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ABSTRACT: Suppression of catalyst deactivation without compromising activity has 

been a long-standing yet elusive goal in heterogeneous catalysis. Herein, we report a 

remarkable achievement of both hydrogen generation activity and durability by 

atomically engineering Pt-PdO interfacial sites. A combination of kinetics (isotopic) 

analyses, multiple characterization techniques, molecular dynamics and density 

functional theory calculations was employed to reveal the evolution of Pt-Pd atomic 

structure that Pd segregates to the outer surface of Pt nanoparticles followed by partial 

oxidation, resulting in the structure of a Pt-rich core and a PdO/Pd-rich shell. The strong 

capability of PdO to activate H2O compensates for its adverse effects on Pt electronic 

properties and creates the Pt and PdO interfacial sites for ammonia borane and H2O 

activation, respectively. Moreover, due to the strong electron repulsion and steric 

hindrance effects, these surface PdO sites strongly inhibit the adsorption of B(OH)4
−, 

thus protecting Pt active sites from poisoning. As a result, such unique atomic structure 

with a Pt/Pd ratio of 1:1 is found to be the most promising catalyst at the apex of the 

volcano curve. The strategy developed here unambiguously clarifies the activity and 

durability attributes of Pt-PdO interfacial sites for this reaction and sheds light on the 

design of new type of highly active yet stable metal catalysts. 

Keywords: Pt-PdO interfacial sites; Atomic insights; Hydrogen generation; Activity 

and durability; Volcano curve.  



1. Introduction 

Supported metal catalysts are widely used in industrial chemistry due to their long-

term survival, robust recyclability and ease of handling.1 In pursuit of a high yield for 

targeted chemicals, the development of newly efficient metal catalysts has attracted 

tremendous attention from chemists in past decades.2 Currently, catalyst engineering is 

undergoing a transition from using the pure trial-and-error approach that necessitates 

immense screening efforts, to semi-rational design based on a combination of kinetics 

modeling, isotope labeling, advanced characterizations, computational chemistry and 

judicious interpretation of the results obtained by these techniques that provide an 

unprecedented opportunity to design and manipulate metal catalysts with high mass-

specific reactivity.3 

Hydrogen has emerged as a clean energy carrier for future carbon-free energy 

economy,4 and the hydrolytic dehydrogenation of ammonia borane (NH3BH3, AB) 

offers a promising and attractive approach for hydrogen production due to the low 

molecular mass (30.8 g∙mol-1) and high hydrogen capacity (19.6 wt%) of AB.5 

Although Pt-based catalysts demonstrate much higher catalytic activity compared to 

other metal catalysts, the prohibitive cost and limited abundance of Pt hinder their 

widespread adoption.6 Hence, tremendous efforts have been devoted to the preparation 

of highly efficient catalysts with low Pt usage via tailoring of the Pt particle 

composition and size,7 engineering of the catalyst support properties,8 alloying with 

other metals,9 varying catalyst preparation methods,10 and adding structural and/or 

electronic promoters.11 As a result, the searching of more active Pt catalysts for 



ammonia borane hydrolysis can be time- and effort-consuming, calling for a better 

understanding of the structure-performance relationship. Based on our previous study, 

the activity of Pt is still restricted by its poor capability to activate H2O as schematically 

shown in Figure 1a, in which the indirect dissociation of H2O has been suggested as the 

rate-determining step (RDS). Hence, it is reasonable to assume that the integrity of Pt 

with another type of active site (M), i.e., Pt-M, for the respective activation of ammonia 

borane and H2O would further boost the catalytic activity of hydrogen generation. 

In order to make full use of Pt-M system for the design of highly active Pt catalyst, 

it is highly desirable to have a fundamental understanding of the structural, chemical 

and electronic influences induced by the addition of another site M. Typically, the 

surface composition of Pt-M varies with the identity of M in terms of its atomic volume, 

surface energy, and heats of sublimation.12 As a result, it has been theoretically shown 

that Pt atoms preferentially segregate to the interior or exterior, as well as low or high 

coordination sites of Pt-M particles.13 Moreover, the presence of oxygen has also 

demonstrated significant influences on the structure and the resultant catalytic 

performance of Pt-M, which affect the stability of surface oxide species based on their 

aerobic and anaerobic properties.14 Hence, although Pt-M catalysts are prepared in a 

reduced environment, their compositions and states might be different and how these 

factors evolve under atmospheric conditions is full of interest, emerging as the 

prerequisite for the selection of M and the integrity of Pt-M for this reaction. 

On the other hand, catalyst durability is another critical criterion for the evaluation 

of the performance of metal catalyst that is often more important than activity for 



practical application.15 Hence, the Pt-M catalysts for ammonia borane hydrolysis 

should be not only active, but also durable for a long-term continuous hydrogen 

production. However, previous study over carbon-supported Pt catalysts found that the 

Pt active sites are promptly deactivated due to the agglomeration of Pt nanoparticles 

and the adsorption of poisonous by-products (mainly B(OH)4
−) on the catalyst surface 

during the reaction as depicted shown in Figure 1a, so that only less than 30% of the 

initial catalytic activity was retained after several catalytic cycles.7a Unfortunately, to 

the best of our knowledge, few investigations have focused on protecting Pt active sites 

against deactivation for this reaction. Therefore, despite the easy Pt recovery by burning 

off the carbon support for the deactivated catalysts, it is important and timely to explore 

the design and preparation of a Pt-M catalyst that simultaneously achieves high activity 

and durability for greater ease of handling in practical application. 

Herein, given the catalytic properties inherently determined by the main and 

secondary metal, as well as metal/support interactions, both the physical and chemical 

protection strategies were developed to protect Pt catalysts from deactivation in order 

to achieve efficient and continuous hydrogen production from ammonia borane. 

Physically, the mesoporous and closed-ended carbon nanotubes (CNT) were employed 

to support Pt particles on their external surfaces to mitigate mass transfer limitations 

and pore blocking by the products. Chemically, Pt was partially replaced by controlled 

amounts of Pd to facilitate their synergy in terms of electronic (electron transfer and 

repulsion) and structural (active sites engineering and steric hindrance effects) 

properties for this reaction. A combination of kinetic (isotopic) analyses, multiple 



characterization techniques, molecular dynamics and density functional theory 

calculations was employed to reveal the evolution of Pt-Pd atomic structure and 

structure-performance relationship, and a strategy for creating Pt-PdO interfacial sites 

was proposed to simultaneously enhance activity and durability for hydrogen 

production. As a result, this study may open a new avenue for the design and preparation 

of highly efficient and robust metal catalysts for this reaction. 

