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High energy density and low toxicity of formic acid makes it a
promising hydrogen energy carrier. Here we report a Pd/CNT-based
formic acid dehydrogenation catalyst that shows a significant decrease
in the apparent activation energy compared to benchmark Pd catalysts
and provide a mechanistic insight into its catalytic performance.

Hydrogen is considered a promising alternative for intermediate
energy storage and is expected to play a crucial role as a
secondary fuel and energy carrier in the new energy system.1
Conventional H2 storage in high-pressure compressed gas
cylinders or cryogenic liquid tanks is straightforward but suﬀers
from excessive energy losses (H2 compression, liquification, and
boil-oﬀ) and low volumetric energy capacity. A liquid hydrogen
carrier, formic acid (FA), is an attractive alternative: although FA
contains only 4.4% H2, because of its high density of 1.22 g cm 3, its
volumetric capacity reaches 53 g H2 L 1.1 This is equivalent to an
energy density of 1.77 kW h L 1 which exceeds those of commercial
70 MPa hydrogen pressure tanks (e.g., 1.4 kW h L 1 for Toyota
Mirai) and hence may be suitable for automotive and mobile
applications.1 FA can be obtained in large quantities by hydrogenation of waste CO2 from industry, biomass reforming,
artificial photosynthesis and direct CO2 electroreduction.2 Thus,
the catalytic dehydrogenation of FA with the release of hydrogen
gas under mild conditions can meet the increasing demand for
alternative technologies for the generation of hydrogen in a
more sustainable manner.
The development of eﬃcient catalysts remains the main hurdle
for practical applications of this approach. The dehydrogenation of
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FA can be catalysed by homogeneous metal complexes or nanoparticles (NPs) with high hydrogen-evolution rates.1 Precious
metals and their bimetallic nanoparticles are considered to be
the most eﬀective catalysts for this reaction.3
Pd NPs are the most active single-component nanocatalysts
reported so far and have the lowest eﬀective barrier for the
dehydrogenation of FA without additives. Typical catalyst supports,
including silica, metal oxides, activated carbon materials, zeolites
and metal–organic frameworks, have been exploited to stabilize
ultrafine Pd NPs to obtain more effective heterogeneous catalysts
for the dehydrogenation of FA.4 However, the activities of previously described catalysts based on supported single-component
Pd NPs are not yet sufficient for industrial implementation.
In the case of homogeneous metal-complex catalysts, specifically designed organic ligands can enrich the electron density
of metal active sites and thus enhance their activity for hydrogen
generation. Similarly, for heterogeneous catalysts the surroundings
play a very important role by altering the structure and energetics
of active sites. Among catalyst supports, nitrogen-doped carbon,5
reduced graphene oxide,6 and carbon nanotubes (CNT)7 have been
shown to improve the activity of Pd NPs in FA dehydrogenation
compared to that of activated carbon supported Pd NPs, which has
been attributed to the ability of the support material to tune the
electronic structure of Pd, although detailed mechanisms are not
known. The elucidation of the structural features in heterogeneous
catalysts responsible for lowering the energy barrier of FA
dehydrogenation is necessary for enabling rational design of
eﬃcient catalysts for this important reaction.
Here we report the synthesis and catalytic performance of a
composite catalyst structure for FA dehydrogenation reaction
and provide a mechanistic insight into its catalytic performance
using density functional theory (DFT) calculations. The composite
