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ABSTRACT 

To increase the interaction between the adsorbed hydrogen and the adsorbent surface to 

improve the hydrogen storage capacity at ambient temperature, decorating the sorbents with 

metal nanoparticles, such as Pd, Ni, and Pt has attracted the most attention. In this work, Pt-

decorated porous carbons were in-situ synthesized via CVD method using Pt-impregnated 

zeolite EMC-2 as template and their hydrogen uptake performance up to 20 bar at 77, 87, 298 

and 308 K has been investigated with focus on the interaction between the adsorbed H2 and 

the carbon matrix. It is found that the in-situ generated Pt-decorated porous carbons exhibit Pt 

nanoparticles with size of 2-4 nm homogenously dispersed in porous carbon, accompanied 

with observable carbon nanowires on the surface. The calculated H2 adsorption heats at/near 

77 K are similar for both the plain carbon (7.8 kJ mol
-1

) and the Pt-decorated carbon (8.3 kJ 

mol
-1

) at H2 coverage of 0.08 wt.%, suggesting physisorption is dominated in both cases. 

However, the calculated H2 adsorption heat at/near 298 K of Pt-decorated carbon is 72 kJ 

mol
-1

 at initial H2 coverage, which decreases dramatically to 20.8 kJ mol
-1 

at H2 coverage of 

0.014 wt.%,  levels to 17.9 at 0.073 wt.%, then gradually decreases to 2.6 kJ mol
-1

 at 0.13 wt.% 

and closes to that of the plain carbon at H2 coverage above 0.13 wt.%.  These results suggest 

that the introduce of Pt particles significantly enhances the interaction between the adsorbed 

H2 and the Pt-decorated carbon matrix at lower H2 coverage, resulting in an adsorption 

process consisting of chemisorption stage, mixed nature of chemisorption and physisorption 

stage along with the increase of H2 coverage (up to 0.13 wt.%). However, this enhancement 

in the interaction is outperformed by the added weight of the Pt and the blockage and/or 

occupation of some pores by the Pt nanoparticles, which results in lower H2 uptake than that 

of the plain carbon. 

Keywords: porous carbon, hydrogen storage, adsorption heat, Pt, nanoparticles 
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Introduction 

Due to the increasing demand of energy, the potential depleting of the currently widely used 

fossil fuels and the environmental issues caused by the use of them, it is urgent to find 

alternative energy sources and much effort has been devoted to the application of 

nanomaterials in the energy storage fields [1-8]. Hydrogen has been proposed as an ideal 

candidate for renewable energy, especially for mobile applications. Currently, the main issue 

with the use of hydrogen as a fuel is how to efficiently store hydrogen, given that the 

volumetric density of hydrogen at ambient pressure and room temperature is quite low. 

Among the four widely studied types of hydrogen storage methods, including high pressure 

hydrogen cylinder tanks, physisorption in porous materials including zeolites [9, 10], carbons 

[1-3, 11, 12], MOFs [1, 6, 13, 14], etc., chemisorption in metal hydrides (LiBH4 and AlBH4) 

[5, 15, 16] and chemisorption in chemical hydrides (such as ammonia borane) [17-19], 

physisorption in porous sorbents has the advantages of high energy efficiency because the 

hydrogen uptake and release is reversible via simple changes in pressure or temperature [20]. 

However, due to the weak interaction between the physisorbed hydrogen molecules and the 

sorbent surfaces, high hydrogen adsorption capacities can be achieved only at cryogenic 

temperatures and the hydrogen storage capacities at ambient temperature is quite low, i. e. far 

below 1 wt.%. 