 

2. Experimental 

2.1. Catalyst preparation  

Mesoporous and closed-ended carbon nanotubes (CNT) were purchased from the 

Beijing Cnano Technology Limited (China) and were used as the catalyst support to 

prepare the bimetallic Pt-Pd catalysts. Typically, a certain amount of CNT was mixed 

with the solution of chloroplatinic acid hexahydrate (H2PtCl6∙6H2O, Sinopharm 

Chemical Reagent Co., Ltd., China) and palladium chloride (PdCl2, Sinopharm 

Chemical Reagent Co., Ltd., China). To obtain similar-sized metal catalysts, the total 

metal loading (Pt and Pd) was kept at 6.0 wt% for all of the catalysts. The impregnated 

samples were dried under stagnant air at ambient conditions and then at 80 °C for 12 h. 

All of the samples were reduced by a continuous flow of pure H2 at 250 °C for 2 h, 

followed by cooling down to room temperature under Ar atmosphere. The reduced 

catalysts were passivated by exposing them to 1% O2/Ar atmosphere for 20 min and 

then were stored in inert atmosphere. As a result, the as-obtained catalysts were denoted 

as PtxPd1-x/CNT, where x is the Pt weight percentage. 



2.2. Catalyst characterization 

The particle sizes and distributions of these catalysts were measured by high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

obtained using a Tecnai G2 F20 S-Twin instrument equipped with an energy dispersive 

spectrometer (EDS) analyses at 200 kV. H2 temperature-programmed reduction (H2-

TPR) measurements were carried out using a chemisorption apparatus (Micromeritics 

AutoChem II 2920). The aberration-corrected high-angle annual dark-field STEM (AC-

HAADF-STEM) and energy dispersive X-ray (EDS) mapping images were obtained 

using a JEOL ARM200F instrument with a STEM aberration (Cs) corrector operated at 

200 kV. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos XSAM 

800 electron spectrometer (Manchester, UK) with an Al Kα X-ray (1486.6 eV) 

excitation source operated at 15 kV. Pt LIII-edge X-ray absorption fine structure (XAFS) 

of the catalysts was investigated at the BL14W1 beam line at the Shanghai Synchrotron 

Radiation Facility (SSRF) with a storage ring energy of 3.5 GeV. The X-ray beam was 

monochromatized by a double-crystal Si(311) monochromator. The energy was 

calibrated using a platinum metal foil for the Pt L3-edge, and the WinXAS3.1 code was 

employed to extract and fit the data. For the X-ray absorption near edge structure 

(XANES) measurements, the experimental absorption coefficients as a function of 

energies μ(E) were obtained using background subtraction and normalization 

procedures. 

 

2.3. Catalytic testing 



The catalytic reaction was carried out in a three-necked flask with a Teflon-coated 

magnetic stirring bar that was placed in a water bath to control the reaction temperature 

at 30 °C. The catalyst (0.025 g) was preloaded into the flask, and the reaction was 

started by rapid injection of an aqueous ammonia borane solution (5 mL and 0.01 g∙mL-

1) via a syringe. The generated hydrogen was measured by the water displacement 

method. Typically, one neck of the flask was connected to a water-filled gas burette, 

and an electronic balance was employed to monitor the volume of discharged water, 

that can then be used to calculate the volume of hydrogen. Kinetic experiments for these 

catalysts were performed at the temperatures ranging from 25 to 40 °C under the same 

reaction conditions. To evaluate the catalytic durability of these catalysts, the catalytic 

reactions were repeated four times by adding the same amount of ammonia borane 

solution (5 mL and 0.01 g∙mL-1) after the completion of the last cycle. After the 

durability test, the used catalysts were filtered from the spent solution, washed several 

times with deionized water and dried under vacuum at room temperature. The kinetic 

isotopic experiments were performed by the replacement of H2O with D2O as the 

reactant at the same reaction conditions. 

 

2.4.Molecular dynamics calculations 

The simulation of Pt-Pd nanoparticles heating was performed by molecular 

dynamics (MD) modeling using a large-scale atomic/molecular massively parallel 

simulator (LAMMPS).16 The interaction energy between platinum and palladium atoms 

were described by the 12-6 Lennard-Jones potential with the parameters taken directly 



from the previous study.17 Two initial models of bimetallic Pt-Pd NPs, i.e., Janus Pt|Pd 

and Pd core-Pt shell, were built with simulation box size of 2.5×2.5×2.5 nm3 to study 

the structural evolutions of the metal particles. For all the simulations, the velocity 

Verlet scheme was used to integrate the equations of motion with the time step of 1 fs, 

in which the periodic boundary conditions were applied in all three directions with the 

cut-off set to be 0.8 nm. The temperature was maintained using the Nose-Hoover 

thermostat with the time constant of 5 ps.18 The steepest descent minimization was 

firstly conducted for the initial Pt-Pd nanoparticle structures with 8000 steps. Then, the 

optimized nanoparticle structures were heated in four steps with T=300 K, T=600 K, 

T=900 K, and T=1100 K to test their stability. The simulation time t for each 

temperature and heating from one temperature to another was set as 5 and 1 ns, 

respectively. The total 24 ns trajectories of the MD simulations were used to analyse 

the structure evolutions of the bimetallic particle with the home-built Python code based 

on the number of atom around each other. 

