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The storage of renewable energy is the major hurdle during the
transition of fossil resources to renewables. A possible solution is
to convert renewable electricity to chemical energy carriers such
as hydrogen for storage. Herein, a highly efficient formate-
piperidine-adduct (FPA) based hydrogen storage system was
developed. This system has shown rapid reaction kinetics of both
the hydrogenation of piperidine captured CO, and the
dehydrogenation of FPA over the carbon-supported palladium
nano-catalyst under mild operating conditions. Moreover, the FPA
solution based hydrogen storage system is advantageous owing to
the generation of high-purity hydrogen, which is free of carbon
monoxide and ammonia. The in-situ ATR-FTIR characterization
was performed in order to provide insight into the reaction
mechanisms involved. By integrating this breakthrough hydrogen
storage system with renewable hydrogen, and the polymer
electrolyte membrane fuel cells (PEMFC), the on demand cost-
effective rechargeable hydrogen battery could be realized for
renewable energy storage.

The worldwide installed solar photovoltaic (PV) and wind
energy capacity have surged exponentially for the past
decades.' However, the wind and solar power generation are
highly intermittent and seasonal, resulting in serious issues
including grid capacity/stability, curtailment, and
supply/demand mismatch. One possible solution to the
renewable electricity storage challenge is to use a regenerative
hydrogen fuel cell (RHFC), which converts electricity to H,, a
clean energy carrier that can be obtained from electrochemical
water splitting,2 and stores the H,, which is later fed into a fuel
cell to regenerate electric power.3 Currently, hydrogen gas is
commonly compressed and stored at extremely high pressure
(700 bar), leading to a high cost, as well as safety concerns and
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logistical challenges since it is highly inflammable.* Chemical
hydrogen storage options, including solid-state metal hydrides
or liquid organic hydrogen carriers (LOHCs), could be a safe
alternative to hydrogen storage,“' >, However, the hydrogen
release from these materials is strongly endothermic, typically
requiring elevated temperatures of 150~500 2C, which are well
above the “waste heat” temperature range of 80~90 °C
provided by a standard PEMFC.

Formic acid (HCOOH) and formates have been considered
as a promising material for chemical hydrogen storage because
their high volumetric capacities, which surpass those of most
other chemical hydrogen storage materials.® Recently,
immense progress has been made on the development of
formate-based reversible H, storage at mild conditions.? ’
Beller and co-workers suggested that the catalytic
decomposition of a formate/amine adduct solution in the
presence of the homogeneous Ru catalysts as a practical H,
storage system for direct use in fuel cells.? Hull et al. designed
a reversible H, storage system with a homogenous Ir catalyst,
using pH to control H, production or consumption.9 Several
reports also described the feasibility of using a homogeneous
Ru catalyst to enable a reversible HCOONa/NaHCO;-based H,
storage to achieve a higher volumetric density.10 Laurenczy’s
group designed a hydrogen battery system based on cesium
formate/bicarbonate due to the high solubility of cesium
salts.”However, due to the high cost arising from the use of
sophisticated ligands and the limited recyclability, the
homogeneous catalyst systems have not yet been ready for
commercial applications.

Compared to the significant advances of homogeneously
catalyzed formate-based hydrogen storage systems, only few
reports of using heterogeneous catalysts for hydrogen storage
are available in the literature. Cao and co-workers'* employed
aqueous sodium formates as the H, storage material over the
palladium on reduced graphitic oxide nanosheets (Pd/r-GO).™
Notably, the rate of hydrogen discharge is too low for practical
application.12 Recently, our group demonstrated a hydrogen
storage system based on ammonium bicarbonate/formate
redox equilibrium7d in aqueous media over the heterogeneous
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Pd/AC catalyst. This hydrogen storage system has an
exceptionally high volumetric energy density (up to 168 g
H,/L). However, the challenge that the trace amounts of CO
and NH; could be formed by decomposition of ammonium
formate at elevated temperatures cannot be completely ruled
out.** * 3 To further increase the power density, we found
that adding alcohol as a co-solvent greatly enhances the
kinetics of hydrogenation of ammonium carbonate.™ Herein,
we have developed a new hydrogen storage system based on
the formate piperidine adduct (FPA) solutions, in which the
fast hydrogenation of captured CO, with piperidine to FPA, as
well as the rapid decomposition of FPA for releasing high-
purity H,, could be realized under mild conditions.

