Ethanol/sugar reforming

Ethanol and glucose are renewable precursors for Hy. The reforming
process involves the use of high-pressure steam in the presence of cat-
alysts. Glucose and ethanol are neutral in terms of CO-emmision. One
major shortcoming of the process is that other undesirable/by-products
such as CO, CHy4 and acetaldehyde are formed as a result of side reactions
which also culminate in low Hj-selectivity by the catalyst with subse-
quent reduction in the volume of Hy produced [27]. The low amount of
Hj recovered from the process can also be attributed to catalyst deac-
tivation which may be caused by the accumulation of carbon deposits on
the catalyst surface; this therefore makes it a herculean task in
commercializing the referred reforming process. Furthermore, another
major challenge that needs be addressed, is the development of suitable
catalysts that will not only operate at lower temperatures but, also help
to minimize catalyst-deactivation.

Thermo-catalytic dehydrogenation of formic acid

Thermo-catalytic dehydrogenation reactions of FA involve the
decomposition of formic acid aided by some catalysts. The implied
catalysts may be used alone or with some form of supports which help to
overcome the required barriers as well as hasten the reactions along
favourable pathways at the most selectively active catalyst sites. These
reactions prevail under unique steps to bring about the formation of
hydrogen as well as CO,. Efforts need also be put in place for the capture
of CO; since an equivalent amount in mole of CO, as obtained for
hydrogen, is released during the process. By the experimental procedure
discussed in Sanni et al. [24], where a Cu-tertiary amine system was
adopted for the first time in producing hydrogen from formic acid, it is
evident that, the process guarantees less release of CO; by the method of
collection (i.e. downward displacement of water) due to COx solubility
in water. Furthermore, the hydrogen produced can be passed over
limewater (Ca(OH)s) in order to completely strip the gas of CO, and
other trace gases, this will aim at ensuring the availability of pure
hydrogen for storage and fuelling of automobiles. Hence, at a later
section, much of the discussions will focus on some of the best published
catalysts for high hydrogen production as well as, the use of copper and
its special attributes that ensures its reliable use over several cycles (the
referred Cu-tertiary amine system has a reusability of 20 cycles in 120 h)
[24].

In line with the proposal given in the above paragraph, FA holds a lot
of prospects as starting material for sustainable hydrogen production.
According to Alotaibi [42], formic acid can be sourced from the earth’s
abundant biomass, can be handled in its aqueous state, has high-energy
density, is nontoxic, and highly stable at room temperature. Based on
excerpts from ref. [43] where sensitive parameters were used to describe
the intensity of the chemical properties of some hydrogen carriers, it can
be seen that HCOOH has the highest flash point amongst all other

Sustainable Energy Technologies and Assessments 45 (2021) 101078

carriers with the exception of ammonia (Table 1), but owing to the toxic
nature of ammonia, FA still gains more preference in terms of being a
source material for hydrogen production.

Furthermore, of all the available alternative sources of hydrogen,
formic acid has proven to be one of the most benign routes for obtaining
synthetic hydrogen. HCOOH as a formate precursor, can be obtained
from glycerol, methanol, water and biomass [44,45]. In lieu of the
underscored alternatives, formic acid is a very efficient precursor for Hy
production owing to its inherent carrier-property, its relative abun-
dance, good activity with catalysts, high yield and sustainability.

Hydrogen from formic acid

Based on the work of Bulushev et al. [46], hydrogen was produced
from FA using Pt/C (1 and 10 wt%), Au/C (0.8 wt%) and TiO5/C of 1 wt
%. The highest selectivity of the catalyst was recorded for the Pt/C
catalyst combination at 390 °C, thus producing about 0.04 mol Hy per
minute per gram of the catalyst. In addition, the estimated catalyst
selectivity did not simulate conversion but was only a measure of high
catalytic activity. Also, particles of lower molecular weights performed
better than particles of higher molecular weights owing to their
increased surface area to volume ratios. According to them, catalyst-
selectivity was found to be weakly dependent on the reaction temper-
ature, conversion and time, although, that is never the case for the actual
conversion of FA because, it is temperature dependent. Again, the re-
action is highly energy intensive as the best results were achieved at
about 663 K, whereas, other catalysts can give better results at mild
conditions/lower temperatures. The study by Xue-li et al. [47] involves
the synthesis of several ionic liquids including 1-(2-Diisopropylami-
noethyl)-3-methylimidazolium chloride (i-Pr2NEMImC]) as catalysts by
an approach that bothers on the hermetical storage of an already low-
pressure-distilled 1-Methylimidazole of 99% purity. The ionic liquid
used as catalyst was produced via several complex steps that are quite
time consuming, which in turn make the catalysts, as well as the overall
process somewhat expensive. Amongst the tested ionic liquids, i-
Pr2NEMImCI-HCOONa gave the highest activity with a ToF > 600 mol/
mol/h. The highest volume of hydrogen produced was 1057 mL in 2 h,
thus giving an hourly production rate of 528.5 mL for 5 moles of catalyst
used. Although the reaction temperature was 60 °C, the process routes
for the ionic liquid-catalyst syntheses involved several chemicals that
made the entire process somewhat complex. Secondly, the catalysts
assumed the form of hybrid chemicals/compounds which increase the
overhead cost of the entire process. An additive-free formic acid
decomposition was carried out at 30-60 °C using Pd/C catalyst. Catalyst
selectivity was found to be > 99.9% with a turn over frequency of about
1136h71 [48]. Despite how wonderful this catalyst performed, no in-
formation was given as regards the number of cycles required to produce
the highest volume of hydrogen before catalyst poisoning sets in and the
threshold tendency for steric hindrance. Also, palladium cannot be
easily sourced as it is a precious metal like gold and platinum, hence, it is
considered expensive. The authors used a High-Performance Liquid
Chromatograph to determine the FA-conversion. Hydrogen production

Table 1

Chemical properties of hydrogen carriers.
Parameter Formic Methanol Ethanol ~ Ammonia

acid
H, content (wt. %) 4.4 12.5 13 17.7
Hazard codes C F,T F T,C,N
Risk statements (R- R10, R35 R11,R23-25, R11 R10,R23,R34,
phase) R39 R50

Boiling point (°C) 101 64.7 78 -33
Explosion limits 18-57 6-36 3.3-19 15-25
(Upper-lower vol. %)
Flash point (°C) 48 9.7 14 132

Source: Adopted from [43].
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was simulated and optimized by performing periodic plane-wave DFT
simulation adopted from a Vienna ab-initio simulation package (VASP).
The durability or reusability of the catalyst, dropped from 84% to 72%
between the 2nd and 5th cycles in 1.5h. According to them, the Pd/C
catalyst had its catalytic activity retained by about 72% of its initial
activity at its fifth time of use. However, despite washing and keeping
the catalyst dry for 18 h before each cycle, they allotted that the slightly
evidenced decrease in the catalyst activity may have been caused by: the
absorption of FA onto the surface of the catalyst, CO-poisoning as well as
the nano-Pd agglomeration or drop in Pd loading caused by leaching, as
evidenced by the low concentration of Pd in the supernatant solution
analysed with Absorption Electron Microscopy. The investigation con-
ducted by Muller et al. [49] is a comparative study of hydrogen synthesis
from two process routes during FA decomposition and water electrol-
ysis. Their advocacy as regards FA-decomposition is in the direction of
controlling the reactions to give a formate rather than the carboxyl as
intermediate product; this abates the tendency of producing formic acid
from COy and HyO which gives lower conversions. Based on their
findings, the formate route is more cost effective relative to the carboxyl
route. Also, according to them, the splitting of water in the hydration
step is way more expensive than going through the formate-formation
step. The enthalpy of decomposition has a high significant influence
on the total energy demand of the reaction system. They also asserted
that the over dependence on FA-concentration by the bicarbonate route
is due to the large heat capacity of the accompanying water at the
dehydration stage; thus, the amount of heat required by the process can
be quantified in terms of the rate of evaporation of water at the dehy-
dration stage. However, they concluded that with the help of a catalyst,
the heat requirement reduces to about 6 kJth per mole FA, for step
temperature increases of 20-80 °C.

Reaction Pathways, mechanisms and structural sensitivity of FA on Cu
catalysts when used with, or without any support

FA (HCOOH) has spurred research interests as one of the major by-
products in biomass conversion; it is a carrier of hydrogen gas, and a
source of fuel for fuel cells. In spite of the few experimental studies on
HCOOH-decomposition as aided by Cu-catalysts, the mechanism of the
reaction and its structural sensitivity are still far from being well-
understood. In the study by Li [50], self-consistent, three model cop-
per coordination sites i.e. Cu(111), Cu(100) and Cu(211), were
examined along two basic routes, they include the formate (HCOO)- and
carboxyl (COOH)-mediated pathways. Based on their findings, the path
defined by their energy studies, suggest that the formate mediated route
holds more prospects than the carboxyl-mediated route at the coordi-
nation sites. According to them, FA-decomposition occurs in two steps,
which is immediately preceded by hydrogen desorption. The formate
group as compared to the carboxyl group is the rate determining step,
owing to its higher transition state and activation energy which are
characterized by the three catalytic steps along the HCOO-route. The
decomposition was found to be Cu-structure sensitive, and based on the
analysis, all three Cu-catalyst facets exhibited different binding
strengths for the intermediate “HCOO” while having close activation
energies during dehydrogenation. The coordination sites of Cu(100)
and Cu(21 1) were seen to bind the formate (HCOO) much more than the
Cu(111) coordination site due to their lower potential energy surfaces
relative to Cu(111). Under the reaction conditions, there may be a
substantial surface coverage of the HCOO-intermediate by Hjy, which
may convert the intermediate to its stable form/corresponding acid and
store the acid under-coordinated corners or defective sites. HCOOH acid
decomposition is said to be most likely prevalent at the terrace sites of
Cu nanoparticles. Studies have also shown that vapour-phase decom-
position of FA is a widely known test for examining the catalytic features
of metals [51-54] and their oxides [55-57] including alloys. FA is one of
the most common organic-molecules which can be split on metal sur-
faces via a dehydrogenation or dehydration scheme, both leading to the
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formation of CO5 and Hj as well as, HyO and CO respectively; the two
schemes are interlinked by a water gas shift (WGS) reaction. CO is a
known catalyst poisoner for Cu, Pt, Pd and several other catalysts.
Furthermore, Cu can selectively decompose FA via the dehydrogenation
step to give CO, and Hy without CO being produced [58], however, this
requires impeding the WGS-reaction step. Other researchers have
recorded similar results for temperature programmed reactions of FA on
Cu with single crystal surfaces [59-62], while spectroscopic studies have
helped to identify the reason behind this occurrence. However, some
researchers have recounted that it is caused by the existence of a stable
formate group/intermediate which results from the adsorption of Hy on
the surface of Cu [62]. Iglesia and Boudart [58] based their investigation
on the formate reaction-pathway, where they obtained an activation
energy of 94.5-100 kJ/mol for FA-decomposition using Cu catalysts on
different supports; same results were obtained for preferentially ori-
ented (PO)- and polycrystalline (PC)-Cu catalysts [63-65]. Their inves-
tigation led to the conclusion that there was no direct correlation
between the observed turnover rates (TORs)/Turn over Frequencies
(TOFs) of hydrogen and the particle-size of copper as well as the catalyst
support. Furthermore, they asserted that FA decomposition on Cu is not
structure-sensitive, however, Nakano et al. [66] gave a contrary opinion
stating that the FA-decomposition was structure sensitive with varying
activation energies for the dehydrogenation of the formate-intermediate
with respect to the Cu(111) and Cu(110) coordination sites. They
added that formate formation from the CO,-evolution step was structure
insensitive at the two Cu coordination sites. The strong dependence of
the energy of adsorption of FA onto the surface of Cu was also confirmed
by Hu and Boyd [67], and they opined that the energy of FA adsorption
onto Cu sites is in the following decreasing order of magnitude i.e. Cu
(110) > Cu(100) > Cu(111). Some researchers have also reported the
deprotonation of HCOOH to H" at the Cu(110) and Cu(100) coordi-
nation sites [61,68] whereas, this is not the case at the Cu(11 1) surface
where the existence of atomic oxygen is critical for formate-formation.
In order to elucidate the reaction mechanism for better understanding
of the interaction of Cu catalysts with FA in terms of reactivity and
structural sensitivity, there is need to understand the kinetics of FA-
decomposition and H, formation; several experimental studies, lack
adequate systemic theories to provide the required insights as regards
FA-decomposition on Cu surfaces. Most proposals/elementary steps
involved in the decomposition process are similar to those of methanol
synthesis and WGS reactions in terms of their similar reaction pathway.
The work of Sanni et al. [24] gave a plausible reaction scheme as
mechanism for FA decomposition where the reaction simply occurs
between stable copper catalysts at varied concentrations which are
supported on a tertiary amine which helps to disallow the early
contamination of Cu thus extending its service life. Hence, the kinetics of
the process can dwell on the dehydrogenation step rather than the CO-
production step which stimulates catalyst poisoning. Furthermore, ef-
forts can be made to concentrate the FA attachment to copper catalyst at
coordination sites such as Cu(100), Cu(110) and Cu(211) along
the x,y, z planes while being anchored on special supports that can
extend its service life thus inhibiting the dehydration step. Previous
experimental kinetic studies and micro-kinetic modelling of FA-
decomposition, show that the formate formed on the Cu [69] and Pt
active sites [70] proceed via a carboxyl (COOH)-mediated pathway but
this route can drastically reduce the quantity of Hy produced as
compared to when the process is routed via the formate formation step
hence, the need to control the reaction at optimal conditions where these
sites are created by merely manipulating the process conditions rather
than focusing on tweaking the adherence of HCOOH to the active sites of
the Cu-catalyst. Since it is quite difficult to restrict or maintain FA
decomposition to the active sites of the catalysts, the knowledge gained
from the proposed mechanisms will help understand-better, what hap-
pens at the optimal conditions and what they seem to offer when the best
results are obtained. The proposal here is to optimize the process con-
ditions by varying catalyst size, pH, concentration and reaction time at a
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uniform reaction temperature; this will optimize the FA-decomposition
towards high hydrogen yield. In essence, when these catalysts are
further examined for their structural sensitivities and coordination sites/
numbers, it might be interesting to find that there may be newly created
active sites that are yet to be discovered in literature since Cu is known
to exhibit variable oxidation states.

