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Preface to ”Advanced Catalysis in Hydrogen

Production from Formic Acid and Methanol”

Studies of catalytic decomposition of formic acid and methanol have more than 100 years of

history, contributing significantly to the science and applications of catalysis. These investigations

are related to the name of Paul Sabatier, who was awarded the Nobel Prize in Chemistry in

1912. Formic acid and methanol contain a sufficient amount of hydrogen that can be liberated

at mild conditions using catalysis. Formic acid and methanol are considered as liquid organic

hydrogen carriers (LOHCs) and can be produced using renewable methods from biomass or by CO2

hydrogenation. Therefore, the studies in this field recently have become focused on the development

of efficient catalysts for hydrogen production from these compounds. The aim of the Special Issue

“Advanced Catalysis in Hydrogen Production from Formic Acid and Methanol” was to discuss the

field of hydrogen production by the catalytic decomposition (or steam-reforming) of formic acid and

methanol. The questions related to preparation and characterization of efficient homogeneous or

heterogeneous catalysts, reaction mechanisms and kinetics, and reactor systems engineering have

been discussed in this Issue. The researchers have submitted the original results of their theoretical

and experimental work.

Dmitri A. Bulushev

Special Issue Editor
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Precursors on the Carbon Support
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Abstract: Formic acid is a promising liquid organic hydrogen carrier (LOHC) since it has relatively
high hydrogen content (4.4 wt%), low inflammability, low toxicity and can be obtained from biomass
or from CO2. The aim of the present research was the creation of efficient 1 wt% Pd catalysts supported
on mesoporous graphitic carbon (Sibunit) for the hydrogen production from gas-phase formic acid.
For this purpose, the carbon support was modified by pyrolysis of deposited precursors containing
pyridinic nitrogen such as melamine (Mel), 2,2′-bipyridine (Bpy) or 1,10-phenanthroline (Phen) at
673 K. The following activity trend of the catalysts Pd/Mel/C > Pd/C ~ Pd/Bpy/C > Pd/Phen/C was
obtained. The activity of the Pd/Mel/C catalyst was by a factor of 4 higher than the activity of the Pd/C
catalyst at about 373 K and the apparent activation energy was significantly lower than those for the
other catalysts (32 vs. 42–46 kJ/mol). The high activity of the melamine-based samples was explained
by a high dispersion of Pd nanoparticles (~2 nm, HRTEM) and their strong electron-deficient character
(XPS) provided by interaction of Pd with pyridinic nitrogen species of the support. The presented
results can be used for the development of supported Pd catalysts for hydrogen production from
different liquid organic hydrogen carriers.

Keywords: hydrogen production; formic acid decomposition; Pd/C; melamine; g-C3N4; bipyridine;
phenanthroline; N-doped carbon

1. Introduction

According to research performed for the US Department of Energy [1], it is expected that despite
growth in non-fossil fuel consumption will be greater than that of fossil fuels, the fossil fuels will
still account for 78% of energy use in 2040. The resulting problems are obvious. Among them are
reducing non-renewable sources of energy and high CO2 emission, which are suspected to excite global
warming with all related problems. For this reason, interest in eco-friendly and renewable sources like
hydrogen, water, solar or wind energy grows every year.

Hydrogen is a perspective fuel due to possibility of its applications including fuel cells. The
main problems with the hydrogen use are its storage and transportation. The various methods
based on physical or chemical storage have been developed to solve these problems. The physical
methods assume storage of molecular hydrogen in vessels at high pressure and low temperatures or

Energies 2019, 12, 3885; doi:10.3390/en12203885 www.mdpi.com/journal/energies1
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hydrogen adsorption on high surface area materials like porous carbon. However, both these methods
lead to large energy losses; therefore, such storage may appear inefficient. The chemical method
implies hydrogen storage in a chemical bounded form, in molecules with high hydrogen content.
This hydrogen can be efficiently recovered by a catalytic or non-catalytic reaction.

At the present time, formic acid is considered as an efficient liquid organic hydrogen carrier
(LOHC) [2]. It has sufficiently good physical properties such as stability under standard conditions,
low inflammability, low toxicity (compared to methanol, ammonia or hydrazine, for example), and
relatively high hydrogen content (4.4 wt%). It is important to note, that the density of gravimetric
energy of formic acid is seven times higher than that of the currently used lithium-ion batteries [3].
In addition, formic acid can be obtained from biomass [4,5] or from CO2 and renewable H2 [6].

A lot of studies related to reversible chemical hydrogen storage [7,8] provide access to potentially
inexpensive, highly efficient and rechargeable hydrogen fuel cells. It is safer to use an easily
decomposable hydrogen-containing material such as formic acid instead of storage and transportation
of molecular hydrogen.

The catalytic formic acid decomposition reaction can be performed either in liquid phase or in gas
phase. The liquid-phase decomposition is only rarely performed continuously and the determined
reaction rates in this case often correspond to the initial rates and not to the steady-state. Gas-phase
formic acid decomposition follows two possible pathways: through dehydrogenation to form H2 and
CO2 (Equation (1)) and through dehydration to form CO and H2O (Equation (2)):

HCOOH(gas) → H2 + CO2, ΔrHo
298 = −14.7

kJ
mol

(1)

HCOOH(gas) → H2O(gas) + CO, ΔrHo
298 = 26.5

kJ
mol

(2)

Depending on the catalysts and conditions the products of the Reactions (1) and (2) can transform
into each other via the Water-Gas Shift or Reverse Water-Gas Shift Reactions. Only the catalysts
providing very high selectivity towards Reaction (1) allow using formic acid and CO2 cycle for a
hydrogen storage system.

Catalysts containing no Pt-group metals [9,10] do not show promising properties as the catalysts
with precious metals. Catalysts consisting of supported highly dispersed Pd particles [2,11,12] or
even single Pd atoms [13–15] are often considered as the most efficient for the hydrogen production
from formic acid. High dispersion of Pd implies high sensitivity of the metal properties to the
support material. Flat graphitic carbon surfaces normally only weakly interact with Pd leading to
agglomeration of metal and catalyst deactivation during the reaction. The approach to solving this
problem is modifying the carbon surface by using other chemical elements. Modifying the surface by
electron-rich nitrogen atoms increases the basicity of the support [16,17], sometimes leads to a higher
dispersion of supported metal [10,17] and may change the nature of the active site. Recently, we have
shown [15] for the gas phase formic acid decomposition, while Bi et al. [18] have reported for the
liquid phase one that the pyridinic nitrogen sites present on the surface of carbon support can strongly
interact with Pd and change its electronic state providing high activity in the reaction.

Introducing of pyridinic nitrogen on the surface of carbon support can be done by deposition of
substances with pyridinic nitrogen [19–22]. This approach provides some advantages, as compared
to direct synthesis of a CN material by chemical vapor deposition (CVD). The main advantage is a
possibility to reach a high yield of N-containing material without a catalyst normally needed for the
direct synthesis. In the latter case, the productivity of the catalyst is limited due to the blockage of the
catalyst used for the CN material growth by carbon and complete deactivation. Therefore, the goal of
the present work was the creation of efficient Pd catalysts for the hydrogen production from formic
acid based on the N-doped carbon supports obtained by deposition of melamine, 1,10-phenanthroline
and 2,2′-bipyridine on a mesoporous graphitic carbon. The choice of these N-containing precursors
is explained by the presence of neighboring nitrogen atoms in their molecules. As we have shown
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earlier [14,15,23] the structure of the active site on the N-doped carbon may involve a Pd atom attached
to a pair of pyridinic nitrogen atoms in the armchair position on the graphene edge. This armchair
unit is present in the initial molecules of 2,2′-bipyridine and 1,10-phenanthroline and could be created
during pyrolysis of melamine supported on carbon.

For comparisons a graphitic carbon nitride (g-C3N4) was also used as a support since it also
possesses pyridinic nitrogen sites. Lee et al. [24] showed that catalysts comprising of Pd supported
on graphitic carbon nitride (g-C3N4) were promising for liquid phase formic acid decomposition.
Additionally, Oh [25] demonstrated that this type of catalysts may produce hydrogen from liquid
formic acid continuously at least within 3 h, and this result can be used for development of fuel cells.

2. Materials and Methods

2.1. Synthesis of Supports

2.1.1. g-C3N4

g-C3N4 was prepared according to the procedure described by Tahir et al. [26]. This was chosen
because of the reported high BET surface area of the obtained material. Nitric acid (180 mL, 0.2 M, NAK
Azot, Novomoskovsk, Russia) was added to a mixture of melamine (3 g, Sigma-Aldrich, St. Louis, MO,
USA) and ethylene glycol (60 mL, Acros Organics, Waltham, MA, USA) and stirred for 10 min until a
white powder was precipitated. Then, the precipitate was washed with isopropyl alcohol and dried
at 363 K. This sample was called Inter-CxNy. To obtain g-C3N4, the Inter-CxNy sample was heated
in air in an already heated muffle furnace at 673 K for 15 min. Other heating modes were also used.
It should be mentioned that melamine is inexpensive and low toxic substance [27].

2.1.2. Mel/C

The used approach of doping the carbon material by substances containing pyridinic nitrogen is
shown in Figure 1. Melamine (0.75 g) was mixed with isopropyl alcohol (about 100 mL) at 343 K under
constant stirring. Then, the mixture was added to the mesoporous graphitic carbon—Sibunit (1.5 g,
Sibunit #6, Omsk, Russia). The obtained material was kept for 10 min while isopropyl alcohol was
evaporating. Then, the sample was dried at 357 K and pyrolyzed in the muffle furnace (673 K, 1 K/min)
in air for 2 h. This catalyst support was called Mel/C (muf). The used Sibunit carbon is known to
possess high surface area and high mechanical strength [28].

Another preparation method of the support was heating of a mechanical mixture of melamine
and Sibunit (1:2) under microwave (MW) radiation in air. Microwave treatment of the mixture was
carried out using a specially developed equipment (operating frequency 2470 ± 10 MHz, power up to
1 kW) based on a rectangular single-mode cavity with high Q-factor (~6000), which is excited by TE102

oscillation mode, described in [29]. Processing MW conditions were the following: T = 673 K; heating
rate −40 K/s and duration time −140 s. The temperature in the reactor was measured using an optical
pyrometer (Raytek, Santa Cruz, CA, USA). The catalyst support obtained by this method was called
Mel/C (MW).

 

673 K, Air (acac)2 573 K, HCOOHX

X -
Melamine 2,2’-Bipyridine1,10-Phenanthroline

, ,

Figure 1. A scheme of synthesis of the catalysts based on graphitic carbon (Sibunit).
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2.1.3. Phen/C and Bpy/C

Phenanthroline or bipyridine (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in isopropyl
alcohol (1 mL). The used precursor charge was selected in such a way that the deposited CxNy-material
content in the synthesized sample was 14 wt% that was the same as for the Mel/C (muf) sample
after the pyrolysis. Then, the prepared solution was added to the carbon sample and dried at 358 K.
The‘pyrolysis was performed in the muffle furnace (673 K, 1 K /min, 2 h) in air.

2.2. Synthesis of Pd Catalysts

A preparation of 1 wt% Pd catalysts was performed by impregnation of the synthesized supports
with a Pd acetylacetonate (Sigma-Aldrich, St. Louis, MO, USA) solution in acetone (EKOS-1, Moscow,
Russia). This mixture was kept for 5 min with constant stirring followed by drying at 343 K for 1 h
(Figure 1).

A preparation of a (Pd+Phen)/C catalyst was different. First, phenanthroline and Pd(acac)2/acetone
solution were mixed in attempt to obtain a complex of Pd with phenanthroline. Then this mixture was
added to the Sibunit carbon. Subsequent steps were the same as above.

2.3. Characterization

Textural samples characteristics were determined using nitrogen adsorption-desorption on an
ASAP 2400 device (Micrometrics, Norcross, GA, USA) at 77 K. The samples were pretreated in a
vacuum chamber at 423 K for 1 h. The calculation of the surface area was carried out using the
Brunauer-Emmett-Teller (BET) method. A CHN-analysis was performed on a Vario EL Cube element
analyzer (Elementar, Langenselbold, Germany) with a thermal conductivity detector.

X-ray Diffraction (XRD) patterns were recorded using Thermo X’tra (Waltham, MA, USA) and
Bruker D8 Advance (Billerica, MA, USA) diffractometers with monochromatic CuKα radiation
(λ = 1.5418 Å). On the patterns, the 2θ region lower than 15◦ is not shown since the used sample
holder contributed there. To measure the size of Pd particles, a high-resolution transmission electron
microscopy (HRTEM) study was performed using a JEM-2100F unit (JEOL, Akishima, Japan) with the
acceleration voltage of 200 kV. Determination of electronic state and surface concentrations of Pd, N, O
and C was done via an AXIS Ultra DLD photoelectron spectrometer (Kratos, Manchester, UK) with
monochromatic AlKα radiation (1486.6 eV). C1s at 284.8 eV was chosen as the standard for energy
calibration. To prevent charging of the samples the charge neutralizer was always switched on during
the measurements.

2.4. Catalytic Measurements

Catalytic measurements were performed in a fixed-bed glass reactor attached to a catalytic flow
set-up presented in Figure S1 (Supplementary Materials). Carrier gas (Ar) passed through a glass flask
filled with liquid formic acid to saturate it with formic acid vapor. Then, the flow was additionally
diluted with Ar until the formic acid concentration reached the value of 2.5 vol%. The total volumetric
flow rate was constant and equal to 67 mL/min in all experiments. The temperature in the reactor was
maintained with a furnace in the range from 323 to 673 K. The catalyst weight used in experiments
corresponded to 10–16 mg. The products were analyzed by a gas chromatograph (Chromos GC-1000,
Moscow, Russia) equipped with two thermal conductivity detectors and packed columns filled with
CaA molecular sieves and HayeSep-Q porous polymer. For separation of the products, heating from
313 K to 483 K was performed within 10 min and then the temperature was kept stable for 20 min.

Before the measurements, the catalyst was treated with the same formic acid/Ar flow at 573 K
for 20 min to decompose supported Pd(acac)2 (decomposition temperature −478 K) and stabilize the
catalyst (Figure 1). After cooling the catalyst in the formic acid/Ar flow, the measurements were started
at 353 K and then performed with 15–20 K steps. The temperature was kept for 20 min at each step
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to reach the steady-state. Specific reaction rates (W) were determined basing on the Pd mass in the
catalyst. They were calculated at low formic acid conversions using a formula:

W =
XFA·CFA·v f ·NA

22, 400·mPd
,
(

molecule
s·gPd

)
(3)

XFA—formic acid conversion, vf—total flow rate (ml/s), CFA—formic acid concentration, mPd—mass of
Pd in the sample (g), NA—the Avogadro constant (6.02 × 1023 molecule/mol), 22,400—volume of one
mole of gas at 273 K and 1 atm (ml/mol).

3. Results and Discussion

3.1. Characterization of the Supports

BET surface area values for the catalyst supports are shown in Table 1. They vary in a wide range
from 8 m2/g to 348 m2/g for the g-C3N4 and Sibunit support, respectively (Table 1). Unfortunately,
the used synthesis procedure of the g-C3N4 material did not provide as high surface area as that
reported by Tahir et al. [26] (290 m2/g) for unknown reasons. We used different heating modes for
the intermediate, but it did not allow increasing the surface area of the obtained g-C3N4 material.
For example, heating of the sample at 673 K for 2 h gave even a lower surface area (6.5 m2/g).

Table 1. Characteristics of the catalysts, supports and some kinetic data.

Sample Support
Support Surface

Area, m2/g
Mean Particle

Size, nm (TEM)
Ea, kJ/mol

H2 Selectivity
(50 % conv.) %

Pd/g-C3N4 g-C3N4 8.1 2.6 ± 0.3 39 ± 1 >98
Pd/Mel/C (muf) Mel/C (muf) 86.5 2.0 ± 0.3 32 ± 1 >98

Pd/Mel/C
(MW) Mel/C (MW) 42.0 2.3 ± 0.5 32 ± 1 95.7

Pd/Phen/C Phen/C 301 – 43 ± 1 90.1
(Pd + Phen)/C C 348 – 42 ± 1 92.1

Pd/Bpy/C Bpy/C 228 – 45 ± 1 94.8
Pd/C C 348 2.3 ± 0.3 46 ± 2 93.4

Doping of the Sibunit surface with substances containing pyridinic nitrogen leads to a decrease
of the surface area owing to occupation of the pores by the nitrogen precursor. The decrease is the
strongest when melamine is used. However, the surface areas of the melamine-based supports were
still high as compared to that of g-C3N4 and reached 86.5 and 42 m2/g.

X-ray diffraction patterns of the g-C3N4, Mel/C, Sibunit supports and the intermediate for the
carbon nitride synthesis (Inter-CxNy) are shown in Figure 2. The pattern for the intermediate shows
a lot of sharp peaks, differs from the patterns presented in literature for melamine [26,30,31] and
melem [32], but is very close to the pattern of melaminium nitrate [30]. Hence, we assign the Inter-CxNy

intermediate to melaminium nitrate. The multiple peaks of this compound disappear after pyrolysis
at 673 K. The pattern for the obtained g-C3N4 sample shows only one intensive peak at 27.1◦ in the
studied region. This peak is characteristic interplanar stacking peak for g-C3N4 (JCPDS 87-1526) [33].
It indicates the presence of the ordered structure of layers of heptazine which is a monomer of g-C3N4

(002 plane). Interesting that the formation of g-C3N4 from melaminium nitrate takes place at the
temperature lower than those from melamine reported in literature (823 K) [31,33].

Diffraction patterns of the Sibunit containing samples show diffraction peaks at 25.5◦ and 43.1◦
for the (002) and (100) planes of graphite (JCPDS 41-1487), respectively. The structure of the obtained
g-C3N4 is denser, as the stacking distance for the carbon nitride is by 0.2 Å smaller than that for the
Sibunit carbon.

Comparing the XRD patterns for the N-containing samples with the original Sibunit sample, we
conclude that g-C3N4 cannot be determined using XRD because of the low carbon nitride content
(12–14%) in the Mel/C sample and close positions of the g-C3N4 and Sibunit characteristic peaks ((002)
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plane). However, an important result is that multiple characteristic peaks of the melamine, melem or
possible intermediates are absent (Figure 2). Evidently, that melamine or intermediates completely
converted to supported carbon nitride or to another type of a CN containing material.

The C/N atomic ratio was determined for our g-C3N4 support by CHN-analysis and was found
to be equal to 0.63. It indicates higher nitrogen content in the sample as compared to stoichiometric
g-C3N4 (0.75). Such low ratios were reported for carbon nitrides earlier [31,34] and could be explained
by the relatively low pyrolysis temperature, which we used.

Figure 2. XRD patterns of the supports and intermediate of the g-C3N4 synthesis.

3.2. Catalytic Activity and H2 Selectivity

To elucidate the support effect, using the obtained dependences between the formic acid conversion
and temperature, we calculated the reaction rates at low conversions and plotted them as the Arrhenius
plots (Figure 3). It is seen that both Pd/Mel/C samples convert formic acid better than the other samples
(Pd/C and Pd/g-C3N4). The sample synthesized in the muffle furnace is slightly more active than the
sample prepared using the microwave synthesis. However, it is worth noting that the synthesis time in
the muffle furnace was 2 h, while that for the microwave synthesis was only 140 s. The difference in
the rates between the melamine based Pd samples and the Pd/C sample is significant. The rates differ
by a factor of 4 at about 373 K. In contrast, the Pd/g-C3N4 sample showed the activity even lower than
that for the Pd/C catalyst.

Analyzing the data presented in Figure 4, we can estimate the N-precursor effect on the catalytic
activity. The catalysts prepared with bipyridine and phenanthroline show lower activities than that
for the melamine-based catalyst, and they are not higher than the one of the Pd/C catalysts. These
results are consistent with the data for the apparent activation energies (Ea, Table 1). The most active
Pd/Mel/C catalysts show the smallest activation energy (32 kJ/mol), while the less active catalysts
demonstrate higher apparent activation energies (42–46 kJ/mol). The Ea value for the Pd/g-C3N4

catalyst is intermediate (39 kJ/mol). The difference in the apparent activation energies is significant and
should be related to different properties of active sites of the catalyst. The obtained Ea values for the
Pd/Mel/C catalyst are among the smallest values for formic acid decomposition over Pd catalysts in
liquid and gas phase.
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Important features necessary for efficient hydrogen production from formic acid are selectivity
and stability. The Pd/Mel/C (muf) catalyst showed the highest selectivity (>98%) at 50% conversion
(528 K) while the phenanthroline based samples showed the lowest selectivities (90–92%).

The stability of the most active Pd/Mel/C (muf) catalyst was tested for 5 h (Figure S2). In this
experiment, the catalyst was not stabilized by pretreatment in the formic acid flow at 573 K as was
done before other experiments. However, no significant changes of the formic acid conversion on
time-on-stream was observed, and it is possible to conclude that this catalyst possesses sufficient
stability to produce hydrogen from gas phase formic acid.

Hence, among the studied samples, the melamine based Pd catalysts showed the highest activity.
We compared the activities of these samples with the activities of 1 wt% Ru, Pt and Au samples on the
N-doped and N-free carbon supports (Table S1). This comparison showed that the metal mass-based
activity of the Pd/Mel/C (muf) catalyst is slightly lower than that of the Pt/N-C catalyst, but it is higher
than the activities of the other catalysts. The apparent activation energy for the melamine based Pd
sample was the lowest.

0.00020 0.00022 0.00024 0.00026 0.00028 0.00030 0.00032

46

47

48

49

50

Pd/g-C
3 N

4

Pd/C

Pd/Mel/C (MW)

ln
W

1/RT , mol/J

Pd/Mel/C (muf)

Figure 3. Arrhenius plots for formic acid decomposition showing the support effect.

 

Pd/Phen/C

(Pd+Phen)/C

Pd/C

Pd/Bpy/C

Pd/Mel/C (muf)

ln
W

1/RT, mol/J

Figure 4. Arrhenius plots for formic acid decomposition showing the N-precursor effect.
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3.3. Characterization of the Pd Catalysts

To understand the reasons of the differences in the activities of the catalysts (Figures 3 and 4)
the Pd samples after the reaction were studied using HRTEM and X-ray Photoelectron spectroscopy
(XPS). Figure 5 shows HRTEM images. Particle size distributions are presented in Figure S3. They are
quite narrow for all studied samples indicating that the particles are rather uniform. Mean particle
size data are presented in Table 1. The most active Pd/Mel/C (muf) catalyst demonstrated the smallest
mean particle size (2.0 nm). An XRD study of this sample was not sensitive enough to determine Pd
in this sample confirming its low content and high dispersion. The highest mean particle size was
obtained for the Pd/g-C3N4 sample, which corresponds to 2.6 nm. This could be related to the lowest
BET surface area of the support used (Table 1). However, the mean Pd particle sizes for other two
catalysts did not differ much. Generally, as it is seen in Table 1, the deposition of nitrogen precursors
over the carbon surface did not provide a significant change in Pd dispersion.

 

Figure 5. HRTEM images of some catalysts after the reaction.

A C1s XP spectrum for the Pd/g-C3N4 catalyst after the reaction is shown in Figure S4. It consists
of two main peaks at 288.3 and 284.8 eV assigned to pyridinic (C-N=C) and adventitious carbon,
respectively. The presence of the first peak confirms the formation of g-C3N4, as it is typical for this
compound [26,33]. The C1s spectra for other catalysts did not differ much from each other and, hence,
are not demonstrated.

N1s XP spectra for all catalysts after the reaction are shown in Figure 6. The main lines are observed
at 398.8 eV assigned to pyridinic nitrogen (C-N=C) and at 400.2 eV assigned to tertiary nitrogen (N(C)3)
like those in g-C3N4 [33]. A shift of the N1s pyridinic line towards higher binding energies by 0.3 eV is
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observed for the Pd/Mel/C (MW) catalyst. This may indicate a stronger interaction of these species in
the surface layer of this sample than in the case of the Pd/Mel/C (muf) and Pd/g-C3N4 samples.

Table 2 shows the total surface N concentration determined by XPS (Ntot). The highest
concentration was obtained for the Pd/g-C3N4 catalyst (46%) followed by the Pd/Mel/C (MW) (8.9 at %)
and Pd/Mel/C (muf) (4.5 at %) catalysts. The spectra of the melamine-based samples demonstrate
the presence of both N1s lines, but the ratio of pyridinic species is decreased as compared to the
Pd/g-C3N4 sample (Table 2). The content of pyridinic N species in the Pd/Phen/C sample is negligible
and Pd/Bpy/C and (Pd+Phen)/C samples do not contain pyridinic nitrogen at all. This shows that
the pyridinic species have been converted either to tertiary N species or to gas products during the
pyrolysis. The difference in the spectra of the melamine based and phenanthroline/bipyridine based
samples can be explained at least partly by a much lower content of nitrogen in the bipyridine and
phenanthroline precursors as compared to melamine (Figure 1). Generally, the state of the deposited
N-containing layer in the supported samples differs from that in the g-C3N4 sample. This can affect
the state of supported Pd and provide the observed difference in catalytic properties (Figures 3 and 4).
Therefore, the electronic state of Pd was also studied by XPS.
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Figure 6. XP spectra of the N1s region for the catalysts after the reaction.

Table 2. Surface concentrations of N species in the catalysts after the reaction (XPS data).

Sample Pd/g-C3N4
Pd/Mel/C

(muf)
Pd/Mel/C

(MW)
Pd/Phen/C (Pd+Phen)/C Pd/Bpy/C Pd/C

Ntot, at % 46.0 4.5 8.9 1.35 0.57 0.48 0
C-N=C

Ntot
0.66 0.35 0.46 0.14 0 0 –

Pd3d XP spectra are shown in Figure 7. The spectra consist of two components: one with Pd3d5/2
at 335.0–336.4 eV (Pd3d3/2 at 340.3–341.7 eV) and another with Pd3d5/2 at 336.9–338.5 eV (Pd3d3/2 at
342.2–343.7 eV). Taking into account the HRTEM data (Figure 5) similar for all samples, we attribute
the first component to metallic Pd (Pd0), and the second component—to oxidized Pd (Pd2+). The latter
can exist as a surface oxide over Pd particles. It is formed due to oxidation of the metallic Pd surface by
atmospheric oxygen. Alternatively, some Pd2+ species may exist in atomically dispersed state strongly
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interacting with nitrogen, oxygen or carbon defects of the support [13–15,35,36]. This Pd could not be
observed by the HRTEM equipment used in this work.

The Pd3d5/2 line at 335.0 eV is observed for the Pd/g-C3N4 catalyst, which is close to the Pd
state in the unsupported bulk metal, for example, in Pd foil. The closeness of the electronic state
of Pd in the sample to the Pd metal may indicate that there is no strong interaction of this Pd with
the support. This can be due to small support surface area and low concentration of support sites,
which can strongly interact with Pd. The lowest value of the Pd3d5/2 binding energy among the
Sibunit-containing catalysts is observed for the Pd/C catalyst and corresponds to 335.8 eV. This Pd state
is usually attributed to small metal particles interacting with the carbon support [13,35,37]. The Pd3d5/2
lines for the Pd/Mel/C (muf) and Pd/Mel/C (MW) catalysts are strongly shifted to higher binding
energies (336.4 and 336.3 eV, respectively) as compared to that for the Pd/C sample. This cannot
be assigned to sample charging and indicates an electron-deficient state of Pd in these samples due
to a strong interaction with the support. These catalysts showed the highest activity in the formic
acid decomposition reaction and the lowest values of apparent activation energies (Table 1). For the
phenanthroline and bipyridine-based samples, the Pd3d5/2 line positions (336.0 eV) are close to that for
the Pd/C sample. The catalytic properties of these systems are also close (Figure 4).

It is an interesting question whether the Pd3d5/2 line in the 336.3–336.4 eV region for the
melamine-based samples can be assigned to Pd oxide (PdO). We believe that it cannot, because the
Pd3d5/2 binding energy for the PdO is normally located at a higher binding energy (336.8 eV) [38,39]
like those observed for the Pd/g-C3N4 and Pd/C samples. However, we will perform soon the
necessary experiments allowing to discriminate whether the high binding energies for the Pd3d5/2 line
(336.3–336.4 eV) should be assigned to Pd metal or to Pd oxide by performing XPS measurements after
the pretreatment of the samples in H2 in the pretreatment chamber of the XP spectrometer, as it was
done in some of our previous works [10,13,14]. This pretreatment easily transforms the Pd oxide into
metallic Pd.
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Figure 7. Pd3d XP spectra for the catalysts after the reaction.

Hence, utilization of HRTEM and XPS for the catalysts allowed explaining the effects observed
for the catalytic reaction. The obtained data demonstrated that when pyridinic nitrogen exists on the
surface, Pd becomes electron-deficient and the highest catalytic activity was obtained. At the same
time, the presence of only tertiary nitrogen species does not positively affect the reaction.
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4. Conclusions

In order to obtain a high surface area N-doped support, N-containing precursors (melamine,
phenanthroline or bipyridine) were deposited on the mesoporous graphitic carbon material (Sibunit)
and pyrolysis at 673 K was performed. Melamine showed itself as the most promising N-precursor.
The high activity of the melamine based catalysts in the hydrogen production from formic acid can be
explained by a strong interaction between highly dispersed Pd nanoparticles (~2 nm) and excess of
pyridinic nitrogen of the support that can bind Pd particles and provide a shift of electron density from
the Pd to the support, thus, transforming Pd into an electron-deficient state. This state demonstrates a
significantly enhanced catalytic activity (by a factor of 4 at 373 K), high stability in the reaction (5 h) and
the lowest apparent activation energy (32 kJ/mol) as compared to the state of Pd in the other carbon
supported catalysts (42–46 kJ/mol).