Table 1 shows the results of catalytic hydrogenation of
piperidine captured CO, in various aqueous ethanol solutions.
After reacting for 1 hour in water at 20 °C (Table 1, entry 1),
the yield of formate was 50.2%, and the corresponding
turnover frequency (TOF) was approximately 1431 h™ over the
activated carbon supported palladium catalyst (5 wt% Pd/AC).
Adding alcohol into water solvent significantly improved the
hydrogenation of piperidine captured CO,. For instance, the
ethanol-water solution with 70 wt% ethanol exhibited the
significant solvent promotion effect as a high yield to formate
of ~83.6% was achieved in an hour at 20 °C, and the TOF
reached up to ~3523 h™* over the Pd/AC catalyst (Table 1, entry
3). Moreover, a much higher yield of ~95.5% of formate was
achieved by simply elevating the temperature from 20 °C to 30
°C (Table 1, entry 5). We found that other alcohols also have
the similar promotion effect as ethanol. At 30 °C, by switching
the aqueous ethanol solvent to the aqueous 1-propanol or the
aqueous 2-propanol solvents, each containing 70 wt% alcohol,
the formate vyields reached ~96.4% and ~98.5%, respectively,
in an hour (Table 1, entries 7 and 8).

higher solubility of H, in ethanol than in water;15 and 2) the
amount of bicarbonate and ethyl carbonate intermediate
species which can be hydrogenated. Indeed, we observed an
increasing trend of the formate yield as the ethanol content in
the aqueous solutions increased from 0% to 70%, but the yield
then decreased as the ethanol content further increased to
100%. The *C NMR characterization (Supporting Information
Figure S1) found that there was only one peak located at 161.2
ppm which was assigned to the bicarbonate/carbonate ions
after capturing CO, with piperidine in pure water. % n the
ethanol-water mixed solvent, another peak located at 159.5
ppm appeared, which was referred to ethyl carbonate ions. In
pure ethanol, only the ethyl carbonate peak displayed. This
observation is well consistent with our previous report that
ethyl carbonate ions present in the NH,HCO; aqueous
solutions when adding ethanol.* However, the yield of
formate decreased from ~83.6% in the aqueous ethanol
solvent (an ethanol fraction of 70 wt%) to ~62.2% in pure
ethanol, implying that an appropriate amount of water may
enhance the hydrogenation performance. Interestingly, the
similar promotion effects by adding small amounts of water
were observed in the CO, hydrogenation reactions with the
homogeneous catalysts.17 In general, under the identical
conditions, the maximum formate yield was obtained with the
aqueous ethanol solvent at an optimal ethanol to water ratio,
rather than with pure ethanol. However, the different
properties of the solvents at various ethanol to water ratios
likely influence the solubility of hydrogen, as well as the
distribution of the bicarbonate and ethyl carbonate ions in the
ethanol-water solvents, and therefore determine the optimal
yield of formate.

Table 1. Hydrogenation of piperidine captured CO, in different aqueous alcohol solutions.

Capture Pland Hydrogenation®

Temperature Captured CO, species concentration (M)

Conversion results

Entr ;
Y (Wtiog’zz;ol) CC) HCO; CO# RNCO*  Alkyl-COys Form?ot/f)Y'e'd TOF (h)d

1 0% alcohol 20 093  0.03 0.00 0 50.2 1431
2 50% EtOH 20 073 0.1 0.01 0.21 78.0 3303
3 70% EtOH 20 032  0.00 0.03 0.61 83.6 3523
4 70% EtOH 25 032  0.00 0.03 0.61 87.4 4404
5 70% EtOH 30 032  0.00 0.03 0.61 955 5945
6 70% EtOH 40 032  0.00 0.03 0.61 70.5 3083
7 70% 1-Propanol 30 030  0.00 0.03 0.62 96.4 4404
8 70% 2-Propanol 30 030  0.00 0.03 0.62 98.5 5504
9 90% EtOH 20 003  0.00 0.03 0.90 80.4 3083
10 95.6% EtOH 20 001 0.00 0.03 0.92 68.6 2642
11 100% EtOH 20 000  0.00 0.03 0.93 62.2 2202

