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ABSTRACT: Ultrafine palladium nanoparticles (Pd NPs) supported on carbon
nanospheres have been successfully synthesized using a facile methanol-mediated
weakly-capping growth approach (WCGA) with anhydrous methanol as a mild
reductant and a weakly capping agent. The Pd NPs show exceedingly high
catalytic activity for 100% selective dehydrogenation of aqueous formic acid (FA)
at ambient temperatures. The small size and clean surface of the Pd NPs greatly
improve the catalytic properties of the as-prepared catalyst, providing an average
rate of CO-free H, generation up to 43 L H, gps ' min~" and a turnover frequency
of 7256 h™" at 60 °C. These values are much higher than those obtained even with
the most active catalyst reported thus far for heterogeneously catalyzed
dehydrogenation of FA. This remarkably facile and effective methanol-mediated
WCGA provides a powerful entry into ultrafine metal NPs with clean surface to
achieve enhanced performance. Moreover, the catalytic results open up new
avenues in the effective applications of FA for hydrogen storage.
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B INTRODUCTION

Ultrafine metal nanoparticles (NPs) are of fundamental interest
because of their unique catalytic properties, which in turn are
attributed to their high surface-to-atom ratio and an abundance
of edge and corner atoms.' Since small metal NPs tend to
aggregate due to their high surface energy, the synthesis of
ultrafine NPs remains a challenge.” The recently reported
colloidal methods involving coating the metal NPs with an
outer shell of organic capping agents help in minimizing the
agglomeration of metal NPs.” However, the exposed surface of
the nanocatalysts is often contaminated by the chemical
interactions between the capping agent molecules and the
metal surface. On the other hand, owing to the lack of efficient
ways to control the nucleation and growth of metal NPs, it is
difficult to deposit ultrafine NPs on the solid supports. It has
been found that a combination of high dispersion and clean
metal surface of metal nanoparticles plays a crucial role in
enhancing the catalytic activity of metal NPs.* For catalytic
applications, the development of general and facile methods to
obtain uncapped metal NPs with high dispersion is highly
desirable.

Hydrogen is a renewable and environmentally promising
energy carrier for future fuel cell applications because it
possesses a high energy density and only affords a clean exhaust
product, ie., water vapor.5 Formic acid (FA), a nontoxic and
stable liquid under ambient conditions with a gravimetric
hydrogen content of 4.4 wt %, has been identified as a secure
and convenient carrier of hydrogen and could be well
compatible with the existing infrastructures used for gasoline
and diesel.’ Particularly noteworthy is that FA has a high
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volumetric hydrogen density of 53 g L', which exceeds the
2017 target of 40 g L™" for on-board hydrogen storage updated
recently by the U.S. Department of Energy (DOE).” Moreover,
modern industrial biomass processes and catalytic reduction of
CO, with H, can produce FA on a large scale and at low cost.®
Therefore, the efficient and selective conversion of liquid FA
into H, and CO, under mild conditions, without CO
generation, will enable the use of FA as an ideal hydrogen
carrier.

Currently, Pd and Pd-based nanomaterials are the most
widely used catalysts for H, generation from FA systems.’
However, the activities and selectivities of these catalysts are
still far from those required for practical applications.
Moreover, the procedures presently used for the synthesis of
catalysts generally involve multiple steps and strictly controlled
reaction conditions, including inert gas protection, heating, and
post-processing, greatly hindering their use in practical
applications. Thus, a simple and facile strategy that allows
easy control of the nucleation and growth of metal nano-
catalysts with distinguished performance for FA dehydrogen-
ation under ambient conditions is vital for practical hydrogen
storage.

Herein, we report a facile methanol-mediated weakly-capping
growth approach (WCGA) to prepare a special colloidal Pd NP
solution, where anhydrous methanol acts not only as the
solvent for the growth of Pd NPs but also as a mild reductant
and a weakly capping agent to control the nucleation and
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prevent the aggregation of the dispersed ultrafine Pd NPs. The
Pd NPs weakly capped by methanol molecules can be
immobilized on a carbon support to afford a stable
surfactant-free catalyst, which exhibits high activity for complete
and efficient H, production without CO impurity from aqueous
FA under mild conditions. The resulting catalyst affords the
highest turnover frequency (TOF; 7256 h™" at 60 °C) for the
selective decomposition of FA in heterogeneous systems. The
small size and clean surface of the naked Pd NPs should
account for their excellent catalytic properties.

B EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals were commercial and
used without further purification. Palladium(II) acetate (Pd(OAc),,
Wako Pure Chemical Industries, Ltd., >98%), potassium tetrachlor-
opalladate (K,PdCl,, Wako Pure Chemical Industries, Ltd., >97%),
sodium borohyride (SB, NaBH,, Sigma-Aldrich, 99%), Vulcan XC-72R
(Carbon, specific surface area = 240 m* g, Cabot Corp.,, USA),
formic acid (FA, HCOOH, Kishida Chemicals Co. Ltd., >98%),
sodium formate dehydrate (SF, HCOONa, Sigma-Aldrich, 99.5%),
acetone (Kishida Chem. Co., >99.5%), anhydrous methanol (MeOH,
Kishida Chem. Co., >99.8%), and formaldehyde solution (HCHO,
Wako Pure Chemical Industries, Ltd., 37% in water; it contains 5—10%
of methanol as a stabilizer), poly(N-vinyl-2-pyrrolidone) K30 (PVP,
(C¢HyNO),, M,, = av. 40000, Tokyo Chemical Industry Co., Ltd.)
were used as received. Deionized water with a specific resistance of
182 MQ:cm was obtained by reverse osmosis followed by ion-
exchange and filtration (RFD 250NB, Toyo Seisakusho Kaisha, Ltd.,
Japan).

Characterization of the Catalysts. Laboratory powder X-ray
diffraction (PXRD) patterns were collected for samples on Rigaku
Ultima IV X-ray diffractometer using Cu K, radiation (4 = 0.15406
nm) (40 kV, 40 mA). The surface area measurements were performed
with N, adsorption/desorption isotherms at liquid nitrogen temper-
ature (77 K) using automatic volumetric adsorption equipment
(Belsorp-max) after dehydration under vacuum at 120 °C for 12 h.
The metal contents of the catalysts were analyzed using ICP-OES on
Thermo Scientific iCAP6300. X-ray photoelectron spectroscopic
(XPS) measurements were conducted on a Shimadzu ESCA-3400
X-ray photoelectron spectrometer using a Mg Ka source (10 kV, 10
mA). The argon sputtering experiments were carried out under the
conditions of background vacuum of 3.2 X 107° Pa, sputtering
acceleration voltage of 2 kV and sputtering current of 10 mA. The
charging potentials of the catalyst samples were corrected by setting
the binding energy of the adventitious carbon (C 1s) at 284.6 eV. The
transmission electron microscopy (TEM) and high-angle annular dark-
field scanning TEM (HAADF-STEM) images were recorded on
TECNAI G* F20 with operating voltage at 200 kV equipped with
energy-dispersive X-ray detector (EDX). The gas generated from the
decomposition of FA was analyzed by GC-8A TCD (molecular sieve
SA, Ar as carrier gas) and GC-8A TCD (Porapack N, He as carrier
gas) analyzers (Shimadzu), which was collected after purging the
reactor with argon three times. The detection limit was below S ppm
for CO. The components of the liquid sample collected after reduction
were determined based on authentic samples by GC-2014 FID
analyzers (Shimadzu) assembled with DB-FFAP 30 m column.

Synthesis of Pd/C_m Catalyst. The supported Pd nanocatalyst
was synthesized by using a facile methanol-mediated WCGA with the
anhydrous methanol as the mild reductant. Typically, 225 mg of
Pd(OAc), was dissolved in 300 mL of anhydrous methanol in a beaker
under stirring with exposure to ambient light. The initial pale yellow
solution progressively darkened, suggesting the formation of the Pd
colloidal nanoparticles. After continuous stirring for 15 min, 1.0 g of
Vulcan XC-72R carbon powder was added and mixed for another 30
min for depositing the Pd nanoparticles. Subsequently, the solvent and
unreduced precursor were removed by centrifuging. The collected
solid was washed with anhydrous methanol twice and then dried under
vacuum at room temperature to give the Pd/C_m catalyst.

