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Abstract 

The effect of heteroatoms on hydrogen adsorption properties of activated and hybrid 

carbon materials is critically described. For that purpose, olive stones were activated 

chemically with KOH, and subsequently washed or not, and oxidised with ozone or not. Olive 

stones were also activated physically with CO2. A series of activated carbons prepared by 

chemical activation of sucrose was also investigated for comparison. As a result, many 

activated carbons with different pore-size distributions, surface areas, average micropore 

widths, oxygen contents and amounts of mineral matter could be compared. All were 

thoroughly characterised by adsorption of N2, CO2 and H2O, elemental analysis, XPS, 

thermogravimetry, and adsorption of H2 at different pressures. Many correlations between 

textural parameters, composition and adsorption properties could be evidenced, and were 

critically discussed. We show that the hydrogen uptake at 77 K is controlled by the following 

parameters, listed by decreasing order of importance: specific surface area, average micropore 

size, surface chemistry and shape of the pore size distribution. At room temperature (i.e., at 

298 K), the adsorbed hydrogen uptake was in the range of 0.19 to 0.42 wt. %; the presence of 

large amounts of alkali metals can further improve the hydrogen adsorption properties, but 

surface chemistry still has a major influence, especially through the acidic surface functions. 

Keywords: Activated carbons; Surface chemistry; Hydrogen adsorption; Acidic groups; 

polarized physisorption. 
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Introduction 

Olive stones (OS) are by-products of olive oil extraction that are mainly burnt for heating 

and cooking in domestic applications, or which are used for energy co-generation in the 

industry. OS represents 16-18 wt. % of the olive mass, and therefore huge amounts of OS are 

produced every year only in the Mediterranean basin. OS-derived activated carbons (ACs) 

have been produced and principally used for pollutant removal in the aqueous phase [1-6]. In 

these researches, the activation was carried out either physically, with CO2 or steam [1], or 

chemically, with KOH or H3PO4 [2-6]; KOH activation of OS produced ACs with surface 

areas as high as 1300 m2 g-1 [3].  

Hydrogen adsorption at cryogenic temperatures in Metal Organic Frameworks (MOFs) [7] 

exceeds the hydrogen storage capacities recommended by the US Department Of Energy (US 

DOE) for automotive applications (i.e., 7.5 wt. % of the whole mass of the storage system)[8]. 

However, MOFs are quite expensive and, most of the time, moisture-sensitive [9]. ACs also 

exhibit high hydrogen storage capacities, around 6.4 wt. % in excess at 77 K and 4 MPa [10], 

but only 1 wt. % at 293K and 10 MPa [10-14]. Moreover, ACs are cheaper, easier to 

synthesise than MOFs, and are often biosourced. In order to increase hydrogen�AC 

interactions, and hence hydrogen adsorption capacities, doping with metal nanoparticles or 

heteroatoms has been tested. On the one hand, doping with transition metal nanoparticles 

improves the adsorption of hydrogen by chemisorption and spill-over [15-21] or polarised 

physisorption mechanisms whenever hydrogen is adsorbed on alkali earth or Si/SiC-doped 

carbon structures [22-26]. On the other hand, doping with heteroatoms such as boron [27-29], 

nitrogen [30-34] or even sulphur [35] also increases the hydrogen adsorption potential of 

carbon-based materials [36-38]. This increase is due to the existence of permanent dipole-

induced dipole interaction or even quadrupolar interactions [39]. 
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N and B are the heteroatoms most often introduced, and their positive effect on hydrogen 

adsorption has been demonstrated [32, 34, 40-42]. The effect of oxygen content is not so 

clear. Some theoretical studies have shown that the oxygen-containing functionalities in well-

ordered materials, such as carbon nanotubes or graphene-like materials, should decrease 

hydrogen storage capacities both by steric hindrance in the pores and by increase of the mass 

of sorbent [43]. On the contrary, other theoretical studies concluded that carbon oxidation 

could lead to significantly more attractive surfaces at low pressure and low coverage degree 

[44, 45]. As the amount of adsorbed hydrogen on ACs at room temperature is quite low 

(typically less than 1 wt. % in excess at 10 MPa [10-13]), the coverage remains very low and 

the effect of surface groups may be significant. Experimental studies showed that, after AC 

oxidation with nitric acid, hydrogen peroxide, ammonium persulfate, potassium permanganate 

or orthophosphoric acid [46-49], the hydrogen storage capacities decreased. This finding was 

explained by the corresponding combined effects of decreased microporous volume, increased 

steric hindrance, and more disordered nature of the adsorbed hydrogen layer after oxidation of 

the carbonaceous surface [47, 48]. Other authors showed that, despite the decrease of textural 

properties after oxidation, there is a positive effect of acidic and oxygen-containing 

functionalities on adsorption energy [48], evidenced using the Dubinin-Astakhov model [50] 

and explained by their strong electron-acceptor character [49]. 