The used approach for synthesis of the N-doped carbon with melamine is much simpler and, if
necessary, it gives a higher yield of the N-doped carbon support as compared to the direct catalytic
CVD approaches. Additionally, since the used carbon support (Sibunit) was specifically developed
to have high surface area and high mechanical strength, our supported Pd catalysts possessed very
much the same properties. Hence, the melamine based Pd catalysts are promising for the hydrogen
production from formic acid and also, probably, from other liquid organic hydrogen carriers.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/20/3885/s1,
Figure S1: Scheme of a catalytic set-up, Figure S2: Stability test for the most active catalyst. Figure S3: Particle size
distributions for some catalysts after the reaction, Figure S4: C1s XP spectrum of the Pd/g-C3N4 catalyst after
the reaction.
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Abstract: Porous nitrogen-doped and nitrogen-free carbon materials possessing high specific surface
areas (400–1000 m2 g−1) were used for deposition of Ni by impregnation with nickel acetate followed
by reduction. The nitrogen-doped materials synthesized by decomposition of acetonitrile at 973,
1073, and 1173 K did not differ much in the total content of incorporated nitrogen (4–5 at%), but differed
in the ratio of the chemical forms of nitrogen. An X-ray photoelectron spectroscopy study showed
that the rise in the synthesis temperature led to a strong growth of the content of graphitic nitrogen on
the support accompanied by a reduction of the content of pyrrolic nitrogen. The content of pyridinic
nitrogen did not change significantly. The prepared nickel catalysts supported on nitrogen-doped
carbons showed by a factor of up to two higher conversion of formic acid as compared to that of the
nickel catalyst supported on the nitrogen-free carbon. This was related to stabilization of Ni in the
state of single Ni2+ cations or a few atoms clusters by the pyridinic nitrogen sites. The nitrogen-doped
nickel catalysts possessed a high stability in the reaction at least within 5 h and a high selectivity to
hydrogen (97%).

Keywords: nickel catalyst; porous carbon support; nitrogen doping; formic acid decomposition;
hydrogen production

1. Introduction

Currently, hydrogen is one of the most promising substances that can replace usable sources of
energy like natural gas or oil because it is ecologically pure and can be produced from renewable
sources. At the same time, hydrogen usage has difficulties associated with its storage and transportation.
That is why hydrogen production from different organic compounds with a relatively high content of
hydrogen is a current trend in catalysis. Formic acid is a liquid organic hydrogen carrier containing
4.4 wt% of hydrogen, which can be liberated relatively easy using some catalysts. It is important that
formic acid can be produced from biomass or CO2 [1,2].

The most efficient catalysts for the hydrogen production from formic acid are based on palladium.
However, noble metals are expensive and this is a reason for searching cheaper catalysts. Such catalysts
could be based on Mo sulfide [3,4] or carbide [5], copper [6,7], or nickel [8–10].

Catalysts’ supports may play an important role for catalytic activity especially when a highly
dispersed active metal is used. Porous carbon materials are suitable candidates, since they have all the
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qualities that a support should possess. These materials demonstrate chemical, thermal, and mechanical
stability and have a developed surface, which can be modified during the synthesis or post-synthetic
processing by doping with heteroatoms like nitrogen [11,12]. They are usually cheap to synthesize
and they are easy to handle. Our earlier results demonstrated a significant promotion of Pd catalysts
by nitrogen doping of the carbon support for the gas-phase formic acid decomposition reaction [13].
This was related to the formation of new active sites—single Pd cations attached to pyridinic nitrogen
species of the support. For the liquid phase decomposition, the nitrogen-doping played also a positive
role [14,15].

Nickel is able to form single Ni atoms (cations) on the surface of nitrogen-doped carbon [16],
which could be the active sites for some hydrogenation [17] and CO2 electroreduction [18–21] reactions.
It is not known whether these Ni species can be active in the formic acid decomposition reaction.
Only theoretical grounds exist that single Ni cations inserted into carbon-nitrogen layer of the C2N
stoichiometry could be active in this reaction [22] providing energy barriers for the reaction steps
comparable with those for Pt or Pd catalysts. Hence, the objective of our research was development of
porous nitrogen-doped carbon supports for Ni catalysts of the hydrogen production from formic acid.
Therefore, the decomposition of formic acid on four catalytic systems consisting of Ni deposited on the
surfaces of porous nitrogen-doped and nitrogen-free carbon materials was studied.

2. Materials and Methods

2.1. Materials Synthesis

Porous carbon supports were synthesized using the chemical vapor deposition (CVD) method that
is described in detail elsewhere [23]. The horizontal tubular quartz reactor was pumped out, filled with
argon, and heated to the required temperature. Calcium tartrate doped with Fe (0.5 at%) was placed in
the hot zone of the reactor for 420 s to produce template particles. After that, vapors of acetonitrile,
taken as the source of nitrogen-doped carbon materials, or ethanol, used for the nitrogen-free material
synthesis, were fed for 0.5 h. The product was kept in an HCl solution for 24 h, washed with distilled
water on a polypropylene filter to pH = 7, and dried in an oven for an hour at 373 K. The synthesis was
carried out at temperatures 973, 1073, and 1173 K and the obtained samples are referred to CN-973,
CN-1073, CN-1173, and C-1073, where “CN” and “C” indicate the presence/absence of nitrogen atoms
in the structure and “973”, “1073”, and “1173” is the synthesis temperature.

Heterogeneous nickel catalysts were synthesized by impregnation method: nickel
precursor—Ni(OAc)2 × 4H2O (8.6 mg) was dissolved in tetrahydrofuran (6 mL) by stirring for
1200 s at room temperature. Then, the support (0.2 g) was added and the mixture was stirred for 4 h at
333 K. After that, tetrahydrofuran was removed by evaporation at room temperature. To decompose
nickel acetate, the obtained pre-catalyst was heated at 623 K in an argon flow for 0.5 h and then cooled
to room temperature without air access. All the weights were chosen to correspond to 1 wt% of
deposited nickel.

2.2. Instrumental Methods

X-ray photoelectron spectroscopy (XPS) experiments were performed on a laboratory PHOIBOS
150 (SPECS GmbH, Berlin, Germany) spectrometer. Monochromatic radiation of the AlKα line
(1486.7 eV) was used as an excitation source. An analysis of the porous structure was performed using
an Autosorb iQ (Quantachrome Instruments, Boynton Beach, FL, USA) device at 77 K. A specimen was
first treated in dynamic vacuum using standard ‘outgas’ option of the equipment at 373 K during 6 h.
N2 adsorption−desorption isotherms were measured within the range of relative pressures of 10−6 to
0.99. Then, specific surface areas were calculated using the Brunauer–Emmett–Teller (BET) method.
The transmission electron microscopy (TEM) data were obtained using JEM-2010 and JEM-2200FS
(JEOL Ltd., Tokyo, Japan) microscopes operated at 200 kV. Images with a high atomic number contrast
were acquired using a high angle annular dark field (HAADF) detector in the Scanning-TEM (STEM)
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mode. However, this approach did not allow seeing single Ni atoms. The samples for the study were
dispersed in ethanol by ultrasound and deposited on a holey carbon film mounted on a copper grid.

2.3. Catalytic Measurements

Formic acid decomposition was performed in a fixed-bed glass reactor, located in the furnace, using
a flow set-up described in [24]. Argon was saturated with formic acid vapors passing through a glass
container (bubbler) with liquid formic acid. After an additional dilution with argon, the concentration
of formic acid vapor reached 2.5 vol% and the total gas flow rate was equal to 4020 mL s−1. A catalyst
was put into the reactor over a piece of quartz wool. Before every catalytic reaction experiment,
the catalyst was heated in the same formic acid/Ar flow at 623 K for 0.5 h to reduce Ni and stabilize
the catalyst.

Products of the decomposition reaction were analyzed by a Chromos GC-1000 gas chromatograph
(Chromos Engineering, Moscow, Russia). The conversion of formic acid (X) was determined as the
ratio of the sum of the obtained concentrations of CO and H2 to the initial concentration of formic acid:

X =
CCO + CH2

CHCOOH
× 100%. (1)

From the obtained conversion values, the specific reaction rates (W) were calculated, related to
the mass of Ni in the catalyst:

W =
X ×CHCOOH ×V f ×NA

22, 400×mNi
[molecule s−1g−1

Ni ], (2)

where CHCOOH—initial formic acid concentration in the Ar flow, Vf—total flow rate (mL s−1), NA—the
Avogadro constant (is equal to 6.022 × 1023 molecule mol−1), mNi—Ni mass in the catalyst sample (g),
and 22,400—volume of one mole of gas at 273 K and 1 atm (mL mol−1).

3. Results and Discussion

3.1. Characterization of the Supports

A quick thermolysis of calcium tartrate accompanying by release of CO2 and H2O gases results
in the formation of highly dispersed CaO particles [23]. These particles serve as a template for the
growth of graphene-like layers catalyzed by iron incorporated into the template. Removal of CaO by
washing of the synthesis product in HCl produces pores of different sizes. BET surface area values
changed from 966 m2 g−1 for the C-1073 sample to 407 m2 g−1 for the CN-1173 sample (Table 1).
All the nitrogen-doped carbon supports synthesized from acetonitrile had a lower BET surface area as
compared to the nitrogen-free material synthesized from ethanol.

Table 1. Some characteristics of the supports and catalysts.

Support
BET Surface
Area, m2 g−1

Content of
N, at% (XPS)

Content of
O, at% (XPS)

Catalyst
Mean Ni Particle

Size, nm

C-1073 966 – 3.0 ± 0.5 Ni/C-1073 3.9 ± 1.2

CN-973 866 5.2 ± 0.5 6.2 ± 0.5 Ni/CN-973 <3 nm
(rarely seen)

CN-1073 443 4.4 ± 0.5 3.2 ± 0.5 Ni/CN-1073 <3 nm
(rarely seen)

CN-1173 407 4.6 ± 0.5 2.2 ± 0.5 Ni/CN-1173 5.5 ± 1.5

17



Energies 2019, 12, 4111

The nitrogen and oxygen contents in the supports were determined from the ratio of the areas
under the C 1s, N 1s, and O 1s peaks in survey XPS data taking into account the photoionization
cross-sections for the elements at the given photon energy. The obtained values are collected in Table 1.
The content of nitrogen in the nitrogen-containing samples remains almost unchanged, corresponding
to ca. 5 at%. The oxygen content in the samples decreases with the synthesis temperature from
ca. 6.2 at% in CN-973 to ca. 2.2 at% in CN-1173.

The forms of the incorporated nitrogen were revealed from fitting of the N 1s spectra (Figure 1a).
Four components were assigned to pyridinic (398.3 eV), pyrrolic (400.0 eV), graphitic (401 eV),
and oxidized (402.5 eV) nitrogen [25]. Graphitic nitrogen atoms replaced the three-coordinated carbon
atoms of graphene lattice, while other nitrogen species were formed at graphene edges and vacancies.
Relative content of the nitrogen forms in the CN-supports is presented in Figure 1b. The rise of the
synthesis temperature caused a decrease of the contents of pyrrolic nitrogen and an increase of the
content of graphitic nitrogen, which was the most thermodynamically stable nitrogen form. The content
of pyridinic nitrogen did not change significantly with the synthesis temperature.

 

 

(a) (b) 

Figure 1. (a) N 1s X-ray photoelectron spectroscopy lines for the catalysts supports and (b) dependences
of the content of nitrogen forms on the synthesis temperature.

3.2. Characterization of the Catalysts

Figure 2 shows an HAADF/STEM image of the Ni/C-1073 catalyst after the reaction. The mean
particle size in this catalyst determined from these data was 3.9 nm (Table 1). Figure 3 shows TEM
images of the Ni catalysts on the nitrogen-doped supports after the reaction. The only catalyst in which
Ni containing particles were well seen was Ni/CN-1173. The mean particle size in this catalyst was
5.5 nm. In the Ni/CN-973 and Ni/CN-1073 catalysts, nanoparticles were rare and cannot be clearly
seen in TEM images (Figure 3). The HAADF/STEM measurements of the Ni/CN-1073 sample found
many extended regions in the sample without nanoparticles like that is shown in Figure 4a. However,
the particles with a size smaller than 3 nm could be still found in this sample (Figure 4b,c), but this was
a rare case. The smallest nickel species detected by HAADF/STEM had a size of 0.3–0.5 nm (Figure 4c).
Hence, it was not possible to plot particle size distributions for these samples. The main part of Ni must
be present in a highly dispersed state either in the form of single Ni atoms or few-atom clusters, which
were almost not possible to observe by the techniques used. The difference between Ni/CN-1073 and
Ni/C-1073 samples could be explained by a strong interaction of single Ni atoms with nitrogen species
of the nitrogen-doped supports. In accordance, Zhong et al. [22] using density functional theory (DFT)
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calculations showed a strong interaction of a Ni atom with two pyridinic atoms of a C2N fragment
limiting Ni diffusion between different sites of the support and, therefore, preventing Ni sintering.

Figure 2. High angle annular dark field/scanning TEM (HAADF/STEM) image of the Ni/C-1073 catalyst
after the reaction and Ni particle size distribution for this sample.

Figure 3. TEM images of the Ni catalysts, which were produced using nitrogen-doped porous carbon
materials synthesized at 973 K (Ni/CN-973), 1073 K (Ni/CN-1073) and 1173 K (Ni/CN-1173), after the
reaction and Ni particle size distribution for Ni/CN-1173.
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Interesting that the increase of the synthesis temperature of the nitrogen-doped carbon up to
1173 K leads to an increase of the mean Ni particle size on the support. It becomes even bigger than
that for the Ni/C-1073 catalyst. This could be related to the observed decrease of the content of oxygen
and pyrrolic nitrogen species (Table 1). Besides, the TEM data showed that the Ni/CN-1173 sample
has a smoother surface than the other two nitrogen-doped samples. The better graphitization of the
support in the former case was due to the higher temperature of the material synthesis. This could be
also a reason of the bigger size of Ni nanoparticles in the Ni/CN-1173 sample as compared to those
in the Ni/CN-973 and Ni/CN-1073 samples. The observed change in the BET surface area should be
also taken into account for explanation of the difference in the Ni dispersion for the Ni/C-1073 and
Ni/CN-1173 samples.

The Ni 2p3/2 lines obtained by XPS for all catalysts are compared in Figure 5. It is seen
that the binding energies of the Ni 2p3/2 lines differ for the nitrogen-doped and nitrogen-free
catalysts. Thus, the position for the nitrogen-free catalyst corresponds to 856.3 eV while those
for the nitrogen-doped catalysts synthesized at 973 and 1073 K are by about 1 eV lower (855.3 eV).
Both positions should be assigned to oxidized Ni state (Ni2+). Yamada et al. [16] assigned nickel with
the Ni 2p3/2 binding energy at 855.5 eV to Ni cations interacting with pyridinic nitrogen atoms of the
nitrogen-doped carbon support while that at 856.2 eV to Ni(OH)2 and Ni interacting with oxygen
containing functional groups, which are also presented in our nitrogen-free carbon support (Table 1).
Similarly, Liu et al. [17] assigned their 855.3 eV line to single Ni cations attached to pyridinic nitrogen
species of the nitrogen-doped carbon support since the catalyst did not contain nickel in the form
of nanoparticles, but contained nickel only in the state of single atoms according to extended X-ray
absorption fine structure (EXAFS) and HAADF/STEM data. This binding energy is also typical for
different nickel(II) porphyrin derivatives [26]. The line at 855.3–855.5 eV was the most clearly seen for
the Ni/CN-1073 sample implying that single Ni2+ cations attached to pyridinic nitrogen were the main
species representing Ni in this catalyst. The line at 856.3 eV for the nitrogen-free Ni/C-1073 catalyst
should be assigned mainly to Ni(OH)2 in the nanoparticles observed by HAADF/STEM (Figure 2).
The intermediate binding energy for the Ni/CN-1173 catalyst was explained by the presence of both
Ni2+ species.

Hence, the electronic state of Ni in the nitrogen-doped catalysts differed from that in the
nitrogen-free catalyst indicating interaction of Ni with nitrogen sites of the support. The nitrogen-doped
catalysts mainly contained single Ni2+ cations attached to pyridinic nitrogen species of the support in
agreement with the literature data.

   
(a) (b) (c) 

Figure 4. HAADF/STEM images of the Ni/CN-1073 catalyst after the reaction: (a) region without
nanoparticles, (b) and (c) regions with nanoparticles and clusters.
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Figure 5. Ni 2p3/2 X-ray photoelectron spectra of the Ni catalysts after the reaction.

3.3. Catalytic Studies

The conversion-temperature dependences are shown in Figure 6a. At low temperatures,
the Ni/CN-973, Ni/CN-1073, and Ni/CN-1173 catalysts show a higher conversion than the Ni/C-1073
catalyst. Hence, the nitrogen insertion into the support promotes the reaction. The specific reaction
rates calculated at 553 K are given in Figure 6b. This graph additionally shows the effect of the synthesis
temperature on the catalytic activity. Thus, the temperature of 1073 K was optimal for the catalyst
synthesis from acetonitrile. Since the activity and content of pyridinic nitrogen did not differ much,
the growth of the activity with nitrogen should be assigned to the appearance of nickel sites stabilized
by pyridinic nitrogen sites. The obtained activity was difficult to compare with the activity reported
in the literature for some supported Ni catalysts [10], since the content of Ni in our samples was by
a factor of 2–22 lower and the reaction temperature was higher (533–593 K vs. 400–500 K).

 

(a) (b) 

Figure 6. (a) Dependences of the formic acid decomposition conversions on temperature for the Ni
catalysts (7 mg) and carbon supports (4 mg) and (b) dependence of the specific reaction rates for the Ni
catalysts at 553 K.
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The supports also could work as catalysts in the formic acid decomposition reaction, but not
as efficiently, as Ni catalysts did (Figure 6a). At 663 K, the highest conversion was demonstrated
by the CN-973 support (30%) and the lowest—by the CN-1173 support (14%). Such a spread in the
conversions may be due to the differences in the specific surface areas of the supports (Table 1) and the
presence of different nitrogen sites (Figure 1).

It is interesting that the activities of the Ni/CN-1073 and Ni/CN-1173 catalysts were close despite
the mean Ni particle sizes were different (Table 1). It should be emphasized that used supports differed
in the content of oxygen (Table 1) and in the ratio of graphitic and pyrrolic nitrogen species (Figure 1b).
However, for better explanation of this result a determination of the ratio of atomic Ni species and Ni
atoms present in nanoparticles is needed. DFT calculations of the formic acid interaction with different
Ni structures would help also.

The apparent activation energies for the reaction over the studied catalysts were estimated from
the Arrhenius plots. The obtained values were in the range of 100 ± 9 kJ mol−1. Interesting that the
close values were obtained earlier for formic acid decomposition over unsupported Ni powder and
Ni catalysts supported on silica and alumina [10] as well as for decomposition of Ni formate [27].
The determined apparent activation energies for formic acid decomposition over carbon supports
without Ni were significantly higher (125–148 kJ mol−1).

To test the stability, the most promising catalyst Ni/CN-1073 was used. The results of the test
for 5 h at 573 K are shown in Figure 7. It is seen that the hydrogen production selectivity was
about 97%. The conversion demonstrates a slight increase from 57% to 61% in the time range from
20 to 60 min, but it did not change during the next 4 h. Thus, it was possible to conclude that this
catalyst was quite stable and selective in the reaction, which means that there was no need to perform
recycling experiments.

Figure 7. Stability test with the Ni/CN-1073 catalyst at 573 K.

4. Conclusions

Nitrogen-doping of the carbon support led to a significant increase of the rate of the hydrogen
production from formic acid decomposition (by up to a factor of 2). The nitrogen-doped Ni catalysts
showed very stable activity and high selectivity of the hydrogen production (97%). For the Ni catalysts
on the nitrogen-doped supports synthesized at 973 K and 1073 K, it was difficult to find Ni containing
nanoparticles by HAADF/STEM and TEM since the Ni dispersion was very high. Nickel in these
catalysts was probably presented in the form of single Ni cations or few atoms clusters attached to
pyridinic nitrogen of the support as was confirmed by XPS study. At the same time, the nanoparticles
with a mean size of 3.9 nm were clearly observed in the Ni/C-1073 catalyst. The used nitrogen-doped
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supports had no significant difference in nitrogen content. The difference was in the content of each
nitrogen form. This ratio of nitrogen forms and surface area of the support determine the Ni particle
size. These parameters are interconnected and for better understanding of the role of particular
parameter, it is necessary to perform EXAFS studies of the Ni state in the catalysts and DFT calculations
of the possible Ni structures on nitrogen-doped carbon and interaction of such structures with the
formic acid molecule.
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Abstract: The effect of nitrogen doped bamboo-like carbon nanotubes (N–CNTs) on the properties
of supported platinum (0.2 and 1 wt %) catalysts in formic acid decomposition for hydrogen
production was studied. It was shown that both impregnation and homogeneous precipitation
routes led to the formation of electron-deficient platinum stabilized by pyridinic nitrogen sites of
the N–CNTs. The electron-deficient platinum species strongly enhanced the activity and selectivity
of the Pt/N–CNTs catalysts when compared to the catalysts containing mainly metallic platinum
nanoparticles. A comparison of bamboo-like N–CNTs and herring-bone nitrogen doped carbon
nanofibers (N–CNFs) as the catalyst support allowed us to conclude that the catalytic properties
of supported platinum are determined by its locally one-type interaction with pyridinic nitrogen
sites of the N–CNTs or N–CNFs irrespective of substantial structural differences between nanotubes
and nanofibers.

Keywords: hydrogen; formic acid; platinum; nitrogen doped; carbon nanotubes; carbon nanofibers

1. Introduction

Hydrogen is considered as a promising energy source although its safe storage and transportation
are rather complicated tasks. In this connection, the concept of hydrogen storage as a component
of various hydrogen-rich compounds such as borohydrates, hydrazine, or formic acid has recently
received considerable attention. Among such compounds, formic acid (FA) is of particular interest.
First, HCOOH contains a large amount of hydrogen (4.4 wt %), and second, FA can be synthesized
from renewable sources, for example, via different transformations of cellulose, which certainly makes
HCOOH an attractive source of hydrogen [1].

It is known that the decomposition of FA on homogeneous or heterogeneous metal catalysts can
proceed via two routes, leading to the formation of either H2 and CO2 or H2O and CO. Thus, in the
case of heterogeneous catalysts, the reaction rate and selectivity of hydrogen formation depend on the
sizes, morphologies, distributions, and surface states of metal nanoparticles as well as the properties
of catalyst support (CeO2, SiO2, C, C–N, etc.) [2]. Among the various types of supports for metal
catalysts used for FA decomposition, carbon materials are of special interest because they allow the size
and electronic state of supported metal nanoparticles to be controlled more precisely [3,4]. Moreover,
the application of nitrogen doped carbon nanomaterials (N–CNMs) or carbon nitride makes it possible
to obtain stable single atom species exhibiting high activity and selectivity in the FA decomposition
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reaction [5,6]. Stabilization of these highly active species proceeds via strong interaction of metal with
pyridinic nitrogen centers of nitrogen doped carbon nanofibers (N–CNFs), nitrogen doped carbon
nanotubes (N–CNTs), or C3N4, which has been confirmed by x-ray photoelectron spectroscopy (XPS)
data and density functional theory (DFT) calculations [5,7–11].

According to the literature, the synthesis method substantially affects the particle size and
electronic state of metals deposited on N–CNMs. For example, for the Pd catalyst supported on
N–CNFs and nitrogen-doped porous carbon network, we demonstrated that Pd acetate is more
preferable than Pd nitrate for the synthesis of a more dispersed, and therefore more active catalyst [7].
Moreover, when palladium was deposited from Pd acetate on N–CNTs in the amount of <0.8 wt %,
100% of palladium was represented by highly active isolated ions showing stability in both a hydrogen
atmosphere at elevated temperatures and in the course of the HCOOH decomposition reaction [12].
The authors of [8] investigated the properties of 0.5–5% Pt/N–CNTs catalysts synthesized with H2PtCl6
as a precursor using different deposition methods: ethylene glycol reduction, sodium borohydride
reduction, or impregnation-H2-reduction techniques. It was found that the difference between synthesis
routes was caused by the different metal–support interaction (MSI) between the Pt and nitrogen species,
and the impregnation technique led to the strongest MSI via defects in N–CNTs comprising carbon
vacancies and pyridinic nitrogen. As a result, a correlation between the binding energies of Pt4f7/2

(Eb Pt4f7/2) and activity in the electro-oxidation of glycerol and formic acid was found. Previously,
we have shown that such types of defect can form in the graphene layer of N–CNTs [13].

Our earlier comparative study of Pt-group metals (Pt, Pd, Ru) deposited on herring-bone N–CNFs
revealed that the activity of the catalysts toward formic acid decomposition decreases in the following
order: Pt>Pd>Ru [5]. DFT calculations made it possible to propose the active site consisting of a metal
atom coordinated by a pair of pyridinic nitrogen atoms at the edges of the graphene sheets. Indeed,
it is known that multiple edges of graphene layers enriched with pyridinic nitrogen are segregated to
the surface of N–CNFs [14], which explains the preferential interaction of deposited metals with these
sites. In this connection, it seems interesting to explore the interaction of metals with N–CNMs with
another structure, for example, with the widely used bamboo-like N–CNTs where all nitrogen species
(pyridinic, pyrrolic, and graphitic) are located within internal and external graphene layers [15] and
can equiprobably participate in the stabilization of deposited metals.

This paper is devoted to the investigation of the effect of the bamboo-like N–CNTs on the
properties of Pt/N–CNTs catalysts synthesized by impregnation and homogeneous precipitation
methods. The bamboo-like N–CNTs were found to affect the formation of electron-deficient platinum,
showing a 3–4 fold higher activity in formic acid decomposition when compared to the metallic
platinum nanoparticles. A comparative study of platinum deposited on bamboo-like N–CNTs and
herring-bone N–CNFs revealed that pyridinic nitrogen plays a key role in enhancing the activity of the
catalysts irrespective of the structural features of the carbon nanomaterial.

2. Materials and Methods

Nitrogen-free carbon nanotubes (CNTs) and bamboo-like nitrogen-doped N–CNTs were grown
on an Fe–Ni-containing catalyst (62%Fe–8%Ni–30%Al2O3) via decomposition of ethylene or 40%
ethylene−60% ammonia mixture at 700 ◦C in a flow reactor with a fluidized catalyst bed [16].
Synthesized CNTs and N–CNTs were thoroughly washed to remove the growth catalyst first in
concentrated HCl, then boiled in 2 M HCl for 6 h, and washed in distilled water until no chloride ions
were detected in the rinsing liquid. The washed carbons were dried in Ar at 170 ◦C for 2 h.

Platinum (0.2 and 1 wt %) was deposited on the CNTs and N–CNTs by incipient wetness
impregnation and homogeneous precipitation techniques using H2PtCl6 as the precursor. In the
incipient wetness impregnation method, the defined volume of the H2PtCl6 aqueous solution was
added to the freshly dried CNTs or N–CNTs at room temperature, the sample was thoroughly stirred,
stored in a closed vessel for 30 min, and then dried in air for 24 h. The volume of the H2PtCl6 solution
was defined based on the water capacity of the CNTs and N–CNTs [17]. The samples were designated as
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0.2–2%Pt/CNTs-im and 0.2–2%Pt/N–CNTs-im. In the homogeneous precipitation technique, a known
amount of H2PtCl6 was added to an aqueous suspension of the CNTs or N–CNTs and stirred for 60 min
at room temperature. Then, a stoichiometric amount of 0.5 M solution of NaOH was added dropwise
at room temperature. The mixture was stirred and heated for 1.5 h at 70 ◦C. Ultimately, the pH reached
8. The precipitates were filtered, carefully washed with distilled water, and dried in air. The samples
were designated as 0.2–2%Pt/CNTs-pr and 0.2–2%Pt/N–CNTs-pr. Samples prepared by both methods
were reduced in a 30 vol.% H2/Ar mixture for 1 h at 250 ◦C. The content of Pt in the catalysts was
determined by x-ray fluorescence spectroscopy.

Chemisorption measurements were made using a pulse technique and CO as the adsorbate at
room temperature. Before the chemisorption measurements, the catalysts were re-reduced in situ in
flowing hydrogen at 100 ◦C. The fractions of metal atoms exposed (Ptsurface/Pttotal) were calculated by
assuming that the stoichiometry of adsorption CO/Ptsurface was equal to 1.

High-angle annular dark-field (HAADF STEM) images were obtained on a JEM-2200FS electron
microscope at an accelerating voltage of 200 kV using a high angle annular dark field (HAADF) detector
in the scanning-TEM (STEM) mode.

X-ray photoelectron spectroscopy study was performed with an ES-300 (KRATOS Analytical)
photoelectron spectrometer at a constant pass energy of a photoelectron energy analyzer. The spectra
were recorded using an AlKα source with a quantum energy of 1486.6 eV. The energy scale was
calibrated against the binding energy of gold Au4f7/2 (equal to 84.0 eV) and copper Cu2p3/2 (equal
to 932.7 eV) [18]. The qualitative control of the surface chemical composition was made using the
survey spectra in the range of 0–1100 eV with the analyzer pass energy HV = 50 eV and scan step 1 eV.
To analyze the quantitative composition and chemical state of elements, core levels of elements were
recorded (Pt4f, Al2p, Cl2p, C1s, O1s, N1s, and Fe2p) at the analyzer pass energy of HV = 25 eV and
scan step of 0.1 eV. Since the Pt4f and Al2p lines overlap, control recording of the Pt4f + Al2p spectral
region for the CNTs and N–CNTs supports was performed to take into account a possible contribution
of the Al2p line of aluminum from the growth catalyst to the Pt4f spectrum of platinum. Prior to the
experiments, the samples were treated ex situ with hydrogen at 250 ◦C for 1 h.

Experiments on formic acid decomposition (5 vol.% HCOOH/He) were performed in a flow set-up
using a quartz reactor with the inner diameter of 6 mm. The catalyst loading was 20 mg; the catalyst
powder was uniformly mixed with 0.5 cm3 of quartz sand (fraction 0.25–0.5 mm). The reaction mixture
feed rate was 20 cm3/min. The experiments were carried out in the temperature-programmed mode,
the temperature being raised at a rate of 2 deg/min, and with chromatographic analysis of the gas
mixture. The temperature of the reactor was measured using a thermocouple placed in the catalyst
bed. All gas lines were preheated in a special box to 100 ◦C, whereas the reactor placed in the furnace
had a special zone where the incoming gas was preheated to the reaction temperature.

