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A B S T R A C T   

Formates are promising salts for hydrogen storage. They can be catalytically converted to bicarbonate at near- 
ambient conditions, and regenerated under moderate pressure for H2 uptake. Moreover, the system is 
completely safe, non-toxic, and easy to handle. Up to date, a few heterogeneous catalytic systems have been 
proposed to carry this transformation. However, many criticisms still have to be addressed, including reaction 
kinetics for high power applications, stability, cyclability, and supersaturated solutions to increase energetic 
density. In this work, a critical review of the state of art of such system is presented, highlighting theoretical 
limitations and applicative shortcomings, and giving perspective on critical issues to be addressed in future 
research. Despite the actual bottlenecks, the system is still scarcely explored and there is promising room for 
improvement. State-of-the-art catalytic systems could provide 72% energetic efficiency, that could be improved 
up to 90%.   

1. Introduction 

Hydrogen is widely recognized as a valuable resource for the 
development of environmentally friendly energy generation technolo
gies [1–3]. Combustion of hydrogen only generates water, reducing 
greenhouse effects due to emissions by motors and gas turbines [4]. In 
this sense, a complete product life cycle analysis should be performed [5, 
6], including any emission from the hydrogen production process, which 
is currently primarily obtained from methane reforming [7]. This diffi
culty can be solved by directly or indirectly producing hydrogen from 
nuclear energy or renewable sources [8–10]. This would solve the CO2 
emission problem at the source. 

According to Mission Innovation, the hydrogen sector is one of the 
most important areas for achieving decarbonisation by 2050 [11]. In 
this regard, the European Commission has launched the European Clean 
Hydrogen Alliance [12], a public-private partnership that brings 
together industry leaders, civil society, national and regional ministers, 
and the European Investment Bank to identify hydrogen technology 
needs, investment opportunities, and enablers. 

In addition to the previously mentioned advantages of hydrogen 
production as a green energy source, the growing interest is fueled by a 
number of other positive and beneficial factors, including: a higher en
ergy density per unit mass than batteries, allowing it to be used for long- 
distance transportation and heavy goods [13,14]; long-term storage; 
transportation options that make use of existing infrastructure [14–17]; 

and distribution with low adaption costs [4]. 
However, some problems still remain that hinder the development of 

a hydrogen economy. One of these is represented by storage [18–20], 
which traditionally necessitates high pressures and/or cryogenic tem
peratures [21–24]. 

As a result, it is believed that one of the most difficult tasks to favor 
the hydrogen economy future expansion is the discovery of safe and 
efficient hydrogen storage systems. Innovative approaches that propose 
the use of materials capable of ab/ad-sorbing or chemically binding 
hydrogen in a reversible way, restricting the operating pressure to lower 
values than traditional compressed storage are gaining attention in the 
scientific community [25–29]. The rising interest of the scientific com
munity in this topic is shown by the large number of review papers 
dealing with hydrogen storage techniques published in the last ten years 
for both mobile and stationary applications [30–43]. As an alternative to 
traditional cryogenic and/or pressure storage, hydrogen can be stored 
by physical adsorption, in porous and solid materials such as graphene 
and other carbon structures, composites like metal-organic frameworks 
(MOFs), and zeolites [36,44–46]. In particular, MOFs can store and 
release H2 by working at 100 bar and 77 K, up to energetic densities of 
7.2 MJL-1. However, MOFs frequently become unstable after several 
cycles, they are air sensitive, and they suffer from inevitable structural 
defects [47,48]. On the other hand, chemical storage takes advantage of 
hydrogenation and dehydrogenation reactions to store and release 
hydrogen. Materials including light metal hydrides, liquid organi car
riers (LOCs), metal borohydrides [24,49], metal alanates [50,51], 
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ammonia borane [52], metal amides [52], and amine metal borohy
drides [53,54] are examples of materials with a high theoretical density 
[55–58]. Simple magnesium hydrides, transition metals, and complex 
metal hydrides - which often comprise Na, Li, Ca, Al, or B - are hydrides 
that have been suggested for use in the hydrogen economy. The mate
rials with the best promise for solid-state hydrogen storage are metal 
hydrides like MgH2 and NaBH4. The latter has also been recently pro
posed for a novel coupled hydrogen-storage-and-production process 
[59–63]. However, hydrides have drawbacks, including the need for 
complex thermal management during hydrogenations and de
hydrogenations, the need to work at low H2 pressures during hydroge
nations, frequently insufficient kinetics for high-power applications. 
LOCs have a lower practical barrier than other storage media, since they 
can take advantage of well-established infrastructure for storage, tras
portation, and handling of gasoline and organic solvents. They have high 
energy densities of up to 7.7 MJL-1, but require catalysts and usually are 
flammable and toxic. 

Given the high storage capacity, gentle dehydrogenation conditions, 
and good stability at room temperature, aqueous solution of formic acid 
(HCOOH, FA) [64] and formic acid salts (formates) [65–69] are of in
terest for H2 storage. Specifically, these systems offer great advantages 
from a safety point of view, overcoming the limitations of most storage 
systems mentioned above. In fact, traditional high pressure and/or 
cryogenic liquid hydrogen can generate a large number of accidental 
scenarios from cold clouds to physical explosions, flash fire, jet fire, 
fireball, and vapor cloud explosions [70]. On the other hand, less mature 
technologies like the above-mentioned MOFs, hydrides, LOCs, and other 
chemicals can generate accidents from difficult thermal management, 
react explosively with air humidity, be toxic, flammable, corrosive, 
and/or generate exothermal runaway reactions [22,30]. 

This review will focus specifically on formate aqueous solutions. 
Considering the emerging growing interest in this area, there is still a 
gap in the literature summarizing all the relevant catalysts, their prep
aration, their performances, and potentialities with respect to its tech
nological application that may guide future research on the system. Due 
to its relatively high hydrogen storage volume density at ambient 
pressure (53 gH2 L-1), formic acid was used in the first studies [71]. 
However, although FA dehydrogenation is the main reaction pathway 
(eq. (1)) for hydrogen generation, it also produces carbon dioxide, 
which is an unwanted side product. In addition, formic acid can undergo 
the dehydration reaction (eq. (2)), which produces H2O and CO, the 
latter of which is poisonous to the adopted catalysts. Both dehydroge
nation and dehydration of liquid FA are endothermic and exergonic, 
under normal reaction conditions. 

HCOOH → H2 +CO2ΔG◦ = − 0.34eVΔH◦ = + 0.30eV (1)  

HCOOH → H2O+COΔG◦ = − 0.13eVΔH◦ = + 0.32eV (2) 

Because the variations in free energy and Gibbs enthalpy are so 
minor between the two processes [65], selective dehydrogenation of FA 
to H2 requires careful manipulation of the reaction conditions and/or 
the use of suitable catalysts. Instead of FA salts, formates can be used to 
overcome these two issues (eq. (3)). 

HCOOM +H2O ↔ H2 + HCO3M (where M = alkali metal) (3) 

Hydrogen release by formate dehydrogenation is a reversible method 
of hydrogen storage that does not emit CO2, 3. Fig. 1. There are no 
unwanted side-reactions, and since the free energy change of the cyclic 
formate-bicarbonate conversion is nearly zero at near-ambient condi
tions, the equilibrium can be shifted by small reaction conditions 
changes. 

One downside of formates is that they have a lower volumetric 
density than FA, but they are non-corrosive, non-irritating, and easier to 
handle. The primary FA salts have volumetric H2 densities of 16.8 gH2 
L-1 for sodium formate (HCOONa, SF), 29.0 gH2 L-1 for potassium 
formate (HCOOK, PF), and 21.2 gH2 L-1 for ammonium formate 
(HCOONH4, AF) [72]. 