[a] CO, capture conditions: 20 mL amine/water-ethanol, 1 M piperidine, 20 °C, 40 min.
[b] Hydrogenation conditions: 50 mL Parr reactor, captured CO;solution (20 mL), 0.1 g Pd/AC(5 wt%), 400 psi hydrogen, 1 hour, 20°C except entries 4-6.

[c] The captured CO; species concentrations were determined by C NMR spectroscopy.

[d] The TOFs was calculated by: Moles of formate/(Moles of Pd x 23.2 %)/Reaction time. The dispersion of Pd atoms on the surface of Pd NPs is 23.2% which is

determined by carbon monoxide chemisorption.

In our previous studies, we considered that the promotion
effect of the ethanol co-solvent can be attributed to: 1) the
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Scheme 1. Proposed mechanism of the formation of piperidine-
carbamate by capturing CO, with piperidine and the subsequent
conversion of piperidine-carbamate to the corresponding bicarbonate
and ethyl carbonate salts in water and ethanol solvents, respectively.

Note that piperidine-carbamate was not observed from the
ex-situ °C NMR characterization, although carbamate is
readily formed by reacting CO, with piperidine, a highly basic
amine®® (pKa = 11.28). Given the extended time (capturing
CO, with piperidine lasted for 40 mins in this study), the
piperidine-carbamate could be fully converted to
bicarbonate®® or ethyl carbonate in water or ethanol,
respectively (Scheme 1). We also found that the CO,
hydrogenation rates were faster with piperidine than those
with AMP under the identical reaction conditions. Due to its
strong basicity, piperidine acts as an electron-donating ligand
which reduces the bonding energy of the formates on Pd
surface and thus could improve the hydrogenation activity by
enhancing the formate desorption, if the formate desorption
would be the rate-limiting step. At the same time, the
electron donating piperidine also decreases the electron
deficient character of the Pd nanocatalysts.20 Therefore, it is
also possible that piperidine altered the electronic states of
the Pd and thus promoted the hydrogenation reactions.

The temperature effect of hydrogenation of piperidine
captured CO,was shown inTable 1 (Entries 3-6). The formate
yield increased with increasing the reaction temperature from
20 °C to 30 °C, but then decreased with further increasing the
reaction temperature to 40 °C. Generally speaking, higher
reaction temperatures lead to faster hydrogenation kinetics.
However, from the thermodynamics point of view, elevated
temperatures favor the dehydrogenation reaction and thus
shift the equilibrium to hydrogen evolution, which is in
agreement with our previous study and the reports in the
literature.”* The detailed kinetic study on the hydrogenation of
bicarbonate in pure water and ethyl carbonate in pure ethanol
respectively, has been performed. Both bicarbonate and ethyl
carbonate were derived from piperidine captured CO,. As
shown in Figure 1, in the temperature range of 20-40 °C, the
activation energy (E,) is 64.1+2.1 kJ/mol for the conversion of
bicarbonate to formate in water, while it is slightly lower,
56.2+3.2 kJ/mol, for the hydrogenation of ethyl carbonate in
absolute ethanol. Unlike the comparable activation energies of
both reactions, the observed rate of the hydrogenation of
ethyl carbonate in ethanol was an order of magnitude larger
than that of the hydrogenation of bicarbonate in water, which
likely due to the increased solubility of H, in ethanol.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Arrhenius plot of the hydrogenation of bicarbonate and ethyl
carbonate in presence of piperidine with 5 wt% Pd/AC in pure water and
ethanol solvents, respectively. The reaction rates at different temperatures
were shown in Supporting Information Fig S2. Reaction conditions: 1 M
piperidine captured CO, in water or ethanol solutions, 400 psi H,, 1.0 g of
Pd/AC.