For comparison, Pd/C_e and Pd/C_p catalysts were also prepared
following the same synthetic procedures as that for Pd/C_m, except
that ethanol and n-propanol were used instead of methanol,
respectively.

Syntheses of Pd**/C and Pd/C_in situ. The Pd**/C precatalyst
was prepared following the same synthetic procedure as that for Pd/
C_m catalyst, except that acetone was used as the solvent instead of
methanol. Pd/C_in situ was in situ generated when adding Pd**/C into
the FA/SF solution under the catalytic conditions for FA dehydrogen-
ation.

Syntheses of Pd/C_SB and Pd/PVP-C_SB. 100 mg of Vulcan
XC-72R carbon powder (and 20 mg PVP for Pd/PVP-C_NaBH,) was
ultrasonically dispersed in 4 mL of water and subsequently mixed with
an aqueous solution of K,PdCl, (0.30 M, 0.20 mL). The resulted
aqueous suspension was further homogenized under sonication
condition for 30 min. Then, 20 mg of NaBH, dissolved in 1.0 mL
water was added into the above suspension under vigorous stirring.
The mixture was stirred for another 30 min at room temperature for
fully depositing the metallic nanoparticles onto the support. Finally,
the solid was collected by centrifuging and washed with deionized
water three times and then dried under vacuum at room temperature.

Procedure for the Decomposition of FA. Reaction apparatus for
measuring the H,—CO, evolution from FA decomposition is the same
as previously reported.” In general, a mixture of the as-prepared Pd/
C_m catalyst (100 mg) and distilled water (2 mL) was placed in a
two-necked round-bottomed flask (30 mL), which was placed in a
water bath at a preset temperature (30—60 °C) under ambient
atmosphere. A gas buret filled with water was connected to the
reaction flask to measure the volume of released gas (lab temperature
kept constant at 25 °C during measurements). The reaction started
when 1.5 mL of the mixed aqueous solution containing FA and SF
(6.0 M) was injected into the mixture using a syringe. The volume of
the evolved gas was monitored by recording the displacement of water
in the gas buret.

Durability Testing of the Catalysts. For testing the durability of the
as-prepared Pd/C_m catalyst, 0.34 mL of pure FA (9.0 mmol) was
subsequently added into the reaction flask after the completion of the
first-run decomposition of FA. Such test cycles of the catalyst for the
decomposition of FA were carried out for 5 runs at 60 °C by adding
aliquots of pure FA.

Stability of the Catalysts. After the reaction, the catalyst was
separated from the reaction solution by centrifuging and washing with
water and dried under vacuum at room temperature for the XPS,
PXRD, and TEM analyses.

Calculation Methods. The TOF reported here is an apparent
TOF value based on the number of Pd atoms in catalyst, which is
calculated from the time of half-completion of gas generation and the
equation as follows:

Pathgas/ RT
2npgt (1)

where P, is the atmospheric pressure (101325 Pa), Vias s the
generated volume of H,—CO, gas at the time of half-completion of gas
generation, R is the universal gas constant (8.3145 m® Pa mol™* K™'),
T is the room temperature (298 K), n1pq is the total mole number of Pd
atoms in catalyst, and t is the time of half-completion of gas
generation.

TOF =

B RESULTS AND DISCUSSION

The facile methanol-mediated WCGA adopted for the synthesis
of ultrafine Pd NPs supported on carbon is shown in Scheme 1.
Under ambient conditions, Pd(OAc), (1.0 mmol) dissolved in
anhydrous methanol (300 mL) was gradually reduced, as
evidenced by the progressive darkening of the solution color,
leading to the formation of a suspension of colloidal Pd NPs.
The colloidal Pd NPs, which may be stabilized by the weak
capping of methanol molecules, can remain stable in methanol
solution for more than 1 h without aggregation. Before their
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Scheme 1. Schematic Representation for the Preparation of
Pd/C_m Catalyst via a Methanol-Mediated WCGA
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aggregation, the methanol-mediated Pd NPs were deposited on
carbon nanospheres (Vulcan XC-72R, 1.0 g), affording a stable
Pd/C_m catalyst, while the unreduced Pd** ions were removed
by centrifuging and washing. The Pd loading in the as-prepared
catalyst was determined to be 6.0 wt % by ICP. The as-
prepared Pd/C_m possesses a clean and highly active Pd
surface, in contrast to the catalysts prepared by previously
reported methanol reduction approaches involving heating and
the use of strong capping agents.'’

