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Abstract: Formic acid decomposition (FAD) is one of the most promising routes for rapid hydrogen
(Hz) production. Extensive efforts have been taken to develop efficient catalysts, which calls for the
simultaneous regulation of the electronic structure and particle size of the catalyst. The former factor
determines the intrinsic performance, while the latter corresponds to the active site utilization. Here,
an effective preparation strategy, pre-nucleation coupled with in situ reduction, is developed to
realize and well-tune both surface electronic states and particle size of the pallidum (Pd) catalyst.
Benefiting from the structural merits, the as-prepared catalyst exhibits high mass-specific activity
of 8.94 moluz/(gpa-h) with few carbon monoxide (CO) molecules, and the activation energy could
reach a value as small as 33.1 kJ/mol. The work not only affords a highly competitive FAD catalyst
but also paves a new avenue to the synthesis of ultra-fine metal nanoparticles with tailorable elec-
tronic structures.

Keywords: hydrogen evolution; formic acid; heterogeneous catalysis; high selectivity; Pd-PdO in-
terface

1. Introduction

Hydrogen energy has been considered one of the most promising energy carriers in
the future of the energy system, as it could provide large energy (120 MJ/kg) [1] without
furthering climate issues because of its clean products [2,3]. However, increasingly strict
and harsh demand have been increased regarding hydrogen storage and transportation
along with the rapid development of hydrogen energy [4], as hydrogen gas is inflamma-
ble, explosive, and not easily compressed. To make hydrogen storage and transportation
safer and more efficient, hydrogen production from small organic molecules has been
suggested as it could stay in a liquid form and the process has a higher hydrogen capacity
than the traditional methods [5,6]. In addition, the hydrogen gas produced from those
molecules could be utilized using a series, such as the proton exchange membrane fuel
cell (PEMFC), which could transfer the energy into electrical energy directly and effi-
ciently. To realize the application of the hydrogen supplement from molecules, the envi-
ronment of hydrogen production should be mild enough to make it easy to popularize.
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Formic acid decomposition has been considered one of the most suggested pathways
for the mobile supplement of hydrogen gas [7], as it is the only molecular mechanism that
could provide hydrogen gas fast at room temperature, along with a competitive hydrogen
capacity (0.057 kgmz/L), and is the only organic molecule that can be decomposed at am-
bient temperatures [8]. Because of these advantages, formic acid decomposition has at-
tracted much attention, so there have been a number of reports about the mechanism of
the dehydrogenation pathways and the preparation of high-performance catalysts for for-
mic acid decomposition. Though the dehydrogenation pathway of formic acid decompo-
sition is still in dispute, as the density functional theory (DFT) calculations confirm the H-
down mode [9], while experiments about catalysts always adopt the H-up mode [10],
there has been a consensus that the Pd(II) could boost the performance of the prepared
catalyst [11-13], from which the confirmation of the promoting effect of the break of C-H
bonds has been reported. The mainstream reported catalyst has always emphasized the
effect of PA(II) on the high performance and low CO yield. To keep the Pd(II) content in
the catalyst high, traditional methods mainly focus on the dopant in both the support and
the catalyst, such as the nitrogen (N)-doped C for the support of Pd [14-18] and alloying
to form palladium gold alloy (PdAu), palladium silver alloy (PdAg), and palladium nickel
alloy (PdNi) [19-25] for formic acid decomposition. However, Pd(Il) is the oxidized form
of Pd, which is easily reduced during the preparation of the catalyst by multifarious re-
ducing agents such as sodium borohydride (NaBHas), ethylene glycol (EG), and Hz. To in-
hibit the over-reduction during the reduction of Pd, the in situ reduction method has been
suggested, a process that uses the formic acid and formate as the reducing agent [26]. This
reducing agent could reduce the catalyst to the most suitable surface electronic structure
for the reaction. However, there are still problems with this method as the size of the par-
ticles could not be as small as the catalysts prepared by the traditional methods, since the
reducibility of formic acid and formate is mainly dependent on formic acid. Therefore, it
is difficult to carry out the reduction in an alkaline environment, as well as for the nucle-
ation of Pd in an acidic, environment as the Pd atom is always protected by chlorine (Cl)
and other ligands existing as PdCls> or in other forms. The slow nucleation of the in situ
reduction makes the particles too large to compete with the catalysts prepared by other
methods, though it has the most suitable electronic structure.

