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ABSTRACT: We report a size-dependent activity in Pt/CNT 

catalyzed hydrolytic dehydrogenation of ammonia borane. Kinetic 

study and model calculations revealed that Pt(111) facet is the 

dominating catalytically active surface. There is an optimized Pt 

particle size of ca. 1.8 nm. Meanwhile, the catalyst durability was 

found to be highly sensitive to the Pt particle size. The smaller Pt 

particles appear lower durability, which could be related to more 

significant adsorption of B-containing species on Pt surfaces as 

well as easier changes in Pt particle size and shape. The insights 

reported here may pave the way for the rational design of highly 

active and durable Pt catalysts for hydrogen generation.  

Downsizing metal particles to nanoscale in heterogeneous cataly-

sis is often an effective method to boost the catalytic activity and 

thus achieve the high utilization of catalysts, which is the so-

called size-dependent activity.1 Such behavior in principle origi-

nates from the unique electronic and/or geometric properties,2 and 

probing the dominating properties is highly desirable for rational 

design of catalysts. In addition to the activity, the kinetic behavior 

and durability of catalysts are also important factors. However, 

the size-dependence of such characteristics has not been ad-

dressed very much.  

Pt is one of the most investigated and industrial relevant cata-

lysts, and its superior catalytic performance has a strong depend-

ence on the particle size.3 The probe reaction in the present study 

is hydrolytic dehydrogenation of ammonia borane: 

NH3BH3+2H2O→NH4
++BO2

-+3H2↑ 

It has increasingly been attracted for hydrogen production at mild 

conditions for fuel cell applications.4 Previous studies revealed 

that Pt catalysts, especially γ-Al2O3 or CNT supported small Pt 

nanoparticles and MIL-101 confined ones, showed much higher 

H2 generation rate than other catalysts.4,5 However, in these stud-

ies on Pt catalysis, both the size effects and support effects were 

simultaneously involved. In other words, the intrinsic size-

dependent activity is still unclear, calling for fundamental under-

standing under keeping supports unchanged. Additionally, effects 

of Pt particle size on the kinetic behavior and durability have also 

not been reported previously. Therefore, an attempt would be 

made to explore the nature of the above effects or behaviors and 

subsequently establish the structure-performance relationship.  

In this work, we have employed the same close CNT support 

with the natures of highly crystalline and meso-porous6 to load 

differently sized Pt nanoparticles. It makes it easy to be accessed 

by reactants and it allows the imaging of almost all the particles 

for the accurate measurement of particle size distribution. On the 

resultant catalysts, intrinsic size-dependent H2 generation activity 

has been investigated in hydrolytic dehydrogenation of ammonia 

borane. Subsequently, kinetic study and model calculations were 

further carried out to identify the dominating active sites as well 

as the contribution of the electronic and/or geometric effects to 

the activity. Moreover, the catalyst durability was also correlated 

to Pt particle size, and the possible deactivation mechanism was 

proposed.  

Six differently sized Pt/CNT catalysts were prepared by only 

changing Pt loading without varying any other parameters that 

could affect the activity, in which the procedure used has been 

previously reported.5c HAADF-STEM with high resolution was 

employed to characterize these catalysts for obtaining reliable 

particle size distributions.7 Figure 1a and Figure S1 show repre-

sentative images of six Pt/CNT catalysts and the corresponding 

particle size distributions. The mean particle sizes were calculated 
based on the sizes of at least 200 random particles, and the results 

are summarized in Table S1. 

    These catalysts were tested for hydrolytic dehydrogenation of 

ammonia borane, in which the ratio of nPt/nAB used for each reac-

tion is maintained constant. The results of kinetic study are shown 

in Figure S2. It is found that the accumulated hydrogen volume 

almost increases linearly with the reaction time in the initial peri-

od (e.g., AB conversion being in the range of 0-50%) for all the 

catalysts. It suggests a zero order reaction in respect to ammonia 

borane. Moreover, the observed zero order reaction suggests that 

the reaction is not limited by external diffusion of reactants in our 

kinetic studies. A 1st reaction order is expected for an external 

diffusion limited reaction. The external diffusion limitation free 

has also been confirmed by the results in Figure S3 where the 

reaction rate is not influenced by the stirring speed. However, a 
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Figure 1. (a) Typical HAADF-STEM image of Pt/CNT with a Pt 

loading of 1.5 wt% (i.e., Pt-1.5). (b) Initial hydrogen generation 

rate (rinitial) as a function of Pt particle size. (c) lnk, derived from 

hydrogen generation rate versus reaction time, as a function of 1/T 

over differently sized Pt/CNT catalysts. (d) Activation energy as a 

function of Pt particle size. 

