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ARTICLE INFO ABSTRACT

Catalytic hydrogen evolution plays a significant role in hydrogen production and utilization. The combinative
desorption of hydrogen (Tafel step, i.e., 2H —H,) from metal catalysts has been extensively reported as the rate-
determining step. However, a full atomic-level understanding on how the H-Metal binding strength affects on
the elementary Tafel steps is still lacking. In the current study, H, evolution over Pd catalysts was investigated
by combining theoretical and experimental techniques. Density functional theory calculations revealed that Ho
evolution was governed by either the combination barriers of 2H" or the desorption barriers of molecular H,
from the surface of the palladium catalyst, which was strongly dependent on the size of Pd particles: the rate-
limiting step of H, evolution for large nanoparticles (NPs) is diffusive combination of H™ across the metal
surface, while both 2H" combination and H2 desorption are difficult for subnanometer-sized Pd clusters. By
tuning the combined effect of H adatom combination and H» desorption, a highly performance Pd catalyst for
hydrogen evolution both for temperature-programmed palladium hydride decomposition and -catalytic
dehydrogenation of formate was designed and synthesized. TiO.-supported Pd NPs that were 2 nm in size
exhibited excellent activity for formate dehydrogenation with an TOF value that was as high as 2184 h™! at
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1. Introduction

Hydrogen (H,) is an ideal clean-burning energy carrier and a
promising candidate to replace traditional fuels in the near future
[1]. Catalytic H, production under mild conditions (i.e., electrolysis of
water and dehydrogenation of chemical hydrides) has become an
attractive topic [2—5]. Due to their unique catalytic performance, Pt-
group heterogeneous nanocatalysts have been widely used for hydro-
gen evolution [6—8]. In general, the overall catalytic reaction involves
reactant adsorption, chemical reaction with the formation of adsorbed
H atoms, and combinative desorption of molecular H,. The last step
(i.e., 2H —>H,) is referred to as the famous Tafel reaction. It has been
extensively reported as the rate-determining step in many cases, such
as electrocatalytic hydrogen evolution reaction (HER) over Pt/C
catalysts [9,10], photocatalytic water splitting on small Ru nanoparti-
cles (NPs) as the cocatalyst [11], as well as hydrogen evolution through
catalytic dehydrogenation of formic acid/formate on Pd catalysts [12],
This circumstance is even more exaggerated when the catalysts work at
room temperature [13—-15].

To facilitate hydrogen evolution, numerous studies have been
focused on modification of the hydrogen binding energy (HEB) because
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desorption of H» is primarily governed by the binding strength of
hydrogen with the metal catalyst [16—18]. Many factors are responsible
for HEB, such as the nature of the metals [19,20], local composi-
tion [21] and strain in metal particles [17,22]. For example, the
adsorption energy of H on one metal could be altered dramatically
when bimetallic structure was constructed, due to the changes of strain
or heterometallic bonding interactions [17,20,22]. From a microscopic
point of view, various types of H atom adsorption sites are present on a
metal surface, resulting in n-fold adsorption patterns with different
bond strengths (n=1, 2 or 3, the number of metal atoms that is bonded
with H) [23]. The Tafel reaction may involve several reaction
steps [24,25] including diffusion of the H adatom across surface metal
atoms with various coordinations, combination of two adjacent H
adatoms and desorption of molecular hydrogen. Both hydrogen diffu-
sion and H-H recombination would be sensitive to the surface structure
of the metal catalyst [25,26]. Therefore, a detailed atomic-level under-
standing on how the H-M binding strength affects on the elementary
Tafel steps would be very useful for the rational development of high-
performance hydrogen evolution catalysts.

Herein, density functional theory (DFT) calculations were firstly
carried out to investigate the elementary Tafel steps over palladium
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nanocatalyst. It was found that H, evolution was governed by either the
combination barriers of 2H" or the desorption barriers of molecular Hy
from the surface of the palladium -catalyst, which was strongly
dependent on the size of Pd particles. Based on this microscopic
insight, highly active Pd nanocatalysts for hydrogen evolution (i.e.,
temperature-programmed palladium hydride decomposition and cata-
Iytic dehydrogenation of formate) was designed and synthesized by
optimizing these two surface processes through tuning the size of the
Pd NPs. TiO,-supported Pd NPs that were 2 nm in size exhibited
excellent activity for formate dehydrogenation with an TOF value that
was as high as 2184 h™! at 298 K.