structure composed of ligand-free Pd nanoparticles (NPs) supported on carbon nanotubes (CNTs) densely assembled on silica
support particles enabled both colloidal stability of the nanoreactors and ease of quantitative separation of the structures
from the reaction mixture. This structure shows a significant
decrease (2.8 times) in the apparent activation energy for FA
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dehydrogenation reaction compared to a benchmark Pd catalyst.
The results of ab initio quantum mechanical calculations provided
evidence that the Pd–CNT interface could be responsible for the
improved catalytic performance by facilitating the rate-determining
reaction step in FA dehydrogenation.
The method used to assemble CNTs on mesoporous SiO2
spheres is based on the formation of polyelectrolyte multilayers
by sequential adsorption of oppositely charged polymers, and
thus relied on the mutual electrostatic attraction between the
charged species.8 The starting negatively charged 504  36 nm
SiO2 particles (zeta potential 42 mV) were coated layer-by-layer
with a positively and negatively charged polyelectrolyte, poly(diallyldimethylammonium chloride) (PDDA) and poly-(sodium
4-styrenesulfonate) (PSS), respectively, in order to obtain a uniform distribution of charges on the surface.9 In total, three
layers of polyelectrolytes were deposited in this manner (PDDA–
PSS–PDDA) to finally yield positively-charged (average electrokinetic potential, or z-potential, +46 mV) silica spheres with an
even distribution of charges. CNT synthesized by the plasmaenhanced chemical vapor deposition method10 do not carry a
surface charge, and therefore must be modified prior to the
assembly. In this work, charging was performed by chemical
oxidation using sulfuric and nitric acids,11 which led to the
formation of carboxylic groups at both the tips and sidewalls
which are responsible for the presence of the necessary negative
charges on the CNT surfaces (z-potential 38 mV) to obtain a
stable dispersion of individual CNTs in water and to assemble on
positively charged surfaces to form CNT–SiO2 nanoskein structures.
Functionalization of these structures with ligand-free 3.8 nm Pd
NPs was performed by the reduction of Pd2+ salt with sodium
borohydride in the presence of CNT–SiO2 nanoskeins.
Fig. 1 and Fig. S1–S5 (ESI†) show representative scanning
and transmission electron microscopy (SEM, TEM, respectively)
images of the resulting nanoskeins. Homogeneous wrapping of the
surface by the CNTs was obtained, and Pd NPs were distributed
evenly on the CNT surface, as evident from SEM and TEM images
and energy-dispersive X-ray (EDX) elemental mapping of the structure (Fig. 1g). Dense multilayer CNT assembly on the SiO2 spheres
was also confirmed by dynamic light scattering analysis which
showed the change from 750 nm (polyelectrolyte-functionalized
SiO2) to 946 nm (Pd–CNT–SiO2) in diameter. The nanoskeins were
colloidally stable in water in a wide pH range without further
treatment. X-ray photoelectron spectroscopy (XPS) analysis (Fig. S6,
ESI†) was performed to characterize the surface chemistry of Pd.
While commercial Pd on carbon showed characteristic 3d peaks at
335.2 and 340.3 eV corresponding to metal Pd in the (0) oxidation
state, the Pd 3d XPS spectrum of Pd–CNT–SiO2 exhibited
broadened peaks with features at 335.2, 336, 337.5 eV and
340.3, 342.2, 344.3 eV (Fig. S6a, ESI†), indicative of a specific
chemical environment induced by the CNT support, due to Pd
coordination to OH or COOH groups on the CNT surface.12
Since the synthetic protocol used here for Pd NP preparation typically
produces NPs with Pd(0) surfaces,13 the obtained XPS results serve as
evidence of CNT modulation of the Pd electronic structure.
To evaluate the catalytic performance of Pd–CNT–SiO2 nanoskeins in FA dehydrogenation reaction, we measured H2 production