Influencers/Supports for catalytic formic acid decomposition reactions

The most pressing challenge in catalyst synthesis is the attainment of
highly stable, non-sintering and non-leaching substances with well-
defined composition and size/shape-controlled nanoparticles. The in-
fluence of large surface area to volume ratio is one of the greatest fea-
tures of these nano-metals. For a reaction that is morphologically
sensitive, catalyst-sizes become the controlling factors owing to their
predictive impacts on the surface morphology and electronic/sub-
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atomic oxidation states of the metals, hence, the need for catalyst-
supports for improved results. For catalytic processes that largely
depend on harsh operating conditions, catalyst-supports become
necessary because, sintering and/or leaching of surface bound nano-
metals bring about a decrease in the activity and unspent life of the
catalysts made from them [71]. The FA-decomposition described by
Carner et al. [71] involves the use of wet impregnation method to syn-
thesize titanium II oxide nano-fines which served as anchor for PdCoNi
alloy (three-in-one nano-alloy), after which they were simultaneously
reduced to their metals. Furthermore, in order to enhance their stability
to heat and leaching, the atomic-layer deposition (ALD) method was
employed as a means of nurturing and dispersing silver oxide layers
within the superficial PdCoNi, thus giving rise to (PdCoNi/TiO3-ALD-
SiO9-TiOy); the resulting nano-alloy (PdCoNi supported on TiO3)
appeared crystalline and sized 3.52nm. The performance of the
PdCoNi/TiO2-ALD-SiO2-TiO2 catalyst was measured in terms of its

Fig. 3. a-f: a-b. FESEM morphology of Pd 60C0¢.18Nio.22/TiO2 for different sections of the sample taken from different regions, c-d. BFTEM morphology/magnifi-
cations of Pdg 60C0¢.18Nig 22/TiO5, e. Histogram of Pdg 60C0o.18Nip 22/TiO, catalyst-size f. HRTEM of Pdg 60C00.18Nip.22/TiO2. .

Adopted from [71]
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selectivity, activity and oxidative/thermal stability during the catalytic
dehydrogenation stage; the hybrid catalyst-support adopted here is
similar to that in ref. [72]. Formic acid (FA) is a prospective parent
material for producing hydrogen [13], however, the percentage
composition of hydrogen in the compound is only approximately 4%,
hence, large volumes of the organic compound are required if high
volumes of hydrogen are desired. According to [13], the dehydrogena-
tion reaction occurred at room temperature with a turn over frequency
of 207 mol Hy/mol metal*h and the catalyst selectivity was > 99% at
near-complete conversion. They found that the catalyst-support helped
to preserve the service-life by about 20 times i.e., at the 20" time of
catalyst reuse, the catalyst still retained its reactivity and inherent
abilities in terms of selectivity, conversion and stability, whereas, the
non-anchored PdCoNi/TiO catalyst had completely lost its potency
under such conditions. Sadovskaya et al. [73] developed a hybrid
vanadia-titania oxide hybrid catalyst with metallic ratio of 1:13
respectively, and a specific surface area of 54 m?/g; this is similar to the
surface composition of the hybrid catalyst of the monolayer atom
adopted in ref. [72] that had an average density of 8.9%10'8 atoms/mz,
which was formed by first dissolving anatase titanium oxide in a solution
of vanadyl oxalate (VOC204) and subsequently drying the resulting
mixture in air for 12 h and calcining it at 110-450 °C for 4 h. Liu et al.
[74] produced a Pd-Au alloy as catalyst for hydrogen production.
Although the Au catalyst did not influence hydrogen production, they
added that, it rather prevented any possible adsorption of the produced
hydrogen atom, which was subsequently converted to hydrogen mole-
cule. Fig. 3 a-f shows different views of a sample Pd-Co-Ni-TiO5 catalyst
morphology as obtained from SEM.

Zavras et al. [75] used the concept of changing the environment/
reaction system at a metal centre/catalyst surface to stimulate activity/
reactivity. Formic acid was the adopted raw material for synthetic
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hydrogen production. In their work, gas phase experiments were com-
bined with DFT calculations as a way of examining how a binuclear
silver hydride ion (AgH™") can be manipulated using choice phosphate
ligands which initiate hydride protonation and in turn liberate Hy gas
(Fig. 4). According to them, this is a very crucial step, because the
decomposition of formic acid is almost impossible without ligands. Also,
spectroscopic characterization of the AgH" shows that the ionic hydride
and its ligated variants can be easily formed when needed.

Catalyst selectivity and activity

Several homogeneous catalysts have been adopted for formic acid
decomposition reactions, however, one of the most recent findings by
Sanni et al. [24] puts forth copper-triethanol amine system as a prom-
ising catalyst-support system for high FA conversions of about 82.7%.
Also, owing to the rising research interests in establishing the mecha-
nisms/kinetics for formic acid decomposition, a homogeneous kinetic
model for catalytic-formic acid decomposition was proposed. Several
other catalysts have been adopted for formic acid decomposition, but
most of them are heterogeneous in kind. Despite the fact that the
alloying of transition metals with noble metals is one good and ideal
method of obtaining responsive and desirable catalytic FA-
decomposition efficiencies, the involvement of heteroatoms makes the
entire process somewhat expensive [24]. The folding, doping or
encapsulation of sample metal-blends such as palladium and gold (a
noble and inert element) for use as catalytic-decomposers of FA, have
shown high levels of activity and selectivity for Ho owing to the high rate
of conversion obtained as compared with the Hj yield when pure forms
of the metals are used [76,77]. According to Allison and Bond [78],
alloys of palladium and gold form a serial-continuous face centred cubic
structure in their liquefied state which makes them a good blend for

Fig. 4. a-b: Ligated silver hydride ion and its

a col decarboxylation/dehydrogenation of formic:
a. catalytic process cycle involving (i) the

0] (w) ) decarboxylation of [LAgy(0,CH)]" through

collision-induced dissociation (CID) to give

HCOH o HCOH [LAG,(HYHCO,H), ) [LAgo(HD]" (ii) ionic reaction of [LAgs(H)]"

[LAG,(O,CH)J* [LAG,(H)]» === [LAQ,(H)HCOH)] S to give [LAgs(0,CH)I* (iii) ionic combina-
~HCOH -HCOH tion of [LAgx(H)I®. (iv), CID of [LAg(H)

W) (i) (HO,CH)]" to reproduce [LAgy(H)" (v)

(W) molecular  combination of  [LAg»(H)

(HO,CH)]" and HO,CH to give [LAgy(H)
(HOoCH),]"  (vi) CID of [LAgy(H)
(HO,CH),]" to produce the [LAgx(H)
(HO,CH)]™".b. results from the most stable-
structures examined: la-f. The DFT hybrid
functional B3LYP was used alongside def2-
TZVP AO as basis for all atoms and with
their corresponding relativistic effective Ag-
atoms core potential. Bond distances are
illustrated with A (black) and P-Ag-H bond
angles in degrees (red). Adopted from Zavras
et al. [75].



S.E. Sanni et al.

hydrogen synthesis. Fig. 5a-k shows the comingling of HCOOH and
hydrogen atoms/molecule on a sample Pdy;Auss catalyst cluster.

The activity of PdCoNi/TiO,-ALD-SiO, catalyst was examined by
Caner et al. [71] during formic acid decomposition; they accounted for
the performance of the catalyst by constantly monitoring the
volumetric-hydrogen evolution using gas displacement technology as
discussed in previous works [79-92]; in testing the catalyst’s perfor-
mance, the weight of the catalyst reaction flask was monitored per time.
In recent times, pure separate atoms of Au and Pd, as well as Pd-Au core
shells and Au-Pd core-shells were synthesized as catalytic decomposers
of formic acid. The volume of hydrogen produced from the reactions
catalysed by the last three catalysts were obtained in the following
order: 100 mL in 600 min, 230 mL in 150 min and 200 mL in 50 min,
respectively. The results revealed the increased catalytic activities as
well as product (Hy) selectivity of the catalysts for FA [93]; these results
are also supported by results obtained by other investigators
[87,94-99]. Catalyst-orientation can be in several categories including
single crystals [100-102] and bulk forms [103], as supports/anchors
[104-106], organic complexes of metals [107,108] and metallic salts
[109]. Noble metals only have the capacity to catalyse the dehydroge-
nation step of formic acid decomposition while base metals and their
oxides are useful for the dehydration and dehydrogenation steps [104];
this justifies the idea of catalyst-hybridization in order to take advantage
of, as well as maximize the catalytic potential of each class/type of
catalyst. However, based on the work of Sanni et al. [24], it is obvious
that the Cu-tertiary amine system adopted, has the ability to overcome
these odds since the dehydrogenation step induced by noble metal-
catalysts takes advantage of the intermediate formates/complexes
formed at the dehydrogenation stage [100,105]. According to Silbaugh
et al. [106] monodentate formate is a key intermediate product of formic
acid decomposition that is further converted to bidentate formate; this
reaction is reversible in nature which explains the tendency for re-
establishing the system’s equilibrium. The thermochemical analyses of
the decomposition of HCOOH on sample-facets of Au, Ag, Co, Cu, Ni, Os,
Pt, Pd, Rh and Ru catalysts have been investigated [18]. The study
discussed the use of DFT in examining the mechanisms of HOOH-
decomposition to give HCOO* via surface intermediates or the release
of the carboxyl group via COOH*-surface intermediate. Based on the
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findings, the adsorption of HCOOH at the water-removal stage helps to
disintegrate either the C-H bond to form COOH* or the O-H bond to
form HCOO¥*. Thereafter, cleavage and evolution of the remaining
proton and CO; take place respectively. A systemic analysis of bulk-
metal catalyst-activity in HCOOH decomposition was carried out by
monitoring parameters such as surface composition of metals, number of
catalyst-active-sites, type of surface intermediates formed, formic acid
adsorption equilibrium, Density Functional Theory -Thermal Dynamics
(DFT-TD) and reaction rates at steady state [103]. According to their
hypothesis, all the catalysts provided evidence of CO5 and CO formation
during the dehydration and dehydrogenation steps of surface HCOO*
species, respectively. It was also reported that the TD-Drifts revealed
that the surface HCOO* may be mono- or bi- dentate in kind, depending
on the metal-catalyst adopted. Furthermore, they observed that there
was no correlation between the resulting gas-ratio (i.e. CO5 to CO ratio)
and the nature of surface formates formed for each catalyst. Based on
HCOO* decomposition rates, the following list was established in
increasing order of catalyst-performance:
Rh < Fe < Ag < Ni < Au < Co < Pd < Cu< Pt and, these were found to
bear a poor correlation with the Turn over Frequencies (ToF) at steady-
state. The work of Zhong et al. [110] involves the use of a Pd hetero-
geneous catalyst for the catalytic dehydrogenation of HCOOH, while Li
and Xu [111] also adopted a nano-catalyst in synthesizing high pressure
hydrogen from formic acid.

