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ABSTRACT: Hydrogen, as a noncarbon energy source, plays a significant
role in future clean energy vectors. However, concerns about the safe storage
and transportation of hydrogen gas limit its wide application. Featured with
high H2 volumetric density, nontoxicity, and nonflammability, formic acid
(FA) is regarded as one of the most encouraging chemical hydrogen carriers.
The search for heterogeneous catalysts with decent catalytic activity and
stability for FA decomposition is one of the hottest research topics in this area.
In this paper, three weakly basic resins with different functional groups,
including D201 with −N+(CH3)3, D301 with −N(CH3)2, and D311 with
−NH2, were investigated as alternative catalyst supports for Pd catalysts. The
prepared basic resin-supported Pd catalysts were evaluated for the FA
dehydrogenation reaction under atmospheric pressure and temperatures
ranging from 30 to 70 °C. The results showed that the catalytic activity of the
three different resin-supported Pd catalysts follows the order of Pd/D201 >
Pd/D301 > Pd/D311. Particularly, a high turnover frequency value of 547.6 h−1 was achieved when employing Pd/D201 as the FA
dehydrogenation reaction catalyst at 50 °C. The apparent activation energies for the three different Pd/resin catalysts were
calculated, of which the Pd/D210 catalyst demonstrates the lowest activation energy of 42.9 kJ mol−1. The reasons for the superior
catalytic behavior, together with the reaction mechanism, were then investigated and illustrated.

1. INTRODUCTION

The excessive amount of greenhouse gas CO2 released from
conventional fossil fuel combustions has a negative impact on
global climate change; hence, the search for a clean CO2-
netural alternative energy source is of great importance to the
human society.1,2 Hydrogen is a potential clean energy
substitute as water is the only product when it is combusted
for energy purpose.3,4 However, due to the low volumetric
density of H2 (0.08988 g/L at room temperature and
atmospheric pressure), its storage and transportation is often
associated with handling pressurized gas containers.5 Thus,
safe and cost-effective storage and transportation remain as the
two major challenges blocking the utilization of hydrogen as
the energy source in large scale.6−8 Chemical hydrogen carriers
offer a unique way to store hydrogen energy in chemical
compounds and transport hydrogen in the form of hydrogen-
rich molecules. Metal hydrides and their alloys, ammonia,
methanol, and formic acid (FA) have been explored as
promising chemical hydrogen carriers.9−14 Among these, FA is
present in the form of liquid at room temperature and is
featured with properties like high gravimetric (4.4 wt %) and
volumetric (53 g H2 L

−1) densities, nonflammability, and low
toxicity and hence is considered as one of the most promising
candidates as a chemical hydrogen carrier. Therefore, the
development of a sustainable catalytic system for the on-site

production of hydrogen from FA is of great importance and
has raised considerable amount of research attention.
Generally, the on-site production of hydrogen from FA can

be achieved at atmospheric pressure and relatively low reacting
temperatures of 20−80 °C in the presence of a proper catalyst.
It is well accepted that FA decomposition can occur through
dehydrogenation (eq 1) and dehydration (eq 2) pathways,
depending on the reaction conditions and catalyst proper-
ties.15,16

GHCOOH CO H 48.4 kJ mol2 2
1↔ + Δ = − −

(1)

GHCOOH CO H O 28.5 kJ mol2
1↔ + Δ = − −

(2)

Accordingly, the dehydration reaction of FA is the main side
reaction that needs to be minimized to boost the efficiency of
the desired dehydrogenation reaction to produce hydrogen on-
site. With the distinguished advantages of easy separation and
reusability, the application and rational design of heteroge-
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neous catalysts for FA have been reported intensively in recent
years. In particular, the application of supported Pd nano-
particle (NP) catalysts has gained substantial research
attention owing to their ability to tolerate CO and their
extraordinary catalytic performance toward conversion and
selectivity regarding H2 production from FA decomposition
under moderate temperatures.15−20 The utilization of Pd-based
heterogeneous catalysts in the FA decomposition process is
often accompanied with nearly 100% selectivity toward the FA
dehydrogenation reaction. For example, as reported in the
open literature, no trace of CO was detected when using Pd/
C21 and Pd-CNTs22 as catalysts for FA decomposition, while
less than 5 ppm of CO was detected when using Pd/resin
(IRA96SB) as the catalyst.23