2. Material and methods
2.1. Theoretical calculations

All calculations were performed based on the spin-polarized plane-
wave DFT approach with the Vienna ab initio simulation package
(VASP). The electron exchange and correlation energies were calcu-
lated with the GGA-PW91 functional. The ionic cores and electron-ion
interactions were described by the projector augmented wave (PAW)
method. The energy cut-off of 500 eV was employed. All geometries
were optimized until the difference in total energy smaller than 10™* eV
and self-consistent forces on all atoms were less than 0.02 eV AL, The
interaction between H-species with the Pd, (n=4, 13, 55) clusters was
studied using periodic models. These systems were placed into super-
cells with 20 A to avoid interaction. The 3x3 supercell surface model of
Pd (111) with 4 atomic layers was employed with a vacuum region of
15 A. Monkhorst-Pack k-point mesh of 3x3x3 was used for Pd, and
Pd;3, single k-point (gamma point) was used for Pdss and Pd (111)
surface model. The transition states were optimized by using the
climbing-image nudged elastic band method (CI-NEB) at a reduced
force threshold of 0.05 eV A~1.

The binding energy per atom Ej, and the adsorption energy of H E,q
were defined:

Eb = - (Ecluslcr _nEalom)/n

Ead = _(EH—clusler _EH -E

clusler)

where Egqusters Eatom and Ey are the energies of Pd,, cluster, single Pd
atom and single H atom, respectively. Ey_quster 1S the total energy of H
adsorbed on Pd, cluster. Here, n is the number of atoms in the Pd
clusters.

2.2. Catalysts preparation
All materials used in this study were analytical purity.

2.2.1. Preparation of TiO, nanorod

TiO, nanorod was also synthesized by using a facile hydrothermal
method. 10 mL tetrabutyl titanate (C;cH3604Ti) was added to the
mixture solution contain 3 mL H,0, and 3 mL HCI rapidly at room
temperature. Then the mixture was transferred to a 50 mL Teflon-lined
autoclave and heated at 200 °C for 24 h. After reaction, the products
were washed with aqueous NaOH solution (0.2 M, 200 mL), then
washed with deionized water and alcohol several times. The white
TiO» nanorod was dried at 50 °C for 5 h.

2.2.2. Preparation of TiO, supported palladium cluster catalyst
(0.8 nm-Pd)

0.5 g TiO» and 22.4 mg Pd(OAc), powders were dispersed in 20 mL
anhydrous methanol and sonicated for 1 min, respectively. The solu-
tions were stirred at 298 K for 20 min with exposure to ambient light.
Then the two solutions were mixed for just 1 min for depositing of the
Pd clusters and avoiding growth of clusters. Subsequently, the solvent
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and unreduced precursor were removed by centrifuging followed by
washing with anhydrous methanol twice and then dried under 30 °C
for 2 h.

2.2.3. Preparation of TiO» supported 2 nm-palladium nanoparticles
catalyst (2 nm-Pd)

0.5 g TiO, powders were dispersed in 300 mL deionized water and
sonicated for 10 min. An aqueous Na,PdCl, solution (47 mM, 2 mL)
was added to the obtained TiO, slurry and continuous stirring for
30 min. Then 2 mL sodium citrate (NazCgH50,, 0.034 M) aqueous
solution was added to the mixture followed by injection of an aqueous
NaBH, solution (0.33 M, 2 mL) under vigorous stirring. The color of
mixture changed from canary yellow to brown. After 2 h, the obtained
precipitates were washed with deionized water and ethanol and dried
at 50 °C for 5 h. The catalysts were denoted as 2 nm-Pd.

2.2.4. Preparation of TiO» supported 5 nm-palladium nanoparticles
catalyst (5 nm-Pd)

2 mL aqueous NaoPdCl, solution (47 mM) was added to PVA
solution (0.02 g, 48 mL). Then the pretreated mixture was put into
hot ethanol (50 mL) in a 250 mL round-bottom flask equipped with
magnetic stir bar. After refluxing 30 min, the color of the mixture
changed from canary yellow to brown, indicating the Pd sol was
obtained. Next, the suspension of 0.5 g TiO, powders was added to
the above Pd sol rapidly with continuous stirring for 2 h. Subsequently,
the obtained precipitate was washed with deionized water and ethanol
and then dried at 50 °C for 5 h.

