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ABSTRACT: Understanding the metal-support interactions in heterogeneous catalysis 

is critical yet complicated to tailor-design the catalysts with desirable properties. 

Exemplified with Pt-catalyzed ammonia borane (AB) hydrolysis, a dramatic increase 

of 20 folds in the catalytic activity is achieved by engineering the Pt-carbon interactions 

via adopting four different carbon materials (AC, CNT, f-CNF and p-CNF) as the 

catalyst supports. Multiple characterization techniques reveal that the Pt-carbon 

electronic interactions, including electron transfer and interfacial bonding, are deemed 

to be mainly responsible for the remarkable enhancement in the hydrogen generation 

rate. The molar ratio of electron-withdrawing group to electron-donating group 

(nEWG/nEDG) is further identified as a descriptor of catalyst in terms of Pt binding energy, 

which exhibits an almost linear relationship with the catalytic activity. Moreover, a 

comparison of Pt catalyst pre-treatments, i.e., H2 and AB reduction as well as Ar 

calcination, suggests that the Pt-O-C linkages within the Pt-carbon interactions are 

highly stable yet inferior to this reaction. As a result, combining the merits of the highest 

Pt binding energy as well as the minimum Pt-O-C linkages, the Pt/p-CNF delivers the 

highest catalytic activity. The insights presented here could shed new lights on the 

nature of Pt-carbon interactions, which could be extended to the design and 

manipulation of other metal-carbon catalysts. 

Keywords: Pt-carbon interactions; Electron transfer; Catalyst descriptor; Pt binding 

energy; Pt-O-C linkages. 

  



1. Introduction 

Heterogeneous catalysis has emerged as a key enabling technology in sustainable 

chemical processes [1-3], and the heterogeneous catalysts in practical processes 

generally consist of active metal (e.g., Pt, Pd, Ru, Ni, Co and Fe) and support (e.g., 

metal oxides and carbon) [4,5]. As a result, these supported catalysts have delivered 

completely different catalytic behaviors from either the metal or support. The origin of 

this remarkable difference has been widely recognized as the metal-support interactions, 

including electronic interactions (e.g., electron transfer and ligand effects) and 

geometric interactions (e.g., strain and relaxation) [6-8]. Hence, fundamentally 

understanding and further optimizing the metal-support interactions open up 

unprecedented opportunities to prepare highly efficient catalysts. Pioneered by Schwab, 

the relationships between the catalytic properties and metal-oxide interactions for 

different metal/oxide catalysts have been extensively studied [9-11]. For instance, a 

remarkable promotion in the activity and selectivity to hydrocarbon by metal oxides via 

the metal-oxide interactions has been demonstrated in Fischer-Tropsch synthesis over 

cobalt-based catalysts, which boosts extensive studies on manipulating the metal-oxide 

interactions for a wide range of reactions [12]. 

Apart from oxides, carbon materials (e.g., activated carbon, carbon nanotube, carbon 

nanofiber and graphene) are also frequently utilized as the catalyst support, due to their 

tailorable surface properties, high electron conductivity as well as easy recycling after 

use [13-15]. Notably, subtle variations in the catalyst preparation have been 

demonstrated to yield different metal-carbon interactions as well as performance 



improvements by orders of magnitude [16,17]. However, to our knowledge, this metal-

carbon interaction is mainly researched based on metal/graphene through theoretical 

calculations [18-20]. This could be due to the complex and heterogeneous surface of 

carbon materials, including oxygen-containing groups, surface defects and dopants, 

making the interpretation of theoretical results with experimental data somewhat 

difficult [21-23]. Therefore, an attempt is highly desirable to unravel the nature of 

metal-carbon interactions, thus guiding the design of metal/carbon catalysts. 

From the standpoint of experiment, in order to demonstrate the metal-carbon 

interactions, one has to resort to the choice of proper model reaction for a proof-of-

concept study. Considering the high sensitivity of carbon surface properties with 

temperature [24], the model reaction prefers to be conducted under ambient conditions 

to minimize their influences, and then correlated with the characterization results. To 

this point, the Pt/carbon-catalyzed ammonia borane (NH3BH3, AB) hydrolysis to 

produce hydrogen appears to be a judicious choice, which has been recognized as a 

highly structure-sensitive reaction under ambient conditions [25-29]. For instance, 

Ning et al. found that the interactions between Pt and pyridinic nitrogen (NP) over 

carbon surface can promote ammonia borane hydrolysis [30]. Recently, Zhang et al. 

demonstrated that carbon nanotube helps stabilize highly dispersed and uniform Pt 

nanoparticles toward efficient hydrogen generation [31]. However, Yao et al. found that 

Pt nanoparticles supported on carbon black show poor catalytic activity, due to the 

strong adsorption affinity of hydrogen on Pt [32]. Obviously, the catalytic performances 

of Pt/carbon catalysts vary with the identity of carbon supports in terms of their 



interactions, and a fundamental understanding of the Pt-carbon interaction would pave 

a way for their further design and manipulation. 