To optimize the in situ reduction preparation of the small-size nanoparticles with
suitable electronic structures, the pre-nucleation pathway is adopted in this work. The aim
of this method is to use the in situ reduction only to adjust the surface electronic structure
and to leave the control of the particle size to the pre-nucleation. In this way, the catalyst
with both the small particle size and the suitable surface electronic structure could be pre-
pared, which could exhibit excellent performance to the Pd/C catalysts prepared by the
traditional method [27] and could exhibit competitive performance to many catalysts pre-
pared by the doped method such as N-doped [28], boron(B)-doped [29], and so on.

2. Results and Discussion
Preparation and Characterization

The synthesis of the catalyst is described in Scheme 1. Since the nucleation step and
the in situ reduction step are separated, the characterization of the preparation should also
be separated into two aspects. One aspect is the characterization of the precursor to con-
firm whether the pre-nucleation step could provide the ultra-small precursor crystal nu-
cleus for the in situ reduction, and the other aspect is to confirm whether the in situ re-
duction step could adjust the surface electronic structure to be more suitable than the other
catalysts for FAD.
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Scheme 1. Strategy of coupling pre-nucleation with in situ reduction for preparing Pd/C catalyst
toward high speed and selectivity formic acid dehydrogenation.

Transmission Electron Microscope (TEM) graphs of both the precursor and the cata-
lyst are shown in Figure 1a,b, which show that the pre-nucleation method could effec-
tively decrease the size of the particle. Based on the TEM results, it was found that the
average particle size was increased slightly by the in situ reduction. The reason may be
that the reduction process could have cleaned up the CI- from the particle surface, which
could lead to an increase in surface energy so that the particles become more unstable for
growth. No significant growth in the particle size could be observed after in situ reduc-
tion, which confirms the practicability and superiority of this method in particle size con-
trol. In this work, the average particle size was as small as 1.86 nm, a size that is even
smaller than many particles prepared by the particle size control of the surfactant.

70 | Average size =1.67 nm 60 Average size =1.86 nm
0=0.3nm 0=0.38 nm
60 hP-E-=18% P.E.=20%
50
g" Za
z z
c 4 c
5 S 30
£ g
w P
20
10 10
0 N N M M ° : t e
0.5 1.0

2.5 3.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
Particle size (nm)

1.5 2.0
Particle size (nm)
Figure 1. TEM graph for (a) pre-nucleation precursor and (b) Pd/C in situ reduction with a scale bar
of 20 nm; the insert map shows the high-resolution (HR) TEM with a scale bar of 5 nm. D is the
lattice spacing of the particle shown. size distribution of (c) pre-nucleation precursor and (d) Pd/C

in situ reduction. the o is the standard deviation of the particle size and the P.E. represents the per-
cent error calculated by o/average size.
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The crystal structures of the precursor and catalyst were characterized by X-ray dif-
fraction (XRD) and HR TEM, as shown in Figures 1a,b and 2. Based on these structures,
we could find that the Pd crystal existed in both samples, though the preparation of the
precursor did not contain a reduction step, with only a solution alkalization to remove the
coordinated Cl- so that Pd could be anchored on the support. This confirmation could
explain the growth process of the precursor. Along with the increase in pH, the coordi-
nated Cl- were removed, and the Pd?* coordinated with OH- dominated the solution. Parts
of these clathrates were then reduced by the reducing group on the surface of carbon sup-
port to form the crystal nucleus, which could be observed as Pd crystal in XRD, and then
the other clathrates gathered to these crystal nuclei without further reduction. This con-
clusion could be confirmed by XRD at approximately 18 degrees in Figure 2a, which
matches the (101) crystalline plane of Pd2OClz. As shown in the inset of Figure 1a,b, the
precursor and the catalyst exhibit a similar lattice spacing of 0.22-0.23 nm, corresponding
to the Pd(111) crystal plane (0.223 nm). However, no lattice spacing of Pd20Cl2(101) (D =
0.09 nm) could be observed because of the demand for high resolution. This phenomenon
could be used to explain why many reported Pd/Cs could not maintain an ultra-small
particle size even when the surfactant was used to inhibit the growth of particles during
preparation. Although the surfactant could have been adsorbed to the surface of the par-
ticles, it also blocked the contact between the Pd crystal core and those Pd clathrates in the
solution, so it was difficult for the Pd solution to gather to those crystal cores to form a
precursor as small as the precursor produced by this method. However, the surfactant is
essential for those methods that need to reduce the Pd/C by a strong reducing agent such
as NaBHs, as the strong reducing agent would bring strong aggregation if the surfactant
is absent. These kinds of limitations could be ignored in the method suggested here, since
a mild reducing agent was adopted to adjust the electronic structure of the catalyst with-
out an obvious aggregation occurring during the reduction. In this way, surfactants could
be avoided during the pre-nucleation process, and free Pd20OCl2 could be adsorbed to the
reduced Pd(0) core to obtain precursors with ultra-small particle sizes for further in situ
reduction to obtain the catalyst with the minimum particle size and most suitable elec-
tronic structure. The precursor mainly exists as Pd with high valence and a Pd(0) core, as
the peak at 18 degrees in XRD disappears in the XRD of the catalyst, which has been re-
duced in situ, and the Pd crystal peak intensity of the precursor is much weaker than that
of the reduced catalyst. The XRD of the precursor and the catalyst confirmed the structural
transformation caused by the pre-nucleation and in situ reduction, while characterization
of the transformation of the electronic structure should be revealed by X-ray photoelectron
spectroscopy (XPS).
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Figure 2. (a) XRD data for the pre-nucleation precursor and the catalyst by in situ reduction, along
with the powder diffraction file of Pd and Pd20Cl2 shown by vertical lines; the scan rate is 10°/min.
(b) XPS data for the pre-nucleation precursor and the catalyst by in situ reduction, along with the
valence analysis and full survey.