In order to achieve better catalytic activity and stability,
alloying with another metal was often employed as an effective
approach as it can successfully modify the electronic and
geometric framework of the active Pd metal. This approach
was intensively demonstrated in the open literature, with
improved catalytic performance demonstrated by PdAu,24,25

PdAg,18,26−28 PdCo,29 PdNiAg,30 PdCu,31 PdIr,32 IrPdAu,33

and PdCoAu34 alloy catalysts. Another effective approach to
improve the catalytic performance of single Pd-based catalysts
is to vary the support materials for Pd catalysts. For supported
catalysts, the physiochemical properties of the support are
highly associated with the catalytic performance of the catalysts
as they often affect the dispersion of the active metal, the
stability of the active metal, and sometimes the chemical state
of the active metal. Hence, a large variety of materials have
been investigated as catalyst supports for Pd-based hetero-
genous catalysts, including carbon materials,35,36 graphene
oxide,27 MOFs,15 metal oxides,37 macroreticular resins,23,31

and so on. Among these, the application of macroreticular
basic resins was proven to be one of the promising options for
catalyst support as the weakly basic −N(CH3)2 groups within
the resin facilitate the decomposition of the O−H bond in
HCOOH, hence improving the activity for FA dehydrogen-
ation.31

However, investigations of other weakly basic resins with
different functional groups as supports for the Pd catalyst in
the FA dehydrogenation reaction are rarely reported in the
open literature. Therefore, in the current paper, three weakly
basic resins with different functional groups, including D201
with −N+(CH3)3, D301 with −N(CH3)2, and D311 with
−NH2, were investigated as alternative catalyst supports for Pd
catalysts for their catalytic performance in the FA dehydrogen-
ation process. The selected three different functional groups
are typical representatives of quaternary amine, tertiary amine,
and primary amine. To point out, the additive-free FA
decomposition reaction process was employed in the current
paper as additives like HCOONa would decrease the H2
storage potential. In addition, several physiochemical charac-
terization methods were employed to rationalize the difference
in the catalytic performance of the three Pd/resin catalysts
toward the FA dehydrogenation reaction. Furthermore, the
catalytic reaction mechanism of FA dehydrogenation in the
presence of Pd/resin catalysts with different functional groups
was proposed and illustrated.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. 2.1.1. Resin Pretreatment.

The purchased resins including D201, D301, and D311 were
first washed repeatedly with distilled water until the filtrates

become colorless and clear. Then, the resin was immersed in a
series of solutions including 1.0 mol/L HNO3, 1.0 mol/L
NaOH, and 1.0 mol/L KNO3. The time for immersion of the
resin is 12 h for each solution. After soaking, the resin was
rinsed with distilled water several times until the filtrate was
neutral. Finally, the resin support was obtained after vacuum
drying at 80 °C for 12 h.

2.1.2. Preparation of the Pd/Resin Catalyst. Before the
deposition, the pretreated resin was grinded to achieve a
sample size less than 0.1 mm. The grinded resin (0.5 g) was
then mixed with an aqueous solution containing 20 mL of
water and 1.25 mL of 2 mg Pd/mL PdCl2 solution. The
mixture was then stirred at room temperature for 24 h before
filtration. The solid obtained from filtration was washed
repeatedly with distilled water. Subsequently, the samples were
transferred into 50 mL of distilled water and pre-reduced with
15 mL of 1 M NaBH4. After the reaction, the catalyst was
vacuum-dried at 80 °C for 12 h after being filtered and washed
repeatedly with distilled water. The attained sample was
labeled as the Pd/resin catalyst. Pd loading was controlled at
0.5 wt % for all catalyst samples. Inductively coupled plasma
optical emission spectrometry (ICP-OES) was conducted to
obtain the actual Pd loading in the Pd/resin catalysts. The
actual Pd content falls in the range of ±10% of the intended Pd
loading of 0.5 wt %, which indicates the easy attachment of Pd
onto the resin support.