In this work, we conducted a detailed and systematic study on the nature of Pt-carbon 

interactions and their results on catalyzing hydrogen generation from ammonia borane 

hydrolysis. Four types of carbon materials, i.e., activated carbon (AC), carbon nanotube 

(CNT), fishbone carbon nanofiber (f-CNF) and platelet carbon nanofiber (p-CNF), 

were adopted to prepare Pt catalysts with similar Pt particle sizes for this reaction. A 

combination of multiple characterizations, e.g., HAADF-STEM, N2 physisorption, 

XRD, Raman, TG, H2-TPR, XPS and XAFS, was used to probe the geometric and 

electronic interactions within the Pt-carbon interface, and to establish the structure-

performance relationship. Moreover, different catalyst pre-treatments, including H2 and 

AB reduction as well as Ar calcination, were further applied to reveal the underlying 

factors for fundamentally understanding the nature of Pt-carbon interactions, which 

would shed new lights on the design of other metal-carbon catalysts. 

 

2. Experimental 

2.1 Catalyst synthesis 

Activated carbon (AC) was purchased from Sinopharm Chemical Reagent Co. Ltd. 

To remove the impurities on AC, it was treated with deionized water under 80 oC for 3 

h. Then, the slurry was filtered and dried at 120 oC for 12 h. The multi-walled carbon 

nanotubes (CNT) with the purity of >98% were purchased from Beijing Cnano 

Technology Limited. Moreover, two types of carbon nanofibers, namely, fishbone 



carbon nanofiber (f-CNF) and platelet carbon nanofiber (p-CNF), were grown in a 

fixed-bed quartz reactor by catalytic chemical vapor deposition (CCVD) using NiFe/γ-

Al2O3 and Fe powders as the catalysts, respectively. Typically, these catalysts were 

reduced at 600 oC for 3 h in H2/Ar (25/75 mL∙min-1) followed by the growth of CNF 

with a mixture gas of H2/CO (20/80 mL∙min-1) under the same temperature for 6 h. In 

order to purify the as-prepared CNF before use, they were mixed with 1 M NaOH 

followed by 1 M HCl aqueous solution, and each treatment lasted for 4 h at 80 oC under 

vigorous agitation. The as-obtained CNF was filtered and washed by deionized water 

and then dried at 120 oC for 12 h. 

The different carbon supported Pt catalysts were prepared by incipient wetness 

impregnation method. In order to obtain the catalysts with the similar Pt particle sizes, 

the Pt loading was kept at 0.5 wt% for AC, while 1.5 wt% for the other three supports. 

Typically, the carbon support was mixed with an aqueous solution of H2PtCl6∙4H2O 

(Sinopharm Chemical Reagent Co. Ltd) and then dried in stagnant air at room 

temperature followed by 80 oC for 12 h, respectively. The as-prepared Pt precursors 

were reduced by pure H2 under a flow rate of 60 mL∙min-1 at 250 oC, and then purged 

with pure Ar until cooled down to room temperature. To inhibit the bulk oxidation, the 

reduced catalysts were exposed to 1% O2/Ar atmosphere for 20 min to form a 

passivation layer [33,34], which were kept under an inert atmosphere before testing and 

characterizations. 

 

2.2 Characterization 



The average size and distribution of Pt nanoparticles on the carbon supports were 

investigated by high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) obtained on a Tecnai G2 F20 S-Twin equipped with 

digitally processed STEM imaging system. The carbon supports were characterized by 

power X-ray diffraction (XRD) on a Rigaku D/Max2550VB/PC (Rigaku, Japan, Cu Kα 

radiation). The surface areas and pore volumes of carbon supports were determined by 

nitrogen adsorption-desorption isotherms at 77 K on a Micromeritics ASAP 2020. 

Before starting the adsorption measurements, all the catalysts were degassed in vacuum 

at 190 oC for 6 h to remove moisture. Raman spectra were recorded on a Raman 

microscope (LabRAM HR, Horiba JY, France). Thermogravimetric analysis (TGA) of 

these carbon supports was conducted using TA SDT Q600 analyzer (TA Instruments 

Co., USA) under N2 flow from room temperature to 800 oC with a heating rate of 10 

oC∙min-1. Hydrogen temperature programmed reduction (H2-TPR) was conducted with 

an Autochem 2920 instrument (Micromeritics, USA) from room temperature to 900 oC 

with a flow of 10% H2/Ar (30 mL∙min-1) at a heating rate of 10 oC∙min-1.  