The turnover frequencies (TOF) of the 1%Pt/CNTs-pr and bamboo-like 1%Pt/N–CNTs-pr
were compared with the TOFs of Pt catalysts deposited on the herring-bone carbon nanofibers
(1%Pt/N–CNFs). The properties of the 1%Pt/N–CNFs catalysts were described in our previous
article [19]. The TOF values for 1%Pt/N–CNFs catalysts for 125 ◦C were calculated using the
experimental data presented in [19].

3. Results and Discussion

Temperature dependences of the FA conversion on carbon supports and on supported Pt catalysts
synthesized by homogeneous precipitation route are displayed in Figure 1. One can see that CNTs
and N–CNTs possess some intrinsic activity, which is a typical for carbon nanomaterials [20–24].
The deposition of 0.2 wt % platinum on both supports shifted the temperature curve of conversion
toward low temperatures by more than 100 ◦C. Note that a greater shift was observed in the case of
0.2%Pt/N–CNTs, which indicates differences in the properties of deposited platinum when going from
CNTs to N–CNTs. The enhancement of the activity of N-doped catalysts when compared to N-free
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catalysts became even more pronounced if 1 wt % of Pt was deposited on the carbon nanotubes, as
seen in Figure 1b.

(a) (b)

(c) (d)

Figure 1. Temperature dependences of FA conversion on the CNTs, N–CNTs, and supported Pt
catalysts synthesized by the homogeneous precipitation route: 0.2%Pt (a) and 1%Pt (b). Temperature
dependences of FA conversion and selectivity on 0.2%Pt–N–CNTs-pr (c) and stability test of the
0.2%Pt–N–CNTs-im in the course of the reaction (d).

It should also be noted that the promoting effect of N–CNTs when compared to CNTs was observed
irrespective of the deposition method (impregnation or homogeneous precipitation). In all cases, the TOF
values for N-doped catalysts exceeded the TOFs for N-free catalysts by a factor of 3–4 (Figure 2). One can
also see that the increase in TOF was accompanied by a substantial increase in the selectivity toward
hydrogen formation, from 92.6 to 98%; this means a decrease of the CO content by ~4 times, where the
latter is very important when FA is used for hydrogen production. Earlier, for the N–CNFs based catalysts,
we demonstrated by DFT calculations that single metal ions coordinated by pyridinic nitrogen sites caused
the cleavage of the C–H bond in the FA molecule to give adsorbed hydrogen atom and carboxyl fragments [5].
It was demonstrated that the adsorbed hydrogen atom and hydrogen of the carboxyl fragment were directed
toward each other, thus providing an easy formation of hydrogen and CO2.

At present, the improved properties of metal catalysts supported on various N–CNMs are
attributed to a decrease in the particle size or an increase/decrease in the electron density of metals due
to MSI via nitrogen species or defects consisting of carbon vacancies and nitrogen sites [25,26]. Indeed,
since the specific areas of all of our catalysts measured by Brunauer-Emmett-Teller method varied in
a very narrow range (140–150 m2/g), the observed differences were most likely related to differences in
the properties of the deposited platinum. To verify this hypothesis, various characteristics of deposited
platinum were analyzed; first, sizes of the platinum particles in the supported catalysts were compared.
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For this purpose, we used chemisorption of CO, which is sensitive to the dispersion of metals [27,28]
as well as HAADF STEM.

(a) (b)

Figure 2. TOF values of the FA decomposition at 125 ◦C (a) and selectivity at 50% FA conversion
(b) on the Pt catalysts deposited on CNTs and N–CNTs by different routes: im–impregnation,
pr–homogeneous precipitation.

As seen in Figure 3, a minor increase in the TOF with an increase in the CO/Pt ratio was observed
for the N-free catalysts, which may be assigned to similar dispersions of deposited metallic platinum
in the tested catalysts [27,28]. In the case of N-doped catalysts, an inverse dependence was observed:
TOF decreases with increases in the CO/Pt value. In addition, for this series of samples, a decrease in
the platinum content from 1 to 0.2% was accompanied by a considerable (nearly 3-fold) decrease in
the CO/Pt value, irrespective of the platinum deposition method. Such a pronounced decrease in the
amount of chemisorbed CO by lowering the concentration of the deposited metal from 2 to 0.2 wt %
was observed in our earlier study for the Pd/N–CNTs catalysts; a possible reason is that the catalysts
with a palladium content <0.8 wt % completely consisted of isolated palladium ions, which poorly
chemisorb CO [12].

Figure 3. The influence of TOF of formic acid decomposition at 125 ◦C on the CO/Pt ratio for
the N-doped and N-free catalysts differing in Pt content and preparation route: im–impregnation,
pr–homogeneous precipitation.

To verify this assumption, the catalysts were studied by HAADF STEM. It was found that the most
active catalyst 0.2%Pt/N–CNTs-im consisted of Pt particles with the size of about 1.1 nm and a narrow
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size distribution, whereas the lowest active 1%Pt/CNTs-pr contained nanoparticles of ~1.9 nm with
a wider size distribution (Table 1). Meanwhile, the size of the nanoparticles in all samples, irrespective
of the support type, deposition method, and Pt content, changed in a quite narrow range of 1.1–1.9 nm,
which cannot explain such strong differences in the CO/Pt values from 15 to 67% (Figure 3). Therefore,
it can be supposed that the catalysts contain platinum clusters or atoms/ions besides nanoparticles.
Indeed, the presence of such species was discovered in all catalysts. The most representative photos
of the catalysts showing single atoms are given in Figure 4. However, in the N-doped catalysts,
the quantity of the isolated platinum atoms was found to be considerably higher, and these atoms
were distributed on the N–CNT surface uniformly when compared with N-free catalysts.

(a) (b)

(c) (d)

(e) (f)

Figure 4. HAADF STEM images of 1%Pt/CNTs-imp (a), 1%Pt/N–CNTs-imp (b), 1%Pt/CNTs-pr (c),
1%Pt/N–CNTs-pr (d), 0.2%Pt/N–CNTs-imp (e), and 0.2%Pt/N–CNTs-pr (f).
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Table 1. HAADF STEM platinum nanoparticle size (nm), standard deviation (sd), TOF (h−1) at 125 ◦C.

Catalyst Pt Size, nm sd TOF, h−1

1%Pt/CNTs-im 1.3 0.4 144
1%Pt/CNTs-pr 1.9 0.7 108

0.2%Pt/CNTs-im 1.2 0.3 324
0.2%Pt/CNTs-pr 1.3 0.5 216

1%Pt/N–CNTs-im 1.4 0.4 432
1%Pt/N–CNTs-pr 1.3 0.3 360

0.2%Pt/N–CNTs-im 1.1 0.2 936
0.2%Pt/N–CNTs-pr 1.6 0.4 756

Thus, it can be concluded that both methods of platinum deposition on CNTs and N–CNTs
can produce dispersed catalysts consisting of nanoparticles and isolated platinum atoms. For the
N-free catalysts, the samples mainly consisted of nanoparticles and quite a low quantity of single
atoms, which did not significantly influence the CO/Pt and TOF values (Figure 3). For the N-doped
catalysts, irrespective of their preparation procedure, a decrease in the platinum content strongly
lowered the CO/Pt ratio and increased the TOF in HCOOH decomposition and the selectivity of
hydrogen formation.

Along with this, of note is a slightly higher activity of the catalysts obtained by incipient wetness
impregnation when compared to the catalysts synthesized by homogeneous precipitation, irrespective
of the support type and platinum content (Figure 2). The observed difference for the N-free catalysts
can be attributed to a larger particle size and a broader particle size distribution of the catalysts obtained
by homogeneous precipitation (Table 1). In the case of the impregnation method, platinum particles
were formed directly from [PtCl6]2− anions that were molecularly adsorbed on the carbon surface.
In homogeneous precipitation from aqueous solutions, hydrolysis can lead to the formation of not only
mono-, but also polynuclear platinum complexes [Pt(OH)xOy]n and hence to the formation of larger
platinum particles with different sizes [27]. For the N-doped catalysts, the situation seems to be more
complicated and in this case, the MSI between the Pt and nitrogen groups should similarly be taken
into account like in [8]. However, the homogeneous precipitation method is preferable because it has
no scaling limitations.

The difference between N-free and N-doped catalysts can also be seen in the XPS spectra.
Figure 5a shows an example for 0.2%Pt/CNTs-pr and 0.2%Pt/N–CNTs-pr samples. In the case of
0.2%Pt/N–CNTs-pr, the Pt4f line shifted toward higher binding energies by ca. 0.3 eV. The difference
spectrum shows a doublet with Eb(Pt4f7/2) = 72.9 eV, which indicates the presence of two or more Pt
states in the catalysts. Deconvolution of Pt4f spectra into individual doublets allowed us to find the
Eb(Pt4f7/2) value and the contribution of different components to the experimental spectrum (Figure 5b).

Three states with Eb(Pt4f7/2) = 71.7, 72.9, and 74.2 eV can be distinguished in the Pt4f spectra
(Figure 5b). The peak with Eb(Pt4f7/2) = 71.7 eV corresponds to metallic platinum particles Pt0. A small
increase in Eb(Pt4f7/2) with respect to the value typical of bulk metallic platinum (71.1 eV) [18] indicates
the formation of small nanoparticles [29,30] and is related to the photoemission relaxation effect [31,32].
The peak with the binding energy of 74.2 eV can be assigned to the oxidized platinum species Pt4+ [33,34].
The oxidized platinum species may emerge due to the oxidation of nanoparticles when samples make
contact with the atmosphere during the transfer to the spectrometer. The peak with the binding energy of
72.9 eV can be attributed to the oxidized platinum species Pt2+ [29] as well as to the atomically dispersed
platinum species [35–37]. As seen in Figure 5b, when going from CNTs to N–CNTs, a relative contribution
of the platinum species with Eb(Pt4f7/2) = 72.9 eV increases from 30 to 42%, which testifies to the formation
of more dispersed or oxidized platinum species in this sample. Taking into account that this catalyst
virtually does not chemisorb CO (CO/Pt = 15), it can be supposed that in N-doped catalysts, along
with metallic platinum, the electron-deficient platinum is present. The electron-deficient platinum can
be formed as Pt2+ species at the interfaces of Pt nanoparticles and N–CNTs [38] and isolated Pt ions.
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According to the DFT calculations, the formation of such electron-deficient metal species may occur due
to the interaction of metals with pyridinic sites of various N–CNMs [5,7–11].

(a) (b)

Figure 5. (a) Pt4f spectra and (b) curve-fitted Pt4f spectra of 0.2%Pt/CNTs-pr (1) and 0.2%Pt/N-CNTs-pr
(2) catalysts.

To confirm the interaction of metals with certain nitrogen sites of N–CNMs, a detailed analysis of
the XPS spectra of deposited metal and nitrogen is commonly used. In [39], the Eb(Pt4f7/2) shift to a lower
level was assigned to the interaction of Pt nanoparticles with nitrogen centers of the CN@Pt/CNTs
catalyst. In [40], the depth of XPS analysis decreased when using the energy of monochromatized
synchrotron radiation at 800 eV; this allowed the authors to observe a decrease in the intensity of
the pyridinic nitrogen line and the appearance of a new line at 398.7 eV, which was assigned to the
interaction of Pd with pyridinic sites of the N–CM material. Although in [41] the XPS experiments
were performed at a high energy of x-ray radiation, ca. 1500 eV, the authors observed a shift in the
graphitic nitrogen peak to the high energy side by 0.2 eV upon Pt deposition on N–CNTs. It should
be noted that the N–CNTs were synthesized by post-treatment of the oxidized CNTs with ammonia,
and nitrogen seems to be located most likely only on the tube surface. In [8], simultaneous changes
were observed in positions of the lines corresponding to both the graphitic and pyridinic nitrogen
upon platinum deposition on N–CNTs, depending on the synthesis method and platinum amount;
nevertheless, it was concluded that only one of the nitrogen species was responsible for stabilization.

In our study, we primarily verified that nitrogen was incorporated into the carbon’s structure:
this was indicated by the 0.4 eV shift of the C1s spectrum relative to the position typical of sp2-hybride
carbon structures (284.4 eV) and by broadening of the line toward high energies (Figure 6a) [42,43].
The analysis of the N1s spectra revealed that the main structural forms of nitrogen observed in
N–CNMs are present in N–CNTs: pyridinic (NPy 398.5 eV), pyrrolic (NPyr 399.6 eV), and graphitic
(NQ 401.0 eV) [9,43,44]. Peaks in the region of 402.5 and 404.7 eV correspond to the oxidized state and
molecular nitrogen encapsulated inside the N–CNTs (Figure 6b).

A comparison of the N1s spectra for N–CNTs and 0.2%Pt/N–CNTs-pr, which is illustrated in
Table 2, did not allow a reliable conclusion on the type of nitrogen involved in platinum anchoring.
Investigation of samples with the platinum content of 1 wt % also did not clear up this question.
All of the recorded differences were within the measurement error, although a slight decrease in
the NPy content upon increase in the Pt concentration in the catalysts was observed. Thus, it can
be stated that the possibilities of XP spectroscopy used in this study make it possible to reliably
conclude only on an increase in the relative amount of platinum with Eb(Pt4f7/2) = 72.9 eV in N-doped
catalysts. Sensitivity of the methods should be increased considerably to make a reliable and detailed
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interpretation of the changes that occur in the N1s spectra upon platinum deposition on N–CNTs,
in which, as we have shown, nitrogen is distributed uniformly in the bulk of the material [15].

(a) (b)

Figure 6. C1s (a) of 0.2%Pt/CNTs-pr (1) and 0.2%Pt/N–CNTs-pr (2) catalysts and N1s (b) XPS spectra of
0.2%Pt/N–CNTs-pr catalyst.

Table 2. Content of different nitrogen species according to XPS data.

Sample NPy NPyr NQ N–Ox N2 N

Eb wt % Eb wt % Eb wt % Eb wt % Eb wt % wt %

N–CNTs 398.4 1.4 399.6 0.50 401.0 1.75 402.5 0.60 404.7 1.35 5.6
0.2%Pt/N–CNTs-pr 398.4 1.35 399.6 0.50 401.0 1.70 402.5 0.70 404.7 1.35 5.6
1%Pt/N–CNTs-pr 398.4 1.30 399.5 0.50 400.9 1.70 402.3 0.65 404.7 1.35 5.5

Finally, we compared the Pt catalysts deposited on the CNTs and bamboo-like N–CNTs with
corresponding Pt catalysts deposited on herring-bone CNFs and N–CNFs. It should be noted that
nitrogen-free and nitrogen-doped carbon nanotubes and nanofibers were synthesized by the same CVD
method using ethylene or the standard ethylene–ammonia reaction mixture (see [19] and this work).
Figure 7 shows the activity of these catalysts in the formic acid decomposition reaction. As seen in Figure 7,
there was a rather good correlation between the TOF value and nitrogen content in the materials, irrespective
of the essential differences in their structure related to the packing of graphene layers.

(a)

Figure 7. Cont.
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(b)

Figure 7. The TOF values at 125 ◦C for the 1%Pt/C catalysts synthesized by the homogeneous
precipitation route depending on (a) carbon supports: CNFs (1), 3.4%N–CNFs (2), 7.5%N–CNFs (3),
CNTs (4), 5.5%N–CNTs (5); and (b) nitrogen content in the catalysts (for 5.5%N–CNTs the capsulated
N2 (1.35 wt %) was excluded). TOFs for CNFs/N–CNFs-based catalysts were calculated using the data
presented in [19].

Moreover, for the carbon tube- and carbon fiber-based catalysts, the decrease in the platinum
content to 0.2–0.3 wt % led to the same dramatic decrease in the CO/Pt values to an extremely low level
(<20%) and, on the contrary, to a substantial increase in TOF (see [5] and this work). The latter allowed
us to conclude that pyridinic nitrogen also plays a key role in the formation of electron-deficient
platinum in the case of N–CNTs. The amount of electron-deficient platinum depends on the content
of pyridinic nitrogen, which in turn is known to be dependent on the total amount of nitrogen in
N–CNTs and N–CNFs [13]. The additional arguments in favor of this conclusion are the similar values
of Eb(Pt4f7/2) for the catalysts with low platinum content, 0.2%Pt/N–CNTs-pr, and 0.3%Pt/N–CNFs,
showing the high activity in the FA decomposition reaction (Figure 8).

Figure 8. Pt4f spectra of the 0.3%Pt/N–CNFs-pr and 0.2%Pt/N–CNTs-pr catalysts. For 0.3%Pt/N–CNFs-pr,
the data presented in [19] were used.
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Indeed, metal species with high binding energies, which are typical of electron-deficient metals or
single atoms stabilized by nitrogen sites, were observed in the case of N–CNMs with different structures
such as bamboo-like tubes [8,9,12], carbon nanofibers with a herring-bone structure [5], porous carbon
materials [6,7,45], or carbon nitride [10,46]. In the listed materials, nitrogen is present in all standard
states (graphitic, pyrrolic, and pyridinic), which makes possible the locally one-type interaction of
metals with nitrogen sites irrespective of their considerable structural differences. The authors of [8]
explained the formation of electron-deficient platinum by the interaction of platinum with the acceptor
defects containing pyridinic nitrogen and carbon vacancy. Such structural fragments of the graphene
layer of C3N4, as shown in [10,46], also efficiently stabilizes the atomic palladium. This allows for
a conclusion that, irrespective of the structural features of various N–CNMs, these materials have
common properties concerning the interaction with metals; among them the formation of highly stable
(Figure 1c,d) electron-deficient metal nanoparticles, isolated ions, or single atoms via the interaction
with pyridinic nitrogen sites. The amount of these species depends on the content of pyridinic
nitrogen, which in turn is usually determined by the total amount of nitrogen in various N–CNMs [13].
These species poorly chemisorb CO, but are highly active in the selective hydrogenation of acetylene,
ammonia–borane hydrolysis, one-pot conversion of cellulose, and formic acid decomposition for
the production of pure hydrogen. Thus, the possibility of controlling the size and electronic state
of deposited metals makes a broad class of N–CNMs unique materials for the synthesis of efficient
supported catalysts for different purposes.

4. Conclusions

The nitrogen species in N–CNTs manifest themselves as efficient anchoring sites for both Pt
nanoparticles and single atoms, irrespective of the method used for Pt deposition (impregnation or
homogeneous precipitation). Nitrogen in N–CNTs favors the formation of electron-deficient platinum
in comparison with N-free carbon nanotubes. Moreover, it was shown that both the activity and
selectivity of ionic platinum in the decomposition of formic acid were considerably higher when
compared to Pt in the fully metallic state. The comparison of the results with those for Pt/N–CNFs and
with the literature data for other metals and nitrogen-doped carbon supports of different structures
allows us to conclude that the interaction between metal and nitrogen species has a general nature and
the electron deficiency of the metal as well as the catalytic properties are mainly dependent on the
concentration of pyridinic nitrogen.
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Abstract: Formic acid decomposition to H2-rich gas was investigated over a CuO-CeO2/γ-Al2O3

catalyst. The catalyst was characterized by XRD, HR TEM and EDX methods. A 100% conversion
of formic acid was observed over the copper-ceria catalyst under ambient pressure, at 200–300 ◦C,
N2:HCOOH = 75:25 vol.% and flow rate 3500–35,000 h−1 with H2 yield of 98%, wherein outlet
CO concentration is below the equilibrium data (<0.5 vol.%). The copper-ceria catalyst proved to
be promising for multifuel processor application, and the H2 generation from dimethoxymethane,
methanol, dimethyl ether and formic acid on the same catalyst for fuel cell supply.

Keywords: formic acid decomposition; hydrogen production; CuO-CeO2/γ-Al2O3; multifuel
processor; copper catalyst; oxygenates; fuel cell

1. Introduction

Growing interest in, and demand for, high temperature proton exchange membrane fuel cells
(HT PEM FC) has evidently manifested itself during the past decade due to their high tolerance to
fuel impurities compared to the low temperature (LT) PEM FC [1–3]. For instance, the HT PEM FC
can be fueled by hydrogen-rich gas containing up to 3 vol.% of CO [1]. Analysis of current literature
shows that gas mixture with this composition can be produced by catalytic conversion of oxygenates
such as methanol [4–6], dimethyl ether (DME) [7–9], dimethoxymethane (DMM) [10–14] and formic
acid (FA) [15–23]. The obtained H2-rich gas can be directly used as fuel without complex CO removal
processes. This makes the HT PEM FC-based power units more compact and simple. The typical HT
PEM FC-based power unit scheme is shown in Figure 1.

Figure 1. Scheme of power unit based on high temperature proton exchange membrane fuel cells
fueled by oxygenates.

In our previous work [12,13], effective bifunctional CuO-CeO2/γ-Al2O3 catalysts have been
proposed for methanol, dimethyl ether and dimethoxymethane steam reforming (SR) to H2-rich gas
showing great promise for a multifuel processor approach. The catalysts comprised of acidic and
Cu-based sites and provided complete methanol/DME/DMM conversion and a H2 production rate of
15 L/(gcat·h) at 300–370 ◦C.

Energies 2019, 12, 3577; doi:10.3390/en12183577 www.mdpi.com/journal/energies39
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Supported Cu-based catalysts proved highly active and selective for formic acid (FA)
decomposition (Reaction (1)) [20]. In particular, the reaction in this work was studied over
carbon-supported copper catalysts doped with nitrogen atoms (Cu/N-PCN). The catalysts provided
complete conversion of FA at temperatures >270 ◦C and high hydrogen productivity (up to 97.4%).

HCOOH = CO2 + H2 (1)

Reaction (1) can be accompanied by side Reactions (2) and (3) yielding CO and water:

HCOOH = CO + H2O (2)

CO2 + H2 = CO + H2O (3)

The present work reports the performance of the CuO-CeO2/γ-Al2O3 catalysts in FA decomposition
to H2-rich gas to be used for HT PEM FC. The effect of some reaction conditions on the catalyst’s
performance was studied. The catalyst was characterized by XRD, HRTEM and EDX techniques.
In order to evaluate the catalyst’s possibility for multifuel processor applications, we compared
CuO-CeO2/γ-Al2O3 catalytic properties in methanol, dimethyl ether and dimethoxymethane steam
reforming and FA decomposition reactions.

2. Materials and Methods

The catalyst of composition 10 wt.% CuO-5 wt.% CeO2/γ-Al2O3, which showed the best
performance in methanol, DME and DMM SR reactions in our earlier study [13], was used in
the FA decomposition experiments. It was prepared by the impregnation method reported in details
elsewhere [13]. Samples for transmission electron microscopy (TEM) were prepared by carefully
applying the catalyst powder on a carbon film on a nickel grid. These samples were investigated by
conventional and high-resolution (HR) TEM and energy-dispersive X-ray (EDX) chemical microanalysis,
using an electron microscope JEM 2010 (JEOL Ltd., Tokyo, Japan) at operation voltage 200 kV and
lattice-fringe resolution 0.14 nm. The microscope was equipped with an EDX unit (EDAX Co, Mahwah,
NJ, USA) for the local elemental analysis (the energy resolution was 130 eV).

X-ray diffraction (XRD) data were collected using a URD-63 diffractometer with a CuKα source
(graphite monochromator). The measurements were taken within 2θ scanning area = 20◦–80◦ with a
step of 0.02◦ (2θ) and an accumulation time of 1.0 s. The diffraction patterns were processed using the
PowderCell 2.4 software package. The identification of the crystalline phases was performed using the
JCPDS international diffraction database.

Experiments on FA decomposition were carried out in a flow U-shaped reactor (inner diameter
4 mm) at 120–320 ◦C under ambient pressure. The temperature of the catalytic bed was measured using
a chromel/alumel thermocouple placed in the middle of this bed. Before reaction, the copper-ceria
catalyst was pre-reduced in situ at 300 ◦C in a mixture of hydrogen (5 vol.%) diluted with N2 at a total
flow rate of 3000 mL/h during 1 h. After that, the reactor was cooled to 120–200 ◦C in a flowing mixture
of hydrogen and nitrogen and then the gas mixture was switched to (vol.%): 25 HCOOH and 75 N2.
The total gas hourly space velocity (GHSV) was 3500–35,000 h−1.

FA was fed into the reactor by passing N2 (99.999%) through a glass saturator filled with formic
acid (JSC Reahim, 99%) maintained at 60 ◦C. N2 and H2 were introduced to the reactor by gas flow-mass
meters (Bronkhorst). The inlet and outlet concentrations of H2, CO, CO2 and H2O were recorded
using gas chromatography (Chromos-1000, Chromos Engineering, Dzerzhinsk, Russia) equipped with
thermal conductivity and flame ionization detectors (Porapak T and CaA molecular sieves columns).
The minimum concentration of CO, CO2, H2 and H2O that could be determined using this method was
5·10−3 vol.%. During the experiments, the carbon balance was controlled with an accuracy of ±3%.
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Conversion of HCOOH, H2 selectivity, hydrogen yield and productivity were calculated by the
following formulas:

XHCOOH(%) =

Cin
HCOOH −Cout

HCOOH ×
Cin

N2
Cout

N2

Cin
HCOOH

× 100 (4)

SH2(%) =
Cout

CO2

Cout
CO2

+ Cout
CO

× 100 (5)

YH2(%) =
SH2 ×XHCOOH

100
(6)

WH2

(
L

h·gcat

)
=

F×Cout
H2
× Cin

N2
Cout

N2

100×mcat
(7)

where Cin, Cout are the concentrations before and after reactor, respectively; F is the flow rate of the
reaction mixture (L/h); mcat is the catalyst weight (g).

3. Results

3.1. Catalyst Characterization

Table 1 presents the data obtained from XRD patterns of fresh and used CuO-CeO2/γ-Al2O3

catalysts. It shows that the fresh catalyst contains phases of cerium dioxide and γ-Al2O3. A strong
decrease in the value of cerium dioxide unit cell parameter to 5.390 Å, as compared to the standard
value of 5.411 Å, was observed. This may be due to the insertion of copper ions with a smaller
ionic radius and a lesser degree of oxidation in the structure of cerium dioxide (r (Cu2+) = 0.76 Å,
r (Ce4+) = 1.01 Å). CeO2 is in a highly dispersed state; its CSR size is 40 Å. The phases of crystallized
copper species were not detected. Apparently, this fact indicates that copper oxide is in a form of either
well dispersed or amorphous species on γ-Al2O3 surface. For the used catalyst, we can see a slight
decrease in the CeO2 lattice parameter to a value of 5.395 Å. This fact most likely indicates the possible
formation of a mixed oxide of copper and cerium [24–26]. The phase of highly dispersed metallic
copper is also observed in the used catalyst. Most likely, this is due to the fact that part of the copper
ions leave the structure of cerium oxide during the reaction.

Table 1. XRD data for the CuO-CeO2/γ-Al2O3 catalysts.

Catalyst Phase Composition Unit Cell Parameters, Å CSR (Å)

Fresh
γ-Al2O3 7.918 50

CeO2 5.390 40

Used
γ-Al2O3 7.918 50

CeO2 5.395 30
Cu n.d. highly dispersed

Figure 2 shows the TEM image of the fresh CuO-CeO2/γ-Al2O3 catalyst and the HR TEM image
and EDX spectrum of the marked area. In the TEM image, we observed an agglomerate of about 50 nm
in size (the marked area). The HR TEM image and EDX spectrum of this area were recorded. The EDX
spectrum shows that this agglomerate consists of Cu and Ce and an atomic ratio Cu:Ce = 70:30 at.%.
In the high resolution TEM picture of the agglomerate, cerium dioxide particle (interplanar distances
d(111) = 0.312 and d(200) = 0.271 nm, not shown in figure) was observed. We were unable to detect
copper particles in the HR TEM image because of their low contrast. According to XRD data, copper
oxide phases were not observed in the fresh catalyst, so it can be concluded that copper oxide particles
were in a highly dispersed state.
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1800-

Figure 2. TEM image (a) of the fresh CuO-CeO2/γ-Al2O3 catalyst and the HR TEM (b) and EDX spectra
(c) of the marked area.

Figure 3 shows the TEM, HR TEM images and EDX spectrum of the CuO-CeO2/γ-Al2O3 catalyst
after reaction. It shows that, similar to the fresh catalyst, the used catalyst contains copper-ceria
agglomerates of about 30–50 nm in size and an atomic ratio Cu:Ce = 60:40 at.%. In the HR TEM image,
we observed CeO2 particles and no copper particles, as in the case of the fresh catalyst. However,
according to XRD data, the used catalyst contains the phase of highly dispersed metallic copper. We
believe that this phase refers to particles outside the agglomerates. These particles obviously suffer
sintering during long-term operation of the catalyst and therefore lose activity. At the same time,
the active sites of the catalyst are particles of copper stabilized by cerium oxide which do not undergo
changes during the formic acid decomposition reaction.

So, the CuO-CeO2/γ-Al2O3 catalyst surface contains the agglomerates of 30–50 nm in size which
consist of mixed copper-cerium oxide (solid solution) particles of 5–7 nm in size, and some fine
dispersed copper. We suggest that these agglomerated mixed copper-cerium oxide particles are the
active coppers sites of the catalyst, which is in agreement with our previous work [13].
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Figure 3. TEM image (a) of the used CuO-CeO2/γ-Al2O3 catalyst and the HR TEM (b) and EDX spectra
(c) of the marked area.

3.2. Catalytic Performance of CuO-CeO2/γ-Al2O3 in FA Decomposition

Figure 4 demonstrates dependencies of FA conversion and outlet H2, CO2, CO concentrations
at FA decomposition over 10%Cu-5%CeO2/γ-Al2O3 catalyst at GHSV of 3500 h−1 (Figure 4a) and
35,000 h−1 (Figure 4b) on temperature. Equilibrium values are shown by dashed lines. The equilibrium
compositions were calculated assuming equilibrium mixtures contained only H2, H2O, CO2 and CO.
The equilibrium and experimental values of H2O are not shown because they coincide with respective
values of CO, as well as the equilibrium values of CO2 which are nearly similar to those of H2.