This review will look at the thermodynamics and kinetics of the 
cyclic formate/bicarbonate system for hydrogen production. A summary 
of the thermodynamic analysis of the process will be followed by an 
assessment of the various types of catalysts that will define the kinetics 

Abbreviations 

FA Formic acid 
PF Potassium formate 
SF Sodium formate 
AF Ammonium formate 
PB Potassium bicarbonate 
SB Sodium bicarbonate 
AB Ammonium bicarbonate 
TON turnover number 
TOF turnover frequency 
LOCs liquid organic carriers 
MOFs metal organic frameworks 
PD/AC Pd supported on active carbon 
Pd/r-GO reduced graphene oxide as a support 
Pd/PDA-rGO Pd catalyst supported on a phenylenediamine- 

alkalized reduced graphene oxide 

Pd–Au/PDA-rGO bimetallic catalyst supported on a 
phenylenediamine-alkalized reduced graphene oxide 

Pd/N,P–C Double-doped carbon-based catalysts 
Pd/NC novel palladium nanoparticle catalyst based on 

mesoporous carbon doped with nitrogen 
PdAl/PDNPore nanoporous catalyst consisting of nanoporous bare 

Pd with a variable percentage of bare Al 
Pd/mpg-C3N4 Pd nanocatalyst supported on mesoporous graphitic 

carbon nitride 
PANI novel polyaniline mesoporous-carbon-supported Pd 

nanoparticles 
Pd/PDMC mesoporous carbon products 
kv-PdO/TiNTs PdO nanoparticles with Kirkendall nanovoids 

uniformly supported on titanate nanotubes 
Ag/Pd/TiOx/TiO2 Pd/Ag alloy that was modified with a TiOx shell 

supported on TiO2 
Pd–Au/AC Pd–Au alloy nanoparticle supported on activated carbon  

Fig. 1. Discharge and uptake reactions of the formate-bicarbonate cycle [42].  
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of the process, allowing for the determination of the most influential 
variables and the future needed investigation. Kinetic results reported in 
the literature are summarized and manipulated to assess the applica
bility of such a system for different technologies. Because of its appli
cative aim, in this review, homogeneous catalytic systems are not 
discussed, since they are not suitable for safe aqueous storage; they need 
solvents and expensive binders and offer limited recyclability and dif
ficulty in recovery. 

The review is structured as follow: in Section 2, the thermodynamics 
of the system and its limitations is summarized; in Section 3, an in-depth 
comparison of heterogeneous catalysts investigated in the literature is 
provided, summarizing performances, operating conditions influence, 
and achieved kinetics and comparing them on the base of applicative 
criteria. 

2. Thermodynamics 

Thermodynamics of the transformation define the limitations of such 
systems under different conditions. In fact, this system is particularly 
suitable for a cyclic transformation at near-ambient temperature 
because of the thermodynamic values of the equilibrium constants in the 
range 20–80 ◦C [73]. Thermodynamic analysis is a required step for 
evaluating and comparing the catalyst performances. Thermodynamic 
properties of the main salts are summarized in Table 1. 

In particular, the temperature at which ΔG0 = 0 (eq. (3)) is 46 ◦C, 
47 ◦C, and 52 ◦C, for sodium, potassium, and ammonium salts, respec
tively [74]. Forward dehydrogenation steps (eq. (4)) are slightly endo
thermic 19.4–49.4 kJ/mol and are thermodynamically favored at 
temperature higher than ~50 ◦C [74], where reaction kinetics are also 
faster. 

HCOOM +H2O → MHCO3 +H2 where M =Na,K,NH4 (4) 

On the other hand, bicarbonate hydrogenation (eq. (5)) is favored at 
low temperature, and catalysts need to be optimized to work at the 
lowest possible temperature with considerable reaction kinetics. This is 
usually compensated by relatively high hydrogen pressure in the range 
10–100 bar. 

MHCO3 +H2 → HCOOM +H2O where M =Na,K,NH4 (5) 

A recently published thermodynamic analysis [74] highlights the 
role of different operating conditions and configurations on the 
maximum achievable conversion. The analysis was carried out in the 
range of concentration 0.1–5.0 mol L-1, which is the common range 
adopted in the literature. The effect of the countercation on equilibrium 
calculations is not significant from a thermodynamic point of view. The 
results can be summarized as follows. 

For a closed system, formate conversion to bicarbonates is hindered 
by high concentrations of salts, since the high concentration of released 
hydrogen pressurizes the headspace shifting the equilibrium towards the 
reactants. However, the absolute amount of released hydrogen, as well 
as its molar fraction in the headspace, increases with the initial con
centration. The highest conversion (79.8%) in the range of temperature 
20–95 ◦C in a closed system (with a headspace volume treble the liquid 
phase) is observed at 95 ◦C and 0.1 mol L-1 formate. For a 5.0 mol L-1 

system under the same conditions, it strongly decreases to about 19.8%. 
However, the correspondent H2 molar fractions in the headspace are 
44.6% and 91.4%, respectively. Residual unconverted formate can 

hinder the cyclic transformation. However, a closed system is not the 
best applicative configuration, and it is mainly a reference for 
laboratory-scale catalytic tests. In any of the above cases, larger head
space volume favor conversion, but they can represent a serious draw
back for applicative systems, since they reduce the overall volumetric 
energy density of the system. 

For real application, a continuous system at a constant hydrogen 
pressure is the most desirable situation; in this case, at the highest 
investigated temperature and 5.0 mol L-1, the maximum formate con
version decreases from 73.5% to 46.1%, when pressure is increased from 
1 to 3 bars. In all practical situations, regular purge with inert gases can 
allow to achieve 100% thermodynamic conversion, but with hydrogen 
losses and/or reduced purity. A scheme of the reactor configuration is 
reported in Fig. 2. As mentioned in the study [48], most experiments in 
the literature are carried out in open or semi-open systems and results 
cannot be directly compared with thermodynamic calculations. 

On the contrary, bicarbonate hydrogenation experiments are usually 
carried out in closed system charged with an initial H2 pressure or 
keeping hydrogen pressure on the liquid phase constant, and a direct 
comparison is possible. Fig. 3 shows the best results reported in the 
literature using different catalysts, together with the thermodynamic 
limit under the adopted conditions. A full discussion of the reported 
catalytic systems is presented in Section 3, together with a full expla
nation of the adopted acronyms. From this comparison it can be seen 
that Pd supported on active carbon (Pd/AC) [46], on reduced graphene 
oxide (Pd/r-GO) [53], and on N/P doped carbon (Pd/N,P–C) [61] offer 
the best compromise in terms of performances and maximum achievable 
conversion. This cannot exclude that the other catalytic systems pro
posed in the literature might outperform the former if used under 
different operating conditions. 

As a general trend, for hydrogenation reactions, thermodynamic 
calculations show that bicarbonate conversion, at 80 ◦C, increases with 
H2 pressure increasing from 56.9% to 72.5%, 81.5%, and 97.8% at 3.0, 
6.0, 10.0, and 100.0 atm, respectively. The correspondent values at 
20 ◦C are 85.5%, 92.2%, 95.1%, and 99.5%, and are all significantly 
higher. However, at this temperature reaction kinetics are usually much 
slower. Although conversion decreases with temperature, the effect is 
less marked at high pressure. Contrary to dehydrogenation, in this case, 
the initial concentration of bicarbonate does not significantly affect 
conversion values. 

The thermodynamic analysis shows that at 5.0 mol L-1, the maximum 
achievable energetic density is of about 9.5 KgH2 m-3 corresponding to 
1.4 MJ L-1, about one half of the volumetric density of compressed 
hydrogen at 700 bar, but with undoubtedly increased safety. Moreover, 
this value could be reduced by the necessity of keeping the aqueous 
solution homogeneous, but it could be increased when dealing with 
heterogeneous solutions or when selecting salts like potassium or 
ammonium formate/bicarbonate, with a significantly higher solubility. 
A detailed discussion of solubility influence on energetic density is given 

Table 1 
-Gibbs free energy and enthalpy of formation of all primary salts of formic acid..  

Species ΔG0
f ,298K 

(
kJ ​ mol− 1

)
ΔH0

f,298K 

(
kJ ​ mol− 1

)

HCOONa (aq) − 613.00 − 666.67 
HCOOK (aq) − 634.30 − 677.93 
HCOONH4 (aq) − 430.50 − 588.06  

Fig. 2. Process scheme for semi-continuous pure hydrogen supply at con
stant pressure. 
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in Section 3.6. At present, there are no studies in the literature dealing 
with supersaturated solutions. 

3. Performances of the catalysts proposed in the literature 

Thermodynamics define limitations of the proposed system under 
certain conditions. The thermodynamic analysis suggests that once the 
optimal operating conditions are identified, the process can be per
formed with high conversions. 

However, at present, the application of the proposed technology is 
practically limited by the lack of a catalytic system that is proven to be 
stable, cyclable, and that can perform the transformation with kinetics 
compatible with the requested power. 

In general, both homogeneous and heterogeneous catalysts can be 
used, and each has its own set of benefits and drawbacks: homogeneous 
catalysts are more active, selective, and repeatable, but they are more 
difficult to recover, may require non-aqueous solvents, cost more on 
average, and are less resistant to thermal stress. Heterogeneous cata
lysts, on the other hand, are more temperature stable, simpler to recover, 
recycle, and regenerate, but they are less repeatable and active; how
ever, they can be easily handled and all of them can be used in aqueous 
solutions. In this Section, a comprehensive review of the heterogeneous 
catalytic systems investigated for such transformation in aqueous solu
tions is provided [68,69,75–85]. 

The goal is to provide the state of the art in order to drive the design 
of catalysts that can optimize both reactions, resulting in a single cyclic 
system that can both uptake and release hydrogen. 