Table 2 contains the rates of formation (Wg) of CO and CO,
measured at steady state (i.e. for varying %volume of hydrogen pro-
duced) for different experimental runs at 120 and 140 °C. The CO con-
version (X%) and Catalyst Selectivity for CO (Sc,) are also shown as
obtained from the experiment. Based on the results, it can be inferred
that the rate of decomposition of HCOOH is less dependent on acid
concentration but on %vol of Hy0 formed. Looking at the data generated
for experimental runs 1 and 2. For zero %water volume, the trans-
formation rate/conversion and selectivity only varied slightly within the
range of 10-13% and 78-76%, respectively for a change of 2.4-1.3
HCOOH-acid concentration at 120 °C. Comparing the %vol of water in
runs 3-5, the conversion dropped from 9 to 5% with the CO selectivity
Sco dropping to as low as 47%; the rate of formation of CO5 also dropped
from 0.27 to 0.24, hence, CO; selectivity shows an indirect variation

HCOOH

Fig. 5. (a-c) Plausible active sites for adsorbing reactants (HCOOH) or product (H,), (d-i) Hydrogen atom and (j-k) Attached hydrogen molecule (H») on a sample

PdjysAuss cluster. .
Adopted from [74]
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Table 2
Steady State Formic Acid-Decomposition Data for Different experimental runs.
No T2, S Conc. %vol X% Wst * 10° Sco%
HCOOH H,0 (o2} Cco CO, Cco
T @ 120°C
1 0.77 2.4 0 20 10 1.34 0.38 78
2 0.79 1.3 0 20 13 1.26 0.4 76
3 0.45 2.3 3.8 20 9 0.59 0.29 67
4 0.50 1.4 3.8 20 12 0.47 0.27 64
5 0.44 2.2 9.5 20 6 0.29 0.24 55
6 0.46 2.3 14.5 20 5 0.22 0.24 47
T @ 140°C
7 1.94 1.8 0 20 25 8.3 1.3 86
8 0.56 2.0 9.8 20 20 1.8 0.51 78
9 0.46 1.8 15.0 20 27 1.8 0.5 78
10 0.49 1.7 17.0 20 23 1.5 0.55 73

T? = contact time, Conc. = concentration, Wst.
Source: Sadovskaya et al. [73].

with the amount of water recovered. For water concentration in the
range of 0-14.5%, the rate of CO formation dropped by 6 times at
120 °C, while the S¢, dropped by about 30%. When the reaction tem-
perature was raised to 140°C, the overall rate of decomposition of
HCOOH and S, increased (see results obtained at 120 °C). Since water
vapourizes faster at 140 °C relative to 120 °C, the effect of water vapour
on the reaction at 140 °C is less pronounced. For a %vol H,0 of 0-15%,
the rate of formation of CO dropped by 4.5. Also, the selectivity of the
catalyst towards CO decreased by 10% approximately.

Because, a catalyst selectivity of less than 50% CO is poor (Table 2),
the values for all 3 parameters in Fig. 6 were chosen from runs 1-3. The
optimum HCOOH concentration for high CO selectivity is between 2 and
3 M for 0.44-0.45 T?,S with respective water volumes of 3.8 and 9.5% as
obtained from the dehydration steps for runs 2 and 3. An equilibrium
point where Sco selectivity = 77% was also established between both
runs. Furthermore, in order to obtain the best results, the conditions
suggested for runs 2 and 3 must be maintained. Borrowing a leaf from
the observations in ref [73], while considering the very high FA-
conversion obtained by Sanni et al. [24] for both theoretical and
experimental hydrogen estimates, it then implies that the CO selectivity
was impeded up to the 20th run by the help of the tertiary amine which
served as support for the Cu-catalyst, however, CO selectivity increased
after the 20™ run because there was an incipient drop in the catalytic
activity of Cu-triethanolamine, which further resulted in the reduction
in volume of hydrogen recovered for further runs. This they allotted to
be caused by catalyst poisoning, pH alteration, formation of a complex,
steric hindrance etc.

Catalyst-Selectivity —o—FA-Conversion

Conversion X (%)
uononpoxd ) 10§ ANATR[AS IsAEIRD)

0 1 2 3 4 5 6 7
Experimental Runs

Fig. 6. Catalyst selectivity for CO vs HCOOH-Concentration and Conversion
@ 120°C.
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Bond energies of reacting species in FA decomposition reactions

The catalytic-activities of single metal catalysts are enhanced when
they are hybridized or alloyed. This is because of the synergistic effect
offered by each of the metals in their combined form, which in turn
lowers the activation energy of the reaction to give Hy. It has been re-
ported that the superficial energy of Au is smaller than that of Pd [112],
which is the reason the surface area/active sites of the hybrid catalyst is
rather more-enhanced as induced by Au [113]. What this then suggests
is that, for heterogeneous catalyst-composites, the wrapping material is
of utmost concern i.e., it should comprise more of the more/most active
metal of any two or more catalyst-options. According to Ding et al.
[114], the nano-clustering nature of metallic nano-composites can be
examined using a High-Resolution Transmission Electron Microscopy
(HRTEM). Based on their findings, after epitaxially-growing the less
active metal (Pd) on the more active metal (Au), there was a concen-
tration gradient set up within the crystal lattice of the alloy, which
further resulted in the diffusion of Au to the surface, thus annulling the
lattice mismatch between both atoms. In addition, the presence of both
atoms along the Long Range Ordered Plane (LROP) is approximately 1:1
which is stable below 800K. According to Wang et al. [102] the
decomposition of formic acid on Pd surface to give two moles of
hydrogen atoms and one mole of CO is possible within surmountable/
permissible reaction constraints, however, there is need for caution
since Pd has high affinity for hydrogen thus causing dissociation of the
atoms and subsequent binding of the atoms to the surface of Pd; this
strong hydrogen adherence makes it almost impossible for the comin-
gling of two H atoms to form hydrogen molecule on the surface of Pd
[115]. On the contrary, the adherence of hydrogen to the surface of Au is
characterized by a weak bond [116] and based on the account of Yu
et al. [117], the average characteristic bond-energy of hydrogen to the
Au-Pd nanocluster-surface lies between the individual bond energies of
both atoms. To complement the aforementioned statement, Liu et al.
[73] opined that, the increased production of hydrogen from HCOOH
decomposition is as a result of the weak forces of adsorption of H, on the
Au-Pd surface.

Table 3 gives the nature of the active sites and adsorption energies of
PdAu clusters to Hy, H and HCOOH; some of the species are attached to
vertices, the face-/hexagonal-cubic centres, along edges, as well as
bridges of the catalyst clusters. In accordance with previous discussions,
the bridge, face/hexagonal centres and edges mentioned for the single
and heterogeneous catalysts in ref. [73], can be likened to the different
orientations exhibited by the coordination sites of copper i.e. Cu(110),
Cu(101) and Cu(111) when used on catalyst supports such as
triethanolamine.

Elementary steps for hydrogen formation from formic acid

HCOOH-decomposition is largely contributed by the dehydrogena-
tion step. The overall decomposition involves two process routes:
dehydrogenation and dehydration whose reaction rates are dependent
on the nature/type of catalyst, system-pH as well as the reaction tem-
perature (if not kept constant) [118]; the stoichiometric equations for
the reactions are as given by (2) and (3).

Scheme A

HCOOH ©€u2+/RIRNH2 _, 11,0 4 CO AGas3 K (AGggg K= —14.9kJ/
mol (Dehydration- initiation step) (2)

HCOOH Cu2+/RIRNH2 _, 1, | 005 AGsss K (AGgeg K = —35.0 kJ/mol
(Dehydrogenation-initiation step) (3)

The first step is a dehydration step (2), while the second (3) is the
dehydrogenation step where hydrogen is produced.

Mackay et al. [119] proposed two reaction schemes for HCOOH
decomposition as presented in (4) and (5).
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Table 3
Active sites and adsorption energies of HCOOH, H and H; on Pdss, Pdy;Ausg and
Pd,,Auss clusters.

Species Pdy, Pd,, Pdss
Active site Elec. Active Elec. Active site Elec.
Volts site Volts Volts
*101
HCOOH (a) Vertex -8 (a) Pd -0.7 (a) Pd —0.66
(b) Edge -7.3 (b) Au -0.5 (b) Au -0.53
vertex vertex
H (c) Fcc -3.13 (c) Au —0.28 (c) Auedge —0.32
edge
(d) Hep -3.10 (d) —2.94 (d) —2.64
PdsAu PdAusfce
fee
(e) Bridge -3.01 (e) -2.91 (e) —2.61
(Vertex- Pd,Au PdAughcp
edge) hep
(f) Bridge -3.00 (63 —-2.63 (f) PdAu —2.62
PdAu, bridge (Au
hep edge)
H, (g) Vertex -0.48 ® —-2.74 (g) PdAu —2.65
PdAu bridge (A
bridge vertex)
(h) Edge —0.51 (h) —-2.5 (h) AuAu —2.42
AuAu bridge
bridge (vertex-
edge)
(i) pd -0.5 (i) Aug fee -2.3
() Au -0.14 G) Pd —0.46
vertex
(k) Au —0.16
vertex
Source: Liu et al. [73].
o (Cu* /RIR2NH2)
(HCOOH)H* ™ - H;0" + COAHr353(AHrog
= 78 kJ/mol, protonation — final step) 4)

+(Cu* /RIR2NH2)

(HCOOH)H* ™ — HCO" + H,0AHrss3(AHrys
= 181kJ/mol (Dehydration - final step) 5)

If it is assumed that all four reactions are important steps in formic
acid decomposition, then, in combining those two schools of thought,
one can see all four steps as being very important to the hydrogen for-
mation step, hence the proposed scheme of elementary steps for HCOOH
decomposition is in the order of (4-5 or 2-3). The distribution ratio of
HCO™":H30" is 7:3 and the reactions in equations (4)—(5) show that the
decomposition of protonated metastable ions of HCOOH give hydroxo-
nium and formyl ions [120,121]. The difference in heat of reaction
values for both steps was reported to have some measure of thermo-
chemical variations during their product formation steps. The percent-
age composition of the products of the reactions in equations (2)—(5) are
as shown in Table 4a. However, the heat of reaction is obviously lowered
alongside the estimated AG at 353 K; more explanation is given on this
in section Structural forms and activation energies of reactions at the
active sites of copper considering the active sites of copper.

Table 4a
Energy requirement for the protonation and dehydration steps of FA
decomposition.

Temperature, K Products (%)

H;0" + CO HCO" + H,0
298 60 40
1000 40 60
This work
353 82.2 17.8

Adapted from ref. [121].
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Other supplementary reactions proposed by Sekiguchi et al. [121]
for FA decomposition can be mimicked for the Cu-triethanolamine-FA
system:

ki
CuR1R2NH," + HCOOH — [HCOOH]H (6)
ks
(HCOOH)H+ H;0" + CO (7)
ks
HCO+ + H,0 (8)
k4
H;0" + HCOOH — [HCOOH]H" + H,0 9)
ks
HCO" + HCOOH — [HCOOH]H" + CO (10)
Scheme B

Cu - RIR2NH, + HCOOH" — Cu - RIR2NH, + HCOOH' AHr
= 137 kJmol ' (dehydration) 11

HCO" + HCOOH¥ - H,+ Cu - RIR2NH, + HCOO (final step) AHr

= 49 kImol ' (dehydrogenation) 12)
Poamospheric Vgas
ToF = —4tmowneric Tgar. a3
2*neyt
Where:

Pagmospheric = atmospheric pressure in N/m? = (101325 Pa),

Vgas = generated volume of Hy — CO, gas (815 mL/2 =407.5mL) at
half-life of the gas generation,

R =universal gas constant (8.3145 m® Pamol ' K1),

T =reaction temperature (333 K),

ncy = total mole number of Cu atoms in catalyst (0.8315%1; obtained
from Table 4), and t is the time of half-completion of gas generation
(180 min).