X-ray photoelectron spectroscopy (XPS) was recorded on a Kratos XSAM-800 

scanning X-ray microprobe using Al Kα (hυ=1486.6 eV) X-ray as the excitation source, 

and the binding energy of C 1s (284.6 eV) was utilized as the reference to correct the 

binding energy. Pt LIII-edge X-ray absorption fine structure (XAFS) of the Pt/carbon 

catalysts was investigated at BL14W1 beam line in the Shanghai Synchrotron Radiation 

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

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



calibrated using a platinum metal foil for the Pt L3-edge. The monochromator was 

detuned to reject higher harmonics. Pt foil was used as a reference sample, and all 

samples were measured in the transmission mode, in which WinXAS3.1 code was 

employed to extract and fit the data [35]. Regarding the X-ray absorption near edge 

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

energies μ(E) were obtained by background subtraction and normalization procedures. 

The fit was made in the k-space in the range 2.8-12.7 Å−1. Theoretical amplitudes and 

phase-shift functions were calculated with the FEFF8.2 code using the crystal structural 

parameters of the H2PtCl6·4H2O, PtO2 and Pt foil [36]. 

 

2.3 Catalyst testing 

The catalytic testing of hydrolytic dehydrogenation of ammonia borane (NH3BH3, 

AB, Sigma Aldrich) was carried out in a three-necked flask under atmospheric pressure. 

Prior to the reaction, a weighed catalyst (0.225 g for Pt/AC and 0.075 g for the other 

three catalysts) was preloaded into the flask. A water bath was used to control the 

reaction temperature at 30 oC, and a water-filled gas burette followed by an electronic 

balance was connected to the reaction flask to calculate the discharged water during the 

reaction, which could be converted into the volume of the evolved hydrogen gas. The 

reaction was started by adding the aqueous ammonia borane solution (5 mL and 0.01 

g∙mL-1) into the flask via a syringe at the stirring speed of 900 rpm, which would help 

exclude the influences of mass transfer limitation [37]. 

 



3. Results and discussion 

3.1 Significant carbon support effects 

In order to acquire clear-cut information on the carbon supports, four types of carbon 

materials, i.e., AC, CNT, f-CNF and p-CNF, were adopted to prepare the similar-sized 

Pt catalysts by tailoring Pt loading (0.5 wt% for AC, while 1.5 wt% for CNT, f-CNF 

and p-CNF). To test this idea, HAADF-STEM was employed to characterize the Pt 

particle size and distribution of these four as-prepared catalysts, and the results are 

shown in Figure 1a-1d. It can be seen that the Pt nanoparticles appear as bright dots 

across the surfaces of AC and CNT despite of a few agglomerations. On the contrary, a 

uniform and homogeneous distribution of Pt nanoparticles could be observed on CNF 

surfaces without any significant agglomeration, especially for p-CNF. Specifically, the 

extremely ultrafine Pt nanoparticles in the size range of 0.8-1.3 nm are highly dispersed 

and densely covered on the surface of p-CNF. As a result, the Pt particle size distribution 

was statistically estimated based on the measurements of more than 200 random 

particles. As shown in the corresponding particle size histograms, both Pt/f-CNF and 

Pt/p-CNF exhibit narrow particle size distributions with an average diameter of 1.3±0.3 

and 1.0±0.2 nm, respectively. On the contrary, Pt/AC and Pt/CNT exhibit broad particle 

size distributions with average diameters of 1.6±0.4 and 1.4±0.5 nm, respectively. 



 
Figure 1. Typical HAADF-STEM images of (a) Pt/AC, (b) Pt/CNT, (c) Pt/f-CNF and (d) Pt/p-

CNF. (e) Hydrogen generation volume as a function of time and (f) the initial reaction rate 

(rinitial) for Pt/AC, Pt/CNT, Pt/f-CNF and Pt/p-CNF. 

 

To investigate the influences of the carbon supports, these four catalysts were tested 

for the hydrolytic dehydrogenation of ammonia borane. As shown in Figure 1e, these 

catalysts exhibit remarkably different catalytic behaviors, among which Pt/p-CNF 

delivers the highest catalytic activity and completes the reaction within 2.5 min. In 



comparison, Pt/AC shows the poorest catalytic activity and less than half of generated 

hydrogen volume compared with the other three catalysts. All of these observations 

indicate strong support effects on the hydrogen generation rates for these catalysts. On 

the other hand, the hydrogen generation volume is found almost linearly dependent on 

the reaction time in the initial period (ammonia borane conversion being lower than 