Besides studying the hydrogenation reactions, we also
investigated the dehydrogenation of FPA to close the
hydrogen storage / evolution cycle. We conducted the
dehydrogenation of FPA (1 M in the aqueous solution with
70wt% ethanol) in the relatively high temperature range under
the N, atmosphere with a pressure of 1 atm. As shown in
Figure 2, as the reaction temperature increased to 80 °C, the
yield of hydrogen reached ~82% after 40 minutes. At 100 °C, a
92.1% vyield of hydrogen was achieved after 40 mins with a
corresponding TOF of 9,908 h™* within the initial 5 mins. The
activation energy of the dehydrogenation was calculated to be
15 kJ/mol (Supporting Information Figure S3). By switching the
aqueous ethanol solvent (70 wt% ethanol) to either pure water
or absolute ethanol, however, the generation rate of H, gas
from FPA became slower (Supporting Information Figure S4).
Similar to that in the hydrogenation reaction, ethanol also
exhibits  the promotion effect in the
dehydrogenation reaction due to the improvement of
solubility of reactants and intermediates, i.e., formats and
ethyl carbonate. While by using the aqueous propanol solvent
containing 70 wt% alcohol, the hydrogen yield achieved ~100%
at 100 °C within only 30 mins (Supporting Information Figure
S5) with a record fast rate (TOF = 1.21x10* h™ within the initial
5 mins) for discharging this hydrogen battery system, which
results in an equivalent power density of 77.8 W/kg. Besides

co-solvent

hydrogen, nitrogen, and a minimal amount of CO,, no other
gas was detected (CO detection limit is < 1 ppm) (Supporting
Information Figure S6). Thus, it was demonstrated that the
same Pd/AC  catalyst was active for reversible
CO, hydrogenation / formate dehydrogenation by varying the
pressure and the reaction temperature.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Effect of different temperatures on H, releasing rate from
dehydrogenation of formate piperidine adducts. Reaction conditions:
0.1 g Pd/AC catalyst, 1 atm initial pressure of N, 1 M formate
piperidine adducts, 20 mL aqueous solvent with 70% EtOH.
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Figure 3. Effect of different bases on H, releasing rate from
dehydrogenation of formate piperidine adducts. Reaction conditions:
1 M formic acid mixed with 1 M of varied bases, 20 mL aqueous
solutions with 70% EtOH, 0.1 g Pd/AC catalyst, 1 atm initial pressure of
N,, 100 °C.

It is generally accepted that adding base additives
promotes both CO,
dehydrogenation reactions.
loading amount of piperidine on the formate dehydrogenation
rate was

hydrogenation and formic acid

23, 78 22 Harein the effect of the

investigated by varying the concentration of
piperidine from 0 M to 5 M. A drastic increase of the hydrogen
yield was observed as the concentration of piperidine
increased from 0 M to 1 M, but the yield of H, did not further
increase with increasing the piperidine concentration from 1 M
to 5 M (Supporting Information Figure S7). This observation
indicates a typical marginal effect about piperidine: once the
formate piperidine adducts were formed, the excessive
piperidine did not enhance the dehydrogenation rate. We also
investigated the effect of different base types with varied
basicity strength on the formate dehydrogenation. As shown in
Figure 3, the dehydrogenation rates with various bases were in
the order of piperidine (pK,=11.28) = NaOH (pK,=13.8) > AMP
(pK,=9.7) = MEA (pK,=9.5). It seems that given the same molar
ratio of formic acid to the base, the higher pK, of the base, the
faster dehydrogenation rate was. From the thermodynamic
point of view, the high pK, of base would decrease the free

4| J. Name., 2012, 00, 1-3

energy for both hydrogenation

. 23
reactions.