To increase the interaction between the molecular hydrogen and the adsorbent surface to 

improve the hydrogen storage capacity at ambient temperature, decorating the sorbents with 

metal nanoparticles, such as Pd, Ni, and Pt, has attracted the most attention so far, due to the 

reported hydrogen spillover effect [21]. There are reports demonstrating the enhancement of 

hydrogen storage capacity due to the spillover effect by decorating the carbon and other 

materials with metal nanoparticles [22-27]. However, there are also reports showing only 

slight or no enhancement in hydrogen storage capacities of Pt-doped activated carbon fibers 
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or templated carbons, Pd-doped carbon molecular sieves at room temperature [28-31]. The 

discrepancy could be due to the differences in the contact between the metal and the carbon 

receptor, metal particles, doping methods, nature and surface composition of the receptor, 

catalyst treatment etc., as all these factors can affect the enhancement by spillover [31-33]. 

The widely used method to prepare metal-decorated carbon materials is post-synthesis 

incipient wetness, in which the readily made carbon materials and the metal precursors are 

mixed in solution (solvent or water), followed by the evaporation of the solvent or water, and 

finally the resulting mixture is heat treated in inert atmosphere or vacuum to generated metal 

particles dispersed in carbon materials [24, 26, 27, 32, 34]. To explore other options for 

doping metals onto carbon, in situ doping has attracted increasing attention since it reduces 

the preparation steps, in which the metal reduction step was carried out during the 

carbonization process [20, 30, 35]. Here we report the in-situ synthesis of Pt-decorated 

porous carbons with high surface area and pore volume using Pt precursor impregnated 

EMC2 zeolite as template via chemical vapor deposition (CVD) process and further study on 

the H2 storage up to 20 bar at 77, 87, 298 and 308 K with focus on the interaction between the 

adsorbed H2 and the carbon matrix. Based on the H2 uptake isotherms, the H2 adsorption heat 

of the studied samples at/near 77 K and at/near 298 K were calculated.  

  

Experimental 

Sample preparation 

The zeolite EMC-2 was synthesized based on reported method [36]. The microporous carbon 

materials (CEMC-2) were prepared via chemical vapor deposition (CVD) with zeolite EMC-

2 as the template and acetonitrile as the carbon precursor at 1023 K. In brief, 1 g of zeolite 

was put in a tube furnace under Ar flow, and when the temperature reached 1023 K, Ar flow 

was replaced by a mixture flow of acetonitrile/Ar for 3 h, followed by cooling down under Ar 
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flow. The resulting carbon/zeolite composite was washed with 10% hydrofluoric acid several 

times, followed by refluxing with concentrated hydrochloric acid at 333 K to completely 

remove the zeolite framework. Finally, the resulting carbon materials were dried in an oven at 

393 K overnight and named as CEMC. The Pt-doped carbons were prepared following the 

same procedure described for plain carbon except that zeolite EMCE-2 was replaced by the 

Pt-impregnated zeolite EMC-2. The Pt impregnated zeolite EMCE-2 was prepared as follows: 

a calculated amount of Pt precursor Pt(NH3)4(NO3)2 was dissolved in acetone/ethanol, then 

pre-dried zeolite CEMC-2 was added into the solution under stirring to achieve a 5 and 10 wt.% 

of Pt loading respectively. The mixture was stirred overnight at room temperature, followed 

by filtration, and drying in an oven to obtain Pt-impregnated EMC-2 samples. The Pt 

precursor Pt(NH3)4(NO3)2 was reduced to Pt metal by in-situ formed carbon which was 

carbonised from acetonitrile during the CVD process. The Pt-decorated carbon samples were 

named as Pt5CEMC and Pt10CEMC corresponding to the calculated 5 and 10 wt.% Pt 

loading on ECM-2 zeolite, respectively. 

Sample characterization 

The X-ray diffraction (XRD) measurement was carried out on a Bruker D8 Advance 

diffractometer working with CuKα (Ni-filtered) radiation λ = 0.15418 nm and a scanning step 

size of 2θ = 0.02
o
. The textural properties of samples were analyzed via N2 sorption at 77 K 

with Quantachrome Autosorb iQ sorptometer. The surface area was calculated using the 

Brunauer-Emmett-Teller (BET) method based on the adsorption data in the partial pressure 