RIR2—NH2/Cu2+

HCOOH — CO, +H, 14

The energy difference of the dehydration step at 298 K as given in
equation (4) is expected to be less than the energy requirement of
equation 8 (whose value was not reported), this is evident due to the
difference in the dehydrogenation steps of schemes A and B as seen in
equations (4) and (12), respectively, giving a change of 29 kJmol ™!
Comparing the total heat of reaction for the dehydrogenation step in
scheme A (heat-summation of equations 2, initiation step and 4, final
step =i.e. (-35+78) =43 kJmol™1) to that of the final step of scheme B
i.e. equation (11) (49 kJmol’l), it is obvious that the latter (dehydro-
genation step- scheme B) gives more energy consumption than the
former (dehydrogenation step- scheme A) with the energy difference of
both schemes’ being 6 kJmol ~!. Also, the quantity of heat required for
the dehydration step is far higher than that required for the dehydro-
genation step. This then justifies the reason why some reactions are
initiated at higher temperatures depending on the ability of the catalyst
to alter the reaction rate or impede the dehydration step, so that most of
the energy supplied to the system is not used in producing water and CO,
which reduces the tendency for hydrogen release from FA. When scheme
A is critically examined, the reaction in 5 then looks to comprise of the
series of elementary steps shown in scheme B’s (reactions (6)-(12))
dehydrogenation-step, that is, both schemes seem to have similar
characteristics/features despite the difference in the heat of dehydro-
genation (i.e. 6 kJmol™!) of both schemes, which may have been stim-
ulated by the nature of the reactions in the schemes, variation in catalyst
type, support(s) and process conditions. Table 4b gives a summary of the
metallic cations and conditions for exemplifying the FA dehydrogena-
tion steps explained in scheme B.

The average ToF of hydrogen gas produced from FA dehydrogena-
tion reactions, as well as the estimated activation energies of the
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Table 4b
Summary of some metallic cations alongside Cu?'/R1R2NH, conditions
responsible for the HCOOH decomposition.
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Table 6
Number of Active sites (Ns), Steady-state, ToF for homogeneous catalysts at
250 °C and the Cu-amine catalyst synthesized at 60 °C.

Cation Radical/ Difference in proton affinity =~ Method of synthesis Catalyst Number of HCOOH Activity TOF 250 (°C/s)
atom AP, o (kJmol 1) (pmol/g) active sites (Ns) 250 °C (pmol/ges)

HCIt I 138.8 Electron ionization of Co 3.1%10} 9.3%102 3.0710°%
ammonium iodide Fe 1.8%10? 4.010° 22102

H,Cl* HCl 185.1 Chemical ionization of Ag 7.6%10° 3.010° 3.9%107!
NH,4CI to HoCl* Au 5.2¥10! 4.0%10! 7.7¥10!

CHZ CH,4 198.5 Chemical ionization Ni 1.6%10? 1.5%10° 9.3%10°

HCO3 CO, 201.5 Electron ionization of Rh 1.5*10" 4.8*10" 3.3%10°
HCOOH pd 9.9%10! 1.6%10% 1.6%10!

HCl cl 228.4 Electron ionization of Cu 1.6%10! 5.2¥10! 3.2+10!

Cu®*  RIR2NH, Not measured NH,4Cl Pt 1.9%10! 1.8+10° 9.8%10%

Chemical vapour CuNP- 4.35%10° ND 358.8%10° @ 60°C [24]
deposition amine

Adopted from Sekiguchi et al. [121]; Lias et al. [122].

AP, a5 = AP, o (Metal) - AP, ¢ (formic acid). All values have uncertainties in the
region of 10 kJmol ! while AP; . (HCOOH) = 228.4 kJmol !.

M = metallic cation and MH" = metallic composite.

reactions at different temperatures, for different catalysts, are docu-
mented in Table 5.
Table 6 compares the results of the estimated ToFs as obtained for

Table 5
Catalytic performance of different catalysts used in the dehydrogenation of
formic acid.

Catalyst T (K) ToF initial Con. (%) EakJ Ref.
() mol-1

PdgoAus/ZrSBA- 298 1185 95 425 [123]
15-AP

Pd/CNx 298 639 98 48.8 [124]

Ag@Pd/C 298 157 43 - [82]

AgPd/C 298 274 46 22.0 [125]

AuPd/C 298 41 24 28.0 [86]

CoAuPd/C 298 54 91 - [97]1

NiAuPd/C 298 20 73 - [126]

AgAuPd/rGO 298 95 100 - [127]

CoAuPd/r-GO 298 63 51 - [128]

CoAuPd/DNA- 298 130 96 - [128]
GO

AuPd/N-mrGO 298 39 93 - [83]

Au@Pd/N-mrGO 298 111 98 - [83]

AuPd/N-rGO 298 17 57 - [129]

AuPd-CeO,/N- 298 68 98 - [129]
rGO

AuPd/ZIF-8-rGO 298 532 83 - [99]

AuPd-MnOx/ZIF- 298 764 94 - [99]
8-rGO

PdAg-MnOx/N- 298 482 99 72.4 [88]
SiO,

CrAuPd/N-SiO, 298 707 87 49.8 [89]

PdAu/N-SiO, 298 164 76 26.2 [87]1

PdAu-MnOy/N- 298 981 92 26.2 [87]
SiOy

AgPd@MIL-100 298 58 37 - [130]
(Fe)

Pd/SBA-15-NH, 298 127 28 - [131]

PdNiAg 323 85 94 - [90]

SR13 FHL strain 310 1228 - - [38]

PdAu-MnOy/N- 298 78.5 92 - [132]
SiO,

MnO; & MnO,/ 298 0.0003-0.003 - - [133]
RGO

Au-ZrO, 325 1590 - - [81]

PdAg-MnO,/N- 363 1400 929 - [88]
SiOy

Cul 368 1.8 28 mmol - [134]

Cu(OAc), 363 0.98 28 mmol - [134]

IrNaO,CH 363 964 99 - [134]

Ru 36-400 964 12.7 mmol - [108]

Pd**C 353 7,256 98 - [135]

Fe-pincer/LiBF4 298 247 2.9 mmol - [136]

12

Source: Adopted from [24,103].

some catalysts and that of the referred Cu-tertiary amine system syn-
thesized by Sanni et al. [24]. The data shows that the only single cata-
lysts that performed better than the Sanni et al. [24] catalyst system, are
cobalt and platinum with ToFs of 3000 and 980s~! respectively. The
Estimated ToFs of the catalyst systems in Table 6, as well as that of the
1 M CuNP-tertiary amine system, were obtained from (13). The value of
the Turn over Frequency (ToF) estimated here is an apparent ToF which
is dependent on the number of Cu atoms in the CuNP-catalyst, and was
estimated based on the half-life of the gas (Hy) produced.

Based on the sizes of the CuNPs obtained, the best CuNPs were those
with an average particle size of 1.5 nm size. Particle size, pH, concen-
tration and reaction time were recounted as variables that affected the
performance of the CuNP-tertiary amine system (Fig. 7). The loop in
Fig. 8, shows the variation of Cu loading, pH and concentration.
Knowing the value of any two of the three variables shown in the loop,
will help ascertain what the value of the third variable would be without
the need for any form of experimentation. Also, the optimum pH, con-
centration and particle size for obtaining a theoretical conversion of
100% and an actual conversion of 82.7% were estimated to be 3.19, 1 M
and 1.5 nm, respectively (Fig. 8a). Fig. 8b is a profile of the variation of
partial pressure with time for the Cu-triethanolamine system.

According to the Differential Method of Analysis (DMA) established
by Sanni et al. [24], for a single catalyst-support system, the estimated
order of the reaction for FA-decomposition using the CuNP-tertiary
amine system, is a first-order type with intercept —RTInk = 0.004091
(Fig. 9) and a corresponding rate constant or k-value of 1.0041 s 1. They
also mentioned that, the methods used in establishing the dehydroge-
nation kinetics can be adopted for other single catalyst systems,
whereas, for multi-catalyst or heterogeneous catalyst-support systems,
the approach discussed might require some form of modification owing
to the complex nature of such systems. Based on their explanations, it is
the first study that adopted the differential method of analysis to
establish the dehydrogenation kinetics of FA in terms of partial pressures
of the species in the system.

Exploring the plausible reaction pathways and copper surfaces for FA-
Decomposition

Unlike the case of Au catalyst used in FA decomposition, where three
pathways i.e. HCOO (formate), COOH (carboxyl) and HCO (formyl) are
possible as illustrated in Fig. 10, the HCO intermediate is not a feasible
pathway for the case of Cu-FA decomposition, because, the HCO
pathway occurs as a result of dehydroxylation of HCOOH by Au catalyst,
which has higher activation energy compared to those of HCOO and
COOH pathways, hence, the HCOO and COOH pathways are the only
pathways considered for Cu-catalysed FA reactions.
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Fig. 7. SEM images of the: a. 0.6 M, b. 0.8 M, d. 1.0M and d. 1.2M CuNPs. Adopted from Sanni et al. [24].

Structural forms and activation energies of reactions at the active sites of
copper

Adsorption configurations of five intermediates have been exten-
sively studied on three Cu facets as illustrated in Fig. 11a and b.
Hydrogen atom selectively binds at the three fold Face Centred Cubic
(fce) site of Cu(111) with an energy of —2.26 eV, while the binding
energy at the Cu(100) site is lower by —0.01 ev at its readily available
four-fold site. According to the investigation, the 3-fold fcc site nearest
to the edge, is the preferred end for H-adsorption at the Cu(211) site;
there is also a lower H-binding energy of —2.38 eV at the Cu(100) site.
The CO, released during the decomposition was seen to exhibit null
preference for the three Cu facets, thus retaining its gas-phase linear
geometry, which is characterized by a weaker binding energy i.e.,
—0.1 eV that is suggestive of physiosorption on the Cu-surface.

Also, Li et al. [50] mentioned that the carboxyl group binds to two Cu
atoms at the Cu(111) surface via its free carbon and oxygen atoms,
whose C-O bond almost runs parallel to the O-H bond pointing to the
surface with an estimated bond energy of —1.44eV; this type of
adsorption is also similar to what was observed at the Cu(211) step
edge-surface. At the Cu(100) facet, the COOH group attaches to two
opposite bridge sites in a square surrounding a hollow site. COOH has
stronger affinity for Cu(100) and Cu(21 1) sites as compared to Cu(111)
by 0.30 and 0.46eV energy differences, respectively. On all three

13

coordinates, formate attaches in a bidentate configuration with its ox-
ygen atoms bound to adjacent top sites, whereas, step-edge top sites are
preferable for HCOO-attachment to the Cu(211) site; the approximate
binding energy of HCOO at the Cu(111), Cu(100), and Cu(211) sites
are —2.57, —2.95, and —3.17 eV, respectively. FA binds to the top site of
all three surfaces of Cu with its free oxygen atom. While its C-H bond
points away from the site, the O-H bond points inwards. At the Cu(211)
surface, HCOOH attaches itself to the top-side of the step edge during the
reaction and the O-H bond is seen pointing at the step-foot atoms
positioned on the terrace. The bond energy of FA increases in the order
of Cu(111)<Cu(100)<Cu(211), with corresponding energies of
—0.16, —0.32, and —0.47 eV at all Cu-surfaces respectively. CO; is also
physically adsorbed and both intermediate pathways tend to attach to
the step edge of Cu(211), thus giving binding energies in decreasing
order of magnitude at all sites i.e. Cu(211) > Cu(100) > Cu(111); this
was found to be in support of the notion that adsorbates exhibit higher
binding strengths for unoccupied/open facets.

The profiles of the transition states of each minimum energy path is
shown in Fig. 11b. Tentatively, HCO formation during dehydroxylation
of FA on Cu(111) has a binding energy and activation energy of 1.10 eV
and 1.52eV [31] respectively, which triples the activation energy of
HCOO (formate) formation from FA; this value is 0.39 eV higher than the
value for the carboxyl path (COOH) formation from HCOOH at the Cu
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(111) site, hence, a true confirmation that FA decomposition cannot
occur via the formation of HCO as intermediate. HCO can only give rise
to CO production, whereas, there is substantial evidence that CO, and
H, are the only feasible products of FA-decomposition on Cu-catalysts
[24].