Remarkably, the as-prepared Pd/C_m can serve as an
efficient catalyst for the complete and selective decomposition
of FA into H, and CO,. The released gaseous mixture was
measured volumetrically, and its composition was analyzed by
gas chromatography (GC). With 100 mg of the catalyst, 450
mL of the gaseous mixture was released in 1.75 min from the
aqueous FA-SF system (FA:SF = 1:1, npy/ng, = 0.006) at 60 °C
(Figure 1a). The excess volume over the theoretical value (432
mL) from FA decomposition can be attributed to H,
generation from the hydrolysis of a small amount of SF in
this system. The exclusive formation of H, and CO, without
CO contamination, which is critical for proton exchange
membrane (PEM) fuel cell applications, was confirmed by GC
analyses (Figures S3 and S4). It is worth noting that the as-
prepared Pd/C m catalyst provided an exceptional TOF of
7256 h™! (Figure 1b), which is much higher than that obtained
with the most active heterogeneous catalyst reported thus far
(Table S1).”" The average rate of H, evolution was determined
to be 43 L H, min™" gpy ", which corresponds to a high energy
density of S8 W min™" gpy~'. Owing to the low operating
temperature, the hydrogen release of this system can be driven
by the waste heat of a standard PEM fuel cell without additional
heat treatment.” To the best of our knowledge, only a few solid
catalysts reported so far for FA decomposition can maintain
their initial high activities for the overall reaction time.”*"" The
aforementioned trend may be explained by the fact that these
catalysts show high catalytic selectivity, and thus, the undesired
dehydration pathway (HCOOH — H,0 + CO) can be strictly
controlled to protect them against poisoning. In order to test
the stability of the as-prepared Pd/C_m catalyst, the
dehydrogenation reaction was carried out for five runs, and
only a slight decrease in activity was observed (Figure S8),
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Figure 1. Temperature dependence of (a) gas evolution from the
aqueous FA-SF solution in the presence of as-prepared Pd/C_m
catalyst and (b) the corresponding TOF values for H, evolution
(FA:SF = 1:1, npg/ng, = 0.006). Inset of (a): Arrhenius plot (In(TOF)
vs 1/T).

reliably indicating the high durability and stability of the as-
prepared catalyst for FA decomposition.

The effect of FA/SF molar ratio on the performance of the
as-prepared Pd/C_m catalyst was investigated. Increasing the
molar percentage of SF induced a rapid increase in the activity
of Pd/C_m for FA dehydrogenation until a maximum value
was achieved at 50%; lower FA/SF ratios led to negligible
changes in the catalytic activity (Figure SS). Typically, very
slow gas generation was observed for pure FA, which further
confirms the important role of SF as a catalyst promoter. The
formate additive is believed to induce a favorable adsorption
configuration of FA molecules on the metal surface to
accelerate the kinetics of FA decomposition and/or to act as
an active intermediate (e.g., the Pd-formate species) to facilitate
CO, production.””'> Recently, several reports have described
the feasibility of using the formate/bicarbonate redox couple for
hydrogen storage.'® The as-prepared Pd/C_m catalyst was also
active for the direct hydrolysis of aqueous SF, though the
activity was lower than that for the dehydrogenation of the FA-
SF system (Figure S6). Moreover, the hydrogen release rate
was strongly dependent on the reaction temperature (Figure 1).
Remarkably, the as-prepared catalyst showed significant
catalytic performance, with a high TOF of 1678 h™', even at
a low temperature of 30 °C. The apparent activation energy
(E,) of this reaction estimated within the temperature range of
30—60 °C was 39.6 k] mol™' (inset of Figure la), which is
lower than most of the previously reported values.’
Consequently, in the presence of the as-prepared Pd/C_m
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Figure 2. (a) TEM, (b) HAADF-STEM images and (d) EDS pattern of the as-prepared Pd/C_m catalyst, (c¢) TEM image of the Pd/C_m catalyst
recycled from the reaction solution, (e) XPS spectra of Pd element in the as-prepared and recycled Pd/C_m, and Pd**/C, and (f) PXRD patterns of

carbon support, as-prepared and recycled Pd/C_m.

catalyst, a large CO-free H,—CO, stream can be readily
achieved from aqueous FA at convenient temperatures.

