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a b s t r a c t

Formic acid decomposition (FAD) is considered a promising hydrogen production route to facilitate the

ambient storage and on demand release of hydrogen energy. To optimize the catalysts for FAD, efforts

have been paid to explore the underlying reason for the varied catalytic activity among catalysts with

similar composition but differed structure. However, such endeavors are highly challenging due to the

deeply intermingled effects of electronic structure, particle size, and facets, etc. Herein, to separately eval-

uate the respective effects of these factors, a series of catalysts with the same surface electronic structure

and different particle size was prepared by cation dipole adjustment method. The performance and char-

acterization results showed that the catalysts with different sizes and facets exhibited similar intrinsic

activity with deviation of less than 5%. However, they showed 252% deviation of site stability, indicating

that only the optimized electronic structure could enhance the intrinsic activity and a smaller particle

size could extend the catalyst’s life.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen is becoming increasingly attractive as an alterna-

tive energy source to fossil fuels, with highly efficient H2 storage

and transportation technologies being urgently necessitated [1–3].

Among the proposed technologies [4,5], storing hydrogen energy

in small organic molecules such as formic acid (FA) [6,7] has been

highlighted as a promising route. To date, formic acid is the only

hydrogen storage organic molecule that could release hydrogen at

room temperature [8]. Furthermore, FA possesses a high hydrogen

release capacity (0.052 kg H2/L compared with 0.040 kg H2/L of

U.S. Department of Energy (DOE) 2020 target), making it highly

competitive among the hydrogen storage technologies [9,10].

To date, Pd based catalysts are experimentally revealed to ex-

hibit the most promising FA decomposition (FAD) behavior, fur-

ther supported by density functional theory (DFT) calculations and

proved by 13C nuclear magnetic resonance (NMR) characterization.

Lots of efforts have been devoted to further optimizing the cat-

alytic behavior of Pd, with Ag and Au [11,12] found to be extremely

useful in optimizing the electronic structure of Pd towards highly
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efficient FAD, in line with DFT calculation [13]. Meanwhile, ternary

catalysts with introduction of the third earth abundant elements

have also been fabricated to reduce the precious metal usage in

the FAD catalysts [14–17].

Another pathway for preparing appropriate catalysts towards

FAD is to optimize the Pd catalyst itself by altering the electronic

structure by adjusting the Pd particle size or modulating the car-

rier effect via tuning the catalyst support [18]. It is known that cat-

alysts loaded on carbon supports show superb activity compared

to others [19–23], with N-doped [24] and B-doped [8] carbon sup-

ports exhibiting even better performance. Interestingly, almost all

of the best-behaved catalysts contain a high portion of ionic Pd

on the surface. For instance, the Pd(II) contents in Pd/NC [25] and

PdAu alloy [26] are about 60%, which are much larger than that of

Pd/C [27] (40%), and the increase in Pd(II) content on surface takes

the same trending to the increase in catalytic activity.

Although the positive correlation between the performance of

Pd(II) can be summarized by comparing the reports in literature,

systematic studies have been carried out only since 2017. To look

into the particle size effect of Pd/C catalysts, Lu’s group [28] pre-

pared a series of Pd/C catalysts at different particle sizes, they ob-

served clear particle size dependent behavior of the Pd/C catalysts

towards FAD. Cai’s group [29] and Xing’s group [27] also carried
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out independent study on the size effect of Pd towards FAD. A

general consensus has been reached among these studies, i.e., the

smaller the particle size, the higher the intrinsic activity of Pd to-

wards FAD. This is the so-called size-dependent effect in FAD. Al-

though the size-dependent catalysis behavior is assured, the un-

derlying reason for such phenomenon is still ambiguous. For in-

stance, the catalysts at different sizes were prepared by controlling

the different variables, i.e., the reduction temperature, reduction

agents, and pH, which may lead to differences in not only particle

sizes, but also on Pd surface valence states and exposed facets. It is

known for long in catalysis that nanoparticles with different sizes

and different exposed facets possess different coordination num-

bers and surface relaxation states, which results in different bind-

ing energies and activities in sensitive catalytic reactions [30,31].