2.2.5. Preparation of TiO» supported 10 nm-palladium nanoparticles
catalyst (10 nm-Pd)

The 10 nm-Pd catalyst was prepared following the colloidal deposi-
tion method for 5 nm-Pd (vide supra). The only variation was that
sodium citrate solution (0.01 g, 48 mL) is the capping agent instead of
PVA.

2.2.6. Preparation of TiO» supported 14 nm-palladium nanoparticles
catalyst (14 nm-Pd)

The 14 nm-Pd catalyst was prepared following the colloidal deposi-
tion method for 5 nm-Pd (vide supra). The only variation was that
sodium citrate solution (0.01 g, 48 mL) as the capping agent and cold
ethanol as the mild reductant.

All the above obtained catalysts were treated with mixture gases
containing 1.0vol% CO in air at 300°C for 1h to remove any
impurities, followed by reduced under Ho/Ar gas at 150 °C for 1 h.

2.3. Catalyst characterizations

All of the size and morphology images were obtained with Hitachi
H-7650 transmission electron microscope (TEM) and a FEI Tecnai F20
high-resolution transmission electron microscope (HRTEM). HAADF-
STEM images were acquired with a JEM-ARM200F at 200 kV. The Pd
loading was measured with Varian Vista MPX Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES). The X-ray diffrac-
tion (XRD) measurements for structure and composition determina-
tion were carried out with a Bruker D8 Advance X-ray diffractometer
with Cu Ka radiation (A=1.5418 A), and the data were recorded at a
scan rate of 4 degree-min~!. Pds;q photoelectron spectra were taken
using X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi)with
Al Ka radiation.

2.4. Catalyst activity evaluation
Temperature-programmed hydride decomposition (TPHD) analysis

was carried out with a ChemiSorb 2720 apparatus equipped with a TCD
detector. Prior the experiment, all the catalysts (50 mg) were reduced
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with 5 vol% H,/Ar mixture in a temperature ramp of 10° min™, up to
150 °C. Then, the catalyst was kept in constant temperature for 20 min
and cools them to an ambient temperature. TPD was performed using
H,/Ar mixture as a carrier gas, ramping the temperature from 20 °C to
200 °C. The volumes of gas_eenerated were monitored using RTK-
GMA-I Gas Metering Cell. Sq

The catalytic activities for aenydrogenation of aqueous ammonium
formate were evaluated at atmospheric pressure and the give tempera-
ture was achieved by water bath. In a typical procedure, the catalyst
powder (contain 8.4 umol Pd) dispersed in 5 mL deionized water and
sonicated for 10 min, then placed in a reaction vessel (25 mL), which
was connected to a automatic Gas Metering Cell. The catalytic reaction
was begun once the formate solution (4 M, 5 mL) was added into the
reactor with magnetic stirring (300 r/min). The composition of gas
generated was measured by using a gas chromatograph analysis system
(GC) equipped with a TCD detector. The trace CO5 and CO concentra-
tions in the Hs-containing stream were measured by using a GC
equipped with a FID detector. Initial turnover frequencies (TOFs) were
measured within the first 10 min, where the dispersions of metal atoms
were calculated from the CO chemisorptions.

3. Results and discussion

It is well known that palladium hydride (PdH,) can be easily formed
once palladium contacts hydrogen even at room temperature [27].
Therefore, both of pure Pd structures and their hydride counterparts
have been constructed.

The optimized pure Pd structures are shown in Figs. 1 and S1. The
binding energies (E;,) of clusters are 1.63, 2.32 and 2.90 eV for Pd,,
Pd;3 and Pdss, respectively [28,29]. Pd (111) surface was chosen to
represent large Pd NPs because it is the most stable surface of close-
packed Pd metal. Pd (111) was cleaved from the fce crystal structure
with Pd—Pd lattice spacing 2.80 A [30,31]. As shown in Fig. 2, there are
three distinct adsorption sites including atop (CN=1), bridge (CN=2),
and hollow (CN=3) [32], referring to adsorption of a hydrogen atom to
one, two, and three metal atoms, respectively. In addition, the
adsorption energies of H (E,q) vary with hydrogen coordination.
Among these adsorption sites, the 3-fold hollow sites are most
energetically favorable, and the 1-fold atop sites are least favorable.