and dehydrogenation

The decomposition of formates may involve multiple steps.
Here we used kinetic isotope effect (KIE) measurements with
HCOOH and DCOOH to determine the rate-limiting step and to
understand the indispensable role of piperidine in facilitating
the dehydrogenation (Table 2). We hypothesize that transient
formate species adsorb on the Pd surface followed by critical
formate dissociation (Supporting Information Scheme S1). A
general scheme of dehydrogenation of formic acid is through
decarboxylation and thus CO, and H, are the final products.
Adding an amine like piperidine would facilitate the conversion
of formate amine adducts to bicarbonates or ethyl carbonates.
The deuterium kinetic isotopic effect (KIE) was higher with
DCOOH-piperidine-D,0 (KIE=2.1, Table 2, entry 4) than that
with HCOOH-Piperidine-D,O (KIE=1.1, Table 2, entry 2),
showing that the cleavage of C-H bond in formate is the rate-
limiting step for the decomposition of the FPA. Note that the
conjugated acid of piperidine, in association with the
piperidineH* (PIPDH) species formed via the reaction of
piperidine with formic acid, as a proton donor can also
facilitate the protonation of adsorbed formate species, leading
to the formation of a Pd- bicarbonate / ethyl carbonate species
during the dehydrogenation reaction. The Pd-bicarbonate/
ethylcarbonate complex might undergo further desorption
from the Pd surface and become ionic species in the
solvents.?* At the elevated temperatures, bicarbonate or ethyl
carbonate ions are readily decomposed to produce CO,, which
was detected in the dehydrogenation
temperatures higher than 40 °C.

reactions at

Table 2. Deuterium kinetic isotopic effect study. Reaction conditions: 10 mL 0.5
M PIPD-DCOOQOH or HCOOH solutions in H,0 or D0, 0.1 g Pd/AC catalyst, 0.1
MPa initial N, pressure, and 40 °C, 0-40 mins. Repeated three times.

Entry  Substrate/solvent Reaction rate M s™ KIE
1 HCOOH-piperidine/H,0O 0.002076 1.0
2 HCOOH-piperidine/D,0O 0.001946 1.1
3 DCOOH-piperidine/H,0O 0.001297 1.6
4 DCOOH-piperidine/D,0 0.000973 2.1

To get insight into the nature of surface intermediates
during the FPA dehydrogenation reactions, the Pd/AC catalyst
samples were further characterized during the reaction by in-
situ ATR-FTIR. We first measured the IR spectra of the Pd/AC
catalyst when flowing CO through the ATR cell to confirm the
position of CO absorbance. A small peak was observed at ~
2020 cm™ (Supporting Information Figure S8), which can be
assigned to linearly adsorbed CO.”> We then measured the
spectra of Pd/AC catalyst in the reactive environment for the
dehydrogenation of FPA. Notably, as shown in Figure 4, no
peak at 1800-2100 cm™ (region of chemisorbed C0)* was
observed during the dehydrogenation of FPA, which may be
because piperidine suppressed the formation of CO. Boitiaux
et al. also reported that piperidine had ligand effect and thus
suppressed the CO formation during the hydrogenation
reactions.?’ This is a crucial feature because CO could occupy
the active sites on the Pd catalyst surface as a poisoner, and

This journal is © The Royal Society of Chemistry 20xx
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consequently deactivate the catalyst. Also, no CO formation
during H, evolution is indispensable in a PEM fuel cell since a
trace amount of CO would poison the Pt cathode. In contrast,
the CO peak was observed during the decomposition of
monoethanolamine (MEA) - formate. The above observation
suggests that piperidine could inhibit the undesired reaction to
form CO, while largely promote the rate of H, generation. Note that
the pKa of PIPDH" is 11.28, which is larger than that of MEAH"
(pKa=9.45). Therefore the electron-donating ability of PIPD should
be stronger than MEA. We speculate the stronger electron-donating
ability could facilitate the CO desorption from the catalyst surface.
Both the spectra with PIPD and MEA showed a negative peak at
1589 cm'l, which is assigned to vibration of a surface-bound
formate species,26 indicating that the formate species on the
catalyst surface were gradually consumed. Based on the intensity
of this peak, the decomposition of formate with PIPD was
completed in 40 mins since no further growth of this negative peak
was detected after 40 mins. As for the spectra with MEA, the
intensity of the peak at 1589 em™ reached to a plateau after 1 h.
However, this peak is much smaller than that of piperidine which
suggests that MEA formate adduct was not completely decomposed
and instead, the reaction stopped (Supporting Information Figures
S9 and S10). We thus conclude that, due to the CO poisoning, the
Pd/AC catalyst for dehydrogenation of MEA-formate was
deactivated with prolonged reaction time, which is consistent with
the low yield of hydrogen as shown in Figure 3.
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Figure 4. ATR-FTIR spectra measured during the dehydrogenation of
formate with MEA and piperidine, respectively, at 55 °C.