(P/P0) range of 0.02-0.22. The total pore volume was determined from the amount of N2 

adsorbed at P/P0 of ca. 0.99. The partial pressure range (P/P0) 0.02 – 0.22 was selected for the 

calculation of surface area taking into account a previous report which indicates that low 

partial pressure range of  P/P0 0.01 – 0.05 will overestimate the surface area while the partial 

pressure range of P/P0 0.1 – 0.3 can underestimate the surface area [37]. Micropore surface 
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area and micropore volume were obtained via t-plot analysis. The pore size distributions 

(PSD) were obtained using the non-local density functional theory (NLDFT) method for 

slit/cylinder pores using the software provided by Quantachrome. Scanning electron 

microscopy (SEM) images were obtained using a Philips XL-30 scanning electron 

microscope. Samples were mounted using a conductive carbon double-sided sticky tape on a 

sample holder. A thin (ca. 10 nm) coating of gold sputter was deposited onto the samples to 

reduce the effects of charging. Transmission electron microscopy (TEM) images were 

recorded on a JEOL 2000-FX electron microscope operating at 200 kV. TEM samples were 

prepared by dispersing carbon powder in acetone solvent, then dropping and spreading 1-2 

drops on a holey carbon film supported on a grid. After vaporising the solvent, a dry carbon 

sample was retained on the grid.  

H2 uptake evaluation 

The gravimetric analysis of hydrogen uptake capacity was performed using high-purity 

hydrogen (99.9999%) over the pressure range of 0 – 20 bar with an Intelligent Gravimetric 

Analyzer (IGA-003, Hiden), which incorporates a microbalance capable of measuring 

weights with a resolution of ±0.2 µg. The samples in the analysis chamber of the IGA-003 

were evacuated to 10
-10

 bar and kept at 523 K overnight before measurement. The hydrogen 

uptake measurements were carried out at 77, 87, 298 and 308 K respectively. The high-purity 

hydrogen (99.9999%) was additionally purified by a molecular sieve filter and a liquid 

nitrogen trap. The H2 adsorption heat Qst at/near 77 K was calculated using hydrogen-

adsorption isotherms measured at 77 and 87 K respectively, while the Qst at/near 298 K was 

calculated using hydrogen-adsorption isotherms measured at 298 and 308 K respectively. For 

a certain adsorbed amount of H2 (wt.%), the Qst was calculated by applying the integral 

format of the Clausius–Clapeyron equation as follows [11, 38-40]: 

���� − ���� =
�	


�
(
1

��
−
1

��
) 
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Where Qst is the isosteric heat of adsorption, P and T are the pressure and temperature at 

certain H2 coverage (wt.%) and R is the universal gas constant. It is worth mentioning that in 

addition to the method used in this study (from isotherms at different temperatures), isosteric 

heat of adsorption can be theoretically calculated by the Density Functional Theory [41-43] 

or the grand canonical Monte Carlo simulation [44]. 

 

Results and discussion 

Fig. 1 shows the XRD patterns of the plain porous carbon CEMC and the Pt-decorated porous 

carbons Pt5CEMC and Pt10CEMC. The appearance of the two peaks at 2θ around 6º in 

sample CEMC indicates that the porous carbon has partially retained the structural pore 

ordering replicated from the template zeolite EMC-2 [45] and the absence of the peak at 2θ 

of 26º suggests the amorphous nature of the carbon.  However, only one peak at 2θ around 6º 

can be observed for sample Pt5CEMC and the peak intensity decreases significantly. In 

addition, two extra weak and broad peaks appear at 2θ of 26º and 39.7º, corresponding to the 

(002) of graphitic carbon and the (111) of metal Pt respectively. In the case of sample 

Pt10CEMC, the XRD peak at 2θ around 6º is extremely weak and three extra peaks at 2θ of 

26º, 39.7º and 46.3º are clearly observable, which are corresponding to the (002) of graphitic 

carbon,  (111) and (200)  of Pt respectively. The intensity of these peaks at 2θ of 26º and 