2.2. Catalyst Characterization. The transmission elec-
tron microscopy (TEM) images of all tested catalyst samples
were acquired on a JEOL JEM-1200EX electron microscope
operated at 200 kV. All samples were gold-plated before
acquiring the TEM images to increase their conductivity for
measuring purposes. The BET surface area and pore structure
were attained from the N2 adsorption/desorption measure-
ment on a Quantachrome Autosorb-IQ instrument in static
measurement mode at −196 °C. All samples were degassed at
200 °C for 5 h prior to measurements. X-ray photoelectron
spectroscopy (XPS) measurements were conducted on an
ESCALAB 250XI spectrometer with 24.2 W of Al Kα
radiation. ICP-OES was conducted on a Thermo Fisher
iCAP PRO system to obtain the actual Pd loading in the Pd/
resin catalysts.

2.3. Hydrogen Generation from Formic Acid Dehy-
drogenation. FA dehydrogenation in aqueous solutions were
performed in a round-bottom flask containing 50 mg catalyst
and 5 mL of 0.25 M FA solution. A water bath with magnetic
stirring is employed to control the reaction temperature and
apply magnetic stirring to the reaction medium. The speed of
the applied magnetic stirring is maintained at about 850 rpm.
The catalyst was added into the round-bottom flask prior to
the addition of FA solution. The addition of 5 mL of 0.25 M
FA solution initiates the dehydrogenation reaction, and the
corresponding evolved gas was monitored by a gas burette
system. To point out, the water level at the exhaust side of the
gas burette was always kept as the same level to the inside to
eliminate the pressure difference. The evolved gases were
analyzed using a GC-1690 instrument equipped with a thermal
conductivity detector (TCD) and a TDX-1 column. No trace
of CO was detected during the FA decomposition reaction in
the presence of all three prepared Pd/resin catalysts (Pd/
D201, Pd/D301, and Pd/D311) which suggests a ∼100%
selectivity toward FA dehydrogenation.
The FA conversion rate was calculated according to eq 3
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x
P V RT

n

/

2FA
atm gas=

(3)

where Patm is the atmospheric pressure (101.325 kPa), Vgas is
the volume of the generated gases (H2 + CO2) in L, R
represents the universal gas constant (8.3145 m3 Pa mol−1 K),
T represents room temperature (K), and n represents the mole
number of FA in the aqueous solution. The turnover frequency
(TOF) values at different times are calculated based on eq 4

P V RT

n t
TOF

/

2t
atm gas

Pd
=

(4)

where nPd represents the number of Pd molecules used and t
represents the reaction time (h).

3. RESULTS AND DISCUSSION
The catalytic activities in the form of gas evolved from FA
dehydrogenation at 50 °C and atmospheric pressure in the
presence of the resin-supported catalysts including Pd/D201,
Pd/D301, and Pd/D311 are illustrated in Figure 1a. As can be
observed from Figure 1a, the catalytic activity of the three
different resin-supported Pd catalysts follows the order of Pd/
D201 > Pd/D301 > Pd/D311. Different catalytic perform-

ances likely originated from the different functional groups
existing on the surface of the tested resins. To point out, the
different functional groups −N+(CH3)3, −N(CH3)2, and
−NH2 on the surface of D201, D301, and D311 are believed
to be the main reason accounting for the significant difference
in the catalytic performance toward hydrogen generation from
FA dehydrogenation. The effect of temperature on the catalytic
decomposition of FA was also evaluated in the temperature
range of 30−70 °C, and it was demonstrated that promoted
catalytic activity was achieved with the evaluated temperatures
for all the three tested Pd/resin catalysts. The results can be
found in Figure S1(a−c), Supporting Information. Moreover,
the best performed Pd/D201 was recycled and reused for FA
dehydrogenation after filtration, water wash, and vacuum
drying at 80 °C for 12 h. There is only a minor reduction in
the catalytic performance using recycled Pd/D201 even at the
fourth run of the FA dehydrogenation reaction (Figure S2,
Supporting Information). This proves the decent stability of
the Pd/D201 catalyst and hence its potential for practical uses.
The Arrhenius plot between the reaction temperature (30−70
°C) and TOF at 5 min, together with the calculated apparent
activation energy (Ea) of the three tested Pd/Resin catalysts, is
presented in Figure 1b.