During FA decomposition, the formation of formate (HCOO) pro-
ceeds with the breaking of O-H bond over bridges at the Cu(111) and
Cu(100) sites, and on the step-edge at the Cu(21 1) surface. The reaction
is exothermic with corresponding reaction energies of —0.33, —0.57 and
—0.74eV, and decreases in the following order Cu(111)>Cu

14

»CO, +H,

» CO + H,0

Fig. 10. Pathways of FA decomposition for reaction catalysed by Cu catalysts;
the red arrows signify HCOO pathway; green arrows depict COOH pathway; the
blue arrow shows the HCO pathway. The shared desorption step for Hy pro-
duction for the HCOO and COOH pathways is indicated by the black arrow.
Adopted from Li et al. [50].

(100) > Cu(211), which is caused by the higher binding strength of the
formate/intermediate HCOO at the more open sites. The estimated
activation energies of the weak structural sensitivity of the O-H bond at
the three sites, was found to fall within the range of 0.41-0.48 eV, hence,
configurations of the transition states appear similar. The C-H bond-
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(a) (b)

Cu(111) cu(100) Cu(211)

cu(111) Cu(100) Cu(211)

i m m
|
HCOOH - COOH +H

COOH -> €O, +H

Fig. 11. a. Different configurations of reaction intermediates at the Cu(111), Cu(100) and Cu(21 1) facets. b. Cross-sectional and top views of transition states of the
elementary steps at the Cu(111), Cu(100) and Cu(211) sites/plane. For the intermediates, the cross-section (left side) and top (right side) are as illustrated with Cu,
C, O and H atoms depicted by pink, grey, red and blue spheres. Adopted from Li et al. [50].
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isolation in FA to give COOH and hydrogen atom involves a rotation of (111) and Cu(100) facets, whereas, at the Cu(21 1) surface, C-H bond
the reactant molecule with the C-H bond pointing at the surface. Upon breaking occurs above the top site step-edge. After decomposing the

attaining the transition state, C-H bond scission may occur at the top site reactant, the carboxyl group (COOH) is absorbed at the two adjacent
where COOH is absorbed via the carbon atom formed from the reaction; topsides of the step edge, while hydrogen atom attaches to the hollow
the atomic-H formed adheres to the closest fcc or bridge sites of the Cu site of the edge. In essence, FA-decomposition via the HCOO is
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Fig. 12. Potential energy profile of FA-decomposition for the HCOO- and COOH-mediated pathways at: a. the Cu(111) surface, b. the Cu(100) surface, c. the Cu
(211) surface, and d. Cu(111) surface. Adopted from Li et al. [50].
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exothermic, while, it is endothermic for the COOH pathway for all three
surfaces owing to the heat/energy-gain during the adsorption of COOH
relative to HCOO. Across the three surfaces, the estimated activated
energies are 1.13, 0.94 and 1.06 eV at the Cu(111), Cu(100) and Cu
(211) sites, respectively. Since the COOH-pathway involves much
higher (i.e., >0.5eV) energy than the HCOO pathway, Cu-catalyst will
preferentially attack the O-H bond in FA to form the formate (HCOO) as
intermediate product on all three surfaces of the catalyst. Also, the C-H
bond scission in HCOO also involves a rotated molecule where the C-H
bond points to the surface. At the transition state, one Cu-O bond ap-
pears broken with the C-H bond isolation occurring at the topside of a
bridge at the Cu(111) and Cu(100) sites, as well as the bridge-site on
the Cu(211) step, thus giving equivalent reaction energies of 0.15, 0.52
and 0.60 eV at the Cu(111), Cu(100) and Cu(211) sites, respectively;
these are all indicative of the endothermic nature of the reaction on the
surfaces. Both reaction and activation energies increase in the order of
Cu(111) <Cu(100) < Cu(211), which are suggestive of the structure
sensitivity of the reaction at the three Cu surfaces. There is a constant
change of 0.26 eV in the activation energy of HCOO decomposition at all
sites giving increased values of 0.95eV to 1.21 eV to 1.47 eV for the Cu
(111), Cu(100) and Cu(211) surfaces respectively, because of the
strong attachment of HCOO to free open facets. These results agree with
the variation in the structure-sensitive character of HCOO dehydroge-
nation, which is responsible for its varying activation energies at the Cu
(111) and Cu(110) surfaces [66] where the measured activation energy
by Nakona et al. [66] is 108kJ/mol or 1.12eV greater than the
measured value (0.95 eV) as obtained by Li et al. [50]. Since, the acti-
vation energy of the COOH pathway is higher than that of the HCOO
formation-step, it therefore suggests that the formate formation step is
the rate limiting step.

Surface potential energies at the copper sites

The thermochemical properties and activation energies of the
different reaction pathways were used to obtain the potential energy of
the three Cu facets; see Fig. 12 a-d. The PESs shown in Fig. 12a—c can be
used to compare both the HCOO and COOH-mediated pathways for all
three Cu facets. However, it is evident that the PE at the HCOO-mediated
pathway is more favourable than that of the COOH-mediated pathway
for the FA-decomposition at Cu(111), Cu(100) and Cu(211), owing to
the lower TS (transmission state) energies along the HCOO-mediated
path. In Fig. 12(d) the most favourable HCOO-mediated path was
examined along the three Cu facets, and it was observed that higher TS
and activation energies were obtained for the HCOO decomposition step
than that obtained for the HCOO formation step along the HCOO-
mediated pathway. The estimated surface PEs are in the order of Cu
(111)>Cu(100)>Cu(211). Thus, Cu(211) binds intermediates more
strongly than Cu(100), and gives lower energies of adsorption with
higher corresponding activation energies than those of Cu(100) and Cu
(111). Since FA-decomposition on Cu(21 1) surface has a similar tran-
sition state (TS) energy with Cu(100), but lower in terms of comparing
their activation energies, hence, the Cu(211) surface is therefore
considered less active than Cu(100) for HCOOH-decomposition. From
the PES profile, co-adsorbed formate and hydrogen (i.e. HCOO and H)
depict a very stable stage, therefore, these surfaces i.e. the Cu(100) and
Cu(211) surfaces, are most likely to be partly covered by the attached
HCOO at the surfaces of Cu(100) and Cu(21 1); the last two sites bind
HCOO more strongly than Cu(111) with binding energies in the tune of
0.38 and 0.60 eV, respectively. In addition, FA decomposition may
prevail at the terraces of Cu catalyst, while the under-coordinated step
and defect sites may become inaccessible as a result of strongly adsorbed
formate (HCOO) intermediate.

Therefore, for application of an efficient catalyst system with opti-
mum performance in ICEs, the proposed reactor-chamber for FA
decomposition in automobiles can have charging pots for any of the
catalysts indicated in “red colour” in refs. [38,81,87,88,108,134-136]
(Table 5) and ref. [24] (Table 6). The listed catalysts that can give higher
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ToFs are as indicated for the references listed/highlighted in red colour
in Tables 5 and 6, hence, they are all recommended for use but in terms
of cost, the CuNP-tertiary amine system should be given preference,
because, even the cobalt and platinum reaction systems that gave higher
ToFs can only be initiated at higher temperatures say, 250 °C which
gives 523 K i.e. 190 K more than the temperature required for initiating
the FA-CuNP tertiary amine reaction. The intended car engine can serve
the purpose of heating the reaction mixture when it runs on gasoline.
Since the maximum temperature for utmost catalyst performance as
indicated in this review is 90°C/363K, it then implies that this is
achievable. The heat generated by the engine can be transferred to the
reactor which must be positioned somewhat close to the engine in order
to abate temperature loses. A connector system/pipe network can then
help transport the gas to the hydrogen storage tank. The configuring/
construction of a basal section through which catalysts/residues from
the reaction can be collected for catalyst regeneration is also necessary.

Fig. 13 is the proposed reaction configuration for the automobile
engine where the reaction of the amine, copper and FA is stimulated by
the engine which supplies the required heat at 80-100 °C. The produced
hydrogen which is collected by upward displacement of water is about
82% pure owing to the presence of CO,. This mixture is then collected
over lime water to dissolve the residual CO; so that the hydrogen gas
becomes pure as it is stripped of CO,. Furthermore, the gas is sent to the
tank for storage and is delivered through another line that supplies fuel
to the engine for mobility.

Storage and dilivery systems for hydrogen from formic acid

Despite propositions to store hydrogen in its carriers such as formic
acid, there have been several concerns owing to the fact that the
decomposition reaction of HCOOH for product/hydrogen-recovery will
only be initiated on intermittent basis; this will not only amount to time
consumption but also mar the possibility of the existence of hydrogen
fuelled cars. Also, it then means that, research advancements may then
necessitate the need to create reaction chambers for formic acid
decomposition for hydrogen production upon the occurrence/indication
of low fuel levels in cars. Also, the notion it gives strongly advocates for
the purchase of formic acids at filling stations rather than Hj. Again,
there may be need to constitute fuel/gas stations with plants/reactor
systems for FA decomposition at such places. Since hydrogen is lighter
than helium which is usually stored in weather balloons, it is therefore
recommended that hydrogen from formic acid is cased in already cali-
brated high pressure balloons (as discussed in Sanni et al. [24] prior gas
analysis), or tubes that are housed in fuel tanks with protruding hoses
through the tank inlet for refuelling. It is therefore believed that this will
serve as a special-housing-unit for the gas. In addition, cars with dual
fuel systems i.e. with partitioned engines that can work like a partitioned

FA+ Cu + triethanolamine

CO>+H,  H,O pot ———82% pure H,

Gas collection by upward displacement of water

Car reactor

Heat supply from car engine

Pure hydrogen gas (99%)

(Hydrogen line to H-fuel tank)

Fig. 13. Proposed reactor configuration for automobile engine.
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desktop can be adopted as a way of integrating/hybridizing a dual
purpose engine that can serve this purpose, such that, when a car runs
short of gasoline, the car automatically activates the hydrogen fuel
system to aid mobility. In lieu of the points raised, the cost of FA is also a
major contributor to the marketability of this proposed system Fig. 14a-c
gives an overview of the plant layout, hydrogen bank and hydrogen
dispenser respectively.

Features:

Area = 4,000 m?

Hydrogen filling capacity: 100-500 kg

Hydrogen Compressor/pump specification: booster pump / dia-
phragm compressor

Compressor rated working pressure: 45-87.5 Mpa

Hydrogen Storage pressure: 45-87.5Mpa

Hydrogen filling-rated working pressure 35 Mpa/70 Mpa

Hydrogen flow rate: 0.5-3 kg/min

Hydrogen Supply Method: external hydrogen supply (hydrogen

(@
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bank)/FA decomposition reaction

The external hydrogen supply unit/station comprises of a hydrogen
tank for unloading hydrogen from a long tube trailer. Also domiciled in
the station, is a hydrogen diaphragm compressor, a storage/bank and a
filling machine. The hydrogen from the tube is first compressed into at
high pressure hydrogen storage cylinder by means of the compressor via
the unload-line. As soon as unloading is complete, the long tube trailer
can then be withdrawn from the station. After the hydrogen is stored in
the hydrogen bank, the received hydrogen is then transported via a high,
medium and low three-stage filling-cylinder-trail alongside the lone pipe
trailer which directs the hydrogen required to fuel a typical Ha-fuelled
vehicle. The merits of this design include high efficiency and early filling
time; there is an assurance of good safety and reliability. Also, it is
projected that 10 fuel cell buses of 8 x 140 L hydrogen tank can be fil-
led/fuelled with hydrogen in < 20 min. Based on the requirements of the
process design and controls, a central control system for data genera-
tion/acquisition alongside a system monitor/Supervisory Computer
Aided Data Acquisition (SCADA) system will be used in monitoring
hydrogen generation and supply.

(b)

Fig. 14. a. A typical hydrogen fuel station; b. Hydrogen tanks/bank; c. Hydrogen dispenser. Adopted from webmaster@peric.com.
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Life cycle assessment of the dehydrogenation process
Materials and equipment

The chemicals used for the preparation of the copper catalysts used
in carrying out the dehydrogenation of FA include 99% pure
CuS04-5H,0 salt (Fisher Chemicals), 99-100.5% Ascorbic acid
(CeHgOg) (LOBAChemie), 99% Polyvinylpyrrolidone (PVP) (C¢HgNO),
(J.T Baker), 89.5% Formic acid (Fisher Chemicals), Triethanolamine of
85% purity (C¢H15NO3) (Jinhuada Chemicals), Deionized water. The
equipment/apparatus used include Weighing balance, Magnetic hot
plate, Measuring cylinder, Hanna pH 211 m, Gas analyser, Spatula,
Beaker (1000 mL, J-Sil Borosilicate), Separating funnel (J-Sil Borosili-
cate, India), 3-neck round-bottom flask (J-Sil Borosilicate, India),
Thermometer (0-360, Brannan, UK), Hoses, L-connector and T-
connector, Magnetic hot plate, Measuring cylinder (J-Sil Borosilicate,
India) and Retort stand (8 x 5 Inch, Standard Steel, India); details can be
found in Sanni et al. [24]. The chemicals and equipment were handled
based on the manufacturers’ instructions.