3.1. Dehydrogenation reaction 

Dehydrogenation of formates is: 

HCOOM +H2O → MHCO3 +H2 where M =Na,K,NH4 (4) 

Transition metals, in particular palladium, are reported to be active 
phases capable of promoting this reaction. Palladium has demonstrated 
promising performances on a variety of substrates and when linked with 
other metals. 

3.1.1. Palladium-based catalysts on carbonaceous support 
Beginning the analysis with the dehydrogenation reaction for H2 

release, early research groups were attracted by carbonaceous substrates 
produced and/or activated in different ways. 

Koh et al. [75] devised the synthesis of novel carbon-supported Pd 
nanoparticles generated from polyaniline (PANI). The PANI/colloidal 
silica composites were pyrolyzed at temperatures above 500 ◦C, then the 
colloidal silica was removed from the carbonised products with an 

alkaline solution, and finally Pd nanoparticles were deposited within the 
mesoporous carbon products (Pd/PDMC). They achieved a turnover 
frequency (TOF) = 2562 h-1 by using a 1 mol L-1 concentration of SF, at 
80 ◦C with a catalyst load of 5000 ppm. 

Hwang et al. [49] studied a Pd catalyst on a carbon substrate, 
adjusting both the catalyst loading and salt concentration, and found 
that a 3 wt% Pd/C loading and a 7 mol L-1 formate concentration gave 
the optimum TOF and hydrogen yield: H2 yield for all investigated 
formates turned out to be 92%, whereas the TOF was maximum when AF 
is used and it was 6190 h-1. As the Table S1 (supplementary materials) 
shows, raising the salt content increases both the yield and the TOF. 

Starting with these first findings, Su et al. [72–87] worked on AF 
with a Pd load of 5% w/w on activated carbon, by changing the reaction 
time and salt concentration. A plateau was observed at a reaction time of 
t = 1.5 h for all concentrations of AF, whilst increasing the AF concen
tration from 1 mol L-1 to 15 mol L-1 raises the TOF to 5061 h-1. As a 
result, 3% Pd/C was found to be the best performing catalyst. 

Using palladium as the active phase of the catalyst, Bi et al. [79] 
devised a new approach including the use of Pd/r-GO. Acting as a single 
carbon-based matrix, GO sheets are applied for heterogeneous catalysis 
by anchoring metal nanoparticles on its surface. The research group 
worked with a 4.8 mol L-1 concentration of PF, varying the percentage of 
metal on the substrate; the best concentration was 1 wt% Pd/r-GO, 
which gave a hydrogen yield of 96% and a TOF = 11,299 h-1. 

Shao et al. [87] conducted both computational and experimental 
studies demonstrating that co-doping carbon materials with both N and 
a second heteroatom, such as B, S, or P, can change electronic charac
teristics and surface polarity, thereby improving catalytic activity. 
Furthermore, co-doping with two elements with different electronega
tivity (χ), such as N (χ = 3.04) and P (χ = 2.19), might result in a unique 
electronic structure with a synergistic coupling effect between hetero
atoms. Pd/N,P–C have better efficiency than single-doped carbon ma
terials due to this phenomenon. With a catalyst loading of 5000 ppm at 
4.7 wt% Pd/N,P–C, a 4 mol L-1 concentration of PF, and an operating 
temperature of 80 ◦C, a unitary hydrogen yield could be obtained after 2 
h of reaction and a TOF = 3246 h-1 was measured after 10 min of 
reaction. 

Fig. 4a shows a comparison of the hydrogen yields of the best per
forming catalysts. Pd/r-GO and Pd/NP-C are clearly superior catalysts, 
with Pd/r-GO having the highest TOF. In Fig. 4b, all the catalysts re
ported in the literature (best reported results) are summarized, 
compared with the theoretical thermodynamic yield in a closed system 
(gas volume to liquid volume ratio = 3.0) for a better comparison; the 
fact that many reported yield are higher than the thermodynamic value 
is due to the fact that experiments are often carried out in fed-batch or 
open system, allowing for further conversion. 

3.1.2. Palladium-based catalysts on TiO2 
Many studies have been conducted using titanium dioxide, a semi

conductor with high reactivity; it can be chemically activated by UV 
irradiation and used in heterogeneous catalysis with photodeposition 
techniques [88]. 

Wang et al. [89] used TiO2-supported Pd nanoparticles of diameters 
ranging from 2 nm to 14 nm in a 2 mol L-1 AF solution and found that 
those with a size of 2 nm had outstanding activity for formate dehy
drogenation, with a TOF value of up to 2184 h-1 (after 10 min) at 25 ◦C. 

X. Zhu et al. [90] continued previous studies using TiO2, in partic
ular by working with high-quality crystalline PdO nanoparticles with 
Kirkendall nanovoids uniformly supported on titanate nanotubes 
(kv-PdO/TiNTs). At low temperatures, these catalysts have been found 
to be resistant to formate reforming. At ambient temperature (~ 25 ◦C), 
the maximal rate of H2 production in the dehydrogenation reaction with 
a 1 mol L-1 concentration of SF was in the range of 6.5 mol g-1 h-1, 
yielding a TOF = 2602 h-1. These catalysts have a substantially lower 
hydrogen output than the others, as seen in Fig. 4a, although the process 
is carried out at T = 25 ◦C, which negatively affects both the 

Fig. 3. Best performing catalysts reported in the literature (blue bars) 
compared to the theoretical maximum equilibrium conversion (red lines). 
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thermodynamics and the kinetics of the process. 

3.1.3. Bimetallic catalysts 
Palladium also shows effects when alloyed with other transition 

metals. 
A first step in this direction was taken by S. Masuda et al. [67], who 

produced a catalyst based on a Pd/Ag alloy that was modified with a 
TiOx shell supported on TiO2 (Ag/Pd/TiOx/TiO2) to improve catalytic 
activity. The reaction was carried out at 75 ◦C with a 1 mol L-1 con
centration of SF and a loading of Pd 1.0 wt% and Ag 0.5 wt%. This 
material showed significant activity during the dehydrogenation of SF 
obtaining a TOF = 6499 h-1 at 75 ◦C. The electronic state of Pd had a 
weaker correlation with the modification of the surface by the applica
tion of a TiOx shell on TiO2-supported Pd–Ag alloy catalysts, indicating 
that the formation of Pd–TiO2 interface sites affects activity; in fact, the 
TOF of the catalyst without the TiOx shell (Ag/Pd/TiO2) was 5131 h-1 

under the same adopted conditions. 
Other bimetallic catalyst investigations have been carried out by 

Nakajima et al. [91] developing a catalyst with Pd–Au alloy nanoparticle 
supported on activated carbon (Pd–Au/AC), which demonstrated better 
activity than monometallic Pd and Au catalysts. The Au/Pd ratio was 
varied from 0.1 to 10. The TOF vs. Au/Pd ratio shows a volcano-like 
relationship in the dehydrogenation reaction, with the catalyst 
Au–Pd/AC (Ag/Pd molar ratio 1; 4.91 wt % Ag + Pd), having the 
greatest TOF value. 

The reaction was carried out at 1 mol L-1 of all the salts of interest, 
the best being AF, with a hydrogen yield of 5136 mmol g-1 h-1 and a TOF 
= 4200 h-1, whereas for SF and PF hydrogen yields were 1848 mmol g-1 

h-1 and 2904 mmol g-1 h-1, TOF = 1434 h-1 and 1704 h-1, respectively, at 
T = 40 ◦C. 

The yields of the last two catalysts are shown in Fig. 4a, and it is clear 
that the values are lower and hence not comparable to those evaluated in 
the preceding paragraph. 

3.2. Hydrogenation reaction 

In this paragraph, a thorough analysis for the bicarbonate hydroge
nation reaction by heterogeneous catalysts is provided: 

MHCO3 +H2 → HCOOM +H2O where M =Na, k,NH4 (5) 

For the process to be interesting from an industrial and applicative 
point of view, it must be cyclable, i.e., the same catalyst should be used 
to carry out both the hydrogenation and dehydrogenation reactions, 
which explains why a good number of authors tested their catalyst for 
both reactions. However, most studies are still preliminary and cycla
bility will be discussed in Section 3.4. 

3.2.1. Palladium-based catalysts on carbonaceous support 
Most of the reported Pd-based catalysts use carbonaceous supports. 

Koh et al. [75] conducted the hydrogenation reaction using the same 
catalyst (Pd/PDMC) as for dehydrogenation under the same working 
conditions (5000 ppm and T = 80 ◦C), in H2 at 4.0 MPa and obtained a 
turnover number (TON) = 1625. 