10734 | Chem. Commun., 2019, 55, 10733--10736

ChemComm

Fig. 1 Pd–CNT–SiO2 nanoskein structure. Schematics of the nanoskein
formation steps; (a): oxidized CNT assembly on polyelectrolyte-coated
SiO2 nanospheres and their subsequent functionalization with Pd NPs.
(b) High resolution TEM image of ligand-free Pd NP-coated CNTs. SEM (c),
bright field TEM (d and e) and dark field TEM (f) images of the ligand-free
Pd–CNT–SiO2 nanoskeins. EDX mapping images (g) showing the distribution
of Pd, Si, and C in the structure. Additional electron microscopy images are
available in the ESI† (Fig. S1–S5).

rates in FA/sodium formate (SF) aqueous solutions containing
Pd–CNT–SiO2 nanoskeins and control catalysts with the same
mass loading of Pd NPs of comparable sizes (Fig. S7, ESI†) at
different temperatures. The results are summarized in Fig. 2.
Specifically, the Pd–CNT–SiO2 system showed up to an order of
magnitude higher H2 production rate compared to commercial
carbon-supported Pd NPs (Pd–C) and synthesized SiO2-supported

Fig. 2 The rate of H2 evolution from FA/SF solutions containing Pd–C
(black bars), Pd–SiO2 (grey bars), and Pd–CNT–SiO2 nanoskeins with PVPstabilized Pd NPs (green bars) and with ligand-free Pd NPs (red bars). Note
that Ea of Pd–SiO2 is not shown due to their structural degradation at
elevated temperatures (see ESI,† Fig. S8).
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ligand-free Pd NPs (Pd–SiO2) under the same reaction conditions.
Pd–SiO2 showed higher H2 production rates than Pd–C, which was
consistent with their higher colloidal stability in aqueous solutions
and with earlier reports on Pd NPs supported on or enclosed in
mesoporous silica in a FA dehydrogenation reaction.14 However,
Pd–SiO2 exhibited a limited structural stability in the course of the
reaction and underwent complete degradation at 80 1C (Fig. S8,
ESI†), in contrast with Pd–CNT–SiO2 nanoskeins that remained
structurally unchanged after the catalytic tests at all studied
temperatures. Moreover, recyclability tests at 80 1C (Fig. S10, ESI†)
showed a slower performance degradation of Pd–CNT–SiO2 nanoskeins compared to Pd–C (likely associated with the loss of the
material in the purification step between the cycles), while no
apparent particle aggregation or dissolution (Fig. S11 and S12,
ESI†) and no change in the Pd surface chemistry (Fig. S13, ESI†)
was detected. This result revealed the importance of the CNT layer
for the stabilization of silica under the FA dehydrogenation conditions. Pd–CNT–SiO2 nanoskeins obtained via the decoration of
CNT–SiO2 structures with polymer-stabilized (PVP) Pd NPs instead
of ligand-free Pd NPs showed a significant decrease in the H2
production rate compared to ligand-free Pd–CNT–SiO2. As these
PVP-stabilized Pd–CNT–SiO2 NPs exhibited the same XPS
spectrum profile, in agreement with earlier reports,7 and the
observed decrease in the H2 production is likely due to PVP
obstructing the intimate Pd–CNT interface that is more abundant
in the ligand-free Pd NPs. In addition, this result is in agreement
with the previous work on Pd polymer stabilization effects on FA
dehydrogenation,15 and suggests that polymers present in the
composite structure (including PDDA and PSS) are capable of
blocking a fraction of the active sites thereby decreasing the
overall catalytic activity.
While the specific activity characterized by turnover frequency
(TOF) is generally reported for FA dehydrogenation catalysts,1
TOF values for heterogeneous catalysts and specifically NPs
are largely an approximation as the determination of the active
site surface density is complicated and associated with errors.
Specifically, in the catalysts studied in this report the estimation
of the density of catalytically active sites is obscured as the
fraction of Pd surface sites that are blocked by the polymers is
diﬃcult to determine. In the literature, CO chemisorption in
conjunction with TEM is often used to estimate accessible Pd
surface sites.15 However, this raises the concern of a possible
measurement error, since the actual FA dehydrogenation occurs
in a solution rather than in the gas phase. Assuming that the
entire exposed surface of Pd in the reported Pd–CNT–SiO2 is
catalytically active in FA dehydrogenation and using the standard
Pd nanoparticle surface area estimation method,16 this material
achieves a TOF of up to 35 h 1 (at 80 1C). As the kinetics of the
reaction, i.e., reaction rate, is directly proportional to the reaction
activation energy, we suggest that comparing the apparent activation
energy of a catalyst in the FA dehydrogenation reaction (Ea) to
the Ea of a known standard catalyst provides a better assessment
of the catalytic activity in this reaction. Based on the obtained
Arrhenius plots (Fig. S9, ESI†), the Ea values corresponding to
Pd–C, PVP-stabilized Pd–CNT–SiO2 and ligand-free Pd–CNT–SiO2
are summarized in Fig. 2 (no Ea value is provided for Pd–SiO2 due