Finally, some authors did not conclude about the effect of oxygen content on hydrogen 

adsorption [51], mainly due to the cryogenic adsorption temperature that was chosen (77 K), 

and for which the surface area has much more impact than small changes of surface chemistry 

[51]. Besides, the corresponding materials also contained potassium residues in the form of 

salts (mainly K2CO3) or metallic K, and such potassium-containing carbon structures may 

induce polarised physisorption effects. Therefore, their hydrogen adsorption properties could 

be improved [22, 23]. 
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In order to definitely state on the contribution of oxygen to hydrogen adsorption, the 

present study focuses on the hydrogen storage capacities obtained on activated carbons and 

hybrid carbon materials. The hybrid carbon materials were synthesised following a route 

similar to that used for the synthesis of activated carbons (i.e., KOH activation). The only 

difference was that the materials were washed only with water instead of HCl + water, leading 

to hybrid materials with a high carbonate content in the porous carbons. The latter were called 

so because of their very high content of minerals, instead of just ACs despite the fact that they 

followed the same classic activation process, using OS as precursor and KOH as activating 

agent. We unquestionably confirmed the positive effect of oxygen, and especially acidic 

functions, on the hydrogen adsorption properties at 273 K. 

2. Experimental 

2.1. Materials synthesis 

Olive stones (OS) were provided by a local factory in Gabès (Tunisia). They were already 

crushed with a particle size lower than 3 mm. OS were washed with hot distilled water for 

further production of hydrochars and activated carbons (ACs).

OS-derived hydrochars were prepared by hydrothermal carbonisation (HTC) at two 

different temperatures. For that purpose, 32 mL of water and 4 g of OS were poured in a 

Teflon-lined autoclave (inner volume 100 mL), which was introduced in a preheated oven at 

either 453 or 513 K. The autoclave remained inside for 6 hours. After cooling, the hydrochars 

were washed with bi-distilled water, dried at 378 K and labelled according to their HTC 

temperatures in degrees Celsius (i.e., HTC-180 and HTC-240). 

Hydrochar activation was carried out by physical mixing with KOH using a 

KOH/hydrochar weight ratio equal to 2:1. The mixture was next submitted to thermal 

treatment under nitrogen flow. The temperature was increased at 10 K min-1 up to 1173 K. 
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The latter temperature was held for 2 hours. After cooling under inert atmosphere, the 

resultant ACs were washed first with hot bi-distilled water, then with a 1 mol L-1 hydrochloric 

acid solution, and finally with hot bi-distilled water again until neutral pH. The ACs were 

labelled 180-KOH-W and 240-KOH-W. Part of them was also kept unwashed in order to 

investigate the effect on hydrogen adsorption of oxygenated functionalities in such carbonate-

rich ACs. These hybrid carbons were labelled 180-KOH-UW and 240-KOH-UW. 

The materials 180-KOH-W and 240-KOH-W were also oxidised with ozone in a fixed bed 

reactor loaded with 0.85 g of sample under a constant ozone flow of 55 mg L-1 at 30°C for 2 

hours. The as-modified materials were labelled 180-KOH-W-O3 and 240-KOH-W-O3, 

respectively. 

In order to compare the aforementioned chemically activated carbons with a physically 

activated one, the remaining HTC-180 hydrochar was treated in a tubular furnace heated at 5 

K min-1 up to 1173 K under nitrogen flow (100 mL min-1). Once the set point was reached, 

the N2 flow was maintained 1 hour and then replaced by a CO2 flow (50 mL min-1) for 2 

hours. At the end, the oven was flushed with nitrogen again during cooling. The resultant AC 

was labelled CO2_2h. 

Finally, six carbonaceous materials were characterised in depth: 180-KOH-W, 180-KOH-

UW, 240-KOH-UW, 180-KOH-W-O3, 240-KOH-W-O3 and CO2_2h. The hydrogen 

adsorption and textural properties of these carbons were compared to those of ACs prepared 

by chemical activation of sucrose with KOH. Additional details about these materials, in 

terms of preparation method and main characteristics, can be found elsewhere [13]. 

2.2. Characterisation 

2.2.1 Elemental analysis and ash content 
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Elemental analyses (EA) of samples were carried out with a CHONS elemental analyser 

(Vario El Cube, Elementar, Germany) to determine carbon, hydrogen, nitrogen and sulphur 

contents (wt. %) by combustion of the samples in a stream of pure O2. In a second step, 

oxygen was analysed with the same equipment using a different procedure. 

The ash content was obtained by thermogravimetric analysis, using a protocol adapted 

from the ASTM D2866 � 11. First, the sample was extensively dried at 383 K, and then the 

temperature was increased up to 923 K at 10 K min-1 in air and was maintained for 3 h at 923 

K. Next, the temperature was increased a second time up to 1023 K and held for 1 h. The ash 

content was calculated as follows: 

ℎ(. %) = 
 

. 100        (1) 

where  is the final mass after the two ramps, i.e., after treatment at 1023 K. The mass 

after the first ramp is expected to be similar to the one after the second ramp. Indeed, the 

oxidation/gasification of the carbonaceous part is supposed to be achieved at 923 K whereas 

the thermal decomposition of the carbonates occurs at much higher temperature (i.e., around 

1173 K or slightly less [52]). 

2.2.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was carried out with an ESCAPlus OMICROM 

system equipped with a hemispherical electron energy analyser. The spectrometer was 

operated at 10 kV and 15 mA, using a non-monochromatised MgKa X-ray source (hν = 

1253.6 eV) under vacuum (< 5 ´ 10-9 Torr). Analyser pass energies of 50 eV and 20 eV were 

used for survey and detailed scans, respectively. The C1s peak at 284.5 eV was used for 

binding energy correction. A survey scan (1 sweep/200 ms dwell) was acquired between 1100 

and 0 eV. Current region sweeps for N1s (410-390 eV), O1s (545-520 eV), C1s (300-280 eV) 

and K2s (390-370 eV) regions were performed to quantify the atomic percentage of each 
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element. The CASA data processing software allowed smoothing, Shirley-type background 

subtraction, peak fitting and quantification. Atomic percentages of each element were 

calculated from intensity ratios using Scofield sensitivity factors [53]. The K2s region was 

used instead of using the classical K2p region (310-290 eV) for potassium quantification, 

because the range of characteristic energies of K2p overlaps that of C1s [54]. 