45±5%), indicating a zero-order reaction with respect to ammonia borane. As a result, 

the initial reaction rate (rinitial) could be calculated based on the slope of linear part for 

each plot as 21, 132, 343 and 417 molH2∙molPt
-1∙min-1 for Pt/AC, Pt/CNT, Pt/f-CNF and 

Pt/p-CNF, respectively. As shown in Figure 1f, a significant increase of 20 folds in the 

Pt catalytic activity has been achieved by varying the carbon support for the hydrolysis 

of ammonia borane. Moreover, previous study has suggested 1.8 nm as the optimal size 

of Pt nanoparticles for this reaction, below which the catalytic activity increases with 

Pt particle size [37]. Obviously, this trend is inconsistent with that the smallest-sized 

Pt/p-CNF catalyst (~1.0 nm) showing the highest catalytic activity, thus excluding Pt 

particle size as the main reason for the significant improvement in catalytic activity. 

 

3.2 Structural characterization of carbon supports 

To probe this support-dependent activity, nitrogen physisorption was firstly 

employed to characterize the textural properties of these carbon supports, and the 

results are summarized in Table 1. Obviously, AC involves the largest specific 

surface area while the smallest pore size among all the carbon supports, due to 

the abundant micropores within its structure. In comparison, CNT, f-CNF and p-



CNF mainly consist of mesopores as well as macropores, which facilitate the 

diffusion and accessibility of ammonia borane. Moreover, the observed zero-

order reaction kinetics of Pt/CNT, Pt/f-CNF and Pt/p-CNF further confirm that 

the reaction is not limited by reactants diffusion [37]. Therefore, the mass-

transfer limitations for CNT, f-CNF and p-CNF could be relieved, making them 

attractive as the catalyst supports for this reaction. 

 

Table 1 Textural properties, ID1/IG, and oxygen-containing groups (OCG) content of 

AC, CNT, f-CNF and p-CNF. 

Sample 
Specific surface 

area (m2∙g-1) 

Pore volume  

(cm3∙g-1) 

Average pore 

diameter (nm) 
ID1/IG 

OCG content 

(wt%) 

AC 952 0.47 2.0 1.49 15.3 

CNT 202 1.17 13.6 1.51 3.7 

f-CNF 168 0.28 65.5 1.97 5.8 

p-CNF 203 0.29 51.1 2.62 5.8 

 

Raman spectroscopy and XRD measurements were further conducted to 

compare their structural properties. Figure 2a displays the Raman spectra of these 

four supports. Two broad bands around 1347 and 1583 cm-1 could be observed, 

which correspond to the D1 and G band, respectively. Generally, D1 band is 

assigned to the disordered graphitic lattice vibration mode with A1g symmetry, 

while G band to an ideal graphitic lattice mode with E2g symmetry [38]. Thus, 

the intensity ratio of D1 band to G band, ID1/IG, could be used to quantify the 

surface defects over the carbon supports, which is determined to be 1.49, 1.51, 



1.97 and 2.62 for AC, CNT, f-CNF and p-CNF, respectively. It is obvious that 

the CNF supports, especially p-CNF, involve the abundant surface defects with 

respect to AC and CNT, which could provide more interfacial sites for the metal 

particles immobilization as shown in Figure 1d. As a result, p-CNF with 

tremendous surface defects demonstrates great potentials to prepare ultra-fine 

and uniformly distributed metal nanoparticles or even single-atom catalysts, 

which is difficult using other traditional supports. Moreover, the simultaneous 

presences of D3 (~1500 cm-1) and D4 (~1200 cm-1) band for AC suggest the 

existences of amorphous carbon and impurities, respectively [38]. Figure 2b 

displays the XRD patterns of these four supports, in which the strong and weak 

peak at 26.0o and 43.5o can be assigned to the (002) and (100) diffraction plane 

of hexagonal graphite, respectively. Compared with the intensive and sharp peak 

for CNT and CNF, the broadening of C(002) peak for AC further confirms the 

presence of amorphous carbon with low graphitization degree. Moreover, the 

absence of legible diffraction peaks ascribed to metals or their oxides for f-CNF 

and p-CNF indicates that the content of residual metal catalyst (Fe and Ni) for 

CNF growth is below XRD detection limitation after purification, which would 

help exclude the influence of metal impurities on the catalytic activity. 



 

Figure 2. (a) Raman spectra, (b) XRD patterns and (c) TG profiles of AC, CNT, f-CNT and p-

CNF. (d) H2-TPR profiles of Pt/AC, Pt/CNT, Pt/f-CNF and Pt/p-CNF. 