This journal is © The Royal Society of Chemistry 2019

Communication

to a non-linear fit of the Arrhenius equation resulting from the
catalyst structural degradation and subsequent decrease in the
H2 production rate with increasing reaction temperature).
The observed Ea values for the two Pd–CNT–SiO2 catalysts are among
the lowest reported for heterogeneous FA dehydrogenation,6,15
suggesting that the Pd–CNT interface has a promoting effect on
FA dehydrogenation reaction kinetics. Interestingly, nearly the same
Ea value was obtained for both PVP-stabilized and ligand-free
Pd–CNT–SiO2, suggesting that the H2 production rate difference
was associated with partial polymer blockage of the catalytically
active sites, while their nature remained the same.
To obtain a mechanistic insight into the origins of the
activation energy decrease at the CNT–Pd interface, we performed
DFT calculations of formic acid decomposition on model Pd
surfaces and Pd–CNT interfaces. To model the Pd surface of sub4 nm Pd NPs used in this study, we considered Pd(111), the
dominant (most thermodynamically stable) fcc facet, as well as
(100), (110), and (211) facets of Pd to see more general trends. The
Pd–CNT interface was modelled using the same Pd surfaces
interfaced with CNTs of different sizes and OH (or COOH) groups
on their surface (see ESI† for the details of calculations and
additional DFT data). In general, formic acid can be decomposed
via dehydrogenation (paths I, II) and dehydration (path III)
pathways,17 as shown in Fig. 3a. The latter results in CO poisoning
and subsequent deactivation of the catalyst: quantitative H2
production was observed on Pd–CNT–SiO2 at all reaction temperatures and no CO formation was detected by the FID detector
equipped with a methanizer, while the CO2 yields confirmed
quantitative formation of H2 (Fig. S14, ESI†). Therefore, our
mechanistic analysis was focused on the dehydrogenation pathways, that can occur through either OCHO* or COOH* reaction
intermediates17 (paths I and II, respectively, Fig. 3a). Using
calculated binding energies of HCOOH, OCHO*, COOH* and
H* (Tables S1–S3, ESI†), we constructed potential energy surfaces
for these dehydrogenation pathways, as shown in Fig. 3b–e and
Fig. S15 (ESI†). According to the Sabatier principle, the optimal
catalyst is the one whose potential energy surface deviates the
least from a hypothetical straight line connecting the reactants’
and products’ potential energy levels.18 Based on the observed
trends, the rate-determining final reaction step17 of two H*
combination to form gas-phase H2 is significantly facilitated at
the Pd–CNT interfaces, compared to the same pristine Pd surfaces. The presence of CNTs does not significantly change the
binding energies of other intermediates on the Pd(111) surface in
path I, suggesting that the overall FA dehydrogenation reaction
through the OCHO* intermediate is facilitated at the Pd(111)–
CNT interface, in agreement with the experimental results. However, the presence of CNTs has a stronger effect on the binding
energy of the COOH* intermediate (path II) on Pd(111), as well as
the binding energies of all the intermediates in the case of other
Pd facets. The reaction facilitation by the presence of CNT in
these cases could be explained by H* surface diffusion from the
remote Pd sites to the Pd–CNT interface, thereby enabling the
final H2 formation step at the more energetically favourable site.
The combination of the intrinsic activity of the Pd(111)–CNT
interface and the aforementioned H* surface migration resulting
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Fig. 3 Possible pathways for FA decomposition (a) and free energy diagrams (b–e) for FA dehydrogenation on pristine (red lines) and interfaced with
CNT (green lines) Pd(111) (b and c) and Pd(100) (d and e) surfaces. Additional free energy diagrams for other Pd facets are shown in Fig. S18 (ESI†); free
energy diagrams for path III are shown in Fig. S19 (ESI†).

in the overall acceleration of the FA dehydrogenation rate is in
agreement with the experimentally observed Ea values.
The obtained mechanistic insights suggest that the introduction
of a Pd–CNT interface is capable of accelerating the reaction kinetics
of FA dehydrogenation by facilitating the reaction rate-determining
the H2 formation step. The composite structure design reported
here ensured high colloidal and structural stability and easy
recyclability of the Pd–CNT interface-containing catalyst in the
FA dehydrogenation reaction. The present study sheds light on
the catalytic activity of metal-support interfaces and is expected
to enable further rational design of more effective heterogeneous
catalysts for HCOOH decomposition to produce CO-free H2 fuel.
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