Figure 1. (a) Volume of gas evolved from FA dehydrogenation as a function of time in the presence of Pd/D201, Pd/D301, and Pd/D311
catalysts. Reaction conditions: 50 °C and 5 mL of 0.25 M HCOOH solution; (b) Arrhenius plot of TOF at 5 min as a function of reacting
temperatures, together with the calculated Ea values of Pd/D201, Pd/D301, and Pd/D311 catalysts in the temperature range of 30−70 °C.

Table 1. Catalytic Performance of Supported Pd Heterogeneous Catalysts Toward HCOOH Dehydrogenation in Aqueous
Solution Without Additivesb

catalysts metal loading reaction conditions T (°C) conversion (%) TOFinitial (h
−1) Ea (kJ mol−1) eef

Pd/D201 0.5 0.05 g cat, 0.25 M FA, 5 mL, 150 min 50 38.8 547.6a 42.9 this work
Pd/D301 0.5 0.05 g cat, 0.25 M FA, 5 mL, 150 min 50 30.4 541.7a 52.1 this work
Pd/D311 0.5 0.05 g cat, 0.25 M FA, 5 mL, 150 min 50 27.2 445.3a 53.1 this work
Pd/C 10 0.10 g cat, 1.33−4.00 M FA, 70 mL, 300 min 50 186−347c 53.7 36
Pd/C 10 0.025 g cat, 6 M FA, 20 mL, 150 min 50 3 87 38
Pd/C 10 0.025 g cat, 1 M FA, 10 mL, 120 min 45 40 361 39
Pd*CeO2 10 0.5 M FA, 10 mL 40 807.7 43.02 37
Pd/C 1 0.027 g cat, 0.5 M FA, 10 mL, 150 min 30 9 240 35
Pd/CNF 1 0.027 g. cat, 0.5 M FA, 10 mL, 150 min 30 979.1 26.2 35
Pd/SBA-15-PA 4.3 0.046 g cat, 1.0 M FA, 10 mL 26 355 40
Pd/C 1 0.50 g cat, 1 M FA, 10 mL, 150 min 23 2 38 41
Pd/mpg-C3N4 10 0.025 g. cat, 1 M FA, 10 mL, 120 min 25 144 29.1 42
Pd/CN 10 0.04 g cat, 1 M FA, 5 mL, 25 752 43
Pd/SBA-15-NH2 10 0.5 M FA, 5 mL 25 481 53.01 44

aTOF calculated after 5 min. bTOF calculated at FA conversion of 20%. cTOF calculated using moles of Pd exposed on the surface after 10 min
with HCOOH concentrations of 1.33−4.00 M.
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As expected, the TOF values decreased with the decrease in
the reaction temperature for all the tested Pd/resin catalysts.
The calculated Ea values for the three catalysts follow the order
of Pd/D201 (42.9 kJ mol−1) < Pd/D301 (52.1 kJ mol−1) <
Pd/D311 (53.1 kJ mol−1). This observation agrees very well
with the catalytic performance of the Pd/resin catalysts
demonstrated in Figure 1a. Among these, Pd/D201, with the
best catalytic activity toward FA decomposition, has the lowest
Ea value of 42.9 kJ mol−1. By examining the different Ea values,
it is therefore implied that different reaction mechanisms might
be involved when employing the different Pd/resin catalysts in
the FA decomposition reaction.
Although, it is rather difficult to compare with the literature-

published data because of the discrepancy in reaction
conditions, the conversion rate at 150 min, initial TOF values,
and the calculated Ea values were collected and compared with
several published studies in Table 1. When comparing the
catalytic activity of our catalyst with the literature-reported
catalysts, the selection of the literature data focuses on the
mono Pd-based catalysts and those catalytic activity data
evaluated without additives (such as HCOONa) in the FA
dehydrogenation process. The overall conversion scattered
between 2 and 40%, making our best catalyst Pd/D201 as an
encouraging choice, with about 38.8% conversion rate at 50 °C
in 150 min time span. The apparent activation energy of 42.9−
53.1 kJ mol−1 is consistent with the literature results which
range from 26.2 to 53.7 kJ mol−1. Certainly, the Pd/D201
catalyst sits within one of the best performed catalysts when

comparing the obtained TOF values with the literature-
published data in Table 1.
Therefore, to investigate the fundamental reasons for the