39.7º of sample Pt10CEMC is much higher than that of Pt5CEMC due to the higher amount 

of metal Pt content. The disappearance of the peak/peaks at 2θ around 6º indicates that the Pt-

decorated carbons lose some structural pore ordering replicated from the zeolite EMC-2 

because of the introduction of the high level of metal Pt. Moreover, the intensity of the 

graphitic carbon peak at 2θ of 26º increase with the Pt content, suggesting that the 

introduction of the increased Pt level results in the improvement of the graphitic level of the 
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Pt-decorated carbons. In addition, the intensity of the XRD peaks of the Pt-containing 

samples at 39.7º and 46.3º for Pt metal increases with Pt loading content, but these peaks are 

in general broad, maybe due to the small particle size of the Pt metal in the samples. 
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Fig. 1 ─ Powder XRD patterns of plain carbon (CEMC) and Pt-decorated carbons 

(Pt5CEMC and Pt10CEMC) templated from zeolite EMC-2 via CVD using acetonitrile 

as the carbon source at 1023 K. 

 

 The nitrogen sorption isotherms and pore size distribution of the plain carbon and Pt-

decorated carbons are shown in Fig. 2A and their textural properties are summarised in Table 

1. The plain carbon shows type I isotherms, typical for microporous materials while the two 

Pt-decorated carbons also show type I isotherms but with a very weak hysteresis loop, 

especially for Pt10CEMC, implying the presence of a small amount of mesopores. There is 
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significant adsorption at relative pressure (P/P0) < 0.02 for all the samples indicating the 

presence of micropores. The plain carbon possesses high surface area of 3360 m
2
 g

-1 
and pore 

volume of 1.91 cm
3
 g

-1
, with micropore surface area of 2838 m

2
 g

-1 
and micropore volume of 

1.24 cm
3
 g

-1
. The surface area decreases to 2049 and 1249 m

2
 g

-1 
and the pore volume 

decreases to 1.06 and 0.66 cm
3
 g

-1
 respectively for Pt5CEMC and Pt10CEMC. The pore size 

distribution (PSD) curves in Fig. 2B show that the plain carbon mainly possesses micropores 

with sizes centred at around 1.1 and 2.0 nm, with majority at 1.1 nm. In the case of Pt-

decorated carbons, most pores are also centred at around 1.1 and 2.0 nm, but the contribution 

of pores around 2.0 nm is higher than that of the plain carbon. The possible reason could be 

that some small Pt particles enter the pores/pore channels of the carbons and/or are embedded 

in the carbon matrix, which occupy some pore channels and block some pores, especially 

micropores. As a result, the contribution of the micropores decreases and at the same time the 

contribution of the mesopores increases in the Pt-doped carbons as proved by the PSD. These 

observations are, on the one hand, due to the effect of added weight of the introduced Pt 

metal particles, and on the other hand, due to the fact that the pore structural ordering of the 

Pt-doped carbons deteriorates as evidenced by the disappearance or the weakening of the 

peaks at 2θ around 6º, which is one of the reasons that the specific surface area and pore 

volume of the Pt-containing porous carbons drop. 



10 

 

Relative pressure (P/P0)
0.0 0.2 0.4 0.6 0.8 1.0

V
ol

u
m

e 
ad

so
rb

ed
 (

cm
3  g

-1
 S

T
D

)

0

200

400

600

800

1000

1200
CEMC

Pt5CEMC

Pt10CEMC

A

    Pore size (nm)

1 2 3 4
d

V
/d

D
 (

cm
3 g-1

Å
-1

)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

CEMC

Pt5CEMC

Pt10CEMC

B

 

Fig. 2 ─ Nitrogen sorption isotherms (A) and pore size distribution curves (B) of plain 

carbon (CEMC) and Pt-decorated carbons (Pt5CEMC and Pt10CEMC) templated 

from zeolite EMC-2 via CVD using acetonitrile as the carbon source at 1023 K. 