With respect to the palladium hydride, both clusters and surface
(Figs. 1, S2, and S3) were constructed with H located in Pd octahedral
site, which was reportedly the most suitable site [33]. When H atoms
are placed in the subsurface sites of Pd4 and Pd;3, they diffuse outside
and form surface absorbed H spontaneously (Fig. S3). It is found that
the presence of surface absorbed H is benificial for the stability of

Pd13

PdHo.25
(111)

top view side view

Fig. 1. Structures of Pd4, Pd;3, PdssH16 clusters (up); top view and side view of PdHg 25
(111)-(4x4) surface. Pd, surface H atoms and bulk H atoms are in dark-blue, white and
yellow (yellow arrow), respectively.
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Fig. 2. Three distinct adsorption sites: atop, bridge and hollow site; and the adsorption
energies of the H atom on various sites as function of Pd NPs size.

subsurface H. However, the subsurface H atoms would be stable only
when all the surface sites are covered by H atoms, as previously
reported by Zhou et al. [34]. In this case, the H/Pd ratio of configura-
tion would reach up to 2.0, which is too high and not correspond to the
real condition in the current study. With the increase of the size,
palladium hydride can be stabilized at low coverage of surface absorbed
H atoms. After optimization, PdssH;¢ cluster was obtained. In the case
of PdH,(111) surface, it can be found that PdH, »5 formed when only
one H atom located inside Pd unit cell, which is coincident with the
experiment results in the nano-Pd system [35].

Taking all the above structure optimization results into account, we
chose pure Pd4, Pd;3 PdssHye clusters, and PdHg o5 (111) surface as
the reasonable models for further calculations.

Consequently, the possible elementary steps of hydrogen evolution
on the surface of Pdy4, Pdys, PdssH16, and PdHg»5(111) were investi-
gated using thermochemical analysis and DFT calculations [12].
Starting from the initial states (Hh) with H" atoms adsorbed at the
most stable 3-fold hollow sites [36], we calculated the possible path-
ways for hydrogen evolution from the two H" to H," followed by
desorption of H," from the Pd surface into a vacuum. The energy
diagrams and optimized configurations of the intermediates and
transition states are displayed in Figs. 3 and S4-11. For each of the
four cases in Fig. 3, the formation of H, molecule from H" consists of
three steps (H" diffusion, H" combination, and H," desorption), and all
steps are endothermic. First, the adsorbed H" atoms diffuse from the
hollow sites to the bridge sites via a low barrier TS1, resulting in Hb
state. Relative to Hh state, the energy barriers for H" diffusions are
0.16, 013, 0.38 and 0.14 eV for Pd4, Pd13, Pd55H16 and PdH0.25 (111),
respectively. After the H* combination step via TS2, the distance of H'-
H' is further shortened with the two H" atoms bound to the same Pd
atom (Ht). The short H'-H" distances in the Ht state, being 0.845,
0.866, 0.845 and 0.861 A for Pd,, Pdys, PdssH;e and PdHgo5(111)
systems, respectively, which is comparable with the H-H bond lengths
of activated H, and is slightly (~0.1 A) longer than gas phase H,
(0.747 &) [28,37]. The formation of dihydrogen H," needs to overcome
energy barriers of 0.85, 0.67, 0.39 and 0.74 eV for Pdy, Pd;3, PdssHe
and PdHg 5 (111) systems, respectively. In order to better show the
processes for H™ diffusion and H” combination, all the configurations
and relative energies along the reaction path were also detailed in Figs.
S12-S13. For the third step (H, desorption), we also attempted to
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Fig. 3. Optimized configurations and calculated relative energy diagram in hydrogen evolution processes on Pds, Pd;3, PdssH;je clusters and PdHg o5 (111)-(4x4) surface.

locate a transition state for the step using CI-NEB method. However,
no transition state could be located. Indeed, we observed that the
energies rise monotonically with the distance between H, and Pd
clusters increasing (Fig. S15).

It is an important elementary step for H, evolution that the
diffusions of H atoms transport from the subsurface to the surface.
We thus gave more attention. Calculations about subsurface H atoms
were carried out. For the PdHx species with subsurface and surface H
atoms simultaneously, surface H atoms react preferentially with each
other and then combinative desorption from the surface in the form of
H, molecule. Furthermore, the calculation results show that once
disappearance of surface H adatoms after desorption of hydrogen,
subsurface H atoms diffuse outside without barrier and form surface
adsorbed H atoms (Fig. S14). Therefore, the step of bulk diffusion is
negligible for overall H, evolution.