Su et al. [72] used a 1 mol L− 1 solution of the three different salts to 
investigate the utilization of Pd/AC at 5% wt. Working under the 
following operating conditions T = 20 ◦C, P(H2) = 2.75 MPa, t = 1 h, the 
best formate yield and the highest TON were obtained using ammonium 
bicarbonate (NH4HCO3, AB) (TON = 782, formate yield = 42.4%), fol
lowed by potassium bicarbonate (KHCO3, PB) (TON = 567 formate 
yield = 30.8%) and sodium bicarbonate (NaHCO3, SB) (TON = 527, 
formate yield = 28.6%) [69–72]. Starting from AB, different conditions 
were investigated, changing the reaction time from 1 h to 15 h results in 
a TON = 1769, formate yield = 95.6%; at t = 2 h and P(H2) = 5.5 MPa, 
TON and formate yield were 1672 and 90.4%, respectively, at 20 ◦C. 

Bi et al. [79] used the same catalyst as for dehydrogenation 
(Pd/r-GO), working with a PB concentration of 4.8 mol L− 1, T = 100 ◦C, 
P(H2) = 4.0 MPa, t = 10 h and varying the percentage of active phase on 
the substrate. They found that 1 wt % Pd/r-GO was the best metal load as 
for the dehydrogenation reaction. 

Working with 1 wt % Pd/r-GO, three different conditions were 
considered: (i) 6800 ppm of catalyst and a reaction time of t = 32 h; in 
this case, they obtained the best TON = 7088 and a formate yield 94.5% 
and (ii) 20,400 ppm of catalyst and reaction time of t = 10 h, obtaining a 
formate yield of 96.8% and a TON = 2420; finally, increasing the tem
perature to 130 ◦C the yield and TON values were 95.6% and 2390 
respectively. 

Shao et al. [87] conducted the hydrogenation process (Pd/N,P–C) 
adopting the same double doped support used for dehydrogenation, 
attaining greater efficiencies than single-doped carbon materials. 
Working at T = 80 ◦C, with a P(H2) = 8.0 MPa, a catalyst loading of 

Fig. 4. a) Hydrogen yield (%) at t = 120 min, T = 80 ◦C (full blue bars) and at t = 90 min, T = 25 ◦C (dashed bars) for the different reported catalysts; In the columns 
of the histogram, formate concentrations are indicated for the various catalysts. b) Best performances of all the catalysts proposed in the literature against the 
thermodynamic conversion value for a closed system. 
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5000 ppm at 4.7 wt% Pd/N,P–C and a 4 mol L− 1 concentration of PB, the 
reported formate yields and TON were 94.6% and 4027 for 1.5 h of 
reaction and 96% and 4269 for 3 h of reaction, respectively. 

Wang et al. [92] developed a novel palladium nanoparticle catalyst 
based on mesoporous carbon doped with nitrogen (Pd/NC) at 4.6 wt% in 
a 4 mol L− 1 PB solution. The study tested three different nitriding 
temperatures: 873, 973, and 1073 K, with 873 K being the best. Using a P 
(H2) = 6.0 MPa and altering the reaction duration and temperature: T =
80 ◦C and t = 2 h resulted in 69.7% formate yield and TON = 1598; T =
60 ◦C and t = 3 h also resulted in 69.7% formate yield; at T = 40 ◦C and t 
= 4 h formate yield was 83.3%. This demonstrate that despite the fact 
that the reaction yield is favored at low temperatures, kinetic limitations 
might be severe for some catalysts. 

Shao et al. [83] described a Pd nanocatalyst supported on meso
porous graphitic carbon nitride (Pd/mpg-C3N4) for reversible hydrogen 
storage, with promising results in the hydrogenation process. 

The Pd/mpg-C3N4 catalyst has been demonstrated to work effec
tively in the hydrogenation of large quantities of bicarbonate under 
ambient settings. At T = 80 ◦C, with a catalyst loading of 4000 ppm and 
a P(H2) = 6.0 MPa, the different formate yields and TON were investi
gated using a 1.0 mol L− 1 concentration of the three different bi
carbonates (AB, SB, and PB) with a 2.0 wt% Pd catalyst (2.0 wt% Pd/ 
mpg-C3N4) [72]. Contrary to what reported for the effect of the coun
tercation on the reaction yield, different salts can have significant 
different kinetics, depending on the specific catalyst adopted. 

Using PB concentration of 4.0 mol L− 1 and increasing hydrogen 
pressure from 2.0 MPa to 8.0 MPa after 3 h of reaction, the formate yield 
rose from 36% to 71%, while the TON changed from 3252 to 6414. With 
rising hydrogen pressure, formate yield increases achieving a plateau 
value, which is consistent with the results of thermodynamic calcula
tions. The increase in temperature from 60 ◦C to 80 ◦C is significantly 
beneficial for the yield and TON, leading to an increases from 28.6% to 
43.2% and from 2607 to 5051, respectively. 

Also in this case, the performances of the catalysts were compared in 
Fig. 5a, the best catalysts being Pd/AC, Pd/r-GO, and Pd/N,P–C. 

Remarkably, Pd/r-GO has the largest TON value, is extremely effi
cient for the discharge reaction, and may be the best choice for a cyclic 
process. In Fig. 5b, all the catalysts reported in the literature (best re
ported results) are summarized, compared with the theoretical ther
modynamic yield in a closed system or a system at constant hydrogen 
pressure, depending on the case. Contrary to what reported in Fig. 4b for 

the dehydrogenation step, in this case all reported values are lower than 
thermodynamic conversion, since the experimental set-ups reflect the 
calculations. Also in this case, it is clear that Pd/AC, Pd/r-GO, and Pd/N, 
P–C, are the best reported catalysts since they allow to achieve con
version values very close to their theoretical limit. 

3.2.2. Palladium-based catalysts on TiO2 and other supports 
Jin et al. [84] conducted an interesting and novel study, in which 

they investigated the influence of solar radiation adopting a direct 
technique of hydrogenating bicarbonate to formate on a light-driven 
Pd/TiO2 nanocatalyst. Increasing the Pd loading from 4.78 wt % to 
8.88 wt %, the yield improves but the TON decreases; therefore, per
formance were evaluated at the lowest Pd loading. The reaction was 
carried out at 2.0 mol L− 1 concentration of PB, under 3.0 MPa of H2, and 
a catalyst load of 4000 ppm for 3 h. Formate yield was 13.3% without 
irradiation, and significantly increased to 59.1% when irradiated with a 
Xe lamp. 

Other substrates that can be activated with the Xe lamp, were tested, 
such as ZnO, C3N4, Al2O3, SiO2 with 5 wt % Pd load. 

Working under the same operating conditions (2 mol L− 1 PB, P(H2) 
= 3.0 MPa, cat = 4000 ppm), light irradiation was always beneficial to 
yield. However, all tested supports performed worse than Pd/TiO2. 

3.2.3. Bimetallic catalysts 
Masuda et al. [67] designed a Pd/Ag catalyst with a TiOx shell 

supported on TiO2 that performs well for the dehydrogenation process. 
During the hydrogenation, this material showed high activity and a TON 
of 820. The reaction was carried out at 80 ◦C with 1 mol L-1 SB and a 
loading of 1.0 wt % Pd and 0.5 wt % Ag. 

Zhong et al. [93] used a bimetallic catalyst supported on a 
phenylenediamine-alkalized reduced graphene oxide (Pd–Au/P
DA-rGO). The hydrogenation reaction of a 0.5 mol L-1 solution of PB was 
carried out under different metal loadings, the optimum being 
Pd0.50Au0.50/PDA-rGO (the Pd/Ag mol/mol ratio is 1). A study was 
carried out with the goal of optimizing several reaction parameters such 
as reaction duration, temperature, H2 pressure, catalyst quantity, and PB 
concentration. 

The PF yield quickly increased to 73% during the first 4 h at 30 ◦C, 
finally reaching a maximum of 90% in 16 h, and then stayed constant 
even after an extension of the reacting period was extended to 24 h, 
indicating that the reaction had reached equilibrium. At 50 ◦C and 80 ◦C, 

Fig. 5. a) Formate yield (%) at reached plateau. In the columns of the histogram, there are additional information (formate concentrations and H2 pressure) for the 
various catalysts. b) best performances of all the catalysts proposed in the literature against the thermodynamic conversion value. 
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similar results were seen. Although a 91% PF yield was obtained in 6 h at 
80 ◦C, implying a faster reaction rate at higher temperatures, the opti
mum PF yields at 30 ◦C, 50 ◦C, and 80 ◦C were all very close (90%, 92%, 
and 91%, respectively), indicating that temperature had little effect on 
the reaction equilibrium. The negligible influence of temperature on 
equilibrium yields at the adopted conditions was shown in a recently 
published thermodynamic analysis [74]. 