CuNP-Catalyst synthesis

Environmentally friendly Cu-nanoparticles (CuNPs) were synthe-
sized via the chemical reduction method as given in ref. [24]. 12.2 g of
PVP was mixed with 1000 mL deionized water. The mixture was heated
and stirred thoroughly at 60 °C. The mixture was split into two portions
of 600 mL and 400 mL in separate flasks. To the 600 mL solution, 90 g of
CuSO4-5H20 was added while 25.4 g of ascorbic acid was added to the
400 mL solution and heated at 60 °C. Upon complete mixing, both so-
lutions, were combined, heated and stirred for 2 h at 60 °C; thereafter,
the mixture was kept for 3days to allow for efficient cooling and
settling/crystallization of the nanoparticles. The supernatant solution
and precipitates (0.6 M CuNps) were separated via filtration. The
recovered CuNPs were washed with ethanol in order to remove excess
PVP that may be bound to the CuNPs. The above procedure was repeated
by preparing three separate solutions which were heated at 60 °C to give
12.2 g of PVP in 1000 mL of deionized water. 4 PVP solutions were
prepared, each of 500 mL volume. In two of the 4 PVP solutions, 75 and
90 g of CuSO4-5H,0 salts were added, while 59.8 and 70.4 g ascorbic
acid were added separately to the other two PVP solutions respectively,
which gave corresponding molarities of 0.8 and 1 M CuNPs. To another
PVP solution, 120 g of CuSO4-5H20 was dissolved in 12.2 g/1000 mL
PVP solution, 70.4 g ascorbic acid was added and the mixture was
heated to 60 °C. The CuNPs of 0.8-1.2 CuNPs were then recovered as
already discussed for the case of 0.6 M CuNps. The pHs of the solutions
were measured.

RS1

Sustainable Energy Technologies and Assessments 45 (2021) 101078
The reaction system

Fig. 15 is an illustration of the simulated glass reactor and gas
collection set-up. Control experiment: 10 mL FA was measured and
transferred into a three-neck flask and heated to 80 °C using a magnetic
hot plate; the volume of hydrogen evolved was recorded. 25 mL trie-
thanolamine was added to 10 mL FA in a flask. The mixture temperature
was raised to 80 °C. Four mixtures, each containing 25 mL triethanol
amine and 10 mL FA were prepared. 1.0 g each of the 0.6, 0.8, 1.0 and
1.2M CuNP was measured and added separately to 4 mixtures and
heated to 80 °C. The volume of gas evolved was measured using water
displacement method. The reaction was very slow for FA-amine system
without catalyst compared the reaction aided by the CuNPs. To justify
the reusability of the best catalyst (1 M CuNPs) as established from the
reaction, 1g of the 1M CuNPs was collected for reuse after 6h of
hydrogen production. The produced hydrogen was measured and con-
tained in a balloon after each run. The system was allowed to cool to
25 °C, after which it was recharged with 10 mL FA for the next operation
vis-a-vis the 23rd run.

Note: It is necessary to add the amine prior the nanoparticles rather
than the reverse because, the latter will not give any visible reaction.
Also, the CO; release was about 9.5% with 82.7% volume of hydrogen
recovered. A total of twelve components were identified by the gas
analysers. Also, the automobile reactor will simulate the glass set-up and
its material of construction is stainless steel, which is durable, sustain-
able and corrosion resistant. However, in situations of minimal corro-
sion which may exist in form of oxygen corrosion- caused by the contact
with Oy, sweet corrosion- caused by CO,, sour corrosion- caused by H,S,
crevice corrosion- which occurs by stagnation of fluid in narrow clear-
ances, microbial corrosion- which is caused by the metabolic activities of
microbes, fretting corrosion- caused by friction on metallic parts,
galvanic corrosion- caused by the difference in the nature of metals that
make up an alloy such as steel, erosion corrosion- caused by the removal
of an initial deposition of a protective corrosion product/impervious
layer that serves as protection for a metal, leaching- the destruction/
reduction in the properties of one metal relative to another in an alloy,
stress-induced corrosion- caused by the continuous application of stress
on a metal surface, fatigue corrosion- caused by failure of a metal due to
fatigue which is caused by cyclic concentration of stress on a localized
area, flow-induced corrosion caused by the flow of a fluid onto/over a
metal surface, in the presence of an electrolyte, all of which can be
controlled via any of the following methods when applied under the
most suitable conditions.

Cathodic protection: This is of two forms (impressed current and
sacrificial anode-protection); for impressed current mode of protection,
a direct current is applied in the reverse direction of the flow of current
through the affected metal surface since corrosion is influenced by the
setting up of an electrochemical cell within the metal. For the sacrificial

FBF - Flat Bottom Container
HM - Heating Mantle
RS1 - Retort Stand 1

N RS2 - Retort Stand 2
\ WT - Water Trough -
MAH/P H/P - Hose/Pipe
\ IC - Inverted Cylinder
\ \ T -Glass Tubing

RS2

Fig. 15. Experimental setup for the dehydrogenation of formic acid. Adapted from ref. [24].
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anode mode of protection, a metal higher up in the galvanic series than
the supposed donor-metal in an alloy, is coated with the metal of higher
activity; the essence is to sacrifice it for the actual anode, hence, the
sacrificed metal is termed the sacrificial anode [137]. James and
Bushman [138] discussed pipe/metallic corrosion and inhibition in
relation to the use of impressed current or sacrificial anode methods of
corrosion protection.

Coating and painting: This method involves the use of coloured
pigments such as corrosion resistant liquid-pigments or paints and coats
that have high binding strengths with the metal to be protected [139].
Although, in some instances, however good a coat is or however well
applied, it may peel off over time owing to mesa attack or cathodic
disbondment, hence the need to carefully select very effective choice
pigments/coats as corrosion inhibitors Sanni et al. [140].

Curable coatings at temperatures less than 80 °C with low hydro-
thermal stabilities are required for preventing the corrosion of HX heat
exchanger tubes and pipe joints after roller expansion or welding.
However, for higher temperature applications, these equipment need to
be coated with materials that can withstand temperatures > 200 °C,
have good adherence to the metal surfaces and possess the ability to
become cured at temperatures up to 80 °C and can be applied with a
paint, brush or spray gun. Poly(tetrafluoroethylene)/(hexa-
fluoropropylene) (PTFHFP) polymer coatings have been tested as
corrosion mitigators for carbon steel joints in brine heated up to 200 °C.
However, the efficacy of the inhibitor was found to gradually wane after
20 days of application at such temperatures, thus suggesting that they
may perform better at lower temperatures since thermal oxidation sets
in after the 20™ day [141], hence, there is need to modify this inhibitor
for application within longer periods at high temperatures using high
temperature resistant materials such as multiwalled carbon nanotubes
(MWCNTSs), zeolites, metal organic frameworks etc. for improved
performance.

The pulsed magnetic sputtering method (PMS) is an approach used to
deposit/coat a wide range of materials for the enhancement of film
properties and flexibility in low friction titanium nitride coats and
aluminium doped zinc oxide conductive transparent oxide sputtered
directly from powder targets of thin film photovoltaic devices
comprising of copper (indium/gallium) diselenide; sputtering is usually
done at radiation frequencies of 20 — 350 kHz [142].

Chemical inhibition/injection: This involves the use of chemicals
(organic or inorganic) such as glutaraldehyde, sodium tungstate, etc. in
single or combined forms such as sodium nitrite, zinc nitrite and sodium
tungstate [140] as means of protecting metal surfaces against corrosion.
Ngobiri et al. [143] compared the performance of Sulfadox-
ine—Pyrimethamine (SP) as a corrosion inhibitor for petroleum steel pipe.
The work of Li et al. [144] confirms the protective ability of D-phenyl-
alanine as a corrosion inhibitor for Q235 carbon steel.

Continuous monitoring and inspection: Till date, this remains one of
the most effective approaches of guiding against any form of corrosion
since, it involves constant survey and observation/visual inspection of
the metal while carefully checking for the appearance of corrosion
spots/scales in order that apt measures are taken to abate the degrada-
tion of the metal [138]. Hector and Liz [145] extensively reviewed bio-
corrosion and biofouling of industrial equipment in which real time
environmental monitoring and inspection were adopted as a means of
mitigating metal decay.

The use of plant extracts: This is one of the most current environ-
mental technologies adopted till date. It involves the use of extracts of
plants such as Fenugreek seed oils and bitter leaf oils [146], modified-
tannin solutions, plant DNA (Calf thymus gland-DNA) [147] etc. as
corrosion inhibitors. The inhibiting behaviour of leave and seed extracts
of Phyllantus amarus on mild steel corrosion in aqueous HCI and H3SO4
have been studied using weight loss and gasometric methods [148].
Henna (Lawsonia inermsis) extract and its constituents (lawsomne, gallic
acid, a-D-glucose and tannin acid) were also confirmed to exhibit
corrosion protection abilities for steel by Ostovari et al. [149].
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Additive manufacturing and laser/light cladding: This method in-
volves the integration of corrosion resistant metals (Cu, Ni, Cr, etc.) or
alloys such as TiC in other metals/alloys as a means of improving the
metal’s composition all aimed at taking advantage of the synergistic
effects offered by the blended metals; with the help of high laser con-
centration of beams some of these metals with high melting points can
be brought to their molten states for easy/efficient mixing with other
metals. In laser cladding, one metal i.e., the more corrosion resistant
metal clothes or wraps the other in order to improve the service life of
the less corrosion resistant metal. This approach helps to moderate the
costs involved in using an expensive metal in entirety in combatting
corrosion; for instance, the cladding of TiC and TiN on tungsten carbide
[150]. The method employed involves the physical vapor deposition
(PVD) by cathodic arc using a system bias and Cathodic arc evaporation
techniques.

AM technologies are in two categories namely (a) powder bed fusion
(PBF) which includes selective laser melting (SLM) or electron beam
melting (EBM) and (b) direct laser deposition (DLD) or direct energy
deposition (DED), which entails the simultaneous surface-supply of the
material and energy needed to build the desired surface. Other AM
methods include welding and cold spraying [151]. Additive
manufacturing (AM)/3D printing is currently one of the mainstream
approaches for producing metallic components from alloys owing to the
different advantages which the process offers, which include net shape,
material management, adaptability to low volume of production runs,
and the flexibility towards exploring alloy compositions which were not
accessible to conventional casting methods. AM entails the use of laser/
electron-based local melting which plays a significant role in ensuring a
well-blended alloy microstructure. In the review conducted by Sander
et al. [151], the corrosion of alloys made by AM/laser/electron-based
methods were considered, where they considered several works that
bother on metallic corrosion in relation to AM; the relationship between
corrosion resistance of AM-manufactured metals and their unique fea-
tures such as porosity, grain structures, dislocation networks, residual
stress, solute segregation, and surface roughness were discussed and
they affirmed that, AM-manufactured metals were found to be more
corrosion resistant than those manufactured by conventional casting
methods.

Gas collection approach and volumetric estimation of Hy gas

The gas produced from the reaction of 1 M CuNPs and the formic
acid-triethanolamine mixture already discussed, was determined by
water displacement of the gas. The setup adopted includes an inverted
graduated cylinder which was placed over a trough filled with water. At
the expulsion of gas from the reaction flask, the light gas meandered
through the water in the trough by diffusion and found its way to the top
of the cylinder since it is lighter than water; this helped to balance the
pressure within and outside the cylinder. Using the ideal gas and Dal-
ton’s laws, the partial pressure of hydrogen gas collected over water and
the total pressure of the system were determined (see Sanni et al. [24]
for details).