2.2.3. Textural characterisation 

The textural characterisation was performed by nitrogen and carbon dioxide adsorption at 

77 and 273 K, respectively, using an automatic adsorption apparatus (ASAP 2020, 

Micromeritics). Adsorption data were treated using the Microactive® software from 

Micromeritics. Prior to gas adsorption, the samples were degassed under vacuum at 373 K 

until the pressure stabilised around 0.2 to 0.4 mPa for more than 48 h. Further degassing was 

carried out at the measuring port for at least 6 h. Cool and warm volumes were determined 

after nitrogen or carbon dioxide adsorption to avoid helium entrapment in the narrowest 

pores. 

The pore size distributions (PSDs) were obtained using the non-local density functional 

theory (NLDFT) from the Solution of Adsorption Integral Equation Using Splines 

(SAIEUS®) routine and combining N2 (77 K) and CO2 (298 K) adsorption data [55]. The 

smoothing parameter λ was set constant and equal to 4.5 for all samples in order to allow 

comparison between the different PSDs. The average micropore width, L0, NLDFT (nm) was 

calculated using this PSD. The mesopore volume was calculated by subtracting the micropore 

volume obtained from the NLDFT method, Vmic NLDFT (cm3 g-1), to the total pore volume, Vtot

(cm3 g-1), directly measured by N2 adsorption at relative pressure P/P0 = 0.99. The NLDFT 
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method was also used to determine the surface area,  (m2 g-1), by integrating the PSDs 

over the whole range of pore sizes [56]. 

2.2.4. Water adsorption 

Water adsorption experiments were carried out using a 3-Flex (Micromeritics) automatic 

adsorption apparatus. 0.2 g of each material were first degassed as described in subsection 

2.2.3, and dead volumes were determined after adsorption-desorption. Water adsorption 

isotherms were carried out at 293.15 K and analysed in two ranges of relative pressure. The 

water uptake in the lowest pressure range (P/P0 < 0.15) was assumed to be related to the 

surface chemistry of the material, and essentially to oxygenated groups in agreement with 

previous studies [57-61]. Water isotherms were linearized in the low-pressure range using 

Henry�s law, Eq. (2), where Q (cm3 g-1) is the STP amount of adsorbed water, and the as-

obtained Henry�s constants, K, were then compared for the different materials. 

(. ) = .           (2) 

2.2.5. Hydrogen adsorption  

Hydrogen adsorption experiments were carried out at 288.15, 298.15 and 308.15 K using a 

HPVAII automatic adsorption apparatus (Micromeritics). The temperature control was set to 

293.15 K for the cold volume measurement and then was changed to 298.15 K for the warm 

volume measurement and for the experiments. The pressure steps for adsorption were in the 

range 0.05 to 10 MPa, while those for desorption were in the range of 10 to 2 MPa. A 10 cm3

cell was used for an average sample amount of 1 g. The contribution of the empty cell was 

systematically measured and subtracted to all data in order to improve the accuracy. The 

absolute adsorbed amount was calculated from the excess, using the following equation [18]: 

 =  ∙  1 + ∙
 ∙∙∙        (3) 
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where excess Nex and absolute Nabs adsorbed amounts are both expressed in  
, 

 (Pa) is the absolute pressure,  (g mol-1) is the molecular weight of H2,  its 

compressibility factor at the considered pressure and temperature T (K),  is the density of 

liquid hydrogen (70.849 kg m-3) and R is the molar gas constant (8.314 J mol-1 K-1) [18]. The 

isosteric heat of adsorption, Qst (kJ mol-1), was calculated using the Microactive® software 

from Micromeritics, based on the Clausius-Clapeyron equation:  

− 
 =   ()

(  )           (4) 

applied to the three obtained isotherms. A (weighted) average Qst value was also calculated 

over the 0 � 1 mmol.g-1 range of adsorbed hydrogen amounts. 

3. Results and discussion 

3.1 Composition and surface chemistry 

C, N and K contents can be found in Table S1 of the supplementary information. Usually, 

the oxygen contained in quinoid carbonyls is named OI and modelled by a Lorentzian-

Gaussian (70 % - 30 % mix, respectively) peak centred in the 531-531.9 eV range [62]. Using 

the same model of peaks, the carbonyl oxygens in esters, anhydrides and hydroxyls can be 

assigned to the 532.3-532.8 eV range and are usually named OII [62-64]. The peak for non-

carbonyl oxygen (ether type) in esters or anhydrides is located in the 533.1-533.8 eV range 

and is named OIII. The peak for oxygen contained in carboxylic acids is assigned to the 

534.3-535.4 eV range and is named OIV. One last peak, which concerns adsorbed water or 

oxygen present on the surface of the material during the XPS analysis is assigned to the 536-

536.5 eV range and is named OV [63, 64]. In our case, the contributions of the OII and OIII 

peaks were merged due to their very important overlapping and to the similar chemical nature 
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of these groups. Thus, here, OI still stands for the peak assigned to oxygen in the quinoid 

carbonyl groups, OII stands for the peak assigned to oxygen either contained in esters and 

anhydrides (in carbonyl groups and ether-like bridges) and in hydroxyl groups, OIII stands for 

oxygen in carboxyl groups, and Oads* corresponds to adsorbed oxygen (i.e., water or O2), in 

agreement with other authors [65, 66]. Due to the high content of inorganic matter, the 

assessment of the elemental composition using EA does not allow reaching 100 wt. %. 