 

The SEM images of the plain porous carbon and the Pt-decorated porous carbons are 

presented in Fig. 3. Round plates are observed for all the samples as expected, showing that 

the carbons retain the morphology of the template. However, for the Pt-decorated porous 

carbons, the surfaces of some plates are covered with carbon wires (Fig. 3d and f).  Fig. 3b 

and e reveal that only a very small amount of plates are covered with wires for Pt5CEMC, but 

more plates are covered for Pt10CEMC. The appearance of these wires indicates that the Pt 

metal particles act as a catalyst to produce carbon wires during the carbonization process. 

This morphology change of Pt-containing porous carbon samples, together with the pore 

blocking due to the presence of Pt particles, could result in the deteriorated pore structural 

ordering and the decrease of the surface area and pore volume for the Pt-containing samples. 



11 

 

 

Table 1 ─ Textural properties and hydrogen uptake capacities of the plain 

porous carbon and the Pt-doped porous carbons templated from zeolite 

EMC-2 via CVD at 1023 K using acetonitrile as the carbon source. 

Sample Surface area  

(m
2
 g

-1
)
a
 

Pore volume  

(cm
3
 g

-1
)
a
 

       H2 uptake  

      (wt.%)
b,c

 

CEMC 3360 (2838) 1.71 (1.24) 6.33 (0.20) 

Pt5CEMC 2047 (1664) 1.01 (0.70) 4.58 (0.18) 

Pt10CEMC 1279 (1002) 0.66 (0.42) 3.99 (0.17) 
a 

Values in parentheses are from micropores.  

b 
H2 uptake capacity at 77 K and 20 bar.  

c 
Values in parentheses are H2 uptake capacity at 298 K and 20 bar. 
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Fig. 3 ─ Representative SEM images of plain carbon (CEMC) (a) and Pt-decorated 

carbons Pt5CEMC (b-d) and Pt10CEMC (e-f) templated from zeolite EMC-2 via CVD 

using acetonitrile as the carbon source at 1023 K. 
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The TEM images of the Pt-decorated porous carbons in Fig. 4 show that the Pt 

nanoparticles are well dispersed in the carbon matrix for both samples. According to the 

particle size distribution histograms shown in Fig. 5, for Pt5CEMC, most of the Pt 

nanoparticles are in the range of 1-4 nm, and centred at 2-3 nm; while for Pt10CEMC, most 

of the Pt nanoparticles are in the range of 2-5 nm, and centred at 2.5-4 nm. The particle sizes 

are comparable to those obtained by post-synthesis incipient wetness method [24], and 

roughly consistent with the particle size derived from XRD in Fig. 1 from Scherer’s equation. 

Sample Pt10CEMC exhibits higher constitution of particle sizes larger than 3 nm compared 

to Pt5CEMC, which is reasonable as nanoparticles intend to agglomerate at higher content. In 

addition, as expected, the Pt particles are denser in Pt10CEMC than that in Pt5CEMC, which 

is in good agreement with the XRD results in Fig. 1 that the intensity of the XRD peaks at 

39.7º and 46.3º for Pt metal increases with Pt loading content.  
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Fig. 4 ─ Representative TEM images of Pt-decorated carbons Pt5CEMC (a, b) and 

Pt10CEMC (c, d) templated from zeolite EMC-2 via CVD using acetonitrile as the 

carbon source at 1023 K. 
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Fig. 5 ─ Metal Pt particle size distribution histograms of the Pt-decorated porous 

carbons Pt5CEMCW and Pt10CEMCW. 

 

Fig. 6 shows the H2 uptake isotherms of the plain porous carbon and the Pt-decorated 

porous carbons up to 20 bar at 77 and 298 K respectively. The hydrogen uptake isotherms 

were evaluated based on the measured bulk density of 1.5 g cm
-3 

for the samples, and the H2 

density of 0.04 g/cm
3
 was used for buoyancy correction of the adsorbed H2 [46]. At 77 K, 

both the plain porous carbon and sample Pt5CEMC show reversible isotherms without any 

hysteresis loop, indicating that the H2 adsorption is completely reversible. However, 

Pt10CEMC shows a weak hysteresis loop, implying the H2 adsorption is mostly reversible. 