Hint: The pressure of the released gases, are indicative of the relative
pressure of hydrogen compared to other gases. Based on the estimated
pressures, the partial pressure of the gas is not high enough to engender
unsafe conditions, however, since, hydrogen gas is highly flammable,
four options may suffice for the gas containment in tubes, banks/cyl-
inders or balloons made from polyester and coated with polyurethane.

i. Hydrogen can be stored in high-pressure resistant cylinders

ii. The produced hydrogen can be stored in special balloons con-
structed with pressure resistant/high texture-polymers and lined with
non-porous membranes to avoid leaks in the event of any piercing of its
external part by any object. However, for safety, the balloons can be
enveloped in an inert atmosphere blanketed with Ny or solid CO5 to
avoid eventualities, in case of tendencies for fire hazards caused by other
operations within the plant. Better still, owing to the fact that, the
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scientific world still finds it difficult to accept the sustainability of bal-
loons for hydrogen storage, hydrogen tubes/banks made of stainless
steel, can be adopted for storing the produced hydrogen.

iii. The produced hydrogen can be liquified at — 252.87 °C in order to
increase its energy density prior storage; till date, this appears to be the
most appealing and promising alternative for storing hydrogen, how-
ever, the process is energy intensive and will add to the overall cost of
producing hydrogen, hence, options ii and iii require considerations
with good safety practices for efficient implementation.

Gas analysis

The composition of other gases released are as given in Table 7 with
the measured proportions of the CHy4, Oz, CO, Hy, CO3, NO2, NO, SO,
HCOOH, H,S, CO3, NO3 taken from the gas analyser being 12%, 4%,
12 ppm, 82.2%, 9.5%, 6 ppm, 24 ppm, 1 ppm, 0.01%, 0.01 ppm, 13 ppm
and 19 ppm respectively. This clearly reveals the quantities of emissions
associated with the product (hydrogen). Furthermore, almost all the FA
was used up, such that only 0.01% of FA was left unconverted. The low
compositions of the other gases such as CO, CO3, NO, NO3, SO and HsS
resulting from the dehydrogenation process, are also evidences of the
impact of the resulting emissions associated with this process. There are
also supporting evidences that hydrogen burns as a clean fuel.
Furthermore, the alkaline system for trapping COo, is so that there is
little or no release of COo; there is also the likelihood of CO being
trapped by the alkaline solution shown in the process flow scheme of the
designed reactor.

Kinetics of the FA-Dehydrogenation: Volume-conversions for FA-
dehydrogenation and gas emissions

The plausible mechanism for the reaction between FA-amine mix and
CuNPs is given below:

RIR2-NH2/Cu2+

HCOOH = CO, +H, 14

The kinetics of FA-decomposition is somewhat complex because, for
one to be able to properly study the process kinetics, the system’s
species-concentrations need be monitored as reactants and products
disappear and evolve respectively. This is somewhat herculean since the
reaction ought to be interrupted at different times so as to be able to
adequately estimate the amount of FA spent or left while the reaction is
in progress. Striving to monitor the rate of formation of hydrogen while
the reaction is in progress will cause some of the produced hydrogen to
be lost, hence, the need to adopt the DMA with a few basic assumptions
(i.e. major products being CO, and Hy) which helps to overcome that
challenge; stoichiometric quantities of hydrogen can then be expressed
in terms of the formed products CO; and Hy only, as given in the

Table 7
Percentage composition of gas in H, sample.

Component Chemical Composition (%,
formula ppm)
Methane CH4 12%
Oxygen O 4%
Carbon monoxide Cco 12 ppm
Hydrogen Hy 82.2%
Carbon dioxide CO, 9.5%
Nitrogen dioxide NO, 6 ppm
Other (Nitrogen oxide gas NOx 24 ppm
derivatives)
Sulphur dioxide SO, 1ppm
Hydrocarbon (Unused HCOOH) HCOOH 0.01%
Hydrogen sulphide HoS 0.01 ppm
Trioxo carbonate VI gas COs3 13 ppm
Trioxonitrate V gas NO3 19 ppm

Source: Sanni et al. [24].
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mechanism for dehydrogenation. This then implies that going by the
process kinetics, other constituents such as CHg, NO3, CO etc. were
assumed to be present in insignificant quantities, otherwise, the kinetic
scheme established by Sanni et al. [24] would involve complex species
which makes it very difficult to resolve; however, the kinetic scheme
showed appreciable levels of accuracy of about 82.7%.

Here, a back-calculation approach was used in investigating the ki-
netics of FA-dehydrogenation. It was assumed that the reaction reached
completion in 6 h and that the highest volume of recovered hydrogen
was 815 mL since no gas was evolved at further times, hence, the volume
of gas produced was taken to be the maximum recoverable value (i.e.
100% Hj in FA = 4.3 wt% = 815 mL). The reactants and products were
also assumed to exist in liquid phase all through the reaction time, thus
implying that the system was homogeneous and the reactor was
described as a variable volume batch reactor whose expansion factor
was estimated to be 1 i.e. ¢,=1. Since no free-hydrogen was initially
present in FA and the reaction is deemed irreversible at the stated
conditions, the volume produced/max volume = approximate conver-
sion of FA to hydrogen.

Comparing the results from the process kinetics with the results
obtained from the gas analyser, the process scheme guarantees about
82.7% accuracy with an estimated inefficiency of 17.8%, hence, the
kinetic data is dependable and reliable. Although, improvements are
required considering the need to involve other species in the Differential
Method of Analysis (DMA) calculations i.e. since CO3 and Hy make up
about 91.7% of the total gas released, 8.2% of the constituents need to be
factored into the process kinetics. In addition, the 1st order description
of the dehydrogenation process, assumes that all the FA is used up with
zero/negligible amount of CO3, whereas, based on the data obtained
from the gas analyzer, only 82% Hy was formed. Furthermore, the for-
mation of NOx gases may be due to the reaction between nitrogen in the
triethanolamine and oxygen in FA. Other constituents such as sulphur
and hydrogen sulphide, found in the gas, may have been introduced by
the CuNP-catalyst which had some sulphur imposed on it by its pre-
cursor during synthesis and the combination of Hy from FA and sulphur
in the CuNPs, respectively. It is also important to note that the reactor
size should be about 110 mL to provide for clearance and reduce the
pressure of hydrogen which somewhat raises its energy density and
limits the tendency for emergencies.

Pros and cons of the 1 M CuNP-catalyst for FA-dehydrogenation
Pros

- The 1 M CuNPs had an induction period of 10 mins which is quite

impressive.

815 mL of Hy was collected after 6 h of reaction time.

The process of synthesizing the catalyst is not herculean and its

precursor (CuSO4.5H20) is readily available/affordable

Problems such as the influence of steric hindrance begin to arise after

20 cycles of hydrogen production within 120 h with an established

reusability of 1 g CuNP catalyst for every 2000 mL FA.

- A low catalyst-amine ratio is required for the dehydrogenation
process.

- There is a high theoretical conversion of 100% with a corresponding

actual conversion of 82%, in 6 h; comparing this with the results in

Table 8, shows that the degree of conversion for other heterogeneous

catalysts are quite lower relative to that estimated for the CuNp

catalyst-system, thus confirming a better performance of the CuNP-

catalyst.

The CuNPs + FA-amine reaction system gave a boost in hydrogen

production by 11.3 times the uncatalyzed reaction (i.e. the

FA + amine system, whose volume of produced H, =72 mL in 6 h),

whereas, it was about 13.81 times the volume of Hy (59 mL) obtained

for the reaction involving only FA without the amine and CuNPs.
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Table 8
Efficiencies of catalysts for FA-dehydrogenation reactions.
Catalyst T ToF initial Eff.Conv.(%) Ea kJ Ref.
(K) (h™) mol-1

PdgoAuse/ZSBA- 298 1185 95 42,5 [123]

15-AP
Pd/CNx 298 639 98 48.8 [124]
Ag@Pd/C 298 157 43 - [152]
AgPd/C 298 274 46 22.0 [125]
AuPd/C 298 41 24 28.0 [86]
CoAuPd/C 298 54 91 - [84]
NiAuPd/C 298 20 73 - [126]
AgAuPd/rGO 298 95 100 - [127]
CoAuPd/r-GO 298 63 51 - [153]
CoAuPd/DNA- 298 130 96 - [153]

rGO
AuPd/N-mrGO 298 39 93 - [83]
Au@Pd/N-mrGO 298 111 98 - [83]
AuPd/N-rGO 298 17 57 - [129]
AuPd-CeO2/N- 298 68 98 - [129]

GO
AuPd/ZIF-8-rGO 298 532 83 - [99]
CuNPs 353 135.8 mL/h 82 (actual) - [24]

(5.98)
100%
theoretical

*ToF = Turn over Frequency, Eff.Conv. = Efficiency of conversion, Ea = Acti-
vation Energy.
Adopted from ref. [24].

- Higher conversions were attained for the Cu-tertiary amine system
than many heterogeneous catalysts which are composites of very
rare and scarce metal-precursors that make the FA-dehydrogenation
more expensive (see Table 8 for some listed heterogeneous catalysts
for FA-dehydration).

The dehydrogenation kinetics is reliably accurate considering the
accuracy of the estimated volume of the synthesized hydrogen, as
well as the kinetic parameters (reaction-order, rate constant, con-
version, partial pressure etc.), which gave a clear insight on the in-
fluence of pH, catalyst concentration, time and catalyst size on the
dehydrogenation process.

Cons

-The 1M CUNP-catalyst
temperatures > 80 °C.

The catalyst loses its reactivity after 20 cycles hence, catalyst
regeneration/refilling is required after the 20™ cycle [24].

The energy requirement for reaction initiation of the CuNP + FA-
amine system is higher relative to those of some available hetero-
geneous catalysts, i.e., the reaction described for the CuNP + FA-
amine system requires higher energy input. However, this should not
pose any problem as the heat required to initiate the reaction will be
harvested from an automobile engine.

The process kinetics discussed here, will need some form of modifi-
cation if it must be adopted for situations involving heterogenoeus
catalysts.

used is restricted to activation

The results in Table 8 show that the 1 M CuNP-catalyst gave higher
conversion than the catalysts adopted in refs.
[86,125,126,129,152,153]. Although, a lower turnover rate of Ha—
production i.e. ToF of 5.98 h™'was recorded for the CuNP-tertiary amine
system, the new Cu-tertiary amine system gave higher conversion rela-
tive to some of the multitudinous/heterocatalysts presented in Table 8.
No doubt, these hybrid catalysts, will increase the overhead cost
incurred in producing the catalysts. Comparing some homogeneous
catalysts as presented in Table 9, it is somewhat obvious that the
recorded ToFs are lower than that obtained for the CuNP-tertiary-amine
system because, the recorded ToFs are measures of the average

21

Sustainable Energy Technologies and Assessments 45 (2021) 101078

Table 9
Number of Active sites (Ns), Steady-state activity and ToFs of other homoge-
neous catalysts at 250 °C compared to the Cu-tertiary amine system.

Catalyst Ns Number of HCOOH TOF 250°Cs ™!
a (pmol/g) active sites Activity

(Ns) 250 °Cb(pmol/

ges)

Co 3.1*10° 9.3*1072 3.0%10°
Fe 1.8%10% 4.0%10° 2.2%102
Ag 7.6%10° 3.0%10° 3,910
Au 5.210} 4.0%10* 7.7¥107
Ni 1.6%10% 1.5%10° 9.3*10°
Rh 1.5%10! 4.8*101 3.3¥10°
pd 9.9%10? 1.6%10% 1.6%10!
Cu 1.6%10! 5.2%101 3.2¥10}
Pt 1.9%10! 1.8+10° 9.8%10%
CuNP- 4.35%10° ND 358.8*10° @ 80 °C (this work)

amine

Source: Sanni et al. [24].

hydrogen production rate for each catalyst. Thus, it is apt to infer/
conclude that the Cu-amine system outperforms all the homogeneous
catalysts presented in Table 9 owing to its higher ToF value of 358 s™! as
well as the volume of hydrogen produced from the reaction-system.