Indeed, the inorganic fraction, which mainly contains potassium carbonate, remains partly 

undetected when using the CHONS elemental analyser. This undetected inorganic fraction 

can be composed of K2CO3 (i.e., having survived the combustion of the sample), K2O 

(potassium oxide), KHCO3 (potassium bicarbonate) or KOOCH (potassium formate). The 

latter chemical species can be formed from K2CO3 in the presence of CO2 [67], CO2/H2O mix 

and H2 [68]. Potassium can also be volatilised in equivalent processes [67]. Consequently, the 

missing mass fraction from the EA (up to 15.7 wt. % for the material 180-KOH_UW) was 

modelled as a fifth compound, in addition to the four aforementioned chemical species. For 

each model compound and materials, the elemental composition from EA was corrected and 

presented in Table S2. The comparison of the K contents using EA and XPS is also given in 

Figure S1. Due to the similarity of results between EA and XPS when only considering 

volatilised potassium (K) and taking into account the high temperature of the heating elements 

of the elemental analyser (> 1273 K), we can deduce that the missing fraction most likely 

contains gaseous potassium (K). 

Figure 1.a) shows the XPS spectra in the O1S region and Figure 1.b) shows a comparison 

between the oxygen content determined by XPS and EA for all the materials. The comparison 

between potassium contents obtained by XPS and EA is also presented in the insert of Figure 

1.b). Oxygen contents determined by XPS were always higher than obtained by EA, which 

indicates a higher amount of O on the surface. Oxygenated functional groups are indeed more 
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likely to be found at the surface due the higher reactivity of the carbon atoms located at the 

edges of the carbon layers [69] and to the easier contact with the activation agent [70]. Similar 

reasoning can be applied to potassium. Due to the activation process of olive stones, 

potassium carbonate is most likely located on the surface of the activated carbon.  

Figure 1: a) XPS spectra for the O1S region of the materials, b) oxygen content from 
elemental analysis (EA) versus the one from XPS, c) deconvolution of the O1S spectrum of 
the 180_KOH_UW material, d) oxygen content in different oxygen-containing functions 
(XPS) versus total oxygen content obtained by XPS (all the results are expressed with respect 
to the total mass/quantity of matter). 

Figure 1.c) shows an example of O1s peak deconvolution for the sample 180_KOH_UW, 

whereas Figure 1.d) shows the O content in each type of surface function for all materials. 

Oxygen contained in esters, anhydrides and hydroxyls (type OII) is the most frequent, 
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followed by quinoid carbonyl groups (OI) and O from adsorbed water and O2 (Oads*). 

Finally, oxygen content in carboxylic groups (OIII) was always lower than 5 at. %. The 

importance of the oxygen from esters, anhydrides, hydroxyls and from quinoid carbonyl 

groups (OII and OI, respectively) might be due to carbon oxidation either by direct contact 

with potassium hydroxide and carbonate or through oxidation by steam and/or carbon dioxide 

produced in the chemical activation reaction. Some studies indeed showed that ACs prepared 

under oxidising atmospheres at high temperatures have a more basic character than those 

oxidised in solution [70, 71]. Despite such globally basic character, carboxylic acids as well 

as anhydrides and hydroxyls were detected, evidencing the amphoteric nature of the ACs in 

agreement with previous studies [72] [73]. The different oxygen groups and their 

concentrations at the surface are shown in Figure 1.d) (with respect to total amount of matter) 

and in Table S3 (in percentage of oxygen content). 

Figure 2.a) shows the K content as a function of ash content. Without surprise, the 

unwashed materials had very high ash contents, ~ 40 wt. %, from where their names of 

�hybrid carbon materials�. This is in agreement with the very high amount of K detected by 

XPS, ~ 5.9 at. % and attributed to K2CO3, formed during KOH activation. 

Figure 2: a) Potassium content from XPS versus ash content, b) oxygen content from EA 
(corrected values) or XPS versus ash content.

a) b) 
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The washed materials (180_KOH_W_O3 and 240_KOH_W_O3) have similar ash content 

to the CO2-activated one (CO2_2h). The origin of the ashes in sample CO2_2h resides in the 

precursor itself. Indeed, it is well known that lignocellulosic biomass contains metal salts, 

oxides and hydroxides. In the case of olive stones, the metals are mostly K+ and Ca2+ [74, 75]. 

As no signal in the K2p region was detected for these three materials (180_KOH_W_O3, 

240_KOH_W_O3 and CO2_2h), K must be absent from the outer surface. The presence of K 

(1.9 at. %) in 180_KOH_W might be due to the intercalation of potassium in the graphite-like 

domains of the AC [76]. 