At 77 K and 20 bar, the H2 uptake capacity of the plain porous carbon is 6.33 wt.%, which is 

comparable to the reported values for templated porous carbon with similar high specific 

surface area and pore volume [11]. However, the H2 uptake values decrease to 4.58 and 3.99 

wt.% for the Pt-doped porous carbon samples Pt5CEMC and Pt10CEMC respectively.  
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Fig. 6 ─ Hydrogen uptake capacities at 77 and 298 K of plain porous carbon (CEMC) 

and Pt-doped porous carbons Pt5CEMC and Pt10CEMC templated from zeolite EMC-

2 via CVD using acetonitrile as the carbon source at 1023 K. 

 

At 298 K, both the plain porous carbon and sample Pt5CEMC show roughly reversible 

isotherms with very weak hysteresis loop, except that at very low pressure less than 0.6 bar, 

the H2 desorption values are much higher than those adsorption ones for sample Pt5CEMC. In 

addition, Pt10CEMC exhibits some weak hysteresis loops due to the jumping of measured 

values in the desorption branch, implying the irreversible performance of H2 adsorption. At 

both 77 and 298 K, the isotherms of Pt10CEMC are different from that of the plain carbon 

and Pt5CEMC by the appearance of the hysteresis loops (i.e. the H2 adsorption is not fully 

reversible). This is because part of the H2 was chemically adsorbed (chemical reaction 

occurred) by Pt10CEMC due to the relatively high Pt content, which was not desorbed upon 
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decrease of the pressure. In addition, chemical adsorption involves activation energy means 

high temperature can enhance chemical adsorption, which explains that the hysteresis loops 

at 298 K are more significant than that at 77 K for Pt10CEMC. Therefore, it is clear both the 

Pt content and the temperature play a role in the chemisorption of H2. The H2 uptake 

capacities at 298 K and 20 bar are 0.20, 0.18 and 0.17 wt.% for the plain porous carbon, 

Pt5CEMC and Pt10ECMC respectively. Therefore, regardless of the H2 uptake measurement 

temperatures, the plain carbon shows the highest H2 uptake capacity among the three samples. 

The introduction of the Pt nanoparticles into porous carbons results in the decrease of the H2 

uptake capacities, which may be due to the added weight of the metal Pt, partial pore 

blocking and/or pore occupation by the Pt nanoparticles in the carbons. The result obtained at 

77 K is in agreement with reports that at cryogenic temperatures there is no spillover effect 

and the H2 uptake capacity is determined by the specific surface area and pore volume of the 

studied samples [27, 34]. However, the H2 uptake results obtained at 298 K is contrary to the 

report in which Pt was introduced into porous carbon templated from zeolite EMC-2 by post-

synthesis incipient wetness method [24], which showed significant H2 adsorption 

enhancement due to the H2 spillover effect at 298 K. The possible reason that no 

enhancement in H2 uptake occurs in this study could be due to the different introducing 

method of Pt nanoparticles, in which the Pt metal ions reduction was in-situ carried out 

during the carbonization step. As revealed by the SEM images, part of the surface of the Pt-

decorated porous carbons are covered with some wires, indicating that the Pt nanoparticles 

were acting as a catalyst to produce carbon wires, which might have deactivated their activity 

for H2 spillover effect.  

Regarding sample Pt10CEMC, the presence of the hysteresis loop and the jumping of 

measured values in its H2 desorption branch could be due to the chemisorption of H2 given 

the higher metal Pt content. Because of the jumping of measured points of the desorption of 
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branch and low H2 adsorption capacity, only the plain porous carbon and sample Pt5CEMC 

were further measured at 87 and 308 K respectively up to 20 bar in order to calculate the H2 

adsorption heat using the Clausius–Clapeyron equation described in the experimental part. 

The H2 uptake isotherms of the plain porous carbon and sample Pt5CEMC at various 

temperatures are shown in Fig. 7, and the inserts in Fig. 7 are the zoomed H2 uptake 

isotherms measured at 298 and 308 K due to the low uptake capacities at these temperatures. 