Therefore, it is urgent to reveal the underlying reason for the size-

dependent behavior of FAD on Pd, by separating the valence state

effect, size effect and the facet effect. However, such endeavor is

expected to be extremely challenging, since the three effects are

deeply intermingled.

We begin our study by wondering whether there exists a way

to separate the surface valence states, particle size, and exposed

facets effects on the Pd/C. Taking the synthesis of Pd/C through

ethylene glycol (EG) reduction as example, we firstly used Nernst

equation (Eq. 1) to look into the reaction variables by only consid-

ering the first step of EG oxidation. The redox equation is shown

in Eq. 2 and the specific Nernst equation is shown in Eq. 3. It is

clear that changing the catalyst synthesis temperature can drasti-

cally affect the redox reaction thermodynamically, while pH had no

effect on the redox property. However, during synthesis of the cat-

alyst, as EG is both reactant and solute, the concentration of water

should not be ignored as it could dilute the concentration of EG.

Given that the pH-adjustment agent is typically dissolved in wa-

ter, thus, more water will be introduced into the preparation pro-

cess when the pH is tuned to a higher value. Hence, a decrease

in the redox thermodynamic potential will be gained, thereby con-

ferring EG with lower reducing capability and leads to formation

of Pd sites with higher average valence. Besides, the larger the

pH, the faster the precipitation rate and the slower the ripening

rate of the nanoparticles. These facts in combine will result in a

smaller and more uniform nano-catalyst. Such deduction matches

well with our recent work [27], where particle sizes ranging from

16.2 nm to 2.5 nm were obtained by adjusting the solution pH

from 4 to 11, with an increase in Pd(II) content from 28% to 40%

observed. Therefore, according to Nernst equation, at the same re-

action temperature, particle size and average surface Pd valence

states are controlled independently by pH and water concentration,

respectively. This suggests the possibility of separating the specific

effects of size and Pd valence states by developing a method to

adjust only the particle size without changing the average valence

state.

ϕ = ϕ� + RT

zF
ln

[
(oxidation)

a

(reduction)
b

]
(1)

C2H6O2 + Pd(OH)2 = C2H4O2 + Pd + 2H2O (2)

E = ϕPd(OH)2/Pd − ϕC2H4O2/C2H6O2

= ϕ�
Pd(OH)2/Pd

− ϕ�
C2H4O2/C2H6O2

+ RT

2F
ln

[C2H6O2] [Pd(OH)2]

[C2H4O2] [Pd][k[H2O]]2
(3)

Achieving such goal means to neither alter the concentration

of water nor the temperature during preparation of the catalyst, to

avoid any disturbance during the synthesis process of the catalysts.

Given such strict confinement, we chose the cation dipole adjust-

ment method to synthesize catalysts at different sizes. Specifically,

Fig. 1. (a) X-ray photoelectron spectroscopy (XPS) graphic of Pd 3d for these four

catalysts with peak fitting of the Pd(II) and Pd(0), and (b) X-ray diffraction (XRD)

graphic of these four catalysts with PDF card.

by changing the cation in the pH-adjustment agent, a slight dif-

ference in the dipole leads to micro-disturbance at the reduction

interface. The larger the charge density of the cationic dipoles, the

larger the affinity between the cation and Pd(OH)x precursor at the

interface, thereby inhibiting the adsorption of Pd atom on the sur-

face, leading to dipole dependent growth and ripening rate of the

nanoparticles. In this way, the Pd nanoparticle size can be success-

fully tuned without disturbing the Pd surface valence states.

Based on the above, microwave-assisted reduction was con-

ducted in ethylene glycol with different pH-adjustment agents

(LiOH, NaOH, Ca(OH)2, Ba(OH)2) containing the same concentra-

tion of hydroxyl (1 mol/L), and the reduction pH was adjusted to

10.8. Fig. S1 (Supporting information) clearly demonstrates the ef-

fectiveness in particle size regulation by varying the cation dipoles.

For cations in the same group, smaller cation radius and larger

charge density leads to a smaller particle size, ascribable to the

strong affinity between the cation and the nanoparticles, as pre-

dicted above and depicted in Scheme S1 (Supporting information).