deviation is from linear dependence of accumulated hydrogen 

volume with the reaction time at the late stage of the reaction or 

high conversions of ammonia borane. It is possibly caused by the 

external diffusion limitation at low concentrations. As a result, the 

reaction rates can be easily determined based on the slope of the 

hydrogen generation curves in the initial reaction period in Figure 

S2.  

Initial rate (rinitial) of hydrogen generation over Pt/CNT catalysts 

was plotted as a function of the Pt particle size. As shown in Fig-

ure 1b, the rinitial has a strong dependence on the mean Pt particle 

size (dPt), and the optimum one appears at dPt of 1.8 nm. The 

origin of this typical size-dependent activity would be revealed by 

combined kinetic study and model calculations as follows. 

Considering that this reaction follows zero order kinetics over 

the above Pt/CNT catalysts in the initial period, the intrinsic acti-

vation energy (Ea) (Supporting Information) is easily derived by 

the observed overall hydrogen generation rate (i.e., the sum of the 

reaction rate of each type of active sites) and expressed by  

�� �
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�
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∑ ����
�
	 
��	���� ��� �

                 (1) 

where n is the number of the type of active sites, and Ai, yi and  Ei 

are the pre-exponential factor, the fraction and the activation en-

ergy of each type of active sites, respectively.  

   Based on the results of kinetic experiments at 25-40 oC and the 

zero reaction order characteristic in the initial period (Figure S2), 

reaction rate constant (k) was obtained from the slope of the fit-

ting line. The logarithm of the as-obtained k was correlated to the 

reciprocal absolute temperature (1/T), and the results are shown in 

Figure 1c. Clearly, each Pt/CNT catalyst follows a good linearity 

between ln k and 1/T. The corresponding slope of the plot yields 

Ea (Figure 1d). It is seen that all the Ea is in the range of 38-41 

kJ/mol, which are not very sensitive to Pt particle size. By com-

bining the almost unchanged Ea for differently sized Pt/CNT cata-

lysts with Equation 1, it could be concluded that only one type of 

active sites mostly contributes to the overall hydrogen generation 

rate. As a consequence, the Equation 1 can be simplified as 
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It is well-known that the change in the fraction of specific ac-

tive sites (e.g., corner, edge, (111) or (100) site) with Pt particle 

size can be determined only when the particle shape is known. 

Previous studies showed that Pt nanoparticles of <5 nm in size are 

prone to exist as truncated octahedron.8 They mainly consist of a 

mixture of (100) and (111) facets in order to minimize the total 

interfacial free energy. Herein, we employ HRTEM to character-

ize the Pt particle shape, and find that CNT supported Pt nanopar-

ticles exhibit a well-defined shape in most cases. Figure 2a and 

Figure S4 show the representative shapes, which are best repre-

sented by the top slice of truncated cuboctahedron. To determine 

the type of the top facet of the above shape, the fast Fourier trans-

form (FFT) of the selected area was further carried out. The top 

facet of (100) is observed, which is schematically shown in Figure 

2b. The numbers of corner, edge, (111) and (100) atoms of each 

particle were calculated by formulae in Table S2.2c The numbers 

of corner, edge, (111) or (100) atoms over differently sized 

Pt/CNT catalyst per mole of Pt were estimated by the number of 

corner, edge, (111) or (100) atoms of each particle times the num-

ber of particles. The results are shown in Figure 2c. 