Wang et al. [94] produced a nanoporous catalyst consisting of 
nanoporous bare Pd with a certain percentage of bare Al (PdAl/PDN
Pore), similarly to what is done to obtain Raney Ni. 

The yields varied depending on the Pd/Al ratio; a Pd/Al ratio of 88/ 
12 yields 72% after 24 h using a 0.5 mol L-1 SB solution, a catalyst load of 
1300 ppm, a H2 pressure of 1.5 MPa, and T = 80 ◦C. 

The differences between two kinds of alloys are seen in Fig. 5a. The 
formate yield of the PdAu/PDAr-GO catalyst is 94%, which is compa
rable to the highest one, i.e. 96 % on Pd/N,P–C. 

3.3. Non-active catalysts 

A variety of catalysts that do not perform well for this type of reac
tion have been tested in the literature. In this paragraph, they are 
summarized for future research direction in the design of new catalytic 
systems. 

Yuan Bi et al. [79] examined several carbonaceous and 
non-carbonaceous substrates utilizing Pd as catalysts. In the dehydro
genation reaction, two alternative substrates, Al2O3 and TiO2, were 
utilized; in the hydrogenation reaction, CaCO3 and BaSO4 were also 
studied, whose yield and TOF were lower by an order of magnitude than 
those obtained with a carbonaceous support. Su et al. [72] investigated 
the hydrogenation process using several transition metals (Ru, Rh, Pt, 
and Ni) on activated carbon support. In every case, no significant con
version was measured. He et al. [95] prepared two Au-based catalysts, 
one on CeO2 support and the other on ZrO2. The dehydrogenation 
process did not take place under all investigated conditions. 

Finally, Wang et al. [94] used non-porous Pd/Al alloy to perform the 
hydrogenation process. The reaction did not occur demonstrating that a 
certain level of porosity and exposed surface is crucial to obtain the 
desired interconversion. 

3.4. Cyclability 

Catalyst cyclability is an important aspect to investigate since it 
provides useful insights concerning its durability and consistency, 
important criteria to consider for industrial applications. Cyclability of a 
catalyst may be determined in two ways: either by recovering the 
catalyst and reusing it for the same reaction (half cycle, h-cycle), or by 
conducting both the dehydrogenation and hydrogenation reactions 
(complete cycle, c-cycle). This second technique is unquestionably more 
beneficial in industrial applications since it allows the whole reactive 
cycle to be completed without the need to recover the catalyst from the 
solution. Unfortunately, up to date, the adoption of this approach has 
been scarcely documented in the literature. 

Masuda et al. [67] used Ag/Pd/TiOx/TiO2 as the catalyst for the 
dehydrogenation process and obtained a significant reduction in 
hydrogen production from 100% to 65% after only three h-cycles. Zhu 
et al. [90] obtained more encouraging findings by adopting 
kv-PdO-TiNTs as a catalyst, and achieving a practically unaltered 
hydrogen production after 15 h-cycles. Zhong et al. [93] examined the 
hydrogenation process and found that Pd0⋅50Au0.50/PDA-rGO catalyst 
results in a significantly lower formate yield after three h-cycles, with a 
reduction from 74% to 32%. On the other hand, porous dealloyed Pd/Al 
alloy (88:12 at.) catalyst achieved an almost unaltered formate yield 
after ten applications [94]. Adopting Pd/N,P–C, Shao et al. [87] exam
ined the two steps of reaction separately and found that the dehydro
genation reaction provides a nearly unaltered hydrogen production for 
h-5 cycles, whereas the hydrogenation reaction stays effective for 3 

h-cycles. 
Pd/PDMC catalyst was used for three consecutive c-cycles, achieving 

TOF values of 1854 h− 1, 1753 h− 1 and 1477 h− 1 for the first, second, and 
third cycles, respectively [75]. Using Pd/AC as the catalyst, Su et al. [72] 
observed a decrease in the cyclic dehydrogenation/hydrogenation re
action of about 1–2% after 5 c-cycles. Similarly, Bi et al. [79] managed 
to achieve a yield drop of just 1–2% after 6 cycles using Pd/r-GO cata
lyst. A summary of the cyclability tests in the literature is given in 
Table 2. 

3.5. Preparation techniques 

It is widely recognized that preparation techniques play a crucial role 
in the morphology of the final catalysts and their performances [96,97]. 
Among the reviewed catalysts for the catalytic bicarbonate hydrogena
tion and formate dehydrogenation, efforts have been made in the 
preparation of supports to increase the exposed catalytic surface and 
control pores dimensions; metal-deposition techniques influenced 
nanoparticles dimensions and their electronic state. As for the supports, 
the most interesting techniques found in the literature consisted in: (i) 
the oxidative aniline polymerization in the presence of colloidal silica 
followed by pyrolysis at 800 ◦C and NaOH treatment to obtain porous 
carbonaceous supports (BET 1080 m2 g-1, pores 9.4 nm) [75]; (ii) 
coprecipitation of a mixture of MgO template and precursors (1, 
10-phenanthroline and triphenylphospine followed by thermal treat
ment at 800 ◦C under N2 and acid treatment to remove the MgO tem
plate (BET 1420 m2 g-1, pores 8.0 nm) [87]; (iii) mesoporous 
carbonaceous materials by hard templating method (BET 995 m2 g-1) 
[92]; (iv) unsupported porous Pd/Al alloy obtained by fusion of bare 
matal ingots followed by NaOH treatment to remove most of Al, as for 
Raney Ni preparation, residual Al acting as a structural and chemical 
promoter (BET 39–54 m2 g-1), as electron transfer from Pd to Al was 
demonstrated [94]. In the first three presented cases, some of the highest 
BET values reported in the literature were obtained for this type of 
catalysts; however, in most cases this did not correspond necessarily to a 
higher activity or faster kinetics. As for porous dealloyed Pd/Al cata
lysts, kinetics are not easily deduced, although BET values are in line 
with the preparation technique. Other supports tested in the literature 
consist of commercial porous carbon (BET 852 m2 g-1) [49], graphite 
oxide [79], activated carbon (BET 1420 m2 g-1, pores 8 nm) [72], TiO2 
(BET 55 m2 g-1) [84]. In many cases, commercial binders gave better 
results that the previously described techniques in terms of kinetics of 
interconversion. 

As for the metal deposition, the most common techniques consists of 
impregnation of the precursors followed by chemical reduction, Fig. 6a 
[67,83,84,87,93]. In any case, the result is Pd nanoparticles in the range 
1.6–2.4 nm [75,83,87,89]. Interestingly, Shao et al. reported for Pd on 
activated carbon a ratio between Pd (0) and Pd(II) = 56:44 by XPS 
analysis [83]. A similar ratio is confirmed by Zhong et al. for bimetallic 
Pd/Au particles on PDA-rGO catalysts [93]. 

An interesting exception to impregnation followed by wet chemical 

Table 2 
Cyclability performance of tested heterogeneous catalysts.  

CATALYST REACTION NUMBER OF 
CYCLES 

REFERENCE 

Ag/Pd/TiOx/TiO2 dehydrogenation 3 h-cycles [67] 
kv-PdO-TiNTs dehydrogenation 15 h-cycles [90] 
Pd/N,P–C dehydrogenation 5 h-cycles [87] 
Pd/N,P–C hydrogenation 3 h-cycles [87] 
Pd0.50Au0.50/PDA- 

rGO 
hydrogenation 3 h-cycles [93] 

Pd/Al alloy (88:12 
at) 

hydrogenation 10 h-cycles [94] 

Pd/PDMC cycle 3 c-cycles [75] 
Pd/AC cycle 5 c-cycles [72] 
Pd/r-GO catalyst cycle 6 c-cycles [79]  
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reduction is represented by the catalysts prepared by Masuda et al. [67], 
Fig. 6b, where this techniques is applied to Pd deposition, but it is fol
lowed by the photodeposition of Ag on TiO2. This represents the only 
case of photodeposition of metals on semiconductors for the reaction of 
interest and represents an interesting alternative as photodeposition is 
generally easier, cheaper, and would allow for the recovery of metals 
from waste and/or leaching solutions. In this case, XPS analysis 
confirmed the prevalence of Pd (0). When bimetallic active phases are 
adopted, usually larger nanoparticles are measured in the range of 3 nm 
for Pd/Ag [67] or with bimodal distributions (1.8 and 5.0–8.0 nm) for 
Pd/Au [93]. When the characterization is reported, usually higher Pd 
loading results in larger nanoparticles [84]. 

3.6. Effect of countercations and pH 

As discussed in Section 2, the effect of the countercation, i.e. NH4
+, 

Na+, and K+, does not significantly affect the thermodynamics of the 
transformation and the equilibrium conversion. However, in actual 
practice it does affect both kinetics of reaction and solubility of the 
reactant and product. 