The structure and morphology of the as-prepared Pd/C_m
catalyst before and after catalysis were analyzed. The TEM and
HAADF-STEM images of the as-prepared Pd/C_m catalyst
show that the average particle size of the highly dispersed Pd
NPs immobilized on carbon nanospheres is 1.4 + 0.3 nm
(Figures 2a,b and S2a). Compared with the carbon support, the
amount of nitrogen adsorption decreased appreciably after the
deposition of Pd NPs on the carbon support (Figure S1),
suggesting that the mesopores of the carbon nanospheres could
be partially occupied by the ultrafine Pd NPs. XPS analyses
were conducted to examine the surface chemistry of the
catalysts (Figure 2e). Four major contributions were identified
from the Pd 3d spectrum of the as-prepared Pd/C_m catalyst.
The contributions at ca. 336.0 and 341.2 eV could be assigned
to metallic Pd. Notably, two additional small contributions at
ca. 337.8 and 3434 eV indicated that in the as-prepared
catalyst, a small amount of Pd exists in the form of Pd(OAc),
rather than as Pd(0), as confirmed by the similar binding
energy of Pd** cations. The Pd**/C sample for verification was
prepared by depositing the precursor on carbon in a
nonreductive acetone solution. Therefore, in the methanol-
mediated WCGA, most of the Pd*" ions can be reduced by
MeOH, while the presence of Pd(OAc), in the as-prepared
catalyst is ascribed to the incomplete reduction with MeOH
and the adsorption in carbon pores. In the XRD patterns of the
as-prepared Pd/C_m catalyst, only a weak and broad peak at
around 40.0° corresponding to Pd(II) was detected (Figure 2f),
further confirming the formation of very small Pd NPs.

The TEM image of the catalyst collected from the reaction
solution suggests that the high dispersion of the Pd NPs can be
maintained during the reaction and that the average particle size
of 1.7 + 0.5 nm (Figures 2c and S2b) is consistent with the
XRD results (Figure 2f). However, statistical analysis revealed a
slightly larger average particle size and broader size distribution

in the used catalyst as compared to the as-prepared catalyst
(Figure S2). This difference may be because the in situ
reduction of residual Pd*" cations adsorbed in the pores of
carbon by the moderate reductant FA/SF affords larger
nanoparticles'* and/or the preformed Pd NPs agglomerate
slightly due to ripening during the catalytic process. The
disappearance of the small contributions attributed to Pd*"
cations further demonstrates the complete reduction of Pd** to
Pd° in the recycled catalyst (Figure 2e). Besides, the
comparison of XRD, XPS, and TEM results before and after
catalysis suggests that the crystalline, surface electronic
structure and morphology of Pd(0) in Pd/C m were
maintained during catalysis (Figure 2e,f).

For further insights into the methanol-mediated weakly-
capping growth of Pd NPs in MeOH, we monitored the color
changes of the methanol solution of the precursor. As shown in
Figure 3a, the dissolution of Pd(OAc), in MeOH gave a clear
solution, whose color progressively changed from pale yellow to
black within 60 min under ambient conditions. Under strictly
anhydrous conditions, a faster color change was observed (the
solution turned black in ca. 30 min). After reduction, the clear
liquid separated from the reaction mixtures of Pd/C_m was
tested by GC, and it was found that FA and formaldehyde were
formed as intermediates from MeOH during the reduction
processes (Figure 3c), further indicating the weakly reducing
capacity of MeOH. Because the as-prepared Pd/C_m catalyst
was inactive for the decomposition of FA in methanol solution
at room temperature (Figure S9), the small amount of FA
intermediate formed from MeOH could be detected here. In
contrast, the attempted reduction of Pd(OAc), by acetone was
not successful (Figure 3b). As the reaction time has a significant
effect on the degree of reduction, the amount of Pd NPs
formed and subsequently deposited on carbon can be varied by
changing the reduction/deposition time (7.5, 15, 30, and 60
min). According to ICP analysis, the Pd loading in the catalyst
was increased with the stirring time after adding carbon powder
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Figure 3. Time-progression color changes of the (a) methanol and (b)
acetone solutions of Pd(OAc), under ambient conditions for
monitoring the formation of colloidal Pd NPs, and (c) GC-FID
chromatograms of methanol, FA and formaldehyde as reference

compounds, and the liquid separated from the reaction mixtures of
Pd/C m.