For cations in different groups, though the Ca2+ and Ba2+ have

larger charge density, the catalysts prepared by these cations still

possessed larger size, mainly ascribable to the smaller amounts

of cations introduced, where the concentrations of the divalent

cations are only half that of the monovalent cations. Hence, al-

though the divalent cations possessed larger charge density, they

are insufficient in protecting the formed Pd nanoparticles.

We next probed into the surface valence states of Pd by car-

rying out XPS characterizations (Fig. 1a). Interestingly, despite the

significant difference in particle size (3.0-6.5 nm), all four cata-

lysts exhibit similar electron binding energies and Pd(0) to Pd(II)

ratios (Table S1 in Supporting information). The fixed Pd(0) (67% ±
1%) and Pd(II) (33% ± 1%) content on the catalyst surface unam-

biguously demonstrates the success of the cation dipole method in

tunning the particle sizes without influencing the surface valence

states of the catalysts.

Based on these catalysts, the size effect can be revisited. Con-

sidering that the size effect is typically originated from surface

relaxation, strain effect and varied chemical properties of differ-

ent exposed lattice facets, the physical structures of these cata-

lysts were characterized by XRD, as shown in Fig. 1b. The peak at

24.5° is assigned to Vulcan XC-72, and the other peaks at 40.1°,
46.7°, 68.1° and 82.0° are assigned to (111), (200), (220) and (311)

facets of fcc Pd crystal, respectively. The well-matched peak po-

sitions indicate that no strain effect exists among these catalysts,

while these catalysts possess multicrystal fabric that gives prior-

ity to different crystal face orientations. Furthermore, combining

the size distribution and XRD data, it can be inferred that the par-

ticles with larger size and non-uniform distribution possess more

high index facets orientation, while there are few high index facets

orientation in the small particles. This phenomenon could be at-

tributed to both the thermodynamically and kinetically instability

of high-index facets [32], which makes the growth of the particles
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Fig. 2. CO-stripping test of the series of Pd/C catalysts (a) Pd/C-Li, (b) Pd/C-Na, (c)

Pd/C-Ca, (d) Pd/C-Ba at a scan rate of 20 mV/s, along with CO oxidation peak and

the oxidation charge for counting surface sites.

Fig. 3. (a) Time course of reforming gas from 5 mL 1.1 mol/L formic acid and 0.8

mol/L sodium formate by carrying out the catalytic reaction over 20 mg of these

catalysts at 303 K. (b) TOF and comparation deviation calculated by the perfor-

mance between 100 min to 120 min with normalizing the time course of gas by

the num of the surface sites shown in illustration.

always along the low-index facets, especially to those small parti-

cles with high surface energy. Thus, the ratio of high-index facets

orientation could be higher in large particles.

CO-stripping was further used to titrate the total sites exposed

on the surface of the catalysts. Due to the sensitivity of CO-

oxidation to the size-dependent effect, the oxidation peak position

of CO-stripping can be used to determine the chemical properties

of each site, as shown in Fig. 2. The specific oxidation area has

been shown in Fig. S2 (Supporting information) by subtracting the

second cyclic voltammetry curve (black base line) from the first

cycle for confirming the oxidation peak and the number of active

sites.

Interestingly, we notice that the catalysts with higher content

of high index facets orientation, i.e., the Pd/C-Na and the Pd/C-Ca

catalysts, are more active towards CO oxidation, with CO stripping

peak potential negatively shifted by 30 mV.

We then tested the FAD behavior of the different catalysts,

with intrinsic performance evaluated by the counting turnover fre-

quency (TOF) at each site, with surface sites number titrated by

CO-stripping. The tests and normalized results are shown in Fig. 3,

and the comparation of TOF between catalysts in this work with

different catalysts in literature is shown in Table 1.

From Table 1, it could find that catalysts in this work could

exhibit competitive performance to those reported Pd/C and alloy

catalysts [33–35], so that this research could be very representative

to FAD over Pd catalysts. Interestingly, by normalizing the actual

performance by number of sites, the reaction rates of these four

catalysts were found to be nearly the same in the initial 40 min,

Table 1

Comparation of TOF between catalysts in this work with different catalysts in liter-

ature.