 

Notably, not only the surface defects but also oxygen-containing groups (OCG) over 

the carbon supports could affect the distribution of supported metal particles in terms 

of their strong interactions. Herein, the oxygen-containing groups over these carbon 

supports were characterized by thermogravimetric (TG) under nitrogen atmosphere 

(Figure 2c). In principle, the weight loss below 120 oC is mainly ascribed to the 

desorption of physisorbed water [39], while the remaining weight loss above 120 oC to 



the decomposition of oxygen-containing groups on the carbon supports [40]. As 

summarized in Table 1, it is obviously that AC involves the highest amount of oxygen-

containing groups (15.3 wt%), in comparison with the least of 3.7 wt% for the CNT due 

to its inert nature.  

In addition, previous study has found that different oxygen-containing groups exhibit 

distinct decomposing behaviors [41]. More specifically, carboxyl and lactone groups 

generally begin to decompose at ca. 250 oC, while hydroxyl shows a higher 

decomposition temperature around 400 oC. Further increasing temperature would 

eliminate the residual groups such as carbonyl, anhydride and ether [41]. Based on this, 

AC exhibiting continuous weight loss within the whole temperature range could 

involve all these types of oxygen-containing groups. In contrast, CNT and f-CNF, 

which begin to lose weight from 500 oC, mainly involve hydroxyl, carbonyl, anhydride 

and ether. For p-CNF with the highest decomposition temperature around 670 oC, its 

surface oxygen containing group is mainly constituted by carbonyl, anhydride and ether. 

Based on the above analysis, it can be seen that the surface chemistry, including surface 

defects and oxygen-containing groups, varies significantly with the identity of carbon 

supports, which could give rise to different Pt-carbon interactions for catalysis. 

 

3.3 Electron transfer within Pt-carbon interactions 

To probe the interactions between the Pt nanoparticles and carbon supports, H2 

temperature programmed reduction (H2-TPR) measurements were firstly conducted for 

these four catalysts. As shown in Figure 2d, the H2-TPR profiles measured in the 



temperature range from 50 to 300 oC mainly exhibit one hydrogen consumption peak 

ascribed to the reduction of Pt species. It is obvious that Pt/AC and Pt/p-CNF exhibit 

relatively higher reduction temperatures compared with Pt/CNT and Pt/f-CNF. This 

could be interpreted as the presences of abundant oxygen-containing groups and surface 

defects for AC and p-CNF, respectively, which bind the Pt species too strongly to be 

reduced by H2. Moreover, considering the lowest and highest catalytic activities for 

Pt/AC and Pt/p-CNF, it is reasonable to deduce that these strong Pt-carbon interactions 

within Pt/AC and Pt/p-CNF give rise to the inhibition and promotion effects for this 

reaction, respectively. 

In order to bridge the different Pt-carbon interactions with their catalytic properties, 

X-ray photoelectron spectroscopy (XPS) was employed to characterize the electronic 

properties of these catalysts, and the results are shown in Figure 3. It can be seen that 

Pt/AC shows much weaker Pt 4f signal compared with the other three catalysts due to 

its lowest Pt loading. To gain more information, the Pt 4f spectra for these catalysts 

were further deconvoluted into three sets of spin-orbital doublets, namely, Pt0, Pt2+ and 

Pt4+ [26]. As revealed in Figure 3 and Table 2, the metallic Pt (Pt0) emerges as the main 

Pt species for all the catalysts, whose binding energy follows an order of Pt/AC (71.3 

eV) < Pt/CNT (71.9 eV) < Pt/f-CNF (72.0 eV) < Pt/p-CNF (72.1 eV). Considering the 

similarly sized Pt particles and the high electron conductivity of carbon supports, the 

observed binding energy shift is mainly ascribed to the electron transfer between Pt and 

carbon support: p-CNF captures electrons from Pt, while AC donates electrons to Pt, 

which give rise to the highest and lowest Pt binding energy for Pt/p-CNF and Pt/AC, 



respectively. 

 

Figure 3. XPS Pt 4f and O 1s spectra of Pt/AC, Pt/CNT, Pt/f-CNF and Pt/p-CNF. 

 

Table 2 The binding energy of Pt0 4f7/2, percentages of Pt species and O species for Pt/AC, 

Pt/CNT, Pt/f-CNF and Pt/p-CNF. 



Catalyst 

Pt0 4f7/2 

B.E. 

(eV) 

Pt species percentage  O species percentage 

Pt0 Pt2+ Pt4+ carbonyl hydroxyl 
anhydride, 

esters 
carboxyl 

Pt/AC 71.3 45.3% 19.3% 35.3%  7% 52% 29% 12% 

Pt/CNT 71.9 64.4% 20.6% 14.9%  33% 48% 9% 10% 

Pt/f-

CNF 
72.0 54.3% 31.6% 14.1% 

 
27% 41% 21% 11% 

Pt/p-

CNF 
72.1 71.0% 16.8% 12.2% 

 
17% 37% 25% 21% 

 

To elucidate the underlying factors of electron transfers, the O 1s spectra for these 

four Pt catalysts in Figure 3 are further analyzed. Obviously, the peak intensity of O 1s 

is also in accordance with the contents of oxygen-containing groups determined by TG, 

in which Pt/AC and Pt/CNT exhibit the strongest and weakest intensity, respectively. 