According to the calculations provided in the literature [74,98], the 
maximum storage capacity of every system is limited by the solubility of 
the salts. Formates are always more soluble than bicarbonates; as a 
result, to avoid precipitation of salts, calculations should be always 
referred to bicarbonates. Table 3 summarize solubility values of for
mates and bicarbonates at 20 ◦C and 80 ◦C, together with the maximum 
gravimetric and volumetric hydrogen and energy density. Based on 
these values, Grubel et al. [73], distinguish between the maximum 
theoretical storage capacity based on formate solubility and the useable 
capacity, which is limited by the bicarbonate salt at the reaction tem
perature. It is worth stressing here, that whilst the energetic density of 
the solutions increases with temperature, it is significantly limited by 
bicarbonates solubility. 

Based on these considerations potassium and ammonium salts 
perform much better than sodium [69,73]. However, up to date no ex
periments have been proposed in the literature using concentration salts 
higher than their solubility limit. Even though a heterogeneous super
saturated solution might be more difficult to handle from a practical 
point of view, this would increase storage capacity with no evident 
shortcomings, since the system is already heterogeneous because of the 
catalyst presence. Further investigation in this sense are much needed, 
taking into account the relative interference of formate/bicarbonate on 
their solubility at different concentrations and temperature. 

Different salts have a direct effect on reaction kinetics, depending on 
the adopted catalyst. 

Using Pd/AC [72], Su et al. found that ammonium bicarbonate has a 
substantially better hydrogenation efficiency than sodium bicarbonate, 
with the same initial concentration; this is also due to the higher bi
carbonate concentration depending on the HCO3

− /CO3
2− speciation. 

Precisely, the formate conversion follows the following order: SB < PB 
< AB under the same experimental conditions. 

Therefore, AB produces the highest concentration HCO3
− in the 

aqueous solution, leading in the largest hydrogenation reaction formate 
yield. 

Another important aspect is the dehydrogenation of ammonium 
formate; when the H2 evolution efficiencies of AF and SF were 
compared, it was discovered that the H2 generation rate from SF was 
significantly slower than that from AF; in fact, comparing both yields 
after 20 min of reaction shows that the SF yield is only about 70% of AF 
yield. 

Furthermore, K. Nakajima et al. [91] examined the rates of H2 gen
eration by dehydrogenation of formates (Na and K salts) employing the 
1Au1Pd/AC catalyst. The rate of H2 generation from ammonium 
formate dehydrogenation was substantially higher than that of K and Na 
salts. 

Shao et al. [83] conducted a further comparison utilizing 

Fig. 6. Main preparation techniques reported in the literature. a) wet impregnation followed by chemical reduction; b) metal photodeposition on semiconductors.  

Table 3 
- Hydrogen energetic density of selected formate and bicarbonate at their solubility limits at 80◦C [69,73,99].   

NH4HCO2 NaHCO2 KHCO2 NH4HCO3 NaHCO3 KHCO3 

amount dissolved per 1000 g di H2O (g) at 80 ◦C 5330 1380 5800 1090 190 N/A 
gravimetric H2 density at max solubility (gH2 kg− 1) (80 ◦C) 26.7 17.1 20.3 13.2 3.8 N/A 
volumetric H2 density at max solubility (gH2 L− 1) (80 ◦C) 32.7 23.6 34.2 16.4 4.2 N/A 
gravimetric energy density at max solubility (MJ kg− 1) (80 ◦C) 3.8 2.4 2.9 1.9 0.54 N/A 
volumetric energy density at max solubility (MJ L− 1) (80 ◦C) 4.7 3.4 4.9 2.3 0.59 N/A 
amount dissolved per 1000 g di H2O (g) at 20 ◦C 1430 812 3370 217 96 337 
Gravimetric H2 density at max solubility (gH2 kg− 1) (20 ◦C) 18.7 13.2 18.3 4.5 2.1 5.0 
Volumetric H2 density at max solubility (gH2 L− 1) (20 ◦C) 21.2 16.8 29.0 4.8 2.2 5.8 
gravimetric energy density at max solubility (MJ kg− 1) (20 ◦C) 2.7 1.9 2.6 0.64 0.30 0.72 
volumetric energy density at max solubility (MJ L− 1) (20 ◦C) 3.0 2.4 4.1 0.69 0.31 0.83  
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Pd/mpg-C3N4 as a catalyst. Under the same reaction conditions, PF and 
SF were used to compare H2 evolution efficiency. It was discovered that 
PF had a little greater H2 evolution efficiency than SF. 

In summary, the literature so far shows that ammonium-based sys
tems kinetics are usually faster than in the case of potassium, whereas 
sodium salts show the worst performances. This is in agreement with the 
maximum storage capacity for homogeneous aqueous solutions, 
considering that potassium and ammonium salts are more soluble than 
sodium salts. Future research on the conversion of supersaturated so
lutions might overcome the present limitations and further increase 
volumetric energy density. 

Although still scarcely investigated, pH of the solution appears to 
significantly affect the kinetics of the reaction [18,20,21,26,41]. Most 
authors taking this variable into account seem to agree that an alkaline 
solution in the range pH 7.0–9.0 seems to give the best results in terms of 
both hydrogenation and dehydrogenation reactions. Acidic pH can have 
strong detrimental effect on the yield of reaction. This could be attrib
uted to speciation of the involved ions and alteration of the surface 
charge of catalysts, and, as a result, of adsorption equilibria. The for
mation of bicarbonates during the dehydrogenation reaction tends to 
increase the pH value of the solution during the reaction. pH has also an 
influence on bicarbonate/carbonate equilibrium. All the observations 
suggest that stringent pH control might be required to maximize reac
tion kinetics, depending on the adopted catalyst. 

3.7. Proposed reaction mechanisms 

There is no general agreement in the literature on the detailed re
action mechanisms for the investigated catalytic reactions. Moreover, 
there is no general agreement on the electron transfer between the 
species and the nature of dissociative hydrogen adsoption (homolytic/ 
heterolytic). 

As for Pd catalysts on carbonaceous supports different examples can 
be found in the literature. For bicarbonate hydrogenation on Pd/mpg- 
C3N4 [83], the suggested mechanism is based on homolytic dissociative 
H2 adsorption on Pd and activation of the OH group of bicarbonate on 
the support, followed by H insertion on carbon and water removal. A 
similar mechanism is proposed by Jin et al. for Pd over TiO2 [84], 
Fig. 7a. 

Nakajima et al. [91] and Masuda et al. [67], proposed the activation 
of bicarbonate by adsoption through the = O group, Fig. 7b. Same 
activation is hypothesized for formate molecules followed by 
liquid-phase water insertion for both Pd/Ag on TiO2 and supported 
Pd/Au alloy catalyst, Fig. 7d. However the organics are adsorbed on 
TiO2 or on Pd/Au particles, respectively. In both cases, H- insertion is 
proposed. 

Shin et al. [100] used DFT calculations to derive the mechanism on 
Pd catalyst on N-doped graphite. In this case, bicarbonate is adsorbed on 
two active sites with the -O groups, whereas H is inserted on the OH 
group and removed as water, before residual formate desorption, Fig. 7c. 
For formate dehydrogenation, adsorbed formate dissociates in adsorbed 

Fig. 7. Main reaction mechanisms proposed in the literature for bicarbonate hydrogenation (a,b,c) and formiate dehydrogenation (d,e); plausible reaction mech
anisms for bicarbonate hydrogenation (f) and formate dehydrogenation (g). 
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CO2 and H; follows OH- insertion to form bicarbonate and desorption. 
Isotopic experiments for reactions over Pd/PDMC suggested two 

plausible reaction pathways for the dehydrogenation reaction: molecu
lar formate adsorption and dissociative adsorption of water, follow by 
OH insertion on C and H2 desorption is the major pathway, Fig. 7e; 
minor internal rearrangement of adsorbed formate with CO2 release is 
also contemplated [75]. Bicarbonate hydrogenation follows the same 
mechanism illustrated above for Pd/mpg-C3N4 catalysts [83]. 

Despite the general differences in the mechanisms of organic 
adsorption/activation, there is a general agreement in the literature on 
the dissociative H2 adsorption followed by H insertion for the hydro
genation reaction [92]. Homolytic H2 dissociation is the most reported 
mechanism. Based on the conflicting information reported in the liter
ature, plausible reaction mechanisms, based on similarities with the 
hydrogenation pathways of other organics [101], are proposed in 
Fig. 7f–g. 