Figure S2 shows the differential thermogravimetric curves of all carbonaceous materials 

investigated in this study. Unwashed materials show a large peak located close to 540 K 

attributed to the desorption of water chemisorbed on carbonates [77] and to the partial 

desorption of carboxylic groups [70, 78]. A good correlation between the oxygen contents 

obtained by integrating the OIII - Oads* peaks and from the mass loss related to the peak at 

540-575 K was found and shown in Figure S3.a) and b). Such correlation between the results 

of XPS, differential thermogravimetry and references of literature [70, 78] clearly highlights 

and validates the presence of carboxyl groups on the surface of the materials. The peak of 

Oads* was slightly shifted, 536.6-537.5 eV instead of 535.2-534.4 eV, due to the presence of 

carbonates and occluded CO or CO2, which can be detected in the 537.0-537.2 eV range [65, 

66]. Thus, the peaks of Oads* should be considered as merged from the peaks of chemisorbed 

O and H2O but also of occluded CO and CO2 [66]. 

Figure 2.b) shows clear trends between the oxygen contents determined by XPS (O-XPS) 

and EA (O-EA, corrected values) and the ash content; the best (linear) correlation was found 

between O-EA and ash content. Therefore, O-EA should be more representative than O-XPS, 

the latter being always higher due to the more oxidised character of the surface. Thus, in the 
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following, O-EA results will be considered as representative of the total oxygen content, 

while O-XPS results will be considered only for discussing phenomena taking place on the 

surface. For the sake of comparison with previous studies [13], the O-EA that will be used in 

the following figures is the uncorrected one (i.e., taken from Table S1). 

3.2 Porous texture and affinity for water 

Figure S4.a) and b) shows N2 and CO2 adsorption isotherms, respectively. All N2

adsorption isotherms were type Ia or Ib, thus evidencing the microporous nature of the 

materials. The treatment of N2 and CO2 isotherms using the SAIEUS® software allowed 

obtaining the specific surface areas, SNLDFT, which varied from 536 to 1478 m2 g-1 for 

240_KOH_UW and 180_KOH_W_O3, respectively. All the materials had very similar pore 

sizes (0.76 nm ± 0.02 nm) while CO2_2h had an average pore width of 0.65 nm and a much 

lower micropore volume (Figure S5). The washed materials (180_KOH_W, 

180_KOH_W_O3 and 240_KOH_W_O3) exhibited much higher surface areas, from 1217 to 

1478 m2 g-1, than the unwashed ones (180_KOH_UW, 240_KOH_UW), from 536 to 655 m2

g-1, likely due to the opening of pores formerly blocked by potassium salts. The surface areas 

of the washed materials are in agreement with those reported in the literature for OS-derived 

ACs [3, 79, 80]. 

Figure 3.a) shows the PSDs of the OS-derived materials. All showed two peaks in the 

ranges 0.4-0.55 nm and 1.2-1.6 nm. The first peak is the most intense and evidences their 

ultramicroporous nature. Figure 3.b) shows their main textural properties. Figure S6 shows 

the exceptionally high fractions of pores narrower than 0.5 nm for the OS-derived materials, 

compared to those of sucrose-derived ACs [13]. This is due to the high lignin content in OS. 

Indeed, differently from hemicellulose and cellulose that are also present in biomass, lignin 

essentially produces micropores when submitted to carbonisation [81-86]. 
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Figure 3: a) Pore size distributions obtained from the NLDFT method for all OS-derived 
materials and b) Total (Vtot), microporous (Vmic) and mesoporous (Vmeso) pore volumes, and 
micropore and mesopore fractions. 

Figures 4 and S7 show water adsorption isotherms at 295.13 K. Those of 180_KOH_UW 

and 180_KOH_W materials were type II according to the IUPAC classification [87]; they had 

an S-shape and presented a strong increase of adsorbed amount at high relative pressure, 

indicating the very hydrophilic nature of the materials surface. The water isotherm of 

180_KOH_W presented a smooth step at moderate relative pressure that might be associated 

to a combination of type VI isotherm with an unusual stepwise water adsorption [87]. Those 

of 180_KOH_W_O3 and 240_KOH_W_O3 were type IV according to the IUPAC 

classification [87]; the pronounced knee at low relative pressure is indicative of their 

hydrophilic nature and the multiplicity of adsorption sites for water. The water adsorption 

isotherm on the CO2_2h material was type V, suggesting the lower hydrophilic character of 

this material compared to the others [87]. The insert in Figure 4.a) shows the linear fit of the 

water isotherms in the low-pressure range (P/P0 < 0.15) in order to obtain the apparent 

Henry�s constant, corresponding to the slope. 

a) b) 
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Figure 4: a) H2O adsorption isotherms (303.15 K) and corresponding linear regressions in the 
low-pressure range (insert), b) Apparent Henry�s constants versus O content obtained from 
EA (empty symbols) or XPS (full symbols) and c) apparent Henry�s constants versus O 
content for different types of surface groups (OI, OII, OIII and Oads*). 