 

2.5. Density functional theory calculations 

The density functional theory (DFT) calculations were carried out by using the 

Vienna Ab-initio Simulation Package (VASP).19 The projected augmented wave (PAW) 

pseudopotentials were chosen to describe the interaction between ion cores and valence 

electrons.20 The exchange-correlation functional was calculated with generalized 

gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) method.21 The 

kinetic energy cut-off used for plane-wave expansion of electron wave functions was 



450  eV for all structures.22 A p(3 × 3) supercells with four layers was under test for the 

Pt and Pd slab models, which the bottom two layers of the four layers were fixed. A 

vacuum layer as large as 15 Å along the c direction normal to the catalyst surface was 

used to avoid periodic interactions. The Brillouin zone was sampled with a 3 × 3 × 1 k-

point grid using Monkhorst-Pack method for all surface calculations. The energy 

tolerance for self-consistent iteration was set to 10−5 eV. The geometry optimization 

was converged until the residual forces on each atom were less than 0.03 eV∙Å-1. The 

adsorption energy of B(OH)4
− was calculated as Eads = EB(OH)4−/surface – EB(OH)4− - Esurface, 

where EB(OH)4−/surface, EB(OH)4− and Esurface refer to the energy of B(OH)4
− adsorption 

system on metal surface, free B(OH)4
− and metal surface without adsorbates, 

respectively. The atomic charges and electrons transfer were investigated via the Bader 

analysis. On the other hand, the activation energy (Ea) is defined as Ea=ETS–EIS, in 

which ETS and EIS are the energy of the transition state (TS) and the most stable initial 

state (IS), respectively. 

 

3. Results and discussion 

3.1. Boosted catalytic activity and durability. 

To obtain similar-sized metal catalysts, the total loadings for Pt and Pd were kept at 

6.0 wt% for all of these bimetallic PtxPd1-x/CNT catalysts. The as-prepared catalysts 

were characterized by HAADF-STEM with high resolution to obtain reliable metal 

particle size and distribution. As shown in Figure S1, all of the catalysts show similar 

distributions of metal particles. Based on the measurements of more than 200 random 



particles, the average particle sizes for Pt/CNT, Pt0.75Pd0.25/CNT, Pt0.5Pd0.5/CNT, 

Pt0.25Pd0.75/CNT and Pd/CNT were determined as 2.5±0.6, 2.1±0.5, 2.2±0.6, 2.4±0.7, 

and 2.2±0.7 nm, respectively. Considering the metal-catalyzed ammonia borane 

hydrolysis as a typical structure-sensitive reaction,7a the similar metal particle sizes of 

these catalysts are beneficial for minimizing the size effect, and provide a coherent set 

of samples to compare the catalytic performances of different Pt/Pd ratios for ammonia 

borane hydrolysis based on their physical and chemical properties. 

These five similar-sized catalysts were then tested for the hydrolysis of ammonia 

borane at the same conditions, with the results shown in Figure 1b. It is observed that 

the volume of generated hydrogen increases almost linearly with the reaction time at 

the initial stage (ammonia borane conversion lower than 45±5%), indicating a pseudo-

zero reaction order with respect to ammonia borane. Therefore, it can be deduced that 

the reaction is not limited by external diffusion of reactants under these reaction 

conditions. Moreover, because the CNT used in this study is mesoporous and closed-

end, the supported metal particles are deemed to be mainly located on the external 

surface of CNT, so that the influence of the internal diffusion limitation can also be 

neglected. Hence, mass transfer limitations can be minimized for these catalysts. As a 

result, the initial hydrogen generation rates (rinitial) values can be calculated based on 

the slope of the linear part of each curve, and were determined as 119.3, 88.1, 153.3, 

46.3, and 27.6 molH2∙gM
-1∙h-1, respectively. It is clear that rinitial shows a trend of 

decreasing with the Pd fraction, except for Pt0.5Pd0.5/CNT that delivers the highest rinitial 

among all of the catalysts. This is consistent with the finding that the catalytic activity 



of monometallic Pt is much higher than that of monometallic Pd, while the synergy 

between Pt and Pd most likely contributes to the highest catalytic activity of 

Pt0.5Pd0.5/CNT. 

 

Figure 1. (a) The schematic diagram for hydrogen production activity and durability based on 

monometallic Pt/CNT and bimetallic PtxPd1-x/CNT catalyst. (b) Hydrogen generation volume 

as a function of time, (c) activation energy (Ea), (d) relative activities over cycles, and (e) H2-

TPR profiles for Pt/CNT, Pt0.75Pd0.25/CNT, Pt0.5Pd0.5/CNT, Pt0.25Pd0.75/CNT and Pd/CNT. 



For a more detailed examination, kinetic experiments were conducted for these five 

catalysts at different temperatures ranging from 25 to 40 °C. As shown in Figure S2, all 

of the catalysts still retain a linear increase of the hydrogen generation volume with 

reaction time at the initial stages, so that the reaction rate constant (kH) values at 

different temperatures can be calculated based on low ammonia borane conversion. The 

Arrhenius plots of ln kH versus 1/T presented in Figure S3 yield the activation energies 

(Ea) of these catalysts as 41.0, 39.6, 37.1, 41.0 and 47.7 kJ∙mol-1 for Pt/CNT, 

Pt0.75Pd0.25/CNT, Pt0.5Pd0.5/CNT, Pt0.25Pd0.75/CNT and Pd/CNT, respectively. As 

observed in Figure 1c, Pt0.5Pd0.5/CNT with the highest catalytic activity exhibits the 

lowest Ea among all of these five catalysts, further highlighting that the Pt-Pd synergy 

within Pt0.5Pd0.5/CNT can effectively lower the energy barrier for this reaction and give 

the highest hydrogen generation rate. 

In additional to activity, the catalytic durability was also evaluated for these five 

catalysts by adding the same amount of ammonia borane solution into the reaction after 

the completion of the last cycle, and repeating the cycle four times. As shown in Figure 

S4, all these catalysts exhibited a reduced hydrogen generation rate to different extents. 

For a clear comparison, the hydrogen generation rate in each cycle is normalized to that 

of the first cycle, and the results are shown in Figure 1d. It is clear that an evident 

increase in the catalytic durability was observed for these catalysts due to the partial 

replacement of Pt with Pd, with Pt/CNT, Pt0.75Pd0.25/CNT, Pt0.5Pd0.5/CNT, 

Pt0.25Pd0.75/CNT and Pd/CNT retaining 55%, 75%, 79%, 84% and 88% respectively, of 

their initial catalytic activities at the fifth cycle. Hence, although Pd exhibited a much 



lower activity compared to Pt, the partial replacement of Pt with Pd gives rise to the 

significant synergy for simultaneously improving both the catalytic activity and 

durability of Pt0.5Pd0.5/CNT. 