By comparing the energy barriers of each steps (summarized in
Fig. 4), we determined that the step of H" diffusion is much easier than
the other two steps. The diffusion starting from a hollow site to a bridge
site only need an energy of < 0.2 eV/atom, which is agree well with the
experimental results of STM [38,39]. The combination of 2H" on atop

1.4
1.24 .
overall energy barriers
1.0
I H2 desorption
>
2 0.84
>
jo)]
o 0.6
&
044 H* combination
0.2- g,
H* diffusion
0.0

Pd13 PdssH1e  PdHo.25

Fig. 4. Energy barriers of H" diffusion on a Pd cluster surface (pink), H" combination
(red) and desorption of H, from Pd metal surface (blank), as well as the overall energy
barriers of hydrogen evolution (blue).

Pda4

413

sites of PdssH ;¢ cluster involves a low energy barrier of 0.38 eV, while
on the Pdy,, Pd;3 and PdH, »5 (111) surface, the energy barrier are as
high as 0.85, 0.67 and 0.74 eV, respectively. With respect to the
desorption of molecular H,, the energy for sub-nano Pd, clusters is
as high as 0.69 eV. As the cluster size increases, the energy decrease to
0.67 and 0.53 eV for Pd;3 and PdssHye, respectively, which is
consistent with previously reported results [28]. The desorption energy
of H, from the PdHg »5 (111) surface is the smallest, and only 0.31 eV
was required to overcome the barrier. These results suggest that the
combination of 2H" on medium-sized Pd cluster (Pdss) is facile, and
the H» evolution determined by the process of H, desorption with a
energy barrier of 0.53 eV. While both the combination of 2H" and H,
desorption are very difficult for the sub-nanometer clusters, and the
rate-limited step for large Pd NPs is the combination of 2H" [34,40,41].

For a certain reaction, the overall energy barrier should be the
largest of the barriers for H evolution, which are depicted in Fig. 4 with
blue line. Clearly, DFT calculations reveal that the Tafel reaction over
Pd catalysts may be optimized by tuning the size of Pd NPs, because of
the rate-limiting step of H, evolution for small clusters involves H"
combination and desorption of H», and that is the combination of 2H"
over large NPs. The overall barrier for the hydrogen evolution process
decreased as the Pd size increased from Pd, (0.85 eV) to Pdss5 (0.53 V)
then increase to 0.74 eV for large nanoparticles. Hence, the overall
energy curve would be important for predicting the activities of
supported-Pd catalysts.

Combining all the above DFT calculation results, it can be found
that the reaction of favorable pathways is predominant occurred on the
edge and corner sites of Pd NPs in the Pd cluster systems. And it is very
difficult for H, formation on Pd terrace sites result from the strong
adsorption of H atom. Moreover, once H, molecule attached to Pd
surface, the hydrogen dissociation would happen spontaneously during
the relaxation process (Fig. S13), which agree well with previous study
[37]. But Pd (111) surface only provide well-defined terrace sites,
which generally is considered as a less active site than others for many
reactions [42,43]. Although for the appearance of new sites (top sites of
9-fold coordinated Pd atom) as the nanoparticle size increases, Ha
molecules could adsorption on Pd (111) surfaces. H, desorption is
extremely easy to occur with the smallest desorption energy of
0.31 eV.Besides, compared with pure Pd cluster, there are slightly
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Fig. 5. (a—d) TEM images and the corresponding histograms of the particle-size distributions of the Pd/TiO, catalysts: a) 14 nm-Pd, b) 10 nm-Pd, ¢) 5 nm-Pd and d) 2 nm-Pd. The scale
bar in the TEM images represents 100 nm. e) C;-HAADF-STEM image and histogram of particle-size distributions for the 0.8 nm-Pd catalyst.

differences in pathways and relative energies of H, evolution on the
surface of PdH,. But it can be found that the steps of H, desorption and
2H" combination for Pdss and Pd (111) still are the rate-limiting steps
with the energy barriers of 0.53 and 0.74 eV, suggesting that the effects
of subsurface H atoms is negligible.

Based on mentioned above, a unique size dependence for H,
evolution over Pd NPs can be predicted, that the PdssH;¢ cluster (a
diameter of 1.6 nm) with the lowest barrier (i.e. 0.53 V) would exhibit
the highest activity and the formation of Pd-H species would be benefit
to H, evolution.