The products of formic acid decomposition were H2, H2O, CO2 and CO; no other products were
observed. As shown in Figure 4, FA conversion rises with increasing temperature and gets 100% at
200 ◦C, GHSV = 3500 h−1, and at 300 ◦C, GHSV = 35,000 h−1. The product concentrations also increase
with increasing temperature. In the case of GHSV = 3500 h−1, at temperatures above 200 ◦C, the H2

and CO2 concentrations are above their equilibrium composition, whereas the CO concentration is
below the equilibrium value. This is because the RWGS Reaction (3) does not reach equilibrium during
the experiment. Such behavior is typical for this catalyst; similar results were obtained in the steam
reforming of methanol, DME and DMM [13]. As GHSV increased to 35,000 h−1, the temperature
dependencies of FA conversion and product concentrations shifted to a higher temperature region.
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Complete FA conversion was reached at 300 ◦C, whereas the CO concentration remained constant and
stayed below 0.5 vol.%.

Figure 4. Effect of temperature on formic acid conversion and H2, CO and CO2 outlet concentrations
in formic acid decomposition over CuO-CeO2/γ-Al2O3 catalyst at gas hour space velocity = 3500 h−1

(a) and gas hour space velocity = 35,000 h−1 (b). Reaction conditions: p = 1 atm, inlet composition,
vol.%: N2:HCOOH = 75:25. Solid lines—experiment, dotted lines—thermodynamic equilibrium values.

Figure 5 illustrates how the hydrogen yield and CO concentration depended on the reaction
mixture feed rate at FA decomposition over CuO-CeO2/γ-Al2O3 at 300 ◦C. It shows that, even with
ten-fold increase in GHSV, the hydrogen yield and CO concentration remained almost unchanged and
amount to 98% and 0.4 vol.%, respectively.

Figure 5. Effect of GHSV on H2 yield (�) and outlet CO concentration (�) over CuO-CeO2/γ-Al2O3

catalyst for HCOOH decomposition. Reaction conditions: p = 1 atm, T = 300 ◦C, X (HCOOH) = 100%.
Inlet composition, vol.%: N2:HCOOH = 75:25.

Figure 6 illustrates the effect of time on stream on the FA conversion and the outlet concentrations
of H2 and CO in FA decomposition over CuO-CeO2/γ-Al2O3. The experiment was carried out at 250 ◦C
and GHSV = 35,000 h−1. It showed that during 8 h on stream, the catalyst was stable and supported
constant values of FA conversion and H2 and CO concentrations. We tend to explain this catalyst
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stability by the fact that the copper particles on the CuO-CeO2/γ-Al2O3 surface were stabilized by ceria
and thus protected against sintering.

Figure 6. Effect of time on stream on CO and hydrogen outlet concentrations in FA decomposition
over CuO-CeO2/γ-Al2O3 catalyst. Reaction conditions: p = 1 atm, T = 250 ◦C, GHSV= 35,000 h−1; Inlet
composition, vol.%: N2:HCOOH = 75:25.

So, the results obtained (Figures 4–6) show that complete conversion of FA over 10% CuO-5%
CeO2/γ-Al2O3 was reached at temperatures 200–300 ◦C, yielding H2 and CO2 as the main products.
The CO concentration was below 0.5 vol.%. The catalyst provided high hydrogen yield (~100%) in a
wide range of GHSV = 3500–35,000 h−1 at temperatures 200–300 ◦C.

In this work, the catalyst properties were studied using reaction mixture diluted with nitrogen.
Note again that nitrogen was used as an internal standard to provide correct determination of the
reaction parameters. Clearly, hydrogen-rich gas mixture for FC feeding should be free of nitrogen
dilution. Our calculations for nitrogen-free reaction mixture showed that FA decomposition over 10%
CuO-5% CeO2/γ-Al2O3 produces hydrogen-rich gas of composition (vol.%): 48 H2, 48 CO2, 2 CO, 2
H2O that is appropriate for direct feeding HT PEM FC.

Table 2 compares the results on vapor phase FA decomposition over CuO-CeO2/γ-Al2O3 and
other efficient catalysts: Cu/N-doped carbon [20]; 1% Au/SiO2 [21]; and Ir-, Pt-, Rh-, Pd-/C [22]. All data
refer to complete FA conversion. Note that H2 and CO2 were the main products of FA decomposition
over these catalysts. According to the cited data, the product distribution insignificantly depended on
the reaction conditions, and the maximum yield of H2 (92–99.5 %) was observed at 200–300 ◦C for
all catalysts.
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Table 2. Comparison of catalyst activities in formic acid decomposition.

Catalysts T, ◦C
Reaction Condition

Y (H2), % Refs
HCOOH: Inert vol.%:vol.% FA Flow Rate, h−1

10% CuO-5% CeO2/γ-Al2O3
200 25:75 875 98

This work300 25:75 8750 98

Cu/C 270 5:95 3150 1 97.4 [20]

1% Au/SiO2 250 7:93 560 99.5 [21]

2% Ir/C
2% Pt/C
2% Rh/C
2% Pd/C

200 5:95 400

99.5
98.6
97

91.7

[22]

1—data calculated per gram catalyst 3150 mL/(h gcat).

Thus, the literature data [20] and results of the present work prove that Cu-based catalysts
are effective in the reaction of FA decomposition and keep up with catalysts containing the VIII
group metals.

As mentioned above (see Introduction), the CuO-CeO2/γ-Al2O3 catalyst was effective in
dimethoxymethane, dimethyl ether, methanol SR reactions [12,13]. It seems reasonable to compare the
catalytic properties of CuO-CeO2/γ-Al2O3 catalyst in dimethoxymethane, dimethyl ether, methanol SR
and FA decomposition reactions in order to extend the scope of multifuel processor applications.

Table 3 presents the following data: temperature of 100% conversion of dimethoxymethane,
dimethyl ether, methanol and FA to H2-rich gas; H2 yield; outlet CO concentration in the produced
H2-rich gas; and H2 productivity. Complete dimethoxymethane, dimethyl ether, methanol and FA
conversion was attained at 300–370 ◦C. Regardless of the raw material, the catalyst yielded H2-rich
gas containing low outlet CO concentration (≤1 vol.%), which can be used directly for HT PEM FC
feeding [1–3]. H2 productivity of the CuO-CeO2/γ-Al2O3 catalyst (Table 3) in FA decomposition (~15 L
H2/gcat·h) was the same as in DMM, DME, methanol SR reactions. Taking into account these H2

productivity data, we calculated that just ~50 g of the CuO-CeO2/γ-Al2O3 catalytic system is enough
to operate a 1 kW HT PEM FC-based power unit using any substrate—DMM + H2O, DME + H2O,
methanol + H2O or FA.

Table 3. Performance of the CuO-CeO2/γ-Al2O3 catalyst in dimethoxymethane, dimethyl ether,
methanol steam reforming and FA decomposition.

Reactions
Inlet Composition T GHSV Y (H2) CO W (H2)

Refs
vol.% ◦C h−1 % vol.% l/(h gcat)

DMM SR C3H8O2:H2O:N2 = 14:70:16 300
10,000

95 0.5 15.5
[12]DME SR C2H6O:H2O:N2 = 20:60:20 370 90 1 15

Methanol SR CH3OH:H2O:N2 = 40:40:20 300 95 1 15

FA decomposition HCOOH:N2 = 25:75 300 35,000 98 0.45 15 This work

4. Conclusions

A CuO-CeO2/γ-Al2O3 catalyst for vapor-phase formic acid decomposition to H2-rich gas is
suggested. The catalyst containing CuO-CeO2 mixed oxides on the γ-Al2O3 surface is active and
selective in formic acid decomposition to H2-rich gas with low CO concentration (<0.5 vol.%).
In particular, the CuO-CeO2/γ-Al2O3 catalyst provides 100% conversion of formic acid with H2 yield
~98% at 200–300 ◦C and GHSV = 3500–350,000 h−1. Moreover, the CuO-CeO2/γ-Al2O3 catalyst shows
high prospects for the multifuel processor concept. It enables the H2 generation from oxygenated
compounds of C1 chemistry (dimethyl ether, methanol, dimethoxymethane and formic acid) under
similar reaction conditions.
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Abstract: Formic acid (FA) can easily be decomposed, affording molecular hydrogen through a
controllable catalytic process, thus attaining great importance as a convenient hydrogen carrier for
hydrogen energetics. Supported gold nanoparticles are considered to be among the most promising
catalysts for such applications. However, questions remain regarding the influence of the catalyst
support on the reaction selectivity. In this study, we have examined the catalytic activity of typical
gold catalysts, such as Au/TiO2, Au/SiO2, and Au/Al2O3 in decomposition of FA, and then compared
it with the catalytic activity of corresponding supports. The performance of each catalyst and support
was evaluated using a gas-flow packed-bed reactor. It is shown that the target reaction, FA→H2 +

CO2, is provided by the presence of gold nanoparticles, whereas the concurrent, undesirable pathway,
such as FA→ H2O + CO, results exclusively from the acid-base behavior of supports.

Keywords: hydrogen energetics; hydrogen carrier; formic acid dehydrogenation; supported
gold catalysts

1. Introduction

Formic acid (FA) is one of the liquid organic hydrogen carriers (LOHC), which contains 4.4 wt%
of hydrogen. This chemical is persistent and thus, can be safely stored, transported, and applied as
a source of hydrogen for the needs of hydrogen energetics instead of difficult to handle molecular
hydrogen [1–3]. Sufficient stability combined with low toxicity and low flammability provides
additional advantages for the practical use of FA. It is important that FA can be produced sustainably
from biomass [4,5] or via reaction of CO2 with hydrogen, which can be obtained by electrolysis [6,7].
Another key point is that FA undergoes facile dehydrogenation over supported noble metal catalysts
at mild conditions. In particular, it was reported that the activity of Au/Al2O3 catalysts was higher
compared to that of Pt/Al2O3 catalysts in the gas-phase reaction [8]. Overall, the catalytic behavior
of supported Au in the FA decomposition is influenced by the nature of the support [9,10], the gold
dispersion [8,11], and the use of basic cocatalysts [12–14].

In principle, FA can be decomposed through the desired path (1) to afford a mixture of molecular
hydrogen and carbon dioxide or alternatively, FA can undergo dehydration to give concurrently highly
undesirable carbon monoxide (path 2):

HCOOH→ CO2 + H2 (1)

HCOOH→ CO + H2O (2)

It is noteworthy that despite significant efforts in finding efficient homo- and heterogeneous
catalysts to address pathway (1), the achievement of near-theoretical-maximum selectivity of this
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reaction is still a challenging task. On the other hand, it was demonstrated recently that gold
catalysts with the same gold content (~2.5 wt%) and mean Au-particles size (2.4–3.0 nm) supported
on MgO, La2O3, ZrO2, CeO2, and Al2O3 have exhibited a clear volcano-type dependence of the FA
decomposition along path (1) on the electronegativity of the support’s cation, with the Au/Al2O3

on the top [9]. Moreover, the latter catalyst has demonstrated the best selectivity and practically
CO-free hydrogen production. Based on these findings, it was suggested that dehydrogenation of
FA should be catalyzed by gold nanoparticles but only in combination with the acid-base activity of
the support. It is significant in this context that the acid-base reactivity of metal oxides themselves
toward dehydration/dehydrogenation of FA is also generally known [15–17]. However, the relative
contribution of oxide support as part of the gold catalyst to pathways (1) and (2) remained uncertain.

In order to fill that gap, in this study, we have examined the catalytic behavior of gold catalysts,
such as Au/Al2O3, Au/TiO2, and Au/SiO2 in decomposition of FA, and then compared it with the
catalytic activity of corresponding supports. It is found that the undesirable pathway (2) results
exclusively from the acid-base behavior of supports, regardless of the presence of gold.

2. Materials and Methods

Commercially available Al2O3 (A-201 La Roche Industries Inc.), SiO2 (Merck), and TiO2 (Aerolyst
7708 Degussa AG) have been used as oxide supports. The deposition of gold on the oxide supports was
implemented by a direct ionic exchange method using ammonia according to a procedure elaborated
by Ivanova et al. [18]. An aqueous 5 × 10−4 M solution of HAuCl4 (99.9%, ABCR, Darmstadt, Germany)
was mixed with a support in a ratio corresponding to the Au concentration of 2 wt%. After stirring at
70 ◦C for 2 h, a 4 M solution of ammonia was added. The suspension thus obtained was stirred at
70 ◦C for an additional 1 h, then filtered off and washed with water. The samples were dried overnight
at 80 ◦C and calcined at 300 ◦C for 4 h.

The specific surface area of the catalysts was determined from N2 adsorption isotherms at 77.3 K
on a Quadrosorb evo (Quantachrome Instruments, USA) analyzer after degassing the samples with the
use of a FLOVAC Degasser (Quantachrome Instruments, USA) instrument.

XPS study was performed with a SPECS Phoibos 150 (Germany) photoelectron spectrometer. The
spectra were recorded using an AlKα source with quantum energy of 1486.6 eV. The energy scale
was calibrated against the binding energy of gold Au4f7/2 equal to 84.0 eV. A carbon C 1s peak for
hydrocarbon impurities at 285.0 eV was used as a reference for the energy scale calibration.

The gold content in the catalysts was determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) using an Optima 5300 DV (Perkin-Elmer) instrument. The samples (50 mg)
were dissolved in 5 ml of imperial water (2HNO3 and 6HCl). The solutions obtained were diluted
with water to 100 ml and then analyzed.

Transmission electron microscopy (TEM) was performed with a Zeiss LEO 912 OMEGA (Germany)
microscope at an acceleration voltage of 120 kV. To determine the mean diameter of Au particles, more
than 100 particles were chosen.

The gas-phase decomposition of formic acid was performed in a quartz tube flow reactor with an
internal diameter of 6 mm. Activity tests were carried out at atmospheric pressure using 20 mg of
a catalyst mixed with 0.5 mL of quartz sand (d = 0.25 mm). The overall length of the catalyst layer
was ~20 mm. The gas mixture (5 vol% formic acid in He) was fed at a rate of 20 mL min−1. The
experiments were carried out in the temperature-programmed mode. The heating rate was 2 ◦C min−1.
The reaction temperature was measured with a thermocouple inserted into the catalyst bed. In order to
achieve reproducible results, prior to activity measurements, the catalysts were pretreated in the reactor
according to a standard procedure: heating at 300 ◦C in a flow of 5 vol% HCOOH in He for 15 min,
which ensured the in situ reduction conditions. Then the catalysts were cooled in the same mixture to
the reaction temperature. The progress of the reaction was monitored by gas chromatography, judged
by the production of CO and CO2, as described earlier [19].
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3. Results

3.1. Catalysts Characterization

It is known that the most active gold catalysts contain small gold particles, which are less than
10 nm in diameter, especially on such supports as reducible TiO2. With this in mind, samples of
Au/TiO2, Au/Al2O3, and Au/SiO2 with a gold content of ~2 wt% and an average gold particle size
below 3 nm were prepared. The gold particle size was estimated by TEM. The particle size distribution
of Au/TiO2, Au/Al2O3, and Au/SiO2 samples are shown in Figure 1. The gold loading in the prepared
samples was determined by using ICP-OES. The exact loadings of Au, the surface areas of the catalysts
found by BET, and the average sizes of gold particles are stated in Table 1.

(a)

(b)

(c)

Figure 1. Particle size distribution of (a) Au/TiO2, (b) Au/Al2O3, (c) Au/SiO2 catalysts.

Table 1. Characteristics of Au-based catalysts and corresponding supports.

Sample Au Loading (wt%) SBET (m2·g−1) Average Size of Au Particles (nm)

TiO2 - 45 -
Au/TiO2 1.9 45 2.4 ± 0.9

Al2O3 - 200 -
Au/Al2O3 1.8 199 2.2 ± 1.0

SiO2 - 480 -
Au/SiO2 2.1 440 1.6 ± 0.8
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The Au catalysts were also characterized by XPS in order to gain insight into the electronic state
of Au. The XPS showed the presence of Au in the metallic state only (Au 4f7/2~84.0 eV) (Figure 2),
while the nature of the support did not influence notably the electronic state of Au. However, the
deconvolution of the XPS spectra revealed the existence of metallic gold with peaks shifted towards
lower binding energies. This can be related to divers phenomena—the electron transfer from the
support to particles of gold [20,21] and/or to a dominant effect of the atoms at low coordinated sites
present in small particles, as it was proposed by Radnik et al. [22,23].

Au/SiO2

Au/Al2O3

Au/TiO2

Figure 2. XPS of gold-containing catalysts in the Au 4f region.

3.2. Catalytic Activity

The catalytic performance of the oxide supported gold catalysts is shown in Figure 3. Despite
the comparable content of gold (~2 wt%) and mean Au-particles size (~2 nm), the catalytic properties
of Au/TiO2, Au/SiO2, and Au/Al2O3 samples in the FA decomposition are notably different. The
relative activity of the catalysts turned out to be as follows: Au/TiO2 > Au/SiO2 > Au/Al2O3. Complete
conversion of FA was achieved at 190 ◦C for Au/TiO2, whereas for Au/Al2O3 and Au/SiO2, the FA
conversion had attained only 5 and 15% at the same conditions. However, decomposition of FA
occurred by different pathways. The most active catalyst, Au/TiO2, provided mainly undesirable
pathway (2) to give CO and H2O. For this catalyst, the selectivity towards H2 formation was below 5%
at complete conversion of FA. In contrast, decomposition of FA on Au/Al2O3 and Au/SiO2 afforded
mostly H2 and CO2 with a selectivity of ~80% (at complete conversion of FA).

For illustration, the long-term performance of Au/SiO2 in the FA decomposition is presented in
Figure 4. As can be seen, the catalytic activity and reaction selectivity practically did not change, even
after FA dehydrogenation for 5 h at 228 ◦C.

Figure 5 shows the catalytic activity of Au/SiO2, Au/Al2O3, and Au/TiO2 samples versus that of
the corresponding oxide supports. It is definitely seen that the catalytic performance of Au/TiO2 relies
almost entirely on the action of TiO2 (Figure 5c). Unfortunately, TiO2 (and therefore, Au/TiO2) is more
inclined to catalyze dehydration of FA on its acid sites [17], thus demonstrating comparatively poor
catalytic activity towards the desirable path (1).
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Au/SiO2

Au/Al2O3

Au/TiO2

Au/SiO2

Au/Al2O3

Au/TiO2

Figure 3. Conversion of formic acid (FA) (a) and selectivity to H2 and CO2 formation (b) in the
decomposition of FA as a function of temperature on gold-containing catalysts.

Figure 4. Long-term FA decomposition on Au/SiO2 at 228 ◦C.
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 SiO2

Au/SiO2

 Al2O3

Au/Al2O3

Au/TiO2

TiO2

Figure 5. Conversions of FA (cycles) and selectivities to H2 and CO2 formation (squares) in the
decomposition of FA on (a) Au/SiO2 and SiO2; (b) Au/Al2O3 and Al2O3; (c) Au/TiO2 and TiO2.

In contrast, SiO2 itself has shown much lower catalytic activity compared to Au/SiO2 (Figure 5a).
The selectivity to FA dehydrogenation on SiO2 is comparatively low and inversely associated with FA
dehydration. Pure Al2O3 behaves in a similar way. The selectivity of FA conversion to H2 and CO2 is
very low (Figure 5b). Thus, none of the oxide supports has demonstrated significant selectivity for H2
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production. On the contrary, their acid-base properties lead mainly to the undesirable decomposition
of FA by pathway (2).

In general, these observations are in accordance with recent findings on the enhanced selectivity
to hydrogen formation in FA decomposition over gold and other metals supported on an inert
support, such as carbon or carbon doped with nitrogen [14,24–27]. However, these results were
considered mainly in terms of the increased catalytic activity of corresponding catalysts toward FA
dehydrogenation. In our vision, the oxide supports, such as SiO2, Al2O3, and especially TiO2, strongly
compete with the target reaction, promoting acid-catalyzed dehydration of FA.

4. Conclusions

It is shown that the oxide support (regardless of whether it is TiO2, Al2O3, or SiO2) does not affect
the electronic state of the supported nanoparticles of gold, which exist in the metallic state. However, a
notable effect of the oxide support on the selectivity of hydrogen production from FA decomposition is
found. The target reaction (FA→ H2 + CO2) competes strongly with dehydration of FA due to the
acid-base properties of the supports in the order given: TiO2 > Al2O3 ~ SiO2. Hence, the results of this
study can be applied for the development of supported gold catalysts with the diminished acidity of
supports for the selective hydrogen production via FA decomposition.
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Abstract: The production of H2 from the so-called Liquid Organic Hydrogen Carriers (LOHC) has
recently received great focus as an auspicious option to conventional hydrogen storage technologies.
Among them, formic acid, the simplest carboxylic acid, has recently emerged as one of the most
promising candidates. Catalysts based on Pd nanoparticles are the most fruitfully investigated,
and, more specifically, excellent results have been achieved with bimetallic PdAg-based catalytic
systems. The enhancement displayed by PdAg catalysts as compared to the monometallic counterpart
is ascribed to several effects, such as the formation of electron-rich Pd species or the increased
resistance against CO-poisoning. Aside from the features of the metal active phases, the properties
of the selected support also play an important role in determining the final catalytic performance.
Among them, the use of carbon materials has resulted in great interest by virtue of their outstanding
properties and versatility. In the present review, some of the most representative investigations
dealing with the design of high-performance PdAg bimetallic heterogeneous catalysts are summarised,
paying attention to the impact of the features of the support in the final ability of the catalysts towards
the production of H2 from formic acid.

Keywords: hydrogen production; formic acid; heterogeneous catalysts; bimetallic nanoparticles;
PdAg; AgPd; alloy

1. Introduction

If we think about the major problems faced by mankind, many socio-political matters, such as
the economy, wars, terrorism, etc., would come to our minds. However, people are much less
aware of environmental issues, which, for some people, are still a remote concept far from being
within their concerns. Even if we do not “perceive” the global warming in our day-to-day existence,
catastrophic consequences, such as the ozone depletion, or the extinction of species and destruction
of marine habitat and deforestation, are a fact that jeopardises the continuity of our life as we know
it nowadays. Never before our planet and existence have depended to such an extent on how we
cope with climate change. Creating a sustainable world society is mandatory to reduce the human
impact on nature, and using scientific knowledge as a guide is the only option. Many actions could
be taken to reduce the anthropogenic impact on the environment. However, since mankind’s energy
production and, in particular, the combustion of fossil fuels (coal, oil, and natural gas), is the main
responsible for the anthropogenic emission of greenhouse gases, the transition towards renewable and
carbon-free energy sources is required in the present environmental context to minimise hazardous
anthropogenic interference with the natural climate system. Even though such necessity is an obvious
fact, it is challenging not only for developed countries in which the living standard requires large
energy supplies, but also for those developing countries that experience a high population growth.
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Among greenhouse gases, carbon dioxide (CO2) is considered the most important because,
even though its global warming potential (GWP) is much lower than that of other gases, the emissions
of CO2 are far more abundant. GWP parameter was developed to compare the global warming
impacts of different gases and it is a measure of how much energy the emissions of 1 ton of a gas
will absorb over a given period, relative to the emissions of 1 ton of CO2, which is used as the
reference. Then, CO2 has a GWP of 1 regardless of the time used, while GWP is 28–36 and 265–298
times that of CO2 for methane (CH4) and nitrous oxide (N2O), respectively [1]. Such considerations,
that are nowadays central scientific and social concerns, have a long historical background within the
research community. Arrhenius was among the first to hypothesise about the impact of CO2 on the
Earth’s climate [2], but his hypothesis was overlooked until the 1950s [3]. Now, after more than half
a century, there is not yet a chemical process able to efficiently clean the growing volumes of CO2 in
the atmosphere. Some interesting actions taken so far are related to the production of hydrocarbon
fuels by recycling H2O and CO2 with renewable energy sources or the CO2 capture and sequestration
(CCS) technology [4–7].

In such energy and environmental context, the search for alternative carbon emission-free
energy sources is required to avoid further disastrous consequences. Hydrogen (H2), a carbon-free
fuel, is considered an ideal energy vector. However, the job is far from done and there are
still important limitations for the implementation of hydrogen into the global energy scenario.
Moreover, H2 is not readily available in nature and, even though it can be generated from renewable
sources (i.e. gasification of biomass/biofuels and water splitting), it is mostly produced via steam
reforming process, which indeed is not sustainable because it uses fossil fuels and CO2 is produced [8].
Moreover, aside from that, there are also significant limitations related to its difficult storage and
delivery [9], as well as safety issues derived from its high flammability and potential explosiveness [10].
A promising alternative to overcome those limitations is the production of H2 from hydrogen carrier
molecules. Among them, the so-called Liquid Organic Hydrogen Carriers (LOHC) have recently
received great attention as an interesting option to conventional hydrogen technologies, with particular
importance for mobile applications. In such molecules, H2 is stored and delivered through reversible
hydrogenation and dehydrogenation chemical reactions upon utilisation of suitable catalysts [11].
Among the virtues of LOHC is the fact that they may use the existing infrastructure for fuel [12].
Although the first studies on LOHCs took place in the early 1980s, a renewed interest has emerged
in the last years [11,13]. Bessarabov et al. recently summarised the properties of a “good” LOHC
as follows [12]: (1) Low melting point (< −30 ◦C) and high boiling point (> 300 ◦C); (2) High
hydrogen storage capacity; (3) Ability to undergo very selective hydrogenation and dehydrogenation
reactions for long life cycles of charging and discharging; (4) Toxicological and eco-toxicological safety;
(5) Low production costs and good technical availability. Formic acid (methanolic acid, HCOOH,
FA), the simplest carboxylic acid (pKa = 3.75), is an outstanding LOHC candidate, which not only
encompasses most of the features listed above but also, it is a product of the hydrogenation of
CO2 [14,15].

The relative moderate hydrogen capacity of 4.4 wt.% might seem to be its weak point as compared
to other LOHC [16]. However, its high density of 1.22 g/cm3 leads to a volumetric capacity of 53 gH2/L,
equivalent to an energy density of 1.77 kW·h/L, which is larger than the value of compressed hydrogen
at 70 MPa [9,17].

The production of H2 from FA was firstly investigated by Coffey in 1967 [18], but it was not until
2008 when the interest of FA as a LOHC was renewed thanks to the independent investigations carried
out by Laurenczy and Beller [19–21]. Along these years, studies dealing with the production of H2

from FA have been carried out by using both, homogeneous and heterogeneous catalysts of diverse
composition [22–24]. Due to their significance within the catalytic systems applied to this reaction,
this paper reviews some of the most representative studies dealing with the decomposition of FA using
PdAg-based bimetallic catalysts.
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2. Decomposition of Formic Acid

The decomposition of FA can follow two pathways according to the following reactions:

Dehydrogenation (decarboxylation): HCOOH↔ H2 + CO2; ΔGo = −32.9 kJ mol−1 (1)

Dehydration (decarbonylation): HCOOH↔ H2O + CO; ΔGo = −12.4 kJ mol−1 (2)

The dehydrogenation path is the target reaction for the production of H2, while dehydration
should be avoided due to the poisonous effect of CO. The yield of each reaction could be affected by
the reaction conditions (i.e. temperature, concentration, presence of additives, etc.) [25], as well as by
the features of the catalytic system used [26].

The decomposition of FA has traditionally been tackled using homogeneous catalysts.
Noteworthy in this field are the studies performed by Laurenczy and Beller [25,27,28].
However, their obvious limitations in terms of practical application and recovery capabilities have
motivated the search for efficient and selective heterogeneous systems able to produce H2 from FA
under mild conditions. In this sense, there is an increasing number of publications reporting on the
investigation of catalytic systems able to catalyse the reaction while exploring the features of either
support or metal active phase. Special mention should be made of those breakthroughs achieved
Xu et al. [29–34], Mori et al. [35–46] and Bulushev et al. [47–57].

Most of the heterogeneous catalysts used are based on metal nanoparticles immobilised on
supports of diverse nature (i.e. carbon materials, MOF, zeolites, resins, etc.) [23,58,59]. Among the
various compositions of the metal active phase analysed so far, Pd nanoparticles are unquestionably
the most widely employed since they display both high conversion of FA and selectivity values at
moderate temperatures. However, the main weakness of those Pd-based monometallic catalytic
systems is the low stability due to quick deactivation by adsorption of reaction intermediates and
CO. Such negative effect can be reduced by modification of the properties of Pd nanoparticles by
incorporating a second element to form alloy-structures or core-shell Pd-based catalysts. Among those
possible compositions, PdAg bimetallic nanoparticles should be highlighted due to their outstanding
performance. Furthermore, it is well-known that the final behaviour of the catalysts will not be
only given by the active metal phase, but will also depend on the support used, which opens up
countless options for tailoring the catalytic properties of the final materials. Herein, some of the most
representative approaches followed towards the development of high-performance heterogeneous
PdAg catalysts for the decomposition of FA will be reviewed.