The O 1s spectra are further deconvoluted according to the different oxygen binding 

energies: C=O groups at 531.1±0.1 eV (oxygen atoms in carbonyl); O-H (oxygen atoms 

in hydroxyls) at 532.3±0.1 eV; ether oxygen atoms in esters and anhydrides at 

533.5±0.1 eV; and oxygen atoms in carboxyl groups at 534.4±0.1 eV [42,43]. Based on 

this, the relative percentages of oxygen species for these catalysts are summarized in 

Table 2. It can be seen that hydroxyl dominates more than half of oxygen-containing 

groups for Pt/AC, consistent with the TG analysis on the abundance of hydroxyl over 

AC. Considering the electron-donating nature of hydroxyl, it could transfer electrons to 

the supported Pt nanoparticles, paving an explanation for the lowest Pt binding energy 

of Pt/AC in Figure 3. On the contrary, Pt/p-CNF mainly consists of electron-



withdrawing groups, including carbonyl, esters, anhydrides and carboxyl, and thus 

captures electrons from Pt particles to exhibit the highest Pt binding energy. Hence, as 

shown in Table 2, the competition between electron-withdrawing groups (EWG) and 

electron-donating groups (EDG), EWG/EDG, contributes to the gradually increased Pt 

binding energy for these catalysts. More interestingly, as shown in Figure 4a, it is found 

that the molar ratio of EWG to EDG groups, i.e., nEWG/nEDG, could be linearly correlated 

with the catalytic activity, which appears to be a good descriptor of this reaction. This 

can be interpreted as that the Pt surfaces become more positively charged with higher 

Pt binding energy, which forms stronger bonding with the negatively charged H atom 

in AB, that is, Pt+−H-−BH2NH3. As a result, it would facilitate the adsorption and 

activation of AB, and yield higher catalytic activity. Hence, it proves an efficient route 

to manipulate the types and concentrations of oxygen-containing groups, based on their 

electron-withdrawing/donating properties, to tailor the Pt-carbon electronic interactions 

in terms of the electron transfer, and thus the resultant catalytic activity. 



 
Figure 4. (a) The relationship between rinitial and nwithdrawing/ndonating for Pt/AC, Pt/CNT, Pt/f-CNF 

and Pt/p-CNF. (b) Normalized Pt LIII-edge XANES spectra, and (c) Pt LIII-edge k3-weighted 

EXAFS spectra for Pt/f-CNF and Pt/p-CNF. (d) Hydrogen generation volume as a function of 

time for AB-Pt/f-CNF, AB-Pt/p-CNF, Ar-Pt/f-CNF and Ar-Pt/p-CNF. 
 

3.4 Pt-O-C linkages within Pt-carbon interactions 

Notably, as shown in Figure 3 and Table 2, not only the binding energy but also the 

percentage of metallic Pt0 varies significantly for these catalysts, following an order of 

Pt/AC (45.3%) < Pt/f-CNF (54.3%) < Pt/CNT (64.4%) < Pt/p-CNF (71.0%). According 

to the catalyst preparation procedures, the presence of oxidized Pt species after H2 

reduction could originate from: (i) the Pt atoms on particle surfaces are re-oxidized in 

contact with air before characterizations; (ii) the Pt atoms within Pt-carbon interface 



form stable species with oxygen-containing groups over the carbon surfaces despite of 

H2 reduction. However, previous study has shown that a subsequent air exposure of 

reduced Pt catalysts for 48 h results in minimal re-oxidation [44], which indicates the 

unfavourable occurrence of Pt surface re-oxidation in this study. Moreover, considering 

that all the catalysts being passivated by 1% O2/Ar to prohibit the bulk oxidation and 

then stored under an inert atmosphere before testing and characterizations, it further 

confirms that the Pt re-oxidation is not the main reason for the significant difference in 

the percentage of metallic Pt0 [33,34]. In other words, it is more likely that some Pt 

atoms within Pt-carbon interfaces form strong Pt-O-C linkages with the oxygen-

containing groups, especially for AC, because its surface-enriched oxygen-containing 

groups could strongly interact with Pt nanoparticles. Hence, not only the electron 

transfer (Pt binding energy) but also the interfacial bonding (Pt-O-C linkages) within 

the Pt-carbon interactions vary significantly with the identity of carbon support. 