Hence, a series of TiO» nanorod-supported Pd catalysts (Pd/TiO,)
were prepared with a wide range of Pd NP sizes by the colloidal
deposition method, which is an effective way to control the diameters of
Pd nanoparticles and prepare uniform catalysts with small size [44].
TEM images of the Pd/TiO, catalysts and the corresponding histo-
grams of the size distribution are shown in Fig. 5. Because the ultrafine
Pd clusters cannot be well observed using traditional TEM and HRTEM
(Fig. S17), Cs-HAADF-STEM was employed to detect Pd sub-nano
clusters in the samples (Figs. 5e and S17). Obviously, TiO, exhibited a
uniform rod-like morphology and Pd NPs with narrow size distribution
were homogeneously dispersed on the surfaces of TiO» supports for
each sample. The sizes of the Pd NPs in the various catalysts differed
significantly from each other. In addition, the HRTEM (Fig. S18)
studies revealed that the predominantly exposed planes are {111} in
the large Pd NPs with a lattice spacing of 0.23 nm, especially when the
size is more than 10 nm, which agree well with XRD results (Fig. S19).
Therefore, Pd (111) can be chosen as a representative model of Pd NPs
that are more than 10 nm in size. Based on these characterizations and
analysis, TiO»-supported Pd NPs with five different sizes were success-
fully obtained from sub-nanometer (0.8 nm) to 14 nm, which were
denoted as 0.8 nm-Pd, 2 nm-Pd, 5 nm-Pd, 10 nm-Pd and 14 nm-Pd,
according to the different the average size of Pd NPs in each sample.

The X-ray diffraction (XRD) patterns of the Pd/TiO, catalysts were
measured and are shown in Fig. S19. For the various catalysts, peaks
corresponding to the rutile-type TiO» phase (JCPDS 88-1173) and Pd-
related reflection peaks were observed [45], except for the 0.8 nm-Pd
and 2 nm-Pd samples. The absence of Pd reflection peaks resulted from
the size of the Pd NPs being too small. The electronic properties of the
Pd were also characterized by XPS because the different electronic
structures may exert an effect on the H, evolution performance. The
XPS spectra (Fig. S20) indicate that all of the samples exhibited two
characteristic peaks (i.e., metallic Pd 3ds/> and Pd 3d3,») [46,47]. Note
that 14 nm-Pd exhibits a Pd 3d5,, peak at ~334.0 eV, while smaller Pd
NPs exhibit much higher Pd 3ds,» binding energy range from 334.2eV
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to 334.7 eV, revealing that stronger interaction between TiO, and Pd
clusters occurred with the decrease of Pd NPs size [48].

As a hydrogen reservoir and active medium, f-PdH, specie is more
stable than a-PdH, (H/Pd=0.03)[49,50] and plays a key role in
hydrogen- related reactions [51-53]. In addition, the kinetics of the
PdH, decomposition process [54], which involves bulk diffusion,
transport from the bulk to the subsurface and surface and recombina-
tion desorption of hydrogen from the surface [55], is controlled by
desorption of the chemisorbed state H [56,57], because the activation
energy is considerably larger than that for bulk diffusion [58].
Therefore, temperature-programmed hydride decomposition (TPHD)
under hydrogen atmosphere, an effective technique for investigating
the H-Pd binding strength as well as the behavior of hydrogen
desorption [34], were carried out to check the size effect of palladium
on the efficiency of hydrogen evolution.

Fig. 6 shows the TPHD profiles for all of the Pd/TiO, catalysts.
Except for pure TiO,, remarkably sharp negative peaks appear below
100 °C for all of the samples, which can be assigned to hydrogen
evolution from the decomposition of f-PdH, [59,60]. The intensity of
the peaks increased linearly as the size of Pd NPs increased due to the
formation of more -PdHy in larger Pd NPs [34,61]. The H/Pd ratio
(Table 1) is an effective descriptor for representing hydrogen solubility
[62]. In the current study, a slight increase in the H/Pd ratio from 0.14
to 0.25 as the function of the Pd NP size was observed, indicating that
the chemisorbed state H (Pd-H phase) primarily settles down on the
surface and subsurface (H/Pd=0.6 for a crystalline PdH) [34,63].

pure TiO2

6l5 0.8nm-Pd
. 49 2nm-Pd
B! w
K 62 5nm-Pd
2z W 10nm-Pd
e 14nm-Pd
I} nm-
= 63

67

40 60 80 100 120
Temperature(°C)

Fig. 6. Temperature-programmed hydride decomposition (TPHD) profiles of five Pd/
TiO; catalysts and pure TiO».
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Table 1
Pd loading [Pd], amount of hydrogen desorption (Ay) and the H/Pd ratios.