3. Decomposition of Formic Acid over PdAg Bimetallic Catalysts

Heterogeneous catalysts formed by bimetallic Pd-based nanoparticles are promising catalysts
towards the decomposition of FA. In particular, those systems based on Pd in conjunction with other
noble metal have been widely investigated. PdAg-based catalysts deserve the pole position among
those bimetallic systems used in this application. They have been proved to be one of the most successful
options for attaining high catalytic activity by virtue of the resulting electron-rich Pd species caused by
electron transfer from Ag to Pd in the nanoparticles (the so-called “ligand effect”), which is driven by the
net difference in electronegativity (2.2 and 1.9 in Pauling scale, for Pd and Ag, respectively). It has been
demonstrated that such electron-rich Pd species promote the cleavage of the O-H bond of FA molecules
and favour the formation of formate intermediates. Detailed studies on the reaction mechanisms by
kinetic isotope effect (KIE) using HCOOH, HCOOD, and DCOOH [35,37] were very useful to relate
the presence of such electron rich species with the improved catalytic performance resulting from
the facilitated O-H and C-H bond dissociations. Furthermore, studies in which experimental results
were combined with theoretical calculations were also useful to relate the presence of electron-rich
Pd species of bimetallic nanoparticles with the enhancement observed in the final catalytic activity
resulting from the favoured O-H and C-H cleavage [38]. Furthermore, lattice contraction of the Pd
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surface by incorporation of a second element can also modify the adsorption site preference of FA
molecules and suppress the formation of CO [60,61]. Aside from the features of the resulting Pd
species, an additional benefit of these systems is that Pd and Ag can dissolve in each other to form
bimetallic alloys with a huge range of compositions [62], which allows the preparation of catalysts
with well-defined composition. Promising results have also been achieved with PdAu bimetallic
nanoparticles, but the higher cost of Au as compared to Ag hinders its use.

The investigation conducted by Tsang et al. was one of the first studies reporting on the benefits
of PdAg catalysts [26]. Three adsorption modes of FA molecules on the surface of the nanoparticles,
i.e. monodentate (linear), bidentate (bridging), and multidentate (multilinear), were identified in
that study, which were claimed to be prevalent on different sites. According to what they observed,
the bridging form was prevalent on terrace sites and it favoured the dehydrogenation path (H2 + CO2),
while monodentate and multidentate modes were favoured on surface-unsaturated sites and boost the
dehydration pathway (H2O + CO). Based on that observation, Ag–Pd core-shell nanocatalysts were
designed and applied. The electronically modified Pd species originated from the charge transfer from
Ag cores were responsible for strengthening the adsorption of bridging modes and for the subsequent
enhancement of the catalytic performance. Among other characterization techniques, that study
included Fourier transform infrared (FTIR), which was very useful to relate the performance of the
catalysts with their properties. The promising results achieved in that study boosted the search for
new PdAg-based catalysts. Among the most representative studies are those using carbon materials
as supports [58], but some other interesting materials have also been used. In the following sections,
representative studies on the decomposition of FA over PdAg-based catalysts supported on diverse
materials are addressed.

In order to provide the readers at a glance view of the results achieved in this field, Table 1 lists
some of the most representative PdAg-based bimetallic heterogeneous catalysts studied so far for the
dehydrogenation of FA, together with the experimental conditions used and TOF values obtained.
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Table 1. PdAg heterogeneous catalytic systems for the dehydrogenation of FA.

Catalysts Temperature(◦C) Additive
Concentration

of FA and
Additive (a)

TOF (h−1) Reference

AgPd@MIL-100(Fe) 25 - 1 M 58 [63]
PdAg/C–FA 25 HCOONa 5 M + 5 M 90 (b) [64]

Ag0.1-Pd0.90/rGO 25 HCOONa 1 M + 0.67 M 105 (b) [65]
C-Pd1Ag1 BNSs 25 HCOONa 1 M + 0.5 M 156 [66]
Ag6Pd1/N-rGO 25 - 5 M 171 [67]

PdAg-MnOx/N-SiO2 25 - 0.25 M 330 (b) [62]
AgPd-Hs/G 25 HCOONa 2.5 M + 2.5 M 333 [68]

Ag@Pd/N-GCNT 25 - N/A 413 [69]
Ag74Pd26/graphene 25 HCOONa 0.9 M + 0.1 M 572 [70]

PdAg-MnOx/N-SiO2 30 - 0.25 M 530 (b) [62]
AgPd/MOF-5-C 30 HCOONa 1.25 M + 3.75 M 854 [71]
PdAg-CeO2/MC 30 HCOONa N/A 2272 [72]

PdAg-MnOx/N-SiO2 35 - 0.25 M 700 (b) [62]
PdAg-MnOx/N-SiO2 40 - 0.25 M 1430 (b) [62]

C-Pd1Ag1 BNSs 50 HCOONa 1 M + 0.5 M 378 [66]
C-Ag42Pd58 50 - 1 M 382 (b) [73]

Ag9Pd91/g-C3N4 50 HCOONa 1.5 M + 0.5 M 480 [74]
Pd50Ag50/Fe3O4/N-rGO 50 - 1.33 M 497 [75]

Ag0.25Pd/WO3 50 HCOONa 0.15 M + 1.2 M 683 [76]
Ag10Pd90/0.2CND/SBA-15 50 HCOONa 1.5 M + 0.5 M 893 [77]

Ag1Pd9/SBA-15-Amine 50 HCOONa 1.5 M + 0.5 M 964 [78]
Ag1Pd9@NPC 50 HCOONa N/A 3000 [79]

Ag1Pd9–MnOx/carbonspheres 50 HCOOK 5 M + 15 M 3558 [80]
PdAg@ZrO2/C 50 HCOOK 2.5 M + 10 M 9206 [81]

Ag74Pd26/graphene 60 HCOONa 0.9 M + 0.1 M 572 [70]
PdAg@ZrO2/C/rGO 60 HCOONa 3 M + 7.5 M 4500 [32]

Ag1Pd2/CN 75 - 2 M 621 (b) [82]
Pd1Ag2/C(1) 75 HCOONa 0.9 M + 0.1 M 855 (b) [43]

PdAg/amine-MSC 75 HCOONa 0.9 M + 0.1 M 5638 [15]
Ag18Pd82@ZIF-8 80 HCOONa N/A 580 [83]

Ag20Pd80@MIL-101 80 HCOONa N/A 848 [84]
Ag1Pd4@NH2–UiO-66 80 - 1.25 M 893 (b) [85]

AgPd@NPC 80 HCOONa 0.25 M + 0.25 M 936 [86]

Notes: (a) Expressed as concentration of FA (M) + concentration of additive (M); (b) Initial TOF values.

3.1. Carbon-supported PdAg Catalysts

The success in attaining high-performance catalysts lies, to a large extent, in controlling their
final features in terms of composition, morphology, and electronic properties, as well as in finding
the properties-activity relationship. For that, diverse and numerous approaches for the control of the
features of both metal active phase and catalytic support have been tackled. Among investigated
catalytic supports, the role of carbon materials should be highlighted. Their thermal stability,
surface resistance in both basic and acidic medium, tunable porosity and surface chemistry, etc., provide
great options towards the design of high-performance catalysts while exploring numerous approaches.

Li et al. investigated the effect of the reducing agent (sodium borohydride (SB), formic acid
(FA), ascorbic acid (AA), and hydrogen) utilised during the preparation of catalysts based on PdAg
nanoparticles supported on carbon (PdAg/C–SB, PdAg/C–FA, and PdAg/C–AA, and PdAg/C–H) [64].
It was observed that, while the wet-chemical reduction method provided similar average nanoparticle
size in all cases (~5 nm), larger nanoparticles were attained by using gas-chemical reduction (7.5 nm).
Besides, XPS analysis was used to get information about the surface composition of the nanoparticles.
It was found that surface Pd/Ag molar ratios followed the order PdAg/C–AA > PdAg/C–FA >
PdAg/C–H > PdAg/C–SB (2.97, 2.48, 2.34, and 0.81, compared to the nominal Pd/Ag molar ratio of
1), indicating the importance of the reducing agent in controlling the surface composition of PdAg
nanoparticles. Among them, the catalyst synthesised by FA-reduction was the most active (initial TOF
of 90 h−1 at 25 ◦C), what was claimed to be due to the presence of electron-rich abundant Pd atoms on
the surface of the nanoparticles as well as to their alloyed state. Our group also reported on the impact
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of the surface Pd/Ag ratio in the final catalytic performance [43]. In that study, we used a promising
synthetic strategy based on the preparation of colloidal PVP-capped PdAg nanoparticles through the
reduction by solvent method. Firstly, composition-controlled colloidal nanoparticles were prepared
by using four different Pd/Ag molar ratios (i.e. 1/0.5, 1/1, 1/2, and 1/4) and three PVP/Pd molar ratios
(1/1, 5/1, and 10/1) and they were subsequently loaded on activated carbon. The characterisation of
the catalysts revealed that the Pd/Ag surface ratio (for a given fixed nominal Pd/Ag molar ratio in
the nanoparticles) was dependent on the amount of PVP used in the synthesis. It was found that,
under the conditions used in that synthesis, Pd/Ag ratio decreased with the amount of PVP, which was
related to the relative interaction of Pd and Ag with the polymer molecules. In that study, the catalyst
synthesised with a Pd/Ag ratio of 1/2 and PVP/Pd of 1/1 was the most active among those studied,
achieving an initial TOF value as high as 855 h−1 at 75 ◦C.

The importance of using composition-controlled monodisperse AgPd nanoparticles in attaining
good catalytic performance was also pointed out by Sun et al. [73]. In that study, AgPd nanoparticles
with an average size of 2.2 ± 0.1 nm were synthesised by co-reduction of metal precursors in oleylamine
(OAm), oleic acid (OA) and 1-octadecene (ODE), and they were subsequently loaded on Ketjen carbon
for their evaluation as heterogeneous catalysts in the decomposition of FA. The following composition
of the nanoparticles was assessed: Pd, Ag25Pd75, Ag42Pd58, Ag52Pd48, Ag60Pd40, Ag80Pd20, and Ag.
Control of the nanoparticle size was achieved by means of modifying the content of OA used in the
synthesis. High total metal contents were used for the synthesis of the supported catalysts (i.e. 17 wt. %
AgPd, 19 wt. % Pd, and 18 wt. % Ag, for C-AgPd, C-Pd, and C-Ag catalysts, respectively). Except for
the sample with larger Ag content, all bimetallic systems displayed enhanced performance with respect
to the monometallic counterpart, which was particularly important in C-Ag42Pd58 (initial TOF of
382 h−1 at 50 ◦C). Such enhancement was attributed to the small size of the nanoparticle (2.2 ± 0.1 and
4.5 ± 0.2 nm, for AgPd and Pd nanoparticles, respectively) and the synergistic Ag-Pd effect in the alloy
catalysts. An aspect to highlight of that study is that the reusability tests revealed that around 90% of
the initial activity of the catalysts was preserved after four consecutive catalytic runs.

Cheng et al. also investigated the performance of monodisperse PdAg-based bimetallic catalysts for
the decomposition of FA by following a similar synthetic strategy [70]. In that case, AgPd nanoparticles
(average nanoparticle size of 3.0 ± 0.2 nm) were prepared by co-reduction of AgNO3 and Pd(acac)2

in OAm, OA and ODE, and using tert-butylamine borane (BH3·C4H11N, TBB) as a reducing agent.
The as-synthesised nanoparticles were subsequently loaded on graphene to obtain AgPd/graphene
catalysts with various compositions of the nanoparticles (Ag92Pd8/graphene, Ag86Pd14/graphene,
Ag74Pd26/graphene, Ag51Pd49/graphene, and Ag41Pd59/graphene). Monometallic counterpart catalysts
were also synthesised as references. The formation of alloy nanoparticles was confirmed by
high-resolution TEM (HRTEM) analysis and UV–vis spectra, in which the surface plasmon resonance
(SPR) of Ag located at 427 nm decreased considerably upon alloying with Pd. Among those
compositions assessed, Ag74Pd26/graphene displayed the highest TOF value (572 h−1, at room
temperature). In addition, a catalyst with the same composition of the nanoparticles and supported
on Ketjen carbon was also evaluated and it showed inferior performance than Ag74Pd26/graphene,
which indicated the positive role of graphene as a 2D support in promoting the mass transport and
electron transfer. Furthermore, it was also observed that the reducing agent used (TBB) was crucial in
attaining monodisperse AgPd nanoparticles. The use of different reducing agents (i.e. triethylamine
borane (TEB) or methylamine borane (MeAB)) resulted in larger nanoparticles and the subsequent
activity decay. It that case, as in most of the catalysts reported so far for the decomposition of FA,
the reusability was shown to be the critical point to be enhanced.

Apart from the reducing agent used in the synthesis and the presence of capping agents,
the selection of suitable catalytic support is a well-known option for attaining small and well-dispersed
metal nanoparticles. For instance, Jiang et al. selected reduced graphene oxide (rGO) as excellent
support and powerful dispersion agent of bimetallic AgPd nanoparticles prepared by co-reduction
of AgNO3 and Na2PdCl4 with NaBH4 [65]. TEM analysis revealed that the supported Ag0.1Pd0.9
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nanoparticles had an average size of 6 nm, while severe aggregation was found for the counterpart
free-nanoparticles. It was claimed that oxygen functional groups present in GO (i.e. carboxylic,
carbonyl, and hydroxyl) were pivotal for controlling the size of the nanoparticles. In addition,
XPS analysis revealed the strong metal-support interaction existing in the final catalysts. As results of
those features, Ag0.1Pd0.9/rGO generated a large volume of gas (H2 and CO2) and an initial TOF of
105.2 h−1 at 25 ◦C, which was much larger than that of the free nanoparticles counterpart. The role
of the support was confirmed by evaluating the catalytic performance of a physical mixture of rGO
and Ag0.1Pd0.9. The decayed activity observed in that case was indicative of the important synergistic
effect between support and nanoparticles and its role in attaining well-dispersed nanoparticles with
better ability for boosting the production of H2 from FA.

In an attempt to explore the behaviour of new carbon materials, Wang et al. investigated the
utilisation of metal-organic framework (MOF) derived porous carbon as support of AgPd catalysts [71].
In that case, MOF-5 was used as precursor and template for the synthesis of nanoporous carbon via
direct carbonisation at different temperatures (i.e. 700, 800, 900, 1000 ◦C), and AgPd nanoparticles
were subsequently deposited from AgNO3 and H2PdCl4. Nanoparticles with fixed composition
were supported on carbon obtained from the calcination of MOF-5-C at different temperatures
(catalysts denoted as Ag3Pd12/MOF-5-C-700, Ag3Pd12/MOF-5-C-800, Ag3Pd12/MOF-5-C-1000).
Furthermore, a carbon-supported catalyst using Vulcan XC-72 (Ag3Pd12/XC-72) and catalysts
using MOF-5-C-900 with various Ag/Pd ratios, were also prepared for comparison purposes
(Pd15/MOF-5-C-900, Ag6Pd9/MOF-5-C-900, and Ag15/MOF-5-C-900), being the total metal loading
of 15 wt.% in all cases. Catalyst Ag3Pd12/MOF-5-C-900 displayed the best performance among the
investigated catalysts, with an initial TOF value of 854 h−1 at 30 ◦C. The results of the catalytic
tests together with the characterisation of the samples make the authors of that study claim that the
improved performance displayed by Ag3Pd12/MOF-5-C-900 as compared to other samples was due to
the composition of the nanoparticles in that sample (i.e. alloy PdAg and monometallic Pd0 and Ag0)
and their small size and good dispersion on the support. In addition, the role of sodium formate (SF)
in the final catalytic activity was also studied by using various FA/SF ratios in the reaction medium
(i.e. 1/1, 1/2, 1/3, and 1/4). It was postulated that the presence of SF increased the likelihood of contact
between metal active sites and formate ions, which would, therefore, accelerate the kinetics of the FA
decomposition reaction. A similar conclusion had previously been extracted by Cai et al. [87], who
demonstrated that hydrogen produced by direct formate hydrolysis (HCOO− + H2O→ H2 + HCO3

−)
was negligible (while using only formate ion in absence of FA in the reaction mixture), while the
presence of formate greatly promoted the dehydrogenation of FA in FA/SF mixtures. Such beneficial
effect was claimed to be due to the induction of a favourable adsorption orientation of FA on the
catalysts to favour the dehydrogenation pathway in presence of formate ions. Moreover, the role of
formate as reaction intermediate was also mentioned.

As for the morphology of the metal active phase, most of the studies reports on the use of
sphere-shaped or cubo-octahedral “solid” nanoparticles with a relative low ratio of metal surface atoms
in the total nanostructure. Decreasing the nanoparticle size is a well-known strategy for increasing the
surface atoms exposed in the nanoparticles, but such an approach does not always lead to enhanced
catalytic performances [88]. In some cases, the higher reactivity of smaller nanoparticles favours
the adsorption of reaction intermediates, which leads to space exclusion and block the active sites,
ultimately resulting in poorer catalytic activities as compared to less reactive larger nanoparticles [88].
Some other investigations are focused on increasing the ratio of surface-active sites by constructing
other nanostructures. For example, Chen et al. reported on the preparation of graphene-supported
AgPd hollow nanoparticles [68]. A one-pot wet-chemical co-reduction of GO and metal precursors was
used in that case using trisodium citrate dihydrate as the stabiliser and L-ascorbic acid (L-AA) as the
reducing agent (see Figure 1). Such a synthetic approach afforded the development of sphere-shaped
hollow nanoparticles with a thin wall of 5 nm and an average size of 18 nm, which were well-dispersed
on the surface of the catalyst (catalysts denoted as AgPd-Hs/G). Pd/G and AgPd/C catalysts were also
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prepared for comparison purposes in that study. XPS analysis revealed the existence of Pd0, PdO and
Ag0 in AgPd-Hs/G. It was also observed that AgPd nanoparticles acted as nanoscaled spacers by
increasing the interlayer spacing between graphene sheets and avoiding graphene layers stacking.
In addition, it was also demonstrated that the formation of AgPd alloy nanoparticles was assisted by
GO and the use of additives such as trisodium citrate dihydrate since such structures were not formed
upon utilisation of other supports or in absence of additives. Regarding the catalytic activity, it was
observed that AgPd-Hs/G generated as much as twice of the volume of gas generated by AgPd/C,
which further confirmed the suitability of graphene as catalytic support in the present application.
Besides, the importance of the hollow structure, in which most of the atoms are located on the surface
of the nanoparticles, was also evidenced by comparison with a AgPd/G counterpart catalyst.

 

Figure 1. Schematic illustration for the preparation of AgPd-Hs/G. The preparation involves the redox
reaction between the Pd ions and Ag nanoparticles. Reprinted with permission from [68].

Zheng et al. studied the synergetic effects of PdAg nanoparticles in the decomposition of FA by
using two-dimensional ultrathin PdAg bimetallic nanosheets as model catalysts [66]. Such structures
were selected to study the Pd-Ag synergic effect because, as in the case of hollow bimetallic
nanostructures previously mentioned [68], they have a high fraction of active sites on the surface.
Furthermore, the relation between the structure and the catalytic performance displayed by the
nanosheets can be easily analysed due to the presence of a simple type of active sites. The preparation
of PdAg bimetallic nanosheets (PdAg BNSs) was carried out in two steps.

Firstly, Pd NSs with hexagonal morphology were obtained from Pd(acac)2, and after that,
different contents of Ag (i.e. Pd/Ag ratios of 2/1, 1/1, 1/2, and 1/10) were chemically deposited on
the as-prepared Pd NSs by using AgNO3 and sodium citrate as metal precursor and reducing agent,
respectively. The role of citrate in the synthesis was a key aspect for attaining alloy structures, due to
its strong coordinating ability with Ag+ and Pd2+. The resulting PdAg BNSs preserved hexagonal
morphology, but their thickness increased (as compared to Pd NSs) with the Ag content. After that,
the obtained PdAg BNSs were loaded onto Vulcan XC-72 carbon to have a final Pd content of 5 wt.%
in all cases (catalysts denoted as C-PdAg). In addition, monometallic Pd NSs (with a thickness of
1.8 nm and an average diameter of 85 nm) were also loaded on carbon (C-Pd) to check their activity
in the reaction under evaluation. It was observed that C-Pd displayed a very poor activity and
durability, which was attributed to the adsorption of CO produced via dehydration reaction on Pd
(111) surface. The results of the catalytic performance achieved by C-PdAg catalysts is depicted in
Figure 2. As can be seen in Figure 2a,b, the catalytic activity strongly depended on the composition
of the catalysts, being optimum for C-PdAg with a ratio of 1/1. Further addition of Ag caused
a marked activity decay due to excessive coverage of Pd active sites. The prominent catalytic activity
of that sample was explained in terms of electronic promotion of Pd by Ag in the bimetallic structure.
Besides, the activation energy of that catalyst was determined from experiments done at different
temperatures (Figure 2c,d). Cyclic voltammograms (CV), CO stripping measurements and in-situ FTIR
analysis helped to correlate the catalytic activity with the ability against CO poisoning.

64



Energies 2019, 12, 4027

 

Figure 2. (a) Plots of the volume of generated gases (CO2 +H2) versus time from 10 mL solution of 1 M
FA + 0.5 M SF in the presence of 50 mg C-PdAg BNSs with different Ag/Pd ratios (5 wt. % Pd for all
catalysts) at 25 ◦C under ambient atmosphere. (b) Rate of FA decomposition catalysed by different
C-PdAg BNSs. (c) Plots of the volume of generated gases (CO2 + H2) catalysed by C-Pd1Ag1 BNSs
under different temperatures. (d) Arrhenius plot (ln (TOF) vs.1/T). Reprinted with permission from [66].

3.2. N-Doped Carbon-based PdAg Catalysts

The utilisation of “functional support” has widely been reported as an interesting option for
achieving catalysts with tailored properties. As for the catalysts based on monometallic Pd nanoparticles,
it was observed that the addition of nitrogen atoms into the carbon matrix promoted the electrical
conductivity of the resulting material and serves as sites for the immobilisation of metal through
strengthening the metal-support interaction. Furthermore, it has also been noted that, due to their
basic character, nitrogen atoms can actively participate in the dehydrogenation of FA [16,53,57,89–91].
Then, due to the positive role of the addition of nitrogen functional groups in the support, it has also
been a very fruitfully investigated strategy for the enhancement of the final performance of PdAg-based
catalysts while considering supports of diverse nature.

Qui et al. demonstrated the suitability of nitrogen-modified carbon material as support of
PdAg catalysts for the decomposition of FA [67]. In that case, nitrogen modified reduced graphene
oxide (N-rGO) was used and catalysts with diverse nanoparticle compositions (i.e. Pd2Ag1/N-rGO,
Pd1Ag1/N-rGO, Pd1Ag2/N-rGO, Pd1Ag4/N-rGO, Pd1Ag6/N-rGO, Pd1Ag8/N-rGO) were prepared
from AgNO3 and Pd(NO3)2. The analysis of the characterisation results suggested that Pd atoms
were more prone to be at the surface of the nanoparticles, which was not explained by the standard
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electrode potential of the pairs Pd2+/Pd and Ag+/Ag (0.951 V and 0.800 V, vs. SHE, respectively).
Then, such Pd surface enrichment was related to the reducing ability of N-rGO for pre-forming Ag
particles. Interestingly, it was shown in that study that low Pd-loading catalyst (Pd1Ag6/N-rGO) was
able to achieve a relatively high TOF value (171 h−1) at room temperature. Etemadi el at. reported on the
utilisation of Ag-core Pd-shell nanoparticles supported on nitrogen-doped graphene carbon nanotube
aerogel (Ag@Pd/N-GCNT) [69]. In that study graphene and CNTs were integrated into a hybrid aerogel,
which was subsequently loaded with Ag and Pd in consecutive steps, to obtain controlled composition
core-shell nanoparticles (i.e. Ag1@Pd2/N-GCNT, Ag1@Pd1/N-GCNT, Ag2@Pd1/N-GCNT, Ag/N-GCNT,
and Pd/N-GCNT). It was observed that, aside from the N-sites, graphene carbon nanotube aerogel
had additional stabilisation points for the nanoparticles that prevent their aggregation. In that case,
catalysts with a Ag/Pd molar ratio 1/1 displayed the best activity among the investigated composition,
with a TOF value of 413 h−1 at 25 ◦C.

Wang et al. analysed the catalytic performance of AgPd nanoparticles loaded on N-doped porous
carbon synthesised from the carbonisation of a zeolitic imidazolate framework (ZIF-8) at various
temperatures (i.e. 800, 900, and 1000 ◦C) [86]. The schematic illustration of the steps followed in
the preparation of AgPd-based catalysts supported on nanoporous carbon (AgPd@NPC) is depicted
in Figure 6.

The analysis of the composition of the catalysts indicated that the final Zn content decreased as the
carbonisation temperature increased (7.49, 1.69, and 0.55 wt.% for nanoporous carbon obtained at 800,
900 and 1000 ◦C, respectively). XPS analysis demonstrated that there was an important interaction and
electron transfer between Zn and alloy AgPd nanoparticles. The catalytic performance was assessed
while checking the effect of both the composition of the nanoparticles and the temperature used in
the carbonisation of carbon precursor. It was observed that both parameters played key roles. On the
one hand, it was shown that, for a fixed carbonisation temperature, the catalyst with a composition of
Ag1Pd4 displayed the most promising behaviour. On the other hand, the comparison of catalysts with
Ag1Pd4 and loaded on carbon prepared at different temperatures revealed that the nanoporous carbon
prepared at 900 ◦C was most suitable in this particular case. As a consequence of the optimisation
of both parameters, Ag1Pd4@ZIF8-C (900) catalyst displayed the best performance among those
investigated with a 100% of selectivity and a TOF value of 936 h−1 at 80 ◦C. Furthermore, that catalyst
showed outstanding recyclability during five consecutive reaction runs.

Yamashita et al. also reported on the investigation of PdAg catalysts supported on N-containing
carbon material [15]. Their study was centred in the development of efficient dual catalysts
towards the reversible delivery/storage of H2 in FA/CO2. For that, PdAg nanoparticles loaded
on phenylamine-functionalised mesoporous carbon (PdAg/amine-MSC) were synthesised from
Pd(NO3)2 and AgNO3. The experimental approach followed in that study produced amine-MSC with
a concentration of amine groups of around 0.57 mmol g−1. Reference samples were also prepared
(Pd/MSC, Pd/amine-MSC, and PdAg/MSC). The characterisation of PdAg/amine-MSC revealed the
presence of bimetallic alloy nanoparticles with an average size of 1.2 nm and homogeneous distribution
of both elements. It was also suggested that metal nanoparticles were loaded near the amine
groups and that such functionalisation favoured the formation of Ag-core rich and Pd-shell rich
nanoparticles. As a result of such features, PdAg/amine-MSC showed an excellent catalytic activity
with a TOF value as high as 5638 h−1 at 75 ◦C, which was much superior to that value obtained for
the reference catalysts. The role of phenylamine in the catalytic performance was investigated by
DFT calculations, which revealed that both reaction steps, O-H dissociation and H2 desorption were
boosted by such N-groups.

Wang et al. recently addressed a study in which the importance of the support morphology
was investigated by preparing AgPd catalysts supported on N-decorated porous carbon nanosheets
prepared from glucose and g-C3N4 by a template-induced strategy [79]. The lamellar structure
obtained served as support of AgPd nanoparticles with compositions of Ag1Pd9/NPC, Ag3Pd7/NPC,
Ag5Pd5/NPC, Ag7Pd3/NPC, Ag9Pd1/NPC, Pd/NPC, and Ag/NPC. Among them, Ag1Pd9/NPC was
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the most active catalyst. It was observed that the amount of template (g-C3N4) used in the synthesis
did not have any effect on the catalysis of the resulting materials, while the morphology and surface
properties of the support (which were varied by controlling the synthesis conditions) had a pivotal role
in the final performance of the catalysts.

3.3. Metal Oxide-containing Carbon-based PdAg Catalysts

The presence of metal oxides can provide a basic character to carbon-supported catalysts. Also, it is
known that certain metal oxides may enhance the final catalytic performance by serving as sites for the
preferable adsorption of CO, and/or modifying the electronic properties of the metal nanoparticles.

Xu’s group reported on the utilisation of multicomponent PdAg catalysts with rGO, in which
the presence of a metal oxide benefited the formation of electron-rich PdAg species [32]. In that case,
zirconia/porous carbon/reduced graphene oxide (ZrO2/C/rGO) nanocomposites derived from MOF
(UiO-66)/GO were synthesised by using the experimental approach illustrated in Figure 3. The effect
of the composition of the nanoparticles was assessed by preparing catalysts with different Pd to Ag
molar ratios (i.e. Pd0.9Ag0.1, Pd0.7Ag0.3, Pd0.6Ag0.4, Pd0.5Ag0.5, Pd0.4Ag0.4, and Pd0.2Ag0.8), as well
as the monometallic counterparts. The evaluation of the catalytic activity at 60 ◦C suggested that,
under the experimental conditions used in that study, the optimum composition of the nanoparticles
was Pd0.6Ag0.4 and the further addition of Pd resulted in a lower activity. The best-performing catalysts
among the investigated (Pd0.6Ag0.4@ZrO2/C/rGO) showed a TOF value of 4500 h−1 (at 60 ◦C) and 100%
selectivity towards the dehydrogenation reaction. Such outstanding performance was ascribed to the
small size and high dispersion of the nanoparticles as well as the electron-rich PdAg surface species.

 
Figure 3. Schematic illustration for preparation of the PdAg@ZrO2/C/rGO nanocatalyst. Reprinted with
permission from [32].

Following Xu’s work [32], Wang et al. studied the performance of PdAg catalysts supported on
N-doped porous carbon embedded ZrO2 nanohybrids obtained from UiO materials after calcination at
temperatures ranging from 700 to 1000 ◦C (PdAg@ZrO2/C) [81]. XRD analysis was used to determine
the phase of zirconia present for each synthesis temperature (i.e. amorphous at 700 ◦C, and monoclinic
(m-ZrO2) and tetragonal (t-ZrO2) at higher temperatures). Additional catalysts with various supports
(t-ZrO2, carbon-free ZrO2, pure carbon black, N-doped porous carbon, and N-free ZrO2/C) were
prepared to get insight into the role of ZrO2. Detailed characterisation of the catalysts revealed that
there were oxygen vacancies in ZrO2, which were formed due to the oxygen transfer from ZrO2 to
N-carbon. Furthermore, the relative basicity of the catalysts was also investigated, and the results
obtained indicated that the catalysts prepared by carbonisation at 900 ◦C had the largest content of basic
sites. Such observation was consistent with its better catalytic performance as compared to the rest
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of the samples under evaluation. The enhanced activity displayed by ZrO2-containing catalysts was
ascribed to the role of that oxide in both modifying the electronic properties of metal nanoparticles by
creating surface electron-rich PdAg nanoparticles, as well as in providing basicity to the final materials.