3.8. Kinetics and available power 

In Section 2, it is reported the assessed potentiality in terms of 
maximum volumetric density according to the thermodynamic limita
tions of the system. For practical application, kinetics of hydrogen 
release is quite important, considering that hydrogen must be fed to a 
utilizer with a rate that is compatible with the required power. Hydro
genation kinetics is also important to provide feasible recharging time. 
TON and TOF values reported by the authors are often not directly 
comparable and cannot provide the necessary information for power 
calculations. However, in some of the reviewed papers, reaction kinetics 
data are provided in the form of concentration/yield/released H2 vs. 
time. In this Section, these data are manipulated to provide semi- 
quantitative indications on the maximum power that can be provided 
by such a system for different scales and applications. 

The power generated by hydrogen release P can be calculated ac
cording to 

P= η • r • V • ΔHc (6) 

where η is the efficiency of the final utilizer, r is the rate of hydrogen 
release (mol L-1 s-1), V is the volume of the storage vessel (L), and ΔHc 

the heat of combustion of hydrogen (285.8 kJ mol-1). In this relation r is 
considered to be constant with time, which is not the case. However, 
equation (6) can be used to estimate the order of magnitude of the vessel 
volume required to provide a certain power to the mechanical system 
fueled by hydrogen. 

From eq. (6), fixing the value of the efficiency, for each chosen power 

and taking the logarithm of both sides of the equation, a straight line is 
derived. 

The logarithm of the initial reaction rate vs. the logarithm of the 
storage vessel volume, together with the iso-power curves for different 
applications and the performances of the catalysts reported in the 
literature are reported in Fig. 8, using a fixed efficiency of the final 
utilizer η = 0.50. The reaction conditions for the data reported in Fig. 8 
are summarized in Table 4. The initial reaction rate was calculated from 
the data provided in the quoted reference from time 0 to the first 
experimental time. Once again, it must be stated that this does not 
represent a fair comparison, considering that kinetic data in the papers 
were not reported for this goal and they are obtained under different 
operating conditions (Table 4). However, it gives a general idea of the 
performances that these kinds of catalytic systems may have for real 
applications. Interestingly, a storage volume vessel in the range of 200 L, 
which is compatible from a thermodynamic point of view for automotive 
applications [74], can provide enough power to move cars and trucks, 
with some of the reported catalytic systems, depending on the specific 
application. However, if the reaction rate rapidly decreases with time, it 
may be necessary to increase such volume. As a result, for real appli
cation of such systems, research to find stable and fast catalysts is still 
crucial to reduce time-to-market. Regarding the total amount of 
hydrogen required for car autonomy, a recently published paper on the 
formate/bicarbonate system [74] shows that a 180 L solution reservoir 
would provide up to 857 mol of hydrogen, allowing for 200 km auton
omy. This was calculated for homogeneous solutions, but could be 
further improved if salts are used above their solubility limit. Unfortu
nately, there is a substantial lack of studies, adopting for
mate/bicarbonate solutions above their solubility limit as discussed in 
Section 3.6. 

Fewer data are available for hydrogenation kinetics in terms of moles 
converted per unit time and unit volume, the ones that could be deduced 
from the literature were summarized in Table 4. As a general trend, 
hydrogenation kinetics is slower than formate dehydrogenation by one 
order of magnitude, which suggests that the improvement of catalytic 
reaction rates for this step may be crucial to reduce the time to recharge 
the system working with relatively low and safe H2 pressure. In addition, 
in case of bicarbonate hydrogenation, reaction rate is not constant with 
time and initial reaction rate cannot be used for recharge calculations. 
However, for the sake of comparison the characteristic time of reaction, 
defined as the ratio between the initial reagent concentration and the 
initial reaction rate, which quantifies the order of magnitude of the 
overall reaction time are reported in Table 4. 

From the calculated characteristic time, it is clear that the most 

Fig. 8. Initial reaction rate of reported catalysts against required storage volume for specific applications average power. Efficiency of the utilizer = 50%.  
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suitable catalysts for dehydrogenation kinetics are based on carbona
ceous materials at relatively high temperature; considering the ease of 
preparation, Pd on porous carbon seems to be the most appealing so
lution to ensure fast kinetics and so high available power. The recharge 
time is less critical since hydrogen uptake can be operated off-line and 
take a longer time; however, as expected, high hydrogen pressure and 
catalyst load decrease the hydrogenation characteristic time; in this 
case, N-doped carbonaceous materials give the best performances, 
although palladium on porous carbonaceous materials is operated at 
lower temperature. Differences between hydrogenation and dehydro
genation kinetics need further investigations and may lead to the utili
zation of hybrid systems with more catalysts adopted at once. 

3.9. Technological implications 

Based on the present review, an applicative scenario is pictured in 
Fig. 9. A heterogeneous storage vessel containing a supersaturated An 
aqueous rechargeable solution and the catalyst is coupled with a fuel 
system for power generation for automotive applications. During mo
tion, formate is converted to bicarbonate and hydrogen is generated. 
During this stage four critical issues to be addressed by future research 
can be outlined for prototyping: (i) ensure precise operating conditions 
control kinetics and allow for variable power operations; another option 
might include an interstage hydrogen vessel to accumulate H2 during 
low power operations and discharge it when peak power is required; (ii) 
finding optimal inter-stage vessels to accumulate and pressurize 
hydrogen to the pressure required by mobile applications (i.e. up to 5 
bars): this may require an additional compressor but it could also be 
realized by releasing hydrogen in a closed vessel of proper volume, 
although this might be detrimental for equilibrium conversion; (iii) 
suspended solid management and mixing; this is always present if su
persaturated solutions are used; the solid catalyst can be suspended or 
immobilized, although this last option requires proper reaction design to 
avoid mass transfer limitations and might require occasional catalyst 
replacement; (iv) water evaporation management and occasional iner
tization of the vessel to enhance conversion. 

At the refuelling station exhaust bicarbonate solutions can be dis
charged and reconverted off-line to fresh formate using pressurized 
hydrogen. It is worth stressing here that adopting a proper catalytic 

Table 4 
Calculated initial reaction rate and characteristic time for formates 
dehydrogenation.  

Formate dehydrogenation 

Cat Ref r0 (mol L- 

1s-1) 
Conditions Characteristic 

time (h) 

1 wt % 
→Pd/r-GO 

[79] 9.75⋅10-3 4.8 mol L-1 

HCOOK; 
Cat: 6811 ppm; 
T = 90 ◦C 

0.14 

1 wt % 
→Pd-PDMC- 
1000-16 

[75] 8.20⋅10-4 1.0 mol L-1 

HCOONa; 
Cat: 5000 ppm; 
T = 80 ◦C 

0.34 

3 wt% →Pd/C [49] 9.77⋅10-3 7.0 mol L-1 

HCOONa; 
Cat: 30,000 ppm; 
T = 80 ◦C 

0.2 

5 wt% →Pd/AC [72] 8.87⋅10-2 1.0 mol L-1 

HCOONH4; 
Cat: 5000 ppm; 
T = 100 ◦C 

0.0031 

4.7 wt% →Pd/N, 
P–C 

[87] 2.64⋅10-3 4.0 mol L-1 

HCOOK; 
Cat: 5000 ppm; 
T = 80 ◦C 

0.42 

2.0 wt %→ Pd/ 
TiO2 

[89] 6.48⋅10-4 2.0 mol L-1 

HCOONH4; 
Cat: 500 μmol 
L-1 Pd; 
T = 60 ◦C 

0.86 

5 wt % →kv-PdO/ 
TiNTs 

[90] 1.55⋅10-5 1.0 mol L-1 

HCOONa; 
Cat: 2000 ppm; 
T = 25 ◦C 

17.88 

2.0 wt %→Pd/ 
mpg-C3N4 

[83] 2.10⋅10-3 4.0 mol L-1 

HCOOK; 
Cat: 8000 ppm; 
T = 80 ◦C 

0.53 

4.6 wt%→Pd/ 
NMC-8 

[92] 2.12⋅10-3 2.0 mol L-1 

HCOOK; 
Cat: 3333 ppm; 
T = 60 ◦C 

0.26 

Pd w.t% = 9.8, Au 
wt.% = 17.8 
→Pd0⋅5Au0.5/ 
PDA-rGO 

[93] 3.74⋅10-3 6.0 mol L-1 

HCOOK; 
Cat: 15,800 
μmol L-1 Pd +
Au; 
T = 80 ◦C 

0.45 

Bicarbonate hydrogenation 

Cat Ref r0(mol L- 

1s-1) 
Conditions Characteristic 

time (h) 

5 wt% 
→Pd/AC 

[72] 1.15⋅10-4 1 mol L-1 

NH4HCO3; cat: 
5000 ppm; 
H2: 2.75 MPa; 
T = 20 ◦C 

2.41 

2.0 wt % <→ Pd/ 
mpg-C3N4 

[83] 8.90⋅10-4 4 mol L-1 KHCO3; 
4000 ppm cat; 
H2: 6.0 MPa; 
T = 80 ◦C 

1.25 

Pd w.t% = 9.8, Au 
wt.% = 17.8 
→Pd0.5Au0.5/ 
PDA-rGO 

[93] 6.15⋅10-5 0.5 mol L-1 

KHCO3; (Pd +
Au)/KHCO3 =
1.83⋅10-2 

H2: 5.0 MPa; 
T = 80 ◦C 

2.26 

5 wt% →Pd/C [102] 1.42⋅10-4 1 mol L-1 

NaHCO3; 
2000 ppm; 
H2: 1 atm 
(bubbling); 
T = 25 ◦C 

1.96  

Fig. 9. Example of technological application for the automotive sector.  
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system, hydrogen pressure can be restrained. The approach would in any 
case avoid on-board high-pressure H2 with undeniable advantages from 
a safety point of view. 