Sample [Pd] Ay H/Pd
wt% mmol H,/gPd ratio
0.8 nm-Pd 0.33 1.30 0.14
2 nm-Pd 1.79 1.65 0.17
5 nm-Pd 1.81 1.63 0.17
10 nm-Pd 1.82 2.00 0.21
14 nm-Pd 1.80 2.34 0.25

Furthermore, the Pd/H ratio are similar with DFT calculations,
suggesting the rationality of PdH, structures. Most importantly,
significant differences in the TPHD peak positions were observed,
indicating that the Pd NP size has an effect on the stability of the Pd-H
species [64]. A peak corresponding to H, evolution was observed at
approximately 65 °C for the 0.8 nm-Pd sample. Then, as the size of the
Pd NPs increased, the peak of the 2 nm-Pd catalyst shifted to 49 °C,
indicating a significant increase in the activity of H, evolution.
Interestingly, however, a considerable increase in the desorption
temperature (62 °C) for the 5 nm-Pd catalyst was observed, and the
temperature of H, evolution was even higher for the 10 nm-Pd
catalysts, where the peak was centered 63 °C. The 14 nm-Pd catalyst
exhibited the highest temperature for the H, desorption peak (i.e.,
67 °C). Although 10 nm-Pd and 14 nm-Pd were both big enough to be
represented by PdHg »5(111), a obvious different in TPHD profiles was
observed. In fact, the series of supported Pd/TiO, catalysts consist of
an assembly of Pd NPs with a certain size distribution. For catalyst of
14 nm-Pd, TEM images show that the size of Pd NPs concentrated in
the range of 10—20 nm and it is rarely found the Pd NPs less than
10 nm. In the sample of 10 nm-Pd, however, a portion of Pd NPs are
less than 10 nm in size. Therefore, the low-temperature region of peak
of 10 nm-Pd shows an obvious different with 14 nm-Pd. These results
further confirm that H, evolution is difficult over sub-nano Pd clusters
and larger NPs, while the formation and desorption of H, is favored
from moderately sized Pd NPs (2 nm-Pd), which is consistent with the
results of DFT calculations.

As a promising hydrogen-storage medium, formate can afford
ultraclean H, with free of CO via catalytic dehydrogenation according
to the following reaction [65-67]:

HCOO™ + HQO:HCO37+H2 (1)

Supported-Pd catalysts are typically considered to be best suitable
for this reaction [68—70]. However, previous studies showed that
dehydrogenation of formate over Pd NPs proceeded well only at
elevated temperatures and was completely inactive under ambient
conditions due to the difficulty of the combinative desorption of
hydrogen [13-15].

The catalytic activities for the dehydrogenation of formate over the
five Pd/TiO, catalysts with different Pd sizes were investigated in neat
water at room temperature. The data (Fig. S21), hydrogen generations
from different formate salts dehydrogenation, indicate that ammonium
formate is a suitable hydrogen-storage material with the highest
activity in the presence of 2 nm-Pd catalyst. Gas chromatography
(GC, Figs. S22-23) and Fourier transform infrared spectroscopy
(FTIR, Fig. S24) were performed to analyze the composition of the
gas products. Only hydrogen and trace amounts of CO», which resulted
from the decomposition of HCO3™ [69], were detected. Note that while
CO is the typical by-products of the reaction in formic acid/formate
system [13,65], no detectable gaseous CO signal was observed. These
results indicate that high-purity hydrogen can be generated from the
dehydrogenation of formate.

The catalytic performances for ammonium formate dehydrogena-
tion over all of the catalysts are shown in Fig. 7a. The amount of
hydrogen produced increased with time for all of the samples, except
the 14 nm-Pd sample. The 2 nm-Pd catalyst exhibited the best H,
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production efficiency followed by the 0.8 nm-Pd and 5 nm-Pd catalysts.
When the size of the Pd NPs is up to 10 nm, the volume of H,
generation is negligible. The initial turnover frequency (TOF) values
were also measured within the first 10 min with the assumption that
only surface Pd atoms were accessible, where the dispersions of metal
atoms were calculated from the CO chemisorptions. Notably, Fig. 7b
shows that the TOF values for the dehydrogenation of HCOONH,4
(2184 h™') and HCOONa (1673 h™}, Fig. S21) over the 2 nm-Pd sample
were higher than those for previously reported catalysts at room
temperature (Table S1), even comparable to those at elevated tem-
peratures. In addition, a volcano relationship between the TOF values
and the Pd NP size was observed. As the size of the Pd NPs increased
from sub-nano (0.8 nm-Pd) to nanometer (2 nm-Pd) sized, TOF value
increased sharply from 297h™! to 2184h™! and then decreased
substantially with a further increase in the Pd size even to zero for
sample of the 14 nm-Pd.