Recently, Lu et al. designed carbon-supported metal oxide-containing PdAg catalysts with
outstanding catalytic performance [72]. In that case, the advantage of the basic character of CeO2

and interface properties optimisation by the strong coordination between that oxide and metals
was taken into account to fabricate efficient PdAg-CeO2 catalysts supported on mesoporous carbon
(PdAg-CeO2/MC). The mesoporosity of the selected carbon was claimed to benefit the mass transfer
process and increase the reaction kinetics. Catalysts were obtained from a surfactant-free co-reduction
approach using Na2PdCl4, AgNO3, and Ce(NO3)3·6H2O, as metal precursors, and NaBH4 as a reducing
agent. Both Pd to Ag ratio (i.e. Pd0.9Ag0.1, Pd0.7Ag0.3, Pd0.4Ag0.4, and Pd0.5Ag0.5) and CeO2 to
carbon ratio were varied. In addition, carbon-free and CeO2-free catalysts were also assessed as
reference materials. According to the characterisation results, PdAg-CeO2 composite was formed
on the surface of the carbon material. XPS analysis confirmed the presence of Ce3+, revealing the
formation of oxygen vacancies that serve as defects to coordinate with the carbon support and metals.
Furthermore, the comparison with CeO2-free catalyst revealed that the presence of such oxide decreased
the crystallinity of PdAg nanoparticles, thus resulting in the formation of more active site on the surface
of the nanoparticles. The resulting catalysts were assessed towards the dehydrogenation of FA using
sodium formate (SF, HCOONa) as an additive (see Figure 4).

Figure 4. (a) Volume of the generated gas (H2 + CO2) versus time and (b) the corresponding TOF
values for FA dehydrogenation in a FA-SF solution at 30 ◦C over PdAg, PdAg-CeO2, PdAg/MC and
PdAg-CeO2/MC catalysts, respectively (nFA/nSF = 1/6; n(Pd+Ag):nFA = 0.033); (c) Catalytic performance
of the PdAg-CeO2/MC catalysts with different Pd/Ag molar ratios for FA dehydrogenation at 30 ◦C in
a FA-SFs solution (nFA /nSF = 1/6; n(Pd+Ag) : nFA = 0.033); (d) Catalytic performance of the optimised
Pd0.8Ag0.2-CeO2/MC catalyst for FA dehydrogenation at 30 ◦C in FA-SF solutions with different FA/SF
molar ratios. Reprinted with permission from [72].
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Figure 4a depicts the gas evolution profiles of the studied systems, which, together with TOF values
displayed in Figure 4b, points out the superiority of the multicomponent catalyst. PdAg-CeO2/MC
catalyst had a TOF of 2272.8 h−1, which was more than 8 times that of PdAg and much higher than the
sum of the individual components (i.e. PdAg-CeO2 and PdAg/MC), which demonstrated the synergistic
effect between mesoporous carbon and PdAg via modification with CeO2. Additionally, the effect of
the Pd to Ag ratio in the nanoparticles was investigated and, as observed in Figure 4c, the optimum
value was found to be 8/2.

The beneficial role of CeO2 in the decomposition of FA over carbon-based catalysts had been
previously observed by other authors while investigating the use of Pd–Au/C and Pd–Ag/C catalysts [92].
In that study, the composition of the nanoparticles was firstly optimised by assessing the activity of Pd/C,
Pd-Ag/C, Pd-Au/C, and Pd-Cu/C catalysts at 92 ◦C. The results of the gas evolution profiles indicated
the superior performance of Pd-Ag/C and Pd-Au/C, which was related to the weaker interaction of
Ag and Au with CO molecules. In that case, even though an enhanced activity was observed upon
addition of CeO2, the reason for such improvement was not deeply analysed.

A more complex system was designed by Kim et al. [75]. In that study, bimetallic PdAg catalysts
loaded on Fe3O4/nitrogen-doped reduced graphene oxide (PdAg/Fe3O4/N-rGO) were prepared.
The motivation of the preparation of such multicomponent catalysts was to obtain a dual-functional
catalyst for the generation of H2 from FA and the subsequent utilisation of the generated H2 for the
selective defunctionalisation of lignin-derived chemicals. The incorporation of N heteroatoms was
claimed to favour the anchoring of the nanoparticles and promote the dehydrogenation reaction,
while Fe3O4 was incorporated to achieve easy separation of the catalysts. The final catalysts were
deeply characterised by means of microscopic analysis, which confirmed the good dispersion of the
metallic phases and the formation of PdAg alloys (See Figure 5). The resulting Pd50Ag50/Fe3O4/N-rGO
displayed a TOF of 497 h−1 (at 50 ◦C) and CO was not detected.

 
Figure 5. Microscopic analysis and proposed structure of Pd50Ag50/Fe3O4/N-rGO catalyst: (a,b) SEM
images; (c) low-resolution TEM analysis; (d) high-resolution TEM analysis; (e) selected area electron
diffraction pattern of N-rGO layer; (f) d spacing from stacked N-rGO layers; (g) dark field HAADF
images with elemental line profile (yellow line, Fe; green line, Pd; red line, Ag); (h,i) CS-corrected TEM
images of magnetite and PdAg nanoalloy; (j,k) proposed models for Fe3O4 and PdAg nanoalloy; (l) 2D
scratch art model (yellow, magnetite; blue background, N-rGO; and green/red cluster, PdAg alloy);
(m) proposed 3D structural model. Reprinted with permission from [75].
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3.4. PdAg Catalysts Supported on Non-carbon Materials

Besides the catalyst supports based on carbon materials, some other interesting materials have
been employed as support of PdAg nanoparticles to prepare catalysts for the dehydrogenation of FA.

Motivated by the excellent performance achieved by those N-containing carbon-based catalysts,
Lei et al. investigated the suitability of graphitic carbon nitride (g-C3N4) as support for the preparation
of efficient PdAg-based catalysts [74]. Bimetallic AgPd nanoparticles were supported on g-C3N4,
previously prepared from melamine, by impregnation of metal precursors in different proportions and
subsequent reduction in liquid phase with NaBH4, so that catalysts with various compositions of the
nanoparticles (Ag4Pd96/g-C3N4, Ag9Pd91/g-C3N4, Ag16Pd84/g-C3N4, Ag21Pd79/g-C3N4, Ag/g-C3N4,
and Pd/g-C3N4) were obtained. The characterisation of the samples confirmed the presence of small
and homogeneously distributed alloy nanoparticles. Among analysed samples, Ag9Pd91/g-C3N4

exhibited the most promising performance with a TOF value as high as 480 h−1 at 50 ◦C and 100% of
selectivity towards the production of H2.

Jia et al. also reported on the use of g-C3N4-based catalysts [82]. In that case, g-C3N4,
synthesised from urea, was impregnated with Ag and Pd precursors to obtain catalysts with the
following compositions: Ag1Pd2/CN, Ag1Pd4/CN, Ag1Pd1/CN, Ag2Pd1/CN, Ag/CN, and Pd/CN.
The characterisation of the catalysts indicated that, in that case, electron-deficient Pd species were
present. Such species were attributed to the formation of covalent Pd-Npyridinic bonds. The results
of the catalytic tests revealed that Ag1Pd2/CN was the most active sample and had a TOF value of
621 h−1 at 75 ◦C in absence of additives.

Wan et al. also addressed the use of g-C3N4 as a useful approach to afford highly efficient catalysts
for the present application [77]. In that case, the preparation of the catalysts was via immobilisation
of g-C3N4 within the channel of SBA-15 and subsequent deposition of AgPd nanoparticles with
various Ag to Pd ratios (Ag/Pd ratios of 1:9, 2:8, 3:7, 1:0, and 0:1) by a co-reduction method.
Furthermore, g-C3N4 content was also optimised. The results of the catalytic tests revealed that
sample Ag10Pd90/0.2CND/SBA-15 displayed superior activity with a TOF value of 893 h−1 at 50 ◦C.

Despite their poor stability in water, the utilisation of MOF-based catalysts was also investigated
for the decomposition of FA by synthesising immobilised or embedded bimetallic metal nanoparticles.
Cheng et al. reported for the first time the use of MOF as support of catalysts for this application [84].
In that study, MIL-101 was selected due to its high specific surface area, high thermal stability,
and high chemical stability in water. MIL-101 was loaded with metal nanoparticles of various
compositions (Ag20Pd80@MIL-101, Ag35Pd65@MIL-101, Ag48Pd52@MIL-101, Ag63Pd37@MIL-101,
Ag78Pd22@MIL-101, Ag@MIL-101, and Pd@MIL-101) by using H2PdCl4 and AgNO3 as metal precursors,
after which the crystallinity of the support was preserved. The results extracted from TEM and N2

adsorption measurements revealed that the metal nanoparticles were immobilised into the cavities
of the support. As expected, the activity of the catalysts was dependent on the composition of the
nanoparticle, being optimum for Ag20Pd80@MIL-101 catalyst, which had a TOF value of 848 h−1

at 80 ◦C. In addition, the synergy between AgPd nanoparticles and the support was confirmed by
comparison with reference catalysts.

The same research group also reported on the synergistic catalytic properties of AgPd
nanoparticles encapsulated in the cages of ZIF-8 (AgPd@ZIF-8) by checking the activity of catalysts
with different Ag/Pd ratio (Ag18Pd82@ZIF-8, Ag25Pd75@ZIF-8, Ag48Pd52@ZIF-8, Ag58Pd42@ZIF-8,
Ag76Pd24@ZIF-8, Ag@ZIF-8, and Pd@ZIF-8) that were synthesised by solution infiltration of ZIF-8
with the metal precursors and subsequent treatment with NaBH4 [83]. To ascertain the role of
the support, Ag18Pd82 supported on carbon, SiO2, and Al2O3 were also prepared. In that case,
sample Ag18Pd82@ZIF-8 had a considerable enhanced catalytic performance as compared to the
monometallic Pd analogue, while higher content of Ag in the nanoparticles resulted in poorer
performances. Moreover, the recyclability tests revealed that Ag18Pd82@ZIF-8 was still active after five
catalytic runs and that the integrity of the framework of ZIF-8 was preserved. It was postulated in that
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study that the results displayed by Ag18Pd82@ZIF-8 were a consequence of the strong molecular-scale
synergy of AgPd alloy with small size (1.6 ± 0.2 nm).

Zhu et. al fabricated a core-shell AgPd@MOF catalyst based on MIL-100(Fe) and synthesised
by a one-pot strategy [63]. The approach followed afforded the preparation of materials with
uniform shape and controllable size, in which a uniform MIL-100(Fe) shell is coating the AgPd core.
The synthetic method consisted in the formation of MIL-100(Fe) on the surface of the PVP-modified
AgPd nanoparticles. The sizes of core and shell could be easily controlled by adjusting the concentration
of the precursors used in the synthesis. In the case of AgPd nanoparticles, their sizes ranged from
14 to 86 nm, while the shell thickness varied from 7 to 118 nm. It was observed that the thickness
of MIL-100(Fe) played an important role in the final catalytic performance. Thus, catalysts with
the thinnest shell displayed the highest activity because of the fast mass transfer of FA molecules
to the embedded metallic nanoparticles. Furthermore, the importance of the arrangement of AgPd
nanoparticles and MIL-100(Fe) in a core-shell structure was also demonstrated. It was claimed
that MIL-100(Fe) shell adsorbed FA molecules close to the active metal nanoparticles, favouring,
therefore, the efficient contact between FA molecules and active sites that ultimately improved the
catalytic performance.

A step further was taken by Gao et al., who explored the catalytic response of AgPd alloy
nanoparticles encapsulated within an amine-functionalised UiO-66 (AgPd@NH2-UiO-66) [85]. In that
case, the nitrogen functionalisation served as anchoring points for Ag and Pd precursor, which were
immobilised within the pores via electrostatic interaction with N-groups (See Figure 7). Catalysts with
a molar ratio Ag:Pd of 1:4, 1:2, 1:1, 2:1, 4:1, 1:0 and 0:1, and high metal content (ranging from 3.80 to
13.10 wt. %, and from 3.40 to 12.59 wt. %, for Ag and Pd, respectively) were synthesised by following
the same experimental approach. Among investigated, Ag1Pd4@NH2-UiO-66 was the best-performing
catalyst for the dehydrogenation of FA, with an initial TOF of 893 h−1 at 80 ◦C and without any additive.
It was assumed in that study that the promising catalytic performance shown by the studied system
was due to the good dispersion of small AgPd nanoparticles and the basic properties of amino groups
present in the catalyst.

 

Figure 6. Schematic illustration for the preparation of AgPd@NPC. Reprinted with permission from [86].
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Figure 7. Schematic representation of the synthesis process of the AgPd@NH2-UiO-66. Reprinted with
permission from [85].

In an attempt to apply different AgPd-based catalytic structures for the reaction under study,
Tsuji et al. investigated the catalytic activity of AgPd-core Pd-shell nanoparticles supported on TiO2

prepared by a multistep method assisted by MW irradiation at different irradiation times (30 min,
1 h, or 2 h, for AgPd@Pd/TiO2 (30 min), AgPd@Pd/TiO2 (1 h), and AgPd@Pd/TiO2 (2 h) catalysts,
respectively) so as to have different extent of alloying of the AgPd core [93]. The characterisation of the
samples revealed that all catalysts had very similar nanoparticle size, composition and morphology
regardless of the heating time. XPS analysis confirmed the presence of Ag-Pd alloy in the interface of
Ag-rich core and Pd-shell. Aside from that, it was also suggested that there was an electron transfer
from the support to Ag and Pd. The dependence of the ability for the dehydrogenation of FA and the
extent of alloying of the AgPd core was investigated with samples of various compositions Ag100-xPdx

(x = 7, 10, and 15) @Pd/TiO2 and a similar average nanoparticles size of 4.6 nm. It was observed that
the best catalytic activity was displayed by Ag93Pd7@Pd/TiO2.

Akbayrak recently reported on the utilisation of tungsten (VI) oxide, WO3, which was selected due
to its multiple oxidation states (that favour the electron transfer between support and nanoparticles)
and strong metal-support interaction (SMSI) [76]. Catalysts with various compositions of the
nanoparticles (Ag0.25Pd/WO3, Ag0.5Pd/WO3, Ag0.75Pd/WO3, Ag1.0Pd/WO3, Ag1.5Pd/WO3, Ag0.25/WO3)
were prepared via a co-impregnation method. Among investigated, Ag0.25Pd/WO3 was the optimum
catalyst but, despite the good activity shown in the first reaction run (TOF value of 683 h−1 at 50 ◦C),
the second catalytic run evidenced its lack reusability due to aggregation of AgPd nanoparticles.

An et al. investigated the catalytic behaviour of amine-functionalized SBA-15
(SBA-15-Amine)-supported bimetallic AgPd nanoparticles [78]. According to the experimental
methodology used in that study, 3-aminopropyltriethoxysilane (APTES) was used as amine source
and the resulting SBA-15-Amine was loaded with Ag and Pd precursors in different proportions to
obtain Pd/SBA-15-Amine, Ag1Pd9/SBA-15-Amine, Ag3Pd7/SBA-15-Amine, Ag5Pd5/SBA-15-Amine,
Ag7Pd3/SBA-15-Amine, and Ag/SBA-15-Amine catalysts. It was observed that samples with moderate
contents of Ag (i.e. Ag1Pd9/SBA-15-Amine, Ag3Pd7/SBA-15-Amine) showed enhanced performance
as compared to Pd monometallic analogue, while higher Ag loading led to worsened activities.
In particular, Ag1Pd9/SBA-15-Amine was shown to have the highest TOF among the investigated
(964 h−1 at 50 ◦C), which was attributed to a molecular-scale synergistic effect of the AgPd alloy.

Zahmakiran et al. reported on a catalytic architecture based on bimetallic PdAg alloy and MnOx

nanoparticles supported on amine-grafted silica (PdAg-MnOx/N-SiO2) prepared from Pd(NO3)·2H2O,
AgNO3, and Mn(NO3)2·4H2O as metal precursors, and 3-triethoxysilylpropylamine as the nitrogen
source [62]. That investigation was based on a previous study of the same research group, in which
the positive effect of MnOx as CO “trap” was observed [94]. Lately, they reported more complex
catalysts based on bimetallic nanoparticles by using the same concept as that used for the monometallic
system. Among the investigated compositions, catalysts with a composition of Pd0.44Ag0.19Mn0.37 (i.e.,
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1.27, 0.57, and 0.54 wt. % of Pd, Ag, and Mn, respectively) displayed the best catalytic performance.
Furthermore, the comparison with the monometallic and binary counterpart catalysts confirmed the
pivotal role of Ag in avoiding deactivation of the catalysts due to the generation of poison reaction
by-products. In addition, control samples were also prepared by a physical mixture of the individual
components (i.e. Pd/N-SiO2, Ag/N-SiO2, Mn/N-SiO2), whose inferior catalytic activity confirmed
that the synergistic effect observed for Pd0.44Ag0.19-Mn0.37/N-SiO2 is linked to the proximity of the
components. A remarkable aspect of that catalytic system, is that it displayed total conversion of FA
and high selectivity at room temperature and in absence of additives, and it retained 86% of the initial
activity after five consecutive reaction runs. The effect of grafted amine groups was also investigated,
observing that, under the experimental conditions used, the optimum amine loading was 0.98 mmol
NH2/g. It was claimed that the positive effect of -NH2 groups was related to the FA adsorption/storage
process and the formation of PdAg and MnOx nanoparticles on the surface of the support. In addition,
the beneficial effect of MnOx was related to its ability to serve as a “pinning/anchoring site” for CO
molecules, avoiding, therefore, the poisoning of PdAg catalytic active sites. Later, Wang et al. also
incorporated MnOx to the synthesis of the catalytic system used for the dehydrogenation of FA [80].
In that case, AgPd–MnOx supported on carbon nanospheres derived from biomass (i.e. sucrose)
were investigated. It was observed that the catalysts displayed a promising activity and selectivity,
with a TOF value of 3558 h−1 at 50 ◦C and with the addition of potassium formate (HCOOK) as
an additive.

3.5. Photocatalytic Decomposition of Formic Acid

Recently, the decomposition of FA has also been tackled from the photocatalytic viewpoint.
This approach is of great interest in the current energy scenario since it could join two aspects of
the realisation of a sustainable energy future: the utilisation of sunlight, as a green and abundant
energy source, and the production of hydrogen from a molecule that is potentially suitable for the
carbon-neutral energy storage system. Despite its interest, few studies have been reported so far on the
utilisation of photocatalytic systems based on PdAg bimetallic nanoparticles for the dehydrogenation
of FA. Most of those studies address the use of the so-called Mott–Schottky heterojunctions, formed by
a semiconductor support and metal nanoparticles, but some other strategies, such as the use of capping
agents [95], can be also found in the literature.

Starting with TiO2, as the photocatalytic material par excellence, Ago et al. investigated the
catalysis of core-shell AgPd nanoparticles supported on TiO2 (AgPd@Pd/TiO2) [96]. As in the previous
study reported by the same group, in which the production of H2 was done by thermal decomposition of
FA [93], the composition of metal nanoparticles was modified by dealloying the core of the nanoparticles
for the preparation of Ag100-xPdx@Pd/TiO2 catalysts, with x = 7, 10, 15. In this case, the most promising
composition of the nanoparticles was Ag93Pd7@Pd/TiO2. Moreover, the effect of the support was also
evaluated by using anatase (A) and the commercial TiO2 P25 (P). The resulting materials had a Pd
shell with a thickness of 0.8 nm for both A and P, and the morphology, size, and composition of the
nanoparticles were similar regardless of the TiO2 used. In order to monitor the photocatalytic response
of the samples, gas evolution profiles were registered while irradiating the samples with a Xe lamp
and heating at 27, 40, 60, 70, and 90 ◦C. For all the temperatures, the performance was superior for the
illuminated samples, but some differences were observed for low and high temperatures. The analysis
of the resulting data revealed that the initial reaction rate was enhanced by a factor of 1.5–1.6 upon
irradiation of AgPd@Pd/TiO2 (A) and AgPd@Pd/TiO2 (P) at 27 ◦C, but such enhancement factor was
1.1–1.2 at 90 ◦C. The differences were claimed to depend on the migration of photogenerated electrons
from TiO2 to Pd. At low reaction temperatures, the electron transfer from the conduction band of
TiO2 to Pd shell takes place due to the difference in work function values (5.1, 4.7, and 4.0 eV for Pd,
Ag, and TiO2, respectively) and such electron-rich species are responsible for the enhancement of the
catalytic performance (See Figure 8). Meanwhile, at higher temperatures, the electrons have higher
migration rate, but the recombination of electron-hole pairs is favoured, leading to the reduction of
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the number of electrons on the Pd surface. Furthermore, the evaluation of the photocatalytic activity
of AgPd@Pd/TiO2 (A) and AgPd@Pd/TiO2 (P) revealed the better performance of the anatase-based
catalyst, which was attributed to the higher specific surface area and strong interaction of anatase
phase with AgPd@Pd particles as well as to the slower electron-hole recombination compared to rutile
phase of P25.

 

Figure 8. Enhancement mechanism of catalytic activity of AgPd@Pd/TiO2 under UV and Vis
photoirradiation. Reprinted with permission from [96].

Visible light-assisted photodecomposition of FA has also been investigated. Stucky et al. reported
their study on AgPd bimetallic nanocrystals supported on g-C3N4 [97]. That support was not only
selected considering its ability for anchoring metal nanoparticles and assisting the dehydrogenation
reaction, but also because of the favourable electron transfer to the metal active phase. In that case,
mesoporous hollow C3N4 spheres were used due to their better photoelectric features and higher
surface area compared with conventional C3N4. Nanoparticles with a Ag:Pd ratio of 1:1 and an
average size of 7.5 ± 1.0 nm were synthesised, and the photocatalytic ability of the resulting materials
towards the H2 production from FA was assessed. The comparison of that catalyst with reference
samples, based on activated carbon and silica, pointed out the importance of the support in achieving
well-dispersed AgPd nanocrystals. XPS analysis also confirmed the electron donation from surface
unsaturated nitrogen atoms of the support to Pd. The formation of such surface electron-rich Pd
species can be further promoted upon illumination via photoelectron transfer from the support,
which ultimately suppresses the electron-hole pair recombination. As a consequence of such features,
the developed catalyst showed excellent ability towards the dehydrogenation of FA under visible
light irradiation. A set of photocatalysts with similar nanoparticle size and same metal loading was
prepared to evaluate the effect of the composition of the nanoparticles (Ag3Pd, AgPd, AgPd3, and Pd).
It was observed that the catalyst with a composition Ag:Pd of 1:1 displayed the highest TOF among
analysed samples (91 and 254 h−1, under dark and visible light irradiation at 30 ◦C, respectively),
which was much higher than those values calculated for the monometallic analogue catalyst (48 and
137 h−1, respectively).

Yu et. al. recently addressed the fabrication of Mott–Schottky heterojunctions constituted by
PdAg nanowires (NWs) on g-C3N4 [98]. Bimetallic NWs with various Pd/Ag ratio were formed in-situ
on the support to fabricate photocatalysts with various compositions (Pd7Ag3 NWs@g-C3N4, Pd5Ag5

NWs@g-C3N4, Pd3Ag7 NWs@g-C3N4, and Pd NWs@g-C3N4). The characterisation of the resulting
samples revealed that Pd species were electron-enriched due to the electron transfer from both Ag and
g-C3N4. It was reported that O-H bond dissociation was favoured by the presence of electron-rich Pd
species, as well as by the support, which acts as proton scavenger. As expected, the catalytic activity
was strongly dependent on the composition of the nanoparticles, and initial TOF values of 346, 420, 242,
and 105 h−1, were achieved for Pd7Ag3 NWs@g-C3N4, Pd5Ag5 NWs@g-C3N4, Pd3Ag7 NWs@g-C3N4

and Pd NWs@g-C3N4, respectively, while monitoring the reaction under visible light irradiation and at
25 ◦C. Besides, Pd5Ag5 NWs@g-C3N4 was further used to study the effect of the concentration of the
catalysts, the concentration of FA, reaction temperature, and visible light intensity, on the performance
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towards the H2 production. The stability of the photocatalysts was also investigated by carrying
out four consecutive photocatalytic runs, after which the initial activity of Pd5Ag5 NWs@g-C3N4

was preserved.

3.6. Theoretical Investigations

The supremacy of PdAg-catalysts over other compositions of the active metal phase has widely
been demonstrated from experimental investigations but also by theoretical studies. As for many
other reactions [99–102], density functional theory (DFT) calculations have been used to study the
decomposition of FA. Huang et al. reported a DFT study for the decomposition of FA over noble
metals (Pt, Au, Pd, etc.) in both liquid and gas phase [103]. The energy profiles revealed that Pd-based
surfaces favoured the decomposition of FA in the gas phase. However, that model could not be used to
elucidate the decomposition of FA in aqueous phase. To do that, the solvation model of metal was used
to get more realistic insights and the authors assumed that CO2 was dissolved, and it did not have any
influence in surface reactions. Regarding H2 evolution, they considered that homolytic Tafel reaction
played a pivotal role in the decomposition of FA, and it was concluded that the Pd surface displayed
the lowest global energy barrier. Additionally, the authors pointed out that such a model could be used
to study bimetallic alloys. A model cluster with two layers of Pd and two layers of Ag was built to
explain the enhanced behaviour of PdAg bimetallic systems as compared to Pd monometallic catalysts.

An interesting study about transition metal catalysts in the decomposition of FA was reported by
Studt et al. [104]. That study dealt with calculations of the reaction energetics in the decomposition of
FA on transition-metal surfaces (Ag, Cu, Pd, etc.) using DFT. Additionally, that model allowed to get
insights into the kinetics of the decomposition of FA over the transition-metal catalysts. The authors
considered three pathways to produce CO2 and H2, while only one route of dehydration was taken
into consideration (Figure 9).

 

Figure 9. Reaction mechanism of FA decomposition. Reprinted with permission from [104].

All studied surfaces favoured the dehydrogenation rather than the dehydration pathway, and Pd
surfaces displayed lower free-energy barriers than other transition metal surfaces. Other transition
metal surfaces were explored by using the estimated adsorption energies of the species involved in
the reaction over monometallic surfaces. From the TOFs values obtained in the decomposition of FA
towards H2 and CO2, it was observed that monometallic noble metals did not display the best activity.
It was found that Pd-based alloys with Au or Ag led to high selectivity to H2 and CO2 production.
Moreover, the model could predict the low activity toward the CO formation, which is an extremely
important factor for practical application in fuel cells. The selectivity towards either dehydrogenation
or dehydration was studied by Ham et al [105]. The authors reported a theoretical study of PdAg-based
catalysts for the decomposition of FA using the spin-polarized DFT to clarify which factors determine
the selectivity of the reaction. The study was addressed for the evaluation of the impact of the Pd layer
thickness over the enhancement of selectivity towards H2 formation. They realised that the reaction
rate of the dehydrogenation pathway depended on the number of Pd layers covering the Ag substrate,
and the highest activity was attained for the lower thickness of the Pd layer. Furthermore, both lattice
parameters and electronic structure in Pd-Ag catalysts were also discussed. It was observed that

75



Energies 2019, 12, 4027

a charge transfer from Ag substrate to Pd monolayer favoured the dehydrogenation of FA, while strain
effects partially hindered the H2 production.

Cheng et al. recently published a comprehensive study towards the surface engineering structure
of Pd-based alloy catalysts in which the relationship between the surface structure of the catalysts
and their performance in the decomposition of FA was analysed by means of DFT and Sabatier
analysis combined with experimental data [106]. In that case, not only PdAg alloys were analysed,
but seven compositions of the nanoparticles (Pd−M; M = Ag, Au, Cu, Ni, Ir, Pt, and Rh) and five
atomic arrangements (i.e. overlayer structure, core−shell structured Pd@M, core−shell structured
Pd@Pd-M, uniform alloy, and a subsurface structure) were studied (see Figure 10). As a result of that
analysis, two surface structures (i.e. Pd2L@Pd1Ag1 and Pd2L@Pd1Au1) were identified as potential
good candidates to boost the selective dehydrogenation of FA.

 
Figure 10. Models for the surface structures: (a) core−shell with Pd−M, (b) core−shell with a Pd alloy,
(c) alloy, and (d) subsurface. Reprinted with permission from [106].

These studies evidence the importance of the theoretical outcomes for the optimisation of the
composition and architecture of binary alloys based on Pd-Ag to obtain high-performance catalysts for
the decomposition of FA.

4. Conclusions

The present review summarises some of the recent works on heterogeneous bimetallic PdAg
catalytic systems for the production of H2 from formic acid. The importance of the target reaction
is contextualised by highlighting the crucial role of H2 in the future energy scenario, as well as by
pointing out the importance of LOHC to overcome the limitations displayed by conventional hydrogen
technologies. The dehydrogenation of FA has widely been explored, while investigating diverse factors,
such as the importance of the properties of the metal active phase and support, as well as the reaction
conditions. In some other cases, the effect of the experimental conditions (i.e. concentration of FA and/or
additives) has also been evaluated, but very little is known about the performance of the catalysts in
high concentrated FA solutions. Theoretical investigations have also been conducted so as to ascertain
the important characteristics to develop high-performance catalysts. Among those heterogeneous
catalytic systems under investigation, the supremacy of Pd-based catalysts is undeniable. However, it is
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well-known at this point that the combination of Pd with a second metal provides enhanced catalytic
performance due to the resulting electrical properties and resistance against CO poisoning effect. In
particular, the use of PdAg-bimetallic systems offers outstanding results, which have motivated the
search for multiple options for the optimisation of PdAg-bimetallic systems while getting insight into
the role of the composition and structure of the nanoparticles, the properties of the catalytic support,
the development of photocatalytic systems, and so forth. Concerning the properties of the metal
active phase, the need for developing cost-effective catalysts has boosted the search for new metal
nanoarchitectures with a larger fraction of surface Pd active sites. It has also been demonstrated that
the incorporation of basic nitrogen functionalities into the support can greatly enhance the catalytic
performance by two main effects: i) serving as anchoring points of metal active sites and avoiding
the aggregation of the nanoparticles; ii) favouring the dissociation of the O-H bond of FA molecules.
Moreover, the presence of N-containing groups has been related in some cases to the tunable reducibility
of Ag and Pd, hence contributing to the surface engineering of the bimetallic structures. It has also been
observed that the use PdAg-based photocatalysts are a promising alternative to afford suitable activity
and selectivity values at room or moderate temperatures. However, few reports on that approach have
been reported so far.