3.2. Insights into Pt-Pd atomic structure 

 
Figure 2. Typical AC-HAADF-STEM images and the corresponding line intensity profiles of 

(a) Pt/CNT, (b) Pt0.75Pd0.25/CNT, (c) Pt0.5Pd0.5/CNT, (d) Pt0.25Pd0.75/CNT and (e) Pd/CNT. (f) 

HAADF-STEM image and the corresponding EDS line-scanning image of Pt0.5Pd0.5/CNT. 

 

H2-TPR measurements were first conducted to probe the Pt-Pd synergy within the 

bimetallic Pt-Pd catalysts. Figure 1e exhibits the H2-TPR profiles in the temperature 

range of 60-240 °C of the catalysts that mainly involve the peaks associated with the 

reduction of Pt and/or Pd species. It is clear that the monometallic Pt/CNT catalyst 

shows one main H2 consumption peak at 173.5 °C, ascribed to the reduction of Pt 

species. With the addition of Pd, the reduction peak shifts to lower temperature and 



finally reaches 131.7 °C for the monometallic Pd/CNT catalyst. Generally, the 

reduction temperature of the metal varies with the interaction between the metal 

precursor and the catalyst support. Hence, the downshift of the reduction temperature 

from 173.5 °C to 131.7 °C indicates a lower stability of the metal precursor, either 

intrinsically less stable or stabilized by the support. Based on this, it is reasonable to 

deduce that the Pd reduced at lower temperature can provide dissociated hydrogen for 

the reduction of Pt, resulting in the lower reduction temperature of bimetallic catalysts 

compared with the monometallic Pt/CNT catalyst. 

The morphologies of these five catalysts were characterized by aberration-corrected 

HAADF-STEM (AC-HAADF-STEM) as shown in Figure 2, where the integrated pixel 

intensity profiles were derived from the lines marked by the yellow and blue arrows. It 

was found that these catalysts present two types of lattice fringes: 0.22-0.23 nm close 

to the (111) lattice spacing of the face-centered cubic (fcc) Pt (~0.226nm) and Pd 

(~0.221 nm), and 0.19-0.20 nm close to the (200) lattice spacing of the face-centered 

cubic (fcc) Pt (~0.196 nm) and Pd (~0.194 nm). Moreover, the elemental distributions 

of platinum and palladium within the bimetallic nanoparticles were characterized by 

AC-HAADF-STEM. Figure 3a displays the representative AC-HAADF-STEM image 

of Pt0.5Pd0.5/CNT, and the corresponding EDS-mapping results in Figure 3b-3d reveal 

the structure of Pt-Pd alloy with the segregation of Pd from Pt in these faceted 

nanoparticles. This is further validated by the EDS-mapping results in Figures S5-S7. 

For a more detailed examination, STEM-EDS line scan was employed to investigate 

the elemental distribution. It is observed from Figure 2f that the catalyst shows the 



maximum Pt concentration at the center of the particle, while the Pd concentration is 

enriched at the edge. Based on these findings, these bimetallic catalysts are likely 

composed of a platinum-rich core with a palladium-rich shell. Hence, the combination 

of the above results suggests that the bimetallic Pt-Pd particles may undergo phase 

segregation of Pd to the surface forming a Pd-rich shell, and of Pt to the bulk forming 

a Pt-rich core. 

 

Figure 3. (a) Representative AC-HAADF-STEM image, EDS-mapping of (b) Pt, (c) Pd and (d) 

Pt-Pd overlay results, and (e-g) the corresponding FFT patterns of selected areas and (h-j) 

projections of truncated octahedron model of Pt0.5Pd0.5/CNT. 

 

To confirm this tendency, molecular dynamics simulations and DFT calculations 

were employed to study the structural evolutions of the metal particles. Considering 

that heat treatment under hydrogen atmosphere is necessary for the precursor reduction 



of these catalysts, it is possible that the atomic structures and properties of metal 

particles are altered during the catalyst preparation. First, the atomic structure of 

nanoparticles shown in Figure 3a demonstrates a typical single-crystallinity of fcc 

structure for which the (111) and (200) planes are directly revealed in the corresponding 

fast Fourier transform (FFT) as shown in Figures 3e-3g. Based on these results, the 

projections of the truncated octahedron model along the same direction as shown in 

Figures 3h-3j are quite consistent with the geometries of the three bimetallic particles 

shown in Figure 3a. 

 
Figure 4. (a) Temperature dependence of the percentage of surface Pd atoms in the Janus Pt|Pd 

and Pd core-Pt shell nanoparticles. Blue and green spheres correspond to Pt and Pd atoms, 

respectively. (b) The diagram and corresponding absolute adsorption energy of O atoms over 

the fcc and hcp sites of Pt(111) and Pd(111). (c) Schematic diagram of the structure of 



monometallic Pt/CNT and bimetallic PtxPd1-x/CNT catalysts. Potential energy diagrams of (d) 

ammonia borane and (e) H2O activation over Pt and PdO surfaces. (f) The kinetic isotope effect 

(KIE) values of Pt/CNT, Pt0.75Pd0.25/CNT, Pt0.5Pd0.5/CNT, Pt0.25Pd0.75/CNT and Pd/CNT. 

 

As a result, the model of a truncated octahedron was selected for molecular dynamics 

calculations to investigate the thermal stability of the catalysts which were represented 

in two possible structures of bimetallic Pt-Pd nanoparticles, i.e., Janus Pt|Pd and Pd 

core-Pt shell, as shown in Figure 4a. It is observed that both the Janus Pt|Pd and Pd 

core-Pt shell nanoparticles are stable at room temperature and show significant 

rearrangements at temperatures higher than 600 K. It is clear from Figure 4a that the 

percentage of Pd surface atoms increases with the temperature for these two structures. 

This is consistent with the significantly different surface energies for Pd (2.00 J·m-2) 

and Pt (2.49 J·m-2),21 where the Pd atoms tend to diffuse from the bulk to the surface 

and Pt atoms diffuse from the surface to the bulk. 