   The activity of each specific type of active sites was assumed to 

be uniform regardless of Pt particle size. If one type of Pt active 

sites is responsible for the activity, the rinitial of catalysts would 

increase linearly with the number of specific Pt active sites. Turn-

over frequency (TOF) of one type of active sites, calculated from 

the data in Figure 1b and Figure 2c, should be constant. Subse-

quently, each TOF point was normalized to the highest TOF for 

each type of active sites to yield normalized TOF (Supporting 

Information). As shown in Figure 2d, the normalized TOF based 

on the number of corner or edge sites increases monotonically 

with increasing Pt particle size, respectively. The normalized TOF 

based on the number of the sites on (100) facet appears a volcano- 

shaped as a function of Pt particle size. However, only when (111) 

  
Figure 2. (a) Typical HRTEM image of Pt nanoparticle supported 

on CNT. (b) Schematic diagram of truncated cuboctahedron. (c) 

Plots of number of surface atoms per mole of Pt with Pt particle 

size of truncated cuboctahedron. (d) Plots of normalized TOF 

with Pt particle size. 
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facet atoms are considered as active sites, the normalized TOF is 

almost constant for Pt particles with the size of ≥1.8 nm. It is sug-

gested that the (111) facets of Pt/CNT catalysts are dominating 

active sites for hydrolytic dehydrogenation of ammonia borane. 

Moreover, as shown in Figure 2c, the number of Pt(111) atoms of 

differently sized Pt/CNT catalyst follows a volcano curve with Pt 

particle size, i.e., 1.8 nm sized Pt/CNT catalyst has the maximum. 

This could be one reason for the volcano relationship between 

rinitial and Pt particle size (Figure 1b). 

    However, it can be also seen that on the smaller sized Pt/CNT 

catalysts (i.e., the particle size of <1.8 nm), the normalized TOF 

increases monotonically with increasing Pt particle size (Figure 

2d). This may be dominated by electronic properties rather than 

geometric properties.2a The above results not only unravel the 

origin of the size-dependent activity, but also reveal 1.8 nm sized 

Pt/CNT catalyst being optimum with the highest catalytic activity 

and utilization of Pt. This might guide the rational design of high-

ly active Pt catalysts.  

    Beside the activity and kinetic behavior measurements, the 

durability evaluation of catalysts is also an important issue.9 The 

durability of differently sized Pt/CNT catalysts was evaluated to 

explore the effects of the Pt particle size on the durability. To this 

end, the recyclability of each catalyst was evaluated up to 5 cycles 

(Figure S5), where the new ammonia borane aqueous solution 

was added into the reactor after the completion of the last run. The 

deactivation function, which is defined as the rinitial in each cycle 

(Figure S5) normalized by the rinitial in the first cycle, is presented 

in Figure 3a as a function of cycle number and Pt particle size. 

The gradual decreases in the catalytic activity are observed for all 

the catalysts. The results in Figure 3a clearly indicate a size-

dependent durability. In particular, the smaller is the Pt particle 

size, the faster is the deactivation. For example, the smallest sized 

Pt/CNT catalyst (i.e., 1.4 nm) suffers from a severe deactivation, 

and its activity in the fifth cycle is ca. 24% of its initial activity. It 

is worth to mention that the AB concentration decreases with the 

cycle number due to the accumulation of water. However, both 

the molar ratio of Pt to AB and the amount of catalyst are kept 

constant in each cycle. Then, effects of AB concentration on the 

hydrogen generation rate were further studied, and the typical 

results are shown in Figure S6. It was found that the rinitial is al-

most independent on the AB concentration. The results suggest 

that the observed decrease in the activity with the cycle number 

(Figure 3a) should be a result of catalyst deactivation.  

    Taking Pt/CNT catalyst with the 1.4 nm of Pt particle size and 

the lowest durability for example, the difference in the geometric 

and electronic properties between fresh catalyst and deactivated 

catalyst after 5 cycles was probed to gain insights into the deacti-

vation mechanism of the catalysts. The deactivation mechanisms 

of pore blocking and metal leaching can be first ruled out, because 

meso-porous close CNT was used and no platinum species in 

filtrate were detected, respectively. The deactivated catalyst was 

characterized by HAADF-STEM. Results in Figure 3b show that 

the deactivated catalyst contains some agglomerated Pt particles 

with irregular shape in comparison to the fresh catalyst (Figure 

1a). However, the used Pt-7.5 catalyst after 5 cycles (Figure S7) 

shows similar Pt particle size distribution compared to the fresh 

Pt-7.5 catalyst. This may be a result of that the smaller particles 

have higher surface energy, and thus tend to aggregate into larger 

particles during the reaction. Therefore, the more significant ag-

glomeration of the smaller sized Pt particles could be one reason 

for the lower durability.  