Herein, two typical Pt catalysts (Pt/f-CNF and Pt/p-CNF) with similar Pt binding 

energy were selected to study the influences of Pt-O-C linkages. Firstly, 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 employed to investigate the electronic structure and local 

coordination structure of Pt in these catalysts. Figure 4b displays the normalized Pt LIII-

edge XANES profiles of these two catalysts and reference material of Pt foil. Clearly, 

the white-line (WL) peak around 11568 eV was identified, as a reflection of the 

electronic transition from 2p3/2 to unoccupied 5d states at the Pt LIII-edge: the high WL 



intensity corresponds to higher oxidation state. Hence, Pt/f-CNF with higher WL 

intensity involves higher oxidation state than Pt/p-CNF. Moreover, Figure 4c 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 S1. Three major 

contributions could be observed at the distances of ∼1.85, 2.24 and 2.73 Å, originated 

from the shells of Pt-O, Pt-Cl and Pt-Pt, respectively. It can be seen that Pt/f-CNF 

exhibits decreased Pt-Pt shell fraction while increased Pt-O/Pt-Cl shell fractions 

compared with Pt/p-CNF. Hence, a combination of the XANES and EXAFS suggests 

the enriched metallic Pt0 and oxidized Pt species over the Pt/p-CNF and Pt/f-CNF 

catalyst, respectively, which is well consistent with the XPS results. 

To this point, it remains an open question whether and how these Pt-O-C linkages 

affect the catalytic performance. Considering the strong reducibility of ammonia borane, 

the Pt-O-C linkages could be unstable and in-situ reduced to metallic Pt0 species by 

ammonia borane during the concomitant hydrolysis reaction. To investigate the stability 

of Pt-O-C linkages, the fresh Pt/f-CNF and Pt/p-CNF precursors without H2 reduction 

were directly mixed with ammonia borane solution to catalyze the reaction. As shown 

in Figure 4d, both two catalysts exhibit the induction period at the beginning of reaction, 

ascribed to the reduction of Pt precursors and the concomitantly catalyzed hydrogen 

generation. Afterwards, there remains a liner relationship between hydrogen generation 

volume and reaction time. Similarly, the reaction rates (r) for these two catalysts could 

be calculated based on the slope of linear part for each plot as 107 and 139 molH2∙molPt
-

1∙min-1, respectively (Table 3). Obviously, both two catalysts in situ reduced by AB 



deliver less than one thirds of catalytic activity compared with their corresponding 

catalysts ex-situ reduced by H2. After the completion of hydrogen generation, the two 

used catalysts were isolated from the spent reaction solution for further characterization 

and labelled as AB-Pt/f-CNF and AB-Pt/p-CNF, respectively.  

 

Table 3 The percentage of Pt species and Pt0 4f7/2 binding energy determined by XPS, as well 

as reaction rate (r) of AB-Pt/f-CNF, AB-Pt/p-CNF, Ar-Pt/f-CNF and Ar-Pt/p-CNF. 

Catalyst 

Pt species content 
Pt0 4f7/2 

B.E. (eV) 

r 

(molH2∙molPt
-1∙min-

1) 
Pt0 Pt2+ Pt4+ 

AB-Pt/f-CNF 53.7% 29.0% 17.3% 71.6 107 

AB-Pt/p-CNF 66.0% 22.0% 11.9% 71.9 139 

Ar-Pt/f-CNF 39.8% 31.7% 28.5% 71.9 68 

Ar-Pt/p-CNF 51.9% 26.5% 21.6% 71.9 73 

 

Along this line, HAADF-STEM was employed to characterize these two in-situ 

reduced catalysts. As shown in Figure S1, a slight increase of Pt particle size could be 

observed for these two AB-reduced catalysts compared with the corresponding H2-

reduced catalysts, which suggests that the gas-phase reduction by H2 may benefit the 

diffusion of Pt atoms on the carbon surfaces and obtain dispersed Pt nanoparticles. 

However, the slight increase in Pt particle size is insufficient to explain the remarkably 

decreased catalytic activity, and thus it is tempting to attribute that to their electronic 

effects. Similarly, XPS was used to explore the Pt-carbon electronic interactions within 

the AB-reduced catalysts and the results are shown in Figure 5. The deconvolution 



result as summarized in Table 3 reveals that compared with the H2-reduced catalysts, 

AB-Pt/f-CNF and AB-Pt/p-CNF show significant downshifts in Pt binding energy of 

0.4 and 0.2 eV, respectively, ascribed to the electron transfer from the electron-negative 

oxygen within the AB reduction product to Pt particles [45]. Accordingly, these AB-

reduced catalysts with lower Pt binding energy exhibit much poorer catalytic activity, 

consistent with the above influence of Pt binding energy. Moreover, as shown in Table 

3, it can be seen that the AB-reduced catalysts show similar percentages of metallic Pt0 

species as those of H2-reduced catalysts, which account for 53.7% and 66.0% of the 

total Pt species, respectively. This indicates that the Pt-O-C linkages are too stable to 

be reduced by either H2 or AB. Therefore, it is reasonable to deduce that the number of 

Pt-O-C linkages within Pt-carbon interfaces determined by XPS could reflect that in 

real reaction conditions, whose change during the reaction could be minimal. 