different catalytic performances of the three synthesized Pd/
resin catalysts, the texture properties of the three as-prepared
catalysts were first measured. The obtained N2 adsorption−
desorption isotherms and pore size distribution of the three
catalysts of Pd/D201, Pd/D301, and Pd/D311 are shown in
Figure 2.
As illustrated in Figure 2a, all three samples fall in the

classification of type II adsorption isotherms, which indicates
the existence of macroporous structures. This was confirmed
with the pore size distribution in Figure 2b, with pore sizes of
84, 85, and 85 nm for Pd/D201, Pd/D301, and Pd/D311
catalysts, respectively. The surface areas of the three catalysts
including Pd/D201 (15 m2 g−1), Pd/D301 (25 m2 g−1), and
Pd/D311 (11 m2 g−1) are within the same magnitude.
Compared with the other supports for Pd catalysts such as
activated carbon with surface areas of a few hundred square
meters per gram, the minor difference in the surface areas of
the three resin supports is believed not to make a significant
difference on the catalytic performance. Hence, the texture
properties of the three catalysts are probably not the main
properties that affect the catalytic performance of the
supported Pd/resin catalysts in our study.
As reported in previous publications, the particle size of Pd

NPs is believed to be one of the key factors influencing the
catalytic performance of the supported monometallic Pd
catalysts, and a particle size effect is often observed.38,45,46 It

Figure 2. N2 adsorption−desorption isotherms (a) and pore size distribution (b) of the catalysts of Pd/D201, Pd/D301, and Pd/D311.

Figure 3. TEM images together with the histograms of particle size distributions for the catalysts of Pd/D301 (a), Pd/D201 (b), and Pd/D311 (c).
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is believed that supported Pd catalysts with particle sizes larger
than 4 nm and very small particle sizes generally result in poor
catalytic performance in the FA dehydrogenation reaction
process.18,47 The optimized particle size was then suggested to
be within the range of 1.8−3.5 nm.36 Therefore, the TEM
images of the three as-prepared Pd/Resin catalysts were then
measured to investigate the effect of Pd NP size on the
catalytic performance of FA dehydrogenation. The TEM
images, together with the Pd size distribution diagrams of the
three as-prepared Pd/resin catalysts, are shown in Figure 3.
As can be seen from Figure 3b, the distribution of Pd NPs is

uniform on the surface of the D201 resin, and the resultant
average size of Pd NPs is about 2.3 nm, which lies within the
optimized particle size range. This agrees with the superior
catalytic performance of the Pd/D201 catalyst observed in
Figure 3a. On the other hand, the average particle sizes of Pd/
D301 and Pd/D311 samples are observed to be ∼5.6 and ∼4.4
nm, respectively. These particles are believed to be too large to

generate a decent catalytic performance, which agrees well with
the relatively poor catalytic activity in Figure 3 of Pd/D301
and Pd/D311 catalysts. It thus can be concluded that the
decent Pd NP size obtained in the Pd/D201 catalyst is
certainly beneficial to the superior catalytic performance
toward the FA dehydrogenation reaction.
To further explore the possible reaction mechanism, XPS

spectra of the Resin-supported catalysts were then measured to
investigate the chemical state of Pd NPs on the surface of the
catalysts of Pd/D201, Pd/D301, and Pd/D311. The obtained
XPS spectra are shown in Figure 4.
To examine the chemical state of Pd on the catalyst surface,

the XPS spectra of the Pd 3d region for the Pd/D201, Pd/
D301, and Pd/D311 catalysts were measured and presented in
Figure 4. As shown in Figure 4, there are two main doublets
that exist for all the three tested catalysts, suggesting two
different chemical states of Pd. The corresponding peaks
assigned to Pd0 and Pd2+ are indicated in Figure 4. The peak

Figure 4. XPS spectra of the Pd 3d region for the Pd/D201 (a), Pd/D301 (b), and Pd/D311 (c) catalysts.