The XPS of the precursor and the reduced catalyst is shown in Figure 2b. From Figure
2b, it is easy to conclude that the main existing form of precursor is Pd(II), along with very
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few of Pd(0); the ratio of Pd(II) to Pd(0) reached about 0.86:0.14, which matches the con-
clusion obtained from the XRD. By combining the XRD and XPS data, it is easy to confirm
that the precursor is in the form of few Pd(0) crystal nuclei surrounded by the Pd(II) clath-
rates. The electronic structure of the in situ reduced catalyst could also be obtained from
the XPS. The ratio of Pd(II) to Pd(0) is 0.49:0.51, which is quite near to the optimum pro-
portion of 1:1. As Pd(Il) is always considered as the promoter while Pd(0) is considered as
the real active site, it seems that the Pd(0)-Pd(Il) could form the site for FAD.

Thus, it is easy to infer the process of the in situ reduction. The reaction starts with
the traditional redox reaction, which occurs between the oxidizing Pd(II) from the precur-
sor and the reductive carbonyl of the formate or formic acid. This reaction could be ex-
pressed as Pd?+ HCOOH = Pd + 2H*+ COs. In this way, the content of Pd(0) of the surface
was increased so that more and more Pd(II)-Pd(0) sites could be formed. When the reduc-
tive formate touches these Pd(II)-Pd(0) sites, the dehydrogenation process occurs before
the redox reaction, as the ortho Pd(0) shares part of the positive charge from Pd(Il) to
reduce the oxidability to hold up the redox reaction. Over time, more and more Pd(II) sites
are reduced to form Pd(0) until nearly all of the surface is composed of Pd(II)-Pd(0) sites
and the redox reaction is completely stopped. Other methods could not stop the reduction
step, so the reduction could not always be controlled, and catalysts with more Pd(0) con-
tent have been prepared and reported. In this way, a final catalyst with both ultra-small
particle size and adjusted electronic structure was obtained. Considering that the low
Pd(II) content could lead to a lower performance of sites while the low Pd(0) content could
lead to a lower mass-specific activity, conclusions which have been confirmed by several
reports by the size effect and CO masking experiment, these facts could be used to explain
why the catalyst with the particle size and the electronic structure in this work could ex-
hibit excellent performance in FAD.

Evaluation of formic acid dehydrogenation has been carried out by reforming tests
under a series of temperatures in Figure 3, and the evaluation of formic acid dehydration
has been monitored by in situ mass spectra to determine the released CO in Figure 4.

The reaction rates of the catalysts are mainly affected by the adsorption energy and
desorption energy of the intermediates. The adsorption process is always disturbed by the
CO from the formic acid dehydration process. The toxic molecule could block the Pd(0)
sites, which makes the adsorption difficult and causes high energy loss for the desorption
of CO. Fortunately, the desorption of formic acid could go on without the influence from
CO and could even be accelerated by Pd(II). However, when the content of Pd(II) becomes
too high, a decrease in the activity could also be observed because of the lack of Pd(0) 12].
Due to the large content of Pd(0) sites for adsorption and the large content of Pd(II) sites
for desorption, the Pd/C in situ reduction could exhibit extraordinary performance in for-
mic acid decomposition.