The durability of the CuNP-catalyst was determined by carrying out
several runs of the FA-conversion using the 1 M CuNPs. It was observed
that the catalysts retained their colour and catalytic activity in the
reactor up until the 20t run/cycle (see details in ref. [24]), beyond
which the CuNPs began to appear slightly oxidized/decolourized; they
assumed a greyish black colour which is the colour of copper I oxide.
This may have been caused by the influx of oxygen into the reactor upon
recharging/replenishing the flat-bottom flask with fresh FA. Also,
beyond the 20™ cycle, catalyst poisoning by CO may become prominent,
thus reducing the number of surface-active sites on the CuNP-surface.
Upon adding more FA, it was observed that, the resultant rise in the
volume of hydrogen produced may have resulted from the erosion of any
deposited inhibitor on the active sites of the CuNPs, thus ensuring higher
reactivity, hence the reason for the slight undulating rise in Hy pro-
duction despite the drop in Hy production at some point where the
system began experiencing appreciable drop in the volume of synthetic
hydrogen over previous runs. The stability of the CuNPs in the reactor
would have been altered by the uncapping/removal of the capping agent
which helps secure their stability.

Essentials of the CuNP + FA-Amine system

The efficiency of the reactor is a function of the degree of conversion
of the FA to hydrogen gas. Four factors responsible for the degree of
conversion of FA to hydrogen include pH of catalyst-solution, concen-
tration of the CuNPs catalyst, reaction time as well as the size of the
catalyst.

Particle-screening tests for the best CuNP-concentration for FA-
dehydrogenation

Even when the same quantity of catalyst i.e. 1 g of catalyst was used
for the entire process, changes in the CuNP-concentration from 0.6 to
1.0 M increased the theoretical and actual FA-conversions from 59 to
100% and 59-82.2%, respectively after 6 h. However, at higher than 1 M
concentration of the CuNP-catalyst, FA-conversion/hydrogen produc-
tion dropped to 52%. This then shows that, the highest hydrogen pro-
duction corresponds to CuNP-catalyst concentration of not less or>1 M;
this obeys the law of mass action, which states that an increase in con-
centration, can speed up the rate of a chemical reaction. The observed
trend justifies the results of the catalytic dehydrogenation process,
especially at the optimum CuNP-concentration (i.e. 1 M concentration)
as observed by Sanni et al. [24] (Table 10). Catalyst-concentration is a
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Table 10
Volume of hydrogen produced for catalyzed/noncatalyzed reactions involving
FA.

Akbayrak et al. [154]

Catalyst Volume per hour of Hydrogen produced (mL/
h)
Pd/CeO, 65
Pd/Zr0, 10
Pd/TiO, 10
Pd/SiO, 12
Pd/Al,03 5
Pd/HfO, 0
Sanni et al. [24]
FA only 10
FA + Triehanolamine 16
0.6M 10
CuNPs + FA + Triehanolamine
0.8 M CuNPs FA + Triehanolamine 80
1.0 M CuNPs FA -+ Triehanolamine 800
1.2 M CuNPs FA + Triehanolamine 50

Source: Sanni et al. [24].

measure of the number of moles of catalyst used per unit volume,
therefore, at 1 M concentration of the catalyst, there were more FA-
molecules interacting to produce the desired hydrogen, whereas, at
lower catalyst-concentrations i.e. below the optimum CuNP-
concentration, the relative number of active catalyst-molecules, per
unit volume of solution reduces, which results in lower conversions or
lower volumes of hydrogen.

The need to control catalyst-size

It is often difficult to produce nanoparticles of same size, hence, the
need for an improvised approach for establishing the effect of CuNP-
particle size. In ref. [24], the synthesized CuNPs were of varying sizes,
however, an average particle-size was obtained for every batch-
concentration of synthesized CuNP-particles. For larger particles, the
surface area to volume ratio is usually lower compared to particles of
smaller diameters, hence, there are more active sites in the latter relative
to the former. Furthermore, considering the law of mass action, a
reduction in particle/catalyst-size enhances the degree of conversion.
This justifies the fact that the highest possible conversion/hydrogen
production was obtained for the smallest particle size of 1.5nm with
corresponding concentration of 1 M.

Essentials of controlled solution-pH of the CuNP catalysts

The pH of a system is a measure of its alkalinity or acidity, thus, low
pHs inform higher acidic strengths and vise-versa. Based on the inves-
tigation, in order to achieve > 50%, but less than 70% hydrogen pro-
duction from FA, the pH of the CuNP-catalyst should span from 2.5 to
2.9. However, if a theoretical/actual conversion of 100/82% is desired,
the most desirable pH of the CuNP catalyst is 3.19, this also doubles as
the optimum pH. At CuNP catalyst-pH of 2.5-2.9, the actual hydrogen
volume was less than 82%, thus giving a conversion > 52 but less than
82%. Comparing the results with the results of Wang et al. [7], in which
a pH of 6.5 and a maximum amount of hydrogen of 2.46 mmol/L/D was
obtained for a reaction time of 0-6000 mins. The difference in pH be-
tween the 1M CuNP-system and the results obtained in ref. [7] was
allotted to the difference in the nature of raw materials adopted in both
research works, (FA-Cu-tertiary amine system and lignocellulosic
biomass), as well as the catalyst-type (i.e. Cu and cellulose/p-glucosi-
dase enzymes as catalysts), respectively. The latter also underwent
simultaneous saccharification and fermentation steps prior to obtaining
synthetic hydrogen. Based on the reported pHs of both systems, it then
implies that the pH of the CuNP-solution is more acidic (3.19). Hence, in
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order to abate the situations of reactor material corrosion, the proposed
material of construction for the reactor is stainless steel, which is highly
resistant to all forms of acid corrosion. Furthermore, periodic checks/
inspections would be conducted as corrosion control measures in order
to ascertain whether there is any need for cathodic protection, constant
inspection and monitoring, painting- with heat resistant paints, coating/
electroplating, chemical injection, laser cladding etc. as ways of
ensuring a longer service-life of the material of construction.

Monitoring reaction time

Reaction time is also of paramount importance in the FA-
dehydrogenation process. For the CuNP-tertiary amine system, the
volume of hydrogen produced, increased with reaction time. At 0-10
mins, the CuNPs began to have effect on the volume of H; released from
the FA. Below the peak period (6 h), the volume of hydrogen produced
from 0 to 360 mins increased progressively at every 60 min-interval
(Table 10).

The hourly-hydrogen production rate of some catalysts used by
Akbayrak et al. [154] gave lower volumes of hydrogen production when
compared with those recorded of the 1M CuNPs + Cu-amine system.
This further justifies the outstanding performance of the catalyst-amine
system for FA-dehydrogenation.

Cost of chemicals and reagents

Based on the estimated costs at the time of this investigation (July
2019), the cost of the 500 g copper sulphate pentahydrate salt was 7,500
naira (i.e. $ 20.83 (USD)), 500 g ascorbic acid =7,700 naira (21.39
USD), 500 g PVP cost 29,000 naira (80.56 USD) and the cost of 500 mL
of FA =10,000 naira (27.78 USD). The then estimated total cost of re-
agents/chemicals was N 49,200 = 150.56 USD, which implies that the
cost of all relevant chemicals = N 49, 200 (i.e. 49, 200 naira) or 150.56
USD, which suggests that the estimated cost is quite cheap and afford-
able compared to those of other heterogeneous catalysts which will not
only increase the cost of procuring chemicals/reagents, but also add to
the overall/overhead cost, thus making the process to be more
expensive.

Gas balloon/buffer and tubes/cylinders for storage of Hy-gas

Gas storage systems, range from cylinders to tubes which are
compact and shaped to withstand gas pressures. Gas balloons/gas
holders, gas-bags and gas recovery membranes (Fig. 16a-h) are also
being used, which are flexible, inflatable bladders that are suitable for
industrial applications, especially in sectors such as breweries, technical
universities, research institutes and special recycling systems. They
often serve as conventional/economic storage systems for gases such as
Ng, COy, Hy, He or other inert gases. For optimal and cost-effective use,
these systems are gas-tight with their sizes usually spanning from 0.5-
7500 m® (17 cubic feet to 265,000 cubic feet) and may assume geome-
tries such as spheres, cylinders, angular or cushion, pillow and custom
shapes, based on the desired spatial conditions.

Custom shapes or sizes for Ha-balloons

These flexible tanks offer the following merits: they are light in
weight such that they can be inflated and deflated with ease hence, this
expedites their installation or removal when the need arises. Based on
customer specifications, they may be fitted with inflation and deflation
adapters, such as clamps or screws on flanges constructed with stainless
steel or other flexible fittings made from gas storage fabrics.

Special fabric for Ha-buffers

Gas storage balloons are made from a very robust polyester fabric,
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Fig. 16. a-h: Different shades of Hy-gas buffers/balloons.
Source: https://www.ballonbau.de/en/sport-balloons [155]

coated with polyurethane on both ends. The fabric is designed to have a
gas diffusion rate of less than 1 L/m?in 24 h (i.e. 0.292 ft/h) based on its
calibration with helium gas at 20 °C. To guarantee efficient/effective
storage of several gases, each gas collector is designed for a specific type
of gas. In other to meet the safety guidelines of the United States
Department of energy (DoE), other special safety measures include,
subjecting the balloon fabric to a special antistatic treatment.

Securing and anchoring Hz-Gas balloons using special tubular frames

In order to keep the hydrogen gas balloons standing securely at their
installed locations, the balloons need be suspended in tubular frames
which may be suspended from the top/ceiling using steel cables that are
fixed to the floor with basal supports. Based on their modes of design,
the procedures do not require any skilled expertise as they can be easily
understood and followed aptly by a reliable technician. In order to also
guide against risks, the balloon is integrated with a safety mechanism to
help guide against unintended over-inflation. The hydrogen-fill level of
the H,-gas balloon is monitored using special wire-actuated encoders, as
well as ultrasonic laser distance meters.
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Conclusion

Indeed, there is no doubt about the possibility of hydrogen becoming
the fuel of the future if all the already discussed sources are fully
exploited to produce commercial quantities of FA for commercially
synthesized hydrogen gas. The adoption of some very efficient catalysts
with less poisoning potentials, have been proposed for FA-
decomposition reactions. Also, it becomes very pertinent to mention
that, the idea of producing hydrogen from FA regardless of its precursor/
source is guided by the process economics, market demand, and envi-
ronmental policies as regards the world’s clean energy policy. Several
precursors (fossil fuels, nuclear power plants and renewable sources),
such as biomass, wind, solar can be used to produce FA and thus Hy;
based on the description of the Energy Institute for hydrogen production
processes, hydrogen recovered from natural gas with its CO5 emissions
captured is known as blue hydrogen, whereas, if the hydrogen source is
natural gas and the CO; released is vented into the atmosphere, the
hydrogen is tagged grey hydrogen, however, hydrogen produced from
renewable energy/electricity with no COy emission is tagged green
hydrogen but hydrogen from coal with CO, vented into the atmosphere
is labelled brown hydrogen; hence, the scheme described in this study
falls into the blue hydrogen class where the associated CO is trapped in
an alkaline medium. Hydrogen can serve as an alternative/additional
energy carrier, which will encourage further domestication and
exploitation of national resources/industrial processes towards full uti-
lization of hydrogen, thereby reducing overdependence on the impor-
tation of petroleum. ICEs/gasoline engines can be modified or
preferably, new engines can be manufactured to suit the use of H; as fuel
when these processes become fully commercialized. Without the use of
catalysts, the quantity of hydrogen produced with time is highly energy
consuming which will yield very high investment costs compared to the
catalysed processes. Besides high-pressure cylinders, balloons can be
used for the storage of hydrogen. Tubes are also proposed for the storage
of hydrogen gas in cars, as well as the need to site FA conversion plants
at hydrogen-fuelling/refuelling spots. In order to use hydrogen safely,
leak-prevention, scenting with neutral constituents to give it an identi-
fiable smell, flagging off hotspots with danger signposts, transporting it
carefully and controlled burning of the gas, can help minimize the risks
associated with storage. In addition, the gas can be stored in high-
pressure cylinders, or in high-texture polyurethane balloons, which
may be kept in isolation or underground, within a suitable geology such
as salt caverns, so as to abate adverse consequences in cases of emer-
gencies. In today’s world, over 95% of the world’s hydrogen is obtained
from natural gas or coal, which usually give off greenhouse gases which
trap the released heat and emits it into the earth’s atmosphere, thus
giving rise to high global temperatures and emissions. Sourcing for
alternative fuel that is sustainable and gives less emissions underscores
hydrogen as a viable alternative to fossil fuel. Therefore, switching to a
low-carbon method of producing hydrogen requires that it must have
little or no environmental impact, hence the need to choose apt feed-
stocks such as formic acid, while bearing in mind the energy required to
drive the process. Based on the process scheme portrayed in this review,
it is evident that, hydrogen-fuelled cars will soon be the spate of future
automobiles.
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