Along these lines, based on the catalyst preparation procedure, the Pt-rich core and 

Pd-rich shell catalysts were further passivated by 1% O2/Ar after H2 reduction, forming 

a passivation layer over the particle surface to inhibit bulk oxidation. Hence, to 

investigate the influence of surface passivation on the atomic structure, the adsorption 

of O was comparably studied over Pt(111) and Pd(111) surfaces which emerge as the 

thermodynamically stable and most exposed facets for the fcc Pt and Pd particles, 

respectively. Two typical optimized adsorption sites of O atom over Pt(111) and Pd(111), 

i.e., fcc and hcp, are shown in Figure 4b, based on which the O adsorption energy was 

calculated. It is observed that for both fcc and hcp sites, the O adsorption is much 



stronger on Pd(111) than that on Pt(111), particularly on the hcp site. In other words, 

this indicates that surface Pd atoms prefer to adsorb and bind oxygen species during the 

catalyst passivation, which is further verified by XPS analyses in the following sections. 

Based on the above analyses, it can be deduced that with the addition of Pd atoms into 

Pt nanoparticles, Pd atoms preferentially diffuse out onto the surface of the particles 

followed by partial passivation to form PdO, resulting in the bimetallic Pt-Pd catalyst 

with the atomic structure of a Pt-rich core and a PdO/Pd-rich shell as shown in Figure 

4c. 

 

3.3 Understanding Pt-PdO interfacial sites 

Using the above information about the atomic structure of these bimetallic Pt-Pd 

catalyst, it is highly desirable to investigate the roles of Pt and PdO/Pd in this reaction. 

Considering ammonia borane and H2O as the main reactants, their activations were 

comparatively studied by DFT calculations over the representative Pt(111) and 

PdO(101) surfaces. Figures 4d and 4e show the potential energy profiles for ammonia 

borane and H2O activation, together with the structures of adsorption configurations 

and transition states for the Pt(111) and PdO(101) surfaces, respectively. It is clear that 

as shown in Figure 4d, PdO(101) exhibits a much higher activation barrier of 0.90 eV 

for ammonia borane activation, in comparison with the dissociative adsorption on 

Pt(111). In other words, Pt demonstrates a stronger capability to activate ammonia 

borane compared with PdO. On the other hand, the barrier for H2O activation was 

determined to be 0.83 and 0.11 eV for Pt(111) and PdO(101), respectively, indicating 



the high activity of H2O dissociation over PdO. Hence, it can be predicted that the 

bimetallic Pt-Pd nanoparticles, involving Pt-rich core and PdO/Pd-rich shell, can work 

as dual catalytic site, i.e., Pt-PdO interfacial sites, for the activation of ammonia borane 

and H2O, respectively. 

The kinetic isotopic experiments by replacing H2O with D2O as the reactant were 

conducted to compare the abilities of these catalysts for water activation. As shown in 

Figure S8, all these catalysts still displayed the linear increase of hydrogen volume with 

reaction time, but much slower hydrogen generation rate using D2O as the reactant. 

Similarly, the corresponding reaction rate constant (kD) could be calculated based on 

the slope of the linear part for each curve. As a result, the ratio of the reaction rate 

constant using H2O and D2O as reactant, that is, kH/kD, could be calculated, which has 

been widely used to study kinetic isotope effects (KIE). It is clear that as shown in 

Figure 4f, the KIE values for these catalysts increase with the content of Pd, indicating 

a strong capability for water activation over the Pt-PdO interfacial sites. 

To obtain the structure-performance relationship based on the interfacial sites, XPS 

was employed to characterize the electronic properties of these catalysts. As displayed 

in Figure 5a, the Pt 4f region exhibits a doublet of Pt 4f5/2 and Pt 4f7/2. The deconvolution 

of the peak reveals the presence of Pt0, Pt2+ and Pt4+, and the corresponding percentages 

are summarized in Table 1. It is observed that the metallic Pt0 remains the dominant Pt 

species for all of the catalysts, and its percentage first increases and then decreases with 

the fraction of Pd. Although metallic Pt0 has been suggested as the main active species 

for the reaction, its trend is inconsistent with that of the activity, and thus could be 



excluded as the main reason for the synergy between Pt-rich core and PdO/Pd-rich shell. 

Similarly, the Pd 3d region in Figure 5b also displays a doublet of Pd 3d3/2 and Pd 3d5/2 

that is further deconvoluted into Pd0 and Pd2+. Notably, compared with Pt, a sharp 

increase in the percentage of nonmetallic Pd species (Pd2+), particularly for Pd/CNT, is 

observed due to its larger oxophilicity. This is in line with the results of the DFT 

calculations, and further confirms the atomic structure of the Pt-rich core and PdO/Pd-

rich shell. 

 



Figure 5. XPS (a) Pt 4f and (b) Pd 3d spectra of the fresh and used Pt/CNT, Pt0.75Pd0.25/CNT, 

Pt0.5Pd0.5/CNT, Pt0.25Pd0.75/CNT and Pd/CNT. 

 

Table 1. Relative percentages of the Pt and Pd species of Pt/CNT, Pt0.75Pd0.25/CNT, 

Pt0.5Pd0.5/CNT, Pt0.25Pd0.75/CNT and Pd/CNT. 

Catalyst 
Pt percentage  Pd percentage 

Pt0 Pt2+ Pt4+  Pd0 Pd2+ 

Pt/CNT 69% 16% 15%  - - 

Pt0.75Pd0.25/CNT 73% 13% 14%  63% 37% 

Pt0.5Pd0.5/CNT 66% 22% 12%  65% 35% 

Pt0.25Pd0.75/CNT 58% 19% 23%  58% 42% 

Pd/CNT - - -  45% 55% 

 

Interestingly, a downshift of the Pt binding energy from 71.90 to 71.30 eV was 

observed for the bimetallic PtxPd1-x/CNT catalysts with respect to the Pt/CNT catalyst, 

compensated by an upshift of Pd binding energy with respect to the Pd/CNT catalyst. 