Fig. 7c shows the hydrogen generation rate for 2 nm-Pd catalyzed
HCOONH, dehydrogenation at different temperatures. To determine
the apparent activation energy (E,), Arrhenius analyses of the initial
rate (Fig. 7d) were performed within a temperature range of 20-70 °C.
The 2 nm-Pd catalyst exhibited the lowest E, (37.0+2kJ mol ™),
which was even lower than that of a previously reported homogeneous
catalyst (41 kJ mol™) [66]. Although the E, of 0.8 nm-Pd (46.5 +
3 kJ mol™) was larger than that of 2 nm-Pd, it was still similar to the
value in the literature. However, for the 5 nm-Pd catalyst with a larger
Pd NP size, the E, increase substantially to 59.2 + 1 kJ mol™?, and the
E, is indeed up to 64.2+3kJmol™! and 75.1 +6 kJ mol 'for the
10 nm-Pd and 14 nm-Pd catalysts. Based on DFT calculations, the
activation energies were 64.5kJmol™!, 51.0kJmol™! and
71.3kJ mol™! in Tafel reaction catalyzed by Pd;s, PdssH;¢ and
PdHg 5 (111), which were chosen as representatives for the samples
of 0.8nm-Pd, 2nm-Pd and >10nm-Pd catalysts, respectively.
Obviously, the E, catalyzed by the three kinds of Pd catalysts were
basically consistent with and slightly smaller than the E,calculated with
theoretical studies. The difference of apparent activation energy most
likely attribute to the potential impact of Pd-TiOinteraction [15]. As
mentioned above, the XPS spectra show that the smaller Pd NPs
exhibit the stronger interaction between TiO, and Pd clusters. However
the relationship between the catalytic activities and the Pd NP size
exhibits a volcano shape. These results suggest that the size effect
should be the primary factor to affect the activity of H, evolution and
formate dehydrogenation in Pd/TiO, systems.

As an important characteristic of catalysts, the durability also has
been tested and the results were shown in Fig. S25. A slight deactiva-
tion can be observed over the 2nd run, because the size of Pd NPs
became larger (the average diameter of Pd NPs increased from 2.1nm
to 3.2 nm) after the 3rd catalytic dehydrogenation reaction of formate
(Fig. S26). This result further illustrate that the size of Pd NPs is a key
factor for catalytic Tafel reaction. Nevertheless, it will be necessary to
improve the durability of the Pd catalysts for practical applications
[69,71].

Overall, a prominent size-dependent activity for the dehydrogena-
tion of formate over Pd NPs that ranged in size from 0.8 to 14 nm was
observed, and ~2 nm Pd NPs was the optimum catalyst. The volcano-
like curve for the TOF values for H, evolution is consistent with the
DFT and TPHD results, elucidating H» evolution plays a key role in the
dehydrogenation of formate in the Pd-based catalyst system.

4. Conclusion

In summary, we have demonstrated that H, evolution over Pd
nanocatalysts was governed by two reaction steps of Tafel reaction: H"
combination was very difficult over the large Pd NPs, while the rate-
limiting step for media-sized Pd cluster is H, desorption. Moreover,
both H" combination and desorption of molecular H, are sluggish on
the sub-nanometer Pd clusters. Pd NPs with a diameter of 2 nm
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Fig. 7. a) H, evolution via dehydrogenation of aqueous ammonium formate (2 M, 10 mL) at room temperature (298 K) as a function of time. b) Size dependence of initial TOF for the
Pd/TiO, catalysts. The TOF was measured within the first 10 min ¢) Kinetic traces for H, evolution as a function of time catalyzed by 2 nm-Pd at different temperatures (20—60 °C).
Reaction conditions: 10 mL scale of 2 M aqueous HCOONH,, 5.0 umol Pd. d) Arrhenius plots of the reaction rates for the Pd/TiO, catalysts.

exhibited excellent catalytic activity for hydrogen evolution both for
temperature-programmed palladium hydride decomposition and cata-
Iytic dehydrogenation of formate. This found mental insight will be
benificial for the design of novel high-performance catalysts for
efficient H, evolution with important implications for the development
of the hydrogen economy.
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