The difference in stability could also be explained by the above statements. From
Figure 4a—c, it is easy to conclude that the yield of CO varies over different catalysts during
formic acid decomposition. Due to the higher CO yield of commercial Pd/C and Pd/C-EG,
these two catalysts are fully deactivated before the complete decomposition of formic acid
in Figure 4d. By contrast, Pd/C in situ reduction could release about 250 mL of gas, close
to the ideal yield of 270 mL, assuming the complete decomposition of formic acid and that
the decrease in the rate of Pd/C in-situ reduction could be attributed to the dilute formic
acid rather than the activity loss of the catalyst. The enhanced stability of the catalyst could
be attributed to fewer Pd(0)-Pd(0) sites, which was considered to be the main site for de-
hydration by DFT calculations [26].
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Figure 3. Time course of reforming gas evolution in 1.1 M formic acid + 0.8 M sodium formate over
(a) Pd/C in situ reduction, (b) Pd/C-EG reduction, and (c) Pd/C-30% commercial; (d) analysis of the
activation energy of these catalysts.

The decrease in activation energy (33.1 kJ/mol) could be attributed to the high density
of Pd(0)-Pd(Il) interface sites and the extraordinary mass-specific performance (8.94
molz/(gra-h)) could be attributed to the optimum valence composition with the ultra-
small size, which is quite competitive with the catalysts reported in Table 1.
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Figure 4. In situ mass spectra of the products during formic acid decomposition over (a) Pd/C in
situ reduction, (b) Pd/C-EG reduction and (c) Pd/C-30% commercial; (d) Comparison of these three
catalysts’ performance under 343 K.
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Table 1. Comparison of the mass-specific performance (MSP) and activation energy (Ea) between
different types of reported catalysts with the catalyst prepared by coupling pre-nucleation and in
situ reduction in this work.

Catalyst MSP (molu2/(gpa-h)) Ea (kJ/mol) T (K)
this work 8.94 33.1 303
Pd/C [29] 1.5 \ 303
Pd-B [29] 3.5 \ 303
Pd@CN [28] \ 46.9 303
Ag@Pd/C [10] 0.164 30 293
PdiAuwi/C [21] \ 344 333
AuPd-MnOy/ZIF-8-rGO [30] 1.65 \ 298
PdAg-MnOx/N-5i0:2[31] 1.05 \ 303
Coo30Au035Pdo3s/C [22] 0.05 \ 298
Pd/MSC-30 [32] 3.59 \ 298

3. Materials and Methods
3.1. Chemicals and Materials

Vulcan carbon powder XC-72 (Cabot Co. Boston, Massachusetts, USA), PdClz (59%
Pd, Shanghai Chemical Reagent Co., Ltd. Shanghai, China), formic acid (HCOOH, 97%,
Alfa Aesar, Ward Hill, USA), sodium formate dehydrate (HCOONa-2H:O, sinopharm
Chemical Reagent Co., Ltd. Shanghai, China), NaOH (97%, Shanghai Aladdin Biochemi-
cal Technology Co., Ltd. Shanghai, China), and ethylene glycol (AR, XILONG SCIEN-
TIFIC, Guangdong, China) were all used as received. Thirty percent commercial Pd/C was
bought from Sigma-Aldrich (Darmstadt, Germany). Highly purified argon (299.99%) was
supplied by Changchun Juyang Co., Ltd (Changchun, China). Ultrapure water (resistiv-
ity: p =18.25 MQ-cm™) was used to prepare the solutions. One gram PdClz was dissolved
into 0.1 M HCl aqueous solution to obtain H2PdCls solution.

3.2. Preparation of the Catalyst

The precursor was prepared by a simple method of precipitation to transfer the Pd
atoms from the solution to the surface of the support. First, 95 mg of Vulcan XC-72 and
120 mL of ultrapure water were mixed under ultrasonic in a 250 mL beaker for 30 min,
then 0.847 mL H2PdCl4 (5.9 mgpa/mL total 5 mgra) was added and mixed by stirring at 500
r/min for 4 h. Subsequently, the pH of the solution was adjusted to about 10.9 by fresh 1
M NaOH solution, followed by stirring for 4h for nucleation and maturation. After filtra-
tion, the filtrate was stabilized at a pH =7 and dried at 55 °C, and the precursor could be
obtained.