Catalyst TOF (h-1) Temperature (K) Ref.

This work 1389 303 \
Pd/C-NaBH4 304 303 [8]

Pd-B 1184 303 [8]

Pd-MSC-30 750 298 [33]

Ag@Pd/C 192 293 [11]

PdNi@Pd/GNs-CB 577 298 [34]

NiAuPd 699 303 [35]

which indicated that the H2 production rate is neither size sensi-

tive nor facet sensitive. Thus, by combining the above results with

those reports on the size-dependent effect in FAD, it can be con-

cluded that the site intrinsic activity of the different catalysts does

not change along with the change in the particle size, while the

observed size dependent behavior in literature can be ascribed to

the altering in Pd surface valence states, as observed in our recent

work [27]. Although the content of Pd(II) can promote the activity

and was previously related to the particle size, the unlock of link-

age between particle size and Pd surface valence states confirmed

that this relationship is unnecessary.

However, the formic acid dehydration reaction, i.e., the forma-

tion of CO and H2O as the final product, holds another story. As

shown in Fig. 3b, an obvious divergence in H2 production rate is

noted after 50 min, indicative of the surface blockage by CO. This

could be attributed to the varied formic acid dehydration rate on

different catalysts. Notably, the deviation of TOF between Pd/C-

Li and Pd/C-Ba in terms of dehydrogenation reaction, calculated

based on the performance between 100 min to 120 min, was as

large as 252%, indicative the much faster dehydration rate and

thereby the blockage of the surface on Pd/C-Ba. Interestingly, the

deactivation of the catalysts, i.e., the dehydration reaction rate is

found to increases with the increase in particle size of the four

catalysts. Hence, the above results indicate a size effect rather than

the facets effect during the formic acid dehydration, which is unfa-

vorable. DFT calculations have confirmed that the dehydration pro-

cess occurs mainly over the adjacent Pd(0) sites [27], which are

abundant in face sites of the large particles. Hence, the improve-

ment of stability in small particles could be attributed to the large

proportion of corner sites and edge sites with few adjacent dehy-

dration sites. As electronic structure dependent catalysts with un-

controlled size have been reported before, catalysts with controlled

size should be developed to confirm whether the electronic struc-

ture is relevant or only the size-effect plays a dominant role in

formic acid dehydration.

In conclusion, a cation dipole adjustment method was devel-

oped to study the size effect of Pd on the FAD. The previously in-

termingled particle size and surface valence state effect on cataly-

sis was successfully deconvoluted due to the merit of cation dipole

adjustment strategy. By combining the XRD data and oxidation po-

tential of CO-stripping, no necessary relationship could be estab-

lished between the facet orientation and the FAD performance.

Based on these conditions, the widely known size-dependent be-

havior was divided into the size-effect, surface valence effect and

the facets-effect. Accordingly, the specific relationship was con-

firmed for both formic acid dehydrogenation and formic acid de-

hydration. For the catalysts with different sizes and facets orien-

tations, less than 5% deviation in TOF was obtained for the first

20 min, indicating that the intrinsic activity of FAD is not sensitive

to the Pd nanoparticle size when the size ranges from 3.0 nm to

6.5 nm. Combining with the results in literature, it is concluded

that the site intrinsic activity for H2 production is only affected by

the Pd surface valence states. However, the formic acid dehydration
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was sensitive to particle size, where larger particles lead to faster

dehydration and thereby faster deactivation towards H2 generation.

Based on the above results, the optimization direction of the

catalysts can be summarized clearly. Surface valence states adjust-

ment can be used to increase the site intrinsic activity of the cata-

lysts in formic acid dehydrogenation. Although the size effect was

confirmed to be not useful in improving the site intrinsic activity,

a decrease in size could increase the utilization efficiency and in-

hibit the formic acid dehydration. The methods used to separate

the specific effects in this work can provide a more exact mode for

discussion of affected factors, and can also provide a way to adjust

the particle size without changing the electronic structures, which

would be very useful in different catalytic areas.
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