Both the plain porous carbon and the Pt-decorated porous carbon show the same trend of H2 

adsorption that the H2 uptake capacities decrease with increasing temperatures, and the H2 

uptake capacities at 20 bar of the plain porous carbon are higher than that of the Pt-decorated 

porous carbon at all studied temperatures. These results indicate that physisorption is 

dominated in the H2 uptake for both the plain porous carbon and the Pt-decorated porous 

carbon.  
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Fig. 7 ─ Hydrogen uptake capacities of plain carbon CEMC and Pt5CEMC measured at 

77, 87, 298 and 308 K. The inserts are the zoomed H2 uptake isotherms measured at 298 

and 308 K. 

 

The H2 uptake isotherms measured at 77 and 87 K were used to calculate the H2 

adsorption heat at/near cryogenic temperature and those at 298 and 308 K were used for the 

calculation of the H2 adsorption heat at/near ambient temperature for both the plain porous 

carbon and the Pt-decorated porous carbon using the Clausius–Clapeyron equation. The H2 

adsorption heats at/near cryogenic and ambient temperatures are shown in Fig. 8. At/near 

cryogenic temperature, the initial H2 adsorption heats are 7.8 and 8.3 kJ mol
-1

 at H2 coverage 

of 0.08 wt.% for the plain porous carbon and sample Pt5CEMC respectively, which are 

typical for physisorption and comparable to previous report [11]. The adsorption heat of the 

plain porous carbon decreases to 5.0 kJ mol
-1

 with the increase of H2 coverage up to 2.6 wt.%, 

and it roughly remains at around 5.0 kJ mol
-1

 when the H2 coverage is up to 5.0 wt.%. In the 

case of Pt5CEMC, the adsorption heat also decreases with the increase of H2 coverage up to 

1.3 wt.%, and then it decreases linearly with the increasing H2 coverage. The adsorption heat 

of the Pt-decorated carbon Pt5CEMC is slightly higher than that of the plain carbon up to H2 

coverage of 2.6 wt.%, implying the slight enhancement of interaction between the adsorbed 

H2 and the surface of the Pt-decorated carbon. However, this slight enhancement in the 

interaction between the H2 and the carbon is outperformed by the added weight of the Pt and 

the blockage and/or occupation of some pores by the Pt nanoparticles, therefore the Pt-

decorated carbon exhibits less H2 storage capacity. 



20 

 

H2 uptake (wt.%)
0 1 2 3 4 5

Q
st

 (
k

J 
m

ol
-1

)

2

4

6

8

10

CEMC
Pt5CEMC

77/87 K

 
H2 uptake (wt.%)

0.00 0.05 0.10 0.15 0.20

Q
st

 (
k

J 
m

ol
-1

)

0

20

40

60

80

CEMC
Pt5CEMC

H2 uptake (wt.%)

0.00 0.05 0.10 0.15 0.20

Q
st

 (
kJ

 m
o

l-1
)

0

2

4

6

8

10

CEMC

298/308 K

 

Fig. 8 ─ Isosteric heat of adsorption (Qst) as a function of the amount of hydrogen 

adsorbed on plain porous carbon CEMC and Pt5CEMC at/near cryogenic temperature 

calculated from isotherms measured at 77 and 87 K and at/near room temperature 

calculated from isotherms measured at 298 and 308 K. 