Because the CNT used here is highly electron-conductive and the supported metal 

particle sizes are similar, the observed binding energy shifts can be interpreted as the 

electron transfer from PdO/Pd to Pt within the bimetallic particles. To gain a more 

detailed understanding of the electron transfer, X-ray absorption fine structure (XAFS) 

technique, including X-ray absorption near edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS) spectroscopes, was performed to investigate the 

electronic structure and local coordination structure of platinum in the monometallic 

Pt/CNT and the bimetallic Pt0.5Pd0.5/CNT catalyst. Figure 6a displays the normalized 

Pt LIII-edge XANES profiles of these Pt catalysts and reference materials of Pt0 (Pt foil) 



and Pt4+ (PtO2) standards. It is clear that the white-line (WL) peak for these two samples 

is nearly identical to that of the Pt foil, indicating the almost complete reduction of the 

Pt species. Moreover, the intensity of the WL peak follows the order of Pt foil < 

Pt0.5Pd0.5/CNT < Pt/CNT. Generally, the WL intensity which is an indication of the 

humps intensity at the Pt LIII-edge can reflect the electronic transition from 2p3/2 to 5d5/2 

and 5d3/2 at the Pt LIII-edge, that can be further correlated with the electron occupancy 

of the Pt 5d states. Hence, the lower WL intensity of Pt0.5Pd0.5/CNT compared with 

Pt/CNT indicates a higher electron filling of the Pt 5d orbitals due to the electron 

transfer from PdO/Pd to Pt, thereby giving rise to the electron-rich Pt sites. 

 
Figure 6. (a) Normalized Pt LIII-edge XANES spectra, (b) Fourier transformed (FT) Pt LIII-

edge k3-weighted EXAFS spectra of Pt/CNT and Pt0.5Pd0.5/CNT. WT-EXAFS of Pt L-edge 

signal of the (c) Pt/CNT (5.0 wt% Pt loading) and (d) Pt0.5Pd0.5/CNT catalyst. 

 



Based on the previous study, a more electron-rich Pt surface with lower binding 

energy shows weaker bonding with the negatively charged H atom in ammonia borane.8 

Hence, this contributes to the higher activation energy barrier for the H−B bond 

cleavage within the ammonia borane molecule that has been identified as the 

prerequisite of the rate-determining step.24 Therefore, from the point of view of 

electronic effects, the addition of Pd into Pt will increase the electron density of Pt and 

inhibit the reaction, consistent with the observed decreased catalytic activity. However, 

the highest catalytic activity of Pt0.5Pd0.5/CNT in terms of Pt-PdO synergy still cannot 

be explained by its medium binding energy, which, instead, is likely attributed to the 

structural effects. 

 

Table 2. Pt L3-edge EXAFS fitting results for the Pt/CNT (5.0 wt% Pt loading) and 

Pt0.5Pd0.5/CNT catalysts, and Pt foil. 

Sample shell CNa R(Å)b σ2 c ΔE0d R factore 

Pt-foil Pt-Pt 12* 2.76±0.01 0.0045 7.7±0.4 0.0021 

       

 Pt-C/O 1.0±0.2 2.01±0.02 0.0034   

Pt/CNT Pt-Cl 0.4±0.1 2.35±0.03 0.0030 7.2±1.3 0.0088 

 Pt-Pt 6.8±0.4 2.74±0.01 0.0067   

       

 Pt-C/O 0.7±0.3 2.05±0.04 0.0034   

Pt0.5Pd0.5/CNT Pt-Pt 5.7±0.7 2.73±0.01 0.0068 6.3±1.2 0.0086 

 Pt-Pd 3.0±0.7 2.74±0.01 0.0041   

aCN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner 

potential correction; eR factor: goodness of fit. 

 



Figure 6b displays the Fourier transformed Pt LIII-edge k3-weighted EXAFS spectra, 

and the structural parameters obtained by the aid of EXAFS fittings are listed in Table 

2. It is clear that for the monometallic Pt/CNT catalyst, three strongest peaks can be 

observed at the distances of c.a. 2.01, 2.35 and 2.74 Å corresponding to the first shells 

of Pt-O/C, Pt-Cl and Pt-Pt, respectively. The lower coordination number of the Pt-Cl 

states indicates the low content of residual Cl species on the catalyst surface. By 

contrast, for the bimetallic Pt-Pd catalyst, the peak attributed to the Pt-Cl bond 

disappears, which could be due to the low amount of Pt on the particle surface due to 

its diffusion into the core. However, in light of the similar length of the Pt-Pt and Pt-Pd 

bond, it is difficult to visualize the difference between these two bonds by Fourier 

transform results in Figure 6b.  

Herein, considering that the scattering neighbors with different atomic numbers are 

localized distinctly in k-space, the wavelet transform (WT) EXAFS, based on the 

correlation between R-space and k-space, was carried out to distinguish these two bonds. 

As displayed in Figure 6c, two major contributions were observed for the monometallic 

Pt/CNT catalyst, i.e., the Pt-C/O bond was located at a k value of 4-6 Å-1 and R value 

of 1.9 Å, and the Pt-Pt bond was located at a k value of 7-9 Å-1 and R value of 2.5 Å. 

In comparison, the bimetallic Pt-Pd catalyst in Figure 6d demonstrates another feature 

overlapping with the Pt-Pt bond at relatively higher k value of 9-10 Å-1 that can be 

ascribed to the Pt-Pd bond. As a result, the coordination number of Pt-Pd is determined 

by fitting the EXAFS data as shown in Table 2. The much lower coordination number 

of Pt-Pd bond (3.0) with respect to Pt-Pt bond (5.7) agrees well with the phase 



segregations of Pt and Pd phase within the bimetallic catalysts as schematically shown 

in Figure 4c. As a result, the segregation of Pd from Pt will create Pt-PdO dual catalytic 

site for the activation of ammonia borane and H2O, respectively, and thus provides an 

explanation for the highest catalytic activity of Pt0.5Pd0.5/CNT. 

The combination of the above DFT, XPS, XANES and EXAFS results suggests that 

PdO act as double-edged sword for the catalytic activity: on the one hand, it donates 

electron to Pt, and inhibits the adsorption and activation of ammonia borane, thus 

decreasing the catalytic activity; on the other hand, it can compensate for the poor 

activity of Pt to activate H2O, and work together as dual catalytic site to increase the 

catalytic activity. Hence, the electronic effects in terms of electron transfer are mainly 

responsible for the decreased catalytic activity with the fraction of Pd, while the 

structural effects due to the Pt-PdO interfacial sites are mainly responsible for the 

highest catalytic activity of Pt0.5Pd0.5/CNT. Thus, from the point view of catalyst design, 

it is necessary to fabricate more Pt-PdO interfacial sites while weakening the adverse 

electronic effects by further optimizing the Pt/Pd ratio. 