Figures 4.b) and S8 show the as-obtained apparent Henry�s constants as a function of the 

O content obtained by EA and XPS measurements. The best linear fit was obtained when 

using the O content from EA, giving relevant information on the bulk. There are indeed 

important differences between the surface chemistry of the outer surface of carbon particles 

and that of their inner pores [69, 70]. Water adsorption was measured at equilibrium, giving 

time to water molecules to diffuse towards the narrowest pores and, therefore, experiments 

lasted more than 10 days. For this reason, EA is more representative than XPS for describing 

the impact of surface chemistry on adsorption phenomena. Figure S8 shows the very poor 

correlation between the aforementioned Henry�s constant and the textural parameters (i.e., 

average micropore size and microporous volume). Thus, within the low pressure range (P/P0

between 0 and 0.2), the water adsorption process is mostly driven by specific interactions 
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between H2O molecules and oxygenated adsorption sites and, possibly, carbonates. The 

surface groups influencing most the adsorption of H2O within the low-pressure range are the 

carboxyls (OIII from Figure 4.c.)). Indeed, acidic groups are well known H-bond donors that 

make them very attractive for water adsorption and that can explain this trend [88, 89]. The 

poor quality of the linear regression is due to the low amount of such surface groups (OIII < 

5.6 at. % on the total atomic content). 

3.3 Hydrogen adsorption 

Figure 5.a) shows the hydrogen adsorption isotherms at 298.15 K on all the materials 

investigated here. The isotherms exhibited no hysteresis between adsorption and desorption, 

proving that neither leaks nor irreversible adsorption phenomena occurred during the 

experiments. Indeed, no chemisorption took place, which is supported by the absence of 

abrupt initial increase of adsorbed amount at extremely low pressure [18]. The curvature of 

the isotherms is due to the progressive saturation of the most attractive pores. The maximal 

excess hydrogen adsorbed amounts are in the range 0.19-0.45 wt. %. Such values below 1 wt. 

% at room or near room temperatures agree with the literature for materials of similar surface 

area [10-13]. Switching from excess to absolute adsorbed amounts [13] does not change the 

curvature, the order of magnitude of the hydrogen storage capacity, or the relative position of 

the isotherms (Figures 5.b) and S9.a)).
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Figure 5: a) Excess hydrogen adsorption (full symbols) � desorption (empty symbols) 
isotherms (298.15 K), and b) comparison between adsorbed excess and absolute adsorbed 
amounts at 298.15 K and 10 MPa. 

Figure 6.a) shows the changes of the excess H2 adsorbed amount with the micropore 

volume. The slope of the curve was higher at low microporous volume, for which most 

micropores are in the 0.5-0.7 nm range (see Figure 6.b)) in agreement with previous results 

[13, 90]. Cabria et al. indeed suggested that the optimal pore size for hydrogen adsorption on 

activated carbon at room temperature is around 0.6 nm [90]. Above 0.4-0.5 cm3 g-1, the pore 

volume in the 0.5-0.7 nm range was almost constant, and thus the increase of pore volume 

and hydrogen adsorption capacity was due to pores within the 0.7-2 nm range. This increase 

was less pronounced than the one induced by the increase of pore volume in the 0.5-0.7 nm 

range. We had already shown [91] that, although the optimal pore diameter for hydrogen 

storage ranges from 0.5 to 0.7 nm [92, 93], pores wider than 0.7 nm are essential to reach high 

hydrogen storage capacities at 77 K. This is due to the necessity of high surface area, which 

cannot be developed without broadening the PSD. The same conclusion applies to hydrogen 

storage at room temperature. 

a) b) 
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Figure 6: a) Excess adsorbed hydrogen amount at 298.15 K and at two different pressures (2 
MPa and 10 MPa) as a function of micropore volume, and b) dependence between the volume 
of different ranges of pore sizes (i.e., 0-0.5, 0.5-0.7 and 0.7-2 nm) and the micropore volume.

Some authors suggested to take into account both the average micropore size and the 

specific surface area to better understand the influence of surface properties on hydrogen 

adsorption [94]. According to those authors, dividing the absolute hydrogen adsorbed by the 

surface area and representing this amount (H2, abs/SNLDFT) versus the average micropore size, 

L0, should reveal the influence of surface chemistry on hydrogen adsorption under specific 

pressure and temperature conditions. Figure 7.a) shows the evolution of H2, abs/SNLDFT with 

L0, at 2 and 10 MPa: the increase of L0 produced a decrease of H2, abs/SNLDFT, whatever the 

pressure. Indeed, the increase of the average micropore size induced a decrease of adsorption 

potential, which can be modelled by the Steele�s potential [95, 96]. 

The differences between carbons derived from OS (OS-ACs) and from sucrose (S-ACs) 

can be attributed either to the surface chemistry or to the PSD. If the average pore size is a 

good indicator of textural properties, it does not account for the shape of the PSDs. Figure 

7.b) shows that OS-ACs and S-ACs follow the same trends when it comes to compare the 

microporous volume and L0. This shows the necessity of using other tools to compare the 
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PSDs. Thus, the use of the principal component analysis with the R software (FactoMineR® 

package) allowed performing hierarchical clustering for all the materials. Herein, we 

considered the pore volumes in the different ranges of pore sizes (i.e., <0.5, 0.5-0.7, 0.7-2 nm 

and >2nm) as principal components. Figure 7.c) shows the results of this clustering and it can 

be noticed that, regarding the PSDs, OS-ACs and S-ACs belong to two different families. 