Despite the efforts devoted so far towards the design and development of PdAg-based bimetallic
catalysts for the production of H2 from FA, there are still some major shortcomings that limit their
practical application and that should be the focus of future investigations. One of them is the need for
extra additives, generally in the form of formate (HCOONa or HCOOK), as well as high temperatures,
that are detrimental to the practical application of FA as a H2 storage molecule. Developing catalytic
systems able to produce H2 from additive-free reaction medium while displaying high activity and
selectivity is highly desirable. Another weak point of most catalysts developed so far is their stability,
since an important decay is normally observed after a few consecutive catalytic runs. The deactivation
issue is frequently related with changes in the properties of the nanoparticles, in terms of size and/or
electronic properties, as well as with leaching of the metal active phase, but some other aspects
such as the adsorption of reaction intermediates and CO poisoning have been also observed in some
studies. It has been shown in some cases that the deactivation of the catalysts is less marked for
bimetallic PdAg-based catalysts than for the monometallic counterpart, but this aspect is still focus
of improvement. It could be envisaged that an interesting alternative could be the use of advanced
encapsulated metal catalysts, in which the active phase is protected from leaching and/or surface
modification while securing the mass transfer to and from its surface. Great achievements have recently
been reported while investigating on the catalytic performance of PdAg-based catalysts; however,
there is still a lot of work to be done to reach the maturity level accomplished with monometallic
Pd catalysts. It is expected that more research groups will be soon interested in the fascinating field
of research related to the production of H2 from hydrogen carrier molecules, so that the worldwide
scientific community can join their efforts towards the drawing of a hopeful energy prospect.
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Abstract: H2 production via dehydrogenation of formic acid (HCOOH, FA), sodium formate
(HCOONa, SF), or their mixtures, at near-ambient conditions, T < 100 ◦C, P = 1 bar, is intensively
pursued, in the context of the most economically and environmentally eligible technologies. Herein we
discuss molecular catalysts (ML), consisting of a metal center (M, e.g., Ru, Ir, Fe, Co) and an appropriate
ligand (L), which exemplify highly efficient Turnover Numbers (TONs) and Turnover Frequencies
(TOFs) in H2 production from FA/SF. Typically, many of these ML catalysts require the presence of
a cofactor that promotes their optimal cycling. Thus, we distinguish the concept of such cofactors in
additives vs. co-catalysts: When used at high concentrations, that is stoichiometric amounts vs. the
substrate (HCOONa, SF), the cofactors are sacrificial additives. In contrast, co-catalysts are used at
much lower concentrations, that is at stoichiometric amount vs. the catalyst. The first part of the
present review article discusses the mechanistic key steps and key controversies in the literature,
taking into account theoretical modeling data. Then, in the second part, the role of additives and
co-catalysts as well as the role of the solvent and the eventual inhibitory role of H2O are discussed
in connection to the main mechanistic steps. For completeness, photons used as activators of ML
catalysts are also discussed in the context of co-catalysts. In the third part, we discuss examples of
promising hybrid nanocatalysts, consisting of a molecular catalyst ML attached on the surface of
a nanoparticle. In the same context, we discuss nanoparticulate co-catalysts and hybrid co-catalysts,
consisting of catalyst attached on the surface of a nanoparticle, and their role in the performance of
molecular catalysts ML.

Keywords: formic; formate; hybrid; functionalization; hydrogen; co-catalyst; additive; amine;
molecular catalyst; nanocatalyst; nano co-catalyst

1. Introduction

The constantly increasing energy demand has more than doubled within the past 30 years, thus
the present energy demand (~15 TW) (TW = 1012 watts) is estimated to approach 30 TW at 2050 [1].
Today, the global energy consumption is covered mainly by fossil fuels (81%), 19% of which are used
for transportation [2]. This wide use of fossil fuels—and the ensuing CO2 emission—constitute one of
the major environmental problems [3]. In the quest for clean and renewable technologies, hydrogen is
considered as one of the few long-term sustainable clean energy carriers, since, when used in fuel-cells,
water is the only by-product [4]. H2 can be used as an energy carrier because its energy density
(143 kJ kg−1) is ~2.6 higher vs. gasoline [5]. It is noticed that hydrogen should be viewed as an energy
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carrier—rather than a fuel—since a primary energy source is necessary for H2 generation [6]. In this
context, a ‘cyclic-economy’ concept for 100% renewable hydrogen production can be divided in two
main processes: (i) CO2 hydrogenation to produce hydrocarbon fuels and (ii) hydrogen generation via
dehydrogenation of a hydrocarbon substrate. Currently, 96% of hydrogen generation is based on fossil
fuels i.e., 48% from natural gas, 30% from refinery and chemical off-gases, and 18% from coal [5].

In nature, transition metal-based hydrogenases efficiently catalyze H2 production [7], thus nature
may provide inspiration to design new efficient energy technologies. Among these, photoelectrochemical
and photocatalytic are the most promising technologies capable of providing clean energy without
pollutants and by-products [8]. On the other hand, catalytic H2 production from organic molecules is
a promising approach. Ammonia [9], methanol, ethanol [10], liquid hydrocarbons, and water [11] can
be used as substrates. The chemical reactions may involve decomposition, steam reforming, partial
oxidation, electrolysis, and gasification [12]. Among these C1 sources of H2, formic acid (HCOOH, FA)
is especially attractive [13,14] since it is a major by-product of biomass processing (formally an adduct
of H2 and CO2), thus it has attracted considerable attention as a suitable liquid source for H2 and as
a potential H2-storage material e.g., via a CO2 hydrogenation reaction [15].

FA can be decomposed to H2 and CO2 via dehydrogenation reaction (1).

HCOOH(l) → H2(g) + CO2(g) (ΔG = −32.9 kJ/mol) (1)

However, dehydration reaction can take place

HCOOH(l) → CO(g) + H2O(l) (ΔG = −12.4 kJ/mol) (2)

The CO produced in reaction (2) is a fatal poison for catalysts and fuel cells, thus a key prerequisite
for the design of any FA-to-H2 catalyst is to suppress reaction (2). So far, all literary data indicate that
the CO-path has low yield in molecular catalysts operating at near ambient condition [16]. Recently,
Beller et al. [16] exemplified a unique Pd-L complex able to produce CO at high selectivity. On the
other hand, nanoparticulate catalysts can switch between the CO2 and CO paths depending on the
reaction-conditions detail. For example, the cis- vs. trans-coordination of HCOOH on the particle may
trigger one or the other paths [16–18]. Herein we focus on molecular catalysts therefore the issue of
CO-path is not further discussed.

Currently, technologies for catalytic transformations of FA to H2/CO2 may be classified according
(i) to the metal-catalyst used i.e., noble metals vs. non-noble metals, and (ii) the operational conditions
employed i.e., solvent type, temperature, pressure.

The use of noble metal catalysts (i.e., for example Pt, Rh, Pd) [19] has historically pioneered
the field of FA dehydrogenation, achieving high performances in terms of TONs, and selectivity.
Pertinent cases are discussed in Section 2.1 hereafter. Despite the good performance of noble-metal
catalysts, cost and low-abundance issues entailed the need for development of efficient non-noble
metal catalysts, which has been intensively pursued during the last decades. Hereafter, in Section 2.2,
representative cases for non-noble metal catalysts are discussed in a timeline context. The two classes
of catalysts, noble/non-noble metal, are considered within a common mechanistic context, discussed in
Sections 2.3 and 2.4. The common mechanistic base of metal complexes and metal–particles are also
considered herein. The role of bases and the conceptual difference of the ‘additive’ (homogeneous) vs.
a ‘co-catalyst’ (heterogeneous) is discussed in Section 2.5.

Regarding the operational catalytic conditions, a key challenge is to achieve high H2 production
rates from FA, at near-ambient conditions i.e., P~1 bar and T < 90 ◦C, in green solvents, ideally water.

So far, catalytic H2 production under these constrains, has been shown to be achievable by
several types of homogeneous metal complex catalysts [19–21] or noble metal nanoparticles (NPs) [20].
However, the inherent limitations in separation and reusability of the homogeneous catalysts led
researchers to explore the possibility to develop heterogeneous catalytic systems.
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The catalytic H2 generation from homogeneous metal complexes has been reviewed by Wills
et al. [10] with focus on the type of substrate, by Singh et al. [21] with focus on FA as energy carrier, and
recently by Sordakis et al. [19], Onishi et al. [22], and Filonenko et al. [23], comprehensively reviewing
the type of metal complex, substrate used, and the reaction conditions and the reversibility of the
procedure. Recently, Inglesias and Oro reviewed the homogenous FA dehydrogenation [24]. In our
recent works, we have shown that attaching the co-catalyst on a solid matrix i.e., such as SiO2-particles,
provides definitive advantages, boosting H2 production [25]. Herein, the concept of heterogenized
co-catalysts, i.e., derived using covalently attached organic base functionalities, aiming to replace
the huge amounts of liquid base typically required so far in this process, is exemplified. From the
experimental point of view, the use of heterogenized catalyst or heterogenized co-catalyst [26] allowed
a discrete study and understanding of the catalyst/co-catalyst synergy.

The present review focuses on the role of additives and co-catalysts’ mechanistic aspects and
experimental limitations in catalytic H2 generation from FA/SF by metal complexes in homogeneous
and heterogeneous systems. Herein the term ‘heterogeneous’ is used to describe two cases: (a) The
metal complex is attached on a solid matrix and the co-catalyst is in the homogeneous phase, or (b) the
co-catalyst is attached on a solid matrix and the metal complex is in the homogeneous phase. Herein,
a unified mechanistic reaction view concerning the role of hydride as key factor is discussed in the
context of experimental limitations and the intriguing role of co-catalysts.

The catalytic H2 generation by noble metal nanoparticles is a vast topic [26,27]. Noble-metal
NPs are highlighted herein, however only to the extent where it pertains to a comprehension of the
mechanistic aspects and the common basis of metal-complexes and metal-nanoparticles. An interesting
concept i.e., between nanoparticles and the metal complexes, can be considered the case of ‘single-atom’
catalytic sites on nanoparticles. This is a new emerging approach. Recently, FA dehydrogenation at high
temperatures i.e., 120–160 K from Pt-Cu single-atom alloys has been studied by Flytzani-Stephanopoulos
et al., reference [18] indicating that single-atom alloys show six times higher reactivity and selectivity
compared with the pure Cu. Photocatalytic H2 production form FA or methanol is comprehensively
discussed in the review of Getoff [28]. Herein, photo-assisted catalytic H2 generation is discussed in
the context of use of light photons as a ‘co-catalyst’, which affects the conformation of the active center
without involvement of redox events. This is distinct from the photocatalytic H2 generation where
light photons provide electrons or protons to the reaction process.

2. Type of Metal Complex-Catalysts

Historically, the choice of metal type i.e., noble vs. non-noble was a matter of strife, since noble
metals (e.g., Ru, Ir, Rh) were the first to provide encouraging results for H2 production at near ambient
reaction conditions; see Figure 1.

However, the thrust for low-cost/earth-abundant non-noble metal catalysts (such as Fe, Ni) acted
as the driving force to develop competitive non-noble metals catalysts for H2-production. Herein,
for the sake of comprehensiveness, we discuss these two families of catalysts in a comparative
manner. In Table 1, we provide a compilation of the most representative cases for non-noble and noble
metal complexes.

2.1. Noble Metal Catalysts

In 1967, Coffey [29] was the first to report that metal complexes with phosphine ligands can
promote dehydrogenation of FA, in acetic acid as solvent. Among the tested complexes, the best
results were obtained with an [IrH3(PPh3)3] complex achieving Turnover Frequencies (TOF) up to
8900 h−1. In the next decades, several types of catalytic systems were reported, reaching reasonable
activities i.e., Turnover Numbers (TONs) over 500. In 1998, Puddephatt et al. [30] used a binuclear
Ru2(μ-CO)(CO)4(μ-DPPM)2 complex, which in acetone, shows TOF = 70 h−1 at RT. Despite these
promising early results, only in 2008 was a catalytic system with significantly improved activities
and stabilities reported by Laurenczy et al. [31]. This was a water-soluble Ru catalytic system
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[Ru(H2O)6](tos)2 (tos = toluene-4-sulfonate), which—in a continuous H2 production setup—achieved
TOFs > 40.000 at T = 120 ◦C. This catalytic system is the first to be used—so far—for scalable application
and according to the authors is currently under development for the first bus using FA as a fuel [31].
A review of hydrogen storage techniques for on-board applications was presented in 2013 by Durbin
and Malardier-Jugroot [32]. All these results are summarized in Table 1.

More recently, a series of Rh(III) or Ir(III) complexes with nitrogen-containing ligands has been
evaluated as catalysts for FA dehydrogenation [33]. The Iridium Cp*Ir(TMBI)H2O]SO4 was used for
FA dehydrogenation in aqueous solutions at near ambient temperatures achieved TOFs = 34,000 h−1.
Another Ir complex [Ir(COD)(NP)](tfO), was studied by Williams and co-workers [33], which was able
to perform FA dehydrogenation under continuous operation conditions achieving TOFs of 2,160,000
within 2880 hours. More recently, a [Cp*Ir(1,2-diaminocyclohexane)Cl]Cl catalyst achieved TOFs
= 3278 h−1 at 90 ◦C while in the same work it was reported that the homologous Rh(III) catalyst
Cp*Rh(bis-NHC)Cl]Na shows a significantly lower efficiency i.e., because of the lower stability of the
Rh complex [34]. In 2019, Himeda et al. [35] presented a highly stable and effective Ir-based catalytic
complex for H2 production via FA dehydrogenation under high pressure i.e., 40 MPa. Among the
tested Ir-complexes, the pyridyl-imidazoline ligand showed the higher activity (TOF = 54,700 h−1) and
best stability.

The use of amines to improve the efficiency of the catalytic dehydrogenation reaction of FA was
reported by Gao et al. [36] in 2000 who used ethanolamine to enhance the H2 production efficiency
by a binuclear Ru complex [36]. Then, a detailed study of the co-catalytic effect of amines in catalytic
dehydrogenation of FA was presented by Beller et al., who tested several amines [37]. This work
showed that the [FA/amine] ratio is of critical importance for enhancement of HCOOH dehydrogenation
at near ambient conditions. Another important finding is the possibility of the ligand itself to actively
participate in the catalytic activity of the metal complex, as exemplified by Himeda [38]. In this case,
a water-soluble Ir-complex was shown to involve the protonation/deprotonation of the OH group
of the 4-4′–dihydroxy-2,2′-bipyridine ligand. As a result, a strong pH dependence of the TOFs was
documented i.e., TOF = 2500 h−1 at pH = 2.5 vs. TOFs = 500 h−1 at pH = 4. The effect of pH on the
catalytic dehydrogenation of FA was also reported by Fukuzumi et al. [39].

Overall, the aforementioned works reveal that the efficiency of H2 production from FA by
noble-metal catalysts can be strongly modulated by proton-controlling mechanisms. The mechanism
of amine can be two-fold.

(i) in non-aqueous solvents, amines can be used to boost the FA deprotonation HCOOH→HCOO–,
(ii) in aqueous solutions, the amines can have an effect on the HCOOH→HCOO– equilibrium, but

also on the ligand itself. Thus, in aqueous solutions, the experimental observation is that pH can
control gate the H2 production rate via gating of rate-limiting protonation/deprotonation events.

2.2. Non-Noble Metal Catalysts

So far, as exemplified in Table 1, due to their premium efficiency, noble-metal catalysts have
paved the way for catalytic H2 production at near-ambient T, P. These works allowed the scientific
community to understand the basic mechanistic limits and prerequisites for the design and utilization
of molecular metal catalysts. However, the limited availability and high-cost of the noble metals
urge researchers to develop and utilize catalysts based on low-cost, earth-abundant metals. Catalytic
dehydrogenation reactions by non-noble metals have been reviewed by Filolenko et al. in their recent
review [40] where they present a thorough discussion in catalytic dehydrogenation of amines and
alcohols by 3D transition metal complexes.

Since 2010, Beller and co-workers [41] have presented the first Fe-based catalyst i.e., a Fe(CO)12

complex, bearing nitrogen and phosphine ligands, with a considerable H2 production efficiency. More
precisely, several types of phosphine ligands were evaluated and the inexpensive commercial PPh3 =

tris[(2-diphenylphosphino)ethyl] gives the best results [41]. For example, among the tested systems,
(Fe/PPh3/TPY) (TPY = 2,2:6,2–tetrpyridine) was the most active (see Table 1) showing TON = 1266,
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at 60 ◦C in DMF [41]. Notice that this catalytic system required activation by visible light irradiation
with a 300 W xenon lamp [41]. A catalytic mechanism proposed by the authors [41] assumes that light
is necessary both for the formation of the active species, as well as the progression of the catalysis,
however this is not a photocatalytic system.

Later on, in 2014, Ravasio and co-workers [42] reported that another transition metal i.e., copper,
can provide catalytic complexes, with rather simple ligands, that in FA/amine mixture achieved TOF
= 25 1 and TON = 500. More recently, Beller and Laurentzy [43] achieved a breakthrough in this
field, developing a highly active Fe-catalyst comprising of Fe(BF4)2 as Fe precursor and PPh3 =
tris[(2-diphenylphosphino)ethyl] phosphine as ligand. This Fe/PPh3 catalyst in propylene carbonate
solvent is active under ambient conditions with no need of additional bases or light, affording TOF
= 9425 h−1 at 80 ◦C [43]. In 2013, Milstein et al. [44] reported the first [Fe/pincer] complex for FA
dehydrogenation. The best results were obtained in THF solvent, with the addition of a base [44].
Among the parameters tested was the base concentration, which was found to be crucial i.e., as in the
case for noble-metal catalysts, the amount of base required was high: For example, with use of a ratio of
FA/NEt3 = 2/1 this system achieved TOF = 500 h−1 at 40 ◦C [44]. A rhenium-based pincer-type complex
was synthesized and evaluated for FA dehydrogenation by the same group [45]. The results showed
that the H2 production starts above 175 ◦C [45]. In 2014, groups of Hazari and Schneider demonstrated
another Fe-pincer complex with high activity (TOF = 999 h−1) (see Table 1) and stability in the catalytic
hydrogen production [46]. More recently, Kirchner and Gonsalvi presented new Fe-pincer catalysts [47]
where the effect of additives was studied in detail. In this work, it was shown that amines promote H2

production by dehydrogenation of FA [47].

 
Figure 1. Historical timeline of Turnover Frequencies achieved by representative metal complexes used
for formic acid (FA) dehydrogenation, “1967” refers to the work of Coffey [29], “1998” refers to the work
of Puddephatt [30], “2009” refers to the work of Beller [43], “2019 refers to the work of Himeda [35].

As shown tin Table 1, a key observation is that in systems where an additive was used, in all
reported cases, a near stoichiometric amount of amine vs. the substrate is needed. This shows that
the additive e.g., an amine in many cases, is sacrificed during the catalytic process. This poses the
next challenge i.e., to develop highly efficient processes where either no-additive is required, or the
additive can be used in minimal “co-catalytic” amounts. A good premise in this direction provides the
examples of the Fe/PPh3 catalyst in propylene carbonate [43], and the Fe-pincer complex [46].
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Another challenge is the possibility to develop catalysts able to perform FA-dehydrogenation as
well as CO2-hydrogenation. To this front, recently, Hazari and co-workers [48] reported three novel
pincer Fe-isonitrile catalysts, which were active for FA dehydrogenation as well as CO2 hydrogenation,
and achieved TOF = 2100 h−1 for FA dehydrogenation.

These pioneering works provide encouraging data that non-noble-metal based catalysts can be
tuned to perform FA dehydrogenation as well as also CO2 hydrogenation. The term “tuned” implies
that a detailed understanding of the mechanistic aspects and limiting factors have to be understood
and elaborated experimentally in order to proceed to this front. In the following, we discuss the
mechanistic landscape aiming to provide a unified view.

2.3. Outline of the Catalytic Mechanisms

All existing literature data show that the molecular mechanism of FA dehydrogenation does
not involve metal redox reactions (the metal oxidation state stays stable during the catalytic
cycle) [16,43,47,49] This is corroborated by spectroscopic studies i.e., EPR [50], NMR, and Uv-Vis [51]
data, as well as by theoretical quantum chemical modelling studied.

Cycle-I operates with involvement of the initial HCOO– anion plus one formic acid (HCOOH)
molecule, while Cycle-II with involvement of the initial HCOO– anion plus a second formate anion
(HCOO–); both cycles involve β-hydride transfer from substrate (FA or HCOO– anion) to metal.

Accordingly, as we present in Figure 2, the catalytic mechanism can be operationally divided in
three sequential steps:

(i) FA activation i.e., formation of a HCOO– anion. This can be achieved via ionization of HCOONa
in aqueous solvent or by deprotonation of formic acid HCOOH in aprotic solvents, see Figure 2.

(ii) Catalyst activation: This might involve coordination of one HCOO– on the (LM) complex, or
formation of the (LM-H) hydride via LnM/H2 interaction at high H2 pressure.

(iii) Catalytic H2 production. This critical step can be accomplished with two alternative routes,
exemplified as Cycle-I and Cycle-II in Figure 2.

 
Figure 2. General catalytic landscape of FA dehydrogenation by metal-complex catalyst in solution.

Cycle-I operates with involvement of the initial HCOO– anion plus one formic acid (HCOOH)
molecule, while Cycle-II with involvement of the initial HCOO– anion plus a second formate anion
(HCOO– ); both cycles involve β-hydride transfer from substrate (FA or HCOO– anion) to metal.

Cycle I: This cycle initiates with the direct reaction of a monohydride (H-ML) complex with
a formic acid molecule towards formation of the (H-ML)-HCOOH transient state. Subsequently,
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a—fast—hydride protonation step takes place [51], refernece [52] with subsequent H2 formation and
liberation. A chelate coordination of the formate anion to metal, followed by hydride generation and
CO2 release, are proposed [52,53] to be the steps that complete the cycle. However, this involves
a rather complex sequence of events, as exemplified by the theoretical work [53] depicted in Figure 3.

Figure 3. Catalytic (Cycle-I) for the [FePPh3/HCOOH] system (A) and free energy profile (B). Figure
adapted from Reference [52]. In Cycle-I, the reaction is rate-limited in transition state 3,4 by the H-H
release from the Fe-center.

At this point we have to notice that, in some cases, for the operation of Cycle-I, the crucial
monohydride (H-ML) complex can be formed via pre-incubation of the catalyst with H2 at high
pressures as shown by Fellay et al. [49]. Actually, this strategy may be considered as a ‘catalyst
activation’ step; see Figure 2. In the absence of such catalyst pre-incubation, ready coordination of
spare amounts of formate anion can initially boost the monohydride (H-ML) formation i.e., functioning
as another type of catalyst activation; see Figure 2. A more comprehensive elaboration on Cycle-I is
discussed hereafter, based on theoretical quantum calculations.

Cycle II: Starting with the activation/deprotonation of FA, the formate anion promotes the formation
of the monohydride (H-ML) complex. The formate anion could be inserted to the catalytic cycle via
its coordination to metal monohydride (H-ML) species towards a (metal)-dihydride formation (see
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Figure 2) via a β-hydride elimination step, and a transiently coordinated O=C=O molecule. Then,
liberation of CO2 and subsequent coordination of a dihydrogen, H-H, molecule generated after the
synergy of a H+ results in gaseous H2 release.

A case study: In 2013, Yang [52] presented a detailed theoretical study for the system
[Fe/(CH2CH2PPh2)3]. Despite the fact that the dielectric/solvent properties are not taken into account
in these calculations, these theoretical data provide useful insights into the mechanism. Detailed
free energy profiles were obtained for the two competitive cycles and confirmed that the β-hydride
elimination is the rate determining step for the catalytic Cycle-I, which operates with FA and total free
energy cost is 20.5 kcal/mol (i.e., 85.8 kJ/mol). The total energetic cost for Cycle-II, which uses formate
anion as substrate, was calculated to be 22.8 kcal/mol or 95.4 kJ/mol, see Figure 4. The theoretical data
presented by this author [52] indicate that Cycle-II is slightly less favorable than Cycle-I. However, one
should take into account that within the limitations of the DFT calculations, the preference of Cycle-I or
Cycle-II might rely on small energy differences, which means that changes in experimental conditions
(different metal, ligands, solvents) may favor either Cycle-I or Cycle-II.

Figure 4. Catalytic Cycle-II for the [FePPh3/HCOOH] system (A) and free energy profile (B). Figure
Adapted from Reference [52]. In Cycle-II, the reaction is rate-limited by the transition state 12,1
regarding H-H release from the Fe-center.
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As shown in Figure 3 for cycle-I, bidentate coordination of a HCOOH molecule is strongly favored
i.e., a stabilization by ΔG = −16.8 kcal/mol (−70.3 kJ/mol) (intermediate 4).

In contrast, the transition state 3,4 i.e., release of H2 from intermediate 3, is unfavored by a barrier
ΔG = +0.3 − (−10.4) = +10.7 kcal/mol. Thus, according to these calculations, the release of the
coordinated dihydrogen is the rate-limiting step in Cycle-I.

In Cycle-II, the intramolecular H transfer step (transition state 9,10) is unfavored by a barrier ΔG
= + 16.5 − 3.9 = +13.4 kcal/mol. Here, the rate limiting step is transition state 12,1, i.e., the release of
the coordinated dihydrogen faces an energy barrier ΔG = −2.8 − (−19.2) = +16.4 kcal/mol.

According to these calculations, both Cycle-I and -II are rate limited by the H-H release from the
Fe-center. Cycle-II is more energy demanding i.e., ΔG = +16.4 kcal/mol = 68.6 kJ/mol vs. 56.0 kJ/mole
in Cycle-I.

Thus, it is expected that the H2 production by this system will proceed mainly via Cycle-I [52].
We should underline that, as noticed by Yang [52], the energy cost of the FA deprotonation was not
taken into account in these calculation because of the uncertainty of the dissociation energy of FA,
which may be affected by the ligand, the counter ions in the solution, and the solvent [52]. This
highlights the crucial role of the solvent to be selected in conjunction with the other limitations imposed
by the catalytic system. Analogous theoretical calculations for a similar Fe-complex were performed
by Ahlquist and co-workers [53].

According to this theoretical work [53], the results show that Cycle-II is more favorable i.e., total
energy cost = 86.2 kJ/mol for Cycle-II vs. 128 kJ/mol for Cycle-I; see Figure 5.

The discrepancies between reference [52] and [53] indicate that the small energy differences of
the two cycles and the limited capacity of the computational approaches to incorporate all factors i.e.,
solvent effects, ionization of FA, etc., should be considered in future refinement of theoretical quantum
calculations. Also, currently, the mechanistic discussion is mainly based on theoretical results, therefore
a critical assessment of the boundaries of DFT-methodology is mandatory. In this context, apart from
the sensitivity of the computational complications to solvent effects, traces of H2O, and co-catalysts,
we notice that the ground-state spin multiplicity for the proposed hydride catalyst species in Yangs’
work [52] is different than that used in Ahlquist’s work [53].

Despite the methodological limitations of the theoretical analysis, experimental work [48] provides
evidence that the energy barriers in Cycle-I and Cycle-II are influenced by the experimental parameters
(type of complex, solvent, traces of H2O, FA deprotonation, presence of co-catalysts), which might
decisively affect the contribution of each cycle to the overall H2 production rates. In this context,
we have experimentally demonstrated that silica nanoparticles can act as co-catalyst to the Fe/PPh3

system [54] (see Figure 6) suppressing the energy barrier of the reaction from 77 kJ/mol to 36 kJ/mol [54].
This effect is attributed to the deprotonation of the FA (FA activation) before insertion in the

catalytic cycle via bidentate coordination facilitating hydride formation [54]. This step drives the overall
reaction to operate via Cycle-II. Interestingly, the two different cycles we have recently experimentally
evidenced are for FA dehydrogenation by Pd-nanoparticles [55]. The two proposed cycles differ
in the form of the FA used as substrate—HCOOH vs. HCOO– (see Figure 7) [55]. Accordingly,
as shown in Reference [55], excess of HCOO– anion is required to achieve enhanced H2 production
rates, indicating that Cycle-II is the thermodynamically dominant. Importantly, it has been shown [55]
that deprotonation of HCOOH towards HCOO– can be achieved by adjacent/grafted additives i.e.,
gallic acid, and this boosts the H2 production.

A different possible catalytic cycle for FA dehydrogenation was proposed in a pioneering work of
Himeda et al. [56]; see Figure 8. In this rather non-classical cycle, the rate-limiting step is the β-hydride
elimination from the (metal-HCOO–) complex by the hydroxyl groups of the ligand. The β-hydride
elimination takes place via intermolecular rearrangement to an H-bond between a formate and the
ligand [56] (Figure 8). As expected, the pH of the solution plays a crucial role in the operation of the
cycle and the rate limiting step of the mechanism. At pH = 1, TONs were 10,000 while at pH = 5,
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TONs were very low i.e., 200; as noticed by the authors, at higher pH values, no gas evolution was
observed [56].

Figure 5. Catalytic Cycle-I and Cycle-II (A) and the energetic profiles as calculated by Ahlquist et al. [53];
(B) the transient intermediates for cycle-I and (C) the transient intermediates for cycle II. Figure adapted
from Reference [53].