The catalyst was prepared by reducing the precursor in situ. Fifty milligrams of the
precursor was weighed and put into a 25 mL breaker to react with 5 mL 0.8 M HCOONa
for 2 min, followed by filtration and drying to obtain the prepared catalyst.

The EG reduction method assisted by a microwave was taken for comparation. In a
typical process, 237.5 mg of carbon support (XC-72) was uniformly mixed with 100 mL of
ethylene glycol by ultrasonic dispersion, followed by the addition of 12.5 mg of Pd (5.9
mgpd/mL HoPdCls dissolved in 0.1 M HCI). The dispersion was stirred for 3 h for uniform
mixing and pre-adsorption. Then, 1 M NaOH was used to regulate the pH of the system
to a pH =10.8. Subsequently, the microwave-assisted reduction was carried out. It should
be noted that the magnetic stirrer must be taken out of the beaker before the microwave
treatment for safety. The microwave treatment was done for 90 s for the first time, and
subsequently for 10 s off, 10 s on, 10 s off, and 10 s on. After 8h of stirring and ripening,
the obtained suspension solution was filtered and washed till the pH of filtrate was about
7. After drying in the oven at 55 °C for 12h and fully grinding the product, the target
catalyst was obtained for the following tests, characterization, and analysis.
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3.3. Test for Formic Acid Decomposition

The test of the formic acid decomposition was carried out in a 50 mL round-bottom
flask at different temperatures under stirring, along with direct monitoring by Alicat MC
serial #171607 for the recording of the total volume and mass of the reforming gas over
time. Each test was carried out by reacting 20 mg of the catalyst with 5 mL of solution (1.1
M formic acid and 0.8 M sodium formate) after 10min of Ar purging and preheating the
solution.

3.4. In Situ Mass Spectra (ISMS) Test

ISMS measurements were carried out to detect the in-situ CO production during the
FAD. The reforming reaction took place in a probe-type electrochemical cell, which per-
mitted the products to be quickly captured in the detection system and ensured the sen-
sitivity of the test. The beginning water (80 mL) was saturated with Ar. The Ar was also
introduced all the time during the reaction at a flow rate of 50 mL-min. The end of the
probe, or the injection port of the mass spectrometry system, was covered with a PTFE
membrane to isolate the liquid while collecting the product. The distance between the
probe end point and the catalyst was precisely controlled at about 10 microns by the lifting
system. To prepare the catalyst ink, 5 mg of the catalyst was dispersed into 50 puL of Nafion
(5 wt%) solution and 950 uL of ethanol by sonication for 1h. Twenty microliters of the
catalyst ink was dropped onto a glassy carbon electrode (5 mm in diameter), and the cat-
alyst-film-coated working electrode was obtained after air-drying. The reaction starts by
pouring 20 mL of the concentrated reaction solution into the beginning water. The volatile
products of the reforming reactions were monitored at different values of m/z ionic sig-
nals.

3.5. Catalyst Characterization

The transmission electron microscope (TEM) images were obtained using a JEOL
JEM-2800 microscope (Tokyo, Japan) operating at 200 kV with nominal resolution. Sam-
ples were sonicated and dispersed in EtOH and placed dropwise onto a holey carbon sup-
port grid for TEM observation. The X-ray diffraction (XRD) patterns were obtained using
a Rigaku-D/MAX-PC 2500 X-ray diffractometer(Tokyo, Japan) with CuK (=1.5405 A)asa
radiation source, which operated at 40 kV and 200 mA. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Kratos XSAM-800 spectrometer(Manchester,
U.K.) with an Al Ka radiation source.

4. Conclusions

By combining pre-nucleation and in situ reduction for the preparation of catalysts
toward FAD, catalysts with high mass-specific performance (8.94 moluz/(gra-h)) and low
activation energy (33.1 kJ/mol) have been successfully prepared. Their performance value
was 2.5 times larger than that of reported Pd-based catalysts, and the activation energy
was as low as that of alloy catalysts. In situ mass spectra also confirmed the high selectiv-
ity of this catalyst.

The superb activity and selectivity of this catalyst can be attributed to the maximum
number of Pd(0)-Pd(II) interface sites. The pre-nucleation could limit the particle growth
effectively to expose more Pd over the surface and the in-situ reduction could adjust the
ratio of Pd(II) and Pd(0) to 1:1. Using this method, the mass-specific content of Pd(0)-Pd(II)
interface sites over the catalyst’s surface could be maximized successfully.

The extraordinary performance of this catalyst shows that this method is promising
for adjusting the specific valence composition of the catalyst with the demand for high
site utilization.
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