Here, it is possible to estimate that the PSDs of OS-ACs is less adapted than those of S-ACs 

for hydrogen adsorption, due to the importance of the narrowest pores (i.e., <0.5 nm) (see 

again Figures S5 and S6). Indeed, too narrow pores (i.e., below 0.5 nm) are less desirable for 

hydrogen adsorption in activated carbons than wider ones (i.e., between 0.5 and 0.7 nm). This 

finding is in agreement with the conclusions of Cabria et al. [90], and Xia et al. [12], 

according to which the optimum pore size for hydrogen adsorption is around 0.6 nm. 

Figure 7: a) Absolute adsorbed amount of hydrogen (298.15 K) per unit of surface area as a 
function of average micropore size at two different pressures (2 MPa and 10 MPa), b)
Microporous volumes as a function of average micropore size, and c) Clustering realised by 
principal component analysis on the pore volumes corresponding to different ranges of pore 
sizes (<0.5, 0.5-0.7 and 0.7-2 nm) for all the materials. 
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Figure 8.a) shows the quantity H2, ads/SNLDFT at 10 MPa for S-ACs and OS-derived 

materials as a function of the O content. A clear positive trend is clearly observed for the OS-

ACs. However, any effect of the oxygen content is hindered by the related changes of L0 for 

S-ACs. Figure 8.b) shows the dependence between L0 and the oxygen content from EA. For 

the S-ACs, L0 increased significantly (+70%) for a moderate (+6%) increase of the O content, 

indicating that activation created porosity but also widened existing pores through a mild 

oxidation of the material. This leads to the impossibility of evaluating the effect of oxygen 

content for S-ACs. 

In contrast, the changes of L0 with the O content were not significant for OS-ACs, and 

therefore the effect of both parameters can be separated. The increase of O content (around 15 

wt. %) for this set of samples led to an increase of 26 % of the hydrogen storage capacity. 

Although it has been evidenced that intercalated K can improve the hydrogen adsorption 

properties of the materials through polarised physisorption or chemisorption mechanism [22, 

23, 76], the correlation between H2, abs/SNLDFT and O content was better than that based on K 

content (Figure S10), indicating that oxygen must play a major role in the improvement of 

the surface adsorption properties. In addition, the materials 180_KOH_W, 180_KOH_W_O3 

and 240_KOH_W_O3 have been previously washed. Thus, as evidenced above, they do not 

contain a large amount of potassium, so the observed effect is mostly due to the oxygenated 

surface groups. Concerning the samples 180_KOH_UW, and 240_KOH_UW, the additional 

positive effect can be attributed to both the oxygen groups and to the remaining K2CO3. Since 

K2CO3 also contains oxygen, the oxygen content is one of the main factors explaining the 

increase in adsorbed hydrogen amount per unit of surface area. Thus, in the case of these 

hybrid materials, even if the potassium (either intercalated or present in K2CO3) might play a 

role in such adsorption enhancement, the oxygen content is a better descriptor than the 

potassium content. 
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Figure 8: a) Absolute adsorbed hydrogen amount per unit of surface area (H2, abs/SNLDFT) at 
10 MPa and 298.15 K versus oxygen content from elemental analysis, and b) Dependence 
between average micropore size and oxygen content from elemental analysis (uncorrected 
data).

This positive effect of oxygen on hydrogen adsorption was also confirmed by Figure 9. 

Here, the three parameters H2, abs/SNLDFT, L0, and the oxygen content, are taken into account in 

the form of a 3D-plot (Figure 9.a)). The correlation circle from the Principal Component 

Analysis (Figure 9.b)) shows a positive effect of O content on H2, abs/SNLDFT, while the 

increase of the average micropore size has a negative effect. 

Figure 9: a) 3D plot of the absolute adsorbed amount of hydrogen per unit of surface area at 
298.15 K and 10 MPa versus the average micropore size and the oxygen content (obtained 
from EA), and b) Correlation circle obtained from a Principal Component Analysis between 
the two aforementioned quantities. 

a) 

b) 
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More specifically, Figure 10 confirms the importance of acidic groups (OIII from XPS) 

and their strong electron-acceptor character. When fitting a linear equation to the hydrogen 

capacities plotted as a function of the amounts of different types of oxygen, we observed that 

the determination coefficients and the slopes were both maximum when using OIII and Oads*. 

As the carboxylic acids are very hydrophilic, we can estimate that there is a strong correlation 

between the oxygen content due to the OIII type functions and the oxygen content related to 

Oads*. Thus, the strong electron-acceptor character of acidic functions, and especially 

carboxylic acids, together with the difference of electronegativity between carbon and oxygen 

inducing the formation of partial charges and polarised physisorption thus [22, 23], should 

play a major role on hydrogen adsorption. In addition, it has been evidenced that carboxylic 

functions can induce surface charge-induced dipoles and surface charge-quadrupole 

interactions [39]. Moreover, some authors suggest that oxygen contained in the carbon 

structure promotes the accessibility of hydrogen to the surface [97]. Thus, if ACs having high 

oxygen content exhibited lower hydrogen adsorption capacities it was due to o the lack of 

appropriate textural properties, such as pore size. 
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Figure 10: Correlation between the amounts of the different types of oxygen from XPS and 
the adsorbed hydrogen amounts per unit of surface area (10 MPa, 298 K) 