    Inspired by previous studies on the deactivation mechanism of 

NaBH4 hydrolysis (i.e., strongly adsorbed B-containing species 

coating metal active sites),10 we further studied whether B- 

 
Figure 3. (a) Relative activities over cycles of Pt catalysts with 

different Pt loadings for the hydrolysis of ammonia borane. (b) 

Typical HAADF-STEM image of deactivated Pt-1.5 catalyst after 

5 cycles. (c) XPS spectra of fresh Pt-1.5 catalyst and deactivated 

Pt-1.5 catalyst after 5 cycles.  

containing species could strongly adsorb on the surfaces of Pt 

nanoparticles and thus lead to the deactivation of the catalyst. The 

deactivated Pt-1.5 catalyst after 5 cycles was washed using dis-

tilled water until not detecting B-containing species in the filtrate 

by ICP. The washed Pt-1.5 catalyst was characterized by ICP and 

CO chemisorption, and compared to the fresh one. The results are 

shown in Table 1. 

ICP measurements show that the washed deactivated Pt-1.5 

catalyst has the 0.2 wt% of the B content. CO chemisorption 

measurements show that the Pt dispersion of the deactivated cata-

lyst is 10%, which is much lower than that of the fresh catalyst 

(72%). The estimated Pt particle size based on the measured Pt 

dispersion of the deactivated catalyst is ca. 11.3 nm. It is much 

larger than that observed by HAADF-STEM (Figure 3b). It sug-

gests that strong adsorption of B-containing species on the Pt 

surfaces could be another reason of the catalyst deactivation. In 

addition, it is reasonable to assume that the larger fraction of Pt 

surfaces with low coordination number on smaller Pt particles 

could result in a more significant adsorption of B-containing spe-

cies during the reaction. This may be the main cause for the se-

vere deactivation of the smaller sized Pt/CNT catalyst.  

Subsequently, XPS was further employed to probe the differ-

ence in the electronic properties between fresh and deactivated Pt-

1.5 catalysts. Figure 3c shows the Pt 4f XPS spectra of fresh and 

deactivated catalysts, and Table 1 shows the relative contents of 

Pt0, Pt2+ and Pt4+ from the deconvolution analyses. It is observed 

that both catalysts have similar Pt0, Pt2+ and Pt4+ contents, that is, 

64, 21 and 15% for the fresh catalyst, while 63, 22 and 15% for  

 

Table 1. Relative Content of Pt Species, Pt Dispersion and B 

Content of the Fresh and Deactivated Pt-1.5 Catalysts. 

catalyst 
relative content (%) 

B content 

(wt%)
a
  

Pt dispersion 

(%)
b
 Pt

0
 Pt

2+
 Pt

4+
 

fresh 64 21 15 0 72 

deactivated 63 22 15 0.2 10 

a measured by ICP.  b measured by CO chemisorption. 
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the deactivated catalyst. Moreover, the binding energy of metallic 

Pt 4f7/2 for the deactivated catalyst is 72.0 eV, which is slightly 

higher than that for the fresh catalyst (71.9 eV). This could be due 

to the adsorption of B-containing species with higher electronega-

tive properties creating more oxidized environment.11 In our pre-

vious work, we have observed that the positive shift of Pt 4f7/2 

binding energy led to an increase in the hydrogen generation 

rate.5c Therefore, the observed catalyst deactivation cannot be 

ascribed to the electronic modification of Pt/CNT catalyst.  

In summary, we identify experimentally and theoretically that 

Pt(111) is a dominating catalytically active surface, and ca. 1.8 

nm sized Pt/CNT catalyst is optimum with the highest catalytic 

activity and utilization of Pt. Moreover, the smaller is the Pt parti-

cle size, the lower is the durability. The plausible mechanism of 

size-dependent durability has been proposed by using multi-

techniques such as HAADF-STEM, XPS, ICP and CO chemisorp-

tion. Strongly adsorbed B-containing species and the change in 

the Pt particle size and shape are the two main causes for the cata-

lyst deactivation. These results demonstrate that Pt particle size 

plays a crucial role in the design and optimization of active and 

durable catalysts for hydrolytic dehydrogenation of ammonia 

borane.  
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