Figure 5. Schematic illustration of the proposed reaction mechanisms of the FA dehydrogenation reaction in the presence of Pd/D301 and Pd/
D311 catalysts (a) and Pd/D201 catalyst (b).
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area of those peaks was then employed in peak deconvolution
analysis to obtain the content of Pd0 and Pd2+ in each catalyst.
As demonstrated in Figure 4, surface Pd was partially reduced
into metallic Pd0 for all the tested catalysts. In addition, the
content of Pd0 in the three tested catalysts follows the trend of
Pd/D201 > Pd/D301 > Pd/D311, which agrees well with the
catalytic performance observed in Figure 1a. Therefore,
compared with the functional groups of −N(CH3)2 and
−NH2, the existence of surface functional groups of
−N+(CH3)3 is more beneficial for the reduction of Pd2+ into
metallic Pd0, which is considered to be the actual active site for
FA dehydrogenation.
Based on the characterization of the physiochemical

properties, the reaction mechanism of FA decomposition in
the presence of different resin-supported Pd catalysts is
therefore proposed and illustrated in Figure 5. It is generally
accepted that the reaction mechanism of the FA dehydrogen-
ation reaction involves two potential reaction pathways,
including pathway I (i.e., formate anion dehydrogenation
pathway)48,49 and pathway II (i.e., FA dehydrogenation
pathway).50 Naturally, the FA deprotonation reaction is
equilibrated in the FA solution, with both HCOOH and
HCOO− that can possibly serve as reacting substances for
hydrogen production.28,40 For Pd/D301 and Pd/D311
catalysts, the surface basic functional group is −N(R)2,
where R represents CH3 for D301 and H for D311. As
shown in Figure 5a, in the presence of Pd/D301 and Pd/D311
catalysts, FA dehydrogenation mainly uses HCOOH as the
starting substance. First, the reaction is initiated by the
adsorption of HCOOH, where the −N(R)2 group serves as a
proton scavenger and facilitates the deprotonation of
HCOOH. Second, the deprotonation product HCOO− was
then adsorbed on the surface of Pd NPs, followed by β-hydride
elimination to produce CO2 and a surface palladium hydride
species. Third, the hydride species react with the nearby
−NH+(R)2 species and form H2, together with the
regeneration of active Pd0 NPs.
However, for the Pd/D201 catalyst (Figure 5b), FA

dehydrogenation mainly uses HCOO− as the starting
substance. First, the reaction is initiated via the absorption of
HCOO− species to the surface of the catalyst through
electrostatic interaction with the positively charged
−N+(CH3)3 group and migration to the nearby Pd NP surface.
Second, the formation of CO2 and palladium hydride species
was achieved via the β-hydride elimination of HCOO−. Third,
the surface palladium hydride species reacted with the proton
in the aqueous solution to form H2 along with Pd0 active site
regeneration. To point out, the electrostatic interaction
between the positively charged −N+(CH3)3 group and
HCOO− species is likely to cause an increasing localized
concentration of HCOO−, which boosts the deprotonation of
HCOOH and promotes the overall catalytic FA dehydrogen-
ation process. Hence, Pd/D201 catalyst is believed to be a
promising candidate for the catalytic FA dehydrogenation
reaction process.

4. CONCLUSIONS
In the current paper, monometallic Pd catalysts supported on
three weakly basic resins with different functional groups,
including D201 (−N+(CH3)3), D301 (−N(CH3)2), and D311
(−NH2), were prepared and evaluated as catalysts for the FA
dehydrogenation reaction. Different catalytic performances
were observed when employing the three different resin-

supported Pd catalysts, with Pd/D201 demonstrating best
catalytic activity towards the FA dehydrogenation reaction.
The corresponding characterizations of the physiochemical
properties of the three Pd/resin catalysts revealed that the
proper Pd NP size and large content of metallic Pd0 on the
catalyst surface are the beneficial properties for achieving a
decent catalytic performance in FA dehydrogenation reactions.
The different reaction mechanisms of FA dehydrogenation in
the presence of Pd/D201, Pd/D301, and Pd/D311 were
proposed as well. It was revealed that the superior catalytic
performance of Pd/D201 can be explained by the surface
positively charged functional group of −N+(CH3)3 electro-
statically interacting with the negatively charged HCOO− and
causing an increase in the localized HCOO− concentration.
This is likely to boost the deprotonation of HCOOH in
aqueous phase and hence result in an improved catalytic
performance of Pd/D201 in the overall HCOOH dehydrogen-
ation reaction process.
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