 

3.4 Pt-PdO synergy for catalytic durability 

Interestingly, as shown in Figure 1d, the Pt-PdO interfacial sites also contribute to 

much higher catalytic durability of Pt0.5Pd0.5/CNT (79% of initial activity at 5th cycle) 

compared with Pt/CNT (55% of initial activity at 5th cycle). Here, because the metal 

particles are located on the external surface of mesoporous and closed-end CNT, the 

catalyst deactivation due to pore blocking by the products can be excluded. To 



understand the Pt-PdO synergy for durability, the used catalysts after five cycles were 

filtered from the spent solution, washed by deionized water and dried under vacuum at 

room temperature for further characterization. The HAADF-STEM images in Figure 

S9 reveal the presence of a few metal particle agglomerates for the used catalysts, 

particularly for those with a high Pd fraction. This can be interpreted as the weaker 

interaction between the support and Pd with respect to Pt, as indicated by the H2-TPR 

results in Figure 1e. However, the less agglomeration and stronger metal-support 

interaction of Pt/CNT is inconsistent with its lowest durability. In other words, this 

suggests that the agglomeration of metal particles is not the main reason for the 

differences in catalytic durability. 

Similarly, the electronic properties of these used catalysts were characterized by XPS. 

As shown in Figures 5a and 5b, the XPS Pt 4f and Pd 3d spectra for these used catalysts 

were deconvoluted to compare with the corresponding spectra of fresh catalysts. It was 

found that the percentages of oxidized Pd species remain almost unchanged before and 

after hydrolysis reaction, which indicates less effects of H2 generated during the 

hydrolysis on the reduction of PdO. Moreover, the binding energies for both Pt and Pd 

were observed to shift to higher values for the used catalysts. Considering that the 

binding energy of the metal usually decrease with its particle size, this can exclude the 

agglomeration of metal particles as the cause for the increased binding energy. Hence, 

the upshift of the metal binding energy can originate from the adsorption of B-

containing by-product (mainly B(OH)4
−) that can capture electrons from metal 



particles.7a,21 As a result, the B-containing by-product can strongly adsorb on metal 

surfaces and block them from adsorbing the reactants.  

 

Table 3. The (IM/IC)fresh, (IM/IC)fresh, and (IM/IC)used/(IM/IC)fresh based on XPS Pt 4f and Pd 3d 

spectra of Pt/CNT, Pt0.75Pd0.25/CNT, Pt0.5Pd0.5/CNT, Pt0.25Pd0.75/CNT and Pd/CNT. 

Catalyst (IPt/IC)fresh (IPt/IC)fresh (IPt/IC)used/ 

(IPt/IC)fresh 

(IPd/IC)fresh (IPd/IC)used (IPd/IC)used/ 

(IPd/IC)fresh 

Pt/CNT 3.70% 3.06% 82.7%   - 

Pt0.75Pd0.25/CNT 2.21% 1.99% 90.0% 2.47% 1.84% 74.5% 

Pt0.5Pd0.5/CNT 1.64% 1.58% 96.3% 2.90% 1.98% 68.3% 

Pt0.25Pd0.75/CNT 0.70% 0.68% 97.1% 3.54% 2.21% 62.4% 

Pd/CNT - - -- 4.79% 4.49% 93.7% 

 

Hence, a semi-quantification of the B-containing by-product adsorption on the 

catalyst surface was conducted to compare the number of active sites before and after 

the durability test. Because XPS is a surface-sensitive technique and its signal intensity 

is proportional to the concentration of a given element per unit overlayer, it follows that 

the peak intensity will decrease with lower grafting density. Therefore, the intensity 

ratio of metal XPS signal between the used and fresh catalysts normalized to that of the 

C XPS signal, i.e., (IM/IC)used/(IM/IC)fresh, was used to evaluate the coverage of the B-

containing by-product on the metal surface. As shown in Table 3 and Figure 5, for the 

monometallic Pt/CNT, the corresponding (IPt/IC)used/(IPt/IC)fresh is determined to be 

82.6%. With the addition of Pd, the (IPt/IC)used/(IPt/IC)fresh increases from 82.6% of 



Pt/CNT to 91.6%, 96.2%, and 97.0% for Pt0.75Pd0.25/CNT, Pt0.5Pd0.5/CNT and 

Pt0.25Pd0.75/CNT, respectively. The gradual increase of (IPt/IC)used/(IPt/IC)fresh indicates 

that more Pt active sites are protected from the B(OH)4
− by-products poisoning with the 

addition of Pd. Correspondingly, the (IPd/IC)used/(IPd/IC)fresh decreases from 93.6% of 

Pd/CNT to 62.5%, 68.4%, and 76.1% of Pt0.25Pd0.75/CNT, Pt0.5Pd0.5/CNT, and 

Pt0.75Pd0.25/CNT, respectively. The decline of (IPd/IC)used/(IPd/IC)fresh for the bimetallic 

catalysts likely originates from the reduction of the surface PdO species by ammonia 

borane or H2, and diffusion into the bulk, as evidenced by the decreased percentage of 

the Pd2+ species in Figure 5b. Based on the above discussion, the Pt-PdO synergy within 

the Pt-PdO interfacial sites will most likely significantly lower the adsorption of B-

containing by-product on the metal surface that is necessary for robust hydrogen 

production from ammonia borane. 

 



Figure 7. (a) Isosurfaces of the differential electron density for Pt(111), Pt(111)-Pd1O, Pt(111)-

Pd2O and Pt(111)-Pd6O2 surfaces. Yellow and light blue isosurfaces correspond to the electron 

increase and depletion zones, respectively. Side view and top view of B(OH)4
− adsorbed on (b) 

Pt(111), (c) Pt(111)-Pd1O, (d) Pt(111)-Pd2O and (e) Pt(111)-Pd6O2. 

 

To probe the effect of Pt-PdO synergy on catalytic durability, DFT calculations were 

further performed to compare the adsorption behavior of B-containing by-products, 

mainly B(OH)4
−, on the monometallic Pt surface and the bimetallic Pt-PdO surface. 

Typically, three (3 × 3) slab models of the palladium-doped Pt(111) structures with 

different Pd atom numbers (i.e., 1, 2 and 6) were constructed as shown in Figures 7a. 