and reached a maximum value of 6.0 wt % in 30 min; further
increase in the stirring time had little effect on the loading
percentage (Table S2). Notably, the catalysts with different Pd
loadings gave similar TOF values, probably because of the
similar dispersion of Pd NPs (Figure S7).

Experiments were also performed to evaluate the weakly
capping and reducing abilities of other alcohols, such as ethanol
and n-propanol. Because of the stronger reducing ability of
ethanol as compared to methanol, a slightly faster reduction
process was observed, which was indicated by the faster
darkening of the precursor solution. The Pd/C_e catalyst
exhibited a slightly lower catalytic activity than that of Pd/C_m
for the decomposition of FA (Figure S10). The much stronger
reducing ability of n-propanol resulted in much faster darkening
of the precursor solution, reflecting faster nucleation and, thus,
slight aggregation of the Pd NPs. As a result, much lower
activity was observed for the Pd/C_p catalyst (Figure S10).

To determine the significant effects of the dispersion and
surfactant-free nature of Pd NPs on the catalytic activity for FA
decomposition, both surfactant-free and surfactant-protected
Pd/C catalysts were prepared using different methods.
Compared to the case of the as-prepared Pd/C m catalyst, a
larger Pd particle size and broader size distribution (3.2 + 0.5
nm) were observed for Pd/C_in situ reduced from Pd**/C, by
FA/SF (Figure S13a). On the other hand, reduction with
NaBH, caused severe agglomeration of Pd in Pd/C_SB, with
an increase in the Pd particle size to 4.0—10.0 nm (Figure

S13b). As a result, the activities of both catalysts were much
lower than that of the as-prepared Pd/C_m catalyst (Figure 4),
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Figure 4. Comparison of the catalytic activities of the as-prepared Pd/
C_m, Pd/C_in situ, Pd/C_SB, and Pd/PVP-C_SB catalysts for the
dehydrogenation of FA (FA:SF = 1:1; FA, 9 mmol; catalyst, 100 mg).

indicating that the catalytic activity is highly dependent on the
particle size of the metal NP. Moreover, in contrast to the
excellent durability of Pd/C_m, more than half of the catalytic
efficiency missed for Pd/C_in situ over the three runs (Figure
S11). For the PVP-protected Pd/PVP-C_SB catalyst, surpris-
ingly, despite the small Pd particle size (~3.5 nm) (Figure
S13c), only negligible activity was observed (Figure 4). The
above-mentioned observations demonstrate that the protective
surfactant molecules adsorbed around the metal surface
significantly hinder the access of reactants to the active sites
of Pd NPs and therefore have an adverse impact on the catalytic
activity. Consequently, the combination of the small particle
size and the surfactant-free nature of Pd NPs in the as-prepared
Pd/C_m catalyst accounts for the observed high activity.

B CONCLUSIONS

In summary, surfactant-free monometallic Pd nanoparticles
have been successfully immobilized on carbon nanospheres
with good dispersion by using a facile methanol-mediated
WCGA, wherein methanol serves as both a mild reductant and
a weakly capping agent to control the nucleation and prevent
the aggregation of colloidal Pd NPs. The Pd NPs show
extremely high catalytic activity and selectivity for the
dehydrogenation of FA under mild conditions, over which
the highest reported TOF of 7256 h™ at 60 °C has been
achieved with the as-prepared Pd/C_m catalyst for the
heterogeneously catalyzed dehydrogenation of FA. The catalyst
is believed to give a tremendous boost to the practical
application of FA for chemical hydrogen storage. Meanwhile,
the utilization of this facile and economical reduction approach
to obtain and subsequently deposit ultrafine metal NPs on
various solid supports is expected to open new routes for
designing highly efficient nanocatalysts.
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