 
Figure 5. XPS Pt 4f spectra of AB-Pt/f-CNF, AB-Pt/p-CNF, Ar-Pt/f-CNF and Ar-Pt/p-CNF. 



 

In light of the number of Pt-O-C linkages being almost unchanged during the reaction, 

we can separately investigate their catalytic properties from metallic Pt0 species, and 

then correlate them with the overall catalytic activity. Herein, in order to introduce more 

Pt-O-C linkages, the two catalysts precursors were treated under Ar atmosphere instead 

of H2 at the same temperature of 250 oC. The resultant Ar-treated catalysts are labelled 

as Ar-Pt/f-CNF and Ar-Pt/p-CNF, and their structural as well as electronic properties 

were characterized by HAADF-STEM and XPS, respectively. Figure S2 display the 

typical HAADF-STEM images of these two catalysts, which exhibit homogeneous 

distribution of Pt nanoparticles despite of a few agglomerations for each catalyst. On 

the other hand, the deconvolution of Pt 4f spectra in Figure 5 was conducted to probe 

Pt-carbon electronic interactions and the results are summarized in Table 3. It is 

obviously that, upon Ar treatment, the percentages of metallic Pt0 for both two catalysts 

decrease sharply with respect to those reduced by either H2 or AB, which is 39.8% and 

51.9% for Ar-Pt/f-CNF and Ar-Pt/p-CNF, respectively. Because no oxygen was 

introduced into the catalysts during Ar treatment at 250 oC, the decrease of metallic Pt0 

species could originate from more Pt atoms interacting with the oxygen-containing 

groups on carbon surfaces upon Ar treatment, giving rise to more Pt-O-C linkages, 

especially for Ar-Pt/f-CNF with abundant surface oxygen-containing groups. 

Accordingly, these two Ar-treated Pt catalysts with more Pt-O-C linkages were tested 

for the hydrolytic dehydrogenation of ammonia borane at the same conditions. As 

shown in Figure 4d, both two catalysts show much lower hydrogen generation rate. 



Based on the slope of the linear part for each plot, the reaction rate could be respectively 

calculated as 68 and 73 molH2∙molPt
-1∙min-1 for Ar-Pt/f-CNF and Ar-Pt/p-CNF, which is 

only one fifth of that for the corresponding catalyst reduced by H2. Therefore, a 

combination of the characterization results and catalytic performance suggests that the 

oxidized Pt species within Pt-O-C linkages are highly stable yet much less active for 

this reaction. Hence, Pt/p-CNF with the highest Pt binding energy and least Pt-O-C 

linkages demonstrates the highest catalytic activity among all the catalysts. 

 

4. Conclusions 

In summary, we have systemically demonstrated how the Pt-carbon interactions can 

yield significant influences on the structural and electronic properties of Pt 

nanoparticles, as well as the resultant catalytic performances for hydrogen generation 

from AB. Four types of carbon materials (AC, CNT, f-CNF and p-CNF) have been 

adopted as the supports to immobilize similarly sized Pt nanoparticles, affording a 20-

fold increase of hydrogen generation rate. A combination of HAADF-STEM, N2 

physisorption, XRD, Raman, TG, H2-TPR, XPS and XAFS characterization has 

revealed that the electron transfer and interfacial bonding within the Pt-carbon 

interactions are mainly responsible for the remarkable enhancement in the catalytic 

activity. The surface-enriched electron-withdrawing groups on p-CNF surface are 

found to capture electrons from Pt, giving rise to the highest Pt binding energy, which 

vice versa for AC. As a result, nEWG/nEDG has been identified as a good descriptor of 

catalyst in terms of Pt binding energy, which exhibits an almost linear relationship with 



the catalytic activity. Moreover, a comparison of Pt catalysts pre-treatments has 

revealed that the Pt-O-C linkages within the Pt-carbon interactions are highly stable yet 

inferior to this reaction. Therefore, combining the merits of the highest Pt binding 

energy with the least Pt-O-C linkages, Pt/p-CNF has delivered the highest catalytic 

activity among all the catalysts. The insights gained here could shed new lights on the 

design and preparation of highly efficient metal-carbon catalysts. 
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