94



Energies 2020, 13, 733

Figure 6. Co-catalytic mechanism of SiO2 nanoparticles. Figure adapted from Reference [54]. Silica
nanoparticles can act as co-catalyst to the Fe/PPh3 system by promotion of the HCOOH deprotonation.

Figure 7. (A) Proposed catalytic cycles for Pd@SiO2-GA nanoparticles (NPs); (B) catalytic results
obtained from Pd@SiO2-GA system. Figure adapted from Reference [55].

Figure 8. Effect of the pH-tunable ligand in the FA dehydrogenation reaction. Figure adapted from
Reference [56].
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In the same context, participation of the ligand in the catalytic mechanism has been proposed
by Manca et al. [57] in the case of Ru complexes. They theoretically studied two different Ru
complexes: a [Ru(κ4NP3)Cl2] operating via Cycle-I and Cycle-II [57]. On the other hand, in the case
of [Ru(κ3-triphos)(MeCN)] complex, participation of the ligand in formation of the active species is
proposed [57].

The Unidentified H+: When peering into the proposed catalytic Cycle-II, we notice that an extra
proton H+ needs to enter the cycle i.e., see step- 11→12 in Figure 4 (Yang [52]), to 4→5 in Figure 5. This
was also invoked in our proposed mechanism the SiO2 nanoparticles (see Figure 6) [55]. Despite the
fact that the availability of this H+ is crucial, its origin is not clear. While in aqueous media, H+ are
abundant, in aprotic media i.e., such as propylene carbonate, availability of this proton should be
considered with care. So far, the origin of this proton has not been proven is none of the published
works, including ours [25,54]. Traces of H2O present in the solvent can be invoked, however since
these H+ participate stoichiometrically for each one HCOO– converted to H2, the H2O content should
be able to provide H+ at high concentrations i.e., stoichiometric vs. the HCOO– substrate. In a typical
experimental setup e.g., consider the case where 0.026 mmoles of HCOO– are added in 5 mL of
solvent, the extra proton would require the existence of several mmoles/lt of H2O, which is impossible.
Alternatively, “spectator ligands” i.e., ligands not coordinating a metal center can be considered
a possible source of these stoichiometric protons. However, a targeted study of this possibility remains
to be done.

Can we distinguish Cycle-I or Cycle-II by the [substrate:H2 stoichiometry]; according to Figure 2,
the stoichiometry of [HCOOH:H2] in Cycle-I is 1:1, while the stoichiometry [HCOO–:H2] in Cycle-II
is 1:1. A key point is that the sacrificial HCOO– that is consumed in the initial step activation of the
catalyst i.e., resulting in the formation of the first stable metal-hydride (see LM-H Figure 2) participates
only at the beginning of the cycles I, II. Thus, this initial HCOO– does not count in the total stoichiometry
of the produced H2. Otherwise, i.e., if two HCOO– were required for each H2 molecule, then the
stoichiometry HCOO–:H2 would be 2:1. This case i.e., a 2:1 stoichiometry of [HCOO–:H2], has not
been reported so far. In all reported cases, a ~1:1 stoichiometry is observed i.e., consistent with cycle-I
and/or Cycle-II. Thus, the [HCOOH:H2] stoichiometry itself cannot distinguish Cycle-I from Cycle-II.

2.4. Catalyst Activation

2.4.1. Based on the Applied Preparation Method

Based on the applied preparation method, the metal complexes used for catalytic FA
dehydrogenation can be classified in two categories: (i) Pre-formed (ML) complexes and (ii) in
situ formed complexes, that is, a metal precursor e.g., metal salt, and the ligand L [19] is mixed in
the reaction mixture, immediately before the addition of the substrate [43]. Then, after formation
of the complex (ML), the coordination of a formate anion HCOO– to the metal center is the first
step (Figure 2). For this reason, preincubation of the complex with formate ions is required [47].
Alternatively, formation of the active hydride LnM-H species can be promoted by incubation with
high-pressure H2 (See Figure 2). Fellay et al. [49] showed that preincubation with H2 at pressure PH2 =

750 bar is enough to drive the formation of the LnM-H species.

2.4.2. Light-Assisted Activation (LAA) of Catalyst

Another interesting aspect for the catalytic FA dehydrogenation is the possibility of acceleration
of the catalytic reaction by light photons. This is a “Light-Assisted Activation of the LnM complex”, (LAA)
without redox activity of M. The LAA mechanism can involve one or multiple photons:

One-photon LAA: Linn et al. [58] tested the catalytic performance of the Cr(CO)6 catalyst with
a HCOONa salt for H2 production. It was shown [58] that visible light photons can promote the
formation of the catalytically active penta-carbonyl Cr(CO)5 complex via a one-photon dissociation of
one CO from the Cr(CO)6 (Figure 9).
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hv

Figure 9. Catalytic cycle for FA dehydrogenation one-photon Light-Assisted Activation (LAA)
mechanism. Figure adapted from Reference [58].

Multiple-photon activation Cycles: In early 1990, Onishi [59] tested the photo-assisted efficiency
of a hydrido(phosphonite)cobalt(I) [CoH{PPh(OEt)2}4] complex for dehydrogenation of HCOOH.
As depicted in Figure 10, the H2 production is associated with the formation of the complex
[CoH2{PPh(OEt)2})4]+ (HCOO–) from CoHP4. One-photon excitation of this complex leads to the
release of dihydrogen and the formation of the formato-complex, [Co(O2CH){PPh(OEt)2}4]. Then,
a second photon promotes release of CO2. Thus, two-photon excitation of the system drives the metal
catalyst to the CoHP4 state. The overall mechanism is illustrated below in Figure 10.

hv

hv

Figure 10. Catalytic cycle for FA dehydrogenation-assisted multiple-photons mechanism. Figure
adapted from Reference [59].

In 2009, Beller et al. [60] investigated the effect of light on H2 generation from formic acid, using
a catalyst system based on a ruthenium precursor and aryl phosphines [Ru(Paryl3)m)]; see Figure 11.
In comparison with the non-photo-assisted system, the gas evolution achieved by photo assistance
was higher by ~200%.
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Figure 11. Catalytic cycle for FA dehydrogenation proposed by Beller et al. with assisted multiple-photons
mechanism. Figure adapted from Reference [60].

The proposed catalytic mechanism entails involvement of up to four photons of visible irradiation,
(excluding UV < 320 nm and IR irradiation, [60]). As shown in Figure 11, the initial [RuCl2(benz)]2

pre-catalyst is activated by one visible light photon, to give an aryl phosphine-ligated Ru-hydride
species. Deactivation of this active catalyst is prevented by light. A second photon promotes release of
H2 while a third photon promotes dissociation of CO2 from the ligated HCOO– anion; see Figure 11.
Thus, in all the reported cases so far, light photons may be promoters of the H2-release from the catalytic
intermediate complex. Since, according to the theoretical analysis, this H2-release is expected to be the
rate-limiting step, the photons can accelerate the H2 production rate by their targeted intervention at
this step.

2.5. Formic Acid Deprotonation

2.5.1. Deprotonation by Homogeneous Molecular Co-catalysts

Bases as co-catalysts: As described earlier, in Figures 2–4, participation of a HCOO– anion is
mandatory in Cycle-II. Moreover, as detailed in Figure 2, the formation of the first metal-hydride
(LnM-H) can be established via an initial coordination of one HCOO– to the LnM complex. Thus,
the availability of HCOO– is expected to be crucial for both Cycle-I and Cycle-II. The continuous
dependence of Cycle-II on available HCOO– anions renders the systems where Cycle-II dominates more
sensitive to the activation of formic acid i.e., the deprotonation towards HCOO– anions. In this context,
taking into account the importance of the FA deprotonation for the efficient catalytic performance
of the system, several types of additives have been tested. At this point it is didactic to underline
that use of HCOONa (Sodium Formate, SF) in small amounts as a basic additive, are beneficial i.e.,
promote Cycle-II via HCOO–. It should be clarified however that when SF is used as the main substrate
(high concentrations), the reaction can produce bicarbonate anions i.e., as catalytic byproduct, that
can be poisonous for the dehydrogenation reaction. This has been clearly exemplified in the case of
H2 production by [Pd-Galic Acid] nanoparticles (see Figure 7) [55] where the excess of bicarbonate
resulted in a layer of bicarbonate crystals deposited on the catalyst surface.

In some cases, the anionic form of the ligand can act as an internal base, thus such systems work
under base-free conditions. The key point in these systems is the ionization of the ligand, affected by
the pH of the solution. In this context, Fukuzumi proposed pH-tunable catalytic systems.
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Another approach for FA activation is the use of organic bases as additives or solvents. In this
context, the influence of the organic bases in the catalytic performance of Ru catalysts was studied
by Boddien et al. [61]. Several amines, pyridines and ureas were tested, see Figure 12, as additives;
the best results were obtained for the tertiary alkyl amines, i.e., like triethyl-amine. We underline
that in [61] the [amine/FA] ratios tested were near-stoichiometric i.e., in the range 2/5 to 4/5, thus
the amines acting as sacrificial ‘additives’ rather than co-catalsysts. In general, there is a correlation
between amines’ basicity and TONs achieved (see Figure 12B). For example, in the same work [61]
with [RuCl2(p-cymene)] as catalyst, an [amine]:[FA] ratio equal to [3:4] provided TOF = 38 h−1, while
a molar ratio amine: FA = 2:5 gave lower TOF = 14 h−1.

Figure 12. (A) Organic molecules used as a co-catalyst in the FA dehydrogenation reaction.
(B) Correlation between the pKa of the co-catalysts with the Turnover Numbers (TONs) achieved. Figure
adapted from Reference [61].
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Based on this behavior, it is considered that the amine additives are sacrificed, since almost one
amine molecule is required per FA molecule i.e., for every FA molecule to be deprotonated in order to
be incorporated in Cycle-II.

The chemical stability of the amine additives is also a factor of concern, especially under the
need of continuous operation of the catalytic systems. In continuously operating systems, less volatile
amines have to be used to avoid their volatilization. In some cases, the replacement of the volatile
triethylamine with the less-volatile N,N-dimethylhexylamine [61] or with the higher-boiling-point
dimethyloctyamine improves the catalytic activity of the system [61].

Lewis Acid as co-catalyst: In 2004, Hazari [46] and co-workers presented the synthesis and
characterization of a series of Pincer-Fe complexes and their use for FA dehydrogenation, by addition of
Lewis acid co-catalysts i.e., instead of a base as co-catalyst. Based on spectroscopic results, the authors
proposed a mechanism for FA dehydrogenation [46]. In this mechanism, the pincer-Fe-complex forms
a pincer-Fe-HCOO– adduct using one HCOOH. Subsequent Lewis-acid-assisted decarboxylation of
the Fe-complex forms dihydrides with liberation of H2 and CO2.

2.5.2. Deprotonation of FA by Heterogeneous Co-catalytic-particles

As exemplified in Section 2.5.1 and references reported herein, amines in the homogeneous
phase can act stoichiometrically i.e., as sacrificial agent for deprotonation of one HCOOH to HCOO–.
Therefore, high amounts of amines are required to accomplish this task for the entire FA feedstock.

Recently, our group demonstrated an alternative to this requirement, showing that—instead
of amines—SiO2 nanoparticles can enhance H2 production by a Fe/PPh3/FA catalyst, in propylene
carbonate solvent [54]. This study provided the first evidence that the H2-production boosting effect by
SiO2 -particles was linked to the FA deprotonation e.g., enhanced catalytic H2 production is promoted
by the basic sites of SiO2 particles. As shown [54], SiO2 particles initiate deprotonation of HCOOH
towards HCOO– accelerating the formation of the metal-hydride species, thus enhancing the efficiency
of Cycle-I. Importantly, we have shown that SiO2 particles operate in co-catalytic amounts i.e., surface
OH-groups at stoichiometric amounts vs. the metal center, SiO2 (OH):M~1:1 [54].

More specifically, the TOFs of the [Fe/PPh3] system have been shown to increase from 1206 h−1 to
13,882 h−1 after addition of SiO2. Additionally, by controlling the population of surface groups of SiO2

i.e., number of Si-OH vs. Si-O-Si, we can control the efficiency of H2 production; this is because the
Si-O-Si bridges promote the FA deprotonation due to their better ability for proton abstraction [54].
In this work, the beneficial effect of the SiO2 NPs can be optimal at ratio FA/[≡Si-O-Si] = 200/1,

In the same context, SiO2-NPs modified by organic basic functionalities were shown to provide
a significant beneficial effect in the catalytic efficiency of the Fe/phosphine system [62]. More particularly,
the use of imidazole-functionalized SiO2 increased TOFs from 2412 h−1 to 16,432 h−1, while the use
of NH2-functionalized -SiO2 increased TOFs from 2412 h−1 to 14,942 h−1. In these cases, the best
results were achieved with FA/[≡Imid] = 577/1 (56 μmol of imidazole groups over 26 mmol of FA), and
FA/[≡NH2] = 500/1(48 μmol of NH2 -groups over 26 mmol of FA).

More recently, heterogenized amino functionalities were used as co-catalyst with a homogeneous
Ru/PPh3/FA system [24] see Figure 13. It was found that the heterogeneous H2N@SiO2 co-catalyst
(97 μmol of NH2 -groups over 52 mmol of FA) is able to enhance dramatically the H2 Production by
>700% vs. the process without co-catalyst, while the same amount of liquid n-propylamine produces
six times lower H2 volume at the same time lapse. Additionally, the heterogenized co-catalyst can be
regenerated and re-used. The H2N@SiO2 co-catalyst could be used four times with a < 5% loss of its
activity after each reuse [24].
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Figure 13. (A) Effect of SiO2 NPs on the catalytic efficiency of Fe/PPh3 system. Figure adapted from
Reference [54]. (B) Effect of amino functionalized SiO2 NPs on the catalytic efficiency of Ru/PPh3

system. Figure adapted from Reference [24].

3. Experimental Issues—Limitations

Several parameters should be optimized in tandem for maximum H2 production via FA
dehydrogenation. Here we discuss some experimental issues and limitations pertaining to the catalytic
experiments of H2 production by molecular catalysts at near-ambient conditions.

3.1. Solution-Chemistry Issues

(i) The choice of solvent: Several types of solvents have been used so far for near-ambient T and P
catalytic FA dehydrogenation reactions [19]. The choice of the solvent is dictated by three parameters:
(i) Catalyst solubility in the particular solvent, (ii) co-catalyst’s solubility, in the particular solvent, and
(iii) solvent polarity. Apart from solubility issues, protic solvents may be more directly implicated in
the reaction steps involving H-bonding, deprotonation events. These are detailed in paragraph (iii)
hereafter, while the eventual poisonous effect of H2O is discussed in paragraph (iv).

Keep in mind that formic acid can be used as solvent too, thus FA itself imposes the reaction
parameters. We have to notice that for noble metal complexes, the use of water as solvent is also
possible. Taking into account that some reactions operate better at higher temperatures i.e., 80–120 ◦C,
solvent stability and volatility becomes a crucial parameter. Moreover, a wide variety of investigations
have been realized on the effect protic and non-protic solvents on H2 production, related to the solubility
of catalysts. For example, a [Fe-Lpincer-CO] complex in FA/Net3 solution was tested in protic and
non-protic polar solvents [44]. At 40 ◦C, it was found that the highest catalytic yields were obtained
with 1,4-dioxane (TONs = 653), while DMSO, THF, EtOH, CH3CN, and H2O gave 538, 520, 243, 206,
and 83 TONs, respectively [44]. According to the authors, this was attributed to the poor solubility of
the complex to more-polar solvents. For a [Fe/PPh3] complex, the best catalytic activity was achieved
using propylene carbonate solvent (Ea = 77 kJ/mol) instead of THF (Ea = 82.1 kJ/mol) [44].
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(ii) The influence of reaction temperature: According to all theoretical as well as the experimental data,
H2 release from HCOOH/HCOO– is a thermally activated process occurring via high-energy reaction
intermediates. Thus, increase of the reaction temperature results in enhancement of the production
rate i.e., TOFs. A typical example is the catalyst Fe/PPh3 in propylene carbonate, which shows TOFs
= 2018 h−1 at 60 ◦C, and 8136 h−1 at 80 ◦C [36]. It was found that—for the catalysts studied so far
in literature—the activation energy barriers, Ea, of these processes are usually in the range of 80 to
40 kJ/mole [36]. On the practical side, such Ea values require operating at temperatures near to the
limit of volatility of the solvent, in order to obtain the optimal catalytic rates. This entails that lowering
the Ea would allow lower operation temperatures to be applied.

(iii) Role of pH: Noble and non-noble metal complexes in aqueous solution may show
a pH-dependent catalytic activity i.e., at the pH region that favors FA deprotonation with an optimum
efficiency in slightly acidic pH values from 4-6. Transition metal complexes like Ir, Ru, and Rh
present a better catalytic activity in the presence of a base. For example, Fukuzumi et al. [39] using
a Ru-Ir heterometalic complex [IrIII(Cp*)(H2O)(bpm)RuII(bpy)2](SO4)2] in H2O, demonstrated clearly
a characteristic pH-dependence of TOFs, attaining TOF = 450 h−1 at optimum pH = 3.8. This pH value
is correlated with the pKa of HCOOH deprotonation. Thus, solution pH modulates FA deprotonation
making HCOO– anion the appropriate feed agent for Cycle-II in Figure 2. At more acidic pH < 3,
the achieved catalytic activity was lower due to poor possibility of formate anion species, while at
pH > 5, [H3O+] concentration is practically low and thus unable to protonate effectively the metal
hydride towards H2 formation [39]. In a similar way, the pH-dependent H2 production by an Ir-complex
(cis-mer-[IrH2Cl(mtppms)3]) in the presence of HCOOH/HCOONa revealed a sharp maximum of the
rate at pH = 3.75, (coinciding with the pKa of formic acid) showing that both H+ or HCOOH and
HCOO– species play important role in the reaction mechanism [63].

(iv) The poisonous effect of H2O and Inorganic Anions: In aprotic solvents, the presence of trace
amounts of water can be a limiting factor. For example, we have found [23] that the performance of
[Fe/PPh3/propylene carbonate] system can be severely inhibited when H2O was present over a certain
limiting amount i.e., 6% [23]. Notice that commercial formic acid typically contains at least 2–3% of
water to sustain its liquid phase. Analogous poisonous results were observed by Mellman et al. [51]
when Cl- anions were present in the catalytic mixture. The so-obtained decrease in the catalytic activity
can be attributed to the formation of Fe-chloride species that inhibits the Fe-hydride formation, which,
as we have discussed herein (Figure 2) is extremely crucial for both Cycle-I and Cycle-II. This entails
that any atom/molecule coordinating irreversibly the metal center—apart from the hydride—will act as inhibitor
of the catalytic H2 production by the metal complexes.

3.2. Hydrogen Production Under Continuous Operation

Many systems have been described in the literature as able to produce hydrogen via FA
dehydrogenation at satisfactory TONs and TOFs. However, for commercial applications, continuous
operation of the catalytic system is required. The simplest principle of a continuous operating systems
is that the substrate (HCOOH) is provided continuously by an on-line pump; see Figure 14. The crucial
parameter in the continuous operation systems is the long-term stability/durability of the catalytic
system under the reaction conditions.

Moreover, a robust co-catalyst is required. So far, there are only few examples of catalytic systems
working satisfactory under continuous operation. The first catalytic system of continuous hydrogen
production via FA dehydrogenation was reported by Laurenczy and co-workers in 2008 [31]. This
concept was later scaled up and drove to the development of the FA-fuel vehicle. In 2009, Beller
and co-workers reported a Ru-based complex [RuCl2(C6H6)]2/DPPE [64] evaluated under continuous
operation conditions and after 11 days of continuous operation achieved TONs 260,000. Wills [65]
presented a [RuCl2(DMSO)4] catalyst that was evaluated under continuous operation conditions
showing a remarkable TOF = 18,000 h−1. Further improvement of the Wills’ system was achieved
by replacement of the volatile NEt3 with more stable aliphatic and aromatic amines [66]. Another
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example for continuous hydrogen production was published in 2008 [30] where two in-situ-formed
ruthenium catalysts were evaluated for hydrogen production under continuous operation conditions.
In this case, a closed reactor was used, which also served as hydrogen storage medium. The reaction
conditions, such as temperature, amine additive, and [FA:amine] ratio were carefully investigated in
order to achieve the optimum performance of the catalytic system at the lowest possible temperatures.
Under optimized operation conditions, this system achieved 1,000,000 TONs. Thus, although, to date,
the application of the Metal-complex:H2: HCOOH technology has been demonstrated in only one pilot
application, the continuous-operation mode provides encouraging results, in a leap forward towards
a scalable in-situ H2 production technology from HCOOH. Continuous production of hydrogen
from FA decomposition has been described in the recent review of Van Putten et al. [67] focusing
on scale-up applications, and the review of Durbin and Malardier-Jugroot [32] regarding mainly
vehicle applications.

Figure 14. Experimental setup for continuous hydrogen production via FA dehydrogenation. Figure
adapted from Reference [43].

3.3. Heterogeneous Catalysts

Catalytic H2 production via FA dehydrogenation has been shown to be achievable by several
types of metal complexes in the homogeneous phase. However, the inherent limitation in separation
and reusability of such homogeneous catalysts led the researchers to study heterogeneous catalytic
systems. The first heterogeneous systems used for FA dehydrogenation were metal particles—not
complexes—[27] mainly operating with FA in gas form, at high temperatures (T > 400 °C) and
pressures. Typically, the heterogeneous catalysts used under high temperatures and pressures are metal
nanoparticles, metal oxides, and metal nanoparticles supported on different matrices [27]. Liquid phase
reactions, able to proceed at near-ambient conditions, have been recently presented in the literature i.e.,
since 2008. To this front, an alternative approach, exploiting the advantages of homogeneous catalytic
metal-complexes, is the heterogenization of the metal complex on a solid matrix. Covalent grafting of
the metal complex is required to achieve catalysts stability. Such grafting technology has been exploited
for many years by our group for immobilization of oxidation catalysts i.e., Mn complexes [68] and Fe
complexes on SiO2-based [69] or carbonaceous-based supports [70]. However, the grafting technology
for H2 production from FA has been exploited only recently by us [23] (see Figure 15) and others.
In 2009, Gan et al. [71] had immobilized a homogeneous Ru[meta-trisulfonatedtriphenylphospine]
complex on various matrices i.e., polymers and zeolites. Different immobilization methods i.e., such
as ion exchange, polymer immobilization, and adsorption were used. High catalytic activity was
achieved in some cases. However, leaching of the catalytically active complex from the surface was
a serious drawback i.e., since it drives gradual deactivation of catalyst [71].
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Figure 15. Covalent immobilization of Fe/PPh3 catalyst and catalytic results obtained. Figure adapted
from Reference [23].

Table 1. Representative catalytic systems used to FA dehydrogenation.

Catalytic Complex
Temp.
◦C

Operation
Time (h)

TONs
TOFs
(h−1)

Substrate/Solvent Additive FA/Additive
Ratio

Ref.

Noble Metals (Homogeneous Catalyst/Homogenous Base Additive)

Ru2(μ-CO)(CO4)(μ-DPPM)2 RT - 500 FA/Acetone - - [30]

[Ru(H2O)6](tos)2 120 90 40,000 460 FA, SF/H2O - - [31]

[RuCl2(C6H6)]2/DPPE 40 264 260,000 900 FA/Dimethylamine - - [65]

[Cp*Ir(TMBI)H2O]SO4 80 0.17 10,000 34,000 FA/H2O - - [65]

[Ir(COD)(NP)](tfO) 90 2880 2,160,000 - FA/SF - - [33]

Cp*Rh(bis-NHC)Cl]Na 100 50 449,000 9000 FA/H2O - - [34]

[RuCl2(p-cymene)]2 40 3 76 FA/H2O NEt3 2/5 [61]

[RuCl2(p-cymene)]2 40 3 21 FA/H2O NEt3 3/4 [61]

[RuCl2(p-cymene)]2 40 3 40 FA/H2O HexNMe2 4/5 [61]

Homogeneous Catalyst/Heterogeneous Base Co-catalyst

Ru/P(CH2CH2PPh2) 80 696 3924 823 FA/PC SiO2-NH2 500/1 [26]

Non-Noble metals (Homogeneous catalyst/homogenous additive)

[Fe(CO)12/benzylphospine/TPY 60 51 1266 25 FA/DMF light - [41]

Fe(BF4)2/PPh3 80 18 92,417 5390 FA/PC - - [43]

[(PNP)Fe(H)2(CO) 40 240 100,000 420 FA/THF Net3 1/2 [44]

[(PNP)Re(CO)2] 180 1 3300 3300 FA/Dioxane - [45]

Homogeneous Catalyst/Heterogeneous Base Co-catalyst

Fe(BF4)2/PPh3 80 200 8483 6245 FA/PC SiO2 200/1 [54]

Fe(BF4)2/PPh3 80 88 8564 5773 FA/PC SiO2-COOH 577/1 [62]

Fe(BF4)2/PPh3 80 34 8668 14,942 FA/PC SiO2-NH2 500/1 [62]

Homogeneous catalyst/homogenous additive: Lewis-Acid Additives

[PNP1 Fe (H)(CO)(OOCH] 80 4 231 999 FA/Dioxane LiBF4 1/0.1 [46]

[PNP1 Fe (H)(CO)(OOCH] 80 4 263 999 FA/Dioxane NaCl 1/0.1 [46]

[PNP1 Fe (H)(CO)(OOCH] 80 4 323 999 FA/Dioxane NaBF4 1/0.1 [46]

Immobilized catalysts

Fe(BF4)2-PPh3@SiO2 80 1.25 7869 6295 FA/PC - [25]

Pd-P@ SiO2 85 - 719 - H2O - - [72]

Ru-S-SiO2 85 - 344 H2O - - [72]

Ru-P-SiO2 85 - 102 H2O - - [72]

Pd-N-SiO2 85 - 115 H2O - - [72]
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Another example of immobilized catalyst presented by Guo and co-workers [72] consisted
of Ru and Pd metal centers with sulfur ligands, covalently attached on SiO2 support. The best
results were obtained for the Pd-S-SiO2 (TOF = 700 at 85 ◦C). More recently, heterogenization of
an iron-phosphine complex Fe/(tris[(2-diphenylphosphino)ethyl]phosphine) was presented by our
group [23]; see Figure 15. Immobilization of the complex on SiO2 increased the TOFs by 170% vs.
the analogous homogeneous system. Importantly, in this work [23], an heterogenized catalyst was
demonstrated, for the first time, to have high efficiency and robustness in a wide range of temperatures,
being able to produce up to 14 lt of H2 within 6 h of continuous operation. Thus, the covalent
immobilization strategy of the metal-complex or/and the co-catalyst can provide definitive advantages
paving the road towards the continuous-operation standards where durability and recyclability will be
of primary importance. In 2019, catalytic dehydrogenation of formic acid using molecular Rh and Ir
catalysts immobilized on bipyridine-based covalent triazine frameworks was described by Yoon and
co-workers [73]. In the case of the Ir catalyst, it achieved TOFs = 7930 h−1 i.e., 27 times higher than the
corresponding homogeneous Ir Complex.

Oxide-supported metal single-atom or nanoclusters have shown catalytic properties, from the
mechanistic point of view the metal nuclearity, and electronic properties can play crucial role in
catalytic activity and selectivity [74], for example subnanometer Pt clusters show high selectivity to
hydrogenation over dehydration reaction in contrast large Pt NPs. This exemplifies a novel concept i.e.,
single-atom or sub nanoclusters can be anticipated as catalytic structures between the homogeneous
metal-complexes and the nanoparticles.

4. Conclusions

The catalytic mechanism of HCOOH dehydrogenation by molecular (ML) catalysts can be
operationally divided in three sequential steps: (i) FA activation by deprotonation of one HCOOH
molecule and formation of the HCOO– anion, (ii) catalyst activation, and (iii) catalytic H2 production.
This process can be accomplished via two alternative routes, conceptually described as Cycle-I and
Cycle-II. Cycle-I operates with FA (HCOOH), while Cycle-II with formate anion (HCOO–); both involve
a β-hydride transfer from substrate (FA or HCOO– anion) to metal. The FA activation can be facilitated
by organic bases or nanoparticles. Amines in homogeneous phase act as sacrificial additives, while
SiO2 particles or NH2-funtionalised-SiO2 nanohybrids can act as co-catalysts. Optimal performance of
a catalytic system should consider the role of the solvent as well as the eventual inhibitory role of H2O.
Heterogenization of a ML-catalyst on SiO2 provides a novel route where the co-catalytic benefit of
the silica-OH groups contributes to enhanced performance of the ML catalysts. Another interesting
aspect for the catalytic FA dehydrogenation is the acceleration of the catalytic reaction by light. Several
experimental issues and limitations, such as the pH of the solution, the process temperature, the
stability of the complex, and the additive/co-catalysts should be considered when the long-term
continuous operation is envisaged. Minimizing the high concentrations of amine-type additives are
a mandatory challenge. Heterogenization of the catalyst and the co-catalyst can serve as multipurpose
strategies for long-term continuous operation and economic competitiveness of this technology.
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Abbreviations

DPPM Ph2PCH2PPh2
tos toluene-4-sulfonate
DPPE 1,1-bis(diphenylphosphino)ethane
PNP 2,6-bis(di-tert-butylphosphinomethyl)pyridine
CP* 1,2,3,4,5-pentamethylcyclopentadienyl
TMBI tetramethylbiimidazole
PHEN 1,10-phenanthroline
COD cyclo-1,5-octadiene
NP 2-(di-tert-butylphosphinomethyl)pyridine
NHC N-heterocyclic carbene
TPY 2,2′:6′,2”-terpyridine
PNP1 HN(CH2CH2(PiPr2))2
PPh3 tris[2-(diphenylphosphino)ethyl]phosphine
TON Turn over number (TON =mol of produced gasses/mol of catalyst)
TOF Turn over frequency (TOF = TON/t)
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