As shown in Figures S8 and S9, the negative peaks at 1375
and 1346 cm™ are ascribed to C-O vibration in HCO3,
CH5;CH,CO3 and HCOO,, respectively, whose intensity increases
with the reaction time. However, in the whole spectra, no C-N
stretching vibration band (usually at ~ 1645 and 1518 cm'l)27
was observed since there was no consumption or re-formation
of piperidine, which indeed acted as a co-catalyst during the
reaction. Note that these carbonyl compounds were likely
displayed as monodentates®® on the surface of the Pd catalyst
in our reaction system (Scheme S1). In contrast, in a high-
temperature gas-phase reaction, the bidentate forms of
formate adsorbed on the Pd surface usually appear at higher

25, 26a
wavenumbers.

This journal is © The Royal Society of Chemistry 20xx

After 5 cycles of hydrogenation-dehydrogenation cycling
tests, the loss of catalyst activities appeared to be negligible as
shown in Figure 5. Moreover, piperidine did not decompose at
100 °C during the dehydrogenation reaction (Supporting
Information Figure S11). The excellent stability of both the
Pd/AC catalyst and the piperidine solvents suggests that the
PFA based heterogeneously catalyzed hydrogen storage
system is promising in terms of recyclability and reusability.
Based on the current best H, production rates from this study
(Table 1), to provide 1 kW of electric power would require 5.4
L of the 1 M piperidine formate solution or 0.69 L of the
saturated piperidine formate solution (7.6 M at 25°C), using
approximately 27 g of 5 wt% Pd/AC.
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Figure 5. Stability test of Pd/AC catalyst for 5 cycles of hydrogenation-
dehydrogenation. Hydrogenation of PIPD-CO,: 70% 2-propanol, 0.1g
Pd/AC, 30°C, 1 hour; Dehydrogenation of PIPD-Formic acid: 70% 2-
propanol, 0.1g Pd/AC, 100 °C, 30 mins. The spent Pd/AC catalyst was
reused without regeneration.

Conclusions

In conclusion, we demonstrated that a highly efficient
reversible hydrogen storage approach can be realized based
on the piperidine formate adducts, which is produced by
hydrogenation of piperidine captured CO,, in aqueous alcohol
solutions. As for hydrogen charging, piperidine captured CO,
shows the superior hydrogenation reactivity: ~ 95.5% formate
yield could be obtained in the ethanol-water solution (70 wt%
alcohol) with 400 psi H, after reacting for 1 hour at 30 °C. The
kinetic rate of the reverse reaction, hydrogen discharging via
dehydrogenation of the piperdine formate adduct in aqueous
alcohol solutions, was also fast. The yield of high-purity H,
reached ~100% in 40 mins at 100 °C. The impurities such as
CO, NH; or piperidine were not detected in the discharged H,.
The deuterium kinetic isotopic study found that the cleavage
of the C-H bond in the formate is the rate-limiting step. The
mechanistic study by in-situ ATR-FTIR characterization
discovered that piperidine improves both hydrogenation and
dehydrogenation reactivity and no surface bound CO was
formed during the dehydrogenation reactions. We also found
that the Pd/AC catalyst is highly stable and easily to handle
and recycle, so is piperidine. The storage of renewable energy
can thus be realized through the “hydrogen battery”, in which

J. Name., 2013, 00, 1-3 | §
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the piperidine formate adduct solutions store the hydrogen
generated via water splitting with electrical energy from
renewable resources such as solar, wind, geothermal, etc.
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