The isosteric heats of adsorption Qst were calculated using the isosteric method and a set of 

three isotherms for each material (283.15, 298.15 and 313.15 K). The Qst of two of the OS-

derived materials are presented in Figure 11.a). The uncertainty in the calculation of Qst

calculated by the isosteric method is generally estimated to be about 30 % of the value 

obtained. For the sake of clarity, the uncertainties have not been presented in the graphs. Qst

exhibits a decrease in the very low coverage range, 0-0.2 mmol g-1, which is due to the 

saturation of the most attractive adsorption sites when adsorption proceeds. The oscillations 

of Qst with the surface coverage are due to measurement uncertainties. Although the error may 

seem quite large, it has been proved that the isosteric method gives similar Qst as those given 

by the application of the modified Dubinin-Astakhov equation [98]. Adsorption calorimetry is 

also a relevant technique for the determination of Qst. Kloutse et al. [99] compared the Qst

values for H2 adsorption on MOFs and found a good correlation between the values obtained 

by the isosteric and the calorimetric-volumetric methods. Figure 11.b) shows, for the sake of 

comparison, the average Qst of all other materials in the 0-1 mmol g-1 range, as a function of 

L0. The uncertainty is, in most cases, between 0.1 and 2.5 kJ.mol-1. Most Qst values are higher 

than the theoretical ones and, at given pore sizes, higher than those of S-ACs. Indeed, in the 

0.6-1.0 nm pore size range, the theoretical isosteric heats of adsorption are in the 6-7 kJ mol-1

range [100] whereas those of S-ACs and OS-ACs are in the 7-9 kJ mol-1 and 6-11 kJ mol-1

ranges, respectively. These high values are due to polarised physisorption phenomena. Indeed, 

the presence of oxygen or alkali induces the formation of partial charges enhancing the 

adsorption on the materials surface [22, 23]. 



26 

Finally, the surface groups were modelled using the Avogadro® software (Figure 12). The 

calculation of the partial charges and the mapping of the electrostatic potential was carried out 

after a geometric optimization of the local environment of the surface groups, using the 

Gasteiger-Marsili methodology and a Van-der-Waals surface model [101]. 

Figure 11: a) Isosteric heats of adsorption of samples 180_KOH_W and 240_KOH_W_O3 
(obtained using the 288.15, 298.15 and 308.15 K adsorption isotherms), and b) average 
isosteric heats of adsorption versus average micropore size compared to the theoretical ones 
for carbon slit-shaped pores [13] (with red dashed line from Schindler and LeVan [100]). 
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Figure 12: Mapping of electrostatic potential (MEP) and local charges on oxygen-containing 
model structures of activated carbons. 

It can be noticed that the maximum partial charges are obtained for the ester bridge 

(+0.706 e), anhydride (+0.706 e) and carboxyl (+0.634 e) structures. Thus, if the ester bridges 

and anhydride structures are excluded, the mapping of electrostatic potential (MEP) and local 

partial charges explains the good correlation between the hydrogen adsorption properties and 

the amount of oxygen of type OIII, corresponding to carboxyls that indeed have the strongest 

partial charges. It also indicates that, for this set of OS-derived samples, the type OII might be 

mainly composed of hydroxyl and carbonyl groups. As explained above (Figure 10) and 

according to some authors, the electron-acceptor (H-donor) character of the carboxyl groups 

could explain such behaviour [22, 23]. Carboxyl groups might promote surface charge-

quadrupole and surface charge-induced dipole interactions and, therefore, increase the 

hydrogen adsorption performances [39]. In addition, structures containing carboxyls can form 

surface alkali metal complexes (e.g. with lithium and sodium) [102]. This suggests that such 

alkali metal complexes could possibly promote specific interactions between hydrogen and 

the substrate (i.e., multiple Coulomb and Kubas interactions) [102, 103]. 

Conclusion 

Activated and hybrid carbon materials with high oxygen contents, up to 26.6 wt. % 

according to elemental analysis, and high surface areas, up to 1478 m2 g-1, were prepared 

from olive stones (OS). XPS analysis of oxygen content allowed concluding that, despite the 

basic nature of the activating agent (KOH), the resultant ACs had an amphoteric nature. We 

established that acidic functions at the surface of the carbons had a strong influence on water 

adsorption in the low-pressure range (i.e., P/P0 < 0.15) but also on hydrogen adsorption. 
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We have found that hydrogen adsorption is controlled by the following parameters, listed 

by decreasing order of importance: specific surface area, average micropore size, surface 

chemistry and shape of the pore size distribution. We have evidenced the influence of the 

average micropore size, surface chemistry and shape of the pore size distribution by dividing 

the adsorbed amount by the specific surface area. Comparing OS-ACs with sucrose-based 

ones (S-ACs), it was observed that OS-derived materials have similar average micropore sizes 

to S-ACs, but have generally lower hydrogen capacities. This finding was explained by the 

shape of the pore size distribution that is less adapted than that of S-ACs because of its high 

fraction of very narrow pores (below 0.5 nm). This trend was evidenced by a statistical 

(Principal Component) analysis that was run on the different pore volumes (<0.5 nm, 0.5-0.7 

nm and 0.7-2 nm). 

Even though the alkali metal can play a role in improving the hydrogen adsorption 

properties, surface chemistry - particularly through the oxygen content - has a strong 

influence on hydrogen adsorption near room temperature. At 10 MPa, the variation in oxygen 

content explains most of the 26% increase of adsorbed hydrogen amount per unit of surface 

area. The acidic functions seem to play an important role in such improvement. 
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