Based on the schematic structure shown in Figure 4c, the oxygen atoms were introduced 

into the slab to bind with Pd atoms that can be used to simulate the real bimetallic 

catalysts with different Pd contents. The as-obtained models are labelled as Pt(111)-

Pd1O, Pt(111)-Pd2O and Pt(111)-Pd6O2, and the corresponding Bader charge analysis 

suggests the enrichment of electrons around the O atoms. Furthermore, the adsorption 

behaviors of B(OH)4
− on these bimetallic Pt-PdO surface are compared with that on 

monometallic Pt surface as shown in Figures 7b-7e. The corresponding adsorption 

energies of B(OH)4
− were calculated as -2.29, -1.84, -1.77 and -1.67 eV for the Pt(111), 

Pt(111)-Pd1O, Pt(111)-Pd2O and Pt(111)-Pd6O2 surfaces, respectively. It is clear that 

the addition of Pd into Pt will dramatically reduce the adsorption energy of B(OH)4
−, 

and suppress the adsorption and poisoning of B(OH)4
− over Pt active sites, in good 

agreement with the trend of the catalytic durability for these catalysts. To gain a 

fundamental understanding of the effect of Pt-PdO synergy for durability, the 



adsorption configurations of B(OH)4
− on the Pt-PdO surfaces are further compared with 

that on Pt. For the Pt(111) model, as shown in Figure 7b, the adsorption of B(OH)4
− 

leads to the formation of a Pt−O bond that is almost perpendicular to the metal surface. 

By increasing the surface content of PdO, as shown in Figures 7c-7e, the Pt−O bond 

leans toward the opposite side of PdO. Considering the negative charged oxygen in 

either B(OH)4
− or PdO, the change in the direction of the Pt−O bond can be interpreted 

as the effect of electron repulsion and steric hindrance. Thus, from the point view of 

either electronic or structural effects, the presence of PdO will suppress the adsorption 

of B(OH)4
−, and protect the Pt active sites against B(OH)4

− poisoning during the 

reaction, thus highly promoting the catalytic durability of Pt0.5Pd0.5/CNT. 

To this point, it is found that the bimetallic PtxPd1-xCNT catalyst gives rise to not 

only high hydrogen generation rate but also robust catalytic durability for ammonia 

borane hydrolysis. As shown in Figure 1a, although the monometallic Pt displays a 

good capability to activate ammonia borane in terms of the B−H bond dissociation, it 

still needs to overcome a high activation barrier (0.83 eV) to dissociate H2O. As a result, 

the NH3BH2* assisted dissociation of O−H bond within H2O*, i.e., NH3BH2*+H2O*→

NH3BH2(OH)*+H*, has been recognized as the rate-determining step (RDS) of the 

monometallic Pt catalyst for this reaction.24 On the contrary, PdO exhibits a dramatic 

decline in the activation barrier (0.11 eV) for H2O dissociation. Hence, the addition of 

PdO with much lower activation energy could effectively compensate for the poor 

activity of Pt on H2O dissociation, and work together as Pt-PdO interfacial sites for the 

activations of ammonia borane and H2O, respectively. However, the excessive addition 



of Pd/PdO gives rise to much lower catalytic activity and higher activation energy in 

Figures 1b and 1c, which could be interpreted as the negative effect of PdO/Pd on Pt 

binding energy for ammonia borane activation. Based on the above analyses, like a 

double-edged sword, on the one hand the addition of Pd/PdO promotes H2O activation; 

on the other hand, it has negative effects on Pt binding energy. Hence, the ratio of Pt to 

Pd/PdO is very important to achieve the trade-off between these two effects, and 

Pt0.5Pd0.5/CNT with the optimal ratio demonstrates the highest catalytic activity. 

Moreover, the strong electron repulsion and steric hindrance effects of PdO/Pd on 

the adsorption of B(OH)4
− can divert these strongly adsorbed by-products away from 

Pt site during the reaction, giving rise to the significantly improved catalytic durability 

from 55% to 79% of the initial activity after 5 cycles. Based on previous studies over 

bimetallic Pt-Pd catalysts, it was found that the composition (Pt and Pd ratios), structure 

(hierarchical pores), morphology (cube and sphere) as well as facet orientations ((100) 

and (111) facets) have significant influences on the catalytic performance for this 

reaction.25 Hence, future attempts will be made to optimize the Pt-Pd catalyst 

preparation procedures, including metal precursors, adding sequence, reducing method, 

and protective agent, thus combining the Pt-PdO interfacial sites in this study with the 

merits of the above factors to further improve hydrogen generation. 

 

4. Conclusions 

In summary, we have demonstrated a strategy to promote both catalytic activity and 

durability of the Pt catalyst for hydrogen production from ammonia borane by the 



utilization of CNT as support and Pd as the structural and electronic promoter. This 

promotion effect has been explored by a combination of kinetic (isotopic) analyses, 

multiple characterization, molecular dynamics and density functional theory 

calculations. Physically, the Pt particles supported on the external surface of 

mesoporous and closed-end CNT can mitigate mass transfer limitations and pore 

blocking by the products generated during the reaction. Chemically, it is found that the 

bimetallic Pt-Pd catalysts undergo the evolution of Pd segregation to the outer surface 

of Pt nanoparticles followed by partial oxidation, and mainly present in a unique atomic 

structure of a Pt-rich core and a PdO/Pd-rich shell structure, creating Pt-PdO interfacial 

sites for ammonia borane and H2O activation, respectively. The strong capability of 

PdO to activate H2O compensates for its adverse effects on the Pt electronic properties 

for ammonia borane dissociation, contributing to the highest catalytic activity for 

Pt0.5Pd0.5/CNT. Moreover, due to the electron repulsion and steric hindrance effects, the 

PdO sites on the catalyst surface can strongly suppress the adsorption of B(OH)4
− 

byproducts, thus protecting the Pt active sites from poisoning and endowing them with 

enhanced catalytic durability for long-term hydrogen production. As a result, 

Pt0.5Pd0.5/CNT with the optimal Pt/Pd ratio appears to be the most promising catalyst at 

the apex of volcano curve, in which significant improvements in both activity and 

durability are achieved. The insights gained here could shed new light on the design 

and fabrication of efficient and durable catalysts for ammonia borane hydrolysis. 
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