 

At/near ambient temperature (298/308 K), the H2 adsorption heat of Pt5CEMC is much 

higher than that of the plain porous carbon in the whole measured H2 coverage. The initial H2 

adsorption heat of the plain porous carbon is around 5.4 kJ mol
-1

, which gradually decreases 

with the increase of the H2 coverage and the adsorption heat for this plain carbon is 0.9 kJ 

mol
-1

 at the H2 coverage of 0.18 wt.%. These values are slightly lower than that obtained at 

cryogenic temperature as expected. However, the Pt-decorated porous carbon sample 

Pt5CEMC shows a complete different scenario where H2 adsorption heat of 72 kJ mol
-1

 is 

observed at the initial H2 coverage (close to 0), which decreases dramatically to 20.8 kJ mol
-1 

at H2 coverage of 0.014 wt.%, and levels to 17.9 at 0.073 wt.%. Then it gradually decreases 

to 2.6 kJ mol
-1

 at 0.13 wt.% and closes to that of the plain carbon at H2 coverage above 0.13 

wt.%. A H2 adsorption heat of 72 kJ mol
-1

 with no doubt indicates that chemisorption or 

chemical reaction occurs due to the presence of metal Pt particles in the carbon sample. 
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However, this chemisorption only contributes to negligible H2 adsorption given the low H2 

coverage (below 0.014 wt.%). This could be because that some of the Pt nanoparticles might 

have been embedded inside the porous carbon matrix, which makes them less accessible and 

some could have been deactivated by catalysing the formation of carbon wires (as shown in 

the SEM images in Fig. 3). At H2 coverage from 0.014 wt.% to 0.073 wt.%., the H2 uptake of 

sample Pt5CEMC behaves in a mixed nature of chemisorption and physisorption, but at H2 

coverage from 0.073 to 0.13 wt.%, it is dominated by physisorption with relatively stronger 

interaction between the H2 molecules and the carbon materials due to the presence of Pt 

nanoparticles. At H2 coverage higher than 0.13 wt.%, the exposed Pt nanoparticles in the 

sample may have been consumed and surrounded by adsorbed H2 molecules, leading to an 

adsorption heat similar to that of plain carbon. Physical adsorption is dominated at low 

temperature (77 K) while both chemical and physical adsorptions are observed at high 

temperature (298 K) for sample Pt5CEMC. As discussed above, for sample Pt10CEMC2 both 

the Pt content and the sorption temperature play a role in the chemisorption of H2 which 

requires activation energy. Given the relatively low Pt content in sample Pt5CEMC and low 

temperature at 77 K which may not provide enough activation energy for chemisorption, only 

physisorption is possible. However, at the temperature of 298 K, the activation energy is not 

an issue and the chemisorption of H2 takes place.  Based on the above results and discussion, 

it can be concluded that at/near 298 K, the introduction of Pt does significantly enhance the 

interaction between the adsorbed H2 and the Pt-decorated carbon matrix, resulting in an 

adsorption process consisting of chemisorption stage, mixed nature of chemisorption and 

physisorption stage and physisorption stage along with the increase of H2 coverage. However, 

this enhancement in the interaction between the adsorbed H2 and the carbon matrix is 

outperformed by the added weight of the Pt and the blockage and/or occupation of some 

pores by the Pt nanoparticles, which results in lower H2 uptake than that of the plain carbon.  
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Conclusions 

Based on the above results, we can draw the following conclusions. The in-situ synthesis 

strategy can produce Pt-doped carbon with well dispersed Pt nanoparticles in the sizes of 1-4 

nm or 2-5 nm with Pt loading of 5 and 10 wt.% respectively. The H2 adsorption heats 

calculated from the isotherms of plain carbon and Pt-decorated carbon at 77, 87, 298 and 308 

K indicate that at lower H2 coverage, the introduce of Pt slightly increases the hydrogen 

adsorption heat at/near 77 K, but significantly increases the hydrogen adsorption heat at/near 

298 K implying the enhancement in the interaction between the adsorbed H2 and the Pt-

decorated carbon matrix. This enhancement leads to the H2 adsorption process consisting of 

chemisorption stage, mixed nature of chemisorption and physisorption stage and 

physisorption stage along with the increase of H2 coverage. However, despite the 

enhancement in the interaction between the adsorbed H2 and the carbon matrix, the H2 uptake 

of the Pt-decorated carbon is lower than that of the plain carbon since other factors, such as 

the added weight of the Pt and the blockage and/or occupation of some pores by the Pt 

nanoparticles outperform the enhancement.  
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