To compare the herein reviewed storage system with the well- 
established H2 storage technologies, an energetic efficiency calculation 
was carried out. 

For formate/bicarbonate H2 storage system, energetic efficiency was 
defined as: 

η= 1 −
Qh + nH2 • ΔHr + Wc

nH2 • ΔHc  

Where Qh is the heat required to bring the aqueous solution to dehy
drogenation temperature, nH2 is the number of released H2 moles, ΔHr is 
the dehydrogenation reaction enthalpy, Wc is the compression work to 
reach the pressure required by the hydrogenation reaction, and ΔHc the 
heat released by hydrogen combustion. 

The results of the calculations for a 5 mol L− 1 solution are reported in 
Fig. 10. 

As one can see, efficiency depends on hydrogen release temperature 
and H2 pressure required for bicarbonate hydrogenation. In the litera
ture, hydrogen is usually compressed between 20 and 30 bar for bicar
bonate hydrogenation, whereas H2 release reaction is carried out at 
about 80 ◦C. In these conditions we obtain an efficiency of about 72%. 

This is lower than compressed hydrogen (94%), liquefied hydrogen 
(77%), and close to lithium batteries (75%). However, it must be 
stressed that there is room for improvement (up to 90%) if catalytic 
systems that can work at lower pressure and temperature are found. 
Also, the heat required to bring the aqueous solution at the required 
temperature and to sustain the endothermic reaction might be recovered 
from the heat dissipated by the utilizer, improving the overall process 
energetic efficiency. 

4. Conclusions 

Formate/bicarbonate catalytic interconversion is an interesting and 
promising chemical system for safe and convenient hydrogen uptake 
and release. Thermodynamic models in different possible configurations 
show that the system can be efficiently used under proper conditions for 
a cyclic transformation achieving almost complete conversion. In 
particular, periodic purge of released hydrogen with an inert gas can 
allow to achieve complete conversion during formate dehydrogenation, 
whereas low temperature and modest hydrogen pressure can ensure 

bicarbonate conversion as high as 98%. Different salts have similar 
thermodynamics; however; they behave significantly differently in 
terms of kinetics and solubility, which show that potassium and 
ammonium salts are more promising than sodium. However, no studies 
show significant application of supersaturated solutions, which may 
offer an important alternative to increase energetic density. Preliminary 
analysis shows that the achievable energetic efficiency ranges from 70 to 
90%, depending on the operating conditions for catalytic hydrogenation 
and dehydrogenation. 

In any case, robust catalytic systems that allow for fast kinetics and 
cyclability are needed. At present, the most promising results have been 
attained by Pd or Pd alloys supported on porous carbonaceous materials, 
or less frequently on TiO2. Most heterogeneous catalysts are synthetized 
by wet impregnation and chemical reduction, with the only exception of 
photodeposited metals on semiconductors. Further investigation is 
needed to investigate coprecipitated catalysts, particularly suited for 
low temperature reactions, and/or calcined catalysts, as well as other 
innovative techniques. 

For real applications, cyclability of catalysts and kinetics of hydrogen 
release play a crucial role. However, both aspects are still scarcely 
investigated in the present literature. 
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[102] González E, Marchant C, Sepulveda C, Garcia R, Ghampson IT, Escalona N, 

Garcia-Ferro JL. Hydrogenation of sodium hydrogen carbonate in aqueous phase 
using metal/activated carbon catalysts. Appl Catal B Environ 2018;224:368–75. 
https://doi.org/10.1016/j.apcatb.2017.10.038. 

M. Calabrese et al.                                                                                                                                                                                                                              

https://doi.org/10.3390/cryst12101376
https://doi.org/10.1016/J.ENSM.2020.01.010
https://doi.org/10.1016/J.ENSM.2020.01.010
https://doi.org/10.1142/S0219633613300012
https://doi.org/10.1142/S0219633613300012
https://doi.org/10.1021/acs.energyfuels.7b02997
https://doi.org/10.1021/acs.energyfuels.7b02997
https://doi.org/10.1021/acsaem.0c00744
https://doi.org/10.1021/acsaem.0c00744
https://doi.org/10.1002/anie.200800320
https://doi.org/10.1002/cssc.202002433
https://doi.org/10.1002/cssc.202002433
https://doi.org/10.1016/J.IJHYDENE.2012.05.141
https://doi.org/10.1021/acsenergylett.6b00574
https://doi.org/10.1002/cssc.201403251
https://doi.org/10.1002/cssc.201403251
https://doi.org/10.21926/jept.2004016
https://doi.org/10.21926/jept.2004016
https://doi.org/10.1016/j.ijhydene.2022.07.033
https://doi.org/10.1016/j.ijhydene.2022.07.033
https://doi.org/10.1016/j.apcatb.2016.10.080
https://doi.org/10.1016/j.apcatb.2016.10.080
https://doi.org/10.1039/c8ra09534e
https://doi.org/10.1039/c8ra09534e
https://doi.org/10.1039/C8GC00954F
https://doi.org/10.1021/acssuschemeng.0c02775
https://doi.org/10.1021/acssuschemeng.0c02775
https://doi.org/10.1002/anie.201409500
https://doi.org/10.1002/anie.201400456
https://doi.org/10.1002/anie.201400456
https://doi.org/10.1016/j.molcata.2013.08.015
https://doi.org/10.1016/j.apcata.2018.05.025
https://doi.org/10.1002/aic.15218
https://doi.org/10.1021/acssuschemeng.0c01616
https://doi.org/10.1039/d1sc04181a
https://doi.org/10.1021/acssuschemeng.0c02775
https://doi.org/10.1021/acssuschemeng.0c02775
https://doi.org/10.1021/acsanm.0c01830
https://doi.org/10.1021/acsanm.0c01830
https://doi.org/10.1016/J.JPHOTOCHEMREV.2015.08.003
https://doi.org/10.1016/J.JPHOTOCHEMREV.2015.08.003
https://doi.org/10.1016/j.nanoen.2017.02.001
https://doi.org/10.1039/c8cy01551a
https://doi.org/10.1021/acssuschemeng.8b04698
https://doi.org/10.1002/cssc.201501376
https://doi.org/10.1002/cssc.201501376
https://doi.org/10.1021/acscatal.8b00294
https://doi.org/10.1021/acscatal.8b00294
https://doi.org/10.1002/cctc.202100148
https://doi.org/10.1002/cctc.202100148
https://doi.org/10.1002/chem.200901261
https://doi.org/10.1016/B978-0-12-811631-9.00009-0
https://doi.org/10.1016/B978-0-12-811631-9.00009-0
https://doi.org/10.1016/S1872-2067(18)63162-6
https://doi.org/10.1016/S1872-2067(18)63162-6
https://doi.org/10.1016/J.JECHEM.2019.05.016
https://doi.org/10.1080/10426919008953291
https://doi.org/10.1021/acs.jpcc.8b07002
https://doi.org/10.1021/acs.jpcc.8b07002
http://refhub.elsevier.com/S1364-0321(22)00983-2/sref101
https://doi.org/10.1016/j.apcatb.2017.10.038

	Formate/bicarbonate interconversion for safe hydrogen storage: A review
	1 Introduction
	2 Thermodynamics
	3 Performances of the catalysts proposed in the literature
	3.1 Dehydrogenation reaction
	3.1.1 Palladium-based catalysts on carbonaceous support
	3.1.2 Palladium-based catalysts on TiO2
	3.1.3 Bimetallic catalysts

	3.2 Hydrogenation reaction
	3.2.1 Palladium-based catalysts on carbonaceous support
	3.2.2 Palladium-based catalysts on TiO2 and other supports
	3.2.3 Bimetallic catalysts

	3.3 Non-active catalysts
	3.4 Cyclability
	3.5 Preparation techniques
	3.6 Effect of countercations and pH
	3.7 Proposed reaction mechanisms
	3.8 Kinetics and available power
	3.9 Technological implications

	4 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


